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Abstract

The blood-brain barrier (BBB) is a selective barrier that restricts the entry of most substances
from the bloodstream into the brain. It consists of three main components: endothelial cells,
pericytes, and the astrocytic end-feet. The tight junctions (TJs) between endothelial cells
contribute to the barrier's role in preventing many blood-derived substances from crossing
into the brain. Xenobiotics refer to synthetic compounds commonly employed in domestic,
agricultural, and industrial activities. They are found in the environment at both micropollutant
and higher concentrations. These substances can be classified based on several factors, such
as their origin, application, physical form, or effects on human health and the ecosystem. Their
influence on both the environment and human health is significant. Compounds like argon
(Ar), cadmium (Cd), chromium (Cr), and lead (Pb) have the ability to cross the BBB, causing
alterations in the TJs and astrocytes, ultimately leading to BBB disruption. Disruption of the
BBB, such as a compromised TJ seal, plays a significant role in the progression of various
neurological conditions, including stroke and neuroinflammatory diseases. However, the
potential of these compounds to penetrate and alter the BBB has not been widely explored.
This review highlights the impact of xenobiotics on the central nervous system (CNS),
particularly on the BBB. We will explore instances where their role in neurodegenerative
processes is suspected. A particular attention is given to heavy metals, which pose a serious
risk to human health, especially when they cross the BBB and accumulate in surrounding
cells, triggering changes in the brain's environment that affect the entire body.
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Introduction

The CNS is recognized as a highly complex structure. Neurons
depend on a specific microenvironment that is fundamentally
different from peripheral organs in terms of cellular and molecular
characteristics. Vertebrate species have developed the blood-
brain barrier (BBB) to maintain a clear division between the brain
and the circulatory system [1]. The BBB is a highly specialized,
semipermeable structure that tightly controls the exchange of
substances between the CNS and the blood vessels. The BBB also
blocks the entry of various therapeutic agents, nanocarriers, and
their cargo [2, 3]. This indicates that the movement of substances
from the bloodstream into the brain parenchyma is most effectively
regulated at the blood-brain interface. Hence, the BBB is situated
at the brain capillary endothelial cells, which tightly manage the
exchange of metabolites [4].

Xenobiotics are chemical compounds that are foreign or
unnatural to both human and animal systems. These substances
encompass plant-derived components, pharmaceutical drugs,
pesticides, cosmetic ingredients, artificial food flavors, fragrances,
and more. Even naturally occurring compounds (endobiotics)
can be classified as xenobiotics when present in elevated
concentrations in environmental matrices [5]. Xenobiotics include
pesticides, pharmaceutical compounds, personal care items, illicit
drugs, industrial/commercial products, and nuclear waste, and can
be found across various environmental media. These substances
are utilized by humans and eventually make their way, directly
or indirectly, into different environmental matrices, where they
generate a range of metabolites and secondary products, some of
which may be more toxic than the original compounds [6].

Xenobiotics can enter the body via inhalation, ingestion, and
dermal absorption [7], making it difficult to control their exposure.
When these substances infiltrate biological systems, they disrupt
the homeostatic balance in the body, causing various effects,
including gene alterations. These changes in genes can be either
permanent or temporary. Xenobiotics influence gene expression
by modulating epigenetic pathways, without any alterations to the
DNA sequence [5, 8]. This in turn can lead to notable changes in
brain function, with potential implications for neurological and
neurodevelopmental disorders [9].

This review aims to examine the effects of various xenobiotics,
such as heavy metals, on the BBB and brain function, focusing on
the mechanisms by which these substances disrupt the BBB and
the resulting functional and pathological changes in the brain.

Structure and function of the BBB

The challenge of the BBB in drug development for the brain was
first recognized in 1914, coinciding with the rise of synthetic
pharmaceuticals. In 1913, Ehrlich pioneered the creation of
salvarsan and neosalvarsan, the earliest commercial antimicrobial
drugs, which Hoechst introduced for syphilis treatment [10]. The
BBB, integral to the NVU of the CNS, consists of various cell
types arranged in several layers of biomaterials. The BBB includes
the glycocalyx on its luminal surface, as well as two basement
membranes: one associated with the vascular wall/endothelial cells
and the other with the parenchymal region [11]. The composition
of the BBB, including BMECs, pericytes, and astrocytes [12], is
shown in Figure 1. BMECs exhibit reduced vesicular activity
(fewer vesicles produced) and are interconnected by TJs [13]. These
TJs significantly lower the permeability of the BBB, preventing
harmful substances and pathogens from entering the brain
parenchyma, thereby shielding it from inflammation, damage, and
disease. Several molecules are actively included in the formation
of TJs such as ZO-1, ZO-2, ZO-3, claudin-5, occludin, and JAMs
[14, 15].These are anchored to cytoskeletal actin filaments and
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cingulin proteins, providing structural stability to the endothelial
connections. As a result, only specific molecules can penetrate
the brain parenchyma, mainly via receptor-mediated transcytosis
through BMECs [11, 16, 17]. To better understand drug delivery
strategies and the interaction between delivery systems and the
brain, we will delve into the structure of the BBB.

Endothelial cells are the central anatomical component of the
BBB, lining the cerebral blood vessels and interacting with various
cell types within the CNS [18]. The endothelial cells of the BBB in
the adult mammalian brain possess distinct characteristics that set
them apart from ECs found in other parts of the body. They also
differ from peripheral endothelial cells in function and morphology
[19]. ECs are distinguished by their flattened shape, the presence
of inter-endothelial tight junctions, a sparse number of caveolae on
the luminal surface, and a higher concentration of mitochondria,
especially when compared to endothelial cells from other vascular
regions [12]. Endothelial cells are bound together by specialized
TJs, which are significantly closer—50 to 100 times—than those
found in peripheral capillaries. This proximity limits the passive
movement of molecules into the brain and results in blood vessels
having remarkably high transendothelial electrical resistance
(TEER) [20]. These junctions are formed by claudin family
proteins (Cldn) and occludin (Ocln), which are connected to the
actin cytoskeleton through the ZO protein family (ZO-1, -2, -3) [21].
Any impairment in the regulation of these proteins compromises
BBB integrity, allowing harmful substances into the brain and
causing potential neurotoxicity or swelling [22]. Functionally,
these cells possess a net negative surface charge, which hinders
the binding of negatively charged molecules and leads to reduced
expression of leukocyte adhesion molecules, limiting immune
cell infiltration. Furthermore, they are equipped with specialized
transporters that regulate the movement of specific substrates in
and out of the cells. The number of transcellular vesicles traversing
the vessel wall is minimized due to the high transendothelial
electrical resistance [19].

Astrocytes, also referred to as astroglia, represent the
largest population of glial cells and exhibit complex, polarized
morphologies that vary across different brain regions [23].
Traditionally, they are classified into protoplasmic astrocytes,
found in the well-vascularized gray matter, and fibrous astrocytes,
located in the less vascularized white matter [24]. Astrocytes,
known for their star-shaped structure, are highly prevalent and
multifunctional cells that facilitate neuron migration during
development and serve as buffers for potassium ions (K+) and
neurotransmitters. These cells exhibit a stellate morphology with
multiple extensions and are characterized by the expression of
intermediate filament proteins such as vimentin (Vim) and glial
fibrillary acidic protein (GFAP) [25]. Their end feet establish a
connection with the basement membrane through the involvement
of proteins such as aquaporin IV and the dystroglycan-dystrophin
complex, which interact with the proteoglycan agrin [26-29]. In
the CNS, they are vital for various functions, including waste
clearance, blood flow regulation, vascular maintenance, ion
balance, and neuroimmune response modulation [29, 30]. The
junction between the astrocytic endfeet and the perivascular basal
lamina is rich in organic anion transporters (OAPs), though their
concentration decreases as the astrocytic membrane loses contact
with the basal lamina [31]. This polarization of the astrocytic
membrane is a notable structural feature of ACs in both mammals
and birds, associated with the maturation of the BBB during
development [12, 32].

Pericytes are cells that regulate blood-brain barrier development
and function by controlling vascular permeability and inhibiting
factors that increase immune cell infiltration into the CNS
[33]. Pericytes play multiple roles in vascular function, such as
controlling cerebral blood flow, supporting the integrity of the
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Figure 1. A schematic representation of the BBB, accompanied by a zoomed-in depiction of the tight junctions, (created by BioRender.com).

BBB, and guiding vascular development and angiogenesis. They
are also capable of facilitating neuroinflammation and exhibit
properties similar to stem cells [34]. Pericytes play a key role in the
function of the neurovascular unit [35-37]. Their physical closeness
to endothelial cells enables constant communication. One example
of such interaction is the PDGF-B signaling pathway [38], where
endothelial cells release PDGF-B to bind to PDGFRJ on pericytes,
guiding their recruitment to the vasculature [39]. A decline in
pericyte populations can disrupt tight junctions between ECs,
thereby increasing the permeability of the BBB [40)].

Tight junctions

Tight junctions serve as the primary functional elements in the
BBB, ensuring the integrity of the permeability barrier and the
maintenance of tissue homeostasis [41]. The endothelial cells in
the BBB are held together by junction complexes, with TJs being
particularly important in this arrangement [42]. TJs create a highly
selective barrier that prevents most substances in the bloodstream
from passing into the brain. They obstruct the paracellular
aqueous diffusion pathways between neighboring endothelial cells.
By adhering tightly, TJs seal microvessels, thereby hindering the
passive movement of proteins and polar solutes into and out of the
CNS [43].

Another important component of BBB is adhering junctions,
these junctions form distinct microdomains at cellular interfaces,
characterized by their spatial, chemical, and mechanical properties
[44]. Like tight junctions, adherens junctions are linked to the
cytoskeleton and contain both transmembrane and cytoplasmic
plaque proteins [45]. Adherens junctions play an importan role role
in preserving the BBB, and any disruption to these junctions may
impair the connections between endothelial cells [46].

Xenobiotics and BBB disruption

Xenobiotics are substances that are foreign to biological systems,
originating from the Greek term Xenos, meaning stranger.
These include synthetic chemicals, such as drugs, pesticides, and
carcinogens, that are not naturally found in living organisms or
ecosystems [47]. Xenobiotics often used in household, agricultural,
and industrial activities, are found in the environment in both trace
amounts and higher concentrations (measured in ng/L to pg/L).
These substances can be classified based on various factors such as
their nature, usage, physical form, and pathophysiological effects.
Their influence on human health and the environment is significant
[48]. The physicochemical characteristics of xenobiotics,
including their small molecular size, ionizability, water solubility,
lipophilicity, polarity, and volatility, make it challenging to
degrade, identify, and quantify these complex compounds [49].
Various environmental toxicants, including polycyclic aromatic
hydrocarbons (PAHs), dioxins, heavy metals, perfluoroalkyl
substances, and airborne pollutants, have been shown to disrupt
the permeability of the BBB [50]. PAHs consist of aromatic rings,
typically numbering between two and ten. Their lipophilic nature
allows them to cross the BBB with ease, leading to brain damage,
behavioral alterations, and neurodevelopmental problems [51].
For example, inhalation of diesel exhaust has been shown to
disrupt BBB integrity, further supporting the argument that diesel
exposure may elevate the risk of neurovascular conditions [52]. In
both in vitro and in vivo studies, TCDD exposure stimulates the
expression of xenobiotic-metabolizing enzymes, such as Cyplal
and Cyplbl [53]. These chemicals are known to be developmental
neurotoxicants, affecting key processes in the developing brains of
embryos and neonates [54]. A study found that administering three
PCB congeners (75-150 pg/kg) to mice disrupted the function of
blood-brain barrier tight junctions [55]. Wang et.al. reported that
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Figure 2. Schematic diagram of the BBB and the impact of heavy metal exposure on brain function. Disruption of TJs can lead to BBB damage.
The lower section illustrates how heavy metals (Pb, Cr, As, Cd) affect brain cells: Pb causes endothelial toxicity, As and Cd trigger apoptosis via
PPARYy, and Cr (VI) induces oxidative stress, leading to DNA damage, mitochondrial dysfunction, and neural cell death.

toxicants that interact with the aryl hydrocarbon receptor can affect
xenobiotic efflux transporters at the BBB, leading to a reduction
in the accumulation of central nervous system-active therapeutic
drugs in the brain [56].

Gene expression changes in the brain induced by xenobiotics

The processes of transcription, translation, and subsequent
protein modification involve the transfer of genetic information
from the stable DNA archive to short-lived messenger RNA,
typically leading to protein synthesis [57]. Even though all cells
in an organism contain nearly identical DNA, their types and
functions vary due to qualitative and quantitative differences in
gene expression [58]. As a result, gene expression regulation is

central to cellular differentiation and development [59]. The gene
expression patterns specific to differentiated cells are established
during development and are maintained as cells divide through
mitosis [60]. In addition to inheriting genetic information, cells
also inherit information beyond the DNA sequence itself, often
referred to as epigenetic information. Epigenetics is described as
the investigation of changes in gene expression that are mitotically
(and possibly meiotically) inheritable, without involving alterations
in the DNA sequence. However, some broader definitions of
epigenetics do not strictly require heritability as a criterion [60].
The primary epigenetic mechanisms include DNA methylation,
chromatin modifications, imprinting loss, and non-coding RNA.
Epigenetic control of gene expression seems to have lasting and
broad impacts on overall health [61]. Epigenetic mechanisms
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regulate gene expression and are vital for proper brain activity.
Therefore, any changes in these epigenetics may contribute to the
development of brain disease [62].

Environmental factors including xenobiotics play a crucial role
in epigenetic modulation, influencing cell differentiation both in
early life and throughout the lifespan. These factors can actively
regulate gene expression in a manner specific to different cells
and tissues [63]. Genetic variations involve changes to the DNA
sequence, whereas epigenetic regulation adjusts gene expression in
response to environmental conditions, without altering the genome
itself. Therefore, epigenetic mechanisms bridge the gap between
environmental influences and genetic factors [64]. The epigenetic
modification process involves chemical changes to chromatin and
the regulation of miRNA expression [65]. Xenobiotics may exert
broad systemic effects or target specific genomic regions, and
they can influence the DNA methylome, histone modifications, or
both. These compounds can either inhibit or enhance the activity
of epigenetic modifiers. For instance, certain heavy metals impact
DNMTs, histone deacetylases, and methyltransferases, ultimately
regulating the epigenome. Additionally, xenobiotics may interfere
with chemical moiety donors, such as arsenic disrupting SAM, the
methyl group donor for DNA and histones, leading to epigenetic
modifications [66, 67]. In some cases, these external substances
can disrupt intermediary metabolism by altering levels of
cofactors, co-enzymes, or substrate availability, or by affecting
other enzymatic processes [68]. The epigenetic changes caused by
xenobiotics may have either immediate or delayed effects, which
could be transient or persist over the long term.

Effects of heavy metals on BBB integrity

Exposure to heavy metals has been associated with neuronal
changes, with one of the key contributors to these changes being
the disruption of the BBB [69]. A study reported that lead exposure
may hasten AB1-42 accumulation in the brains of APP/PSI1 mice,
while also inducing abnormal alterations in the junction proteins
of the BBB [70]. Another heavy metal, chromium, has been linked
to the disruption of the BBB. Its accumulation in the hypothalamus
can result in BBB impairment, neuronal structural abnormalities,
synaptic degeneration, and gliosis, primarily through the activation
of the Nrf2 and NF-«B signaling pathways [71]. Tetsuya T. and
colleagues demonstrated that methylmercury causes damage to the
BBB by upregulating VEGF expression in vivo [72]. Furthermore,
a study found that compounds related to oil spills significantly
impair the function of the BBB, which may explain the behavioral
changes observed following crude oil exposure [73]. Exposure to
aluminum has been linked to cognitive and behavioral deficits,
damage to nerve cells, and the disruption of the blood-brain
barrier. Aluminum exposure triggers pyroptosis by promoting
NLRP3 inflammasome assembly, activating CASP1, and releasing
pro-inflammatory cytokines IL-1p and IL-18, which contribute to
the activation of microglia [74].

Tight junction proteins are particularly sensitive to
environmental changes, and alterations in their microenvironment
can lead to the dissociation of the occludin/ZO complex, which
compromises the integrity of the BBB (Figure 2) [75]. A decrease
in ZO-2 protein levels has been reported in cells exposed to Pb,
further indicating altered BBB permeability in the model system
studied [76]. Pb stimulation in C6 cells led to a decrease in ZO-1
(zonula occludens-1) and occludin protein levels in ECV304 cells
[77]. Another investigation demonstrated that the TJ disruption
is significantly influenced by the arsenic species and its chemical
form [78]. The interaction of Cd with the vascular endothelium
of the BBB led to the disruption of the TJ apparatus, which could
subsequently cause secondary damage to the CNS [79]. Pb also
upregulated the mRNA and protein expression of MMP-2/9 in
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C6 cells. By inhibiting MMP-2/9 with SB-3CT, we were able to
partially reverse Pb-induced downregulation of tight junction
proteins in ECV304 cells and reduce barrier impairment in the
BBB model [77]. This suggests that the transport of these heavy
metals may occur through various mechanisms, including the
disruption of TJs.

Astrocytes are critical for maintaining homeostasis in the brain
and executing a range of important tasks. They help regulate the
blood-brain barrier, remove cellular debris, balance ions, control
neurotransmitter levels, support neurogenesis and synaptogenesis,
adjust synaptic connections, and release neurotrophins [80].
Astrocyte dysfunction can lead to the release of pro-inflammatory
cytokines, destabilization of the blood-brain barrier, disruptions in
glutamate and lipid metabolism, and eventually, the deterioration
of synaptic integrity [81]. Astrocyte exposure to Cd, As and
induced apoptosis by increasing the expression of peroxisome
proliferator-activated receptor gamma (PPARy) and promoting its
interaction with the poly(ADP-ribose) polymerase (PARP) gene
and PPARy-response elements (PPREs) (Figure 2) [82].

A study reported that Pb is carried across an in vitro BBB model
by a transporter with biochemical characteristics resembling those
of the DMT]1 isoform containing an iron-responsive element (IRE)
[83]. Once it reaches BBB , Pb impairs endothelial cell function by
reducing its viability (Figure 2). Exposure to Pb at concentrations
of 3-100 uM exerted a cytotoxic effect on endothelial cells,
inhibiting angiogenesis in a dose-dependent fashion. Pb disrupted
normal EC physiological processes by interfering with the release
of endogenous vascular protective mediators, TFPI-1 and TFPI-
2. However, the negative impact of 3-30 uM Pb on the release
of these mediators was successfully reversed by S-NACH in a
concentration-dependent manner, restoring normal levels and
mitigating Pb-induced angiogenesis disruption [84].

Conclusion

Current research focus on how xenobiotics cross brain barriers
and their general effects on neurological diseases. However,
understanding how these compounds interact with specific cells at
a molecular level is important. Future studies should focus on the
cell-specific mechanisms to understand how xenobiotics impact
the BBB, potentially leading to targeted therapeutic interventions
that could prevent or mitigate neurotoxic effects. For instance,
astrocytes are essential for regulating the exchange of nutrients
and maintaining the tight junctions that control BBB permeability.
Changes in these cells could lead to neuroinflammation and
cognitive decline. Pericytes also is a component of BBB that
play a key role in maintaining the structural integrity of the
BBB. Any damage to these cells could lead to BBB dysfunction,
allowing harmful substances to infiltrate the brain and exacerbate
neurological diseases.
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