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Abstract

Dementia affects almost 50 million adults worldwide, and a major cause of death and disability. 

Hypertension is a leading risk factor for dementia, both Alzheimer disease and Alzheimer disease 

related dementias. Although this association is well-established, the mechanisms underlying 

hypertension-induced cognitive decline remain poorly understood. By exploring the mechanisms 

mediating the detrimental effects of hypertension on the brain, studies have aimed to provide 

therapeutic insights and strategies on how to protect the brain from the effects of blood pressure 

elevation. In this review, we focus on the mechanisms contributing to the cerebrovascular 

adaptions to elevated blood pressure and hypertension-induced microvascular injury. We also 

assess the cellular mechanisms of neurovascular unit dysfunction, focusing on the premise that 

cognitive impairment ensues when the dynamic metabolic demands of neurons are not met due 

to neurovascular uncoupling, and summarize cognitive deficits across various rodent models of 

hypertension as a resource for investigators. Despite significant advances in antihypertensive 

therapy, hypertension remains a critical risk factor for cognitive decline, and several questions 

remain about the development and progression of hypertension induced cognitive impairment.
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INTRODUCTION

Understanding the mechanistic relationship between cognitive decline and vascular health 

is essential, especially as human life expectancy increases and dementia remains a 

leading cause of death and disability1. Nearly half the adults in the United States are 
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diagnosed with hypertension2, making it one of the most prevalent vascular risk factors 

for cognitive impairment and dementia. The association between hypertension and risk of 

dementia is well established3, yet the mechanisms underlying this association remain under 

investigation. Studies to date suggest that hypertension not only induces cerebrovascular 

adaptations that are detrimental to the brain, but it also has a direct impact on the 

cerebral vasculature and neurovascular unit4. Understanding both the molecular and cellular 

mechanisms underlying this damage is essential to identify novel therapeutic targets and 

interventions, and ultimately prevent permanent brain damage and cognitive decline.

This review highlights the impact of hypertension on the neurovasculome5, the entire 

extracranial and intracranial vasculature and associated cells pertaining to the skull, brain, 

and meninges, focusing on potential mechanisms of neuronal injury and cognitive decline. 

A mechanistic discussion of the cerebrovascular adaptations, in both the extracranial and 

intracranial vasculature, and microvascular injury in response to elevated blood pressure 

is presented to understand how hypertension alters the brain vasculature. Then, the 

neurovascular unit (NVU) is examined in detail to explore the effects of hypertension 

on each specific cell type. Although important and highly relevant, the intersection 

between hypertension and classical Alzheimer’s disease pathology (amyloid deposition 

and tau tangles) has been previously discussed4,6, and is thus not included in the present 

review. Finally, we provide a summary of cognitive deficits in selected rodent models of 

hypertension and potential associated mechanisms as a tool for future investigation.

CEREBROVASCULAR ADAPTATIONS IN LARGE ARTERIES AND 

ARTERIOLES

The brain is a major target of end-organ damage in hypertension, and alterations affecting 

the cerebral vasculature may lead to vascular insufficiency and neuronal dysfunction3. 

Chronic elevations of blood pressure increase pulsatile stress on the cerebral vasculature, 

and as a result they will undergo significant adaptation to protect downstream microvessels 

and maintain adequate cerebral blood flow (CBF) regulation7. The cerebral vasculature 

will undergo inward remodeling, a rearrangement of the vascular smooth muscle cells 

(VSMC) that reduces lumen diameter, and vascular hypertrophy, an increase in vascular wall 

thickness resulting from VSMC proliferation and increased cell volume8. Several studies 

support a role for angiotensin II (AngII) signaling, a hormone involved in hypertension, 

as an important contributing mechanism to cerebrovascular remodeling and hypertrophy9. 

Although oxidative stress alone is not sufficient to induce remodeling10, NADPH oxidase 

2 (Nox2)-derived radicals induced by AngII type 1 receptor (AT1R) activation are an 

important contributing mechanism to cerebrovascular remodeling11. However, other factors 

may also be important, including altered VSMC mechanotransduction mechanisms12, 

mineralocorticoid signaling13 or calcium-activated chloride channel function14.

Hypertension is also a common co-morbidity with the reduced distensibility, and compliance 

of vasculature known as arterial stiffening15. Although this process can occur throughout 

the body, it is particularly detrimental in the aorta and carotid arteries which are essential to 

delivery of oxygen and nutrients to the brain15. Elevated arterial pressure causes mechanical 
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stress on the vasculature, resulting in the elastin fragmentation, collagen deposition, and 

subsequent increase in vascular stiffness9. Thus, arterial stiffening hinders the process of 

healthy continuous blood flow by exposing the smaller, less compliant cerebral capillaries 

to high velocity pulse waves of blood16. Dynamic cytoskeletal and cell-matrix interactions 

which regulate VSMC function and elasticity may also play a role in arterial stiffening, and 

interestingly these alterations are suggested to be AT1R-dependent17. Importantly, human 

studies have associated aortic stiffening and resulting increased pulse wave velocity with 

cognitive impairment and neurodegenerative biomarkers18. Research on the mechanisms 

behind these associations is limited, but animal studies suggest that the reduced compliance 

of large arteries reduce resting CBF16, disrupt the blood-brain barrier (BBB)16, and induce 

marked cerebral gliosis mediated by oxidative stress19. However, the molecular mechanisms 

of neuronal dysfunction remain to be uncovered.

Lastly, hypertension is also associated with atherosclerosis, and particularly atherosclerosis 

in the Circle of Willis, which results in cerebral hypoperfusion and may be an indirect way 

hypertension contributes to AD20. Of note, these adaptations in large arteries and arterioles 

have significant effects on the downstream vasculature and thus make relevant contributions 

to cognitive decline.

MICROVASCULAR INJURY

Cerebral small vessel disease (CSVD) is a multifaceted vascular disease that impacts 

arterioles, capillaries, and small veins supplying deep structures and white matter of the 

brain, and represents the most prevalent vascular risk factor for dementia21. CSVD is 

typically characterized in brain MRIs by white matter lesions, lacunar infarcts, enlarged 

perivascular spaces, and cerebral microbleeds (Fig. 1)21. White matter lesions are densities 

identified on FLAIR MRIs that are characterized by decreased vascular density, vessel 

wall thickening, increased vessel tortuosity, and plasma proteins21. These lesions typically 

result in demyelination of neurons, gliosis, and loss of fibers and oligodendrocytes21. There 

are several hypotheses on the etiology of white matter lesions, including flow-dependent 

mechanisms such as ischemia, vasculopathy, reduced white matter perfusion, and flow-

independent mechanisms such as loss of pericyte coverage and BBB breakdown21,22, 

inflammation, and activation of endothelial cells within capillaries21. Hypertension, which 

is an important risk factor for white matter lesions21, causes increases in blood vessel 

fibrosis and altering of the structural integrity of arterioles and capillaries9. Lacunes 

are also an MRI-defined feature of CSVD highly associated with hypertension and are 

characterized as small deep brain infarcts caused by occlusions of branches of large 

cerebral arteries, including the middle cerebral artery and the Circle of Willis23. These 

infarcts typically appear in the deep white matter and contain necrotic waste and have 

evidence of gliosis, myelin loss, and neuronal loss23. Enlarged perivascular spaces are also 

a neuroimaging marker of CSVD. Perivascular spaces are cerebrospinal fluid (CSF) filled 

spaces surrounding the penetrating arterioles and are important for drainage of interstitial 

fluids24. While the primary cause of enlarged perivascular spaces is not known, both animal 

and human studies suggest inflammation may play an important role24.
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Hypertension is also a major risk factor for cerebral microbleeds25,26. Although 

the mechanisms leading to cerebral microbleeds are still under investigation, their 

pathogenesis is thought to be initiated by oxidative stress and inflammation weakening the 

structural integrity of the microvessels and thus allowing them to rupture25. Furthermore, 

hypertension-induced microbleeds are also worsened by aging27 and amyloid pathology28. 

Cerebral microbleeds are associated with worse cognitive function and the mechanisms may 

involve local brain injury and long-lasting inflammation29.

Microvascular rarefaction refers to the reduction of arteriolar and capillary density. 

Functional rarefaction refers to reversible constriction and reduction of capillaries, 

while structural rarefaction is an irreversible loss of arterioles and capillaries30. It is 

hypothesized that long-term, functional rarefaction precedes the permanent structural 

changes30. Indeed, arteriolar and capillary rarefaction is observed in many animal models 

of hypertension31 and in hypertensive patients, specifically at the earlier stages32. The 

mechanisms underlying cerebral microvascular rarefaction in hypertension are complex and 

remain under investigation but have been suggested to be a consequence of the transmission 

of increased pressure to the brain microvessels6, and particularly pre-capillary arterioles and 

post-capillary venules are sensitive to the increased resistance in hypertension. Endothelial 

cell dysfunction may directly contribute to rarefaction of cerebral vessels6, but also 

indirectly by reducing cross-talk between endothelial cells and pericytes thus inducing loss 

of pericytes and ultimately reduction in capillary density33. This may lead to the formation 

of string vessels, or collapsed remnants of basement membrane that have no endothelial 

cells34. Interestingly, venular rarefaction has been reported in the retinal vasculature during 

malignant hypertension35. Additional supporting evidence of the multifactorial pathogenesis 

come from studies indicating that hypertension-induced cerebral microvessel rarefaction is 

exacerbated by aging31, but may be rescued by exercise36 and reducing lipid levels37. Of 

note, the CRUCIAL study (evaluation of microvascular rarefaction in vascular cognitive 

impairment and heart failure) is expected to report first results in 2025 and is planning to 

develop novel non-invasive measures for detection of cerebral microvascular rarefaction38, 

which will contribute to furthering our understanding of hypertension-induced microvascular 

rarefaction and its contribution to cognitive impairment.

NEUROVASCULAR UNIT DYSFUNCTION

The brain has a high and dynamic metabolic demand that requires tight regulation of CBF 

throughout the system. Brain, vascular, and perivascular cells work together as a unit to 

maintain the homeostatic environment of the brain. Neurovascular coupling is known as the 

ability of the cerebral vasculature to increase local CBF to regions with enhanced neuronal 

activity and is essential to the maintenance of proper neuronal function39. Importantly, 

the bidirectional communication between the vasculature and neurons is an important 

physiological mechanism that may be impaired in dementia. The complex nature of the 

NVU in health has been previously reviewed39, thus in this section we will focus on 

the hypertension-induced effects on the NVU (Fig. 2) and their potential association with 

cognitive impairment. This is based on the hypothesis that cognitive impairment occurs 

when the metabolic demands of neurons are not met due to neurovascular uncoupling40,41. 

Neurovascular uncoupling in hypertension most commonly presents as a reduction or 
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absence of vasodilation in response to neuronal activity, although in acute brain injury 

can also present as vasoconstriction leading to a reduction in local CBF in response to 

neural activity (inverse neurovascular coupling)42. Interestingly, a recent study described 

a prolonged inverse hemodynamic response in stroke-prone salt-sensitive spontaneously 

hypertensive rats43. In this review, we will discuss all cells involved with cerebral arterioles, 

capillaries, and venules as members of the NVU.

Endothelial cells

Endothelial cells participate in CBF regulation by modulating vasomotor tone through 

the release of vasoactive signals, including both constrictor and relaxing factors44. 

Hypertension has profound effects on endothelial-mediated vasodilation8, particularly 

associated with reduced nitric oxide (NO) bioavailability7. Experimental studies have 

found that endothelial NO synthase (eNOS) function is impaired in various models of 

hypertension, ranging from reduced expression, mislocalization, modulation of activating 

and inhibitory phosphorylation sites, and eNOS uncoupling; thus resulting in reduced NO 

production45. Furthermore, superoxide may scavenge NO, thus vascular oxidative stress 

further limits NO bioavailability8,44. Finally, although studies have suggested a link between 

endothelial dysfunction and cognitive impairment46, the question remains whether this 

association is mediated by a direct effect of CBF or via correlation with CSVD severity47.

Endothelial cells are also important in sensing and transmitting neurovascular signals 

during neurovascular coupling39. Neural activity is postulated to activate endothelial KIR2.1 

channels, resulting in endothelial cell hyperpolarization, and retrograde propagation of 

vasodilation48. Increased aldosterone, induced by long-term treatment with an angiotensin 

receptor blocker (ARB), may damage KIR2.1 signaling in hypertension, resulting in 

impaired capillary-to-arteriolar signaling49 contributing to neurovascular uncoupling. 

However, ARB use is not detrimental to cognitive function, therefore this mechanism 

may not be widespread in hypertensive cognitive decline. On the other hand, the recent 

description of a prevalent continuum of renin-independent aldosterone production that 

parallels hypertension severity in essential hypertensive patients raises the possibility that 

this mechanism may be more relevant than previously recognized. Given the regional 

heterogeneity observed in brain endothelial cells both at the level of vascular segments50 and 

brain regions, future investigation should evaluate the effects of hypertension, and associated 

molecules (Ang II, aldosterone), on different vascular segments as well as across brain 

regions.

Endothelial cells also form the first layer of the BBB, a unique property of the brain 

vasculature regulating the bidirectional transport of molecules between the brain and the 

blood45. BBB disruption in hypertension has been suggested to be mediated by AngII51 

and reactive oxygen species52, rather than the increase in systolic pressure itself51,53. AngII 

in the circulation activates cerebral endothelial AT1R leading to tight junction remodeling, 

increased vesicular transport, and BBB disruption53. However, studies have also shown that 

venules are a key site of BBB disruption during inflammation and are particularly sensitive 

to increases in pressure in both acute and chronic hypertension54,55. In humans, BBB 

breakdown is an early biomarker of cognitive impairment56, specifically BBB breakdown 
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in the hippocampus worsened mild cognitive impairment57. Although BBB disruption is 

present in some patients with hypertension58, and may be associated with changes in daily 

blood pressure profile59, it has not been widely reported as a key feature of hypertension. 

Whether this is a result of the difficulty to evaluate the effect of hypertension in the presence 

of other comorbidities, or a true indication of the low prevalence of BBB disruption in the 

human patient population remains to be determined.

Mural cells

Smooth muscle cells are present in cerebral arteries and arterioles, and are important for the 

maintenance of cerebral autoregulation - the ability of the cerebral circulation to maintain 

CBF relatively constant over a range of arterial pressures44. Importantly, autoregulation is 

affected by the rate at which blood pressure fluctuates60, such that relatively slow changes 

in arterial blood pressure are associated with stable CBF, while rapid changes result in 

greater variability in CBF. Static autoregulation refers to the classic steady-state relationship 

between arterial blood pressure and CBF, while dynamic autoregulation refers to a CBF 

response occurring over seconds to minutes due to fast changes in blood pressure60. 

Static autoregulation is impaired in various animal models of hypertension60 potentially via 

increased myogenic tone44 as well as structural adaptations to the elevated blood pressure. 

These findings suggested that hypertension increases the risk for hypoxia if blood pressure 

were to drop below the lower limit of autoregulation and thus could be a contributing 

mechanism to neuronal injury. Although cerebral autoregulation was also thought to be 

impaired in human hypertension, increasing evidence indicates that static autoregulation is 

actually maintained in hypertensive patients60. On the other hand, whether hypertension 

affects dynamic cerebral autoregulation is still under debate60, as some studies suggest 

it is maintained, while others report impairments. It may be important to investigate the 

functional heterogeneity of dynamic autoregulation across brain regions to better understand 

the potential effects on cognitive function.

Pericytes are mural cells present in the microvasculature (pre-capillary arterioles, capillaries, 

and post-capillary venules) involved in regulating blood flow61 as well as maintenance of 

the BBB62. Pericytes vary in their location, morphology, protein expression, and related 

functions, many of which are still being identified. Morphologically, they are surrounded 

by basement membrane and extend processes both along and around capillaries, with 

more circumferential processes at the arteriole end of the capillary bed, more longitudinal 

processes in the middle of the capillary bed, and a stellate morphology at the venule end of 

the capillaries63. These morphological differences have led to “zone-specific” nomenclature: 

on precapillary arterioles (e.g., ensheathing pericytes, transitional pericytes), on capillaries 

(e.g., thin-strand or helical pericytes), and on post-capillary venules (e.g., mesh pericytes). 

Notably, there is variation in pericyte gene expression too, wherein downstream mural 

cells from capillary to venule zones are characterized by high expression of membrane 

transporters, such as abcc9 (ATP binding cassette subfamily C member 9) and pericytes 

that give out more circumferential processes expressing more alpha-smooth muscle actin 

(α-SMA)64. Pericyte loss has been associated with impairment of neurovascular coupling, 

BBB disruption, and cognitive impairment. Pericytes may also be playing an important 

mechanistic role in the breakdown of the BBB31, white matter lesions22, and development 
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of cognitive impairment. Early studies have reported both increased and decreased brain 

pericyte numbers in hypertensive rodent models65,66. However, limitations in the methods 

of pericyte identification used prevented definitive conclusions from being drawn. More 

recent studies have found a loss of pericyte coverage of capillaries in hypertension, which 

is further exacerbated by aging31, and can be prevented by interferon-gamma blockade67. 

AngII can directly stimulate pericyte migration and contraction68 and may also upregulate 

Nox4 expression69. While Nox4 has been considered protective in endothelial cells70, 

pericyte Nox4 is associated with promoting blood-brain barrier damage through activation of 

NF-Kb and matrix metalloproteases71 and mediating vasoconstriction of capillaries72. Thus, 

Ang II-induced Nox4 upregulation in pericytes may contribute to the neurovascular unit 

dysfunction observed in hypertension. RNA-sequencing of cerebral microvascular pericytes 

from normotensive and hypertensive rats identified several differentially expressed genes 

and signaling pathways related to cell adhesion, extracellular matrix interactions, and 

inflammation73, consistent with their possible role in BBB disruption. However, whether 

disruption of pericyte function in hypertension contributes to cognitive impairment has not 

been determined.

Astrocytes

Astrocytes are important members of the NVU contributing to both BBB integrity and 

neurovascular coupling. Swelling of astrocytic endfeet can be observed around capillaries 

in hypertensive rats and may be an indication of BBB disruption66. With regards to 

neurovascular coupling, astrocytes may respond to neuronal activity by releasing vasoactive 

mediators74, and two recent studies reported that AngII augments astrocytic calcium 

signaling75,76. These findings raise the possibility that astrocytes contribute to the increased 

vascular tone and disruption of neurovascular coupling in hypertension. However, the 

importance of altered astrocytic calcium signaling or astrocytic endfeet swelling on 

cognitive function in hypertension remains to be determined.

Microglia

While microglia are commonly known in neurodegeneration for their role in 

neuroinflammatory processes, and particularly contributing to Alzheimer’s disease 

pathology77, they have recently been implicated in cerebrovascular function78. A 

subpopulation of microglia, known as juxtavascular or capillary-associated microglia78, 

are located in close proximity of brain microvessels, specifically in direct contact 

with the capillary basement membrane without disrupting astrocytic endfeet or pericyte 

coverage of microvessels. Microglia depletion with the CSF1 receptor inhibitor PLX3397 

triggered capillary diameter dilation by approximately 15%, an increase in blood flow 

of about 20% assessed by laser-speckle, and impaired vasodilation to hypercapnia78. 

However, it’s important to note that PLX3397 targets all microglia, not only the capillary-

associated subpopulation, while CSF1 receptor inhibition also depletes about 60% of 

brain macrophages79. Thus, it is not possible at this time to rule out the contribution 

of parenchymal microglia or brain macrophages to mediating the observed effects. 

Nonetheless, given their implication in neuroinflammation and neurovascular regulation, 

determining their contribution to neurovascular dysfunction and cognitive impairment in 

hypertension should be a focus of investigation in coming years.
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Perivascular macrophages

Found in the perivascular space surrounding cerebral arterioles and venules, perivascular 

macrophages (PVM) are innate resident immune cells that have emerged as new players 

of the NVU and are increased in aging and hypertension80. PVM are one of three types 

of brain resident macrophages, and together with leptomeningeal and choroid plexus 

macrophages, they are known by various nomenclatures including central nervous system-

associated macrophages, brain- or border-associated macrophages, or parenchymal border 

macrophages. However, given their localization to perivascular spaces, PVM are uniquely 

positioned to influence the cerebral vasculature. In rodent models of hypertension, PVM 

mediate the neurovascular dysfunction and disruption of the BBB via AT1R activation and 

Nox2-derived radicals53,81. Given the sensitivity of the venular BBB54, the presence of 

PVM-derived radicals may be particularly detrimental in this vascular segment. Depletion of 

PVM protects hypertensive mice from developing cognitive impairment53,79,81, suggesting 

that PVM not only have a detrimental role in regulating cerebrovascular function in 

hypertension, but may also be key mediators in hypertensive cognitive decline. A recent 

report identified a new role of these cells in regulating CSF flow dynamics82, raising the 

possibility that dysfunctional PVM53,79,81 may be associated with impaired CSF flow in 

hypertension83,84. This warrants future investigation on whether CSF flow and clearance 

mechanisms are affected in hypertension and may contribute to cognitive decline.

COGNITIVE DEFICITS IN RODENT MODELS OF HYPERTENSION

Given that no animal model can fully recapitulate the complex etiology of human 

hypertension85, utilizing various models is necessary for thorough investigation of the 

mechanisms underlying hypertension-induced cognitive impairment. Supplementary Table 

S1 presents potential mechanisms of cognitive deficits in selected rodent models of 

hypertension as a resource for future investigation. It is important to note that large 

animal models, such as Rhesus monkeys86, have also demonstrated hypertension-associated 

memory decline.

Genetic models of hypertension have a progressive rise in blood pressure with age, and 

thus are beneficial to investigate the effects of chronic spontaneous hypertension. Various 

genetic models develop cognitive deficits, including the spontaneously hypertensive rat 

(SHR), Schlager/blood pressure high (BPH/2) mouse, and human renin and angiotensinogen 

transgenic mice (R+/A+). Both the SHR and BPH/2 models develop such deficits at 

12 weeks of age53,81,87, and the R+/A+ transgenic mice at 16 weeks of age88. In the 

BPH/2 mouse, impairments in spatial learning and memory81,89, working memory53,81, and 

disinhibition53,89 have been observed. However, it is important to note that we cannot rule 

out that the phenotypic effects observed are due to genetic differences unrelated to the 

elevation of blood pressure.

One of the most widely used models of hypertension, long-term subcutaneous infusion 

of AngII, varies widely in both dose and length of treatment85. In rats, 2 months of 

AngII hypertension did not affect spatial learning and memory, but did impair cognitive 

flexibility assessed by a complex task90. In mice, high doses of AngII administration for 

longer than 4 weeks is needed to induce cognitive deficits91. However, these high doses 
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may also induce anxiety92, and thus could make data interpretation more difficult. Despite 

extensive cerebrovascular structural and functional alterations induced in the AngII model 

of hypertension, and given that less than 15% of patients have elevated circulating renin-

angiotensin system (RAS) activity, AngII-induced hypertension may not be the best suited 

model for assessing the effects of hypertension on cognitive function.

Salt-sensitivity affects up to 50% of patients with hypertension and has been identified as 

an independent risk factor for cardiovascular events93. Rodent studies commonly use 4 or 

8% NaCl, representing an 8-fold to 16-fold increase from a normal mouse diet94. Although 

extremely high, these diets are comparable to the high end of the spectrum of human salt 

consumption95. These high doses have been used historically because many rodent strains 

are resistant to salt treatment85. A historical perspective and extensive list of salt-sensitive 

rodent models has been previously published93, and thus will not be reiterated here. Both 

Dahl salt-sensitive96 and DOCA-salt rats97 have been reported to develop cognitive deficits 

in various domains, although the results are not always consistent. Given the independent 

link between salt and cognitive impairment in animals94 and humans98, further investigation 

on models of salt-sensitive hypertension is warranted.

Lastly, cognitive impairment has also been reported in surgical models of hypertension 

including transverse aortic coarctation (TAC)99 and renovascular hypertension100. TAC 

may be a particularly useful model because it presents with alterations to cerebrovascular 

reactivity, endothelial dysfunction, as well as neurodegenerative pathology, brain amyloid 

accumulation and BBB dysfunction99.

CONCLUSIONS

While the relationship between hypertension and cognitive decline is undeniable, the 

mechanisms underlying this link are less well understood. Importantly, there are several 

big questions which remain in the field. First, how does impaired CBF regulation 

lead to cognitive impairment? As mentioned earlier, much of the studies investigating 

cerebrovascular mechanisms of cognitive impairment work under the assumption that 

cognitive impairment occurs when the metabolic demands of neurons are not met due to 

neurovascular uncoupling40,41. However, the exact mechanisms linking impaired CBF to 

neuronal dysfunction and cognitive impairment are not clear. There are several hypotheses 

to explain this association: (1) the lack of oxygen availability resulting from reduced CBF 

could directly lead to neuronal death, (2) neuroinflammation in response to the leakage of 

plasma proteins in the brain parenchyma may be responsible for neuronal dysfunction, and 

(3) a neurotoxic milieu due to impaired clearance of byproducts of neuronal activity may 

impair neuronal function. Given that there is evidence for each of these in the literature, it is 

unlikely that only one of these hypotheses will explain the association. Instead, each of these 

mechanisms may be present to different degrees in individuals, and thus the combination of 

all three is important to cognitive health.

The second main question which remains is does restoring CBF in hypertension improve 

cognitive function? The answer may not lie exclusively in antihypertensive therapy. This is 

because even if the pharmacological lowering of blood pressure may improve CBF101, it 
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does not always rescue cognition102. Thus, even though hypertension treatment is essential 

and undoubtedly beneficial to cardiovascular health, it is important to recognize that there 

may be other processes operating in parallel that may contribute to cognitive decline in 

hypertension. This is complicated by the slow temporal progression of pathology, as the 

onset of hypertension and cognitive decline are separated by several decades7. Furthermore, 

aging exacerbates the detrimental effects of hypertension on the brain, and the interaction 

of aging and hypertension is a point of active investigation6. Therefore, protecting cognitive 

health will require early identification of patients at risk and prevention of CBF impairment.

Lastly, women are at much greater risk for dementia than men103. This has historically 

been attributed to women living longer, though cardiovascular risk factors like hypertension 

may play a role in these differences. Women are more prone to hypertension after the 

age of 60104, increasing the burden of elevated blood pressure and aging. This could be 

due to reduced estrogen signaling post-menopause as estrogen is important in nitric oxide 

signaling and a reduction in this could impact vasodilation105. Estrogen is also important 

in the availability of elastin and collagen in the arterial walls, highlighting its importance 

in keeping compliant vessels walls105. Additional, estrogen is neuroprotective and plays a 

role in inflammatory regulation106. Despite its essential roles, the effect of menopause on 

cardiovascular health and how that may contribute to dementia risk is understudied.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cerebral small vessel disease manifestations in hypertension.
White matter lesions are visualized as white densities on FLAIR MRIs, and may result 

from ischemia and breakdown of the blood-brain barrier (BBB) leading to loss of 

oligodendrocytes, demyelination of neurons, and microglia activation. Lacunar infarcts are 

found on FLAIR MRIs and contain necrotic waste and have evidence of gliosis, myelin 

loss, and neuronal loss. Enlarged perivascular spaces are CSF filled spaces that can be seen 

on T2-weighted MRIs. Inflammation results in the enlargement of these spaces. Cerebral 

microbleeds, visualized as small circular depositions of blood in SWI MRIs. Studies suggest 

increased oxidative stress leads to weakening of the microvessels allowing them to rupture 

in response to the increased pressure. FLAIR, fluid attenuated inversion recovery; MRI, 

magnetic resonance imaging; BBB, blood brain barrier; CSF, cerebral spinal fluid; ROS, 

reactive oxygen species, SWI, susceptibility weighted imaging.
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Figure 2. Hypertension impairs the function of the neurovascular unit.
Hypertension affects all cell-types of the neurovascular unit via various mechanisms 

resulting in endothelial cell (EC) dysfunction, BBB disruption, and impaired neurovascular 

coupling (NVC). Endothelial dysfunction may result from reduced nitric oxide (NO) 

bioavailability, resulting from impaired eNOS function and increased ROS production by 

perivascular macrophages (PVM). Angiotensin II (AngII) type 1 receptor (AT1R) activation 

in both EC and PVM, and a potential interaction with toll-like receptor 4 (TLR4) in 

EC, contribute to disruption of the blood-brain barrier (BBB). Neurovascular coupling is 

impaired by PVM-derived ROS, aldosterone (Aldo)-induced damage of KIR2.1 channels 

and endothelial hyperpolarization, as well as altered calcium signaling in astrocytic endfeet. 

Pericytes express Nox4 which is upregulated by AngII and may contribute to vascular 

inflammation. AngII, angiotensin II; KIR2.1, inwardly rectifying potassium channel 2.1; 

Nox, NADPH oxidase; TRPV4, transient receptor potential vanilloid 4; Nox2, NADPH 

oxidase 2.
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