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Vascular cognitive impairment (VCI) and Alzheimer’s 
disease (AD) are major obstacles to healthy ageing and 
the principal causes of chronic disability and decreased 
quality of life among elderly people in the industrialized 
world. The prevalence of AD and VCI is projected to 
quadruple in the next 50 years owing to rapid ageing 
of the populations of Europe, Japan and the USA. The 
economic impact of dementia has been estimated at US 
$200 billion per year in the USA1 and US $600 billion per 
year worldwide2, including market costs associated with 
nursing home care and the economic burden of unpaid 
care-givers. The maintenance of cognitive health and 
prevention of dementia among older adults is a critical 
scientific and public health priority.

Among the potential targets for improvement of 
cognitive health among older adults, arterial hyper-
tension is one of the most prevalent and potentially 
modifiable pathologies. Hypertension, especially in 
older adults, substantially increases the risk of VCI3 
and exacerbates the pathogenesis of AD4–8. The inter-
actions of hypertension and ageing and the contribu-
tions of hypertension to cognitive dysfunction in older 
individuals are multifaceted. First, hypertension itself 
is a disease of ageing. Second, ageing is associated with 
the generalized impairment of several homeostatic 

mechanisms, including regulation of cerebral blood 
flow and microvascular pressure. Third, ageing is asso-
ciated with impaired cellular stress resilience, which 
exacerbates cellular and molecular damage resulting 
from hypertension-induced haemodynamic and oxi-
dative stress. Fourth, several key cellular and molecu-
lar mechanisms, including oxidative stress, endothelial 
dysfunction, inflammatory processes and blood–brain 
barrier (BBB) dysfunction, are common to vascular 
ageing and hypertension-induced vascular dysfunction 
and end organ damage. Hypertension-induced vascular 
pathologies can therefore be considered to be the result 
of accelerated vascular ageing. Chronic hypertension can 
also promote the development of atherosclerotic plaques 
in larger cerebral arteries9, which may adversely impact 
cerebral blood flow and lead to ischaemic strokes that 
contribute to cognitive decline in the elderly3.

Here, we review the synergistic deleterious effects of 
elevated blood pressure and old age on the structural 
and functional integrity of the cerebral microcircu-
lation and cognitive function. We discuss the role of 
advanced age in cerebrovascular maladaptation to hyper-
tension and the resulting exacerbation of microvascular 
pathologies. We then focus on microvascular contribu-
tions to exacerbated hypertension-induced cognitive 
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impairment in ageing, including small vessel disease, 
capillary rarefaction and BBB disruption, neurovascu-
lar dysfunction and the pathogenesis of cerebral micro-
haemorrhages, lacunar infarcts and white matter lesions 
(also known as leukoaraiosis), as well as the role of 
hypertension in the pathogenesis of AD in older adults.

Epidemiology
Hypertension (defined as systolic blood pressure 
(SBP) ≥140 mmHg or diastolic blood pressure (DBP) 
≥90 mmHg10) affects 1 billion individuals worldwide, 
and the prevalence significantly increases with age11. 
In the USA, the estimated prevalence of hypertension 
is 76% among adults aged 65−74 years and 82% among 
adults aged ≥75 years12. Despite increasing aware-
ness of the deleterious effects of hypertension, rates of 
blood pressure control remain suboptimal. In the past 
decade, only ~50% of adult US patients with hyperten-
sion achieved adequate blood pressure control11. The 
deleterious effects of high blood pressure on cognitive 
function were recognized at the end of the nineteenth 
century13, and studies in the 1960s and 1970s provided 
evidence that hypertension impairs various domains of 

cognition14. Subsequently, many prospective longitudinal 
studies have demonstrated a causal relationship between 
blood pressure and the incidence of VCI and AD15.

The Honolulu-Asia Aging Study5 demonstrated an 
association between mid-life blood pressure and VCI 
and AD in old age. Among participants who were never 
treated for hypertension, higher blood pressure was 
associated with a significantly increased risk of demen-
tia owing to VCI or AD (odds ratio (OR) 3.8 for DBP 
90–94 mmHg, and 4.3 for DBP ≥95 mmHg compared with 
DBP 80–89 mmHg)5. Compared with normotensive indi-
viduals, patients with hypertension (SBP ≥160 mmHg) 
had a 4.8-fold higher risk of dementia5. In a retrospec-
tive cohort study in Northern California, USA, the pres-
ence of hypertension at midlife substantially increased 
the risk of late-life dementia16. Similar results were 
obtained in a prospective, population-based study in east-
ern Finland, which showed that hypertension in midlife 
increases the risk of AD in later life17. The prospective 
Adult Health Study in Japan confirmed the association 
between mid-life hypertension and VCI in old age. In the 
US ARIC study, midlife hypertension was associated with 
increased cognitive decline during 20 years of follow-up18.

The Swedish Gothenburg H-70 study showed that 
participants who developed dementia at age 79–85 years 
had significantly higher SBP (mean 178 vs 164 mmHg) 
and higher DBP (mean 101 vs 92 mmHg) at age 70 than 
those who did not develop dementia19. Another Swedish 
study showed that older adults with SBP >180 mmHg are 
at a significantly increased risk of AD20. A US prospective 
cohort study demonstrated that high SBP (≥160 mmHg) 
was associated with an increased risk of dementia among 
young elderly people (aged 64–75 years)21. Studies in 
Japan22 and the USA23 reported that hypertension is an 
independent risk factor for vascular dementia in indi-
viduals aged ≥65 years. In addition, hypertension was 
a risk factor for mild cognitive impairment in elderly 
participants (mean age 75 years) in a US longitudinal 
population study24.

The cognitive domains that are negatively affected 
by hypertension include abstract reasoning and/or 
executive function, memory and mental processing speed3. 
A study that used the Digit Symbol Substitution Test, which 
is a more sensitive measure of cognitive impairment than 
the Mini-Mental State Examination (MMSE), showed that 
in men aged 45–55 years, higher SBP and DBP were sig-
nificantly associated with lower cognitive performance 
at 8 years of follow-up25. In women, higher SBP was asso-
ciated with better cognition at younger ages and poorer 
cognition at older ages. The association between midlife 
patterns of SBP and cognitive decline was confirmed in a 
prospective study of the 10-year change in performance 
in tests including the Digit Symbol Substitution Test 
and MMSE. In this study, participants with high SBP in 
midlife experienced a greater decline in cognitive per-
formance and had larger white matter hyperintensity 
(WMH) volumes at 10-year follow-up than those with 
low SBP in midlife26.

Health disparities. Widening disparities in the 
prevalence of hypertension and dementia exist 
worldwide27,28. The prevalence of hypertension is higher 

Key points
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•	use of pharmaceutical and/or lifestyle interventions that reduce blood pressure in 
combination with treatments that promote microvascular health could potentially 
prevent or delay cognitive decline in patients with hypertension.

Author addresses

1vascular cognitive Impairment and Neurodegeneration Program, center for 
Geroscience and Healthy brain Aging, Department of biochemistry and molecular 
biology, university of oklahoma Health Sciences center, oklahoma city, oK, uSA.
2International training Program in Geroscience, Doctoral School of basic and 
translational medicine/Department of Public Health, Semmelweis university,  
budapest, Hungary.
3Department of Health Promotion Sciences, college of Public Health, university  
of oklahoma Health Sciences center, oklahoma city, oK, uSA.
4Department of Neurosurgery, medical School, university of Pecs, Pecs, Hungary.
5Department of Neurology, university of oklahoma Health Sciences center,  
oklahoma city, oK, uSA.
6veterans Affairs medical center, oklahoma city, oK, uSA.
7Department of Neurology, Division of Stroke and Neurocritical care, Northwestern 
university Feinberg School of medicine, chicago, Il, uSA.
8Heart and vascular center, Semmelweis university, budapest, Hungary.
9International training Program in Geroscience, Doctoral School of basic and 
translational medicine/Institute of clinical experimental research, Semmelweis 
university, budapest, Hungary.

Lacunar infarcts
Small infarcts (2–20 mm in 
diameter) in the deep cerebral 
white matter, basal ganglia, 
or pons that are presumed to 
result from the occlusion of a 
single small perforating artery 
supplying the subcortical areas 
of the brain.

White matter lesions
Areas of abnormal myelination 
in the brain that are best 
visualized as hyperintensities 
on T2-weighted and 
fluid-attenuated inversion 
recovery (FLAIR) MRI 
sequences.

Abstract reasoning
A cognitive domain that 
is closely related to fluid 
intelligence. The ability to 
quickly reason with information 
to solve new, unfamiliar 
problems, independent 
of any prior knowledge.
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in low- and middle-income countries (LMICs; 31.5%) 
than in high-income countries (HICs; 28.5%)27. Similarly, 
the prevalence of dementia is higher in LMICs than 
HICs. Estimates suggest that in 2001, 60% of people 
with dementia lived in LMICs and that this proportion 
will increase to 71% by 2040 (REF.29). Moreover, the rates 
of increase are not uniform; the number of people with 
dementia in HICs is forecast to increase by 100% between 
2001 and 2040, whereas a >300% increase is forecast in 
India, China and south Asian and Western Pacific coun-
tries. These differences can be partially attributed to dif-
ferences in environmental and lifestyle factors, duration 
with disease and age-specific incidence.

Disparities in the prevalence of hypertension 
and dementia also exist within countries. African 
Americans have a higher prevalence of hypertension 
than people of European descent27 and a 1.5–4-fold 
increased risk of developing dementia compared with 
non-Hispanic white people28. A study that analysed lon-
gitudinal data for 34,349 participants in various large 
US cohort studies concluded that differences in cumu-
lative blood pressure levels might contribute to racial 
differences in cognitive decline at older age30. The fac-
tors that underlie racial disparities in hypertension and 
hypertension-related diseases are likely to be related to 
social determinants of health, including education, social 
support, family income, employment and access to health 
services, which lead to differences in factors, including 
hypertension awareness, access to treatment, medica-
tion adherence and modifiable lifestyle factors includ-
ing physical activity, smoking, alcohol consumption and 
dietary habits such as sodium and potassium intake31.

Comorbidities. In HICs, more than half of older indi-
viduals have three or more chronic conditions in addi-
tion to hypertension, including type 2 diabetes mellitus 
(T2DM), pre-diabetes, obesity, chronic kidney disease 
(CKD) and cardiovascular diseases (ischaemic heart 
disease, stroke or heart failure)32. The prevalence of 
obesity and T2DM among people with hypertension 
is more than double that of normotensive adults. Thus, 
the elderly often present with hypertension in a comor-
bid setting, which probably exacerbates the deleterious 
effects of high blood pressure on the brain. Strong evi-
dence suggests that T2DM33, obesity34–36, CKD37 and 
heart failure38 impair the cerebral microvasculature, 
compromise cerebral blood flow and promote cognitive 
impairment. These effects are synergistic or additive 
to the vascular effects of hypertension and thereby 
exacerbate the pathogenesis of VCI and AD in older 
individuals with comorbidities.

Adaptation of the cerebral circulation
Preclinical studies have provided mechanistic evidence 
that in young organisms, the cerebral circulation exhib-
its structural and functional adaptations to chronic 
elevations of blood pressure that lead to compensatory 
increases in cerebrovascular resistance39. The struc-
tural adaptations include remodelling of the cerebral 
arteries and arterioles, which results in an increased 
wall-to-lumen ratio that reduces wall stress and increases 
segmental resistance39,40. Cerebrovascular remodelling is 

an active process, guided by mechanosensitive signalling 
mechanisms that are triggered by haemodynamic stim-
uli and dynamic interactions between growth factors, 
cytokines and vasoactive substances produced by cells 
within the vascular wall. Vascular structural remodel-
ling involves adaptive changes in cell growth and pro-
liferation, cell death, cell migration, and changes in the 
synthesis, deposition and degradation of extracellular 
matrix components.

Functional adaptations to high blood pressure 
include an enhanced pressure-induced myogenic con-
striction response of segmentally connected cerebral 
arteries and arterioles41. This important homeostatic 
mechanism ensures that high arterial pressure is not 
transmitted to the distal portion of the microcircula-
tion where it would damage the thin-walled arteriolar 
and capillary microvessels in the brain42. Myogenic 
constriction of resistance vessels is also responsible for 
autoregulation, which keeps cerebral blood flow fairly 
stable during fluctuations in blood pressure. Owing to 
the enhanced myogenic response of cerebral vessels, the 
autoregulatory curve of cerebral blood flow is shifted 
to the right in patients and animal models with hyper-
tension, extending the limits of autoregulation towards 
higher pressure values41,43.

Experimental evidence indicates that hypertension- 
induced adaptive enhancement of the myogenic 
response is at least partly due to chronic upregulation 
of the 20-hydroxyeicosatetraenoic-acid (20-HETE)–
short transient receptor potential channel 6 (TRPC6) 
pathway, which leads to sustained pressure-induced 
increases in intracellular Ca2+ in vascular smooth mus-
cle cells (VSMCs)39,41,44 (FIg. 1). Other mechanisms may 
involve hypertension-induced changes in the expression 
of epithelial sodium channels45, transient receptor poten-
tial cation channel subfamily V member 4 (TRPV4) 
channels46 and/or other ion channels that are involved in 
pressure-induced depolarization of VSMCs42 as well as 
altered activation of Rho kinase and protein kinase C47, 
which modulate the Ca2+ sensitivity of the contractile 
apparatus. These adaptive changes keep the intracranial 
blood volume within the normal range and protect the 
thin-walled, vulnerable distal portion of the cerebral 
microcirculation from high pressure-induced damage.

Age-related maladaptation. Preclinical studies demon-
strate that functional and structural adaptation of cere-
bral arteries to hypertension is impaired in ageing. Aged 
cerebral arteries do not exhibit hypertension-induced 
adaptive increases in myogenic tone and the resulting 
extension of cerebral blood flow autoregulation to high 
pressure values41,44. Dysregulation of pressure-induced 
activation of the 20-HETE–TRPC6 pathway has been 
reported to contribute to age-dependent loss of myogenic 
protection in hypertension41. Impaired functional adap-
tation of aged cerebral vessels to hypertension enables 
high blood pressure to penetrate the distal, injury-prone 
portion of the cerebral microcirculation39,41,44 (FIg. 1).

In healthy young individuals, the elastic conduit 
arteries, including the aorta and proximal large arter-
ies, act as a buffering chamber that dampens haemo-
dynamic pulsatility (known as the Windkessel effect) 

Executive function
A set of mental skills that 
include working memory, 
flexible thinking and 
self-control.

Digit Symbol Substitution 
Test
A paper-and-pencil cognitive 
test that requires matching 
of symbols to numbers.

Mini-Mental State 
Examination
(MMSE). A test of cognitive 
function that is widely used 
for elderly people. The MMSE 
includes tests of orientation, 
attention, memory, language 
and visuo-spatial skills.
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Fig. 1 | Age-related autoregulatory dysfunction exacerbates 
hypertension-induced cerebromicrovascular injury. a | In the vascular 
smooth muscle cells (VSMCs) of young cerebral arteries, upregulation of a 
20-hydroxyeicosatetraenoic-acid (20-HETE)–short transient receptor 
potential channel 6 (TRPC6)-dependent pathway results in functional 
adaptation of cerebral arteries to hypertension. Hypertension is associated 
with increased expression of 20-HETE-producing cytochrome P4504A 
(CYP4504A) isoforms and TRPC6. High pressure activates phospholipase A2 
(PLA2), leading to activation of arachidonic acid (AA) metabolism and the 
production of 20-HETE, which activates TRPC6 channels, resulting in 
increases in Ca2+ levels and myogenic contraction41. 20-HETE also inhibits 
activation of hyperpolarizing Ca2+-activated potassium channels (BKca), 
which facilitates pressure-induced activation of voltage-dependent L-type 
Ca2+ channels (LCa), contributing to Ca2+ influx and myogenic contraction. 
This adaptation extends the range of cerebrovascular autoregulatory 
protection to higher blood pressure levels, optimizing tissue perfusion and 
protecting the cerebral microcirculation from increased arterial pressure 
and pressure pulsatility. b | In aged cerebral arteries, functional adaptation 
to hypertension mediated by activation of the VSMC 20-HETE–
TRPC-dependent pathway is impaired. The failure of these arteries to exhibit 
a hypertension-induced adaptive increase in myogenic constriction results 
in myogenic contraction and cerebrovascular autoregulatory dysfunction. 
c | In the aged brain, the failure of proximal resistance arteries to 

functionally adapt to hypertension results in a mismatch between 
perfusion pressure and segmental vascular resistance that enables 
increased pulsatile pressure to penetrate the vulnerable downstream 
portion of the cerebral microcirculation. The resulting haemodynamic 
burden exacerbates age-related disruption of the blood–brain barrier 
(BBB), leading to extravasation of plasma factors (e.g. fibrinogen, thrombin, 
IgG), which promote microglia activation and neuroinflammation. 
Microglia-derived pro-inflammatory cytokines, activated matrix 
metalloproteinases (MMPs) and reactive oxygen species (ROS) induce 
neuronal damage and synaptic dysfunction41,189. Increased microvascular 
pressure impairs the clearance function of the glymphatic (also known as 
glial-lymphatic) system and promotes the development of cerebral 
microhaemorrhages via redox-mediated activation of MMPs and 
consequential weakening of the vascular wall. The increased pressure also 
contributes to pathological remodelling of the microvascular network 
architecture by promoting microvascular thrombosis, capillary regression 
and microvascular rarefaction, resulting in ghost vessels. We posit that 
exacerbation of neuroinflammation, cerebral microhaemorrhages, 
glymphatic dysfunction and/or microvascular rarefaction are causally linked 
to hypertension-induced cognitive impairment in ageing4,190 and also 
contribute to the pathogenesis of Alzheimer’s disease in hypertensive 
elderly individuals. Figure adapted with permission from REF.39, American 
Physiological Society.
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and facilitates continuous blood flow into the cerebral 
circulation48. Age-related stiffening of the elastic arteries 
impairs this buffering function and consequently leads 
to a significant increase in the amplitude of central 
pulse pressure49. Increased pulsatile pressure can then 
be readily transmitted into the brain and kidneys, which 
are characterized by a low hydrodynamic resistance50,51.

The relationship between arterial stiffening and 
hypertension is bi-directional as increased blood 
pressure promotes remodelling of the arterial wall. 
Mechanisms that contribute to vascular remodelling in 
hypertension include smooth muscle cell hypertrophy 
and hyperplasia, inflammation, fibrosis, alterations in 
collagen turnover and remodelling of the extracellu-
lar matrix (e.g. elastin degradation) due to changes in 
matrix metalloproteinases (MMPs)52. These processes 
are mediated by the renin–angiotensin system, trans-
forming growth factor-β, inflammatory cytokines, 
endothelin, aldosterone, nitric oxide (NO) deficiency 
and oxidative stress13.

In older adults with hypertension, complex impair-
ment of functional and structural adaptation to 
increased pulsatile pressure associated with hyperten-
sion probably results in a substantial decline in hydro-
dynamic resistance in the proximal larger resistance 
arteries, imposing a substantial burden on the vulnerable 
downstream portion of the cerebral microcirculation. 
Accordingly, in older adults increased pulsatile pressure 
waves are transmitted to the microcirculation, resulting 
in increased pulsatility of cerebral blood flow and con-
sequential brain damage50,51. Preclinical studies demon-
strate that in ageing, impaired myogenic adaptation of 
resistance arteries to pulsatile pressure may also enable 
high pressure to penetrate the distal portion of the cer-
ebral microcirculation, contributing to microvascular 
damage53.

The mechanisms that contribute to age-related mal-
adaptation of cerebral vessels to hypertension are likely 
to include an age-related decline in the circulating levels 
of a pleiotropic anabolic hormone54, insulin-like growth 
factor-1 (IGF1)40,55–57. IGF1 receptors are abundantly 
expressed on VSMCs and endothelial cells and IGF1 
has multifaceted trophic and cytoprotective effects 
in the vasculature57. IGF1 promotes hyperplasia and 
hypertrophy of VSMCs, regulates smooth muscle con-
tractility and extracellular matrix production, attenuates 
oxidative stress and protects endothelial function40,55,56. 
Experimental studies suggest that decreased circulating 
levels of IGF1 contribute to cerebrovascular ageing and 
age-related impairment of functional and structural 
adaptation of cerebral vessels to hypertension40,55,56,58. 
Mice that lack circulating IGF1 exhibit impaired myo-
genic adaptation to hypertension and impaired struc-
tural remodelling, mimicking the ageing phenotype40,55,56. 
Decreased circulating levels of IGF1 in humans are asso-
ciated with an increased risk of hypertension-induced 
microvascular brain damage59 and stroke60.

Oxidative stress and cellular resilience
Transmission of higher blood pressure into the vulner-
able distal portion of the brain microcirculation has 
been causally linked to cerebromicrovascular damage 

in older adults50. Higher pressure results in increased 
wall tension-related cellular stretch, which promotes 
oxidative stress in endothelial cells and VSMCs by 
inducing and upregulating NADPH oxidases61 and 
by upregulating the mitochondrial production of reac-
tive oxygen species (ROS)62. Pressure-induced oxidative 
stress is exacerbated in ageing62,63 owing to an age-related 
impairment of cellular resilience to haemodynamic and 
oxidative stresses. Thus, exposure to the same level 
of intraluminal pressure results in significantly exac-
erbated oxidative stress and oxidative stress-related 
microvascular pathologies in aged brains compared with 
young brains41,62,63.

Impaired cellular resilience to oxidative stress is 
due, at least in part, to age-related dysfunction of 
nuclear factor erythroid 2-related (NRF2)-mediated 
homeostatic antioxidative defence pathways64,65. NRF2 
is a transcription factor that is activated by ROS in 
the vascular cells of young organisms, leading to the 
upregulation of various antioxidant genes. Age-related 
dysfunction of NRF2-mediated free radical detoxifica-
tion mechanisms in the vasculature is thought to lead 
to exacerbation of hypertension-induced oxidative stress 
and cellular injury34,65,66. Both cell-autonomous and 
non-cell-autonomous mechanisms of ageing, includ-
ing age-related IGF1 deficiency67,68 and dysregulation of 
microRNAs (miRNAs) such as miR-144 (REFS67,68), have 
been causally linked to NRF2 dysfunction and impaired 
cellular oxidative stress resistance in the vasculature. 
NRF2 also exerts potent anti-inflammatory effects by 
inhibiting NF-κB69 and promotes angiogenesis and main-
tenance of the capillary network70. Hypertension-induced 
pathologies of microvascular origin in which NRF2 dys-
function and exacerbated oxidative stress are likely to 
have a critical role include small vessel disease, BBB dis-
ruption, neuroinflammation and white matter damage, 
microhaemorrhages, capillary rarefaction and impaired 
microvascular dilation, which promotes ischaemic neu-
ronal damage, as well as AD pathologies such as amyloid 
plaques and cerebral amyloid angiopathy71.

Small vessel disease
Hypertension causes complex pathological alterations to 
the cerebral microvessels (termed small vessel disease), 
including endothelial damage and dysfunction72, pheno-
typic changes of the VSMCs, lipohyalinosis, fibrinoid 
necrosis, pericyte injury41,73, pathological remodelling 
of the extracellular matrix and activation of MMPs63,73, 
microaneurysms, enlargement of perivascular spaces, 
perivascular oedema74, inflammation41,75–77 and paren-
chymal changes such as microhaemorrhages, lacunar 
infarcts, and white matter lesions (FIg. 2). Advances in 
MRI have enabled the identification of neuroradiological 
markers of cerebral small vessel disease, which include 
WMHs, lacunes, microhaemorrhages, abnormalities 
of cerebral blood flow and reduced fibre alignment 
(which can be seen using diffusion tensor imaging). 
These markers are associated with cognitive deficits78. 
However, an urgent need exists for further detailed stud-
ies that investigate the associations between neuroradi-
ological markers and the histopathological features of 
cerebral small vessel disease78.

Lipohyalinosis
Cerebral small vessel disease 
affecting the small arteries  
and arterioles in the brain. 
Lipohyalinosis is characterized 
by vessel wall thickening and  
a resultant reduction in luminal 
diameter.

Lacunes
Small subcortical infarcts 
(<15 mm in diameter) in  
the territory of the deep 
penetrating arteries. These 
lesions may present with 
specific lacunar syndromes  
or they may be asymptomatic.
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White matter hyperintensities. The prevalence of brain 
WMHs increases with age. WMHs are a very common 
finding on the brain MRI of patients with hypertension 
aged >65 years (FIg. 2) and are associated with substan-
tial cognitive impairment, a threefold increased risk of 
stroke and a twofold increased risk of dementia79. WMHs 
are predominantly localized to the periventricular and 
deep white matter, corresponding to widespread white 
matter damage caused by microvascular pathologies79. 
Knowledge of the pathologies that underlie the imag-
ing findings derives mostly from post-mortem studies. 
The late stages of WMHs are thought to correspond to 
demyelination and axonal degeneration.

The mechanisms that contribute to white matter 
injury include endothelial activation, inflammation, 
gliosis and ischaemic damage78, all of which can be 

exacerbated by hypertension. An important role for BBB 
disruption in the pathogenesis of white matter damage 
has also been proposed80. This putative mechanism is 
particularly interesting in the context of hypertension, 
which promotes BBB disruption and thereby exacer-
bates neuroinflammation in the aged brain41. Early-stage 
WMHs often have a focal appearance, which is consist-
ent with the concept that focal BBB disruption and the 
resulting development of inflammatory loci have a key 
role in their genesis. Importantly, the imaging findings 
that are associated with hypertension-induced small 
vessel disease (including WMHs and lacunes) are of a 
dynamic nature. As the lesions are inter-related because 
of their shared pathogenesis, acute small subcorti-
cal infarcts can disappear, remain as WMHs or form 
lacunar infarcts80.

Age and hypertension are the major risk factors for 
WMHs81,82. A prospective study demonstrated that dura-
tion of hypertension is associated with both periven-
tricular and subcortical white matter lesions and that 
this association is strongly dependent on the age of the 
patients81. In this study, the prevalence of subcortical 
and periventricular WMHs increased by 0.2% and 0.4%, 
respectively, per year of age81. Among participants aged 
60–70 years with >20 years of hypertension, the relative 
risks of subcortical and periventricular white matter 
lesions were 24.3 and 15.8, respectively, compared with 
normotensive individuals81. Interestingly, the locations 
of WMHs have been associated with cerebral amyloid 
burden, suggesting a shared pathophysiology83 (for 
example, BBB disruption and microglia activation). In 
individuals aged >65 years, increased central arterial 
stiffness and higher pressure and/or cerebral blood flow 
pulsatility were associated with increased incidence 
and volume of white matter damage84. Successful treat-
ment of hypertension significantly reduces the risk of 
developing white matter lesions81. However, data from 
the Cardiovascular Determinants of Dementia study 
suggest that ischaemia due to episodes of hypotension 
in patients with chronic hypertension who receive 
aggressive blood pressure-lowering therapy might show 
increased development of white matter lesions8.

‘Silent’ brain infarcts. Advances in brain imaging tech-
niques have led to the identification of brain infarcts 
in a large number of otherwise healthy elderly individ-
uals who do not have a history of transient ischaemic 
attacks or clinical signs or symptoms of stroke. The 
prevalence of these ‘silent’ brain infarcts (also known 
as ‘covert’ brain infarcts) among healthy elderly people 
was reported to be >20%85. The vast majority of ‘silent’ 
brain infarcts (90%) are lacunar infarcts85,86. On cere-
bral MRI, both WMHs and lacunar infarcts are gener-
ally considered to be neuroradiological features of small 
vessel disease. Lacunar infarcts are thought to develop 
as a consequence of hypertension-related small vessel 
disease when progressive vessel stenoses and/or sponta-
neous thrombosis of terminal vessels supplying the deep 
white matter and basal ganglia (which lack a collateral 
network) result in focal ischaemic damage to the neural 
tissue of sufficient severity to produce a small area of 
necrosis78 (FIg. 2).
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neuroinflammation. This damage is visible as microhaemorrhages, lacunar infarcts and 
white matter damage on MRI. b | Cerebral microhaemorrhages (arrows) visible on axial 
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Although both lacunar infarcts and WMHs are 
viewed as signs of small vessel disease, their location 
and appearance (focal versus diffuse and widespread, 
respectively) are different. Lacunar infarcts are predom-
inantly localized to the cerebral white matter and sub-
cortical structures (that is, the basal ganglia, thalamus 
and brainstem). Moreover, only a moderate correlation 
exists between WMHs and lacunar infarcts, support-
ing the view that they are different manifestations of 
hypertension-induced microvascular damage78. Despite 
these differences, both WMHs and lacunar infarcts are 
independently associated with cognitive impairment in 
elderly patients86.

BBB disruption and neuroinflammation. The BBB is 
a functional part of the neurovascular unit that acts 
as an interface, separating the central nervous system 
from the circulation. As well as acting as a physical bar-
rier, the BBB regulates selective transport of circulating 
factors into the fluid compartment of the brain paren-
chyma. Increasing evidence suggests that BBB disruption 
promotes neuroinflammation and myelin damage and, 
therefore, has a critical role in the pathogenesis of VCI 
and AD87,88 (FIg. 3). Hypertension, particularly in the con-
text of ageing, promotes substantial BBB disruption41,77, 
which probably contributes to the exacerbation of VCI 
and AD in elderly patients with hypertension.

The mechanisms that contribute to hypertension- 
induced progressive BBB disruption are likely to 
be multifaceted and involve structural, cellular and 
molecular deficits in the neurovascular unit41. The 
main cellular components of the BBB are the cer-
ebromicrovascular endothelial cells, pericytes and 
astrocytic endfeet89; non-cellular components include 
the basement membrane and endothelial glycocalyx90. 
Hypertension-induced microvascular injury involves 

increased oxidative stress and related structural dam-
age to endothelial cells, changes in the extracellu-
lar matrix and pericyte injury41 (FIg. 3). In particular, 
hypertension-induced, oxidative stress-mediated 
changes in cerebromicrovascular endothelial cells have 
a critical role in BBB disruption91–94. Evidence suggests 
that activation of endothelial type-1 angiotensin II recep-
tor in arterioles and venules and activation of perivas-
cular macrophages also contribute to BBB disruption in 
hypertension95.

Tight junctions that interconnect the cerebromi-
crovascular endothelial cells help to maintain the low 
paracellular diffusion of solutes through the endothelial 
layer. Endothelial cells are also connected by adherens 
junctions, which are composed of cadherins, plate-
let endothelial cell adhesion molecule and junctional 
adhesion molecules. In hypertension, the expres-
sion of multiple junctional proteins is dysregulated 
and tight junctions show morphological changes91–94. 
Hypertension-induced oxidative stress in cerebral vessels 
has been causally linked to increased activity of MMPs 
in the vascular wall63. Moreover, increased MMP activity 
has been shown to disrupt tight junction proteins and 
break down the extracellular matrix in cerebral vessels96. 
Importantly, hypertension-induced oxidative stress, 
MMP activation and cerebromicrovascular endothelial 
injury are all exacerbated in ageing41.

In preclinical models, hypertension-induced damage 
to the endothelial glycocalyx97, the vascular extracellu-
lar matrix and the vascular basement membrane98 has 
been well documented. Pericytes are critical cellular 
constituents of the BBB87 and mouse models of isolated 
pericyte deficiency exhibit substantial BBB disruption99. 
Importantly, hypertension induces substantial pericyte 
loss, which is associated with BBB disruption in the 
mouse brain41; this disruption was exacerbated in aged 
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mice. Pericytes also have a central role in maintenance 
of the architecture of the cerebral microcirculatory 
network100. Thus, hypertension-induced pericyte loss 
probably contributes to exacerbation of microvascular 
rarefaction in the aged brain41,58. Endothelial cells reg-
ulate pericyte proliferation and function (for example, 
via endothelial-derived platelet-derived growth factor 
(PDGF)-B signalling), and pericyte loss in pathologi-
cal states is thought to be a consequence of endothelial 
dysfunction.

Other potential cellular and molecular mechanisms 
of ageing that exacerbate hypertension-induced micro-
vascular damage and BBB disruption include impaired 
cellular stress resilience65, mitochondrial dysfunction101, 
mTOR signalling102, increased inflammation (including 
upregulation of components of the innate immune sys-
tem)103, increased oxidative stress and senescent cells in 
the aged neurovascular unit104, and deficiency of circu-
lating IGF156. In animal models of hypertension, sig-
nificant BBB opening has been reported on the venular 
side105. In older adults arterial hypertension is frequently 
associated with elevated systemic venous pressure 
(for example, heart failure leads to venous congestion 
and a consequent increase in venous pressure termed 
‘backward failure’), which has a synergistic role in the 
genesis of BBB disruption and neuroinflammation106.

The pathophysiologica l  consequences  of 
hypertension-induced BBB disruption include neuroin-
flammation, synapse loss and impairment of synaptic 
function41,88,107. A damaged BBB enables plasma constit-
uents, including IgG, thrombin, fibrinogen and highly 
inflammatory pathogen-associated molecular patterns, 
to enter the brain parenchyma41 where they promote 

neuroinflammation by activating microglia108 (FIg. 3). 
Direct evidence of a critical role of haemodynamic fac-
tors in neuroinflammation has been provided by pre-
clinical studies, which showed that arterial stiffness leads 
to microglia activation mediated by oxidative stress109. 
BBB disruption also results in increased presence of 
serum amyloid A in the brain, which also has a role in 
neuroinflammation and neurodegeneration110.

Considerable interaction occurs between the immune 
system and the autonomic nervous system. In particular, 
the sympathetic nervous system is a major contributor 
to the pathogenesis of hypertension. The sympathetic 
nervous system innervates the bone marrow, spleen and 
peripheral lymphatic system and its increased activity 
promotes immune activation, which has a role in the 
pathogenesis of hypertension-induced organ damage, 
including neuroinflammation and neurodegeneration111.

Increased neuroinflammation in hypertension is 
associated with impaired synaptic function107, informa-
tion processing and neuronal connectivity, and is likely 
to contribute to neurodegeneration. Neuroinflammation 
might promote neuronal apoptosis, lead to reduced hippo-
campal neurogenesis, impair synaptic plasticity and  
result in loss of synaptic connections. Strong evidence 
implicates microglial activation and neuroinflammation 
in hippocampal and cortical dysfunction as well as in 
the development of AD-like pathologies in hypertensive 
mice75,76,112. Studies in animal models have shown that 
hypertension can upregulate chemokines and that infil-
tration of neutrophils into the central nervous system 
exacerbates AD pathology and cognitive decline.

Cerebral microhaemorrhages. Cerebral microhaemor-
rhages (also known as cerebral microbleeds) are small 
focal haemorrhages (<5 mm in diameter) that are associ-
ated with the rupture of small intracerebral vessels. These 
microhaemorrhages are visible on gradient echo T2* 
MRI sequences113 (FIg. 2). Hypertension associated with 
advanced age, cerebral amyloid angiopathy or AD114 are 
the major risk factors for cerebral microhaemorrhages113. 
The prevalence of cerebral microhaemorrhages corre-
lates with the duration of hypertension exposure115 and  
is >50% among individuals older than 65 years113. CKD is  
also associated with an increased prevalence of cerebral 
microhaemorrhages, and experimental studies suggest 
that this effect might be at least partly due to elevated 
levels of urea that alter the cytoskeleton of endothelial 
cells and tight junction proteins116. Cerebral microhaem-
orrhages are clinically important because they exacer-
bate cognitive decline in older adults and patients with 
AD117. Experimental evidence suggests that hyperten-
sion promotes the development of cerebral microhaem-
orrhages by inducing oxidative stress and activating 
MMPs, leading to breakdown of the extracellular matrix 
in the vascular wall63 (FIg. 4).

In older adults, activities that result in substantial tran-
sient elevations in blood pressure represent a dynamic 
challenge to the impaired autoregulatory protection of 
the cerebral microcirculation, resulting in transmis-
sion of high pressure waves to the vulnerable down-
stream microvessels and promoting the development 
of microhaemorrhages. Accordingly, use of the Valsalva 
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manoeuvre, which results in transient increases in blood 
pressure during daily activities in which straining is pres-
ent (e.g. lifting heavy weights, sexual intercourse, heavy 
coughing and defecation straining), has been causally 
linked to the development of microhaemorrhages in 
older individuals118.

Cerebral microhaemorrhages are also prevalent in 
older patients with COVID-19, probably because of 
SARS-CoV-2-induced endothelial inflammation and 
consequential increases in microvascular fragility119–121. 
Further studies are needed to determine whether con-
valescent older patients suffering from the late sequelae 
of COVID-19 have persisting microvascular fragility 
and are at an increased risk of developing high blood 
pressure-induced microhaemorrhages. If this is the 
case, effective blood pressure control and lifestyle 
adjustments (including avoiding activities that result in 
sudden increases in blood pressure) should be an impor-
tant part of the management of patients with chronic 
COVID syndrome (also known as long COVID or 
long-haul COVID).

Capillary rarefaction. The brain is the most metaboli-
cally active organ and its adequate function relies on a  
continuous supply of nutrients and oxygen through  
a dense capillary network. Strong evidence indicates 
that hypertension results in cerebromicrovascular rar-
efaction, which contributes to decreased cerebral blood 
flow, compromising nutrient and oxygen delivery as well 
as the removal of waste products generated by neural sig-
nalling, and thus exacerbating cognitive impairment58,73. 
Moreover, ageing increases hypertension-induced cap-
illary loss63. Hypertension-induced microvascular rare-
faction has also been observed in the retina122, heart123, 
skin and skeletal muscle124. We assume that the same 
cellular and molecular mechanisms are responsible for 
hypertension-induced microvascular rarefaction in each 
of these vascular beds. Studies that used human nailfold 
capillaroscopy combined with dynamic measurements 
showed that decreased capillary density is associated 
with increased capillary pressure in untreated patients 

with hypertension125,126. Based on the available evidence, 
we posit that hypertension-induced microvascular rare-
faction in the brain is a consequence of transmission of 
high pressure into the cerebral microcirculation.

The mechanisms that contribute to high pressure- 
induced capillary loss are likely to be multifaceted and 
may involve endothelial apoptosis, oxidative stress, 
pericyte damage and an imbalance in the production 
of pro-angiogenic and anti-angiogenic factors in the 
tissues (for example, owing to pericyte damage)41,58,127 
(FIg. 5). The cerebral microcirculation exhibits high plas-
ticity, and an imbalance between capillary regression and 
growth probably also contributes to cerebromicrovascu-
lar rarefaction127. Importantly, ageing has been shown to 
impair the angiogenic capacity of endothelial cells127,128. 
Age-related mechanisms that may promote dysregu-
lation of endothelial angiogenic capacity may include 
deficiency of the pro-angiogenic trophic factors IGF1 
(REF.58) and pituitary adenylate cyclase-activating poly-
peptide (PACAP)129,130, NAD+ deficiency and increased 
oxidative stress128, dysregulation of angiogenic miRNA 
expression131, age-related dysfunction of cytoprotective 
NRF2-regulated pathways65,70 and increased endothelial 
senescence104,132. Age-related impairment of endothelial 
angiogenic capacity is likely to be a critical factor that 
contributes to the exacerbation of hypertension-induced 
capillary loss in ageing63. The potential roles of increased 
precapillary arteriolar constriction, cessation of cap-
illary blood flow, increased susceptibility to micro-
emboli, platelet adhesion and macrophage activation 
in hypertension-induced capillary loss should also be 
considered.

Impaired neurovascular coupling. Neurovascular cou-
pling (also known as functional hyperaemia) is a critical 
homeostatic mechanism that ensures prompt adjustment 
of cerebral blood flow to the increased energy and O2 
demand of active brain regions13. Neurovascular coupling 
is orchestrated by the interaction of activated neurons and 
astrocytes with cerebromicrovascular endothelial cells, 
VSMCs and pericytes. The mechanisms that elicit vasodi-
lation include endothelial release of NO (probably stim-
ulated by astrocyte-derived ATP133), astrocytic release 
of eicosanoid mediators and K+ mediated activation of 
potassium channels in VSMCs13. Pathophysiological 
states that compromise cerebromicrovascular health 
adversely affect neurovascular coupling, resulting in 
impaired delivery of oxygen and nutrients as well as inad-
equate wash-out of metabolic by-products. Experimental 
studies have provided evidence that a causal link exists 
between impaired neurovascular coupling and cognitive 
impairment134. Accordingly, pharmacological interven-
tions that rescue neurovascular coupling responses have 
beneficial effects on cognitive function in mouse models 
of ageing135 and AD136,137.

Experimental studies have demonstrated that hyper-
tension results in substantial impairment of endothelium- 
mediated neurovascular coupling responses owing, 
at least in part, to increased NADPH oxidase-derived 
production of ROS and a consequential reduction in 
the bioavailability of endothelial NO in the neurovas-
cular unit13,138–141 (FIg. 6). Clinical investigations confirm 
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that neurovascular coupling responses are impaired 
in patients with hypertension142. High levels of angio-
tensin II, a key mediator of hypertension, might cause 
neurovascular uncoupling via increased production 
of ROS140. In addition, evidence from studies using 
mouse models of carotid calcification indicates that 
increased pulsatile pressure owing to arterial stiffness 
causes neurovascular dysfunction143. Current studies 
also suggest that hypertension-induced BBB disrup-
tion promotes activation of perivascular macrophages, 
which contribute to neurovascular dysfunction by 
producing ROS via NADPH oxidases144. Hypertension 
induces microcirculatory endothelial dysfunction in the 
peripheral circulation145 and this effect has been caus-
ally linked to pressure-induced NADPH oxidase acti-
vation in the vascular wall146,147. In humans, endothelial 
function in the peripheral circulation can be improved 
by antihypertensive treatments such as losartan148. 
However, studies in spontaneously hypertensive rats 
suggest that established hypertension-induced neuro-
vascular dysfunction is more difficult to reverse using 
antihypertensive therapy149.

Evidence suggests that neurovascular coupling may 
be similarly affected by hypertension and biological 

ageing43. Both hypertension and ageing are associated 
with upregulation of NADPH oxidases, increased 
cerebrovascular oxidative stress and endothelial dys-
function43,61,150,151. Thus, the neurovascular effects of 
hypertension are likely to be exacerbated in older 
individuals. Additional mechanisms by which ageing 
promotes endothelial dysfunction and impairs neuro-
vascular coupling include cellular NAD+ depletion135,152 
and increased mitochondria-derived ROS production153. 
Hypertension might also exert synergistic effects on 
these pathways154. Hypertension-induced neurovascular 
dysfunction, superimposed on age-related microvascu-
lar pathologies, probably results in a critical mismatch 
between supply and demand of oxygen and metabolic 
substrates, and thereby exacerbates cognitive decline13.

Alzheimer’s disease pathologies
Hypertension is a major vascular risk factor that exacer-
bates the pathogenesis of AD and worsens the outcome 
of the disease155. In individuals aged >65 years, hyper-
tension doubles the risk of AD5,6. Post-mortem histo-
logical analyses of the brains of 243 participants of a 
population-based, longitudinal study demonstrated that 
elevated SBP (≥160 mmHg) in midlife was associated 
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with brain atrophy and increased numbers of neuritic 
plaques in the neocortex and hippocampus; increased 
DBP (≥95 mmHg) in midlife was associated with greater 
numbers of neurofibrillary tangles in the hippocampus7. 
In mouse models, hypertension has been shown to exac-
erbate AD pathologies, including the development of 
neuritic plaques and vascular Aβ deposits75,76,112. Studies 
in hypertensive mice with transverse aortic coarctation 
showed that Aβ deposits are detectable in the mouse 
brain as early as 4 weeks after induction of hyperten-
sion, providing proof-of-concept for a key role of high 
intraluminal pressure in the pathogenesis of AD76. In 
addition, Ang II administration increased beta-secretase 
activity and the rate of cleavage of the Aβ protein pre-
cursor in mice138. Emerging evidence suggests that 
hypertension-induced small vessel disease promotes 
tauopathy independently of Aβ accumulation, indicat-
ing that hypertension is an independent risk factor for 
increased tau burden156.

The mechanisms by which hypertension exac-
erbates the progression of AD are likely to include 
increased oxidative microvascular damage and brain 
inflammation75,76,138 (FIg. 7). Both ageing and hyper-
tension promote activation of NADPH oxidase in the 
cerebral vasculature, which is probably a key cellular 
mechanism by which ageing and hypertension syn-
ergistically promote AD pathogenesis13,61,72,140,141,144. 

The current understanding is that hypertension exac-
erbates neuroinflammation in the aged brain by pro-
moting BBB disruption and consequential microglia 
activation41, both of which are important manifesta-
tions of AD87,157. Evidence suggests that AD pathologies 
impair cerebral autoregulation158, which might represent 
a potential feed-forward mechanism that contributes to 
accelerated progression of AD in hypertension.

Cerebral amyloid angiopathy is a critical risk fac-
tor for cerebral microhaemorrhages113. The prevalence 
of cerebral microhaemorrhages in patients with AD 
is ~40%113,114. These patients often have multiple cer-
ebral microhaemorrhages, which contribute to pro-
gressive impairment of cognitive function113. Studies in 
mouse models of AD have demonstrated that amyloid 
pathologies and comorbid hypertension have syner-
gistic effects that exacerbate the genesis of cerebral 
microhaemorrhages159.

The glymphatic (also known as glial-lymphatic) 
system is a brain-wide cerebrospinal fluid clearance 
pathway that uses the arteriolar perivascular space for 
fast inflow of cerebrospinal fluid into the brain inter-
stitium, and the venous perivascular spaces for clearing 
solutes from the neuropil into meningeal and cervical 
lymphatic drainage vessels160. Dysfunction of the glym-
phatic pathway has been linked to impaired clearance 
of harmful metabolites, including Aβ160. Hypertension 
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impairs glymphatic transport kinetics in rat models161, 
suggesting that impaired glymphatic clearance of Aβ 
might contribute to hypertension-induced exacerbation 
of AD pathologies.

Prevention of cognitive decline
Importantly, hypertension is a treatable risk factor 
for cognitive decline, VCI and AD162. Numerous clin-
ical trials, including the Syst-Eur4 and HYVET163 
studies, have shown that antihypertensive therapies, 
including angiotensin-converting enzyme (ACE) 
inhibitors, are effective not only in preventing major 
cerebrovascular events71 but also in reducing the inci-
dence and/or delaying the progression of cognitive 
decline162,164. The Syst-Eur trial investigators concluded 
that if 1,000 patients with hypertension were treated with 
antihypertensive drugs for 5 years, 19 cases of dementia 
might be prevented4. The PROGRESS trial showed that 
treatment with a long-acting ACE inhibitor, perindopril, 
and a thiazide-like diuretic, indapamide, was associated 
with reduced risks of dementia and cognitive decline 
at a mean follow-up of 3.9 years165. In addition, clinical 
trials and experimental studies suggest that antihyper-
tensive medications, including ACE inhibitors, angio-
tensin I receptor blockers and diuretics, may improve 
AD biomarkers (such as Aβ neuropathology, cerebral 
blood flow and inflammatory markers), and reduce the 
incidence and/or delay the progression of AD166.

A meta-analysis that included 12 randomized con-
trolled trials with 92,135 participants, showed that blood 
pressure lowering with antihypertensive drugs was asso-
ciated with a reduced risk of incident dementia or cog-
nitive impairment167. This meta-analysis highlighted a 
key problem: the association of hypertension with 
neurocognitive syndromes, mediated through chronic 
cerebromicrovascular pathological alterations, has an 
extended time lag between cause and clinical conse-
quence. Observational studies with extended follow-up 
periods (>10 years) are therefore required to evaluate 
the effects of anti-hypertensive treatments on neurocog-
nitive outcomes. Taken together, the existing evidence 
strongly suggests that effective control of hypertension 
offers an opportunity to delay and possibly prevent the 
pathogenesis of VCI and dementia, and AD.

Notably, antihypertensive drugs might exert class- 
specific effects on cognition168. Both calcium channel 
blockers and ACE inhibitors have been reported to 
delay cognitive impairment166. However, data from the 
Canadian Study of Health and Aging suggest that indi-
viduals aged ≥65 years who were treated with calcium 
channel blockers had a steeper cognitive decline during 
a 5-year follow-up period than those who were treated 
with other antihypertensive medications169. These find-
ings are particularly interesting because an increasing 
body of evidence suggests differential responses of 
the circulating and tissue renin–angiotensin systems 
to different antihypertensive classes170. Furthermore, 
calcium antagonists have the potential to impair 
myogenic autoregulatory protection of the cerebral 
microcirculation. Taking these factors into consider-
ation, ACE inhibitors and drugs that block angioten-
sin receptors might be preferable to calcium channel 

blockers for dementia prevention in individuals with  
hypertension.

Hypertension is also a major risk factor for stroke, 
which doubles the risk of developing dementia171. 
Estimates suggest that a third of dementia cases could 
be prevented by preventing stroke171. Clinical trials 
have shown that prevention of stroke using antico-
agulation in patients with atrial fibrillation and blood 
pressure-lowering therapies in patients with hyperten-
sion can significantly reduce the risk of dementia172. 
Based on these findings, the World Stroke Organization 
has issued a manifesto calling for the joint prevention of 
stroke and dementia171.

The optimal SBP targets for prevention of dementia 
are a subject of debate. The SPRINT trial showed that 
in ambulatory adults with hypertension, more intensive 
blood pressure control (target SBP of <120 mmHg versus 
<140 mmHg) did not result in significant cognitive 
benefits173. An important factor to consider is that, owing 
to the adaptive rightward shift of the cerebral autoregula-
tory curve in hypertension, aggressive lowering of perfu-
sion pressure might result in cerebral hypoperfusion and 
consequential negative effects on the brain. U-shaped 
associations between blood pressure and cognitive 
function in elderly patients have been reported in sev-
eral studies174,175, consistent with the concept that blood 
pressure that is too low in old age is a risk factor for cog-
nitive impairment176. These findings draw attention to 
potential risks associated with overtreating hypertension 
in elderly patients and highlight the importance of indi-
vidualized blood pressure management for prevention 
of cognitive impairment.

Future perspectives
Optimization of blood pressure in patients with hyper-
tension is expected to have a substantial public health 
impact owing to prevention of VCI and AD, even in the 
short term. Diurnal blood pressure loads are associated 
with lower cognitive performance in hypertensive adults 
aged 60–75 years, highlighting the importance of con-
trolling blood pressure variability177. Combinations of 
pharmaceutical treatments and lifestyle interventions 
that lower blood pressure together with interventions that  
reduce blood pressure variability and prevent sudden 
surges in systolic pressure should be assessed in rand-
omized clinical trials with clearly designed cognitive end 
points. In particular, trials of combination treatments 
that have long periods of follow-up and investigate 
microvascular end points as well as cognition as primary 
outcome measures will be very informative. Systematic, 
standardized neurocognitive testing of patients enrolled 
in these studies is also important.

Older patients with hypertension might also bene-
fit from therapies that specifically target microvascular 
contributions to VCI and/or AD. Strategies that reverse 
cerebromicrovascular rarefaction, prevent small vessel 
rupture and the genesis of microhaemorrhages and pro-
tect the BBB are still in their infancy. Although preclin-
ical and clinical data suggest that calcium antagonists, 
ACE inhibitors and Ang II receptor blockers might 
have protective effects on microvessel structure and 
microvascular network architecture in the peripheral 
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circulation178, further studies are needed to test their 
effects, alone or in combination, on the cerebral micro-
circulation of patients with hypertension. Re-purposing 
existing drugs with microvascular protective effects 
(such as statins and metformin) and targeting promis-
ing novel molecular pathways and mechanisms involved 
in cerebromicrovascular ageing that have been identi-
fied by geroscience research might also help to improve  
cognitive health in older adults with hypertension.

The National Institutes of Health and other organiza-
tions have made it a priority to fund research into micro-
vascular contributions to the pathogenesis of VCI and 
AD, including the role of hypertension-induced micro-
vascular damage. New therapeutic strategies aimed at 
reversing ageing-induced and hypertension-induced 
cardiovascular and cerebromicrovascular impairment 
include use of mitochondrial antioxidants153,179, polyphe-
nols and other activators of NRF2 and sirtuin 1 (REFS150,180), 
senolytics181–184, anti-inflammatory interventions185, 
agents that rescue cellular energetics128,186 and/or prevent 
cellular NAD+ depletion135,152, AMPK activators187 and 
mTOR inhibitors188.

Conclusions
In summary, hypertension compromises the structural 
integrity, network architecture and function of the age-
ing cerebral microcirculation, promoting microvascular 
rarefaction, neurovascular dysfunction, BBB disruption, 
genesis of cerebral microhaemorrhages, lacunar infarcts 
and white matter damage, all of which exacerbate cogni-
tive decline. Clinicians who treat patients with hyperten-
sion need to be aware of the increased risks of VCI and 
AD that are associated with high blood pressure. Given 
the high prevalence of hypertension in the ageing pop-
ulations of many countries worldwide, adequate blood 
pressure control could reduce the incidence of cognitive 
impairment, which is a major cause of chronic cumulative 
disability. Targeting the cellular and molecular mecha-
nisms that underlie hypertension-induced cerebromicro-
vascular impairment and are involved in the onset and 
progression of VCI and AD could have a critical role in 
preserving brain health and protecting cognitive function 
in high-risk older adults with hypertension.

Published online 14 June 2021

Senolytics
A class of small molecules 
that selectively induce death 
of senescent cells. Senolytics 
are being developed with the 
aim of delaying, preventing, 
alleviating or reversing 
age-related diseases and 
improving human health.
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