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Abstract: The BBB is created by a special system of brain microvascular endothelial cells (BMECs), pericytes
(PCs), the capillary basement membrane and the terminal branches (“end-feet”) of astrocytes. The key function
of the BBB is to protect the central nervous system (CNS) from potentially harmful/toxic substances in the
bloodstream by selectively controlling the entry of cells and molecules, including nutrients and components of
the immune system. The loss of BBB integrity in response to neuroinflammation, as manifested by an increase
in permeability (leakage), occurs with the dominant participation of proinflammatory cytokines. However, the
pathomechanism of structural and functional changes in the BBB under the influence of individual cytokines
is still poorly understood. This review summarizes the current state of knowledge on this topic, which is
important from both pathophysiological and clinical-therapeutic points of view. The structures and functions
of all components of the BBB are discussed, with particular attention given to the phenotypic differences
between BMECs and the vascular endothelium in other locations of the circulatory system. The protein
composition of the interendothelial tight junctions in the context of regulating BBB permeability is presented,
as is the role of pericyte-BMEC interactions in the exchange of metabolites, ions and nucleic acids. Finally, the
documented actions of proinflammatory cytokines within the BBB are summarized.
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1. Introduction

The blood-brain barrier (BBB), which is a specialized internal barrier, plays an important role in
ensuring the normal functioning of the central nervous system (CNS), which is responsible for the
vital functions of the body as a whole [1]. The BBB is a complex structure consisting of endothelial
cells, pericytes, and astrocytes located between the brain parenchyma and the vascular system and is
highly connected with surrounding neurons and microglia [2,3]. A loss of isolation between blood
and nervous tissue can lead to damage to the CNS and changes in the composition of the
cerebrospinal fluid (CSF). BBB disturbances commonly occur in response to neuronal dysfunction,
neuroinflammation, neurodegeneration, and substance use disorders [4,5]. A precise understanding
of the structure of the BBB and the pathomechanism by which proinflammatory cytokines influence
the disruption (loss of integrity) of the BBB may contribute to improvements in existing preventive
and therapeutic methods [6,7].

This study was challenging because existing research data regarding specific mechanisms that
damage the BBB are far from sufficient. The majority of studies consider the disruption of this barrier
structure in the context of the development of certain diseases (diabetes mellitus, multiple sclerosis,
Alzheimer's disease, neuropsychiatric systemic lupus erythematosus, herpes simplex encephalitis,
and cerebrovascular ischemia) or various pathological conditions and processes (stress, traumatic
brain injury, subarachnoid hemorrhage, and sepsis) [8-10].

Watroba et al. [11] studied the impact of dysglycemia associated with diabetes mellitus on the
BBB structure. According to these researchers, damage to the BBB structure caused by impaired blood

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202411.1958.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 November 2024 d0i:10.20944/preprints202411.1958.v1

sugar stability, especially when it exceeds the normal level (a hyperglycemic state), leads to damage
to CNS cells, provoking neurodegeneration and dementia. In their review, the authors cited studies
showing that hyperglycemia increases the expression of proinflammatory cytokines such as tumor
necrosis factor alpha (TNF-a) and interleukins (IL-1, IL-4 and IL-6), but the detailed mechanism
underlying their influence on the integrity and permeability of the BBB was not described [12].

Lesniak et al. [13] investigated how the loss of brain-derived neurotrophic factor due to blood-
brain barrier disruption caused by congenital or mild traumatic brain injury correlates with
depression-like behavior. This study was conducted in a mouse model of BBB disruption due to
congenital traumatic brain injury. Although the mechanism of damage to the barrier structure was
not described in detail in this study, the behavioral changes caused by damage to the barrier structure
were studied and the method used (the study of the BBB in a mouse model) can also be used to
investigate the effects of cytokines on BBB disruption in vivo.

Matkiewicz et al. [14] studied the impact of substance abuse on the BBB. In reviewing scientific
papers on the topic, the authors obtained reliable data on the disruption and increase in the
permeability of the BBB owing to the activation of certain mechanisms caused by the use of
psychoactive substances, while also citing the results of studies confirming the protective potential
of other substances in maintaining and preserving BBB integrity.

A determination of the level of proteins associated with the BBB in patients with epilepsy was
performed by Bronisz et al. [15]. The researchers assessed the serum levels of molecules associated
with changes in BBB structure: matrix metalloproteinases 2 and 9 (MMP-2 and MMP-9), tissue
inhibitors of metalloproteinases 1 and 2 (TIMP-1 and TIMP-2), the S100 calcium-binding protein beta
(5100B), the chemokine CCL-2, intercellular adhesion molecule-1 (ICAM-1), P-selectin, and
thrombospondin-2 (TSP-2). As a result, chronic processes of disruption and restoration of the BBB
structure are accompanied by increased serum levels of MMP-9, MMP-2, TIMP-1, TIMP-2 and 5100B,
indicating their direct relationship with barrier permeability; however, this study did not provide a
detailed description of the mechanism underlying this relationship.

Lach et al. [16] conducted a study on methods to create an experimental model to study the
functions of the BBB. The discussion of methods for model development was based on data on the
structure and functions of the BBB, as well as on the identification of parameters important for
maintaining the barrier phenotype, which would allow an assessment of its state in vitro. The benefit
of this study is that the implementation of theoretical developments of scientists allows an increase
in the level of development of neuroscience and provides opportunities for studying the mechanisms
underlying the effects of certain factors on the disruption of the BBB structure.

While systemic inflammation is a response to pathological changes associated with the
development of diseases, some of which are the cause and some of which are the consequence of BBB
disruption, pro-inflammatory cytokines may be directly related to damage to the BBB structure [17-
19]. Therefore, this review aims to summarize the current state of knowledge concerning the effects
of proinflammatory cytokines on the disruption of the integrity and permeability of the BBB based
on the data on its structural features, which are important from both pathophysiological and clinical—-
therapeutic points of view. This approach has rational justification from both pathophysiological and
clinical-therapeutic points of view [20,21].

2. Methodology of the Literature Search

The study of the structure of the BBB and the effects of proinflammatory cytokines on its
disruption was performed via an analysis and synthesis of the research topic and generalization of
the information obtained. In this manner, a harmonious formula of data presentation was built, which
is helpful in the qualitative analysis of the research subject and thus in achieving the research goal.

The method of analyzing the subject of the study was applied to the peculiarities of the BBB
structure and its functions, as this structure allows us to identify pathways and factors leading to BBB
disorders, pathways by which proinflammatory cytokines pass through the BBB without disrupting
its structure, and the effects of proinflammatory cytokines on BBB disorders. The materials for the
analysis were selected from the most cited original scientific papers in the fields of anatomy,
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neurology, immunology and microbiology published in the electronic databases PubMed, Google
Scholar and Scopus. The search for materials that included information on the structure and functions

VZa

of the BBB was performed using the following keywords: “blood-brain barrier structure”, “capillary
endothelium”, “basement membrane”, “astrocytes”, and “blood-brain barrier functions”. The search
resulted in 33 sources that were relevant to the topic. Scientific papers that included information
about the factors involved in BBB disorders and how this process is triggered were selected by queries
containing the following keywords: “mechanisms of blood-brain barrier damage”, “factors
influencing blood-brain barrier disorders”, and “diseases causing blood-brain barrier disorders”.
Priority was given to papers that contained observational or experimental data. Six publications that
met the query criteria were selected for analysis. Sources for the review of proinflammatory cytokines
that can cross the BBB without damaging its structure were selected from the list of studies containing
both theoretical developments and experimental components using the keywords “proinflammatory
cytokines and the blood-brain barrier”, “types of proinflammatory cytokines that cross the blood-
brain barrier”, and “ways of crossing the blood-brain barrier by proinflammatory cytokines”. Four
sources corresponded to the given topic. The search for scientific papers reporting the analysis of
data on the role of proinflammatory cytokines in the disruption of BBB integrity was performed using
the keywords “the role of the inflammatory process in blood-brain barrier integrity disruption”,
“negative impact of proinflammatory cytokines on the blood-brain barrier”, and “impact of
proinflammatory cytokines on blood-brain barrier structure disruption”. Following the search, 32
sources were selected that contained theoretical information and the results of practical
developments on this topic. A total of 75 scientific articles published between 1994 and 2023 were
selected for the analysis. The data obtained during the analysis were synthesized to elucidate the
mechanism by which proinflammatory cytokines affect the disruption of the BBB structure.

The synthesized information was summarized to determine the positive and negative effects of
proinflammatory cytokines on the BBB structure and to identify methods that eliminate the damage
caused by these effects, as well as areas that could use the principle of overcoming the barrier to solve
certain specific problems.

3. Normal BBB Structure

The BBB is structurally designed to provide its main functions—protective and regulatory [22].
Any damage to the BBB can negatively affect the neurological system, as a loss of its integrity disrupts
the isolation of blood from nervous tissue, abolishing the boundary between the central nervous
system and dangerous substances in the blood and leading to changes in the stability of the
cerebrospinal fluid [23,24]. The structure of the BBB must be determined in detail to understand how
and what can disrupt or damage the BBB.

The BBB is not located in the entire CNS; it is absent in those parts of the CNS that function to
analyze the chemical composition of the blood, regulate its main parameters, and detect the presence
of toxins. These unprotected areas of the brain regulate the autonomic nervous system and endocrine
glands. Due to their locations around the third and fourth ventricles, these structures are called
circumventricular organs (CVOs). CVOs include the hypothalamus and other anatomically related
structures, such as the pineal gland, median eminence, subcommisural organ, neurohypophysis,
subfornical organ and organum vasculosum of the lamina terminalis, and vomiting center
(anatomically corresponding to the area postrema) in the medulla oblongata [25,26].

The main elements of the BBB structure are the capillary endothelium, capillary basement
membrane and perivascular membrane formed by glial cell processes (bulbous “legs” of astrocytes).
The capillary endothelium, together with pericytes, is located on the basement membrane, on the
other side of which are glial cell processes [1,3,20]. Multiprotein complexes between epithelial cells,
known as tight junctions or zonulae occludentes, create a seal and prevent the leakage of solutes and
water at the junction of endothelial cells [3,22].

The normal (undisturbed) structure of the BBB is composed of "layers" of biostructures, each of
which acts as a level of protection for isolation of the blood and nervous tissue. At the first level,
protection is provided by the capillary endothelium; at the second level, protection is provided by
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the basement membrane; and at the third level, protection is provided by the perivascular membrane
formed from astrocyte processes [27]. The capillary endothelium restricts the access of bacteria and
other microscopic objects and large hydrophilic molecules while ensuring the diffusion of small
hydrophilic molecules and the transport of metabolic products. The tasks of the basement membrane
are to preserve the structure of the barrier and ensure the exchange of signals between its
components. Due to the contact between astrocyte processes and capillaries in the brain, the
perivascular membrane maintains the normal BBB structure [28-30] (Figure 1).
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Figure 1. Schematic representation of the blood-brain barrier (BBB) in cross section illustrating the
BBB's cellular structures [28,31]. From the capillary lumen: brain microvascular endothelial cells
(BMECs) surrounded by pericyte located within the parenchymal basement membrane. The presence
of tight junctions between endothelial cells maintains the integrity and required level of permeability
of the BBB. The surface of the basement membrane is covered by the astrocytic end-feets. Microglia
and neuronal synapse endings are located in the extracellular matrix surrounding the BBB from the
side of.

3.1. Endothelial Cells

The capillary endothelium consists of firmly and tightly connected endothelial cells that are
linked by interendothelial tight junctions. Phenotypically, the endothelial cells of the BBB differ from
the endothelial cells localized in other parts of the body; they have a more flattened appearance, a
greater number of mitochondria and a significantly smaller number of caveolae [32,33]. These
features and the principle of communication between cells in the capillary endothelium affect the
level of capillary permeability. Thus, it hinders the paracellular transport of hydrophilic molecules to
nervous tissue and isolates the capillary lumen from the basolateral complex; however, it allows the
passage of small lipophilic molecules through facilitated diffusion, as well as the transport of
nutrients [glucose through the glucose transporter 1 (GLUT1) channel, essential amino acids, certain
electrolytes, etc.], oxygen, carbon dioxide, lipids, anesthetics, ethanol, and nicotine. Through the
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mechanism of receptor-mediated endocytosis, it allows insulin, transferrin and leptin to cross the
BBB [34-36].

In the lumen of the capillaries, the endothelium cells are covered with glycocalyx, which plays
an essential role in maintaining homeostasis within the BBB. The endothelial glycocalyx extends the
neurovascular unit, which influences the structure of the BBB. Specifically, the glycocalyx acts as a
physical and ionic barrier; regulates mechanical transduction, vascular permeability, and the
inflammatory response; and inhibits coagulation [37].

3.2. Tight Junctions

Tight contacts, which ensure the strength of the connections between endothelial cells, are
formed from the main membrane proteins [claudin, occludin, junctional adhesion molecules (JAMs),
and cadherins] and several additional cytoplasmic proteins (zonula occludens-1, -2, -3; cingulin; a-
catenin; {3-catenin; y-catenin; vinculin and others). The mechanism of tight junctions involves
auxiliary cytoplasmic proteins binding the main membrane proteins to the main cytoskeleton protein
(actin), which allows the integrity and the required level of permeability of the capillary endothelium
to be maintained [38,39] (Figure 2).
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Figure 2. Schematic representation of the tight contact between adjacent endothelial cells [38]. Tight
junction (TJ) is formed by joining of major cellular membrane (CM) proteins of contacting cells, such
as claudins, occludins and junctional adhesion molecules (JAMs). From the side of the cytoplasm of
cells forming TJs, the participation of several additional proteins is necessary, which stabilize the
connection by binding to elements of the cytoskeleton (actin) of endotheliocytes. These cytoplasmic
proteins include zonula occludens-1, -2, and -3 (ZO-1, ZO-2, and ZO-3, respectively), cingulin,
vinculin, catenins (a,3, and y). The figure also shows a much weaker adherent junction (A]) located
below the TJ, which connects the adjoning plasma membranes with the electron-dense fibrillary
molecules known as vascular endothelial (VE)-cadherins.

Claudin proteins form a strong seal, which includes both bonds with other claudin proteins
between the endothelial cells on which they are located and with zonula occludens proteins (ZO-1,
Z0O-2, and ZO-3). The strength of the bonds provided by this protein affects the regulation of BBB
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permeability during the development of inflammation, exposure to toxic substances, trauma, and
other pathological processes. Thus, damage to claudin can adversely affect the permeability of the
barrier, allowing the passage of monocytes in some inflammatory diseases [40,41]. The loss of this
protein occurs during brain tumor development, stroke, and complex central nervous system
inflammatory processes [42—45].

The occludin protein differs from claudin in its larger size (molecular weight of 65 kDa,
compared with 20-27 kDa for claudin) and amino acid sequence (522 amino acids, compared with
102-150 amino acids for claudin, depending on the transmembrane domains). Together with claudin,
occludin forms intramembrane filaments that promote the diffusion of hydrophilic molecules and
ions and regulate paracellular permeability [46—48].

Junctional adhesion molecules (JAMs) are immunoglobulin proteins with a molecular weight of
40 kDa. JAMs increase the adhesion density by binding to actin via ZO-1, but data on their role in
monocyte migration across the BBB have not been conclusively confirmed, and research in this area
is still ongoing [49].

Cadherins are important components of a tight junction that bind to the cytoskeleton of a cell
with the help of catenins to form tight adhesive contacts.

The main task of additional cytoplasmic proteins is to establish strong connections between
membrane proteins and the cytoskeleton. The zonula occludens proteins ZO-1, ZO-2 and ZO-3 bind
claudins, and ZO-1 binds occludins and JAMs. Through cingulin, ZO-1, ZO-2 and ZO-3 establish
connections between claudin and occludin and between each other and intracellular actin [50]. The
function of the 3-catenin and y-catenin proteins is to connect cadherins to the cytoskeleton via the a-
catenin protein or its analog vinculin [51-53].

3.3. Pericytes

Pericytes are localized outside the capillary endothelium and share a basement membrane with
it, and they are involved in the synthesis of elements of the basement membrane (see Figure 1) [54,55].
Pericytes are critical yet understudied cells that are a central component of the neurovascular unit
[56]. Through processes that envelop the endothelium and the ability to contract, pericytes regulate
the permeability of the interendothelial junction to fluids. Due to their close contact with the capillary
endothelium, metabolites, ribonucleic acids (RNAs) and ions are exchanged between cells, and the
safety of this exchange is ensured by the ability of pericytes to phagocytose them, which allows these
cells to neutralize toxic metabolites [57-61]. Other important functions of pericytes are the expression
of vasopressin, angiotensin, and endothelin receptors, which allows them to participate in cerebral
autoregulation; the regulation of the expression of BBB-specific genes in endothelial cells; and the
induction of the polarization of glial cell processes (astrocytes) that envelop the CNS capillaries
[62,63]. Numerous studies have revealed the important role of pericytes in the activation of
endothelial and astrocyte functions in the regulation of the BBB [54,58]. Damage to pericytes can
occur during many neurological diseases, especially degenerative diseases (dementia, Alzheimer's
disease, multiple sclerosis, etc.) [56,64-67]. A decrease in the resistance of endothelial cells to
apoptosis can be caused by the loss of their connection with pericytes, which can lead to a loss of BBB
integrity.

Although pericytes are increasingly recognized as important in the control of BBB permeability
and vascular flow, pericyte heterogeneity and species-specific differences between animals (mouse)
and humans have contributed to many discrepancies in research results [68]. The precise
identification and definition of pericytes and pericyte subtypes in humans should facilitate an
understanding of the biology of these cells and the development of new therapeutic approaches that
specifically target disease-associated pericyte subtypes in individuals with neurodegenerative
diseases [69].

3.4. Basement Membrane

The basement membrane of capillaries, a form of extracellular matrix, is located under
endothelial and epithelial cells. Its main functions are the adhesion of cells on its surface, maintenance
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of the BBB structure, and transmission of signals between its elements [70]. The basement membrane
consists of four proteins (collagen IV, laminin, nidogen, and perlecan) that form a plate of 50 to 100
nm thick [71]. These proteins are synthesized by the endothelial cells of blood vessels in the brain,
pericytes and astrocytes. Collagen IV is the most abundant basement membrane protein. Its
functional feature is that it does not participate in the formation of the membrane structure, but it
maintains it. Collagen IV also plays an important role in maintaining the integrity of vessels [72].
Another element of the barrier is laminin. The laminin protein can be produced in different isoforms
depending on the type of cell that synthesizes it. Laminin synthesized by astrocytes plays an
important role in maintaining the BBB, which is indispensable for the integrity of the barrier [73,74].
Collagen IV and laminin are stabilized by the protein nidogen (entactin) [75]. The role of nidogen in
maintaining the integrity of the BBB is not yet fully understood [28,76]. Perlecan, a large heparan
sulfate proteoglycan (HSPG), is involved in the formation of the basement membrane starting in the
embryonic period. The protein core of perlecan is 400 kDa in size and consists of five distinct
structural domains that enable interactions with extracellular matrix proteins. The influence and
importance of perlecan in maintaining the integrity of the BBB are not sufficiently understood [77-
79].

3.5. Perivascular Membrane

The perivascular membrane formed by glial cell processes consists of astrocytes, which are the
most common cells in the central nervous system and perform many important functions; in
particular, astrocytes play an important role in the inflammatory process during the development of
neurodegenerative diseases [80]. Given that astrocytes are formed in the postnatal period, i.e., after
the BBB has formed and thickened, these cells may not be involved in the formation of the barrier
itself. However, an important role in maintaining the BBB structure is played by the processes (“legs”)
of astrocytes, which are in close contact with the brain capillaries [81]. Researchers have not yet been
established whether astrocytes affect the level of BBB permeability, but some studies have confirmed
the involvement of these cells in the formation of tight junctions by modulating the expression of
vascular endothelial growth factor (VEGF) and angiotensin-1 [82,83].

Understanding the main structural units of the BBB as comprehensively as possible provides the
basis for a detailed analysis of the impact of proinflammatory cytokines on their integrity.

4. Influence of Proinflammatory Cytokines on the Disruption of the BBB Structure

The effects of cytokines on the BBB structure depend on the mechanism of barrier penetration
[84]. When cytokines enter the body exogenously, for example, through injection, they can quickly
and easily cross the BBB without disrupting its structure. This process can occur through retrograde
axonal transport, saturated influx transport (SIT), or simple diffusion in areas of the brain where the
BBB is incomplete. These areas correspond to CVOs. The cytokines IL-1a, IL-6, and TNF-a can cross
the barrier via these CVO-related pathways [85,86]. Usually, the exogenous route of cytokine
transport into the body is controlled, and thus when the barrier is crossed, its structure is not
disturbed and the disturbance is insignificant. However, this type of crossing, even without structural
disruption, can compromise the integrity of the BBB by activating free calcium and potentially
disrupting its homeostasis in the brain [87]. The endogenous pathway through which
proinflammatory cytokines pass through the BBB is more dangerous because of the structural
integrity of the barrier. Damage to the BBB structure and, accordingly, an increase in its permeability
are most often associated with various neurological disorders, psychiatric disorders, and
neurodegenerative and infectious diseases of the CNS, which increase the levels of proinflammatory
cytokines [18,88] (Figure 3).
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activated cells [e.g., in polarized towards a pro-inflammatory (M1) phenotype microglia]. Decreased expression of membrane proteins (e.g., claudin-5) and
cytoplasmic proteins [e.g., zonula occludens-1 (ZO-1)] is accompanied by impaired function of tight junctions. Combined with an increase in the expression
of adhesion molecules on the surface of the brain microvascular endothelial cells (BMECs), an increase in BBB permeability may result in the influx of T cells
from the bloodstream into the central nervous system (CNS). Other abbreviations: ROS — reactive oxygen species, MMPs — matrix metalloproteases.In
response to pathological conditions in the CNS, the immune system uses inflammation as one of its tools to combat the pathology [89]. The inflammatory
response is mobilized by proinflammatory cytokines produced by macrophages, leukocytes, neutrophils or other cells, depending on the pathological process
[90]. For example, in response to stroke or lipopolysaccharide, the proinflammatory cytokines IL-1 and TNF-a are produced by microglia, which are activated
in a proinflammatory phenotype during neuroinflammation to induce the formation of reactive astrocytes that acquire the same proinflammatory phenotype
[91]. The effects of proinflammatory cytokines on BBB disorders are shown in Table 1.
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Table 1. Influence of proinflammatory cytokines on the blood-brain barrier (BBB) structure.

Pro-
inflammatory Impact on the structural elements of the BBB References
cytokine
IL-1 - Disrupts the tight junctions of capillary endothelial cells [92,93]
- Activates the induction of other pro-inflammatory
cytokines [94]
- Abolishes the protective effect of astrocytes on BBB
integrity by suppressing astrocytic sonic hedgehog
(SHH) production [95]
- Stimulates astrocytes to produce potential neurotoxic
substances
[96]
- Stimulates vascular permeability and angiogenesis.
[93,97,98]
IL-1B - Disrupts tight junctions of capillary endothelial cells [95,99]
- Damages astrocytes by downregulating SHH [95]
- Increases the secretion of other pro-inflammatory
cytokines. [96,100]
IL-2 - Activates brain microvascular endothelial cells with
subsequent disruption of tight junctions in the [101]
capillaries
[102]
- Does not cross the BBB by the saturating transport system
In mice, may promote BBB repair by reducing [103]
degradation of tight junction proteins
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- Astrocyte-targeted IL-2 gene delivery may protect
against neuroinflammation and BBB disruption by an [104]

increase in brain resident regulatory T cell number.

IL-6 - Disrupts tight junctions of capillary endothelial cells [105]

- Reduces the level of additional cytoplasmic tight junction

proteins B-catenin [88]
- Reduces the secretion of other pro-inflammatory [106]
cytokines
[107,108]
- Promotes recovery of the glioblastoma multiforme
(GBM).
IL-12 - Promotes neuroinflammation and BBB disruption [109,110]

- Paradoxically, in autoimmune neuroinflammation in
mice, plays neuroprotective role that is mediated by
neuroectoderm-derived cells, specifically neurons,

and not immune cells. [111]

IL-15 - Has alow level of permeability through the BBB [112,113]

- Reduces astrocyte damage and death, increasing

resistance to cytotoxicity [114]

- IL-15 complex treatment during experimental cerebral
malaria in mice reduces BBB permeability and prevents
BBB breakdown (the effect related to the induction of IL-
10-producing NK cells). [115]

IL-17
- Disrupts the tight junctions of endothelial cells by
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inhibiting the occludin molecule. [116]

IL-18 - IL-18-mediated up-regulation of dystrophin expression
may play either a direct or indirect role in the
maintenance of BBB function following status
epilepticus (prevents increased BBB permeability leading [117]

to vasogenic edema).

TNF-a - Produces disruption of the tight junctions of the capillary

endothelial cells by destroying their structural protein

claudin [118]

- Induces dysfunction of astrocytes and astrogliosis [119]

- Increases the secretion of other proinflammatory [120]
cytokines

[121,122]

- Changes the morphology of the BBB

IFN-y - Disrupts tight junctions of endothelial cells [123]

- Induces transendothelial migration of CD4* T cells to the
basement membrane and promotes the transcellular

route of this migration [124]

- Induces a change in the localisation of ZO-1 and
decreases mRNA and protein levels of ZO-1 in [125,126]
epithelial cells.

Abbreviations: GBM - glioblastoma multiforme; IFN-y - interferon gamma; IL-1 - interleukin 1; IL-2 -
interleukin 2; IL-6 — interleukin 6; IL-12 — interleukin 12; IL-15 — interleukin 15; IL-17 — interleukin 17; IL-18 —
interleukin 18; TNF-a — tumor necrosis factor alpha; ZO-1 - zonula occludens-1. Source: compiled by the authors.

Increased levels of proinflammatory cytokines depend on the nature and characteristics of
pathological processes and conditions of the nervous system [127].

The permeability of the BBB is indirectly affected by autoimmune diseases, which lead to an
increase in cytokine levels. Thus, certain changes in the immune system disrupt BBB permeability,
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after which autoreactive T lymphocytes enter the central nervous system, increasing the levels of the
proinflammatory cytokines IL-1, TNF-a, and vy-interferon. As a result, the process of autoimmune
attack on the myelin sheath is triggered, leading to the development of multiple sclerosis [128,129].

The release of cytokines, along with oxidants and proteolytic enzymes, also occurs in ischemic
stroke. The ingress of these elements into the brain tissue provokes the development of cytotoxic
edema and impaired BBB permeability, which leads to the penetration of leukocytes through the
capillary endothelium into the brain tissue and damage to healthy neurons [130].

The main role of the neuroinflammatory process in the pathogenesis of epilepsy involves the
mobilization of the proinflammatory cytokines IL-1{3, IL-6 and TNF-a in response to pathological
changes in the nervous system caused by traumatic brain injury (TBI), brain tumors, stroke, drug
exposure, etc. [131,132] Discussions about which process is primary—damage to the BBB or
seizures—are ongoing. After considering one of the most common causes of epilepsy, TBI,
investigations of how BBB damage is associated with seizures are possible. Depending on the
consequences of TBI, BBB disruption occurs mechanically or as a result of proinflammatory cytokines
that are activated in response to trauma. Blood components, one of which is thrombin, enter the
cerebrospinal fluid through a hemorrhage, where they provoke neuronal excitability and,
accordingly, seizures [133,134].

The tau (r) protein, a neuronal protein that supports axonal transport and microtubule
dynamics, plays an important role in the inflammatory response to TBI, which also affects the
integrity of the BBB [135]. Tau preserves cellular integrity and shifts cellular signaling away from
pro-cell death signaling cascades. Tauopathies represent a heterogeneous group of approximately 20
different neurodegenerative diseases characterized by the abnormal deposition of the microtubule-
associated protein tau (MAPT) in cells of the nervous system [136]. The BBB damage observed in
individuals with tauopathies without amyloid-f3 overproduction suggests a role for tau in BBB
damage that is driven by chronic neuroinflammation initiated within the microglial compartment by
extracellular tau aggregates (e-7) released from injured neurons [137].

The increase in the levels of proinflammatory cytokines (IL-1p3, IL-6, IL-12, TNF-a and IFN-y) is
also influenced by several mental disorders, including depression. Inflammatory activity can both
provoke and maintain a specific (proinflammatory) cytokine profile, and so prolonged exposure of
the nervous system to this state alter BBB permeability and, accordingly, provoke other neurological
disorders and diseases [138].

The activation of astrocytes and increased levels of the cytokines IL-1(3, IL-6, and TNF-a have
been observed under the influence of neurotoxic drugs. Thus, damage to the BBB and an increase in
its permeability caused by methamphetamine neurotoxicity are manifested by decreases in the levels
of claudin and occludin, swelling of astrocytes and their processes, a decrease in pericyte coverage,
and the loss of tight junctions of endothelial cells [139-141].

The factors that provoke increased production of proinflammatory cytokines (IL-6 and TNF-a)
include the histamine H4 receptor, which indirectly activates mast cells, and along with cytokines,
actively produce chemokines and histamine [142].

Chemokines are cytokines with chemotactic activity that are involved in the physiological and
pathological processes of the CNS [143-146]. Under physiological conditions in the nervous system,
chemokines contribute to cellular interactions, the activation of signaling pathways, and the
maintenance of CNS homeostasis. For example, the chemokines CCL2, CCL19, CCL20, CCL21, and
CXCL12 are involved in immunological surveillance by transmitting signals and activating immune
cells; CX3CL1 (fractalkine) is involved in maintaining adult neurogenesis, ensuring the balance of
homeostasis, and limits the expression of the proinflammatory cytokines IL-1@3, IL-6, and TNF-a
[147,148]. The chemokines CXCL12, CCL19, CCL20, and CCL21 are expressed in the vascular system
of the BBB [149]. Under pathological conditions, chemokines act as mediators of cell migration and
participate in the regulation of inflammatory and autoimmune (differentiation and growth of cells,
including tumors) processes in the CNS [150]. The mechanism by which CX3CL1 affects BBB integrity
depends on the cells involved in migration. For example, one mechanism is triggered by a significant
accumulation of CD16+ monocytes on inflamed cerebral endothelial cells due to their
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transendothelial migration in response to CX3CL1 expression [151]. In addition, the migration of
CD4+ T cells is ensured by the chemoattractant activity of CX3CL1 [152]. Changes in BBB
permeability are affected by an increase in CXCL13 levels, which occurs as a result of the
development of tumors with cerebral metastases. This process leads to an increase in the paracellular
permeability of the capillary endothelium and a decrease in the expression and localization of the
tight junction proteins claudin-5 and occludin [153].

Investigating and identifying the effect of histamine, a biogenic amine formed by the conversion
of histidine via histidine decarboxylase (HDC), on BBB integrity are important [154]. The histamine
molecule is not small enough to penetrate the capillary endothelium, and thus it cannot cross the BBB
unhindered [155]. However, histamine H1 and H2 receptors are expressed on both luminal (blood-
facing) and abluminal (brain-facing) plasma membranes of the brain endothelium and regulate
several endothelial functions, such as blood coagulation and the permeability of the BBB [156,157].
Histamine is able to increase the permeability of the BBB by downregulating the major tight junction
membrane proteins claudin-5 and occludin and the additional cytoplasmic protein ZO-1. Moreover,
the expression of the histamine H2 receptor can be used as a predictor of the barrier permeability
provoked by histamine [158]. Conversely, endothelial histamine H1 receptor signaling reduces BBB
permeability and the susceptibility to autoimmune encephalomyelitis [159]. Brain tissue should also
be considered a separate source of histamine, the abundance of which is determined by the
availability of L-histidine and the local activity of HDCs [160]. Newly synthesized neuronal histamine
is thought to be stored within nerve terminal vesicles. Both in vivo and in vitro studies have shown
that the depolarization of nerve terminals activates the exocytotic release of histamine via a voltage-
and calcium-dependent mechanism [161].

5. Proinflammatory Cytokines Within the BBB: Clinical Approaches and Potential Therapies

An investigation of the structure of the BBB and the effects of proinflammatory cytokines on
damage to the BBB revealed that the cytokines IL-1, IL-6 and TNF-a are most often involved in barrier
disruption [149]. Therefore, counteracting the mechanism underlying their effect on the BBB should
be addressed in the development of therapeutic approaches to preserve BBB integrity and prevent
neurological disorders provoked by the ingress of blood elements into nervous tissue. Moreover, the
ability of proinflammatory cytokines to increase BBB permeability can also be used to develop new
therapeutic strategies, for example, creating drugs based on cytokine derivatives with good CNS
penetration for use in anticancer therapy [162-164].

Under normal conditions, each system of the body functions and interacts safely with other
systems, supporting the process of vital activity. The influence of pathological factors causes a
corresponding increase in the immune response, the regulators of which, while performing their
tasks at the highest level of intensity, can cause damage to other systems and structures [165,166].
Studies of the BBB revealed that its main functions (protection and regulation) are performed
primarily through the structures of the combination of all elements, from the specific shape of
endothelial cells and special tight connections between them to the placement of astrocyte processes
in a tight ring around the basement membrane. In response to pathological processes in the nervous
system, including autoimmune diseases (multiple sclerosis, Guillain-Barré syndrome, and
myasthenia gravis), the immune response involves systemic inflammation mobilized by
proinflammatory cytokines [167-172]. As reported in previous studies, a significant increase in the
concentrations of these cytokines in the blood can damage the BBB structure and increase its
permeability through a disruption of the tight junctions of capillary endothelial cells and other barrier
components. The data obtained can be used as a foundation for the development of therapeutic
methods to control the levels of proinflammatory cytokines to preserve the integrity of the BBB.

This issue was addressed by Takeshita et al. [173]. These scientists built static BBB models to
study long-term barrier function and have shown that IL-6 blockade suppresses BBB disorders,
preventing the onset of visual spectrum neuromyelitis. This study revealed that the inhibition of T-
cell migration to the nervous tissue of the spinal cord was influenced by the blockade of IL-6 signal
transduction, which prevented the increase in BBB permeability. IL-6 blockade was achieved by
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transferring neuromyelitis optica immunoglobulin G (NMO-IgG) autoantibodies and satralizumab
through the BBB using a triple culture system, which mimics the close contact of endothelial cells,
pericytes and astrocyte processes [173]. The conclusions of this study are convincing and promising
because the results can serve as examples for the development of methods to block other
proinflammatory cytokines, such as IL-1§3 and TNF-q, using the BBB model proposed by the authors.

As already mentioned, the ability of proinflammatory cytokines to overcome the BBB should be
considered not only to find methods to limit it but also to use it as a tool to overcome the BBB as an
obstacle to drug penetration into the nervous tissue. Corti et al. [174] investigated the use of TNF-«
as a “conductor” of drugs to cross the BBB to deliver antitumor therapy directly to brain tumors. This
team of researchers has studied the capabilities and properties of the drug NGR-TNF, a fusion of a
peptide and the cytokine, which includes the NGR-TNF-a molecule combined with the peptide Cys-
Asn-Gly-Arg-Cys-Gly (CNGRCG) (denoted as NGR in the drug's name) and the ligand of
aminopeptidase N (CD13) of tumor blood vessel-positive (+) blood vessels. The results of preclinical
and clinical trials have shown the effectiveness of this drug in changing the selectivity of the tumor
BBB, which has improved the quality of chemotherapy and increased patient survival. However, the
authors also noted the problems that could arise due to the instability and molecular heterogeneity
of this drug. Given the therapeutic potential of drugs based on the combination of peptides and
cytokines, the strategy of this nonimmunogenic approach for the safe treatment of the BBB at the
tumor site seems promising, increasing the therapeutic index of cytokines in cancer therapy.

In addition to factors related to exogenous BBB disruption (brain injuries, infections, radiation,
etc.), nervous system processes provoked by internal causes such as stress or sleep loss also affect
BBB integrity. The regulatory effect of sleep on the BBB was studied by Hurtado-Alvarado et al. [175].
They reported that sleep loss (sleep deprivation) provoked a low-grade inflammatory state.
According to the study, increased BBB permeability was observed in experimental mice with limited
sleep time. The hippocampus of these mice presented increased expression of neuroinflammatory
markers, such as TNF, IFN-y and the adenosine receptor. Notably, BBB disruptions appeared after
ten days of prolonged sleep loss or disruption, and the damaged BBB structure showed a limited
ability to rebuild/heal, which could provoke complex nervous disorders and neurodegenerative
diseases.

The pandemic of acute respiratory disease caused by COVID-19 aroused the interest of
researchers in the effects of the highly transmissible, pathogenic severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) on various body systems. Zhang et al. [176] reported that SARS-CoV-2
overcomes the BBB, accompanied by the destruction of the basement membrane without affecting
tight junctions. An in vivo experiment detected the SARS-CoV-2 RNA in the vascular wall,
perivascular space, and microvascular endothelial cells of the brains of infected mice, and BBB
breakdown was observed in infected hamsters. The peculiarity of BBB damage in animals is
associated with the fact that the expression of the main proteins forming the tight junctions of
endothelial cells (claudin, occludin, and JAMs) does not change, but the basement membrane is
disrupted. This study reveals the transcellular pathway of BBB damage caused by the SARS-CoV-2
virus, which bypasses tight junctions and breaks the barrier of endothelial cells. In addition, this effect
of SARS-CoV-2 on the BBB is hypothetically dangerous for the integrity of the barrier, since the virus
damages one of its structural units and activates the immune response in the form of the mobilization
of proinflammatory —cytokines; moreover, the subsequent recovery process may be significantly
complicated or even impossible. However, verification of this statement requires additional research.

The impact of SARS-CoV-2 is also considered to cause elevated levels of proinflammatory
cytokines, referred to as the cytokine storm [177]. When investigating the pathogenesis of the
cytokine storm, Soy et al. [178] studied data from modern scientific articles on the topic and reported
that the manifestation of such a strong and dangerous process may be associated with the genetic
features of SARS-CoV-2, as well as gene mutations in the body. The consequences of the cytokine
storm are a high mortality rate, and treatment, such as antiviral anti-inflammatory and antirheumatic
therapy, is administered to target several processes at once. The effects of cytokine storms on the BBB
are poorly understood [179]. Researchers have assumed that the mechanism underlying its effect on
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the barrier is standard but much more intense, but no studies have determined the level of BBB
recovery after successful treatment of the cytokine storm.

Chen et al. [180] conducted a study that examined the role of IL-17 in neuroinflammation causing
chronic migraine. The study revealed that, by crossing the BBB in the medulla oblongata, IL-17 causes
the activation of previously injected nitroglycerin through microglia-mediated neuroinflammation.
Thus, the mechanism of chronic migraine triggered by nitroglycerin was established, and a new
therapeutic approach, which consists of blocking IL-17 as a factor contributing to neuroinflammation,
was proposed. Given that the results were obtained in an in vivo study in rats, any proposed
therapeutic approaches must involve full preclinical studies and clinical trials in humans.

In terms of its main functions, the BBB plays a very important role not only in the CNS but also
in the vital activities of the whole organism. Knowledge regarding the effects of proinflammatory
cytokines on the BBB structure reviewed in this paper may be useful in the development and
implementation of therapeutic strategies that, depending on the task, are based on a blockade of these
cytokines that is safe for the immune system or quickly and effectively restores the integrity of the
damaged BBB structure [81].

6. Concluding Remarks

This review summarizes the current knowledge of the structure of the BBB and how
proinflammatory cytokines act to damage it. A review of the literature was performed, which
included information on the main components of the BBB and the mechanisms of action of
proinflammatory cytokines that disrupt the integrity of the BBB.

The most important barrier element of the BBB is the capillary endothelium. The peculiarities of
its structure lie in its specific structure, the location of endothelial cells and presence of tight junctions
that ensure the reliability of communication between them, resulting in the selective permeability of
the BBB. This task is ensured by the mechanism of building tight contacts, namely, the connections
established by additional cytoplasmic proteins (zonula occludens-1, -2, -3; cingulin; a-catenin; -
catenin; y-catenin; and vinculin) with the main membrane proteins (claudin, occludin, JAMs, and
cadherins) and the main cytoskeletal protein (actin). Pericytes play important roles in regulating the
permeability of the interendothelial junction to fluids and the exchange of metabolites, RNA, and
ions with endothelial cells. The shape of the basement membrane (a structure consisting of four
proteins: collagen IV, laminin, nidogen and perlecan) allows capillary endothelial cells and pericytes
to adhere to it, thus ensuring the transmission of signals between them and maintaining the structure
of the BBB. Due to the close contact of astrocytes with capillaries in the brain, the perivascular
membrane formed from their processes ensures the integrity of the barrier.

The effects of proinflammatory cytokines on disruptions in the BBB structure and permeability
are directly related to their main function—mobilization of the inflammatory response to
pathological processes in the nervous system. Most often, this effect is associated with the actions of
the cytokines IL-1(3, IL-6, and TNF-a. The mechanism of their interaction with the structural elements
of the barrier is as follows: disruption of the tight junctions of capillary endothelial cells due to the
destruction of the structural protein claudin, a reduction in the level of the [3-catenin protein, and
damage to astrocytes.

In conclusion, determining the mechanism underlying the effects of proinflammatory cytokines
on the BBB, in addition to theory, is of practical importance, as it can be used to develop therapeutic
methods to neutralize these negative effects. However, exploring the possibility of using drugs that
penetrate the BBB may be a key concept in the development of drugs for the treatment of pathological
changes in nervous tissue, such as brain tumors.

Further cytokine research in this area may include the study of the effects of anti-inflammatory
cytokines and a group of cytokines (e.g., chemokines) regulating cellular and humoral immunity on
the BBB structure, which will allow us to obtain a holistic picture of the types of interactions of these
proteins with this barrier.
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Abbreviations

BBB blood-brain barrier

BMECs brain microvascular endothelial cells

CCL2 C-C motif chemokine ligand 2, also known as monocyte chemotactic protein 1 (MCP1)

CCL19 C-C motif chemokine ligand 19, also known as macrophage inflammatory protein-3 beta
(MIP-3p)

CCL20 C-C motif chemokine ligand 20

CCL21 C-C motif chemokine ligand 21

CD13 cluster of differentiation 13, also known as aminopeptidase N (APN) or alanyl
aminopeptidase

CNS central nervous system

COVID-19 coronavirus disease 2019

CSF cerebrospinal fluid

CVOs circumventricular organs

CX3CL1 C-X3-C motif chemokine ligand 1, also known as fractalkine

CXCL12 C-X-C motif chemokine ligand 12, also known as stromal cell-derived factor 1 (SDF-1)

e-T extracellular tau aggregates

GBM glioblastoma multiforme

GLUT1 glucose transporter 1

HDC histidine decarboxylase

HSPG heparan sulfate proteoglycan

ICAM-1 intercellular adhesion molecule-1, also known as cluster of differentiation 54 (CD54)

IFN-y Interferon gamma

IL-1, IL-1a, IL-1pB, IL- interleukins: interleukin 1, interleukin 1-alpha, interleukin 1-beta, interleukin 2,
2, IL-4, IL-6, IL-10, IL-interleukin 4, interleukin 6; interleukin 10, interleukin 12, interleukin 15, interleukin 17,
12, IL-15, IL-17, IL-18 interleukin 18, respectively

JAMs junctional adhesion molecules

kDa kilodalton (a non-SI unit of mass)

MAPT microtubule-associated protein tau

MMP-2, MMP-3, . . .
MMP-9 matrix metalloproteinases 2, 3 and 9, respectively

a drug created by fusing a peptide Cys-Asn-Gly-Arg-Cys-Gly (CNGRCG), denoted as

NGR-TNF NGR, with a TNF-aa molecule

NK cells natural killer cells

NMO-IgG neuromyelitis optica immunoglobulin G

PCs pericytes

P/E selectins platelet/endothelial selectins, also known as CD62P/CD62E, respectively
RNAs ribonucleic acids

ROS reactive oxygen species

S100B 5100 calcium-binding protein beta

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2

SHH sonic hedgehog homolog (protein)

SIT saturated influx transport

TBI traumatic brain injury

TIMP-1, TIMP-2 tissue inhibitors of metalloproteinases 1 and 2, respectively

TNF-a tumor necrosis factor alpha

TSP-2 thrombospondin-2

VCAM-1 vascular cell adhesion molecule 1, also known as cluster of differentiation 106 (CD106)
VEGF vascular endothelial growth factor

Z0-1, ZO-2 and ZO-3 zonula occludens proteins 1, 2, and 3, respectively
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