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Abstract

Alzheimer’s disease, the leading cause of dementia in the elderly, is a neurodegenerative condition 

characterized by accumulation of amyloid plaques and neurofibrillary tangles in the brain. 

However, age-related vascular changes accompany or even precede the development of 

Alzheimer’s pathology, raising the possibility that they may have a pathogenic role. This review 

provides an appraisal of the alterations in cerebral and systemic vasculature, the heart, and 

hemostasis that occur in Alzheimer’s disease and their relationships to cognitive impairment. 

Although the molecular pathogenesis of these alterations remains to be defined, amyloid-β is a 

likely contributor in the brain as in the heart. Collectively, the evidence suggests that vascular 

pathology is a likely pathogenic contributor to age-related dementia, including Alzheimer’s 

disease, inextricably linked to disease onset and progression. Consequently, the contribution of 

vascular factors should be considered in preventive, diagnostic, and therapeutic approaches to 

address one of the major health challenges of our time.
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Vascular aging, defined as age-related changes in the vasculature, has a deleterious impact 

on the brain, an organ that critically depends on its blood supply for structural and functional 

integrity (1). Vascular aging may also play a role in Alzheimer’s disease (AD), the leading 

cause of cognitive impairment in the elderly. AD is a progressive disorder that affects 10% 

of the population age >65 years, and, due to the lack of disease-modifying treatments, it has 

risen to be the fifth leading cause of death worldwide (2,3). The classical neuropathologic 

hallmarks of AD are amyloid-β (Aβ) plaques and intraneuronal aggregates of 

hyperphosphorylated tau (neurofibrillary tangles) (3). However, recent community-based 

autopsy studies have shown that vascular alterations are present in >50% of cases of 

clinically diagnosed AD, highlighting a still under-appreciated contributory role of age-

related vascular factors in the mechanisms of AD (4). This review will address the vascular 
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changes taking place in AD, focusing mainly on the effects of Aβ, at the molecular, cellular, 

and systems levels and their potential involvement in the disease process (Central 

Illustration). We will also briefly examine the impact that systemic vascular aging may exert 

on the clinical expression and progression of AD. Finally, we will highlight unresolved 

issues that require further investigation in an attempt to identify new approaches to mitigate 

the heavy toll of age-related dementia on global health.

AD-ASSOCIATED VASCULAR ALTERATIONS IN THE BRAIN

MORPHOLOGICAL ALTERATIONS ACROSS THE CEREBRAL VASCULATURE.

Intracranial atherosclerosis.—Atherosclerosis, a key feature of vascular aging, is a 

leading contributor to death and disability worldwide (5). When atherosclerosis develops in 

cerebral vessels, the brain’s oxygen and energy supply may be compromised because of 

hypoperfusion, resulting in deleterious neurological consequences. Surprisingly, 

cerebrovascular atherosclerosis has been identified as a prominent pathological feature of 

AD. Roher et al. (6) demonstrated that patients with AD exhibit substantial atherosclerosis 

in the arteries of the circle of Willis at the base of the brain, the lesions being more severe 

and more stenotic than in age-matched control individuals. Leptomeningeal arteries also 

exhibited extensive atherosclerotic lesions, the severity of which correlated with tangle and 

plaque load (7). Although some studies found no association (8), the link between 

intracranial atherosclerosis and AD has been validated in larger cohorts and seems to be 

more specific for AD than for other neurodegenerative diseases (9). Moreover, in a 

substantial cohort, Arvanitakis et al. (10) found that large (atherosclerosis) and small 

(arteriolosclerosis) cerebral vessel pathology were associated with lower cognitive 

performance and increased risk for AD. The link between atherosclerosis and AD 

development not only pertains to intracranial vessels but extends to extracranial arteries as 

well. For example, the prevalence of AD increases 3-fold in individuals with severe carotid 

and femoral atherosclerosis, an effect dramatically enhanced in apolipoprotein E4 (ApoE4) 

carriers (11), the strongest genetic risk factor for sporadic AD (12). In addition, coronary 

artery calcifications are linked to higher odds of dementia in elderly individuals (13). The 

mechanisms of the association between atherosclerosis and AD may involve impaired Aβ 
clearance, nonresolving inflammation, and vascular effects of ApoE4 (14,15). Another 

possibility is that in severe atherosclerosis, hypoperfusion and hypoxia enhance Aβ 
production, which, in turn, promotes the formation of atherosclerotic lesions through 

inflammation, vascular oxidative stress, and endothelial dysfunction (14,15). Indeed, Aβ is 

present in atherosclerotic plaques (16), and, although the specific involvement of Aβ in 

cardiovascular aging has not been established, the possibility that this peptide promotes 

atherosclerotic plaque formation or even rupture by exacerbating vascular inflammation and 

thrombosis cannot be ruled out at this time and needs further exploration.

String vessels and capillary rarefaction.—Aging leads to reduced cerebral 

microvascular density, a process known as vascular rarefaction (17). In advanced AD, this 

process is exacerbated, and autopsy studies have shown a large number of string (ghost) 

vessels, consisting of remnants of micro-vessels that become acellular and collapse (18). 

These microvascular alterations occur in 90% of AD brains and are exacerbated in ApoE4 
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carriers and in the presence of amyloid plaques (19). Multiple factors may contribute to 

vascular rarefaction in AD, including Aβ toxicity to vascular cells (20) and vascular risk 

factors such as hypertension (21).

Cerebral amyloid angiopathy.—Amyloid deposition into the walls of cerebral arteries 

and capillaries gives rise to the so-called cerebral amyloid angiopathy (CAA) (22). CAA 

occurs in 85% to 95% of patients with AD, has a significant impact on vessel health, and is 

an important contributor to cerebrovascular pathology in AD. CAA starts with Aβ deposits 

in the adventitia and media of the arteries and in the basement membrane of capillaries, 

probably due to impaired Aβ clearance (1,23). In more advanced cases, this vascular 

accumulation of Aβ progresses until vascular cells degenerate. CAA, therefore, weakens the 

vessel wall, reduces resting cerebral blood flow (CBF) and cerebrovascular reactivity, 

compromises the integrity of the blood-brain-barrier (BBB), and leads to microinfarcts and 

microbleeds, factors that contribute to cognitive impairment (22).

THE BBB.

The BBB is a unique property of the cerebral circulation that controls the homeostasis of the 

cerebral microenvironment by tightly regulating the molecular and cellular exchange 

between blood and brain (24). Central to the barrier function of the cerebral 

microvasculature are key features of cerebral endothelial cells that are sealed by specialized 

intercellular junctions (e.g., tight junctions), have limited vesicular transport, and express a 

multitude of molecular transporters that regulate the exchange of solutes between blood and 

brain (24,25). Although endothelial cells are the main gatekeepers, the permeability of the 

BBB is regulated in concert with other cells of the neurovascular unit, such as pericytes, 

astrocytes, and perivascular cells (25). The BBB is disrupted in aging and AD; in AD, the 

disruption occurs early in the disease course, raising the possibility that it may play a role in 

the mechanisms underlying cognitive impairment (24). The BBB disruption is associated 

with endothelial and pericyte degeneration, together with alterations of the basement 

membrane and astrocytic end-feet, allowing infiltration of blood-borne cells and circulating 

factors and disrupting Aβ clearance (24). Some of the most significant changes in the 

neurovascular unit and BBB are described in Table 1. These alterations induced by the 

pathogenic factors driving AD likely work in concert with the BBB dysfunction that occurs 

in normal aging (24), resulting in a synergistic or additive amplification of their harmful 

effects on the brain.

CEREBROVASCULAR DYSFUNCTION IN AD.

Alterations in CBF have long been described in AD (26,27). CBF decreases are found in 

brain regions involved in cognition and affected by AD pathology, such as the hippocampus, 

entorhinal cortex, amygdala, and anterior cingulum, and are observed in the preclinical 

stages of the disease (27,28). Although these changes in CBF could be secondary to 

reductions in neuronal activity, which is tightly coupled to CBF (1), the data raise the 

prospect that vascular insufficiency could be an early contributor to the disease process (26). 

In support of this possibility, experimental data suggest that Aβ has powerful vasoactive 

effects (27). Thus, Thomas et al. (29) showed that Aβ induces endothelial dysfunction and 

damage in the rat aorta through reactive oxygen species (ROS). The first demonstration that 
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Aβ alters cerebral endothelial function in vivo was provided by Zhang et al. (30), who 

showed that the increase in CBF produced by application of the endothelium-dependent 

vasodilator acetylcholine to the cerebral cortex is profoundly attenuated in AD mice, even 

before the development of amyloid deposits or cognitive dysfunction. It was then shown that 

the endothelial dysfunction is also secondary to vascular oxidative stress in vivo and, as 

such, could be reversed by ROS scavengers (31). Studies using recombinant peptides 

demonstrated that Aβ40, but not Aβ42, induces vasoconstriction in the cerebral arterioles, 

an effect also observed in isolated pressurized vessels in vitro, attesting to a direct effect on 

cerebral vessels (32–34). Accordingly, resting CBF is reduced in young AD mice (35), an 

effect in part related to capillary micro-occlusions (capillary stalling) by white cells (36). Aβ 
was also shown to alter cerebrovascular autoregulation and the increase in CBF produced by 

neural activity (neurovascular coupling) (37–39), major neurovascular regulatory 

mechanisms. These investigations, collectively, provided evidence that Aβ reduces resting 

cerebral perfusion and disrupts all key regulatory mechanisms of the cerebral circulation, 

effects that occurs before other pathological changes and precede cognitive impairment.

Later investigations focused on the cellular and molecular mechanisms of the vascular 

dysfunction. Park et al. (40) demonstrated that the cerebrovascular effects of Aβ are 

mediated by ROS derived from the enzyme nicotinamide-adenine dinucleotide phosphate 

oxidase and that genetic deletion of the Nox2 subunit of this enzyme fully rescued the 

vascular and cognitive dysfunction in AD mice without affecting amyloid plaque load. Aβ-

generated ROS mediate vascular dysfunction by leading to activation of transient receptor 

potential melastatin-2 channels, which induce Ca2+ overload in cerebral endothelial cells 

(41). Furthermore, the deleterious neurovascular and cognitive effects of Aβ required 

engagement of the innate immunity receptor CD36 (42) localized to perivascular 

macrophages (43).

In summary, these observations suggest that vascular dysfunction is an early manifestation 

of Aβ accumulation, which, in conjunction with structural alterations to the cerebral 

microvasculature, may contribute to the disease process. This conclusion, predominantly 

based on basic science studies, has received support from a study in the Alzheimer Disease 

Neuroimaging Initiative (44), which showed that vascular dysfunction is the earliest 

biomarker of the disease.

AD, VASCULAR RISK FACTORS, AND VASCULAR ALTERATIONS OUTSIDE 

THE BRAIN

LARGE ARTERY STIFFENING.

Arterial stiffness is one of the consequences of vascular aging and related diseases, chronic 

hypertension in particular. The cerebral microcirculation is particularly vulnerable to high 

pulsatile forces, and arterial stiffness is considered a risk factor for cerebrovascular disease 

and dementia (21). A decade ago, a link between aortic stiffness and worse cognitive 

function was described in the Rotterdam study (45) and confirmed in different cohorts (46). 

An association has also been detected before patients develop dementia. For example, a 

correlation between higher aortic stiffness and mild cognitive impairment was found in a 
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large study of participants without dementia (47). Interestingly, individuals without dementia 

with higher arterial stiffness at baseline developed memory decline (48), and young healthy 

adults with elevated aortic stiffness showed reduced white and grey matter integrity in areas 

typically involved in AD (49). Cerebrovascular stiffness may have a profound effect on the 

brain by decreasing CBF, and arterial stiffness has been proposed to be a robust predictor of 

cognitive decline (21,50). Although the exact mechanism by which arterial stiffness affects 

cognition is not fully understood, an intriguing association between systemic arterial 

stiffness and brain Aβ accumulation has been found in elderly adults without dementia (51), 

suggesting a link between subclinical vascular disease and Aβ retention. Indeed, the altered 

pulsatility due to arterial stiffness may impede proper Aβ clearance through the BBB as well 

as the perivascular and paravascular (glymphatic) pathways. However, it remains unclear 

whether arterial stiffness promotes Aβ deposition or vice versa, and the involvement in such 

interaction in cognitive deterioration needs further exploration.

HYPERTENSION.

Long known to be a cause of vascular cognitive impairment, hypertension has also been 

recently linked to AD. Thus, midlife hypertension is a risk factor for late-life dementia, 

including AD (21). Furthermore, clinical-pathological studies have shown that hypertension 

promotes the neurodegenerative pathology underlying AD, that is, amyloid plaques and 

neurofibrillary tangles (52). Hypertension is well known to damage cerebral blood vessels 

both structurally and functionally, effects mediated mainly by vascular oxidative stress (53). 

Thus, hypertension leads to changes in the vascular wall (hypertrophy and remodeling), 

promotes atherosclerosis, and produces focal microvascular alterations in penetrating 

arterioles arising from the basal ganglia and vascularizing the subcortical and periventricular 

white matter (arteriolosclerosis and lipohyalinosis), resulting in white matter damage, 

microhemorrhages, and microinfarcts (1,53). Functionally, hypertension reduces resting 

CBF, increases the permeability of the BBB, and alters all of the major factors regulating the 

cerebral circulation: endothelial vasomotor function, neurovascular coupling, and 

autoregulation (53). Less well understood are the biological bases of the relationship 

between hypertension and AD pathology. There is evidence that hypertension promotes 

amyloid accumulation in animal models as in humans (54,55), an effect that may result from 

increased cleavage of the amyloid precursor protein (55). However, hypertension could also 

promote amyloid accumulation by producing vascular damage and reduced vascular amyloid 

clearance (53). Recent evidence implicating perivascular macrophages in the vascular 

oxidative stress induced by hypertension support this hypothesis (56) because Aβ is cleared 

in part through the perivascular space, alterations of which are linked to cognitive 

impairment (1,23). Preliminary data from the SPRINT-MIND (Systolic Blood Pressure 

Intervention) study suggest that strict blood pressure control may be beneficial to cognitive 

function (57). However, further studies are required to define the most effective blood 

pressures targets, to test for class-specific effects of antihypertensive drugs, and to define the 

specific contribution of hypertension to AD pathology.

CARDIAC ABNORMALITIES.

Diseases of the heart are well known to be associated with cognitive dysfunction, as 

exemplified by the term cardiogenic dementia coined in the 1970s. Intriguingly, genetic 
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factors typically associated with AD, such as ApoE4 and presenilin mutations, have also 

been linked to heart failure and dilated cardiomyopathy, indicating a potential genetic 

association between AD and cardiovascular diseases (58). In addition, misfolded proteins 

play a central role not only in neurodegenerative diseases, such as AD, Parkinson’s disease, 

and Huntington’s disease, but also in cardiac hypertrophy and cardiomyopathy (59). 

Although the proteins that form the aggregates may differ in nature, increasing evidence 

points to Aβ as a partner in crime in some of the proteinopathies affecting both heart and 

brain. For example, compromised diastolic function (60) along with Aβ40 and Aβ42 

aggregates (61) have been reported in the myocardium of patients with AD, suggesting the 

presence of cardiac amyloidosis in the absence of overt cardiovascular disease. Whether this 

type of amyloidosis is due to deposits of cardiac Aβ or to its interaction with other 

amyloidogenic peptides, such as transthyretin, remains to be established. Moreover, plasma 

Aβ40 is linked to cardiovascular events and arterial aging in patients with coronary heart 

disease (62) and, intriguingly, in those with subclinical cardiovascular disease as well (63). 

The relationship between heart function and AD remains to be fully elucidated, but the 

possibility that Aβ may promote cardiac dysfunction in AD deserves further inquiry.

PROCOAGULANT STATE.

Increasing evidence points to significant Aβ-driven alterations of the coagulation cascade in 

AD, favoring a procoagulant state (64,65). Aβ42 binds to fibrinogen (66) and fibrin (67) and 

induces structural changes in fibrin clots affecting thrombosis and fibrinolysis (66–68). In 

AD, due to the damage to the BBB, fibrin(ogen) extravasates into the brain parenchyma and, 

as demonstrated in animal models, results in pericyte degeneration, amyloid accumulation, 

microglial activation, synaptic dysfunction, dendritic spine loss, and neuronal death (68–71). 

On these bases, a causative role for fibrin(ogen) in AD pathology has been proposed (65). 

Moreover, Aβ40 and Aβ42 activate coagulation proteins, such as factor XII (72) and factor 

XIIIa (73), and clotting abnormalities strongly correlate with cognitive function in patients 

with AD (74). Collectively, this evidence indicates that Aβ interacts closely with different 

coagulation factors, promoting a prothrombotic and proinflammatory milieu (64). This 

hypothesis is further supported by experimental studies demonstrating that normalizing this 

procoagulant state halts disease progression. Experiments in mouse models showed that: 1) 

blocking the interaction between Aβ and fibrinogen normalizes thrombosis, reduces CAA, 

and improves cognition (75); and 2) depleting factor XII reduces fibrin(ogen) deposition and 

ameliorates neuroinflammation, neurodegeneration, and cognitive dysfunction (76). Less is 

known about the effect of anticoagulation in patients with dementia. In patients with atrial 

fibrillation, anticoagulation decreases dementia risk, but the mechanisms are unclear and 

may be related to reduced cerebral embolization (77). Anticoagulants proved to be beneficial 

in mouse models of amyloid accumulation (78), but they have not moved forward into the 

AD therapeutic pipeline, probably because of concerns about risk of bleeding. The 

introduction of direct oral anticoagulants with decreased risk of intracranial bleeding may 

change this perception. Cortes-Canteli et al. (79) recently showed that long-term treatment 

with one of these agents in a mouse model prevents cerebral fibrin deposition; preserves 

CBF and BBB integrity; and ameliorates cognitive deficits, amyloid burden, and 

neuroinflammation (79).
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VASCULAR INTERVENTION FOR AD PRIMARY PREVENTION

AD starts decades before cognitive impairment develops (80), so early diagnosis and 

primary prevention are of the utmost importance to decrease disease burden. Increasing 

evidence indicates that a high cognitive reserve, a healthy lifestyle, and the control of 

modifiable cardiovascular risk factors may reduce the risk of developing dementia, including 

AD (81). Furthermore, interventions that promote cardiometabolic health, such as physical 

activity, caloric restriction, or a Mediterranean diet, may also contribute to reducing the risk 

of dementia (82). Based on data from existing meta-analyses, it is estimated that a third of 

AD cases are attributable to modifiable cardiovascular risk factors (83), suggesting that 

management of these factors would reduce the anticipated impact of AD, especially if 

interventions are carried out in midlife. Recent epidemiological evidence from multiple 

independent patient cohorts points to a decrease in the incidence of AD, which has been 

attributed to better control of vascular risk factors (84). Indeed, the randomized controlled 

trial FINGER (Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and 

Disability) confirmed the positive effect of a multidomain lifestyle intervention on cognitive 

decline prevention. After a 2-year intervention (nutritional counseling, social stimulation, 

physical/cognitive training, and management of vascular risk factors), at-risk elderly 

individuals in the intervention group had a decreased risk of cognitive decline (85) and 

maintenance of activities of daily living (86). Other similar multidomain intervention studies 

also showed promising results, encouraging the recent launch of large-scale AD prevention 

trials, the results of which will reinforce effective prevention strategies (87). Single-domain 

interventions were not as successful, and, thus, it might be desirable to contemporaneously 

target several modifiable factors rather than just one (87). In the case of ApoE4 carriers, the 

control of these modifiable factors is even more critical because it may partially counteract 

the high susceptibility that this genotype confers to developing dementia and even delay its 

onset (88).

CONCLUSIONS AND FUTURE DIRECTIONS

In this review, we have presented evidence that vascular aging may be exacerbated by AD 

pathology, thereby contributing to the vascular dysfunction present in AD (Central 

Illustration). These vascular changes include functional and structural alterations across the 

entire cerebrovascular tree, from large artery atherosclerosis and CAA to small vessel 

disease and BBB impairment. These alterations, in concert with the deleterious effects of Aβ 
vasoactivity, reduce cerebral perfusion and impair the ability of the cerebral circulation to 

supply energy substrates and oxygen to active brain regions. Moreover, emerging evidence 

raises the possibility that vascular alterations outside the brain may also play a role in AD. 

Hypertension and systemic atherosclerosis, together with large artery stiffening and a 

procoagulant state in AD, may cause damage to the cerebral vasculature and further 

contribute to alterations in CBF, to which the brain is particularly susceptible. Plasma Aβ 
levels increase during preclinical AD and then diminish as the disease progresses (89). As 

discussed in this review, the rise in plasma Aβ during the early phases of AD may affect the 

cardiovascular system in a wide variety of ways and potentially influence the disease process 

and its clinical manifestations.
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The brain and heart are vitally interconnected by neurovascular and humoral pathways, and 

more efforts should be directed at investigating the relationships between cardiovascular 

diseases and brain pathologies leading to cognitive dysfunction. For example, little is known 

about the impact of cardiac function and the vasculature on neurodegenerative pathologies 

underlying cognitive impairment, which, in addition to plaques and tangles, also include 

Lewy bodies, TAR DNA-binding protein (TDP)-43 proteinopathy, hippocampal sclerosis, 

etc. (9). In addition, although providing nutritional flow is a major role of the cerebral 

vasculature, neurovascular functions independent of blood flow delivery, such as trophic 

interactions, proteostasis, and neuroimmune trafficking (1), also need to be explored. For 

example, a high-salt diet in mice induces a deficit in cerebral endothelial nitric oxide, which 

leads to dementia independently of cerebral perfusion but through tau phosphorylation and 

aggregation (90). Rapid advances in cardiac, vascular, and neurovascular biology, coupled 

with single-cell genomic, proteomic, and metabolomic approaches, provide the 

unprecedented opportunity to dissect the cellular crosstalk underling the relationships 

between the brain and vasculature in health and disease. The new findings resulting from 

these efforts would provide new clues on how to best prevent and treat patients with AD and 

related dementias. In the absence of disease-modifying treatments, reducing the incidence of 

dementia by controlling vascular risk factors in middle age remains an attractive and feasible 

preventive strategy, even if effective therapeutic options become available.
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ABBREVIATIONS AND ACRONYMS

Aβ amyloid-β

AD Alzheimer’s disease

ApoE apolipoprotein E

BBB blood-brain barrier

CAA cerebral amyloid angiopathy

CBF cerebral blood flow

ROS reactive oxygen species

Cortes-Canteli and Iadecola Page 8

J Am Coll Cardiol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES

1. Iadecola C The neurovascular unit coming of age: a journey through neurovascular coupling in 
health and disease. Neuron 2017;96:17–42. [PubMed: 28957666] 

2. Alzheimer’s Association. 2019 Alzheimer’s disease facts and figures. Alzheimers Dement 
2019;15:321–87.

3. Masters CL, Bateman R, Blennow K, Rowe CC, Sperling RA, Cummings JL. Alzheimer’s disease. 
Nat Rev Dis Primers 2015;1:15056. [PubMed: 27188934] 

4. Sweeney MD, Montagne A, Sagare AP, et al. Vascular dysfunction—the disregarded partner of 
Alzheimer’s disease. Alzheimers Dement 2019;15:158–67. [PubMed: 30642436] 

5. Herrington W, Lacey B, Sherliker P, Armitage J, Lewington S. Epidemiology of atherosclerosis and 
the potential to reduce the global burden of atherothrombotic disease. Circ Res 2016;118:535–46. 
[PubMed: 26892956] 

6. Roher AE, Esh C, Kokjohn TA, et al. Circle of Willis atherosclerosis is a risk factor for sporadic 
Alzheimer’s disease. Arterioscler Thromb Vasc Biol 2003;23:2055–62. [PubMed: 14512367] 

7. Roher Alex E, Esh C, Rahman A, Kokjohn Tyler A, Beach Thomas G. Atherosclerosis of cerebral 
arteries in Alzheimer disease. Stroke 2004;35:2623–7. [PubMed: 15375298] 

8. Dolan H, Crain B, Troncoso J, Resnick SM, Zonderman AB, Obrien RJ. Atherosclerosis, dementia, 
and Alzheimer disease in the Baltimore Longitudinal Study of Aging cohort. Ann Neurol 
2010;68:231–40. [PubMed: 20695015] 

9. Yarchoan M, Xie SX, Kling MA, et al. Cerebrovascular atherosclerosis correlates with Alzheimer 
pathology in neurodegenerative dementias. Brain 2012;135:3749–56. [PubMed: 23204143] 

10. Arvanitakis Z, Capuano AW, Leurgans SE, Bennett DA, Schneider JA. Relation of cerebral vessel 
disease to Alzheimer’s disease dementia and cognitive function in elderly people: a cross-sectional 
study. Lancet Neurol 2016;15:934–43. [PubMed: 27312738] 

11. Hofman A, Ott A, Breteler MM, et al. Atherosclerosis, apolipoprotein E, and prevalence of 
dementia and Alzheimer’s disease in the Rotterdam Study. Lancet 1997;349:151–4. [PubMed: 
9111537] 

12. Yamazaki Y, Zhao N, Caulfield TR, Liu C-C, Bu G. Apolipoprotein E and Alzheimer disease: 
pathobiology and targeting strategies. Nat Rev Neurol 2019;15:501–18. [PubMed: 31367008] 

13. Kuller LH, Lopez OL, Mackey RH, et al. Subclinical cardiovascular disease and death, dementia, 
and coronary heart disease in patients 80+ years. J Am Coll Cardiol 2016;67:1013–22. [PubMed: 
26940919] 

14. Gupta A, Iadecola C. Impaired Abeta clearance: a potential link between atherosclerosis and 
Alzheimer’s disease. Front Aging Neurosci 2015;7:115. [PubMed: 26136682] 

15. Fredman G Resolving atherosclerosis and Alzheimer disease. Nat Rev Cardiol 2019;16:259–60. 
[PubMed: 30903022] 

16. Bucerius J, Barthel H, Tiepolt S, et al. Feasibility of in vivo (18)F-florbetaben PET/MR imaging of 
human carotid amyloid-beta. Eur J Nucl Med Mol Imaging 2017;44:1119–28. [PubMed: 
28321471] 

17. Riddle DR, Sonntag WE, Lichtenwalner RJ. Microvascular plasticity in aging. Ageing Res Rev 
2003;2:149–68. [PubMed: 12605958] 

18. Csiszar A, Tarantini S, Fülöp GA, et al. Hypertension impairs neurovascular coupling and 
promotes microvascular injury: role in exacerbation of Alzheimer’s disease. Geroscience 
2017;39:359–72. [PubMed: 28853030] 

19. Hunter JM, Kwan J, Malek-Ahmadi M, et al. Morphological and pathological evolution of the 
brain microcirculation in aging and Alzheimer’s disease. PLoS One 2012;7:e36893. [PubMed: 
22615835] 

20. Iadecola C The pathobiology of vascular dementia. Neuron 2013;80:844–66. [PubMed: 24267647] 

21. Iadecola C, Gottesman RF. Neurovascular and cognitive dysfunction in hypertension. Circ Res 
2019;124:1025–44. [PubMed: 30920929] 

22. Charidimou A, Boulouis G, Gurol ME, et al. Emerging concepts in sporadic cerebral amyloid 
angiopathy. Brain 2017;140:1829–50. [PubMed: 28334869] 

Cortes-Canteli and Iadecola Page 9

J Am Coll Cardiol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



23. Iadecola C, Duering M, Hachinski V, et al. Vascular cognitive impairment and dementia: JACC 
scientific expert panel. J Am Coll Cardiol 2019;73:3326–44. [PubMed: 31248555] 

24. Sweeney MD, Zhao Z, Montagne A, Nelson AR, Zlokovic BV. Blood-brain barrier: from 
physiology to disease and back. Physiol Rev 2019;99:21–78. [PubMed: 30280653] 

25. Armulik A, Genove G, Betsholtz C. Pericytes: developmental, physiological, and pathological 
perspectives, problems, and promises. Dev Cell 2011;21:193–215. [PubMed: 21839917] 

26. de la Torre JC. Are major dementias triggered by poor blood flow to the brain? Theoretical 
considerations. J Alzheimers Dis 2017;57:353–71. [PubMed: 28211814] 

27. Iadecola C Neurovascular regulation in the normal brain and in Alzheimer’s disease. Nat Rev 
Neurosci 2004;5:347–60. [PubMed: 15100718] 

28. Hays CC, Zlatar ZZ, Wierenga CE. The utility of cerebral blood flow as a biomarker of preclinical 
Alzheimer’s disease. Cell Mol Neurobiol 2016;36:167–79. [PubMed: 26898552] 

29. Thomas T, Thomas G, McLendon C, Sutton T, Mullan M. Beta-amyloid-mediated vasoactivity and 
vascular endothelial damage. Nature 1996;380:168–71. [PubMed: 8600393] 

30. Zhang F, Eckman C, Younkin S, Hsiao KK, Iadecola C. Increased susceptibility to ischemic brain 
damage in transgenic mice overexpressing the amyloid precursor protein. J Neurosci 
1997;17:7655–61. [PubMed: 9315887] 

31. Iadecola C, Zhang F, Niwa K, et al. SOD1 rescues cerebral endothelial dysfunction in mice 
overexpressing amyloid precursor protein. Nat Neurosci 1999;2:157–61. [PubMed: 10195200] 

32. Niwa K, Carlson GA, Iadecola C. Exogenous A beta1–40 reproduces cerebrovascular alterations 
resulting from amyloid precursor protein over-expression in mice. J Cereb Blood Flow Metab 
2000;20:1659–68. [PubMed: 11129782] 

33. Niwa K, Porter VA, Kazama K, Cornfield D, Carlson GA, Iadecola C. Aβ-peptides enhance 
vasoconstriction in cerebral circulation. Am J Physiol Heart Circ Physiol 2001;281:H2417–24. 
[PubMed: 11709407] 

34. Paris D, Humphrey J, Quadros A, et al. Vasoactive effects of Aβ in isolated human cerebrovessels 
and in a transgenic mouse model of Alzheimer’s disease: role of inflammation. Neurol Res 
2003;25:642–51. [PubMed: 14503019] 

35. Niwa K, Kazama K, Younkin SG, Carlson GA, Iadecola C. Alterations in cerebral blood flow and 
glucose utilization in mice overexpressing the amyloid precursor protein. Neurobiol Dis 
2002;9:61–8. [PubMed: 11848685] 

36. Cruz Hernández JC, Bracko O, Kersbergen CJ, et al. Neutrophil adhesion in brain capillaries 
reduces cortical blood flow and impairs memory function in Alzheimer’s disease mouse models. 
Nat Neurosci 2019;22:413–20. [PubMed: 30742116] 

37. Niwa K, Younkin L, Ebeling C, et al. Abeta 1–40-related reduction in functional hyperemia in 
mouse neocortex during somatosensory activation. Proc Natl Acad Sci U S A 2000;97:9735–40. 
[PubMed: 10944232] 

38. Niwa K, Kazama K, Younkin L, Younkin SG, Carlson GA, Iadecola C. Cerebrovascular 
autoregulation is profoundly impaired in mice overexpressing amyloid precursor protein. Am J 
Physiol Heart Circ Physiol 2002;283:H315–23. [PubMed: 12063304] 

39. Tong X-K, Nicolakakis N, Kocharyan A, Hamel E. Vascular remodeling versus amyloid β-induced 
oxidative stress in the cerebrovascular dysfunctions associated with Alzheimer’s disease. J 
Neurosci 2005;25:11165. [PubMed: 16319316] 

40. Park L, Zhou P, Pitstick R, et al. Nox2-derived radicals contribute to neurovascular and behavioral 
dysfunction in mice overexpressing the amyloid precursor protein. Proc Natl Acad Sci U S A 
2008;105:1347. [PubMed: 18202172] 

41. Park L, Wang G, Moore J, et al. The key role of transient receptor potential melastatin-2 channels 
in amyloid-β-induced neurovascular dysfunction. Nat Commun 2014;5:5318. [PubMed: 
25351853] 

42. Park L, Wang G, Zhou P, et al. Scavenger receptor CD36 is essential for the cerebrovascular 
oxidative stress and neurovascular dysfunction induced by amyloid-beta. Proc Natl Acad Sci U S 
A 2011;108:5063–8. [PubMed: 21383152] 

Cortes-Canteli and Iadecola Page 10

J Am Coll Cardiol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



43. Park L, Uekawa K, Garcia-Bonilla L, et al. Brain perivascular macrophages initiate the 
neurovascular dysfunction of Alzheimer Abeta peptides. Circ Res 2017;121:258–69. [PubMed: 
28515043] 

44. Iturria-Medina Y, Sotero RC, Toussaint PJ, et al. Early role of vascular dysregulation on late-onset 
Alzheimer’s disease based on multifactorial data-driven analysis. Nat Commun 2016;7:11934. 
[PubMed: 27327500] 

45. Poels MM, van Oijen M, Mattace-Raso FU, et al. Arterial stiffness, cognitive decline, and risk of 
dementia: the Rotterdam study. Stroke 2007;38:888–92. [PubMed: 17272780] 

46. Rabkin SW. Arterial stiffness: detection and consequences in cognitive impairment and dementia 
of the elderly. J Alzheimers Dis 2012;32:541–9. [PubMed: 22886012] 

47. Pase MP, Beiser A, Himali JJ, et al. Aortic stiffness and the risk of incident mild cognitive 
impairment and dementia. Stroke 2016;47:2256–61. [PubMed: 27491735] 

48. Waldstein Shari R, Rice SC, Thayer Julian F, Najjar Samer S, Scuteri A, Zonderman Alan B. Pulse 
pressure and pulse wave velocity are related to cognitive decline in the Baltimore Longitudinal 
Study of Aging. Hypertension 2008;51:99–104. [PubMed: 18025297] 

49. Maillard P, Mitchell Gary F, Himali Jayandra J, et al. Effects of arterial stiffness on brain integrity 
in young adults from the Framingham Heart Study. Stroke 2016;47:1030–6. [PubMed: 26965846] 

50. Jefferson AL, Cambronero FE, Liu D, et al. Higher aortic stiffness is related to lower cerebral 
blood flow and preserved cerebrovascular reactivity in older adults. Circulation 2018;138:1951–
62. [PubMed: 30018169] 

51. Hughes TM, Kuller LH, Barinas-Mitchell EJ, et al. Arterial stiffness and beta-amyloid progression 
in nondemented elderly adults. JAMA Neurol 2014;71:562–8. [PubMed: 24687165] 

52. Petrovitch H, White LR, Izmirilian G, et al. Midlife blood pressure and neuritic plaques, 
neurofibrillary tangles, and brain weight at death: the HAAS. Honolulu-Asia Aging Study. 
Neurobiol Aging 2000;21:57–62. [PubMed: 10794849] 

53. Faraco G, Iadecola C. Hypertension. Hypertension 2013;62:810–7. [PubMed: 23980072] 

54. Gottesman RF, Schneider AL, Zhou Y, et al. Association between midlife vascular risk factors and 
estimated brain amyloid deposition. JAMA 2017;317:1443–50. [PubMed: 28399252] 

55. Faraco G, Park L, Zhou P, et al. Hypertension enhances Aβ-induced neurovascular dysfunction, 
promotes β-secretase activity, and leads to amyloidogenic processing of APP. J Cereb Blood Flow 
Metab 2016;36:241–52. [PubMed: 25920959] 

56. Faraco G, Sugiyama Y, Lane D, et al. Perivascular macrophages mediate the neurovascular and 
cognitive dysfunction associated with hypertension. J Clin Invest 2016;126:4674–89. [PubMed: 
27841763] 

57. Group SMIftSR Williamson JD, Pajewski NM, et al. Effect of intensive vs standard blood pressure 
control on probable dementia: a randomized clinical trial. JAMA 2019;321:553–61. [PubMed: 
30688979] 

58. Tublin Joshua M, Adelstein Jeremy M, del Monte F, Combs Colin K, Wold Loren E. Getting to the 
Heart of Alzheimer Disease. Circul Res 2019;124:142–9.

59. Willis MS, Patterson C. Proteotoxicity and cardiac dysfunction—Alzheimer’s disease of the heart? 
N Engl J Med 2013;368:455–64. [PubMed: 23363499] 

60. Sanna GD, Nusdeo G, Piras MR, et al. Cardiac abnormalities in Alzheimer disease: clinical 
relevance beyond pathophysiological rationale and instrumental findings? J Am Coll Cardiol Heart 
Fail 2019;7:121–8.

61. Troncone L, Luciani M, Coggins M, et al. Abeta amyloid pathology affects the hearts of patients 
with Alzheimer’s disease: mind the heart. J Am Coll Cardiol 2016;68:2395–407. [PubMed: 
27908343] 

62. Stamatelopoulos K, Sibbing D, Rallidis LS, et al. Amyloid-beta (1–40) and the risk of death from 
cardiovascular causes in patients with coronary heart disease. J Am Coll Cardiol 2015;65:904–16. 
[PubMed: 25744007] 

63. Stamatelopoulos K, Pol CJ, Ayers C, et al. Amyloid-beta (1–40) peptide and subclinical 
cardiovascular disease. J Am Coll Cardiol 2018;72:1060–1. [PubMed: 30139434] 

64. Strickland S Blood will out: vascular contributions to Alzheimer’s disease. J Clin Invest 
2018;128:556–63. [PubMed: 29388925] 

Cortes-Canteli and Iadecola Page 11

J Am Coll Cardiol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



65. Cortes-Canteli M, Zamolodchikov D, Ahn HJ, Strickland S, Norris EH. Fibrinogen and altered 
hemostasis in Alzheimer’s disease. J Alzheimers Dis 2012;32:599–608. [PubMed: 22869464] 

66. Zamolodchikov D, Berk-Rauch HE, Oren DA, et al. Biochemical and structural analysis of the 
interaction between beta-amyloid and fibrinogen. Blood 2016;128:1144–51. [PubMed: 27389717] 

67. Zamolodchikov D, Strickland S. Abeta delays fibrin clot lysis by altering fibrin structure and 
attenuating plasminogen binding to fibrin. Blood 2012;119:3342–51. [PubMed: 22238323] 

68. Cortes-Canteli M, Paul J, Norris EH, et al. Fibrinogen and beta-amyloid association alters 
thrombosis and fibrinolysis: a possible contributing factor to Alzheimer’s disease. Neuron 
2010;66:695–709. [PubMed: 20547128] 

69. Montagne A, Nikolakopoulou AM, Zhao Z, et al. Pericyte degeneration causes white matter 
dysfunction in the mouse central nervous system. Nat Med 2018;24:326–37. [PubMed: 29400711] 

70. Merlini M, Rafalski VA, Rios Coronado PE, et al. Fibrinogen induces microglia-mediated spine 
elimination and cognitive impairment in an Alzheimer’s disease model. Neuron 2019;101:1099–
108.e6. [PubMed: 30737131] 

71. Cortes-Canteli M, Mattei L, Richards AT, Norris EH, Strickland S. Fibrin deposited in the 
Alzheimer’s disease brain promotes neuronal degeneration. Neurobiol Aging 2015;36:608–17. 
[PubMed: 25475538] 

72. Zamolodchikov D, Renne T, Strickland S. The Alzheimer’s disease peptide beta-amyloid promotes 
thrombin generation through activation of coagulation factor XII. J Thromb Haemost 
2016;14:995–1007. [PubMed: 26613657] 

73. Hur WS, Mazinani N, Lu XJD, et al. Coagulation factor XIIIa cross-links amyloid beta into dimers 
and oligomers and to blood proteins. J Biol Chem 2019;294:390–6. [PubMed: 30409906] 

74. Suidan GL, Singh PK, Patel-Hett S, et al. Abnormal clotting of the intrinsic/contact pathway in 
Alzheimer disease patients is related to cognitive ability. Blood Adv 2018;2:954–63. [PubMed: 
29700007] 

75. Ahn HJ, Glickman JF, Poon KL, et al. A novel Abeta-fibrinogen interaction inhibitor rescues 
altered thrombosis and cognitive decline in Alzheimer’s disease mice. J Exp Med 2014;211:1049–
62. [PubMed: 24821909] 

76. Chen ZL, Revenko AS, Singh P, MacLeod AR, Norris EH, Strickland S. Depletion of coagulation 
factor XII ameliorates brain pathology and cognitive impairment in Alzheimer disease mice. Blood 
2017;129:2547–56. [PubMed: 28242605] 

77. Friberg L, Rosenqvist M. Less dementia with oral anticoagulation in atrial fibrillation. Eur Heart J 
2018;39:453–60. [PubMed: 29077849] 

78. Timmer NM, van Dijk L, van der Zee CE, Kiliaan A, de Waal RM, Verbeek MM. Enoxaparin 
treatment administered at both early and late stages of amyloid beta deposition improves cognition 
of APPswe/PS1dE9 mice with differential effects on brain Abeta levels. Neurobiol Dis 
2010;40:340–7. [PubMed: 20600909] 

79. Cortes-Canteli M, Kruyer A, Fernandez-Nueda I, et al. Long-term Dabigatran treatment delays 
Alzheimer’s disease pathogenesis in the TgCRND8 mouse model. J Am Coll Cardiol 
2019;74:1910–23. [PubMed: 31601371] 

80. Jack CR Jr., Bennett DA, Blennow K, et al. NIA-AA research framework: toward a biological 
definition of Alzheimer’s disease. Alzheimers Dement 2018;14:535–62. [PubMed: 29653606] 

81. Baumgart M, Snyder HM, Carrillo MC, Fazio S, Kim H, Johns H. Summary of the evidence on 
modifiable risk factors for cognitive decline and dementia: a population-based perspective. 
Alzheimers Dement 2015;11:718–26. [PubMed: 26045020] 

82. Wahl D, Solon-Biet SM, Cogger VC, et al. Aging, lifestyle and dementia. Neurobiol Dis 
2019;130:104481. [PubMed: 31136814] 

83. Norton S, Matthews FE, Barnes DE, Yaffe K, Brayne C. Potential for primary prevention of 
Alzheimer’s disease: an analysis of population-based data. Lancet Neurol 2014;13:788–94. 
[PubMed: 25030513] 

84. Pase MP, Satizabal CL, Seshadri S. Role of improved vascular health in the declining incidence of 
dementia. Stroke 2017;48:2013–20. [PubMed: 28596460] 

85. Ngandu T, Lehtisalo J, Solomon A, et al. A 2 year multidomain intervention of diet, exercise, 
cognitive training, and vascular risk monitoring versus control to prevent cognitive decline in at-

Cortes-Canteli and Iadecola Page 12

J Am Coll Cardiol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



risk elderly people (FINGER): a randomised controlled trial. Lancet 2015;385:2255–63. [PubMed: 
25771249] 

86. Kulmala J, Ngandu T, Havulinna S, et al. The effect of multidomain lifestyle intervention on daily 
functioning in older people. J Am Geriatr Soc 2019;67:1138–44. [PubMed: 30809801] 

87. Kivipelto M, Mangialasche F, Ngandu T. Lifestyle interventions to prevent cognitive impairment, 
dementia and Alzheimer disease. Nat Rev Neurol 2018;14:653–66. [PubMed: 30291317] 

88. Ferrari C, Xu WL, Wang HX, et al. How can elderly apolipoprotein E epsilon4 carriers remain free 
from dementia? Neurobiol Aging 2013;34:13–21. [PubMed: 22503000] 

89. Song F, Poljak A, Valenzuela M, Mayeux R, Smythe GA, Sachdev PS. Meta-analysis of plasma 
amyloid-β levels in Alzheimer’s disease. J Alzheimers Dis 2011;26:365–75. [PubMed: 21709378] 

90. Faraco G, Hochrainer K, Segarra SG, et al. Dietary salt promotes cognitive impairment through tau 
phosphorylation. Nature 2019;574(7780):686–90. [PubMed: 31645758] 

Cortes-Canteli and Iadecola Page 13

J Am Coll Cardiol. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HIGHLIGHTS

• AD is the major cause of age-related dementia and the fifth leading cause of 

death worldwide.

• Alterations in cerebral and systemic vessels and in the heart often coexist with 

AD pathology.

• The resulting cerebrovascular insufficiency may contribute to the onset and 

progression of cognitive dysfunction.

• Control of vascular risk factors may mitigate the impact of AD and related 

dementias.
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CENTRAL ILLUSTRATION. Alzheimer’s Disease-Associated Vascular Alterations Inside and 
Outside the Brain
Age-related vascular changes across the cerebral vasculature and outside the brain are 

exacerbated in Alzheimer’s disease. Intracranial and extracranial atherosclerosis, reduced 

cerebral microvascular density, cerebral amyloid angiopathy, and neurovascular unit 

dysfunction, together with large artery stiffening and hypertensive vascular remodeling, 

changes in heart function, and a procoagulant state, contribute to important reductions in 

cerebrovascular blood flow. Amyloid-β may play a contributory role in these vascular 

changes.
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