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ABSTRACT

The Effect of Astrocyte-derived Fatty Acid-Binding Protein 7 on Blood-Brain

Barrier Integrity in LPS-induced Inflammation
Deniz Altunsu

Ph.D. in Cellular and Molecular Medicine

Sepsis is a life-threatening systemic inflammatory disease caused by infection,
which causes disruption of blood-brain barrier (BBB) integrity. Fatty acid-binding protein
7 (FABPTY), a transporter of fatty acids across the plasma membrane in astrocytes of the
brain, modulates the caveolae formation in response to damage. However, the role of
FABP7 in BBB disruption in the setting of septic inflammatory conditions caused by
lipopolysaccharide (LPS) has not been clear yet. This study investigates the in vitro and
in vivo effects of exogenous FABP7 administration on LPS-induced BBB disruption.
bEnd.3 cells were treated with 0.5 pg/mL LPS for 24 hours followed by FABP7 (0.5
pug/mL) for 24 hours. Transendothelial electrical resistance (TEER) was measured to
evaluate BBB integrity, whereas BBB permeability was assessed using sodium
fluorescein (NaFl) tracer. Septic mice model was induced by intraperitoneally injecting
LPS (3 mg/kg) and one hour later, the animals were treated with FABP7 (40 and 80
pg/kg). Body temperature was measured, and blood samples were collected from all
experimental groups to determine the sepsis parameters. The anxiety levels of animals
were measured by elevated plus maze test. The BBB permeability was evaluated by
assessing the extravasation of albumin Alexa fluor 594 tracer injected after 23 hours of
LPS and/or FABP7 treatments by IVIS imaging and confocal scanning fluorescence
microscopy. The expression levels of tight junction (TJ) proteins claudin-5 and zonula
occludens (ZO)-1, transcytosis-related proteins caveolin-1 and major facilitator

superfamily domain containing 2a (mfsd2a), and inflammatory mediators NF-xB and



interleukin-1p were determined by immunofluorescence staining and western blotting. In
vitro FABP7 administration to bEnd.3 cells following LPS challenge significantly
increased the lowered TEER values (p< 0.05) and decreased the enhanced NaFI leakage
(p< 0.05). In LPS-injected animals, 80 ug/kg FABP7 treatment decreased the elevated
body temperature from 40°C to 37-38°C. Serum levels of procalcitonin (PCT), C-reactive
protein (CRP), and reactive oxygen species (ROS) were significantly increased by LPS
injection, whereas high dose FABP7 markedly decreased the levels of sepsis parameters
(p< 0.05). In LPS-treated animals, a significant increase was observed in the severity of
anxiety-like behavior which was significantly decreased by 80 pg/kg FABP7 (p< 0.05).
LPS treatment increased the extravasation of aloumin Alexa fluor 594 in the brain while
high dose FABP7 decreased the BBB leakage of the tracer (p< 0.05). When the
expressions of TJ proteins were evaluated following the LPS challenge, a substantial
increase in the decreased claudin-5 expression was noted by FABP7 treatment in vitro
and in vivo (p< 0.0001), while no statistically significant change was observed in the
expression level of ZO-1 in bEnd.3 cells. In vitro and in vivo FABP7 administration
following LPS significantly decreased the increased expression level of caveolin-1 (p<
0.0001), while a significant increase was found in the decreased expression level of
mfsd2a (p< 0.0001). In terms of alterations in the inflammatory response, the increased
levels of NF-«xB in vitro and in vivo (p< 0.01) and interleukin-1 in vitro (p< 0.001) were
markedly reduced by FABP7 treatment following LPS-induced BBB disruption. Our
results suggest, for the first time, that exogenous FABP7 may account for a new
pharmacological tool in the treatment of inflammation- and sepsis-related BBB

disruption.



OZETCE

Astrosit Kaynakh Yag Asidi Baglayici Protein 7'nin LPS’ye Bagh Enflamatuvar

Kosullarda Kan-Beyin Bariyeri Biitiinliigii Uzerine Etkisi
Deniz Altunsu

Doktora, Hiicresel ve Molekiiler Tip

Yogun bakim hastalarinda yasam1 tehdit eden ve 6nde gelen bir 6liim nedeni olan
sepsis, kan-beyin bariyeri (KBB) biitiinligiinii bozar. Yag asidi baglayici protein 7
(FABP7), beyin astrosit hiicreleri tarafindan ekspres edilerek kaveola olusumunu kontrol
eder. Bununla birlikte, FABP7'nin lipopolisakkarid (LPS) ile gelisen enflamatuar
kosullardaki KBB hasar1 tizerindeki rolii heniiz netlesmemistir. Bu calisma, eksojen
FABP7 uygulamasinin LPS'nin neden oldugu KBB yikimi {izerindeki in vitro ve in vivo
etkilerini aragtirmaktadir. bEnd.3 hiicrelerine 24 saat 0.5 ug/mL LPS ve ardindan 24 saat
FABP7 (0.5 pg/ml) uygulandi. KBB biitiinliigiinii degerlendirmek i¢in transendotelyal
elektrik direnci (TEER) 6lgiiliirken, KBB gecirgenligi sodyum floresein (NaF1l) izleyicisi
kullanilarak degerlendirildi. In vivo septik fare modeli intraperitonel LPS (3 mg/kg)
enjeksiyonu ile elde edildi. LPS enjeksiyonundan 1 saat sonra, uyarilan hayvanlara 40 ve
80 ung/kg FABP7 enjeksiyonu intraperitonel olarak yapildi. Deney grubundaki
hayvanlarin viicut sicakliklari ve anksiyete seviyeleri 6lgiildii. In vivo ve ex vivo KBB
gecirgenligini tayin edebilmek icin enjeksiyonlarin 23. saatinde kuyruk damarindan
alblimin Alexa fluor 594 belirteci verildi. Deney sonunda tiim hayvanlardan kan 6rnegi
alinarak prokalsitonin, C-reaktif protein ve serbest radikal seviyeleri ol¢uldi. Siki
baglant1 (TJ) proteinleri klaudin-5 ve zonula okkludens (ZO)-1, transsitozla iliskili
proteinler kaveolin-1 ve “major facilitator superfamily domain containing 2a” (mfsd2a)
ve enflamatuvar medyatorler NF-xB ve interlokin-1p'nin ekspresyon diizeyler

immunofloresan boyama ve western blotlama ile belirlendi. LPS uygulamasini takiben



FABP7 tedavisi, artan NaFl gecisini azaltirken (p< 0.001), azalan TEER degerlerini
onemli 6l¢iide artirdi (p< 0.05). LPS kosullarinda artan viicut sicaklig yiiksek doz FABP7
tedavisini takiben diiserken, yine ayni kosullarda artan anksiyete seviyesi yuksek doz
FABP7 ile 6nemli 6lglide azalmistir (p< 0.05). Bununla birlikte LPS kosullarinda artis
gosteren PCT, C-RP ve ROS seviyeleri yuksek doz FABP7 enjeksiyonuyla beraber
azalirken, yine ayni kosullarda meydana gelen KBB hasar1 FABP7 tedavisiyle azalis
goostermistir (p< 0.05). FABP7 tedavisi, in vitro ve in vivo kosullarda azalmis olan
claudin-5 ckspresyonunda da oOnemli bir artisa yol agarken (p< 0.0001), bEnd.3
hicrelerindeki ZO-1'in ekspresyon diizeyinde istatistiksel olarak anlamli bir degisiklik
gozlenmedi. Ayrica, LPS'yi takiben FABP7 uygulamasi artmis kaveolin-1'in ekspresyon
diizeyini 6nemli 6l¢iide azaltirken (p< 0.0001), azalmis mfsd2a ekspresyon diizeyinde
anlamli bir artisa yol agmustir (p< 0.0001). Enflamatuar yanittaki degisiklikler
degerlendirildiginde, LPS’ye bagli olarak in vitro ve in vivo NF-xB (p< 0.01) ve in
vitro’daki interlokin-1p (p< 0.001) diizeyleri FABP7 tedavisi ile belirgin sekilde azaldi.
Bulgularimiz, ekzojen FABP7'nin, enflamasyon ve sepsise bagli BBB yikiminin

tedavisinde yeni bir farmakolojik yaklasim olarak kullanilabilecegini 6nermektedir.
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CHAPTER 1
INTRODUCTION

Sepsis is one of the most common and serious pathologic conditions caused by
dysregulated host response to infection, leading to multiple organ dysfunction. The
disorder affects more than five hundred thousand people in the United States annually,
with a hospitalization incidence of 62%, and shows high morbidity and mortality rates
(Nwafor et al., 2019). The general symptoms of sepsis vary from person to person with
the most prominent ones being headache, fewer, cognitive dysfunction, memory decline,

delirium, and sepsis-associated encephalopathy (SAE) (Gofton & Bryan Young, 2012).

The stages of sepsis can be defined as the initial, severe, and septic shock. The
infection derived from bacteria, viruses, or fungi induce the initial stage of sepsis, which
results in systemic inflammatory response syndrome (SIRS). Severe sepsis commonly
results in organ dysregulation, hypoperfusion, or hypotension, whereas septic shock is a
severe sepsis complication that leads to multiple organ failures.

Sepsis-associated encephalopathy causes acute neurological dysfunction followed
by neuroinflammation and mitochondrial dysfunction in the central nervous system
(CNS). The disorder of SAE increases the number of leukocytes and the level of free
radicals in the neural tissues which results in clinical coma and seizures. The diagnosis is
made by clinical examination, detection of biomarkers in serum, and EEG changes, but

is limited because of the multifaced syndrome (Orhun et al., 2020).

The blood-brain barrier (BBB) is defined as a semipermeable biological interface
that separates the brain parenchyma from peripheric tissues and provides optimal
neuronal microenvironment in the brain. The main component of BBB is the brain
capillary endothelial cells that express specialized tight junction (TJ) proteins, receptors,
and carrier proteins which restrict the passage of blood-borne substances and immune

cells into the brain via paracellular and transcellular pathways. Septic conditions



contribute to the activation of endothelial cells, breakdown of TJs, and increased BBB
permeability, resulting in the development of neuroinflammation, and disruption of BBB
integrity (Barichello et al., 2021). The activated endothelial cells release the
inflammation-related mediators such as tumor necrosis factor-alpha (TNF-a), interleukin
(IL)-1B, and matrix metalloproteinases (MMPs) 2/9 (Cabral-Pacheco et al., 2020).

The disruptive effects of sepsis on BBB have been demonstrated by various
experimental models, encompassing both in vitro and in vivo studies, but the underlying
mechanisms have not yet been clarified. In order to mimic septic conditions,
immunogenic components have been used in preclinical studies where lipopolysaccharide
(LPS) is the routinely utilized endotoxin in in vitro and in vivo setups. A recent study
showed that the severity of LPS-induced septic inflammatory conditions may change in
a dose- and time-dependent manner and disrupt the BBB integrity with diverse patterns
(Banks et al., 2015).

When LPS binds to Toll-Like Receptor-4 (TLR-4), the initiator cytoplasmic
proteins, including Myeloid Differentiation Primary Response Gene 88 (MyD88) and
TIR Domain-Containing Adaptor Protein (TIRAP) are activated (Du & Wang, 2020a;
Sakai et al., 2017). It is reported that the activated cytoplasmic proteins lead to the
translocation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)
from the cytoplasm to the nucleus (Sakai et al., 2017; Trask, 2004). The translocated NF-
kB caused by LPS activates the inflammation-related genes, thereby increasing the levels

of inflammatory mediators and reactive oxygen species.

Recent studies showed that LPS disrupts the integrity of BBB by decreasing
transendothelial electrical resistance (TEER), degrading TJs, disrupting the endothelial

glycocalyx, and increasing astrocytic activities (Boitsova et al., 2018; Peng et al., 2021).

The fatty acid binding protein 7 (FABP7), a small cytoplasmic protein, is
predominantly expressed by astrocytes and precursors of oligodendrocytes during the
embryonic development of the brain. It also modulates astrocytic function by controlling
intracellular fatty acid homeostasis by delivering fatty acids. Moreover, FABP7 controls
the function of lipid rafts in the plasma membrane of astrocytes by regulating caveolin-1
protein. Accumulated data have shown that the expression of FABP7 is increased in
activated astrocytes under pathologic conditions (Islam et al., 2019a; Rui et al., 2019a).

A recent study demonstrated that the activation and migration of astrocytes are directly



related to increased expression of FABP7 in pathological conditions (Killoy et al., 2020).
It is reported that docosahexaenoic acid (DHA), a member of omega-3 fatty acid families,
supports brain development so the circulating fatty acids reach the brain parenchyma via
FABP7 (Choi et al., 2021; Matsumata et al., 2012).

In light of the above-mentioned literature data, our current study aims to clarify
the role of FABP7 on BBB disruption in the setting of septic inflammatory conditions
caused by LPS, by evaluating BBB permeability, expression of BBB related proteins,

inflammatory mediators, and behavioral changes.



CHAPTER 2
LITERATURE REVIEW

2.1 Blood-Brain Barrier and Neurovascular Unit

It is well known that the brain is the most complex organ which needs extremely
well-balanced environment for proper brain function. The CNS requires a specific
protection which is provided by certain barrier systems, including BBB, blood-
cerebrospinal fluid barrier (CSF), and arachnoid barrier (Mahringer et al., 2014; Saunders
et al., 2008). The barrier systems control the passage of ions, nutrients, and immune cells
into the brain, thus they maintain neuronal homeostasis in the CNS. The mentioned
barrier systems have also significant challenge to develop drugs and antibodies for
treatment of neurodegenerative disorders/diseases. It is reported that recombinant
peptides, anti-sense agents, almost 98% of small substances, and all macromolecules
cannot reach the brain because of the architecture of the barrier system (Pardridge,
2005b).

The blood-brain barrier consisted of capillary endothelial cells is supported by
basal lamina, pericytes, astrocytes, microglia, and neurons, and this complex structure is
called as neurovascular unit (NVU). This unique barrier plays a vital role in maintaining
normal neuronal environment by preventing the passage of blood-borne toxic substances
and immune cells into the brain (Tajes et al., 2014). The barrier-type endothelial cells are
tightly sealed to other endothelial cells via TJ proteins to control the paracellular pathway
(Wang et al., 2021).



2.2  Historical Perspective of the Blood-Brain Barrier

An early indication of a barrier in the brain was recorded by German
immunologist Paul Ehrlich in 1885 (Davson, 1989; Villabona-Rueda et al., 2019). When
he injected a water-soluble dye into the circulation of the rabbit, all peripheric organs
were stained, but this dye cannot reach the brain parenchyma and spinal cord. Firstly, his
observations were related with the low-affinity binding of dyes for the unstained regions
regardless of a barrier between the blood and brain tissue. Next, he conducted different
experimental setups with the same dye. When the dye was injected into the subarachnoid
space, German observed the stained brain/spinal cord and unstained peripheral tissues. In
the light of these studies, German came up with the idea of a barrier between the blood
and brain (Galea et al., 2007).

In 1898-1900, the idea of a barrier in the CNS was discovered by Kraus and
Lewandowsky who used two different nontoxic pharmacological substances, cholic acids
and sodium ferrocyanide. After the injection of these substances into the circulation, they
observed unstained brain tissues. According to their observations, since certain dyes had
a high affinity to bind the plasma proteins, these dyes cannot pass from blood to the brain.

In 1909-1913, Goldmann performed two different experimental setups followed
by the injection of trypan blue into the brain ventricular system and circulation of dogs
and rabbits. When he introduced dye to the circulation, he observed the stained whole
body of the animal and choroid plexuses, except for the brain and spinal cord. In contrast
to injection into the circulation, when Goldmann injected dye into the brain ventricular
system, he observed stained brain and spinal cord. According to Goldmann, these results
were not related to the binding affinity of dyes and related to the transport of dye into
CNS via spinal fluid.

In 1930, Friedrich Karl Walter mentioned the differences between the BBB and
blood-CSF barrier, and other barriers must be involved in the CNS because the flow of
CSF via the blood-CSF barrier alone was not enough to support gas exchange (Bothwell
et al., 2019; Pachter et al., 2003).

In 1960, the current composition of the BBB was defined by Karnovsky who used
electron microscopy to show the accumulation of horseradish peroxidase (HRP) in the

lumen of blood microvessels but not within the vascular endothelium.



2.3 Brain Barriers in the Central Nervous System

The proper neural function where in the CNS is provided by different barrier
systems including, the BBB, the blood-CSF barrier, the arachnoid barrier, blood—retinal
and spinal cord barriers. The primary functions of these barriers are to protect the neurons
from blood-borne toxic substances, maintain neuronal homeostasis and provide a
favorable environment for CNS. These barriers are constituted by different cell types of
CNS. A previous study mentioned that the BBB constituted by the brain microvessel
endothelial cells, the blood-CSF barrier formed by the epithelial cells of the choroid
plexus, and the arachnoid barrier consisted of the avascular epithelium under the dura
control the free passages of molecules and protect the CNS against undesirable
microorganisms by managing the immune system in the brain (Wolburg, Noell, Mack, et
al., 2009).

Brain-type endothelial cells express specialized tight junction (TJ) proteins to
prevent the paracellular movement of substances across the brain parenchyma and
preserve the electrolyte levels in the brain from fluctuations in the blood (Kimelberg,
2004). It is reported that TJ proteins tightly control the passage of circulatory immune

cells across the brain (Kimelberg, 2004).
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Figure 2.1 Biological barriers in the central nervous system (Kadry et al., 2020).



Certain areas in the brain lack barrier properties, and these areas are called as the
circumventricular organs (CVOSs) in the third and fourth ventricles do not contain barrier-
type blood microvessels instead, they have fenestrated-type blood microvessels but are
present in pial arteries, arterioles as well as veins. (Bentivoglio et al., 2018; Oldfield &
McKinley, 2015). A previous study highlighted that the fenestrated capillaries with
loosely connected astrocytic endfeet allow the penetration of blood-borne substances into
the CVO tissue (Siso et al., 2010). On the other hand, CVOs help to maintain brain
homeostasis with contact points among the blood, CSF, and brain parenchyma (Ueno,
2007). The CVOs are classified into secretory and sensory types. The neurohypophysis
(NH), median eminence (ME), and pineal gland (PG) are involved in secretory CVOs
which are responsible for the transport of neurochemicals, hormones, peptides, and
chemoreception into the peripheral vascular system (Jeong et al., 2021). The sensory
types of CVOs are the subfornical organ (SFO), organum vasculosum of the lamina
terminalis (OVLT), and area postrema (AP) (Horsburgh & Massoud, 2013). The SFO
manages the salt-water intake in the sodium channels (Hiyama et al., 2004). The OVLT
is a chemosensory area and identifies peptides and other substances. The AP also controls

the vomiting reflexes and feeding.

2.3.1 Blood-Brain Barrier

The BBB is defined as a dynamic interface between the tissues of the CNS and
the bloodstream (Knox et al., 2022). It is well-known that the BBB constituted by brain
microvessel endothelial cells is called as a selective barrier. A recent review mentioned
that this complex structure protects the neuronal tissues thereby maintaining homeostasis
in the CNS (Kaya & Ahishali, 2021). The penetration of molecules including pathogens
and blood-borne substances from the circulation into the brain is prevented by BBB
(Strazielle & Ghersi-Egea, 2015), thus it protects the brain parenchyma. Moreover, BBB
provides an optimal environment for ion and protein homeostasis via neuronal signaling

and connectivity (Zidari¢ et al., 2022).
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Figure 2.2 The main components of the blood-brain barrier (Galea, 2021).

The endothelial cells of cerebral blood microvessels have distinct features
compared with other endothelial cells in peripheral tissues. The capillary endothelial cells
in the brain are sealed by specialized TJ proteins and lack of fenestration between the
neighboring cells to prevent the freely paracellular passage of substances across the brain.
The brain endothelial cells also express the specific types of transporter and receptor to
adjust the influx/efflux of nutrients, essential amino acids, and unwanted substances,

thereby limiting transcytosis.

The composition of NVU is described by the interactions between the endothelial
cells, basal lamina, pericytes, astrocytes, microglia, and neurons. Previous studies showed
that each component of NVU provides a dynamic interaction with other cells in CNS,
thereby managing the synaptic activity, controlling the BBB permeability, and regulating
the CNS development (Ballabh et al., 2004; ladecola, 2004; Langen et al., 2019; Staddon
& Rubin, 1996; Zonta et al., 2003). Therefore, the NVU is also responsible for preserving
normal brain function by regulating BBB integrity (X. Yu et al., 2020).

2.4 Molecular and Cellular Structure of Blood-Brain Barrier

2.4.1 Glycocalyx



The glycocalyx constituted by glycosaminoglycans, glycoproteins, and
proteoglycans protects the luminal side of blood microvessels, which is attached to the
surface of endothelial cells through the protein CD44 (Mdckl, 2020). The capillary brain
endothelial cells produce the orosomucoid which gives a negative charge to the
glycocalyx. Therefore, plasma proteins with a negative charge cannot reach the BBB
(Sorensson et al., 1999). A recent study showed that the overall coverage of a capillary
luminal surface was found to be highest in the brain (40%), followed by the heart (15%),
and then the lungs (4%) (Galea, 2021) and therefore, the glycocalyx found in the brain
provides a more formidable barrier compared to that of the rest of the body. Accumulated
data have demonstrated that the activated MMPs by LPS degraded the cerebral
endothelial glycocalyx by reducing in thickness and coverage of basal lamina in rodents
(Ando et al., 2018; J. H. Yoon et al., 2017).

2.4.2 Endothelial cells

The specialized brain capillary endothelial cells express TJ proteins, show low
levels of caveolar transcytosis, and have specific transporters for polar substances via
solute carriers. Additionally, they have efflux transporters to remove the toxic molecules
from brain parenchyma into the circulation via ATP-binding cassette and p-glycoproteins
(Huttunen et al., 2022; Lippmann et al., 2012; Zlokovic, 2009). There is also no
fenestration between the brain-type endothelial cells thanks to TJs, such as claudins,
occludin, and junctional adhesion molecules (Lochhead et al., 2020). These molecular
complexes block the paracellular diffusion of molecules by creating a continuous line
between the endothelial cells of blood microvessels. The zonula occludens (ZO-1, ZO-2,
and Z0-3) expressed by brain type endothelial cells create a bridge between the TJ
proteins and actin cytoskeleton. Moreover, cerebrovascular endothelial cells express low
levels of E- and P-selectins, adhesion molecules mediating the first step in leukocyte
extravasation, and the integrin ligands ICAM-1, PECAM-1, and VCAM-1.



2.4.3 Basal Lamina

The thickness of the basement membrane is approximately 20-200 nm, which is
present within the basal surface of the vascular endothelial cells. The structural
components of the basal lamina are sulfate, laminins, collagen-1V, fibrillins, vitronectin,
fibronectin, elastin, and nidogens (Destefano et al., 2018). The basal lamina is classified
into the endothelial and parenchymal basal lamina which are separated by pericytes
(Luissint et al., 2012). The essential role of basal lamina is to preserve the BBB integrity
by involving signal transduction, structural support, and cell communications between
the cells of NVU (L. Xu et al., 2019).

2.4.4 Astrocytes

One of the main components of NVU is astrocytes which are the most abundant
cell type of glial cells. They are vital to maintain brain homeostasis because 99% of brain
capillaries are covered by astrocyte end-feet, thereby providing cell-cell communications
between the cells in NVU. Moreover, astrocytes play essential roles in the regulation of
blood flow and transportation of nutrients from the blood to the brain through direct
contact with blood vessels. They also support pH regulation in the extracellular side of
the brain (Gee & Keller, 2005; Kubotera et al., 2019). In the meantime, astrocytes control
the BBB integrity via neurotransmitter clearing, recirculation, and modulation of immune
responses (Gee & Keller, 2005). The communication of astrocytes and endothelial cells
is crucial to secrete several inducible factors for the morphology and phenotype of BBB
during angiogenesis. It is reported that the regulation of brain endothelial cells is managed
by vascular endothelial growth factor (VEGF), angiopoietin-1, and glial cell line-derived
neurotrophic factor (GDNF) by astrocytes, leading to maintain BBB homeostasis
(Cabezas et al., 2014; Heithoff et al., 2021; S. Zhang et al., 2021).

Throughout the early stage of embryogenesis, embryonic blood microvessels need
VEGEF for vascular genesis. A previous study showed that GDNF promotes the survival
and differentiation of dopaminergic neurons, thereby protecting neurons in the brain
(Kokaia, 2009). Angiopoietin-1 interacts with tyrosine kinase (Fiedler et al., 2003), which
shows protective effects on BBB integrity via reducing plasma leakage, vascular

inflammation, and endothelial cell mortality (Brindle et al., 2006).
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2.4.5 Pericytes

Pericytes were discovered by Rouget in 1874 (Dore-Duffy, 2008). Pericytes are
branched cells and show the contractile properties that envelop microvessel endothelial
cells in the brain. Pericytes maintain the brain homeostasis at BBB throughout providing
communication between the endothelial cells and the rest of the cells of NVU. Pericytes
are separated from endothelial cells, and astrocytes endfeet by the basal lamina. Pericytes
are mainly present in the capillary wall and are directly connected with endothelial cells
by sharing basal lamina. Integrin receptors are responsible for the attachment of pericytes
and endothelial cells to the extracellular matrix of the basal lamina (Edwards & Bix,
2019). So, these two cells construct direct peg-socket contacts like membrane structures
to support microvascular stability and vessel constancy (Perrot et al., 2020). Pericytes
regulate the structure and diameter of brain capillaries, thereby managing cerebral blood
flow (Hariharan et al., 2022). A recent study showed that the permeability of the BBB is
directly related to the coverage and the number of pericytes; a reduction in pericyte
coverage is correlated with a higher permeability of BBB (Z. Sun et al., 2021). In addition,
pericytes regulate the tightness and permeability of BBB by managing TJs (Hori et al.,
2004). The differentiation and proliferation of endothelial cells are managed by pericytes
during angiogenesis therefore, they contributed to the new formation of vessels (Hattori,
2022).
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Figure 2.3 The multifunctional roles of pericytes. (a) The cells of NVU and (b). the role of pericytes under
physiological and pathological conditions (Sweeney et al., 2016).
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2.4.6 Microglia

Microglia were defined as different types of glial cells in CNS by del Rio-Hortega
in 1932 (Boullerne & Feinstein, 2020). Since these cell types are involved in the first line
of immune responses for the preservation of brain tissue against pathological conditions
including sepsis, infection related diseases, or neurological disorders, they can be called
immune cells of the brain. There are two types of microglia; these are M1 and M2 states
and they show positive and negative activities under pathologic conditions. While M1
microglia stimulates inflammation and neurotoxicity, M2 microglia show protective
effects by releasing anti-inflammatory cytokines and neurotrophic factors (S. Guo et al.,
2022; O’Loughlin et al., 2018). Microglia switch to their activated state under
inflammatory conditions. So, reactivated microglia induce neuroinflammation by
increasing the levels of cytokines, chemokines, and ROS (Subhramanyam et al., 2019).
Both activated microglia and induction of neuroinflammation are directly related to the
impairment of BBB. A recent study suggested that activated microglia caused by LPS
increased the production of chemokines in the co-culture of microglia and astrocytes
(Kirkley et al., 2017). While LPS dramatically decreased TEER and increased tracer
permeability in in vitro BBB model (Shimizu et al., 2018).

2.4.7 Neurons

Since the neurons have a complex homeostatic microenvironment, they can be
considered peacemakers of NVU. Since neurons are sensitive cells in the CNS, any
alterations in their supply of nutrients and oxygen affect neuronal cells, thereby
converting these signals into electrical or chemical signals for other neurons and
astrocytes (Macvicar & Newman, 2015). In addition, neurons affect the vascular tone and
the blood supply for the microenvironment (Kaplan et al., 2020). It is well known that
astrocytes control the neuronal levels of glutamate and GABAergic neurons by
converting these signals into vasomotor commands. Pathological conditions, including
ischemia, hemorrhage, and traumatic brain injury, cause the disruption of the BBB
integrity by fluctuating cerebral blood flow and perfusion pressure. Accordingly, there
has been proof that BBB permeability can be modulated by neuronal microvascular

communication. Nerve cells have a great neuronal networks supplied by microvessels
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thus, this communication between neurons and capillary blood vessels is crucial for the
BBB integrity (Moolayil, 2019). Another study showed that the interaction of brain type
endothelial cells with astrocytes is regulated by the neurons of noradrenergic,
acetylcholinergic, and GABAergic (T. Ronaldson & P. Davis, 2012).

2.5  Molecular Compositions of the Tight Junctions

The first concept of TJs was discovered by Farquhar and Palade in 1960
(Cummins, 2012). Tight junction proteins between the endothelial cells provide structural
integrity for these cells by managing apical interactions between adjacent cells. They
provide a highly selective and restrictive barrier to control the paracellular pathway.
Under physiological conditions, the molecules with small lipophilic, <400 Da or up to
eight hydrogen bonds, and dissolved gases can pass into the brain parenchyma from the
circulation. Both the high electrical resistance of BBB (more than 1500 Q c¢cm?) and TJs
prevent the free passage of substances thus, controlling the paracellular pathway (Greene
& Campbell, 2016).

There are two main types of junctional molecules at BBB. These are tight and
adherent junctions. Tight junctions and integral membrane proteins of BBB are claudins,
occludin, junctional adhesion molecules (JAMSs), and different cytoplasmic proteins
including ZO-1, ZO-2, Z0-3, and cingulin. The connections between trans-membrane
proteins and actin are provided by zonula occludens-1, -2, -3 which manage endothelial
cells' structural and functional integrity (Kadry et al., 2020b). Adherent junctions are
formed by the cadherin-catenin complexes with their integrated proteins. Cytoplasmic
and integral membrane proteins are directly associated with the permeability of brain
microvessel endothelial cells. The other components of TJ proteins are endothelial
selective adhesion molecules (ESAM) and JAM from the immunoglobulin superfamily.
The primary role of all junctional components is to control the paracellular permeability
between brain type endothelial cells (Costea et al., 2019; Steed et al., 2010). The structural
dislocation or disruption of TJ proteins disrupts the BBB integrity, which contributes to
the development of cancers, stroke, diabetic retinopathy, and inflammatory diseases in
the brain (Forster, 2008; Wardlaw et al., 2009).

13



201
202

i
)|

Tight junction proteins

N N\ 't

0|9

WiN
sjuawWe|y undy

\——

(VE-cadherin\ (JAM Occludin Claudin -3,-5.-12\

S o 3

o~

[ —

o

2

§ -:‘?: §0~
2 —
©

<

Endothelial Cell

Figure 2.4 Schematic representation of Adherens and Tight junction complexes between brain type
endothelial cells (Kaya & Ahishali, 2021).

2.5.1 Occludins

Occludin, 65 kDa phosphoprotein, was first defined in chickens and mammals
(Ando-Akatsuka et al., 1996; Furuse et al., 1993). The authors demonstrated that occludin
protein is expressed in the brain of rodents and adult humans, while its expression has not
been detected in fetal and human newborn brains (Kadry et al., 2020b). Occludin consists
of two extracellular loops and four transmembrane helix structures besides of long
carboxyl (COOH)- and a short amino (NH2)-groups in the cytoplasm (Furuse, 2010). The
occludin proteins found in a cytoplasmic domain are directly linked to the guanylate
kinase domain (GUK) domains of ZO proteins (Bauer et al., 2010), therefore it plays
structural and signaling roles at BBB (McCaffrey et al., 2009)
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It is well-known that occludin is vital for proper function of TJ proteins. While
overexpression of occludin protein improved the TEER (McCarthy et al., 1996), the
inhibition of this protein did not alter intact BBB properties in mice (Saitou et al., 2000).
Since the occludin regulates the leakage in brain endothelial cell, it is essential for BBB
integrity (Keaney & Campbell, 2015). Another study showed that the downregulation of
occludin protein by VEGF or phospholipase D2 (PLD?2) is closely related to an increase
in endothelial permeability (Murakami et al., 2009; Zeiller et al., 2009). Therefore, the
primary function of occludin is to control the paracellular pathway via providing the TJ

stability.

2.5.2 Claudins

Claudins, 20-27 kDa phosphoproteins, especially claudin-1 and -5 are the essential
component of TJs in terms of forming the BBB. The cytoplasmic proteins, ZO-1, ZO-2,
and ZO-3 are connected with claudin proteins via the carboxy terminus (Furuse et al.,
1999). Claudin proteins are defined as pore-forming claudins and sealing claudins
depending on tissue types. The pore-forming claudins increase permeability, whereas the
sealing claudins control paracellular permeability. The study showed that the
inflammatory conditions significantly increased the expression level of pore-forming
claudin-2, which resulted in increased BBB permeability (Barrett, 2020). While other
pore-forming claudins are also claudin-7, -10, -15, and -16, the sealing claudins, claudin-

1, -3, -5, -11, and -19, control the paracellular permeability in tissues (Uc et al., 2020).

The most important TJ protein is claudin-5 expressed in brain type endothelial
cells, which is directly related to the paracellular pathway of BBB (Vanlandewijck et al.,
2018). It has been reported that in vivo knockout model of claudin-5 allowed the
penetration of substances with 400-800 Da into the brain from blood circulation and
increased the permeability of BBB (Nitta et al., 2003). Accordingly, the size-selective
modulation of BBB permeability is managed by claudin-5 (Nitta et al., 2003).

Accumulated data have shown that inflammation and diabetic conditions
decreased the expression level of claudin-5, which resulted in increased BBB
permeability (Arima et al., 2020; Camire et al., 2015). The expression level of claudin-5

is decreased under pathologic conditions, which results in the penetration of leukocytes,

15



neurotransmitter, and/or free radicals into the brain, thus the BBB integrity is lost. While
increased expression of claudin-5 in the endothelium is directly related to the tightness of
BBB, the high expression level of claudin-5 disrupts the barrier in the alveolar epithelia
(Overgaard et al., 2011).

It is shown that the activation of MMPs increases the BBB permeability through
the breakdown of claudin-5 (Rempe et al., 2016a). Since there are reversely relationship
between MMPs and TJ proteins, some MMP inhibitors are used to avoid the rapid
disruption of claudin-5, thereby restoring BBB integrity (Y. Yang & Rosenberg, 2011).
Otherwise, accumulated data suggested that inhibition of claudin-5 could be a promising
technique for delivering drugs with small molecular weight to treat some CNS
disorders/diseases (Hashimoto et al., 2021; Tachibana et al., 2020).

2.5.3 Junctional Adhesion Molecules

Junctional adhesion molecules, 40 kDa proteins, were described in 1998. They
belong to the immunoglobulin superfamily (Tachibana et al., 2020). The cells of the
leukocytes, endothelial and epithelial predominantly express the JAMs (Kummer &
Ebnet, 2018). These adhesion molecules are created by one transmembrane domain and
two immunoglobulin-like loops, and they are attached to each other via disulfide bonds
in their extracellular component (Kadry et al., 2020b). It has been demonstrated that JAM-
1 and JAM-3 are expressed in BBB, but JAM-2 are not (Aurrand-Lions et al., 2001). The
junctional adhesion molecules are responsible for the adhesivity between the cells, and
transmigration of monocytes across BBB (Bazzoni et al., 2000).

JAM-1, the first identified junction molecule, is present in TJs of endothelial cells.
So, JAM-1 manages the BBB permeability (W. Y. Liu et al., 2012). JAM-2, a part of TJ
proteins, is presided by serine phosphorylation. The fundamental role of JAM-2 is to
maintain BBB integrity by providing cell adhesion. A recent study showed that JAM-3 is
expressed by brain capillary endothelial cells, and dysfunction of JAM-3 leads to

hemorrhage (De Rose et al., 2021).
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2.5.4 Membrane-associated Cytoplasmic Proteins in the Blood-Brain Barrier

Cytoplasmic proteins are defined as ZO-1, Z0O-2, ZO-3, and cingulin. These
proteins regulate the integrity of TJ proteins by creating a cytoplasmic bridge between
TJs and cell cytoskeleton (W. Y. Liu et al., 2012). The ZOs are known as membrane-
associated guanylate kinase-like proteins (MAGUKS), and there is a similar sequence
between ZO-1 (220 kDa), ZO-2 (160 kDa), and ZO-3 (130 kDa) (Oliva et al., 2012).
These proteins located in the plasma membrane serve as protein-binding molecules and
they are constituted by complex structure of PDZ, sh3, and GUK domains (Te Velthuis
et al., 2007). In order to bind the ZO-1 to the COOH side of claudins and occludin, the
domains of PDZ and GUK are used (Itoh et al., 1999; Mitic et al., 2000). The cytoskeleton
protein of actin is attached to the COOH-side of ZO-1 and ZO-2, thereby providing
structural support with transmembrane proteins (Haskins et al., 1998; Kadry et al.,
2020D).

2.5.6 Adherens Junctions

Adherens junctions (AJs) can be defined as cell-cell adhesion complexes and they
have essential roles in contributing the embryogenesis and tissue homeostasis (Gumbiner,
2005; Halbleib & Nelson, 2006; Harris & Tepass, 2010). This complex structure is
formed by cadherin adhesion molecules, which participate in the actin cytoskeleton by
means of catenin to construct the adhesive contacts between cells (W. Li et al., 2018).
The scaffold proteins of ZO-1, ZO-2, and ZO-3 attach the occludin proteins to
intracellular actin molecules via cingulin at the BBB (Wolburg, Noell, Wolburg-
Buchholz, et al., 2009; Wolburg & Lippoldt, 2002)

A recent study indicated that the brain microvessels express the proteins of
cadherin and vinculin in rats (Singh & Vellapandian, 2022). It has been reported that the
assembly of TJ proteins is affected by the interactions of ZO-1 and catenins in the BBB
(Matter & Balda, 2003), because the negative alterations in the adhesivity of AJs
increased the permeability of BBB (Staddon & Rubin, 1996). The authors showed that
both intracellular and extracellular calcium ion concentrations are regulated by the
assembly of TJ and AJs, which is resulted in enhanced TEER (Abbott et al., 2006; Balda
etal., 1991).
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2.6 Transport Pathways Across the Blood-Brain Barrier

Cerebral microvessels endothelial cells have distinct properties from endothelial
cells in peripheric tissues as they express specialized TJ proteins and contain a few
cytoplasmic vesicles. These TJs restrict the paracellular route. There are two main
transport systems across BBB. They are paracellular and transcellular pathways for ions,
nutrients, immune cells, and some macromolecules. These two-barrier systems control

the movement of substances across the brain.
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Figure 2.5 Transport pathways across the blood-brain barrier (Cockerill et al., 2018) .
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2.6.1 Paracellular Pathway

The paracellular pathway can be defined as passive diffusion. The hydrophilic
substances use paracellular route to pass into the brain, while the lipophilic substances
with small molecular weight (<400 Da) passively enter the brain via tight junction
proteins (Pardridge, 1995). In addition, paracellular diffusion is an energy-independent
process and is directly related to the concentration of unbound substances gradient

(Cocucci et al., 2017; Tarran et al., 2001). However, small-lipophilic molecules like
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diazepam or opioids can pass into BBB using transcellular passive diffusion (Puris et al.,
2022). As chemical features of molecules affect the BBB permeability, their improvement
can be used for CNS drug development (Pajouhesh & Lenz, 2005; Waring, 2009).
Nevertheless, the paracellular pathway serves a limited role in the development of brain-
targeted medications for the treatment of certain brain-related disorders (Cockerill et al.,
2018).

2.6.2 Transcellular Pathway

Although BBB freely allows the penetration of O, CO, and small lipophilic
molecules, the hydrophilic molecules of glucose, ions, and amino acids cannot enter the
brain without substrate specific receptors (Aragon-Gonzalez et al., 2022). So, electrical-
charged and hydrophilic molecules use different transport systems on brain endothelial
cells, and these are defined as carrier-mediated transport (CMT), receptor-mediated

transport, and efflux/influx transporters at BBB (Komarova & Malik, 2009).

2.6.2.1 Carrier-Mediated Transport

Some macromolecules, including glucose, galactose, amino acids, vitamins, fatty
acids, nucleotides as wells as hormones, enter the brain parenchyma via the CMT system
(Khan et al., 2018). The ATP-dependent system carries these substances from the blood
to the brain. The proteins involved in this pathway are expressed by the solute carrier
transporter genes, which are located at both the luminal and abluminal parts of the

capillary endothelial cells (Morris et al., 2017).

2.6.2.2 Carbohydrate Transporters

Glucose molecules cannot pass into the brain parenchyma without a glucose
transporter (GLUT-1) (Koepsell, 2020). GLUT-1, an uniporter transporter, has a single
binding part to access glucose molecules. If glucose concentration is lower in the brain,
glucose in circulation is transferred from blood to the brain via GLUT-1. The GLUT-1

transporter expressed by SLC2A is present within the luminal and abluminal sides of
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cerebral endothelial cells (Maher et al., 1991; Ornek Ergiizeloglu et al., 2020; Zheng et
al., 2010). In addition, sodium-glucose transporter-1 (SGLT-1) is also expressed by the
SLC5A1 gene in capillary endothelial cells (Gyimesi et al., 2020).

2.6.2.3 Amino acids Transporters

The main amino acid transporters expressed on barrier-type endothelial cells are
large neutral amino acid transporters 1 and 2 (LAT1/2) which are used for the passage of
the necessary amino acids (AA) into the brain parenchyma (Zhang et al., 2020). Large
neutral AAs such as tyrosine and tryptophan use bidirectionally LAT1/2 transporters
(Taslimifar et al., 2018; Z. Y. Zhang et al., 2018), while cationic AAs, including arginine
and lysine, use cationic transporter 1 and 3 (CAT1/3) to enter the brain (Y. Huang et al.,
2007; Jungnickel et al., 2018). The study showed that the number of essential AAs is
elevated in the circulation than that of in the brain, which supports blood-to-brain
transport (Zaragoza, 2020). Other essential transporters are SNAT1/2/3/5 or sodium-
coupled neutral AA transporters, which are responsible for the clearance of glutamine
from the brain to circulation in case the level of glutamine is higher in the brain (Cubelos
et al., 2005). First of all, glutamine is hydrolyzed into glutamate via glutaminase in brain
endothelial cells and then efflux into circulation (O’Kane et al., 1999). So, sodium-
dependent transporters for excitatory AA (EAAT1/2/3) on the abluminal endothelial
membrane carry away both glutamate and aspartate from the brain to circulation (Fontana
et al., 2022; Hawkins et al., 2006).

2.6.2.4 Fatty Acids Transporters

Proper neural function in the postnatal stage and brain development is provided
by essential fatty acids, but fatty acid molecules cannot move to enter the brain because
of the features of BBB. Thus, they need specific transporters including fatty acid transport
protein 1/2 and mfsd2a expressed by brain type endothelial cells to uptake the fatty acids
into the brain parenchyma (Mitchell et al., 2011; Nguyen et al., 2014a). One of the

essential fatty acids is DHA which is necessary for brain development during the
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embryonic stage. Accumulated data have demonstrated that the DHA is transported from
the circulation into the brain via mfsd2a (B. Huang & Li, 2021; Nguyen et al., 2014a).

A previous study showed that the expression level of mfsd2a is higher than that in
lung cells (Ben-Zvi et al., 2014a). In terms of protecting and maintaining BBB integrity,
the mfsd2a is crucial. Because the genetically deleting mfsd2a causes low levels of DHA
in the brain, leading to severe anxiety, cognitive deficits, and microcephaly (Ben-Zvi et
al., 2014a). Another important point is that mfsd2a is involved in the transcellular
pathway by controlling caveolar formation (Andreone et al., 2017a) thus, it can be served
as an inhibitor of transcytosis (J. Z. Wang et al., 2016). A high number of vesicles in the
barrier-type endothelial cells is a crucial indicator of increased transcytosis. A previous
study has demonstrated that suppression of mfsd2a protein increased BBB leakage in the
brain of mice and decreased mfsd2a expression caused increased transcytosis (Ben-Zvi
et al., 2014a). A recent study has indicated that the overexpression of mfsd2a increased
the penetration of DHA into the brain endothelial cells which protects BBB integrity by

decreasing caveolae formation (C. Zhao et al., 2020).

2.6.2.5 Receptor-Mediated Transports

Another vesicular transcellular pathway is a receptor-mediated transcytosis which
is used to deliver nutrients and circulating proteins, including fibrinogen,
immunoglobulins, transferrin, and insulin across the brain parenchyma (Pardridge,
2005a). In contrast to the rate of nutrient transport across the BBB, the circulating
peptides are slowly transported into the brain. When the macromolecules bind to their
specific ligand receptors on the apical side of the capillary brain endothelial cell,
endocytic events are initiated. Carrier proteins, receptors, and their ligand cluster together
in intracellular vesicles or caveola for membrane invagination (Matthaeus & Taraska,
2021). Some nutrients including iron, transferrin, glucose, low-density lipoprotein
receptor-related protein-1 (LPR1), and leptin, can enter the brain parenchyma via
transcytosis or receptor-mediated transport (Georgieva et al., 2014a). These ligands are
also used for CNS drug delivery through Trojan horse technology which provides high
efficiency for transporting target molecules into the brain (Georgieva et al., 2014b).
Another transcellular pathway is adsorptive-mediated transcytosis which is used for the

transportation of positively charged large molecules into the brain (Hervé et al., 2008).
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Transcytosis is initiated via the interaction of these molecules with specific binding sites
on the cell surface of barrier type brain endothelial cells.

The capillary endothelial cells in the brain express low-density lipoproteins
located on the luminal side to deliver cholesterol across the BBB. The low-density
lipoproteins are characterized into size, lipid composition, and apolipoproteins (Feingold,
2021). Previous studies have shown that the LRP1 removed the AB plaques from the brain
to the circulation (Kim & Priefer, 2020; Storck et al., 2018). In contrast to LRP1, the
receptors for advanced glycation end products (RAGE) are located on the luminal side of
endothelial cells and induces the accumulation of AP via increasing ROS levels and
activating MAP kinase signaling pathway in AD (Donahue et al., 2006; Shi et al., 2009).
In AD, an increase in the level of RAGE allows the circulating AP to enter the brain,
which is induced neuroinflammation and caused severe BBB breakdown (Ding et al.,
2020).

2.6.2.6 Caveolar Transcytosis

Caveola is a flask-shaped membrane-bound vesicle (Zhou et al., 2022). It is
defined as a special type of lipid raft, which is 50-100 nanometers (S. Lei et al., 2023;
Roy & Patra, 2023). It is mainly examined in the cytoplasm of brain microvessel
endothelial cells. This structure consists of proteins and lipids, including cholesterol and
sphingolipids (Svec., 2008). Sphingolipids produce ceramides which are responsible for
neural differentiation (Kagan et al., 2022). Cholesterol provides structural support for
caveola and the production of new caveolar vesicles. The primary function of caveola is
to regulate ion channel activity, calcium signaling, cell migration, endocytosis,

pinocytosis, and vesicular trafficking (Andreone et al., 2017b).

Caveolin, a 22-24 kDa integral membrane protein, is responsible for the formation
and maintenance of caveola (Gautier-Stein et al., 2023; Peruzzu et al., 2022). There are
three types of caveolin: caveolin-1, -2, and -3 (Thomas & Smart, 2008). The barrier type
of capillary endothelial cells predominantly express caveolin-1 and -2, whereas caveolin-
3 by astrocytes (Zhong et al., 2019). In contrast to caveolin-1, the caveolar formation is
not regulated by caveolin-2 protein (Breuza et al., 2002; Cohen et al., 2004). It is well

known that caveolin-1 is directly related to the permeability of BBB under pathological
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conditions. The study showed that caveolin-1 implicates the mechanism of the
paracellular pathway by regulating MMPs (Q. Huang et al., 2018a). The study reported
that the expression level of caveolin-1 is markedly enhanced in the brain endothelial cells
in case of pathological conditions and aging, but the inhibition of caveolin-1 expression

mitigates pathological injury (Y. L. Zhao et al., 2014).

2.6.2.7 Efflux Transporters at the Blood-Brain Barrier

A stable microenvironment in the BBB is provided by preserving the brain tissues
against blood-borne harmful molecules. The active efflux transport system prevents the
penetration of toxins, xenobiotics, and undesired substances into the brain. Multiple
efflux transporters involved in this transport system are expressed in the apical and
basolateral membranes of barrier-type microvessel endothelial cells (Strazielle & Ghersi-
Egea, 2015). Some of them are defined as solute carrier family and ATP binding cassette
transporters (ABC) which are mainly expressed on the luminal side of brain endothelial
cells. In order to efflux the unwanted substances from the brain into the circulation, these
transporters need ATP energy. ATP-derived efflux pumps eliminate the xenobiotics and
endogenous metabolites from the brain tissue, thereby controlling the permeability of
unwanted molecules and therapeutic agents. In a previous study, ABC transporters
showed a protective effect in the brain by preventing the accumulation of A (Abuznait
& Kaddoumi, 2012) therefore, especially in AD, affected ABC transporters lead to

increase concentration of AP peptide in the brain.

Moreover, essential efflux transporters including p-gp, breast cancer-resistant
protein (BCRP), and multidrug resistance-associated proteins such as MRP1/3/4/6 are
expressed by brain capillary endothelial cells (Hashimoto et al., 2022). The ATP-derived
p-gp and BCRP expressed on the luminal side of BBB remove the toxic molecules from
brain endothelial cells to circulation (Kadry et al., 2020b), thereby preventing the

accumulation of drugs in the brain.

The multidrug resistance proteins, 190 kDa molecular weight, are expressed in the
luminal and abluminal side of brain capillary endothelial cells. In contrast to p-gp, MRPs
mediate the transport of organic anions and glucuronide or glutathione-conjugated

compounds (Begley, 2004). They are also used in bidirectional transport between
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endothelium and circulation. Since they prefer the water-soluble conjugates as a substrate
to transport, it seems they are less cytotoxic. Briefly, MRPs contribute to BBB integrity

and maintenance of neuronal homeostasis by decreasing drug accumulation in the brain.

2.7 Inflammation in the Brain

Inflammation is described as a physiological response of the immune system that
can be induced by infections-derived pathogens, some physical factors like trauma or
heat, exogenous chemical molecules, as well as tissue damaging. These factors cause
acute or chronic inflammation in different parts of the body. Inflammation is essential for
the physiological process in terms of the immune system’s response to toxic substances,

damaged cells, and pathogens (Chen et al., 2018).

As the brain directly interacts with the immune and endocrine systems, it is the
most active organ as immunologically. So, the homeostasis of the brain is directly affected
by inflammatory reactions and responses (Farooqui et al., 2007). Some neurological
disorders and/or diseases caused by infections, autoimmune disorders, injury of
peripheral organs, and mental or metabolic stress prompt the severity of inflammation in
the CNS (Klein et al., 2019; Y. Sun et al., 2022). Although the proper microenvironment
and function of the BBB are maintained by certain mechanisms, inflammation-induced
factors result in BBB disruption. Neuroinflammation considered as a defense mechanism
in CNS provides a proper microenvironment by removing injured brain tissue from
healthy parts, eliminating damaged cells, and restoring the extracellular matrix (ECM)
(Correale & Villa, 2004). The main features of neuroinflammation are increasing levels
of inflammatory cytokines, IL-1, IL-6, and TNF-a, chemokines, NO, and ROS, and they
are secreted by innate immune cells of CNS (DiSabato et al., 2016). Neuroinflammation
is moderated by microglia, the primary immune cells in the brain (Sun et al., 2022). While
the resting side of microglia support tissue integrity in CNS under physiological
conditions, activated microglia participate in neuronal damage in pathological conditions.
Reactive microglia increase the number of inflammatory cytokines, ROS, and
proteinases, contrary they contribute to the restoration process in the damaged tissue
owing to the release of neurotrophic factors and anti-inflammatory mediators (Gomes-
Leal, 2012; Wolf et al., 2017).
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The secretion of pro-inflammatory cytokines from activated microglia causes
synaptic dysfunction, inhibits neurogenesis, and neuronal death (Lyman et al., 2014).
While IL-1p decreases the synaptic function by increasing the production of
prostaglandin E2, TNF-a induces neuronal damage Vvia the activation of TNF receptor-1
(TNFR1) (Micheau & Tschopp, 2003; Mishra et al., 2012). Activated microglia are
classified into their profiles, including morphology and cell surface marker expression
(Prinz et al., 2019). Traditionally, microglia are classified in M1 and M2 states. The state
of M1 is characterized by a phagocytic phenotype associated with the regulation of NF-
kB which causes the release of proinflammatory cytokines. The M1 state is mainly
activated by injured neurons, Thl lymphocytes, and pathogens, and M1 type microglia
also produce pro-inflammatory agents and some cell surface markers, including iNOS,
CD16 as well as CD32 (Orihuela et al., 2016). In contrast to the M1 state, the induced
M2 state by apoptotic cells and Th2 lymphocytes remove the unwanted debris by
increasing the phagocytic activity via the production of IL-10 and TGF-f, thereby
suppressing inflammation and recovering damaged tissue (Simon et al., 2017; Mosser &
Edwards, 2008). If M1 state becomes continuously active, it can be destructive for
microglia and neighboring cells. Because the prolonged generation of pro-inflammatory
agents triggers the inflammation state and increases the number of reactive astrocytes,
free radicals as well as nitric oxide, neuroinflammation leads to an increase in Ap,
phosphorylated tau, and alpha (a)-Synuclein in the brain and causes neurodegeneration

and results in cell death in the neurons (Streit et al., 2004; Torres-Garcia et al., 2022).
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Figure 2.6 Positive and negative features of neuroinflammation in the central nervous sytem (DiSabato et
al., 2016).

The AD is one of the most common and serious neurodegenerative diseases. The
main reasons of AD are uncontrolled accumulation of Ap plaques and tau tangles in the
brain parenchyma, which results in dementia, cognitive dysfunction, and memory decline
(Leng & Edison, 2021). Even though AP proteins are removed by microglia in a
physiological state, the progression of AD triggers neuronal damage; consequently,
activated microglia induce additional neurotoxicity by increasing pro-inflammatory

mediators.

There are two types of neuroinflammation in CNS: acute and chronic. Any kind
of inflammation can lead to neurological disorder and/or damage and neuronal death
which results in the disruption of BBB integrity. In case of acute neuroinflammation
caused by stroke, hypoxia, or neurotrauma, activated microglia immediately response to
inflammation by means of their phagocytic activity and inflammatory mediators. In order
to protect the CNS against future damage, the immune cells in the brain give response to
acute signals from injured cells, thus they start the neuroinflammation processes. During

chronic neuroinflammation, T-cell infiltration across the brain is increased thereby
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disrupting the BBB integrity which results in neuronal damage (Glass et al., 2010; Q.
Wang et al., 2015).

2.7.1 Sepsis-induced Inflammation in Blood-Brain Barrier

Sepsis is a primary pathological syndrome and a global health problem in the
world. It has been reported that more than 19.4 million people have been affected, and
5.3 million died because of sepsis (Q. Gao & Hernandes, 2021). So, sepsis is a life-
threatening pathological condition caused by bacterial infection, viruses, fungi, or
parasites. The diagnosis and treatment of patients with sepsis are highly difficult because
it has complex pathophysiology which depends on the age, source, and severity of the
pathogen and other factors like chronic disorders (Evans, 2018; Leligdowicz & Matthay,
2019). Sepsis causes cognitive dysfunction, such as memory decline, anxiety as well as
depression, which results in disruption of BBB and brain injury (Barichello et al., 2021).
The septic conditions decrease the tightness of TJs and increase the influx of immune
cells, free radicals, and proteins from blood to the brain which results in the BBB
impairment (Handa et al., 2008; Van Der Poll et al., 2017). All these circulatory cells and

substances contribute to the activation of neuroinflammation processes in the brain.

Sepsis-associated encephalopathy is a multifactorial condition and is described as
diffuse cerebral dysfunction. In contrast to CNS infection, it is directly related to a
systemic inflammatory response to infection (Sonneville et al., 2013). In SAE, both acute
and chronic changes may occur in CNS. For instance, delirium is one of the most common
acute changes observed in SAE (Danielski et al., 2018). Accumulated data showed that
the chronic alterations in SAE are memory decline, behavioral changes, losing learning

capacity, and neuronal death (Iwashyna et al., 2010; Semmler et al., 2007).

The sepsis or systemic inflammatory condition caused by stimulation of the
intrinsic defense system via the “pattern recognition receptors (PRRs) like TLRs and
nucleotide-binding and oligomerization domain (NOD)-like receptors” (Kawai & Akira,
2010; Rapple & Schilling, 2020). These receptors activate the intracellular signaling
pathways by recognizing the PAMPs and DAMPSs, leading to an increase in the levels of
inflammation-associated genes (D. Li & Wu, 2021). While inactivated NF-«B is present

within the cytoplasm under physiological conditions, activated NF-«B is translocated
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across the nucleus via TLR4 and TNF-a receptor (TNFR) 1 signaling pathways under
septic conditions (T. Zhang et al., 2021). So, the activated NF-«B increases the levels of
IL 1-6-8 and TNF-a, thereby increasing the severity of inflammation (Nedeva et al.,
2019).

In sepsis, proinflammatory cytokines can pass into the BBB via receptor-mediated
endocytosis and some area that lack BBB (Manabe & Heneka, 2022). Accumulated data
demonstrated that the receptors expressed on the cerebral endothelial cells allow the IL-
1B, IL-6, and TNF-a to enter the brain parenchyma, which results in the activation of the
endothelium (Ericsson et al., 1995; Nadeau & Rivest, 1999, Gutierrez et al., 1993; X. Liu
et al., 2019; Skelly et al., 2013). One of the main endotoxins found in the cell wall of
gram-negative bacteria is LPS (Page et al., 2022). Since LPS activates the TLR-4
signaling pathway, it has been commonly used as an inflammation model in experimental
setups (Banks & Robinson, 2010; Batista et al., 2019; Heine & Zamyatina, 2022). The
LPS activates the MyD88 and TRIF via binding of LPS to TLR4 (Bovijn et al., 2013).
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Figure 2.7 Alteration in brain barriers under septic conditions (Danielski et al., 2018).

LPS is the main inducer of neuroinflammation and negatively effects the BBB
integrity by increasing the number of free radicals in the CNS. Under septic conditions,
the activation of MMP2/9 is elevated by proinflammatory agents in the cerebral cortex

and hippocampus, which is resulted in increased permeability of BBB (Dal-Pizzol et al.,
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2013). Another inducer factor is that TNF-a increases the leakage of BBB and neuronal
apoptosis by regulating MMP9 in the brain (Rempe et al., 2016b; Turner & Sharp, 2016).
Additionally, LPS-induced sepsis upregulates the expression level of caveolin-1 in the
brain endothelial cells (M. G. Lei & Morrison, 2000) and increased caveolin-1 shows a
high level of transcytosis which increases the infiltration of peripheral immune cells
across the BBB (Q. Huang et al., 2018Db). Caveolin-1 mediates T-cell passaging between
circulation and CNS via ICAM-1 located on the endothelial luminal membrane, which

controls the transcellular migration (Lyck & Engelhardt, 2012).

About half of the patients acquire a hospital infection that leads to sepsis.
According to World Health Organization, 20% of patients pass away because of sepsis in
the world. Even so, there are insufficient treatments for sepsis. In order to suppress the
infection or prevent multiple organ failures, traditional treatments have been used for
patients with sepsis, still. The combined therapies may be helpful for septic patients, but
their effects are not stable for each patient. Accumulated data showed that inhibition of
the iINOS enzyme reduced apoptotic cell death in neurons and cognitive dysfunction in
experimental setups (Kadoi & Goto, 2004; Weberpals et al., 2009). In addition, calcium
channel blockers, magnesium, steroids, and antioxidant treatments showed protective
effects on inflammatory conditions in rodents (Artym & Zimecki, 2023; Bilici et al.,
2002; Khalilzadeh et al., 2018).

2.8  Physiology of Fatty Acid Binding Proteins in Central Nervous System

2.8.1 Fatty Acid Binding Proteins

Fatty acids (FA) have been described to involve in the signaling process in CNS
(Falomir-Lockhart et al., 2019). Since half of the brain consists of lipids, including
cholesterol, sphingomyelin, gangliosides, and phospholipids, lipid metabolism is
essential for proper CNS function, maintaining brain homeostasis, and supporting neural
processes (Garcia Corrales et al., 2021). The distribution of FA is not equal for all regions
in the brain. For example, polyunsaturated glycolipids and cholesterol are more abundant
in neurons other than cellular structures of NVU (Yoon et al., 2022). In contrast to
circulating cholesterol, its content in the brain is essential for signal transduction,

oxidative stress metabolism, synaptic transmission, regulation of lipid rafts, cell
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development, and production of membrane proteins (Lee et al., 2021a). Different lipid-
associated proteins manage the lipid signaling pathway, so they show distinct regulatory
functions depending on tissue type. For instance, the brain tissue has two most significant
polyunsaturated fatty acids (PUFA); DHA and arachidonic acid (AA). The productions
of DHA and AA are quite limited especially in the brain when compared to peripheral
tissues. The cerebral neurons are responsible for only FA elongation, but they cannot
manage the desaturation process to generate total DHA and AA while brain endothelial
cells can manage both elongation and desaturation of FA to produce DHA and AA for
brain development (DHA and AA: Neuroprotective Nutrient, n.d.). The microvascular
endothelial cells mainly produce AA, while astrocytes markedly produce DHA,
respectively. A recent study showed that the conversion of DHA and AA from PUFA is
abundant in astrocytes (Kaduce et al., 2008) and the entry of DHA and AA into the brain
is provided by B-oxidization (Mayes et al., 2006). Thus, neurons are able to pick up DHA
and AA to participate in their plasma membrane. In physiological conditions, DHA and
AA directly manage brain development, cell growth, neurotransmission, and
neuroinflammation. On the other hand, in pathological conditions, they control the

process of inflammation, immunity, and tissue regeneration (Grant & Guest, 2016).

Although there are two possible pathways to import FAs into the brain, the
transport mechanism(s) of FAs into the brain is still unclear. These are passive diffusion
for lipophilic molecules and receptor-mediated transport for other FAs (Tracey et al.,
2018). In free diffusion, lipophilicity and molecular size of FAs is so important to
transport into the brain. In addition, FAs bind to the luminal side of endothelial cells after
dislocating from albumin to enter the brain (Mitchell et al., 2011). In contrast to
lipophilicity and molecular size, carrier-mediated transporters carry FAs into the brain
from the blood. They are intracellular fatty acid binding proteins 1-9 (FABP), fatty acid
transportation proteins (FATP), and caveolin-1 (Doege & Stah, 2006; Kazantzis & Stahl,
2012). In addition to these transporters, mfsd2a is responsible for the uptake of DHA into
the brain (Wong et al., 2016).
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Figure 2.8 Uptake of PUFAs in the brain (W. Zhang et al., 2018).

2.8.2 Fatty Acid Binding Proteins

There are two main types of FABP and defined as subcellular localization. They
are plasma membrane-associated fatty acids (FABPpm) and cytoplasmic FABPs.
FABPpm is a 40 kDa molecular weight and is expressed in the outer surface of the cell
membrane. It is responsible for transporting esterified acids (Roepstorff et al., 2004). In
contrast to FABPpm, cytoplasmic FA (cFA) or lipid-binding proteins are 15 kDa
molecular weight. There are nine different cFA which are named as tissue localization.
Three of them have been identified in the CNS of rodents. These are heart type (H-FABP;
FABP3), epidermal-type (E-FABP; FABP5), and brain type (B-FABP; FABP7).

The FABP3 is predominantly expressed by heart tissue, and its expression has not
been discovered in the embryonic brain of human (Falomir-Lockhart et al., 2019).
However, FABP3 expression progressively increases only in the prenatal brain of rodents
(Owada, 2008). In adult age, it is demonstrated that there is a stable expression of FABP3
in the cerebral cortex, hippocampus, and interneurons of the retina (Dieriks et al., 2018).
FABP3 is critical for membrane viscosity, neuronal synaptogenesis, and intracellular

lipids transport. FABP3 impacts the dopamine signaling pathways in AD via ARA-
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mediated transport (Dulewicz et al., 2021). The data showed that increased AP
concentration is directly related to the increased expression level of FABP3 in CSF of
patients with AD (Dulewicz et al., 2021). In pathologic circumstances, elevated FABP3
contributes to neurodegeneration (Shioda et al., 2014). Nevertheless, it is reported that
the remarkably increased FABP3 expression was found to be in Down syndrome (Zhuang
et al., 2021). Accordingly, the abnormal expression level of FABP3 causes PUFA
accumulation which results in the disruption of membrane integrity and the progression

of neurodegenerative disorders (Clarke et al., 2004).

FABPS is expressed in the brain tissue during development and the adult stage. In
contrast to other FABPs, their role in CNS is not clear yet. FABP5 is described as a lipid
chaperone that helps transfer lipid molecules across the target region (Carbonetti et al.,
2019). As for functions of FABPS, it is involved in signal transduction, lipid droplet
storage, energy metabolism, cell proliferation, and the immune system (B. Xu et al.,
2022). In physiologic conditions, FABP5 controls the intracellular distribution of FABPs
from the cytoplasm to organelles. Under pathological conditions, the expression level of
FABPS is increased which influences the development of AD, breast cancer, prostate
cancer, and psoriasis (Balcom et al., 2017; B. Xu et al., 2022). So, FABPS5 contributes to
the memory and learning process by degradation of endocannabinoid anandamide and the
PPARJ/3 activation (Tan et al., 2016).

The brain-type fatty acid binding protein or FABP7, is a low-molecular-weight
protein (15-17 kDa). This protein can be described as cellular chaperons for hydrophobic
compounds (Rui, Ni et al. 2019). Although FABP7 is expressed in brain tissue throughout
life, it shows high expression in the radial glial cells during the development stage. After
the embryonic stage, there has still been a higher expression of FABP7 in gray and white
matter regions of the brain. But aging process progressively decreases the expression
level of FABP7.

FABP7 is mainly expressed by astrocytes and precursors of oligodendrocytes in
the brain during embryonic development and postnatal life (Sharifi, Morihiro et al. 2011).
However, its expression has not been detected in neurons, microglia, or mature
oligodendrocytes (Islam, Kagawa et al. 2019). In addition, FABP7 is involved in different
signaling pathways including metabolism, signal transduction, and gene-regulating

activities by controlling the uptake and intracellular distribution of fatty acids to target
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tissue (Kipp, Clarner et al. 2011). When FABP7 binds to n-3 PUFA, it increases the
binding affinity of DHA to enter the brain parenchyma. The DHA improves the functional
development and growth of the brain via differentiation and proliferation of neural stem
cells throughout embryogenesis. A previous study showed that FABP7 plays an essential
role in the proliferation of neural stem progenitor cells in the embryonic stage during
neurogenesis (Matsumata et al., 2012). It also enhances the memory and learning capacity
of the brain (Needham et al., 2022).

FABP7 plays an important role in controlling caveolae formation by regulating
caveolin-1 in astrocytes under pathological conditions. In addition, FABP7, defined as a
trophic factor, shows different phenotypes in the injured brain and MS disease (Kamizato
et al., 2019; Killoy et al., 2020; Rui et al., 2019a). In response to damage in the brain,
FABP7 also provides vascular regeneration in the damaged brain by differentiation of
astrocytes (Rui et al., 2019a). Although only one study reported the protective and
recovery effects of FABP7 in damaged brain caused by external stimuli (Rui et al.,
2019a), the role of FABP7 in the regulation and maintenance of BBB under physiological

and pathological settings remains unclear.

2.9  Aims of the Study

In this study, our purpose was to investigate the potential effects of exogenous
FABP7 administration on LPS-induced BBB disruption in in vitro and in vivo conditions.
In addition, the alterations in the expression of BBB-related proteins and inflammatory
response in LPS-induced conditions were also explored. Consequently, we intended to
elucidate the possible roles of FABP7 in the mechanistic pathways involving paracellular

and transcellular in this experimental setting.

There has not been yet clear evidence of whether FABP7 has a protective role on
BBB integrity under LPS conditions. In order to expose such an unknown question about
FABP7, we established both an in vitro model of BBB and a septic mice model with LPS.
To show the effects of FABP7 on BBB damage caused by LPS, different doses of FABP7
were used in in vitro bEnd.3 cells and in vivo septic mice. In order to show the possible

effects of FABP7 on body temperature, depression, serum CRP, PCT, and ROS levels in
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LPS-injected mice. In addition, we studied the expression levels of BBB proteins and

inflammatory response in vitro and in vivo conditions in the same experimental setup.

Therefore, our objective was to explore the role of FABP7 on BBB integrity in

septic conditions, which represents a significant challenge that needs to be addressed.
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All chemicals, antibodies, and laboratory equipment are listed in tables 3.1, 3.2,

3.3, and 3.4.

3.1 Cell Lines

CHAPTER 3:

MATERIALS

Table 3. 1 List of cell line used in experiments.

Cell Line Cell Type Tissue Organism | Company Catalog
number
bEnd.3 Endothelial | Brain; Mus ATCC CRL-2299
cell Cerebral musculus,
cortex mouse
3.2 Chemicals
Table 3. 2 List of chemicals used in experiments.
Chemical Company Catalog number
0.25% Trypsin-EDTA Wisent Bioproducts 325-043-EL
10X Tris/Glycine Buffer Bio-Rad 1610771
10X Tris/Glycine/SDS | Bio-Rad 1610772
Buffer
2-Mercaptoethanol Bio-Rad 1610710
4X  Laemmli  Sample | Bio-Rad 1610747
Buffer
Acetic Acid Merck 6199969
Albumin Alexa Fluor 594 | Invitrogen A13101
Bovine Serum Albumin Thermo Fisher Scientific | A9418-500G

35




Citrate Buffer 10X Sigma Aldrich C9999-100ML
cOmplete ULTRA tablets | Roche 05892970001
DMEM: F12 Lonza 6195494
DMSO Sigma 6195067
Ethanol Merck 6199918
Fetal Bovine Serum Biowest S181H-500
Fluorescein Sodium Salt Sigma Aldrich F6377
Glycerol Sigma Aldrich 49782
HBSS Biowest 6150847
HEPES Gibco 6195442
Hoechst 33342 Thermo Fisher Scientific | 62249
Hydrochloric acid 37% Merck 6110029
L-Glutamine Biowest 6194078
LPS Enzo Life Sciences ALX-581-012-L002
Methanol Sigma 6195123
Normal Goat Serum Sigma Aldrich P9416
Paraformaldehyde Sigma Aldrich 158127
PBS Biowest L0615-500
Penicillin-Streptomycin Biowest L0018-100
Pierce BCA Protein Assay | Thermo Fisher Scientific | 23225

Kit

Pierce ECL Substrate Thermo Fisher Scientific | 32106
Poly-L-Lysine

Hydrochloride Sigma 6195011
Polyvinyldene Difluoride | Bio-Rad 1620177
(PVDF) Mebrane

Recombinant FABP7 Proteintech Agl1123
RIPA Lysis Buffer Eco-Tech RIPA-100
Sodium Hydroxide Sigma 6195191
SRB Sigma 230162
Trichloroacetic acid Sigma Aldrich T6399
Triton X-100 Fisher Bioreagent BP151-100
Trypan Blue Thermo Fisher Scientific 6195080
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3.3 Antibodies

Table 3. 3 List of antibodies used in experiments.

Antibody Host Company Catalog Number
Anti-mouse Alexa | Goat Invitrogen A-11029
Fluor 488
Anti-rabbit Alexa | Goat Invitrogen A-11008
Fluor 488
Anti-rabbit Alexa | Goat Jackson 6195040
Fluor 647 Immunoresearch
Caveolin-1 Rabbit Abcam ab192869
Claudin-5 Mouse Invitrogen 35-2500
IL-1B Rabbit Invitrogen P420B
Mouse HRP Mouse Abcam ab97021
Mfsd2a Rabbit Invitrogen PA5-21049
NF-xB Rabbit Abcam ab16502
Rabbit HRP Rabbit Abcam ab97051
Z0-1 Rabbit Abcam ab216880

3.4  Laboratory Equipments
Table 3. 4 List of laboratory equipment used in experiments.
Name Company
24-well Plate Sarstedt
24-well TC Inserts, 0.4 [lm Sarstedt
6-well Plate Sarstedt
96-well Black Flat Bottom Plate Corning
96-well Plate Sarstedt

Attune NXT Flow Cytometer

Thermo Fisher Scientific

Blood Cell Analyzer

Prokan pe-6800 vet
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Centrifuge

Thermo Fisher Scientific

Class Il, Type C1 Biosafety Cabinet Labconco
CO2 Incubator Eppendorf
Coverslips VWR

Cryogenic Storage System

Thermo Fisher Scientific

DMI/SP8 Laser Scanning Confocal Leica
Microscope Leica
Filtropur V50, Vacuum Filtration Unit Sarstedt

Hemocytometer

Weber Scientific

Light Microscope

Leica

Micropipettes

Thermo Fisher Scientific

Millicell ERS-2 VVoltohmmeter

Merck Millipore

Polysine Slides

Thermo Fisher Scientific

S220 SevenCompact pH/lon Meter

Mettler Toledo

Synergy H1 Microplate Reader

Bio Tek Instrument

T75 Flask

Sarstedt

Ultra-Low Temperature Freezer

Thermo Fisher Scientific

Waterbath

Memmert

Western Blot Imaging Device

Li-Cor
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CHAPTER 4:

METHODS

4.1.  Invitro Experimental Procedure

Experimental Groups

1- Control
2- LPS
3- FABP7

4- LPS + FABP7

Sub-Groups

1- SRB Assay
2- TEER and NaFI Permeability Assay
3- Immunofluorescence Staining

4- \Western Blot

4.1.1. Endothelial Cell Culture

Mouse brain type endothelial cell line (bEnd.3) was purchased from American
Type Culture Collection. These cells were cultured in Dulbecco’s Modified Eagle
Medium F12 (DMEM-F12) supplemented with 10% heat-inactivated fetal bovine serum,

1% penicillin-streptomycin and 1% L-glutamine in T75 flasks. Cells were incubated in a
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humidified incubator with 5% CO: at 37°C, and the media was replaced with fresh
medium twice a week. The trypsinized cells were centrifuged at X300 g for 5 minutes
and subcultured in a fresh medium. The experimental procedures were performed when
cells reached at least 90% of confluency. bEnd.3 cells were used before passage number

30 to prevent the risk of losing their barrier properties.

4.1.2. Establishment of in vitro Blood-Brain Barrier Model

In order to construct the in vitro BBB model, bEnd.3 cells were seeded onto the
luminal side of non-coated transwell inserts with 0.4-pum diameter-sized pores in 24-well

plates and incubated for 96 hours.

4.1.3. Cell Treatments

LPS was dissolved in physiological saline solution and kept at 4°C. bEnd.3 cells
were treated with 0.05, 0.1, 0.5, 1, 10, and 100 pg/ml concentrations of LPS for 24 hours.
The recombinant FABP7 was dissolved in 50% glycerol solution and administered to
LPS-treated and -untreated cells at 0.05, 0.1, 0.5, 1, and 10 pug/ml doses for 24 hours.

4.1.4. Sulforhodamine B Assay

Sulforhodamine B (SRB) assay was performed to measure cell viability. For this
purpose, bEnd.3 cells (5x10° cells/well) were seeded in 96-well plates and treated with
different doses of LPS and FABP7 for 24 hours. Without removing the culture medium,
25 pl (i.e., % volume of culture medium) trichloroacetic acid solution (fixative solution)
was added to each well and incubated at 4°C for 1 hour. Afterward, the solution in each
well was removed, and the wells were washed with 200 pl dH20 3-5 times. The washing
was performed smoothly to avoid the disturbances in cell monolayer. Next, 50 ul SRB
dye dissolved in 10 mM Tris base solution was added to each well and incubated at room
temperature for 30 minutes in dark room conditions. The unbound dye was removed by

washing with 1% acetic acid (150 ul per well) and the plate was placed on an orbital
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shaker at 150 rpm for 10-15 minutes to homogenize the dye. The optical density (OD)
was measured at a wavelength of 564 nm using a Synergy H1 microplate reader. The
viability percentage of experimental groups was calculated according to the following

formula: (ODexperimental sample/ODcontrol) x 100.

4.1.5. Transendothelial Electrical Resistance

To evaluate the resistance of the endothelial barrier, TEER was measured using a
voltohmmeter (Millicell ERS-2). For this purpose, b.End3 cells were treated with
different doses of LPS and/or FABP7 for 24 hours. Additionally, three transwells without
cells were filled with DMEM-F12 for blanks. The voltohmmeter was set to the ohm (Q)
scale and calibrated until the display showed a reading of 1000 Q.

Resistance values were obtained by inserting the probe perpendicularly into the
transwells, ensuring that the apical electrode was away from the insert membrane and the
basolateral electrode touched the bottom of the transwell. Electrical resistance was
measured for each transwell and calculated using the following formula: TEER (Q) =
(Qsample—Qblank).

4.1.6. Sodium Fluorescein Permeability Assay

Sodium fluorescein was used to evaluate the permeability of barrier type
endothelial cells. For this purpose, b.End3 cells cultured on the luminal side of transwell
inserts were treated with different doses of LPS and/or FABP7 for 24 hours. 0.1 mg/ml
concentration of NaFl solution was prepared in dH.O with 25 mM hydroxyethyl-
piperazineethane-sulfonic acid buffer and 10% Hanks’ Balanced Salt Solution. Three

different experimental setups were conducted for LPS and/or FABP7 treatments.

DMEM-F12 in apical and basolateral compartments of transwells was removed
and replaced with dH2O+HEPES+HBSS. In the meantime, different doses of LPS and
FABP7 prepared in NaFl solution were administered into the apical compartment of
transwells and incubated for 24 hours. For FABP7 administrations following LPS, bEnd.3
cells in apical compartments of transwells were treated with 0.5 pg/ml LPS for 24 hours
and DMEM-F12 in both compartments was replaced with dH,O+HEPES+HBSS. Next,
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0.5 pg/ml FABP7 was prepared in NaFl solution and administered into the apical
compartment for 24 hours. In order to detect the tracer intensity in each lower
compartment for each experimental group, the samples were collected to put in triplicates
in a black 96-well plate. The fluorescence intensity of NaFl was measured at excitation

and emission wavelengths of 494 and 512 nm, respectively, using a microplate reader.

4.1.7. Western Blotting

The alterations in the expression levels of claudin-5, caveolin-1, mfsd2a, and NF-
kB were evaluated by western blot. For this purpose, bEnd3 cells (2x10° cells/culture
dish) were seeded on 100 mm culture dishes and incubated for 24 hours. Next, the
cultured cells were treated with 0.5 pg/ml LPS for 24 hours followed by 0.5 pg/ml FABP7
for 24 hours. Then, the cells were washed with cold PBS and lysed with RIPA buffer for
30 minutes on ice. The cell lysates were centrifuged at X14,000 g for 20 minutes at 4°C
and the protein content in cell lysates was measured with a BCA kit. Forty pg of proteins
were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrophoretically transferred to polyvinylidene difluoride (PVDF) transfer membranes.
The membranes were then incubated with blocking solution [5% non-fat milk in tris-
buffered saline containing 0.1% Tween 20 (TBST)] at room temperature for 1 hour and
incubated with the following primary antibodies in blocking solution overnight at 4°C.

. mouse anti-claudin-5 (1:1000)
. rabbit anti-caveolin-1 (1:1000)
. rabbit anti-mfsd2a (1:1000)

. rabbit anti-NF-xB (1:1000)

. rabbit anti-actin (1:10000)

Next, the membranes were washed with TBST and incubated with appropriate
secondary antibodies (goat-anti mouse HRP and goat-anti rabbit HRP; 1:5000) at room
temperature for 1 hour. After washing with TBST, protein bands on membranes were
treated with enhanced chemiluminescence solution. The Image J macro/plugin was then

employed to quantify the chemiluminescence intensity of bands. This macro
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automatically estimated the background level of actin and the targeted protein based on

mean intensity.

4.1.8 Immunofluorescence Staining

Immunofluorescence staining was performed to assess the alterations in claudin-
5, ZO-1, caveolin-1, mfsd2a, NF-xB, and IL-1B immunoreactivity. For this purpose,
bEnd.3 cells were seeded (2 x 10° cells/well) on 6-well plates containing autoclaved
coverslips for 24 hours. Next, the cells were treated with LPS (0.5 pg/mL) for 24 hours
followed by 0.5 ug/mL FABP7 for 24 hours. Then, the cells were washed with PBS and
fixed with 4% paraformaldehyde (PFA) dissolved in PBS (pH=7.4) at room temperature
for 20 minutes. After washing with PBS, the permeabilization of cells was performed
with 0.1% Triton X-100 in PBS (PBST) at room temperature for 15 minutes. The washed
cells with PBS were blocked with the following blocking buffers for 1 hour at room

temperature.

. 5% normal goat serum (NGS) in 0.5% PBST for claudin-5 and mfsd2a,
. 5% NGS in 0.3% PBST for ZO-1,

. 10% NGS in 0.1% PBST for caveolin-1 and NF-«B,

. 2% bovine serum albumin in 0.1% PBST for IL-1p.

Subsequently, the cells were incubated with mouse anti-claudin-5 (1:100), rabbit
anti-Z0O-1 (1:100), rabbit anti-caveolin-1 (1:500), rabbit anti-mfsd2a (1:50), rabbit anti-
NF-xB (1:1000) and rabbit anti-IL-1p (1:200) primary antibodies overnight at 4°C. Then,
coverslips were washed with PBS, and stained with the appropriate secondary antibodies
(Alexa Fluor 647-conjugated goat anti-mouse 1gG for claudin-5, caveolin-1, mfsd2a, NF-
kB, and IL-1B; Alexa fluor 488-conjugated goat anti-rabbit IgG for ZO-1) diluted at
1:1000 at room temperature for 1 hour. The cells on the coverslips were then rinsed with
PBS and mounted onto microscopy slides with a mounting solution prepared using PBS

and glycerol in the ratio of 1:1 containing 10 mg/ml Hoechst 33342.

The slides were evaluated with a laser scanning confocal microscope (Leica
DMI/SP8) and 20 images were taken from each experimental group under 40X objectives

to analyze the images with Image J software (ImageJ 1.52a, Wayne Rasband, National
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Institute of Health, USA). The immunofluorescence intensities of ZO-1, mfsd2a, claudin-

5, NF-kB, caveolin-1, and IL-1P were assessed according to the software formula.

4.2. In vivo Experimental Procedures

The experimental design of this study is shown in Figure 4.1. The experimental
procedures were approved by the Local Ethics Committee for Animal Experimentation
of Kog¢ University (2021.HADYEK.028). Young adult C57BL/6 male/female mice
weighing 20-25 grams, were obtained from Kog University, KUTTAM. The animals were
housed in individually ventilated cages under constant temperature (22°C) and humidity
conditions with a 12:12 hours light dark cycle. The total number of animals used in this
study was 144.

Mice were randomly divided into the following six main experimental groups.
1. Control

2. LPS

3. 40 ng/kg FABP7

4. 80 ng/kg FABP7

5. LPS + 40 pg/kg FABP7

6. LPS + 80 pg/kg FABP7

Separate subsets of experimental groups (n=6) were used for the following experimental

procedures.
1. BBB permeability measurement
2. Immunofluorescence staining

3. Western blotting
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Figure 4.1 In vivo experimental design of this study.

4.2.1. LPS and FABP7 Administrations

In order to induce septic conditions in mice, LPS was dissolved in physiological
saline solution and intraperitoneally (i.p.) injected into animals at the dose of 3 mg/kg.
The control animals received administration of 0.9% sterile saline. To investigate the
effects of FABP7 in this experimental setting, recombinant FABP7 was dissolved in 50%
glycerol solution and injected into animals at two doses; 40 and 80 pg/kg, one hour after

LPS administration.

4.2.2. Monitoring Body Temperature

In order to measure the body temperature, a probe was inserted into the rectum
(1.5 cm depth) of the animals and kept for 30 seconds to obtain a stabilized reading. A
body temperature above the normal range (36.5-38°C) was considered indicative of LPS-
induced fever. The body temperature of mice was measured at 1, 6, and 24 hours of
treatments of LPS and/or FABP7.
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4.2.3. Behavioral Test

In order to assess the anxiety-like behaviour of the animals in experimental
groups, the elevated plus maze (EPM) test was performed. For this purpose, a platform
comprising an elongated "+"-shaped labyrinth with two open-white arms, two closed-
black arms, and a center area was used. The open and closed arms, each measuring 50 cm
long and 10 cm wide, were positioned opposite to each other on the platform. Three days
before the experiment, mice underwent a training program to familiarize with the setup.
At 24 hours after LPS and/or FABP7 administration, the mice were placed in the middle
of the platform, and their tendency to stay in either the open or closed arms under white
light conditions were recorded with a video camera for 5 minutes for each mouse. The
time spent in the arms was assessed, and a greater time spent in the open arms or a higher
propensity towards the open space was considered as indicative of low anxiety-like
behavior or a normal phenotypic behavior in mice. Conversely, if the time spent in the
closed arms was greater than the time spent in the open arms, this was interpreted as high

anxiety-like behavior.

4.2.4. Evaluation of Inflammatory Biomarkers

In order to evaluate sepsis-associated inflammatory biomarkers, serum levels of
C-reactive protein (CRP), procalcitonin (PCT), and ROS were measured. For this
purpose, at the end of the experiments, the animals were exposed to high dose of ketamine
(300 mg/kg) and xylazine (30 mg/kg) to open the chest. Approximately 500 ul of blood
samples was collected from the left ventricle and the levels of CRP and ROS in serum
were measured using commercially available kits according to the manufacturers’
instructions (mouse CRP ELISA kit; E021Mo and ROS assay kit; SH0403). Serum PCT

levels were determined using fully automated blood cell analyzer (Prokan pe-6800 vet).

4.2.5. Immunofluorescence Staining

To demonstrate the alterations in the immunoreactivity of claudin-5 in the cerebral
cortex and hippocampus following LPS and/or FABP7 administrations,

immunofluorescence staining was performed. For this purpose, the thoracic cavity of
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animals was opened under high dose ketamine (300 mg/kg, i.p.) and xylazine (30 mg/kg,
I.p.) anesthesia. Next, transcranial bolus administration of 25 ml saline solution was
performed from the left ventricle for 30 seconds. Then, the animals were perfusion fixed
with 100 ml 4% PFA (pH:7.4) for 15 minutes. After decapitation, the brains were
removed and kept in the same fixative solution for 3 hours and immersed in 30% sucrose
solution for approximately 24 to 72 hours. The brains were stored at -80°C after freezing
in dry ice. Fifteen um thick brain sections were cut using a cryostat, mounted onto
positively charged slides, and stored at -80°C. For antigen retrieval, the sections were
heated in citrate buffer (pH:6.0) with microwave oven at 600 watts for 15 minutes. Next,
the sections were blocked with 10% normal goat serum in PBST for 1 hour at room
temperature and incubated with mouse anti-claudin-5 primary antibody (1:100) overnight
at 4°C. After washing with PBS, the sections were incubated with Alexa fluor 488-
conjugated goat anti-mouse 1gG secondary antibody (1:1000) for 1 hour. The sections
were then rinsed with PBS and mounted with mounting solution prepared using PBS and

glycerol in the ratio of 1:1 containing 10 mg/ml Hoechst 33342.

The sections were evaluated with a laser scanning confocal microscope (Leica
DMI/SP8) and 20 images were taken from the cerebral cortex and hippocampus of each
animal under 40X objective. The images were then analyzed using Image J software
(ImageJ 1.52a, Wayne Rasband, National Institute of Health, USA), and the relative
intensity of claudin-5 immunostaining was assessed according to the software formula.
For comparison of experimental groups, a one-way analysis of variance (ANOVA)

followed by Tukey’s test was used.

4.2.6. Evaluation of Blood-Brain Barrier Permeability

The permeability of BBB was determined by assessment of albumin Alexa fluor
594 extravasation using VIS imaging and confocal laser scanning microscopy. Twenty-
three hours after LPS and/or FABP7 administration, the animals were injected with 100
ul albumin Alexa fluor 594 (1%) in saline via the tail vein. One hour after the injection
of the tracer, the animals were imaged with an excitation wavelength of 440 nm and
emission wavelength of 620 nm in the Optical In Vivo Imaging System (IVIS) under mild
isoflurane anesthesia. After IVIS imaging, the thoracic cavity of the animals was opened

under over dose ketamine/xylazine, and transcardial bolus administration of 25 ml saline
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solution was performed through the left ventricle for 30 seconds. The animals were
perfusion fixed with 100 ml 4% PFA (pH:7.4) for 15 minutes. After decapitation, the
brains were removed, kept in the same fixative for 3 hours, immersed in 30% sucrose
solution for approximately 24-72 hours, and stored at -80°C. Fifteen um coronal sections
were taken from the level of P56 of the mouse brain shown in Figure 4.2 using a cryostat.
The sections were mounted with mounting solution prepared using PBS and glycerol in
the ratio of 1:1 containing 10 mg/ml Hoechst 33342. Next, the sections were evaluated
with a laser scanning confocal microscope (Leica DMI/SP8), and 30 images were taken
from coronal sections of the P56 level of each animal under 40X objective. The images
were then analyzed using Image J software (ImageJ 1.52a, Wayne Rasband, National
Institute of Health, USA), and the relative intensity of albumin Alexa fluor 594 was
assessed according to the software formula. For comparison of experimental groups, one-

way ANOVA followed by Tukey’s test was used.

Figure 4.2 The coronal brain section from P56 (https://mouse.-brain-map.org).

4.2.7. Western Blot Analysis

In order to evaluate the alterations in the expression levels of claudin-5, caveolin-
1, mfsd2a, and NF-xB western blotting was performed. For this purpose, at the end of the

experiment, the cerebral cortex and hippocampus of the brain were dissected and

48



homogenized/lysed in ice-cold RIPA buffer with phosphatase inhibitor cocktails. Lysates
were centrifuged at X14,000 g for 20 minutes at 4°C to detect the protein content of tissue
lysates with a BCA assay kit. Forty pg of proteins were separated by 10% SDS-PAGE
and electrophoretically transferred to PVDF transfer membranes. The membranes were
then incubated with blocking solution (5% non-fat milk in TBS-T) at room temperature
for 1 hour and incubated with the following primary antibodies in blocking solution
overnight at 4°C.

. mouse anti-claudin-5 (1:1000)
. rabbit anti-caveolin-1 (1:1000)
. rabbit anti-mfsd2a (1:1000)

. rabbit anti-NF-xB (1:1000)

. rabbit anti-actin (1:10000)

Next, the membranes were washed with TBST and incubated with appropriate
secondary antibodies (goat-anti mouse HRP and goat-anti rabbit HRP; 1:5000) at room
temperature for 1 hour. After washing with TBST, protein bands on membranes were
treated with enhanced chemiluminescence solution. The Image J macro/plugin was then
employed to quantify the chemiluminescence intensity of bands. This macro
automatically estimated the background level of actin and the targeted protein based on

mean intensity.

4.3.  Statistical Analysis

The data were presented as mean + standard deviation (SD). GraphPad software
(GraphPad Prism, CA, USA) was used to analyze the data from the experimental groups.
In order to show the individual group differences in the SRB assay, TEER, and NaFl
assay, one-way ANOVA followed by Tukey’s test was used. The Kruskal-Wallis test was
applied to analyze the differences in body temperature before and after LPS and/or
FABP7 injections. To analyze the behavioral data, two-way ANOVA followed by
Tukey's test was used. In all experimental groups, differences between the means were

considered significant if p< 0.05.
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CHAPTER 5:

RESULTS

51 Effects of LPS Treatment on in vitro Blood-Brain Barrier Model

5.1.1 Effects of LPS on bEnd.3 Cell Viability

Figure 5.1 shows the impact of LPS on cell viability as evaluated by SRB assay.
bEnd.3 cells were treated with different concentrations of LPS (0.05, 0.1, 0.5, 1, 10, and
100 pg/ml) for 24 hours. The results showed that 0.05, 0.1, and 0.5 pg/ml doses of LPS
decreased the viability of bEnd.3 cells compared to nontreated controls, however, the
difference did not reach statistically significant levels. When bEnd.3 cells were treated
with higher doses of LPS (1, 10, and 100 pg/ml), a significant decrease in cell viability
was observed with respect to nontreated cells (p< 0.001). In light of the above-mentioned
data, 0.05, 0.1, and 0.5 pg/ml were considered as safe concentrations for 24 hours of LPS

treatment.
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Figure 5.1 The effects of LPS on cell viability of bEnd.3 cells. The data were presented as mean+SD.****p<
0.001.

5.1.2 Effects of LPS on Transendothelial Electrical Resistance

Figure 5.2 shows the effects of LPS on the transendothelial electrical resistance of
bEnNd.3 cells cultured on luminal side of transwell inserts to examine the integrity of the
BBB in vitro. When bEnd.3 cells were treated with 0.05 and 0.1 pg/ml doses of LPS, no
marked changes were found in TEER values. In contrast, higher doses of LPS at 0.5, 1,
10, and 100 pg/ml significantly decreased TEER values in bEnd.3 cells compared to
untreated controls (p<0.01 and p< 0.001).
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Figure 5.29 Effects of LPS on transendothelial electrical resistance in bEnd.3 cells. The data were presented
as mean+SD. **p<0.01 and ***p< 0.001.

5.1.3 Effects of LPS on Permeability

Figure 5.3 shows the effect of LPS on the penetration of the NaFI tracer across the
monolayer of bEnd.3 cells cultured on the luminal side of transwell inserts to evaluate the
permeability of BBB in vitro. The fluorescence intensity of NaFl in the abluminal
compartment of transwells was significantly increased by 0.5, 1, 10, and 100 pg/ml doses
of LPS (p<0.01, p< 0.001 and p< 0.0001), while the lower doses did not alter BBB
integrity. When the above-mentioned data from SRB and NaFl assays, and TEER
measurements were considered as a whole, 0.5 pg/ml LPS treatment for 24 hours was
decided to be used in the subsequent in vitro experiments, since this dose of LPS was
found to cause a significant disruption in BBB integrity without evoking a marked

cytotoxicity in bEnd.3 cells.
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Figure 5.3 Effects of LPS on BBB permeability. The data were presented as mean+SD. **p<0.01, ***p<
0.001 and ****p< 0.0001.

5.2  The Effects of FABP7 on in vitro Blood-Brain Barrier Model in Physiological
Conditions

5.2.1 Effects of FABP7 on bEnd.3 Cell Viability

In order to show the in vitro effects of FABP7 on cell viability in bEnd.3 cells
under physiological conditions, bEnd.3 cells were treated with 0.05, 0.1, 0.5, 1, and 10
pg/ml FABP7 for 24 hours. The data from the SRB assay showed that these
concentrations did not cause any marked effects on endothelial cell viability (Figure 5.4).
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Figure 5.4 Effects of FABP7 on endothelial cell viability under physiological conditions. The data were
presented as mean+SD.

5.2.2 Effects of FABP7 on Transendothelial Electrical Resistance

In order to show the in vitro effect of FABP7 administration on BBB integrity
under normal conditions, barrier resistance was measured in bEnd.3 cells following 0.05,
0.1, 0.5, 1, and 10 pg/ml FABP7 treatments for 24 hours. It was determined that the
endothelial barrier resistance increased in bEnd.3 cells upon 0.5 and 10 pg/ml FABP7
treatment for 24 hours compared to the rest of the experimental groups (Figure 5.5; p<
0.05), while no marked alterations were observed with 0.05, 0.1, and 1 pg/ml doses of
FABP?7.
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Figure 5.5 Effect of FABP7 on transendothelial electrical resistance in bEnd.3 cells. The data were
presented as mean+SD. *p<0.05.

5.2.3 Effects of FABP7 on Permeability

In order to show the in vitro effect of FABP7 administration on BBB permeability,
bENnd.3 cells were treated with 0.05, 0.1, 0.5, 1, and 10 pg/ml doses of FABP7 for 24
hours. No significant alterations were observed in the fluorescence intensity of NaFl in
the abluminal compartment of transwells following treatment with FABP7 at all doses
(Figure: 5.6).
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Figure 5.6 Effects of FABP7 on endothelial leakage in bEnd.3 cells. The data were presented as mean+SD.

5.3  The Effects of FABP7 on in vitro Blood-Brain Barrier Model following
exposure to LPS

5.3.1 Effects of FABP7 on Transendothelial Electrical Resistance

In order to assess the in vitro effect of different doses of FABP7 on the integrity
of BBB exposed to LPS, TEER values were measured after administration of 0.05, 0.1,
0.5, 1, and 10 pg/ml doses of FABP7 to bEnd.3 cells following treatment with LPS. As
shown in Figure 5.7, LPS treatment caused a significant decrease in TEER values
compared to the untreated control cells (p< 0.01). On the other hand, 0.5 pg/ml FABP7
treatment for 24 hours to these cells significantly increased the decreased TEER values

(p<0.05).
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Figure 10.7 Effects of FABP7 on TEER in LPS-treated bEnd.3 cells. The data were presented as mean+SD.
*p<0.05 and **p<0.01.

5.3.2 Effects of FABP7 on Permeability

Figure 5.8 shows the effect of FABP7 on the BBB leakage caused by exposure to
LPS. Our results showed that LPS treatment caused a significant increase in the
fluorescence intensity of NaFl in the abluminal compartment of transwells compared to
the untreated controls (p<0.001). The treatment of these cells with all doses of FABP7
significantly decreased the transport of NaFl across the bEnd.3 monolayer on the
transwell inserts (p< 0.001 and p<0.0001). In addition, no marked differences were found
between the tested doses of FABP7 after LPS treatment.
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Figure 5.811 Effects of FABP7 on BBB permeability in LPS-treated bEnd.3 cells. The data were presented
as mean+SD. ***p<(.001 and ****p<0.0001.

5.4  Effects of FABP7 on the Immunoreactivity of BBB Proteins and Inflammatory
Mediators in LPS-treated bEnd.3 Cells

In order to show the in vitro effects of FABP7 on the immunoreactivity of barrier-
related proteins (claudin-5, ZO-1, caveolin-1, and mfsd2a) and proinflammatory agents
(IL-1B, NF-kB) in BBB exposed to LPS, FABP7 was administered to bEnd.3 cells at the
dose of 0.5 pg/ml for 24 hours following LPS treatment (0.5 ug/ml, 24 hours). Next, the
immunofluorescence staining was performed and the immunoreactivity was quantified

by image analysis.

5.4.1 Effects of FABP7 on Tight Junction Proteins

bEnd.3 cells treated with LPS showed markedly weak immunostaining for
claudin-5, while FABP7 administration to these cells led to stronger staining of claudin-

5 comparable to that of controls (Figure 5.9). In parallel, quantification of claudin-5
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immunoreactivity by image analysis showed that LPS treatment significantly decreased
the immunofluorescence intensity of claudin-5 in bEnd.3 cells (Figure 5.9; p< 0.0001).
In addition, a significant increase of the decreased claudin-5 immunoreactivity was noted
by FABP7 administration to these cells (p< 0.0001).
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Figure 5.9 Immunofluorescence staining for claudin-5 in bEnd.3 cells exposed to LPS treated or untreated
with FABP7 and quantification of immunofluorescence intensity with image analysis. In the micrographs,
red color represents immunoreactivity for claudin-5 while the nuclei are stained with Hoechst (blue). The
data in the graph were presented as mean+SD. ****p< 0.0001.

When the bEnd.3 cells were treated with LPS, considerably weak immunostaining
for ZO-1 was observed compared to controls (Figure 5.10). FABP7 administration to
these cells led to slightly stronger ZO-1 immunostaining. Accordingly, quantification of
immunoreactivity by image analysis showed that LPS treatment to bEnd.3 cells
significantly decreased the immunofluorescence intensity for ZO-1 (Figure 5.10; p<
0.0001). In addition, although an increase was noted in the ZO-1 immunoreactivity by
FABP7 administration to these cells, the difference failed to reach statistical significance
and furthermore, immunofluorescence intensity was found to be significantly lower than

that of control.
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Figure 5.10 Immunofluorescence staining for ZO-1 in bEnd.3 cells exposed to LPS treated or untreated
with FABP7 and quantification of immunofluorescence intensity with image analysis. In the micrographs,
green color represents immunoreactivity for ZO-1 while the nuclei are stained with Hoechst (blue). The
data in the graph were presented as mean+SD. ****p< 0.0001.

5.4.2 Effects of FABP7 on Transcytosis Regulating Proteins

LPS-treated bEnd.3 cells showed a strong immunostaining for caveolin-1
compared to the untreated control cells (Figure 5.11), whereas FABP7 administration to
these cells yielded a markedly weaker immunostaining comparable to that of control cells.
Quantification of immunostaining with image analysis showed that LPS treatment to
bEnd.3 cells significantly increased caveolin-1 immunofluorescence intensity, while a
significant decrease in caveolin-1 immunoreactivity was noted following FABP7

administration to these cells (Figure 5.11; p< 0.0001).
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Figure 5.11 Immunofluorescence staining for caveolin-1 in bEnd.3 cells exposed to LPS treated or untreated
with FABP7 and quantification of immunofluorescence intensity with image analysis. In the micrographs,
red color represents immunoreactivity for caveolin-1 while the nuclei are stained with Hoechst (blue). The
data in the graph were presented as mean+SD. ****p< 0.0001.

bEnd.3 cells treated with LPS showed markedly weak immunostaining for
mfsd2a, while FABP7 administration to these cells led to a stronger staining comparable
to that of controls (Figure 5.12). In parallel, quantification of mfsd2a immunoreactivity
by image analysis showed that LPS treatment significantly decreased the
immunofluorescence intensity of mfsd2a in bEnd.3 cells (Figure 5.12; p< 0.0001). In
addition, a significant increase of the decreased mfsd2a immunoreactivity was noted by
FABP7 administration to these cells (p< 0.0001).
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Figure 5.12 Immunofluorescence staining for mfsd2a in bEnd.3 cells exposed to LPS treated or untreated
with FABP7 and quantification of immunofluorescence intensity with image analysis. In the micrographs,
red color represents immunoreactivity for mfsd2a while the nuclei are stained with Hoechst (blue). The
data in the graph were presented as mean+SD. ****p< 0.0001.
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5.4.3 Effects of FABP7 on Inflammatory Mediators

LPS-treated bEnd.3 cells showed a strong immunostaining for NF-xB compared
to the untreated control cells (Figure 5.13), whereas FABP7 administration to these cells
yielded a markedly weaker immunostaining comparable to that of control cells.
Quantification of immunostaining with image analysis showed that LPS treatment to
bEnd.3 cells significantly increased NF-kB immunofluorescence intensity, while a
significant decrease in NF-xB immunoreactivity was noted following FABP7

administration to these cells (Figure 5.13; p< 0.0001).
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Figure 5.13 Immunofluorescence staining for NF-kB in bEnd.3 cells exposed to LPS treated or untreated
with FABP7 and quantification of immunofluorescence intensity with image analysis. In the micrographs,
red color represents immunoreactivity for NF-xB while the nuclei are stained with Hoechst (blue). The data
in the graph were presented as mean+SD. ****p< 0.0001.

bEnd.3 cells treated with LPS showed markedly strong immunostaining for IL-
1B, while FABP7 administration to these cells decreased the immunostaining of IL-1f
comparable to that of controls (Figure 5.14). Accordingly, quantification of IL-1P
immunoreactivity by image analysis showed that LPS treatment significantly increased
the immunofluorescence intensity of IL-1p in bEnd.3 cells (Figure 5.14; p< 0.0001). In
addition, a significant decrease of the increased IL-1p immunoreactivity was noted by
FABP7 administration to these cells (p< 0.0001).
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Figure 5.14 Immunofluorescence staining for IL-1p in bEnd.3 cells exposed to LPS treated or untreated
with FABP7 and quantification of immunofluorescence intensity with image analysis. In the micrographs,
red color represents immunoreactivity for IL-1p while the nuclei are stained with Hoechst (blue). The data

in the graph were presented as mean£SD. ****p< 0.0001.

55  Effects of FABP7 on the Expression of BBB Proteins and Inflammatory
Mediators in LPS-treated bEnd.3 Cells

The treatment of LPS to bEnd.3 cells significantly decreased claudin-5 expression
compared to the untreated control group as detected by western blotting (Figure 5.15;
p<0.01), while FABP7 administration to these cells significantly increased the decreased
claudin-5 expression (p<0.05). Caveolin-1 expression was found to be significantly
increased in bENnd.3 cells by LPS, however, FABP7 administration to these cells
significantly reduced the increased expression of caveolin-1 (Figure 5.15; p<0.0001).
The treatment of LPS to bEnd.3 cells significantly lowered the expression of mfsd2a
(Figure 5.15; p<0.01). In these cells, the decrease in mfsd2a expression was observed to
be reversed significantly by FABP7 administration (p<0.05). NF-kB expression was
found to be significantly increased in bEnd.3 cells by LPS, however, FABP7
administration to these cells significantly reduced the increased expression of NF-xB
(Figure 5.15; p<0.0001).

64



Claudin-5/B-Actin Ratio
LPS + FABP7

Control
LPS

Claudin-5 HRG—_—
4 L Caveolin-1 Wi TS T

2
& 3-
£ Mfsd2a D e D
< 24
Q
§4 NF-B G- P e
1
= ns .
o Actin  “EE———
> & &
¢ L7 K
oo& ¥ x((v?
Q9

Figure 5.15 Effects of FABP7 on the expression levels of claudin-5, caveolin-1, mfsd2a, and NF-xB in
LPS-treated bEnd.3 cells. The data were presented as mean+SD. *p<0.05, **p <0.01, ***p<0.001 and
*HA*P<0.0001.

5.6  Effects of FABP7 in C57BI/6 mice under LPS-induced Inflammatory Condition
5.6.1 Effects of FABP7 on Body Temperature

Figure 5.16 shows the body temperature of animals in experimental groups at
three time points; 1, 6, and 24 hours following LPS and/or FABP7 administrations. The
recorded body temperatures of control animals and those treated with 40 and 80 pg/kg
doses of FABP7 animals were within the normal ranges. In LPS-treated animals, the body
temperature steadily increased and reached 42°C at 24 hours. FABP7 administration to
these animals at 40 ug/kg caused a decrease in body temperature after 6 hours, however,
the recorded degrees were found to be over 38°C until 24 hours. When FABP7 was
administered 80 pg/kg to LPS-treated animals, a more pronounced decrease in body
temperature was observed compared to the lower FABP7 dose, and recorded values were

found to be comparable to those of the control animals.
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Figure 5.16 Effects of LPS and/or FABP7 on body temperature in mice.

5.6.2 Effects of FABP7 on Inflammatory Biomarkers

Figure 5.17 shows serum levels of CRP of the animals in experimental groups. A
significant increase in CRP level was observed by LPS treatment (p<0.001). FABP7
administration to these animals at the dose of 80 pg/kg significantly reduced the serum
CRP levels (p<0.01), while the lower dose of FABP7 did not yield a marked alteration.
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Figure 5.17 Effects of FABP7 on serum levels of CRP in the experimental groups. The data were presented
as meanzSD. **p<0.01 and ***p<0.001.

Serum levels of PCT of the animals in experimental groups are shown in Figure
5.18. LPS treatment caused a significant increase in PCT level (p<0.0001). FABP7
administration to these animals at the dose of 80 pg/kg yielded a significant decrease in
the increased serum PCT levels (p< 0.0001), while the lower dose of FABP7 did not cause
a marked alteration.
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Figure 5.18 Effects of FABP7 on serum levels of PCT in experimental groups. The data were presented as
mean+SD. **p<0.01 and ****p<0.0001.

Figure 5.19 shows serum levels of ROS of the animals in experimental groups. A
significant increase in ROS level was observed by LPS treatment (p<0.001). FABP7
administrations to these animals at the doses of 40 and 80 pg/kg FABP7 significantly
decreased the increased serum ROS levels (p<0.01, p<0.001).
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Figure 5.19 Effects of FABP7 on serum levels of ROS in experimental groups. The data were presented as
mean+SD. **p< (.01 and ***p<0.001.

5.6.3 Effects of FABP7 on Anxiety-like Behavior

Figure 5.20 shows the anxiety levels of the animals in experimental groups. The
treatment with LPS significantly increased immobility time and the tendency to stay in
the closed arm compared with the control group (p<0.05). When FABP7 was
administered to LPS-treated animals at the dose of 80 ug/kg, a significant increase in the
decreased mobility time and the tendency to stay in the open arm was observed (p< 0.01).

However, the lower dose of FABP7 did not decrease the level of anxiety in LPS-injected

mice.
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Figure 5.20 Effects of FABP7 on anxiety-like behavior in experimental groups. The data were presented as
mean+SD. *p<0.05 and **p<0.01.

5.6.4 Effects of FABP7 on Blood-Brain Barrier Permeability

Figure 5.21 shows the effect of FABP7 on the in vivo BBB leakage caused by
exposure to LPS as detected by IVIS imaging. A strong fluorescent signal was observed
in the brains of animals following treatment with LPS. When these animals were
administered with 80 pg/kg FABP7, the fluorescent signal in the brain was found to be
diminished. When the radiant efficiency of aloumin Alexa fluor 594 was quantified, it
was found that LPS treatment caused a significant increase in the fluorescence intensity
of the tracer in the brain compared to the control animals (p< 0.01) and the administration
of FABP7 at the dose of 80 pg/kg markedly decreased the increased fluorescence
intensity of tracer in the brain (p<0.05). In addition, no significant differences were
detected in the brains of LPS-treated animals administered the lower dose of FABP7

compared to the LPS group.
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Figure 5.21 The in vivo effects of FABP7 on BBB leakage following LPS treatment. The data were
presented as mean£SD. *p<0.05 and **p<0.01

Figure 5.22 shows the effect of FABP7 on the severity of ex vivo BBB leakage
caused by LPS as detected by IVIS imaging. The treatment of LPS caused a severe
enhancement of fluorescent signals in the brains of animals, while the fluorescent signal
in the brain was found to be reduced in these animals following the administration of 80
pg/kg FABP7. When the radiant efficiency of albumin Alexa fluor 594 was quantified,
LPS treatment caused a significant increase in the fluorescence intensity of the tracer in
the brain compared to the control animals (p< 0.0001). However, the high dose of FABP7
administration significantly decreased the increased fluorescence intensity of the tracer

in the ex vivo brain (p<0.0001). In addition, no marked alteration was observed in the
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fluorescent intensity of tracer in the brains of LPS-treated animals following 40 pg/kg

FABP7 administration.
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Figure 5.22 The ex vivo effects of FABP7 on BBB leakage following LPS treatment. The data were
presented as mean+SD. ***p<(.001 and ****p<0.0001.

5.6.5 Effects of FABP7 on Blood-Brain Barrier Permeability

Figures 5.23, 24, and 25 show the effect of FABP7 on the BBB extravasation of
albumin Alexa fluor 594 tracer caused by exposure to LPS in the cerebral cortex,

hippocampus, and midbrain, respectively, as detected by confocal microscopy.

The animals treated with LPS showed a significantly higher extravasation of
albumin Alexa fluor 594 in the cerebral cortex compared to control animals (Figure 5.23;
p<0.0001). When these animals were administered FABP7 at the dose of 80 pg/kg, a
significant decrease of the increased fluorescence intensity of the tracer was noted
(p<0.0001). Meanwhile, the administration of the lower dose of FABP7 to LPS-treated
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animals caused a significant increase in the leakage of the tracer (p< 0.0001). In addition,
the fluorescence intensity of albumin Alexa fluor 594 was found to be significantly higher
in LPS-untreated mice administered 40 and 80 pg/kg FABP7 with respect to control
animals, however, the increases were observed to be to a lesser extent than that noted by
LPS.
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Figure 5.23 The effects of FABP7 on the increased BBB permeability by LPS in cerebral cortex. In the
micrographs, red color represents the fluorescence of albumin Alexa fluor 594 tracer, and the nuclei are
stained with Hoechst (blue). The data were presented as meanzSD. *p<0.05, **p<0.01 and
*x**Ap<0.0001.

The extravasation of albumin Alexa fluor 594 was significantly increased by LPS
treatment in the hippocampus of mice compared to control animals (Figure 5.24;
p<0.0001). However, a significant decrease of the increased fluorescence intensity of the
tracer was noted in these animals by administration of FABP7 at the dose of 80 ng/kg
(p<0.0001). Moreover, the fluorescence intensity of albumin Alexa fluor 594 was found
to be significantly increased in LPS-untreated mice administered 80 pg/kg FABP7
compared to control animals, however, the increases were observed to be to a lesser extent
than that noted by LPS.
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Figure 5.24 The effects of FABP7 on the increased BBB permeability by LPS in the hippocampus. In the
micrographs, red color represents the fluorescence of albumin Alexa fluor 594 tracer, and the nuclei are
stained with Hoechst (blue). The data were presented as mean+SD. **p<0.01 and ****p<0.0001.

The treatment of LPS caused a significantly increased extravasation of albumin
Alexa fluor 594 in the midbrain compared to control mice (Figure 5.25; p<0.0001). In
contrast to other regions of the brain, the fluorescence intensity of the tracer was found to
be significantly decreased in LPS-treated mice administered 40 and 80 ug/kg FABP7
compared to the LPS group (p<0.0001).
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Figure 5.25 The effects of FABP7 on the increased BBB permeability by LPS in midbrain. In the
micrographs, red color represents the fluorescence of albumin Alexa fluor 594 tracers, and the nuclei are

stained with Hoechst (blue). The data were presented as mean+SD. *p< 0.05 and ****p<(.0001.
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5.6.6 Effects of FABP7 on the Claudin-5 Immunoreactivity in Cerebral Cortex and
Hippocampus

The brain microvessels of the cerebral cortex in control mice were observed to
display a strong immunostaining for claudin-5 along the capillary wall, while LPS
treatment to these animals yielded a considerably weaker staining. 80 pg/kg FABP7
administration led to a stronger claudin-5 staining in LPS-treated animals. When the
claudin-5 immunoreactivity was quantified by image analysis, it was found that LPS
treatment significantly decreased the immunofluorescence intensity of claudin-5 in the
cerebral cortex (p<0.0001), while a significant increase of the decreased claudin-5
immunoreactivity was noted by high dose of FABP7 administration to LPS-injected mice
(p<0.05). Moreover, in LPS-treated and -untreated animals, the administration of FABP7
at the dose of 40 pg/kg decreased claudin-5 immunoreactivity being statistically

significant in the latter experimental group.
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Figure 5.26 Effects of FABP7 on the immunofluorescence intensity of claudin-5 in the cerebral
cortex following LPS treatment. In the micrographs, blue and red colors represent
immunoreactivity for claudin-5 and lectin, respectively, while the nuclei are stained with Hoechst
(gray). The data were presented as mean+SD. *p< 0.05, **p<0.01 and ****p<0.0001.

The LPS-treated mice demonstrated poor immunostaining for claudin-5 in the
hippocampus. In these animals, a stronger staining of claudin-5 was observed when 80
ug/kg FABP7 was administered in contrast to the animals administered 40 pg/kg FABP7.
Moreover, the quantification of claudin-5 immunoreactivity by image analysis showed
that LPS treatment markedly decreased the immunofluorescence intensity of claudin-5 in
the hippocampus (Figure 5.27; p<0.0001), while a significant increase of the decreased
claudin-5 immunoreactivity was found in mice administered a high dose of FABP7
following LPS treatment (p<0.05). In addition, no significant alteration in the
immunofluorescence intensity of claudin-5 was detected in the mice administered low

and high doses of FABP7 compared to the control group.
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Figure 5.27 Effects of FABP7 on the immunofluorescence intensity of claudin-5 in the hippocampus
following LPS treatment. In the micrographs, blue and red colors represent immunoreactivity for claudin-
5 and lectin, respectively, while the nuclei are stained with Hoechst (gray). The data were presented as

mean=SD. *p< 0.05, **p< 0.01, ***p<0.001 and ****p< 0.0001.

5.6.7 Effects of FABP7 on the Expression Levels of BBB Proteins and NF-xB in the
Brain

The treatment of LPS significantly decreased claudin-5 expression in the cerebral
cortex compared to control animals (Figure 5.28; p< 0.001). In these animals, high dose
FABP7 administration significantly increased the decreased claudin-5 expression
(p<0.01). In addition, the administration of FABP7 to LPS-untreated animals at both

doses yielded significantly higher claudin-5 expression levels compared to controls.

Caveolin-1 expression was found to be significantly increased in the cerebral

cortex of LPS-treated mice compared to control animals (Figure 5.28; p<0.0001). 80
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pg/kg FABP7 administration to these animals significantly reduced the increased
caveolin-1 expression (p<0.01), while low dose FABP7 administration did not cause any
significant alteration. On the other hand, the administration of FABP7 to LPS-untreated
animals at both doses yielded higher caveolin-1 expression levels compared to controls,

with the differences being significant only by 80 pg/kg FABP7.

The treatment of LPS significantly decreased the expression level of mfsd2a in
the cerebral cortex (5.28; p<0.001), while a significant increase in the decreased mfsd2a
expression was observed when a high dose of FABP7 was administered to these animals
(p<0.01).

A significant increase in the expression level of NF-xB was observed by LPS in
the cerebral cortex of mice compared to controls (Figure 5.28; p<0.0001), while in these
animals, FABP7 administration at the dose of 80 pg/kg significantly decreased the
increased NF-kB expression (p<0.001). No significant alteration in NF-kB expression
was detected by the administration of low and high doses of FABP7 to LPS-untreated

animals.
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Figure 5.28 Effects of FABP7 on the expression levels of claudin-5, caveolin-1, mfsd2a, and NF-«xB in
cerebral cortex of mice following LPS treatment. The data were presented as meansxSD. *p<0.05,

**p<0.01, ***p<0.001 and ****p<0.0001.
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No significant changes in the claudin-5 expression was found in the hippocampus

between the experimental groups (Figure 5.29).

LPS treatment significantly increased the expression level of caveolin-1 compared
to control animals (Figure 5.29; p<0.0001). In these animals, the administrations of 40
and 80 pg/kg FABP7 significantly reduced the increased caveolin-1 expression in the
hippocampus (p<0.01 and p<0.001). In addition, both low and high doses of FABP7 did

not change the caveolin-1 expression in the hippocampus compared to the control group.

The treatment of LPS decreased the expression level of mfsd2a (Figure 5.29; p<
0.5) while no significant increase in the mfsd2a expression was noted by the
administrations of 40 and 80 pg/kg FABP7 in the hippocampus of mice. In addition, the
administration of both doses of FABP7 to LPS-untreated mice significantly enhanced the

expression level of mfsd2a (p<0.01).

When the mice were treated with LPS, a significant increase in the expression
level of NF-xB was observed in the hippocampus of mice compared to that of the control
group (Figure 5.29; p<0.01). Although the low and high doses of FABP7 administration
decreased NF-kB expression in LPS-treated animals, the difference failed to reach
statistical significance in the mice administered 40 pg/kg FABP7. Moreover, 80 pg/kg
FABP7 markedly decreased the increased NF-kB expression under LPS conditions
(p<0.05).
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Figure 5.29 Effects of FABP7 on the expression levels of claudin-5, caveolin-1, mfsd2a, and NF-xB in
hippocampus of mice following LPS treatment. The data were presented as meanstSD. *p<0.05,
**¥p<0.01, ***p<0.001 and ****p<0.0001.
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CHAPTER 6:

DISCUSSION

Sepsis is one of the most common health problems in the intensive care unit and
leads to various pathophysiological alterations in the body, including SAE. It has long
been known that inflammation or SAE caused by LPS administration damage the BBB
integrity (Xaio et al., 2001; Descamps et al.,2003; Banks et al., 2015), however, certain
aspects of BBB disruption in this setting are still undiscovered. In the past few years,
FABP7, an essential trophic factor in astrocytes expressed under both physiological and
pathological conditions, has been reported to upregulate caveolar transport in endothelial
cell in TBI (Rui etal., 2019b). In this study, we investigated the in vitro and in vivo effects
of FABP7 on the structural and functional properties of BBB in LPS-induced
inflammatory conditions. In this context, the changes in BBB permeability were
evaluated using various methodological approaches and tracers, while the alterations in
the expression of BBB proteins that are functional in paracellular and transcellular
pathways and inflammatory mediators were explored by immunofluorescence and
western blotting. Our data showed for the first time that the exogenous administration of
FABP7 ameliorates the LPS-induced BBB impairment in in vitro and in vivo conditions

by acting on both transcellular and paracellular pathways.

Neuroinflammation plays a central role in the progression of neurodegenerative
diseases including PD, MS, AD, and Huntington’s disease resulting in cognitive
impairment (Mohamed et al., 2023; Rauf et al., 2022; Stephenson et al., 2018). Owing to
the complexity of the pathogenesis of these neurodegenerative diseases, current
therapeutic modalities are insufficient for effective treatment. At that point, establishing
proper in vitro and in vivo experimental models are essential to explore the underlying
mechanisms of neurodegenerative diseases and develop novel treatment strategies. LPS,

the main component of the cell wall of gram negative bacteria, has been commonly used
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to mimic septic conditions in in vitro and in vivo settings. Recent studies have
demonstrated that LPS administration gives rise to the development of
neuroinflammatory processes which damages the BBB integrity (C. Gao et al., 2020;
Gongcalves et al., 2018; T. Li et al., 2020). Accumulated data from in vitro and in vivo
studies showed that LPS causes BBB disruption through its effects on the expression of
proteins involved in paracellular and transcellular pathways of transport across BBB
causing the penetration of unwanted substances from the circulation into the brain (Li et
al., 2018; Peng et al., 2021; Yang et al., 2023). Therefore, in light of the above-mentioned
literature data, in order to explore the impact of FABP7 on BBB integrity under septic
conditions, we used LPS administration in both in vitro and in vivo settings to evoke

sepsis related inflammation.

In clinical studies, CRP and PCT values have been used as reliable markers for
the detection of the presence and severity of inflammation (Kooistra et al., 2021). Another
indicator of inflammation is an increased concentration of ROS in serum. ROS is involved
in oxygen metabolism and cell signaling to maintain redox homeostasis under
physiological conditions (Baek et al., 2020). In our study, we investigated the impact of
FABP7 on these biomarkers in the serum of LPS-treated mice. We observed that LPS
injection increased the levels of CRP, PCT, and ROS in serum, and we detected
significant decreases in the increased levels of these biomarkers by the administration of
FABP7, more pronouncedly with the high dose of the agent. In the meantime, LPS is one
of the main inducers of fever under septic conditions. It mediates the fever response
through its effects on IL-1 and IL-6 and causes increases in the levels of other pro-
inflammatory mediators (Nilsberth et al., 2009; Ogawa & Kanoh, 1984). In our study,
LPS treatment to mice significantly increased the body temperature of the animals, while
a significant decrease in the increased body temperature was observed by high dose
FABP7 administration. In a previous study, it is reported that LPS administration
increases the levels of CRP and PCT and activates PRRs which results in BBB disruption
(Tavares et al., 2005). In the meantime, increased level of ROS in serum stimulates the
production of proinflammatory cytokines via the activation of MAPK signaling pathway
(Wu et al., 2018), and leads to the oxidization of proteins and nucleic acids, resulting in
toxic effects on brain tissue (Massaad, C. A., & Klann, E., 2011). Furthermore, LPS is
reported to trigger the generation of proinflammatory mediators and ROS leading to BBB
impairment (Bargi et al., 2021). In parallel, the overexpression of ROS has been shown

82



to promote the activation of the NF-kB signaling pathway via the release of TNF-a, IL-
1B, IL-6, and MMPs leading to dislocation of TJ proteins in BBB (Erikson et al., 2020;
Lehner et al., 2011). According to a recent study, FABP7 exerted protective effects on
astrocytes exposed to high levels of ROS through the regulation of lipid droplet formation
(Islam et al., 2019b). In light of the afore-mentioned literature data, the decreases in LPS-
induced increased serum levels of CRP, PCT, and ROS achieved in our study by
exogenous FABP7 administration can be suggested to contribute to its observed

protective effect on BBB.

Neuroinflammation caused by LPS induces the development of anxiety in rodents
(Lee et al., 2018). It is reported that LPS increases the production of IL-6 and TNF-a, and
decreases IL-10 in cortical brain tissue which results in increases in the level of anxiety
in mice (Beheshti et al., 2020). A recent study showed that selenium administration
enhanced the performance of rats in the EPM platform by reducing neuroinflammation
(Mansouri et al., 2021). On the other hand, it has been suggested that increased oxidative
stress is directly associated with behavioral disturbances (Patki et al., 2013). The
enhancement of iINOS activity and the resultant increased levels of nitric oxide induced
by LPS has been shown to cause learning impairment and memory decline (Abdel-Zaher
et al., 2017; Hosseini et al., 2010). In accordance with these literature data, in our study,
LPS treatment triggered anxiety-like behavior in mice, while high-dose FABP7
administration caused a significant decrease in the time spent by these animals on the
closed-arm, which was also associated with significant decreases in ROS levels.

The NF-xB and IL-1pB are the key players in the inflammatory processes and
therefore, are the hallmarks in the pathogenesis of sepsis. It is reported that LPS treatment
activates the NF-xB via TLR-4 signaling pathway, which increases the expression level
of IL-1p (Badshah et al., 2016). In our study, we investigated the effects of LPS exposure
on the expression of NF-kB and IL-1f and evaluated whether FABP7 administration
modulates these inflammatory mediators under septic conditions. In accordance with the
above-mentioned literature data, we observed that LPS treatment significantly increased
the expression level of NF-kB in bEnd.3 cells and septic mice while FABP7
administrations significantly decreased the increased NF-kB protein expression both in
vitro and in vivo. In addition, the immunofluorescence intensity of IL-1p was markedly
increased in LPS-treated bEnd.3 cells and FABP7 treatment drastically decreased the

increased IL-1f immunoreactivity. In the meantime, the inhibition of the NF-kB signaling
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pathway is considered to be favorable for astrocytes by decreasing glial damage in spinal
cord injury (Lukacova et al., 2021; G. L. Yu et al., 2021). A recent study showed that the
activated NF-kB pathway caused by IL-1B is downregulated by the fatty acid
administration via decreasing the level of ROS in astrocytes (Zgorzynska et al., 2021). It
is also reported that 2-deoxyglucose, an inhibitor of glycolytic capacity in astrocytes,
suppresses the NF-«xB signaling pathway and decreases the level of cytokines (Puschel et
al., 2020; Uehara et al., 2022). These literature data provide evidence on the roles of
inflammatory mediators in the mechanisms of cellular damage in the neurovascular unit
under septic conditions and suggest that the protective effect of exogenous FABP7
administration on BBB observed in our study correlated strongly with the alterations in
NF-xB and IL-1B. In contrast to our results, a recent study showed that overexpression of
FABP7 induces the generation of NF-kB related pro-inflammatory mediators in ALS
mice (Killoy et al., 2020). Moreover, the increased level of IL-1p following LPS
treatment was reported to be significantly decreased by M6 treatment via the
downregulation of FABP5 and FABP7 in astrocytes (Cheng et al., 2021). Interestingly,
previous studies have also suggested that the proliferation of glioblastoma cells is
promoted by FABP7, and the survival rate in patients with glioblastoma is negatively
correlated with FABP7 expression level (de Rosa et al., 2012; Liang et al., 2005; Mita et
al., 2010).

In the in vitro part of our study, we assessed the alterations in the electrical
resistance of bEnd.3 cell monolayers following different doses of LPS and/or FABP7
treatments. The integrity of the barriers constituted by endothelial/epithelial cells has been
commonly evaluated by the measurements of TEER. A decrease in TEER values in in
vitro BBB models is interpreted as disrupted barrier integrity and increased permeability.
In a previous study, LPS was shown to decrease TEER values and increase barrier
permeability in capillary endothelial cells (Boitsova et al., 2018). Furthermore, the BBB
integrity has been shown to be impaired dose- and time-dependently by LPS as assessed
by TEER measurements in in vitro experimental models (Hoyles et al., 2021; Pu et al.,
2022; Skrzypczak-Wiercioch & Satat, 2022; W. Zhang et al., 2017; Fujimoto et al., 2021).
In line with these observations, in our study, we have found dose-dependent marked
decreases in TEER values in bEnd.3 cell monolayers exposed to LPS treatment, while
FABP7 administration led to increased electrical resistance of bEnd.3 cells which further
implies the protective effect of exogenous FABP7 administration on the integrity of BBB.
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Previous studies exploring the impact of septic conditions on brain microvessels
have shown increased BBB permeability along with disruption of BBB integrity
associated with substantially elevated inflammatory factors, including TNF-a, IL-1, and
IL-6, in brain tissue and serum (Takata et al., 2021; J. Yang et al., 2022; Avtan et al.,
2011). In addition, accumulated data have shown significantly increased BBB
permeability by LPS treatment in in vitro endothelial cell culture and in vivo experimental
models (Banks et al., 2015; Jangula & Murphy, 2013; Kikuchi et al., 2019; Takata et al.,
2021). Our data on the effects of LPS-induced inflammatory conditions on BBB
permeability are in line with the findings from the above-mentioned studies. In our study,
we evaluated the in vitro effects of LPS on the permeability of BBB by measuring the
permeability of barrier type endothelial cells using NaFI tracer. Upon exposure to LPS,
we observed marked enhancement of the transport of NaFl across the bEnd.3 cell
monolayers seeded on top of the transwell inserts resulting in significant increases in the
fluorescence intensity of the tracer in the abluminal compartment of transwells.
Moreover, to detect the extent of BBB leakage in vivo and ex vivo following LPS
injections, the extravasation of albumin Alexa fluor 594 was measured using IVIS
imaging and confocal microscopy. We observed significant increases of fluorescent
signals in the brains of animals by IVIS imaging following treatment with LPS.
Moreover, we assessed significant increases in the fluorescence intensity of albumin
Alexa fluor 594 in the cerebral cortex, hippocampus, and mid-brain regions of LPS-
injected animals by confocal microscopy. When we evaluated the impact of FABP7
administration on the LPS-induced BBB leakage, we found significant decreases in the
increased fluorescence intensity of NaFl tracer permeated across the bEnd.3 cell
monolayer in vitro. Moreover, we noted significant decreases in the increased fluorescent
signals in the brains of LPS-treated animals by administration of high dose of FABP7
using IVIS imaging. Accordingly, we also observed significant decreases in the increased
fluorescence intensity of alboumin Alexa fluor 594 in all the brain regions of LPS-treated
mice following high dose of FABP7 administration using confocal microscopy. However,
when we administered FABP7 at the dose of 40 pg/kg to LPS-treated animals, we found
no significant alterations in the increased fluorescent signals of the tracer in the brain
regions except the midbrain. While these findings clearly underline the beneficial effects
of FABP7 administration at the dose of 80 pg/kg on LPS-induced BBB disruption, the
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effects of the lower dose of FABP7 in the same settings appear to be more complex and

controversial.

It is well-known that the transport of substances across the paracellular pathway
in barrier type endothelial cells is highly limited due to the presence of TJs comprised by
proteins, including claudin-5 and ZO-1. It is reported that the overexpression of claudin-
5 enhances the barrier integrity in brain microvessel endothelial cells, as assessed by
TEER measurements (Jia et al., 2014). Previous studies showed that, in brain capillary
endothelial cells, in vitro exposure to LPS decreased the expression levels of occludin
and claudin-5, and resulted in reduced electrical resistance and increased permeability
(Nitta et al., 2003; Peng et al., 2021). Accumulated data have indicated that LPS challenge
caused decreased expression of claudin-5 and VE-cadherin associated with activation of
NF-kB signaling pathway and resultant increased production of IL-1 in in vitro and in
vivo conditions (Namyen et al., 2020; Park et al., 2021; Srivastava et al., 2020; H. Li et
al., 2018). In line with these literature data, in our study, treatment with LPS caused
marked reduction of electrical resistance along with significant decreases in claudin-5
expression in vitro in bEnd.3 cells and in vivo in the cerebral cortex and hippocampus of
C57BL/6 mice, associated with increased expression levels of NF-xB and IL-1B, as
assessed in vitro by immunofluorescence staining and in vivo by western blotting. When
we investigated the effect of FABP7 administration on these alterations, we noted marked
enhancement of the reduced TEER values along with significant increases in the
decreased claudin-5 expression in vitro and in vivo by the high dose of FABP7.
Importantly, we also observed that these beneficial effects of FABP7 were associated
with decreases in the increased expression level of NF-kB and IL-1f, as assessed both in
in vitro and in vivo settings which suggest that these inflammatory mediators play a
central role in the alterations of TJ protein expression and hence BBB permeability. In
the meantime, our data on the impact of FABP7 on the expression of TJ proteins under
inflammatory conditions are further supported by a recent study in which exogenous
FABP7 administration was reported to increase the decreased claudin-5 expression in a
rat model of TBI (Rui et al., 2019a).

Z0-1 is an intracellular scaffolding protein that interacts with cytosolic actin and
supports the integrity of BBB. In recent studies, it is reported that LPS challenge
downregulates ZO-1 expression via activation of PI3K/Akt signaling pathway and causes
a reduction in TEER values in bEnd.3 cells (Zou et al., 2022; R. Yang et al., 2023). In
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addition, it has been shown that protein levels of claudin-5 and ZO-1 are negatively
associated with the IL-1p mRNA level in bacteria-infected mice (Dong et al., 2019).
Moreover, TNF-a-induced BBB disruption is related to reduced ZO-1 expression level
via activation of the NF-kB signaling pathway in the primary culture of bovine
endothelial cells (Aveleira et al., 2010). In accordance with these observations, in our
study, we noted significant decreases in ZO-1 immunoreactivity in bEnd.3 cells
associated with a reduction in TEER values and increases in NF-kB and IL-1P
expressions following LPS treatment. However, although we have observed beneficial
effects of FABP7 administration on BBB integrity and inflammatory mediators under
septic conditions, we found no significant alteration in ZO-1 expression in bEnd.3 cells

which suggests that the ZO-1 protein may not be a key player in our experimental settings.

It is widely recognized that caveolin-1 protein, a key component of caveolae, is
involved in the transcellular trafficking of substances across the BBB (Y. L. Zhao et al.,
2014). A previous study showed that exposure to LPS increases the expression of
caveolin-1 protein and reduces the expression of claudin-5 leading to an enhancement of
BBB permeability (W. Y. Liu et al., 2015). Moreover, LPS-induced activation of the NF-
kB/TLR4 signaling pathway and the resultant increased expression of IL-18 which are
strongly linked with the enhanced paracellular pathway as mentioned above, are also
shown to be effective on the transcellular pathway by increasing the expression of
caveolin-1 (Oakley et al., 2009). In this regard, our observations that both in vitro and in
vivo exposure to LPS increased caveolin-1 expression along with NF-xB and IL-1p
production conform well with the above-mentioned studies. Furthermore, when our data
on the effect of FABP7 administration on LPS-induced BBB alterations are considered,
the marked reduction in the increased BBB permeability to tracers along with the
significant decreases in the increased caveolin-1 expression in vitro and in vivo provide
further evidence on the beneficial effect of FABP7 in our experimental setting. In
addition, our results also point out that inflammatory mediators including NF-xB and IL-
1B play an important role in the alterations of not only the paracellular pathway but also

of the transcellular pathway under septic conditions.

A growing body of evidence suggest that mfsd2a serves as a potent inhibitor of
transcytosis across the BBB. An increase in mfsd2a expression has been shown to reduce
the severity of neurologic damage in surgical brain injury, while the downregulation of

mfsd2a has been linked to the increased production of caveolar vesicles leading to BBB
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disruption in the same pathologic condition (Eser Ocak et al., 2020). Moreover, the
mfsd2a knockout mice exhibited increased BBB permeability and neurological
impairment in an experimental model of intracerebral hemorrhage (Y. R. Yang et al.,
2017). In the meantime, LPS-induced inflammatory condition has been shown to cause
increased permeability of BBB by decreasing the expression of mfsd2a (He et al., 2018;
Tiwary et al., 2018; C. Zhao et al., 2020). Furthermore, the reduction in the mfsd2a
expression in LPS-induced BBB disruption has been suggested to occur via activation of
the caveolin-1/Nrf-2/HO-1 signaling pathway (Qu et al., 2020; B. Huang & Li, 2021). In
our study, we have observed significant decreases in the expression level of mfsd2a
following in vitro and in vivo exposure to LPS in bEnd.3 cells and C57BL/6 mice
associated with increase in the caveolin-1 expression and enhancement of BBB leakage,
which are in accordance with the above-mentioned previous research. Moreover, our data
regarding the increase of the decreased mfsd2a expression by in vitro and in vivo FABP7
administration provide further evidence on the beneficial effects of FABP7 on caveolin-
1 expression and BBB permeability that we have observed in our study in LPS-induced
BBB disruption. Meanwhile, it is also reported that mfsd2a acts as a lipid transporter of
DHA across the BBB into the brain, thereby providing structural support and protective
effects to the neurons and modulating cognitive function (Wood et al., 2021). In a
previous study, the suppression of mfsd2a protein significantly decreased the level of
DHA in the brain, which resulted in severe anxiety and cognitive deficits (Nguyen et al.,
2014b). In this regard, our data on the significant alleviation of anxiety-like behavior by
FABP7 administration to LPS-treated mice associated with increase of mfsd2a expression
suggest that the beneficial effects of FABP7 may have occurred via an increase of DHA

level in the brain, although we have not targeted this omega-3 fatty acid in our study.
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CHAPTER 7:

CONCLUSION

Our study shows for the first time that exogenous FABP7 administration restores
the LPS-induced BBB disruption by enhancing the transendothelial resistance, increasing
the expressions of claudin-5 and mfsd2a and decreasing caveolin-1 expression, thereby
decreasing the increased paracellular and transcellular BBB permeability and alleviates
anxiety-like behavior. In addition, we found that high-dose FABP7 administration
decreased the elevated body temperature and reduced the increased CRP, PCT, and ROS
levels in LPS-induced septic mice. Furthermore, we demonstrated that the expressions of

IL-1P and NF-«B decreased in a significant manner by FABP7 in our experimental setup.

In conclusion, our study demonstrates that exogenously administered FABP7
improves BBB integrity through its effects on antioxidant and anti-inflammatory

signaling pathways in vitro in bEnd.3 cells and in vivo in mice exposed to LPS.
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