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As a structural barrier, the blood-brain barrier (BBB) is located at the interface between the brain parenchyma and blood, and
modulates communication between the brain and blood microenvironment to maintain homeostasis. The BBB is composed of
endothelial cells, basement membrane, pericytes, and astrocytic end feet. BBB impairment is a distinguishing and pathogenic fac-
tor in diabetic encephalopathy. Diabetes causes leakage of the BBB through downregulation of tight junction proteins, resulting in
impaired functioning of endothelial cells, pericytes, astrocytes, microglia, nerve/glial antigen 2-glia, and oligodendrocytes. How-
ever, the temporal regulation, mechanisms of molecular and signaling pathways, and consequences of BBB impairment in diabe-
tes are not well understood. Consequently, the efficacy of therapies diabetes targeting BBB leakage still lags behind the require-
ments. This review summarizes the recent research on the effects of diabetes on BBB composition and the potential roles of glial
and vascular cells as therapeutic targets for BBB disruption in diabetic encephalopathy.
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INTRODUCTION

Chronic hyperglycemia is a basic characteristic of diabetes and
a major causative factor of various macrovascular and micro-
vascular complications, including diabetic encephalopathy.
Hyperglycemia-induced microvasculature alterations in the
diabetic brain result in increased permeability and even dys-
function of the blood-brain barrier (BBB), namely diabetic
BBB [1]. Diabetes also causes alterations in blood supply [2].
Neuroimaging data have revealed that diabetes patients often
present with white matter damage and reduced brain volumes,
which may be a consequence of BBB injury [3]. Furthermore,
memory deficits have been observed in animal models of dia-
betes [4] that show BBB impairment accompanying pericyte
loss and neuronal dysfunction [5]. It is generally believed that
diabetic encephalopathy refers to a type of disease with abnor-
mal structure and function of the central nervous system

caused by diabetes. The common symptoms are impaired
learning ability, decreased memory and dementia [6]. The ob-
vious nascent morphological alteration in diabetic encepha-
lopathy is the downregulation of tight junction proteins, which
damages BBB integrity and causes higher molecular weight
substances to leak through it [7]. This BBB deterioration leads
to cognitive dysfunction and other types of dementia as a criti-
cal initial characteristic of diabetic encephalopathy [8].

As a component of the BBB, highly specialized brain micro-
vascular endothelial cells are linked by tight junctions and ex-
press several types of transporters. There is a functional polari-
ty between the abluminal and luminal membrane surfaces of
these endothelial cells. Pericytes support their function and
envelop the abluminal side of the brain endothelium [9]. Prop-
er functioning of the BBB keeps the brain free from hazardous
materials in circulation, provides nutrients for brain tissues,
and facilitates the excretion of detrimental compounds from
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the brain to the blood. The coordinated mutual interactions
between endothelial cells and pericytes, astrocytes, and the
basement membrane ensure normal functioning of the brain.
BBB permeability is also rigorously controlled by tight junc-
tions and metabolic barriers involving various transport sys-
tems and enzymes. However, due to its limited permeability,
the BBB interferes with the delivery of remedial drugs into the
brain [10].

Tight junctions are the fundamental for BBB integrity with
very low paracellular leakage, and are critical for controlling
hydrophilic molecules [10]. They are composed of integral
transmembrane proteins, such as occludins, claudins, endo-
thelial cell-selective adhesion molecules, and junctional adhe-
sion molecules [10]. Trans-membrane tight junction proteins
are linked to the actin-based cytoskeleton via zonula oc-
cludens-1, zonula occludens-2, zonula occludens-3, cingulin,
acute lymphoblastic leukemia-1 fusion partner in chromo-
some 6, and 7H6 (also named barmotin), which may also play
an essential role in modulating tight junction tightness [11].

BBB leakage or changes in transport systems play a critical
role in the pathogenesis of several central nervous system dis-
orders [12]. Numerous neuropathy models show disrupted
BBB permeability. BBB impairment results in tight junction
damage, increased transcytosis, changes in transport character-
istics, and upregulated expression of leukocyte adhesion mole-
cules. Despite representing different neurological diseases and
being induced by diverse triggers, the mouse model of each
disease displays similar alterations in mRNA expression in the
BBB at subacute time points with the worst function [13]. Al-
though there are several seemingly different potential causes of
BBB impairment, common intracellular pathways modulate
the structural and functional integrity of the BBB [10].

DIABETES DAMAGES GLIA AND VASCULAR
CELLS OF BBB

Streptozotocin-induced diabetes mice exhibit BBB disruption
and its components. Diabetes causes alterations in several BBB
transporters, such as P-glycoprotein and low-density lipopro-
tein receptor-related protein 1 [14-16]. The BBB in different
brain areas is not equally susceptible to impairment in different
types of diabetic animals. Through the comparison of a variety
of animal models of diabetes, it is found that different types of
diabetes represented by different types of animal models have
large differences in the area of BBB destruction [17]. In strep-
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tozotocin-induced type 1 diabetes mellitus mice, the BBB inju-
ry areas are mainly frontal cortex, occipital cortex, parietal
cortex, thalamus, and midbrain [1]. In type 2 diabetes mellitus
model Bio-Breeding Zucker diabetic rat (BBZDR)/Wor rats, it
is found that more than 84% of the brain regions show in-
creased BBB permeability, while the cerebellum and midbrain
do not change significantly [18]. In juvenile-onset diabetic rat
models, the BBB permeability of hippocampus and striatum
increases, but no change is observed in the frontal cortex and
hypothalamus [19]. In a diet-induced obese model of type 2
diabetes mellitus, BBB damage mainly occurs in the hypothal-
amus and hippocampus [20]. Hippocampus and hypothala-
mus are relatively rare damaged in streptozotocin-induced
type 1 diabetes mellitus [1]. Increased permeability of the BBB
is first observed in the midbrain after 4 weeks of diabetes in-
duced by streptozotocin, and then in the hippocampus, cortex,
and basal ganglia. However, other areas show no damage even
after 3 months of diabetes [7].

Diabetes can alter the overall structure and function of the
BBB. Immunohistochemistry has been used to show decreased
expression of zonula occludens-1 in cerebral capillaries and in-
creased leakage of perivascular immunoglobulin G from the
blood, which indicates increased permeability in diabetes [21].
There is a substantial loss of BBB integrity in type 2 diabetes
mellitus patients [22], rhesus monkeys [23], and mice [24].
Impaired BBB integrity has been reported in diabetic condi-
tions both in vitro and in vivo [17]. BBB integrity is compro-
mised to a certain degree in diabetes, which causes increased
barrier leakage. Both capillaries and large vessels in the brain
show alterations in morphology, such as thickened basal lami-
na due to collagen deposition, accumulated byproducts of lipid
peroxidation, and deterioration of endothelial cells and peri-
cytes [25].

However, through the examination of the specimens of dia-
betic patients, it was found that the BBB structure of the pre-
frontal and temporal lobes did not change significantly. It
shows that there is no significant change in the BBB structure
in the cerebral cortex of diabetic patients [26]. A tracer was in-
jected intravenously into the diabetes model Ins2AKITA mice
to study whether the BBB permeability of diabetic mice was
changed by quantifying and visualizing the tracer. The results
proved that the BBB permeability of Ins2AKITA mice did not
increase [27]. The variable results in animal studies may be due
to the differences in diabetic models and might also depend on
the time scale of the experiments and the limitations of the
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methods used to measure the permeability of the BBB.

Diabetes enhances BBB leakage due to tight junction protein
loss, but hyperglycemia is not the only damaging factor re-
sponsible for increased BBB leakage in diabetes. A large num-
ber of studies have shown that diabetes-related hypertension,
increased oxidative stress, hyperlipidemia, and insulin resis-
tance contribute to the development of BBB dysfunction [28-
31]. The role of hormonal alterations in diabetes has long been
of interest. Insulin receptor in endothelial cells can maintain
the BBB structure by regulating the expression of tight junc-
tions [32]. In a high glucose environment, the binding of insu-
lin to its receptor on endothelial cells increases. Obesity is the
primary phenotypic manifestation observed in the various
leptin-deficient and leptin receptor-deficient rodents, but they
also display some type 2 diabetes mellitus-like characteristics,
such as hyperglycemia, glucose intolerance, and elevated plas-
ma insulin [33]. Studies have found that leptin can reduce dia-
betic hyperglycemia, thereby alleviating complications caused
by diabetic hyperglycemia, including BBB damage. The mech-
anism of leptin lowering blood sugar may be related to inhibit-
ing the production of glucagon and corticosterone, increasing
glucose uptake, and inhibiting hepatic glucose output [34].

Increased levels of plasma matrix metalloproteinases are in-
volved in the loss of BBB tight junction proteins and increased
BBB leakage in diabetes [35]. Neuroinflammation also plays a
critical role in the BBB breakdown that can lead to the fatal
brain edema caused by diabetic ketoacidosis [36]. Impaired
transport function and composition integrity of the brain en-
dothelium results in BBB injury in diabetes, which is related to
hyperglycemia, chronic inflammation, and oxidative stress.
Downregulated expression of occludin and zonula occludens-1
is related to increased matrix metalloproteinases levels in dia-
betes in both rats and humans [37,38], and inhibition of matrix
metalloproteinase-9 prevents increased leakage in streptozoto-
cin-induced diabetic mice [39]. Cerebral occludin, but not
zonula occludens-1 levels in streptozotocin-induced diabetic
rats is significantly lower than that in wild-type rats. Therefore,
diabetes modifies the levels of some structural proteins to
change the molecular composition of tight junctions in cere-
bral tissue [40].

Advanced glycation end-products induce vascular endothe-
lial growth factor to upregulate the expression of matrix metal-
loproteinases, which in turn affect tight junction proteins and
P-glycoprotein [39]. The redox-sensitive transcription factor
NE-E2 related factor-2 (Nrf2) suppresses brain endothelial cell
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monocyte adhesion via upregulation of the redox-related mi-
tochondrial transporter ABCB10 [24]. Vascular dysfunction in
diabetes is associated with activation of protein kinase C and
enhanced production of glycolytic intermediates, advanced
glycation end-products, and reactive oxygen species because of
increased glucose metabolism [41]. These continuous events
may eventually lead to nuclear factor-iB activation, upregulat-
ed expression of adhesion molecules such as vascular cell ad-
hesion molecule-1, activation of the small GTPase RhoA, and
downregulated expression of tight junction proteins [42].
These changes are related to impairment of cognitive function.
In diabetes, BBB injury is associated with increased oxidative
stress and reactive oxygen species.

There are two types of glia in the central nervous system:
macroglia (oligodendrocytes, astrocytes, radial cells including
Miiller cells and Bergmann cells) and microglia. Glial neurons
are equally important for the normal functioning of the ner-
vous system. Glia are also important for protection due to their
involvement in the formation of the BBB and myelin sheath
development, thereby contributing to neuronal nutrition and
defense mechanisms [43]. Exposing glia to hyperglycemia in-
creases metalloproteinase 2 and metalloproteinase 9 produc-
tion [44]. Fig. 1 shows the location and connection of glia (as-
trocytes, microglia, nerve/glial antigen 2 [NG2]-glia, and oli-
godendrocytes) and vascular cells (endothelial cells and peri-
cytes) in diabetic BBB. Fig. 2 shows the detrimental effects of
diabetes on glia and vascular cells that damage BBB integrity.

Astrocytes

Diabetes leads to astrocyte activation in the early stage of re-
perfusion, but causes astrocyte death in later stages. Ischemia
is known to cause astrocyte activation in non-diabetic rats
[45]. Moreover, increased DNA oxidation is observed before
obvious astrocyte death, while augmented free radical genera-
tion is concurrent with increased astrocyte damage. These re-
sults indicate that the effects of ischemia in diabetes on astro-
cytes worsen with a similar efficiency as on neurons [45]. As-
trocytes in the Cingulate cortex are activated by 15-minute
ischemia, with stomata hypertrophy, elongated dendrites, in-
creased number of dendrites, and upregulated expression of
glial fibrillary acidic protein (GFAP), and diabetic hyperglyce-
mia further suppresses astrocyte activation induced by isch-
emia [46]. Furthermore, diabetes impairs astrocytes and re-
sults in fewer astrocyte end-feet on the cerebral blood vessel
wall. The activation suppression and astrocyte damage induced
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Fig. 1. The location and connection of glia (astrocytes, microglia, nerve/glial antigen 2 [NG2-glia], and oligodendrocytes) and
vascular cells (endothelial cells and pericytes) in diabetic blood-brain barrier (BBB). As the major constituents of the BBB, endo-
thelial cells connect via gap junctional proteins and works together with various other cell types, such as astrocytes, pericytes, mi-
croglia, NG2-glia, and oligodendrocytes. Their synergistic communication contributes to the functional properties of the BBB.
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Fig. 2. The detrimental effects of diabetes on glia and vascular cells to increase blood-brain barrier (BBB) permeability. As a basic
characteristic of diabetes, hyperglycemia function as the initiating injury factor of BBB leakage, and other injury factors induced
by hyperglycemia further aggravate the damage of BBB, such as advanced glycation end-products, inflammation, oxidative stress,
metalloproteinase, astrocyte apoptosis, microglia polarization to swallow astrocytic end-feet, nerve/glial antigen 2 (NG2-glia)
proliferation, pericyte death, and lower endothelial tight junction coverage.
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by diabetes may result in harmful effects on cerebral ischemia
rehabilitation [46].

As with other components of the BBB, long-term exposure
of astrocytes to diabetes leads to cell-specific impairment. As
shown by electron microscopy in diabetic mice, astrocytic end
feet in small vessels become swollen, and the plasma mem-
brane is detached from the basal lamina [47]. These results are
linked to increased functional leakage. Serum S100B levels
and/or the presence of anti-S100B autoantibodies are reliable
biomarkers of BBB disruption [48]. S100B, a calcium receptor,
is an astrocytic protein, and serum S100B levels in type 2 dia-
betes mellitus patients, but not type 1 diabetes mellitus pa-
tients, are significantly lower than those in healthy individuals.
Similarly, diabetic patients and controls have very low anti-
S100B autoantibody levels [49]. Chronic hyperglycemia may
also impair astrocytic regulation of blood flow [50]. Astro-
cytes, BBB integrity, and blood flow modulation are all closely
related, and the reactivity of astrocytes may be a critical ele-
ment linking acute and chronic brain disorders and altered
BBB permeability [51].

In cells cultured under high-glucose conditions and brain
slices of diabetic rats, communication among astrocytes via
gap junctions is reduced [52]. Closely related astrocytic end-
feet processes are responsible for regulating endothelial cell
differentiation and inducing and maintain BBB properties.
Gap junctional communication of astrocytes was found to be
inhibited in brain slices and tissue cultures from diabetic rats,
and reactive oxygen and nitrogen species levels are also signifi-
cantly increased [52]. In vitro, the viability of human astrocytes
is improved with 15 mmol/L glucose treatment, but astrocytes
are damaged by 30 mmol/L glucose, with changes in the mor-
phology and expression of cytoskeletal proteins, such as GFAP
and vimentin. The levels of interleukin 6 (IL-6), IL-1, IL-4, tu-
mor necrosis factor-q, and vascular endothelial growth factor
are also increased, while that of transforming growth factor-f3
remained unchanged [53]. Astrocytes are essential for main-
taining BBB integrity in the adult brain, and BBB-modulating
factors released by other cell types, including pericytes, are not
adequate to compensate for astrocyte loss [54].

Microglia

Microglia can also react to peripheral inflammatory disorders,
which triggers them to express claudin-5 and to permeate the
neurovascular unit to communicate with endothelial cells and
form tight junctions to maintain BBB integrity [55]. Similarly,
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partial microglial deletion or inhibition of C-C motif chemo-
kine ligand 5 signaling increases BBB leakage during the early
phases of inflammation. Other factors may also cause microg-
lia to move to blood vessels and change phenotypes under dif-
ferent states [55]. Lipopolysaccharide-activated microglia
cause BBB dysfunction, characterized by lower trans-endothe-
lial electrical resistance and altered expression of tight junction
proteins [56].

Chronic stress triggers microglial activation in the hippo-
campus through the production of IL-1f and other inflamma-
tory cytokines and elevation of BBB leakage [57]. In co-culture
of lipopolysaccharide-activated microglia with astrocytes, cy-
tokine/chemokine dynamics are affected not only by activated
microglia, but also by the crosstalk between astrocytes and ac-
tivated microglia [56]. During chronic inflammation, microg-
lia phagocytose astrocytic end-feet to damage BBB function
[58]. These results suggest that microglia play a dual role in
preserving BBB integrity, which has implications for clarifying
how systemic immune activation affects neural functions. Ac-
tivated microglia disrupt the BBB and induce the secretion of
cytokines and chemokines in an in vitro model of inflamma-
tion in rats [58].

Hypertrophic morphology and an increased number of mi-
croglia in the dorsal horn are observed in streptozotocin-in-
duced diabetic peripheral neuropathy rats [59]. Under both
high nitric oxide and hyperglycemic conditions, microglial
CD11b and astrocytic GFAP expression was upregulated. Both
high nitric oxide levels and hyperglycemia led to oxidative
stress but not molecular changes in glia and neurons. These re-
sults indicate that high nitric oxide levels and hyperglycemia
stimulated by oxidative stress may cause neuroinflammation,
likely via nuclear factor-kB signaling [60]. More serious disrup-
tions in white matter integrity are observed in diabetic patients
compared with age-matched non-diabetic individuals [61]. An
M2 to M1 phenotypic shift in microglia is associated with white
matter injury after stroke in both young and aged mice [62].
Anti-inflammatory M2 microglia promote, whereas proin-
flammatory M1 microglia impair the survival of oligodendro-
cytes and the differentiation/maturation of NG2-glia [63].

NG2-glia

NG2-glia have an important role in maintaining BBB integrity
[64]. Unlike other glial cells and neurons, NG2-glia express the
chondroitin sulfate proteoglycan NG2. It is well known that
differentiation of NG2-glia into mature oligodendrocytes is
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important for central nervous system development and func-
tion. In high-glucose culture media, both for 24 and 72 hours,
NG2-glia have a higher differentiation rate with unaffected
membrane integrity and morphology [65]. Moreover, chronic
hyperglycemia causes NG2-glia to take up more glucose and
release more lactate. However, unlike other glia and neurons,
high-glucose exposure does not induce oxidative stress in
NG2-glia [65]. These results suggest that NG2-glia can support
other glia and neurons under hyperglycemic conditions.

A momentary increase in platelet-derived growth factor re-
ceptor q-positive NG2-glia is observed in white matter injury
after ischemia. However, fewer platelet-derived growth factor
receptor o.-positive NG2-glia are observed in db/db (diabetes)
mice than in db/m mice from 4 weeks after bilateral common
carotid artery stenosis [66]. These results indicate that type 2
diabetes mellitus mice exhibit more serious white matter le-
sions 4 weeks after chronic ischemia. Thus, a decline in the
survival and proliferation of NG2-glia may play a crucial role
in the development of white matter injury after ischemia in di-
abetes [66].

Perivascular clustering of NG2-glia, particularly in active
multiple sclerosis lesions, impairs their ability to appropriately
separate from vessels following perivascular migration. NG2-
glia in the perivascular space can themselves damage the BBB
by disrupting astrocyte end-feet and the tight junction integri-
ty of endothelial cells, leading to altered vascular permeability
and related central nervous system inflammation [67]. Abnor-
mal Wnt expression in NG2-glia mediates their abnormal vas-
cular detachment and also leads to the expression of Wnt in-
hibitory factor-1 in NG2-glia, which disrupts the effect of Wnt
ligand action on the tight junction integrity of endothelial cells
[67].

In experimental autoimmune encephalomyelitis-affected
mice, NG2-glia are mainly linked to microvessels that show al-
tered claudin-5 and occludin tight junction staining patterns
and barrier permeability [64]. On the other hand, experimen-
tal autoimmune encephalomyelitis-affected NG2 knockout
mice show no obvious increase in vessel-connected NG2-glia
and maintain tight junctions and BBB integrity. Knockout of
NG2 in NG2-glia and pericytes leads to decreased expression
of vessel basal lamina molecules, such as laminin, collagen IV,
and collagen VI [64].

Oligodendrocytes
Type 2 diabetes mellitus impairs the proliferation of NG2-glia
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and the generation of new myelinating oligodendrocytes [68].
Type 2 diabetes mellitus exacerbates structural injury and im-
pairs compound action potential conduction in the white mat-
ter 35 days after stroke. The exacerbation of white matter integ-
rity is linked to poor sensorimotor performance. Deterioration
of white matter integrity and impaired oligodendrogenesis after
stroke are related to poor long-range function in diabetic mice
[68]. High glucose levels may switch microglia/macrophage po-
larization to a proinflammatory mode in microglia and NG2-
glia coculture, significantly impairing NG2-glia differentiation
and white matter repair. Type 2 diabetes mellitus also promotes
a switch from a microglial/macrophage phenotype to a proin-
flammatory phenotype [68]. Glucose accelerates the differentia-
tion of neurons and glia from embryonic neural stem cells [69],
upregulates the expression of myelin mRNAs in mixed glial cul-
tures [70], and sustains the development and myelination of oli-
godendrocytes in white matter slice cultures [71].

Endothelial cells

Diabetes-induced endothelial cell damage plays an important
role, which ultimately leads to abnormal structure and func-
tion of BBB [2]. Zucker diabetic fatty rats showed significantly
increased sodium fluorescein leakage and downregulated ex-
pression of tight junction proteins, such as occludin and clau-
din-5, in the hippocampus. Ultrastructural alterations with
phagocytic discoveries in blood vessels are also observed in
these mice [72]. These results indicate that long-term diabetes
damages BBB permeability in the hippocampus in Zucker dia-
betic fatty rats by downregulating the expression of claudin-5
and occludin.

Advanced glycation end-products damage the BBB via up-
regulation of matrix metalloproteinase-2 and vascular endo-
thelial growth factor in brain microvascular endothelial cells
under diabetic conditions [39]. The mRNA and protein ex-
pression of hypoxia-inducible factor 1. is upregulated in en-
dothelial cells at high glucose levels in vitro. Moreover, as a
downstream vascular effector of hypoxia inducible factor 1a,
the expression of vascular endothelial growth factor is also up-
regulated. Vascular endothelial growth factor increases and in-
duces the translocation of glucose transporter-1 to the cell
membrane at the BBB, which promotes angiogenesis and de-
creases the expression of inter-endothelial tight junction pro-
teins, such as occludin and zonula occludens-1 [73], thus caus-
ing BBB leakage. The brain microvessels of diabetic mice ex-
press lower levels of occludin than those of control mice [74].
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In similar cases, downregulation of vascular endothelial
growth factor expression increases the expression of occludin
and zonula occludens-1 to ameliorate inter-endothelial leak-
age. Suppression of hypoxia-inducible factor 1o activity by its
inhibitors improves BBB integrity and compactness [75].

The potential damage to BBB integrity and permeability by
hyperglycemia or hypoglycemia is mediated via altered expres-
sion/distribution of tight junction proteins and nutrient trans-
porters in vitro. Furthermore, hypoglycemia negatively im-
pacts the expression of oxidative and inflammatory stress
markers in the endothelial cells of the BBB [76]. In the absence
of changes in cell viability of the bEnd.3 endothelial cell line,
bovine serum albumin and advanced glycation end-products
contribute to an elevation in endothelial cell barrier permea-
bility and a significant and prolonged oxidative stress response.
Declined mitochondrial oxygen consumption is linked to
these changes and may result in the generation of reactive oxy-
gen species [77].

BBB leakage and memory loss are linked to the decrease in
tight junctions in brain endothelium and pericyte coverage,
and inflammation in brain tissue in both type 1 diabetes melli-
tus and type 2 diabetes mellitus mice [78]. Exposure of brain
microvessels to advanced glycation end-products or hypergly-
cemic conditions ex vivo leads to obvious abnormalities in the
membranous distribution of tight junction proteins [79]. The
number of extracellular vesicles isolated from diabetic mice is
significantly increased, and the expression of tight junction
proteins (occludin and claudin-5) is upregulated in extracellu-
lar vesicles. High glucose and advanced glycation end-product
levels result in an obvious upregulation in the expression of in-
tercellular adhesion molecules and vascular cell adhesion mol-
ecules, increased leukocyte adhesion to and migration across
brain microvascular endothelial cell monolayers, and elevated
BBB leakage in in vitro model with brain microvascular endo-
thelial cells [79]. Hyperglycemia and advanced glycation end-
products downregulate the expression of integrin o1, platelet-
derived growth factor receptor-B1, and connexin-43 in peri-
cytes. These data show that the BBB is damaged in ex vivo, in
vitro, and in vivo models of diabetes in association with brain
microvascular endothelial cells/pericyte impairment and in-
flammation [79].

Pericytes
Old diabetic rats exhibit dysregulated myogenic responses of
cerebral arteries and arterioles, impaired cerebral blood flow
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autoregulation, increased BBB permeability, and cognitive dys-
function. These alterations are linked to the loss of vascular
smooth muscle cell contractile ability, which is related to in-
creased reactive oxygen species levels and decreased adenosine
triphosphate generation [80]. Similarly, in isolated parenchy-
mal arterioles, diminished pericyte contractile ability in diabe-
tes is also linked to elevated reactive oxygen species levels and
decreased ATP generation. Increased advanced glycation end-
product production in diabetes is accompanied by lower peri-
cyte and endothelial tight junction coverage in the cortical
capillaries of old diabetic rats [81]. These results suggest that
damaged cerebral hemodynamics, BBB permeability, and cog-
nitive dysfunction in old diabetic rats are linked to hyperglyce-
mia-triggered cerebrovascular pericyte impairment.

Advanced glycation end-products cause hypertrophy of the
basement membrane by enhancing the release of transforming
growth factor-f3, which has an autocrine effect to accelerate fi-
bronectin production by pericytes. In addition, the effect of
transforming growth factor-f on brain microvascular endo-
thelial cells in conjunction with pericyte-secreted vascular en-
dothelial growth factor and matrix metalloproteinase-2 plays a
role in the altered integrity of tight junctions [39]. Advanced
glycation end product-associated alterations in pericyte func-
tion can be suppressed by the siRNA for the receptor for ad-
vanced glycation end-products. Activation of the pericyte re-
ceptor for advanced glycation end-products results in further
expression of the receptor [82]. Thus, advanced glycation end-
products promote fibronectin production by pericytes and di-
rectly cause hypertrophy of the basement membrane in the
BBB via receptors for advanced glycation end-products.

Pericytes close to endothelial cells in cerebral microvessels
are crucial to BBB integrity and are particularly vulnerable to
oxidative stress, and pericytes in close apposition to the ablu-
minal cell membrane of brain microvascular endothelial cells
are found to be obviously impaired in diabetes [83]. Pericytes
are basically responsible for BBB integrity, but are highly sus-
ceptible to metabolic alterations. Loss of pericytes may result
in microvascular instability, causing diminished capillary per-
fusion in diabetic retinopathy [84]. Reduced numbers of peri-
cytes in the diabetic mouse brain and pericyte apoptosis due to
high glucose exposure are associated with oxidative stress and
oxygen species production, namely, excessive superoxide pro-
duction during enhanced respiration (mitochondrial oxidative
metabolism of glucose) [85]. Pericyte deficiency secondary to
elevated oxidative stress from redundant glucose processing
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via the Krebs cycle is one mechanism that results from BBB
disruption [17].

Superoxide is the precursor of all reactive oxygen species,
which in turn stimulate oxidative stress. Inhibition of mito-
chondrial carbonic anhydrases isozymes VA and VB suppress-
es oxidative stress and increases pericyte numbers in the dia-
betic brain; it also decreases high glucose-induced respiration,
oxidative stress, apoptosis, and reactive oxygen species levels in
cultured brain pericytes. Cultured pericytes also show signs of
oxidative stress and undergo apoptosis upon exposure to high
glucose levels [85]. Diabetic mouse brains show fewer peri-
cytes after 12 weeks of streptozotocin-induced diabetes. Ad-
vanced glycation end-products increase the production of fi-
bronectin in pericytes via a similar upregulation of autocrine
transforming growth factor-f secretion by pericytes [85]. Ad-
ditionally, the suppression of mitochondrial carbonic anhy-
drases remarkably reduces the respiration rate and production
of reactive oxygen species [37].

TARGETING GLIA AND VASCULAR CELLS
OF BBB TO TREAT DIABETIC BBB

Pericytes and astrocytes are well-known modulators of BBB
maturation and integrity [86]. Pericytes are encapsulated in the
basal lamina and provide direct structural support to the cere-
bral endothelium and metabolic support by secreting growth
factors [87]. Inhibiting BBB permeability can decrease access
to the brain microenvironment for a series of deleterious cir-
culating factors, including immune cells, inflammatory cyto-
kines, and ions. These factors activate both microglia and as-
trocytes directly or indirectly through neuronal lesions and ag-
gravate neuroinflammatory impairment injury and BBB integ-
rity [88]. Fig. 3 shows the targeting glial and vascular cells to
treat diabetic BBB integrity and their mechanisms.

Targeting astrocytes to treat diabetic BBB

Astrocytes play a vital role in preserving normal BBB function
during adult life by producing various trophic factors, includ-
ing glial-derived neurotrophic factor, that maintain the BBB
phenotype in endothelial cells [89]. In an in vitro co-culture
model, astrocyte-derived transforming growth factor-1 up-
regulated the expression of the tight junction protein zonula
occludens-1 in brain microvascular endothelial cells and rein-
forced endothelial barrier function through non-canonical
hedgehog signaling [90]. Gli2, the core transcriptional factor

https://e-dmj.org  Diabetes Metab J 2022;46:222-238

dmj

of the hedgehog pathway, directly regulates the expression of
zonula occludens-1. The exact binding site of drosophila moth-
ers against decapentaplegic homolog 2/3 on the gli2 promoter
and of Gli2 on the zonula occludens-1 promoter were identi-
fied [90]. These results suggest that transforming growth
factor-B1 could be a potential target for amelioration of BBB
leakage.

High glucose conditions cause a decline in BBB integrity and
partial downregulation of zonula occludens-1, occludin, and
claudin-5 in co-cultures of human brain microvascular endo-
thelial cells and astrocytes. In human brain microvascular en-
dothelial cell and human astrocyte co-cultures, treated with a
number of antioxidants restore the damaged BBB integrity by
hyperglycemia [91]. As with other cell types, high glucose-
driven impairment in astrocytes is mediated by overproduc-
tion of reactive oxygen species and activation of nuclear factor-
kB and signal transducer and activator of transcription 3 in-
flammatory pathways. Treatment with reactive oxygen species
scavengers and signal transducer and activator of transcription
3 and nuclear factor-«B specific inhibitors suppresses high glu-
cose-induced overexpression of inflammatory factors and vas-
cular endothelial growth factor [53].

Activated perivascular astrocytes express higher levels of
GFAP, which may be a marker of BBB impairment and dys-
function [3]. Loss of astrocytes leads to vascular leakage in the
retina of early diabetic mice because of increased expression of
angiopoietin 2. Intravitreal injection of an angiopoietin 2 neu-
tralizing antibody inhibits astrocyte loss and vascular leakage
[92]. Angiopoietin 2 aggravates astrocyte apoptosis induced by
high glucose in vitro via glycogen synthase kinase-3j3 activa-
tion. It binds directly to avf35 integrin, which is abundant in
astrocytes, and the inhibition of ovB5 integrin in vitro effec-
tively attenuates angiopoietin 2-induced astrocyte apoptosis.
Intravitreal injection of anti-ovB5-integrin antibody inhibits
astrocyte loss in early diabetic retinopathy in mice [92]. These
results suggest that the angiopoietin 2-mediated astrocyte
apoptosis induced by high glucose levels occurs through the
ovB5-integrin/glycogen synthase kinase-3[3/f3-catenin signal-
ing pathway.

Targeting microglia to treat diabetic BBB

Activated microglia regulate tight junction proteins expression
in endothelial cells. These tight junction proteins are vital for
integrity and function of BBB [93]. Conversely, the endothelial
cells also modulate the condition of microglial activation. Ves-
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Fig. 3. Glial and vascular cell functions and mechanisms involved in diabetic blood-brain barrier (BBB) permeability. Astrocytes
modulate diabetic BBB integrity via glial-derived neurotrophic factor, nitric oxide, tumor necrosis factor-a, reactive oxygen-ni-
trogen, advanced glycation end-products, transforming growth factor-f, glial cell line-derived neurotrophic factor, basic fibro-
blast growth factor, interleukin-6, steroids, the avP5-integrin/glycogen synthase kinase-3/B-catenin signaling pathway, and non-
canonical hedgehog signaling. Microglia regulate diabetic BBB integrity via claudin-5, cytokines, and chemokines. Nerve/glial
antigen 2 (NG2-glia) cause diabetic BBB breakdown via metalloproteinase 9 secretion and protection via the transforming
growth factor p-receptor-mitogen-activated protein/extracellular signal-regulated kinase kinase/extracellular signal-regulated ki-
nase signaling pathway. Oligodendrocytes improve diabetic BBB permeability through various soluble factors. Endothelial cells
modulate BBB integrity via junction proteins, vascular cell adhesion molecule-1, intercellular adhesion molecule-1, chemokine
receptor, Calcium/calmodulin-dependent protein kinase kinase o and B, adenosine receptor 2a, the C3a/C3a receptor signaling
pathway, and the fibroblast growth factor receptor 1/Kelch-like ECH-associating protein 1 (Keap1)/NF-E2 related factor-2 (Nrf2)
activation pathway. Pericytes regulate BBB permeability via transforming growth factor-p, vascular endothelial growth factor, fi-
bronectin, claudin-5, integrin al, platelet-derived growth factors receptor-B1, connexin-43, monocyte chemoattractant protein-1,
CCAAT/enhancer binding protein homologous protein, and transcription factor 4.

sel-related microglia maintain BBB integrity through claudin-5  demyelination, but not in terms of protection and myelin re-
expression and physical communication with endothelial cells.  pair via regulating BBB permeability. Both toxin-induced and
Claudin-5 forms tight junctions with other claudin proteins  experimental autoimmune encephalomyelitis models show
and occludins near endothelial cells [94]. decreased BBB permeability and reduced numbers of Ibal*

Sphingosine-1-phosphate receptor 2 plays a critical role in ~ macrophages following sphingosine-1-phosphate receptor 2
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inactivation [95]. These results suggest that activation of sphin-
gosine-1-phosphate receptor 2 inhibits remyelination and ex-
acerbates BBB permeability and demyelination. Partial dele-
tion of the vessel-related microglia reduces BBB permeability,
as does the suppression of reactive microglia with minocycline,
ameliorating BBB leakage originating from systemic inflam-
mation [96].

Targeting NG2-glia to treat diabetic BBB

There is a close connection between NG2-glia and other im-
portant cells that compose of BBB. Brain endothelial cells acti-
vate Src and Akt signals within NG2-glia by releasing nutrient
factors (fibroblast growth factor-2, brain-derived neurotrophic
factor) to sustain NG2-glia survival and proliferation [97].
NG2-glia decrease the brain endothelial permeability and this
improvement of BBB function is inhibited by a platelet-derived
growth factor receptor ¢, inhibitor, which cannot influence the
oligodendrocyte-induced BBB integrity [98]. In both mouse
and human brain slices, it is found that pericytes and NG2-glia
are closely connected at the position around the capillaries. In
vitro experiments, pericytes and NG2-glia support each other
through material exchange [99]. This further shows that NG2-
glia play an important role in maintaining the normal struc-
ture and function of BBB.

NG2-glia and astrocytes are adjacent in position [100,101].
Astrocytes can secrete the protective factors of NG2-glia to
protect them from oxidative stress, starvation, and oxygen-
glucose deprivation [102]. Endogenous erythropoietin from
astrocyte protects the NG2-glia against hypoxic and reoxygen-
ation injury [103]. In a parental isolation mouse model, NG2-
glia mediate the development of astrocytes in the hippocam-
pus through the Wnt/B-catenin signaling pathway. The loss of
NG2-glia inhibits the development and function of astrocytes
[104]. In contrast to other glia and neurons, high-glucose ex-
posure does not cause oxidative stress in NG2-glia cultures
[65]. Therefore, NG2-glia may aid neurons and other glia dur-
ing hyperglycemia.

Conditioned medium from NG2-glia increases tight junc-
tion protein expression and decreases BBB leakage by activat-
ing the transforming growth factor -receptor-mitogen-
activated protein/extracellular signal-regulated kinase kinase/
extracellular signal-regulated kinase signaling pathway in vi-
tro. Immuno-electron microscopy was used to demonstrate
that NG2-glia connect to cerebral endothelial cells through the
basal lamina in neonatal mouse brains [86]. These results dem-
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onstrate that NG2-glia improve BBB permeability by upregu-
lating the expression of tight junction proteins through trans-
forming growth factor-f3 signaling, and also that NG2-glia play
a critical role in preserving BBB integrity.

Targeting oligodendrocytes to treat diabetic BBB

NG2-glia lower the permeability of brain endothelial cells to
sodium fluorescein, but this improved BBB integrity is negated
by the administration of AG1296, an inhibitor of platelet-de-
rived growth factor receptor o [98]. Oligodendrocytes also en-
hance BBB integrity, but treatment with antagonists of platelet-
derived growth factor receptor o, does not impair oligodendro-
cyte-induced BBB integrity [98]. These results imply that oli-
godendrocytes augment BBB integrity via pathways other than
those involving platelet-derived growth factor receptor-BB/
platelet-derived growth factor receptor o signaling exerted by
brain endothelial cell-secreted platelet-derived growth factor-
BB [98]. This suggests that oligodendrocytes essentially sustain
BBB integrity via soluble factors. Minocycline, a broad-spec-
trum antibacterial tetracycline antibiotic, facilitates white mat-
ter repair by ameliorating BBB damage, upregulating angio-
genesis and the expression of tight junction proteins, and final-
ly promoting NG2-glia proliferation to maintain oligodendro-
cytes in rats [105].

Targeting endothelial cells to treat diabetic BBB
The brain microvascular endothelial cell monolayer is linked
by junctional complexes, which are composed of gap, adher-
ent, and tight junctions. Expression and activity of histone
deacetylase 3 are significantly increased in the hippocampus
and cortex of db/db mice. Specific histone deacetylase 3 sup-
pression remarkably ameliorated BBB leakage and downregu-
lated the expression of junction proteins in db/db mice [106].
In cultured human brain microvascular endothelial cells, hy-
perglycemia and IL-1p treatment significantly increased tran-
sendothelial leakage and reduced the expression of junction
proteins. Histone deacetylase 3 suppression remarkably atten-
uated transendothelial leakage and downregulated the expres-
sion of junction proteins. The potential mechanism is at least
partly due to the histone deacetylase 3 suppression-mediated
miR-200a/Kelch-like ECH-associating protein 1 (Keap1)/Nrf2
signaling pathway and downstream targeting junction protein
expression in db/db mice [106].

Treatment with recombinant fibroblast growth factor 21 sig-
nificantly ameliorates BBB leakage and preserves the expres-
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sion of junction proteins in db/db mice [107]. Recombinant fi-
broblast growth factor 21 also improves transendothelial per-
meability and junction protein downregulation induced by hy-
perglycemia and IL-1 in cultured human brain microvascular
endothelial cells. Recombinant fibroblast growth factor 21 can
activate fibroblast growth factor receptor 1, which increases its
interaction with Keapl, a repressor of Nrf2, thus decreasing
Keapl-Nrf2 interaction, resulting in Nrf2 secretion [107].
These results indicate that recombinant fibroblast growth fac-
tor 21 administration may decrease type 2 diabetes mellitus-
induced BBB breakdown, at least partly through the fibroblast
growth factor receptor 1-Keap1-Nrf2 activation pathway.

Insulin plays an important role in diabetic encephalopathy
by changing the structure and function of the BBB. In strepto-
zotocin-induced diabetic mice, insulin increases expressions of
tight junction proteins in cerebral microvessel, including oc-
cludin, claudin-5, and zonula occludens-1 [108]. Knockout
adenosine receptor 2a in endothelial cells inhibits BBB leakage
on high-fat diet induced obesity [109]. In human brain micro-
vascular endothelial cells, downregulating hypoxia-inducible
factor-1 activity and inhibiting its downstream gene vascular
endothelial growth factor ameliorates the increased paracellu-
lar permeability and the alterations of distribution pattern of
occludin and zonula occludens-1 induced by high glucose level
[75]. Treatment with topiramate, a mitochondrial carbonic an-
hydrase inhibitor, attenuates diabetes-induced BBB breakdown
and ultrastructural alterations in BBB composition [1].

Targeting pericytes to treat diabetic BBB

Both astrocytes [110] and pericytes [111] play important roles
in BBB integrity and function. Like astrocytes, pericytes release
various factors that upregulate the expression of tight junction
proteins in vitro [112]. During development, pericytes aid in
the development of the BBB by suppressing the expression of
endothelial genes that increase vascular permeability [113] and
inducing the polarization of astrocyte end-feet adjoining the
vasculature [111].

Besides their autocrine/paracrine and structural roles, brain
pericyte also engage in crosstalk with brain microvascular en-
dothelial cells, promoted in part via gap junctions between the
cells. The connexin-43 protein levels in both retinas and retinal
vascular cells of the diabetic rats are significantly lower than
those of control ones. The number of apoptotic cells, pericyte
loss, acellular capillaries, retinal vascular permeability, and
thickness are obviously higher in the retinas of the diabetic and
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connexin-43 siRNA-treated rats than those of control ones.
Downregulated connexin-43 expression leads to vascular cell
death and increases vascular permeability in the retina [114].
These results indicate that diabetes-induced downregulated
connexin-43 expression involves in promoting retinal vascular
impairment linked to diabetic retinopathy.

Atorvastatin promotes the maturation of BBB characteristics
in new vessels by boosting endothelial tight junction forma-
tion. Proliferating NG2-positive perivascular pericytes are in-
volved in the effects of atorvastatin on BBB maturation via
modulation of endothelial tight junction strand formation in
vivo and in vitro [115]. These data indicate the curative poten-
tial of atorvastatin in promoting complete BBB integrity and
functional stroke recovery, and a vital role for pericyte-mediat-
ed endothelial tight junction formation in remodeling vascula-
ture [115].

CONCLUSIONS

BBB breakdown is a characteristic of diabetes pathology and
plays an important role in diabetes-related neurological dis-
eases. The BBB is a highly specific structure that safeguards the
distinct microenvironment of the brain. Endothelial cells,
linked by junctional complexes and containing many trans-
porters, function as the main cell type in the BBB. Apart from
endothelial cells, other components, such as pericytes, astro-
cytes, microglia, NG2-glia, oligodendrocytes, basement mem-
brane, and perivascular macrophages, form and contribute to
the proper functioning and integrity of the BBB. Diabetes
causes the BBB leakage via downregulation of tight junction
proteins, leading to dysfunctions of endothelial cells, pericytes,
astrocytes, microglia, NG2-glia, and oligodendrocytes. More
researches are still required to answer the temporal modula-
tion, mechanisms of molecular and signaling pathways, and
consequences of the BBB leakage in diabetes. So restoring
functions of glial or vascular cells as therapeutic targets may
ameliorate the diabetic BBB leakage. Effective therapy target-
ing BBB breakdown in diabetes are still awaited.
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