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Abstract

Cerebrovascular endothelial cells (CECs) are integral components of both the blood-brain barrier
(BBB) and the neurovascular unit (NVU). As the primary cell type of the BBB, CECs are
responsible for the tight regulation of molecular transport between the brain parenchyma and the
periphery. Additionally, CECs are essential in neurovascular coupling where they help regulate
cerebral blood flow in response to regional increases in cellular demand in the NVU. CEC
dysfunction occurs during both normative ageing and in cerebrovascular disease, which leads to
increased BBB permeability and neurovascular uncoupling. This MiniReview compiles what is
known about the molecular changes underlying CEC dysfunction, many of which are reminiscent
of cells that have become senescent. In general, cellular senescence is defined as an irreversible
growth arrest characterized by the acquisition of a pro-inflammatory secretory phenotype in
response to DNA damage or other cellular stresses. We discuss evidence for endothelial cell
senescence in ageing and cardiovascular disease, and how CEC senescence may contribute to age-
related cerebrovascular dysfunction.
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1| INTRODUCTION

The blood-brain barrier (BBB) is the physical regulator of molecular transport between the
brain parenchyma and the periphery. It is imperative that the function of the BBB is
intricately controlled, as it regulates proper nutrient delivery and waste removal to maintain
homeostasis. Increased permeability of the BBB is neurotoxic and has been implicated in
normative cognitive ageing and in clinically diagnosed neurological deficits such as mild
cognitive impairment and neurodegeneration.1-6 The neurovascular unit (NVU) is
composed of a network of cerebrovascular endothelial cells (CECs), pericytes, smooth
muscle cells, astrocytes and neurons working together to regulate cerebral blood flow
(CBF). Alterations in CBF occur in response to cellular demand through a process known as
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“neurovascular coupling.” Global decreases in CBF as well as neurovascular uncoupling are
hallmarks of both normal ageing and disease-associated neurodegeneration.7-9 Importantly,
CEC dysfunction alone is sufficient to promote BBB disruption and neurovascular
uncoupling.10 Thus, improved understanding of the molecular mechanisms capable of
promoting CEC dysfunction will inform therapeutic approaches for age-related changes in
the CNS and cerebrovascular diseases such as vascular dementias and Alzheimer’s disease.

Endothelial cell dysfunction has been heavily studied in cardiac ageing and atherosclerosis
and has been reviewed extensively elsewhere.11,12 However, CEC dysfunction in brain
ageing and cerebrovascular disease is much less well-characterized. This MiniReview
compiles what is currently known about age-related changes to endothelial cells specifically
in the brain and how those changes may first impair CEC function and ultimately, promote
cerebrovascular dysfunction. Furthermore, we will discuss the potential role of cellular
senescence in driving CEC dysfunction and cerebrovascular ageing.

Cellular senescence is characterized as a state of irreversible cell cycle arrest with a
distinctive, pro-inflammatory phenotype, commonly referred to as the senescence-associated
secretory phenotype (SASP). The SASP is thought to consist of various cytokines,
chemokines and matrix metalloproteinases (MMPs) that have the potential to influence cells
in their neighbouring environment.13 It has now been well-established that senescent cells
play a causative role in a variety of age-related diseases, including neurodegenerative
disease.14,15 Additionally, endothelial cell senescence promotes dysfunction underlying
cardiovascular disease.16 Hypothetically, CEC senescence could have major implications in
cerebrovascular disease, including vascular dementia by driving hypoperfusion, hypoxia,
ischaemia and stroke.

2| CEC DYSFUNCTION DRIVES CEREBROVASCULAR AGEING

BBB disruption and neurovascular uncoupling are hallmarks of cognitive decline in the
elderly and people with cerebrovascular disease. Because CECs form the core of both the
BBB and the NVU responsible for proper neurovascular coupling, it is probable that CEC
dysfunction is a necessary component for these alterations. One way to gain a deeper
understanding for how CEC dysfunction itself drives cerebrovascular dysfunction would be
to better understand the cellular and molecular changes that occur in CECs in both
normative ageing and disease (Figure 1).

2.1| CEC changes underlying dysfunction

Changes to endothelial nitric oxide synthase (eNOS)/nitric oxide (NO) signalling, tight
junctions, angiogenesis and neuroinflammation in CECs have the potential to drive
cerebrovascular dysfunction. NO bioavailability is a crucial regulator of normal CEC
function and regulates CBF in response to changes in cellular energy demands. Decreased
NO bioavailability, via decreased synthesis or accumulation of reactive oxygen species
(ROS), leads to ineffective CBF regulation, and hypoperfusion of the brain, and ultimately
contributes to neuronal cell death and cognitive dysfunction (Figure 2).
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NO is synthesized by one of three isoforms of nitric oxide synthase (NOS), neuronal NOS
(nNOS), cytokine-inducible NOS (iNOS) and eNOS. eNQOS is the primary producer of NO
implicated in CBF regulation, and eNOS/NO signalling dysregulation is heavily implicated
in ageing and age-related cerebrovascular disease in both humans and rodents.17,18
Reduced activity of eNOS leads to decreased NO production and can occur via
transcriptional down-regulation, increased expression of its inhibitors ADMA and/or
caveolin-1 (CAV-1), or uncoupling from its cofactor tetrahydrobiopterin (BH4).19 Age-
associated increases in CAV-1 would be expected to decrease NO bioavailability by
sequestering eNOS in its inactive form and contribute to NO-dependent dysfunction.20,21
However, some studies in rat models of cerebral ischaemia suggest that CAV-1 reduction is
capable of inducing NO-dependent BBB dysfunction and neuroinflammation.22,23
Accumulation of ROS occurs with ageing and can further decrease NO bioavailability as NO
reacts with O, to create peroxynitrate, which is a reactive nitrogen species that can
contribute to CEC dysfunction. ROS can also oxidize BH4 to BH2 and contribute to
eNOS/BH4 decoupling to further decrease NO bioavailability.19

Changes to the tight junctions that exist between CECs cause increased paracellular
transport across the BBB. Several studies in mice have implicated loss or redistribution of
tight junction proteins, including occludin, claudin-5 and zonula occludens-1 (ZO-1; also
known as tight junction protein 1 or Tjpl), in both normative ageing and accelerated
ageing.24,25 The exact mechanisms by which tight junctional proteins are down-regulated
in ageing are still unclear, but one potential mechanism may be via direct degradation by
brain-associated MMPs. Increases specifically in MMP-2 and MMP-9, as well as decreases
in the activity or expression of their inhibitors (tissue inhibitors of metalloproteinase or
TIMPs), are linked to BBB dysfunction in both humans and rat models of ischaemic
reperfusion injury.21-22,26 MMP-2 and MMP-9 activity is also increased in normally aged
mice.27 Altogether, tight junction degradation via MMP-2/9 activation, which can be
stimulated by various pro-inflammatory cytokines produced by activated endothelial cells,
may be one mechanism by which BBB disruption occurs (Figure 2). Future studies testing
this proposed mechanism of BBB disruption in brain ageing and disease contexts are
imperative.

Decreased angiogenesis occurs with ageing and in cerebrovascular disease, which can lead
to hypoperfusion, impaired adaptation to hypoxia, compromised recovery to tissue damage
and exacerbated ischaemic tissue injury.28-31 Studies in normally aged rodents indicate that
expression of certain angiogenic factors, such as vascular endothelial growth factor (VEGF)
and HIF1a, decreases with age.28,31 Additionally, expression of brain-derived neurotrophic
factor (BDNF) decreases with age.29 BDNF is a growth factor that is secreted by both
neurons and endothelial cells and contributes to synaptic plasticity. More recently, BDNF
has been implicated as a driver of endothelial cell differentiation,32 which may further
impair angiogenesis in the ageing brain when down-regulated. Finally, age-related decreases
in NO bioavailability can alter endothelial cell sensitivity to pro-angiogenic factors such as
VEGF.33 Taken together, these results suggest that decreases in VEGF and angiogenesis
may induce CEC dysfunction during normative ageing. However, the opposite may be true
in injury or disease contexts, where several studies have shown that increased VEGF
promotes angiogenesis and BBB disruption.34-36 A strict balance of VEGF appears to be
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necessary to maintain proper CEC function and brain homeostasis, and future studies should
seek to define this balance in order to understand whether VEGF is a useful therapeutic
target in CEC dysfunction associated with ageing or disease.

Interestingly, neuroinflammation can be driven simply due to age-related CEC changes.
Recent work evidenced that the expression of vascular cell surface adhesion molecule 1
(VCAM-1) is increased in CECs of aged mice.37 Up-regulation of VCAM-1 in CECs
promotes leucocyte recruitment and tethering to brain endothelium, and is hypothesized to
ultimately drive glial cell activation, reduced neural precursor cell activity and cognitive
decline37 (Figure 2). Additionally, soluble VCAM-1 can be shed from endothelial cells and
indicates activated endothelium during neuroinflammation. This soluble form of VCAM-1 is
up-regulated in human and mouse plasma with ageing37,38 and negatively correlates with
cognition in elderly individuals,39 further supporting the notion that CEC activation may
drive neuroinflammation and contribute to age-related cognitive decline. VCAM-1 and its
association with activated CECs may also provide an interesting mechanistic link between
dementia and diabetes, which are common co-morbidities.40 Similar to aged individuals,
patients with diabetes have increased levels of soluble VCAM-1.41,42 Evidence suggests
that high glucose levels alone are sufficient to induce VCAM-1 expression in human arterial
endothelial cells (HAECs).43 Interestingly, BBB permeability induced memory loss has
been seen in mouse models of type | and type Il diabetes.44 Thus, one hypothetical
mechanism by which diabetes could increase the risk of dementia is via hyperglycaemia-
induced CEC activation which consequently drives neuroinflammation, BBB permeability
and cognitive decline in a VCAM-1-dependent manner. Further studies are needed to test
this hypothesis and identify which cell type (ie CECs or other peripheral endothelial cells) is
the source of increased soluble VCAM-1 in patients with diabetes.

2.2| CECdysfunction induces blood-brain barrier permeability and neurovascular
uncoupling

Endothelial cells play a unique role in the brain compared with other tissues, where they
maintain a strict barrier between peripheral circulation and the brain parenchyma through
highly regulated tight junctional complexes that link the cells together and form the primary
BBB. Alterations to the proteins that make up CEC tight junctions can give rise to increased
paracellular transport across the BBB and contribute to the “leaky” BBB associated with
ageing and cerebrovascular disease. This permeability is relevant, as it is a reliable predictor
of cognitive decline in the elderly as evidenced by increased Kians Values measured by
dynamic contrast-enhanced MRI.4 Changes to tight junctions between CECs can occur due
to intrinsic alterations, including down-regulation of proteins that make up tight junctions,
such as claudins and occludins, or up-regulation of proteins known to rearrange tight
junctions, such as phosphorylated myosin light chain.45,46 Additionally, extrinsic
alterations, such as increased MMPs or decreased TIMPs in the extracellular
microenvironment, can alter CEC tight junctions. CEC changes contributing to BBB defects
are observed during natural ageing and in various neurodegenerative diseases, including
Alzheimer’s disease, Parkinson’s disease, Huntington’s Disease, multiple sclerosis,
frontotemporal lobular degeneration and a-synucleinopathy.4,6,47 One study in mice
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showed that BBB defects may actually drive neuropathology because correction of BBB
leakiness reduced neuroinflammation and paralysis.48

In addition to driving BBB defects, CEC dysfunction can lead to deregulated neurovascular
coupling. Neurovascular coupling is the process by which cells of the NVU co-ordinate to
regionally increase CBF in response to high neuronal activity. Neurovascular uncoupling
occurs when the CBF response is muted or non-existent, which occurs with normal ageing in
both humans and rodents.49-52 This phenomenon has been shown to be related to
disruptions in eNOS/NO signalling. eNOS knockout mice exhibit a decreased CBF response
after whisker stimulation, a common experimental measure of neurovascular uncoupling,
which is rescued with overexpression of eNOS.53 In this example, it is likely that decreased
eNOS activity leads to decreased NO bio-availability and consequently, decreased NO-
dependent CBF autoregulation. In contrast, others have reported an increased CBF response
to whisker stimulation in eNOS knockout mice.54 Clearly, further characterization of the
role of dysregulated eNOS in age-dependent neurovascular uncoupling is required.

In addition to CBF autoregulation, CECs also provide a neuroprotective role in response to
injury by up-regulating expression of certain growth factors such as BDNF and VEGF to
promote neural stem cell differentiation.32 BDNF levels are reduced in post-mortem
samples from patients with Alzheimer’s disease and may contribute to deficiencies in both
neurogenesis and angiogenesis.55 In a rat model of vascular dementia, rescue of BDNF
deficiency restored cognitive function,56,57 suggesting that CEC down-regulation of BDNF
may contribute to cognitive decline. Furthermore, BDNF expression is eNOS-dependent and
therefore may be dysregulated during normative ageing.

3| ENDOTHELIAL CELL SENESCENCE AS A MECHANISM UNDERLYING
ENDOTHELIAL DYSFUNCTION

Endothelial cell dysfunction occurs with age and contributes to age-related disease, but the
mechanisms behind this impaired function are not well-characterized. Endothelial cell
senescence is one mechanism by which endothelial cells may become dysfunctional with
age and in certain age-related pathologies. Cellular senescence is characterized as a state of
irreversible cell cycle arrest with a distinctive, pro-inflammatory senescence-associated
secretory phenotype (SASP) and increased senescence-associated p-galactosidase (SA-B-
gal) activity. Senescent cell burden increases with age and in sites of pathology.58-61 A
handful of studies have provided evidence of cell cycle arrest and secretion of SASP
members specifically in endothelial cells during normal ageing and some age-related
pathologies such as atherosclerosis.62,63 Endothelial cell senescence in the brain has yet to
be well-defined, but may explain much of the CEC dysfunction in age-related
cerebrovascular diseases such as dementia.

3.1| Endothelial cell senescence in normal ageing

Stable cell cycle arrest is a distinguishing hallmark of cellular senescence and is marked by
up-regulation of certain cell cycle regulators, namely p16, p21 and p53. Increased p16, p21
and p53 expression in endothelial cells of brachial arteries in healthy older individuals (aged
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50-70 years), compared with younger individuals (aged 18-30 years is correlated with
decreased brachial artery dilation in response to shear stress.64 Studies in mice have also
linked ageing-associated increases in p16 and p21 expression to decreased endothelium-
dependent vasodilation in response to acetylcholine and NO, two endogenous
vasodilators.62 Long-term clearance of senescent cells reduced vasomotor dysfunction in the
aortas of normally aged and atherosclerotic mice,65 linking cellular senescence causally to
endothelium dysfunction, although a direct demonstration of endothelial cell-specific
senescence was lacking.

Other clues into endothelial cell senescence come from studies implicating increases in
endothelium-derived members of the SASP in ageing. The SASP is another major hallmark
of cellular senescence. With ageing, endothelial cells shift to a more pro-inflammatory
phenotype, as evidenced by up-regulation of the NF-xB pathway in endothelial cells
collected from aged individuals.17 Increased NF-xB activity has also been linked to
increased TNF-a, IL-1pB, IL-6 and IL-17 expression in aged rat coronary arteries66 and aged
mouse aortas.67 Additionally, human umbilical vein endothelial cells (HUVECS) cultured to
replicative senescence have increased NF-xB signalling, ROS production and expression of
a number of SASP members including E-selectin, ICAM-1, PAI-1, IGFBP-5, IL-6 and
IL-8.68 Altogether, evidence is emerging to support the capacity of endothelial cells to
become senescent, and consequently dysfunctional, with age. However, members of the
SASP are not specific to cellular senescence and instead may be up-regulated in aged
endothelial cells due to senescence-and ageing-independent factors such as oxidative stress,
inflammation/activation, dyslipidaemia/atherogenesis and/or low shear stress. Thus, more
comprehensive studies are needed to truly define endothelial cell senescence as a mechanism
for age-related endothelium dysfunction.

A variety of mechanisms may contribute to endothelial cell senescence during normative
ageing, including oxidative stress, decreased sirt1 expression and increased NF-xB
signalling. Vasodilation defects in the vasculature of aged mice can be improved after
antioxidant treatment, implicating the importance of oxidative stress in endothelial cell
vascular dysfunction.62 Sirt1, a histone deacetylase that can delay cellular senescence
through activation of several pro-survival pathways,69 is decreased in senescent HUVECs
and human atherosclerotic plaques that display other features of senescence.70,71
Concordantly, Sirtl overexpression in HUVECs and human coronary aortic endothelial cells
(HCAEC:S) protects against endothelial cell senescence.71,72 Sirtl overexpression in aged
mice reduces the expression of Pai-1, an endothelium-derived regulator of thrombosis and
important SASP factor that appears necessary for p53-mediated cellular senescence,73 in
aortic endothelial cells, and rescues acetylcholine-induced aortic relaxation.70 Similarly,
pharmacological activation of Sirtl in aged mice ameliorates vascular endothelial cell
dysfunction, normalizes aortic superoxide production and decreases NF-xB-related
inflammation.74 Future studies should further explore the mechanisms by which normative
ageing induces endothelial cell senescence and whether such mechanisms can be targeted
therapeutically to reverse endothelium dysfunction.
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Endothelial cell senescence in age-associated disorders

Relatively few studies have directly implicated endothelial cell senescence in age-related
disease. Patients with ischaemic heart disease have increased markers of senescence in their
coronary arteries, including increased SA-B-gal activity and expression of certain SASP
factors such as TNF-a, IL-8 and IL-6.63,75 In a mouse model of atherosclerosis, plaque
burden correlated with the expression of several senescence markers such as p21 and
Pai-1.75 Increased MEF2A expression and decreased angiopoietin-2 expression are
protective against senescence phenotypes in patients with cardiovascular disease.75,76

Additionally, endothelial cell senescence has been implicated in heart failure. Senescence-
accelerated mice display features of endothelial cell senescence during heart failure induced
by long-term high-fat and high-salt diet.77 The expression of p53 in cardiac endothelial cells
increases after cardiac injury in mice, and depletion of p53 in endothelial cells after cardiac
injury leads to improved cardiac function, increased angiogenesis and decreased
fibrosis.78,79 Increased expression of p53 is thought to drive up-regulation of ICAM-1 and
VCAM-1, thus promoting immune cell recruitment and infiltration after cardiac injury and
ultimately resulting in cardiac dysfunction.80,81 While p53 is associated with cellular
senescence, it is more widely recognized as a classic tumour suppressor gene with important
roles in inducing cell cycle arrest, DNA repair and programmed cell death. Therefore, more
studies are needed to adequately characterize endothelial cell senescence, beyond just p53
expression, in heart failure.

Endothelial cell senescence in the ageing brain

Limited evidence for CEC senescence exists, but it could explain many of the endothelial
dysfunction phenotypes seen in ageing and cerebrovascular disease, including both leaky
BBB and neurovascular uncoupling. HUVECs cultured to replicative senescence down-
regulate tight junctional proteins and have compromised barrier function in culture,82
potentially implicating endothelial cell senescence in BBB dysfunction. Two studies
evidenced increased leakiness of the BBB in a mouse model of accelerated senescence.83,84
Another study in the BubR1 hypomorphic mouse model of premature ageing58,60 found
increased BBB leakiness in conjunction with markers of senescence in CECs.24

Clearly, additional investigations into the possible contribution of cellular senescence to
endothelial cell dysfunction, both within and outside the CNS, are necessary. One can
postulate on many potential mechanisms by which these changes could influence age-related
cerebrovascular disease (Figure 2). For example, several established SASP factors are
unregulated in CECs during ageing and cerebrovascular disease. Pro-inflammatory SASP
factors such as IL-6 and IL-1p could induce a leaky BBB, which would be conducive to
peripheral immune cell infiltration and inflammation. This could then drive ROS and
eNOS/NO signalling defects and further contribute to CEC dysfunction, BBB disruption and
neurovascular uncoupling. VEGF is an important SASP factor whose dysregulation is
known to disrupt eNOS/NO signalling, which contributes to CEC dysfunction in age-related
disease. Other proteases and protease-regulators such as MMPs and TIMPs that are often
altered in senescent cells could exert detrimental effects on tight junctional integrity between
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CECs and ultimately induce blood-brain barrier leakiness. ICAM-1 is also up-regulated in
senescent cells and is known to promote neuroinflammation.

Given how senescent CECs may drive cognitive decline in a myriad of ways, they are
potentially relevant therapeutic targets in ageing and cerebrovascular disease.
Pharmacological agents, termed “senolytics,” have been developed to eliminate senescent
cells in a targeted manner. Application of these first-generation pharmacological agents in
mouse models of ageing and cerebrovascular disease in well-defined studies would help
causally link CEC senescence to cognitive decline. However, there are obvious limitations in
such an approach because such agents lack cell- and tissue-type specificity. In theory, there
would not be targetable differences in senescent CECs versus senescent endothelial cells in
other tissues, and thus, such studies would need to be well-designed to truly tease apart the
effects of CEC senescence versus peripheral senescence in an ageing context. Additionally,
this review focused on how CEC senescence may drive cognitive decline via increased BBB
disruption and neurovascular uncoupling in chronic ageing contexts, but it is even less clear
what role these disturbances may have in cognitive decline associated with acute injury, such
as stroke or traumatic brain injury. Looking into how BBB disruption and neurovascular
uncoupling occur in such acute contexts may better inform future studies aimed at
understanding the role of CEC senescence in more gradual cognitive decline.

4| CONCLUSION

Overall, many in vitro studies support the concept that endothelial cells may become
senescent, but few in vivo studies exist to connect endothelial cell senescence directly to
ageing and/or age-related disease, especially in the brain. Many age-related changes in the
cerebrovascular endothelial cell are reminiscent of senescence, but more direct studies need
to be done to concretely establish CEC senescence as a driver of CEC dysfunction in both
normal ageing and cerebrovascular disease. The use of senolytics in an in vivo model of
cerebrovascular disease to clear senescent CECs and monitor effects on disease pathology
could provide missing correlative link. Once linked, inducing senescence in CECs inan in
vivo context and noting cerebrovascular pathology would provide strong evidence for CEC
senescence as a driving force in cerebrovascular dysfunction.
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FIGURE 1.
Endothelial cell senescence could drive blood-brain barrier (BBB) disruption, neurovascular

uncoupling and neurodegeneration in ageing and disease. The neurovascular unit (NVU) is
composed of endothelial cells, astrocytes, pericytes, and neurons which function
cooperatively to regulate molecular transport from the periphery to the brain in order to
maintain neuronal homeostasis and respond to changes in neuronal energy demands. Aging
can induce changes in endothelial cells that disrupt the NVU’s role in the BBB and
neurovascular coupling. These changes to endothelial cells are reminiscent of cellular
senescence and include upregulation of cyclin-dependent kinase inhibitors, acquisition of a
pro-inflammatory and degradative senescence-associated secretory phenotype (SASP),
increased oxidative stress, and deregulated tight junctions. In this way, endothelial cell
senescence along with age-related loss of pericytic coverage of vessels can lead to increased
extravasation of red blood cells and other neurotoxic proteins. This BBB disruption causes
an imbalance in the local microenvironment and can drive neuronal dysfunction.
Additionally, age-related increases in astrocytic reactivity result in loss of astrocytic endfoot
coverage and break the communication between neurons and the endothelium, termed
“neurovascular uncoupling”, and also drives neurodegeneration
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FIGURE 2.
Proposed mechanisms for how senescent CECs affect the BBB and NVU. Senescent

cerebrovascular endothelial cells (CECs) are hypothesized to accumulate with aging and
cerebrovascular diseases like dementia by affecting neurovascular coupling and the blood-
brain barrier (BBB). In general, senescent cells secrete pro-inflammatory molecules like
VCAM-1, TNFa, and IL-1p, which stimulate greater neuroinflammation. Thus, one
mechanism by which senescent CECs may induce BBB disruption is by stimulating chronic
states of neuroinflammation and activating cytokine-inducible matrix metalloproteases
(MMPs) that directly degrade tight junction (TJ) proteins. Senescent CECs may also
promote neurovascular uncoupling via de-regulated VEGF/angiogenesis and/or increased
reactive oxygen species (ROS)/decreased nitric oxide (NO) axes
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