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Cerebrovascular dysfunctions, encompassing changes in cerebrovascular
microstructure, blood-brain barrier (BBB) integrity, cerebrovascular reactivity,
and cerebral blood flow (CBF), accelerate the pathological progression of
Alzheimer’s disease (AD). Exercise emerges as a promising non-pharmacological
intervention that enhances cerebrovascular repair for the treatment of AD.
This review summarizes the pathological vascular changes in AD pathology,
such as pericyte loss, endothelial dysfunction, and capillary fibrosis, which
exacerbate hypoperfusion, hypoxia, and amyloidogenesis. We further discuss the
contributing vascular factors and underlying signaling mechanisms to explore
potential targets for AD diagnosis and therapy. Finally, we present evidence
concerning the impact of exercise on cerebral vascular signaling and the cells
involved in vascular plasticity. We also address the impact of various exercise
patterns on cerebrovascular health. This work aims to uncover the potential and
intervention effects of exercise on cerebrovascular non-malignant alterations
and will provide exercise strategies for treating AD.

KEYWORDS
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1 Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease with the classical
pathological features of plaques and neurofibrillary tangles, which accounts for accounts
for 60%−80% of dementia cases (Li S. et al., 2021). The major clinical manifestations
are brain structure changes and memory loss. Besides aging, physical inactivity is also
one of the risk factors in AD, which reduces cerebral blood flow (CBF) and impairs
cerebrovascular function (Livingston et al., 2020). Clinically, the drug development process
targeting β-amyloid (Aβ) deposition and Tau protein hyperphosphorylation has a failure
rate as high as 99.6%, with developed drugs unable to fundamentally cure the disease’s
symptoms. Moreover, treatment rate is below 21.1% (Jia et al., 2020), posing significant
healthcare challenges for both developed and developing countries amidst the growing
aging population.
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Aβ accumulation within vascular smooth muscle cells has
been proven to result in inflammatory responses, oxidative stress,
compromised vasorelaxation, and impaired integrity of the blood-
brain barrier (BBB; Stukas et al., 2014; Park et al., 2014; Kalheim
et al., 2017). Tau pathology exacerbates vascular abnormalities
and cellular senescence (Bryant et al., 2020, 2021). Moreover, the
pathological development of AD has been proved to be related
to the decrease in vascular density and CBF (Gallego et al.,
2022; Bersini et al., 2020). In turn, capillary injury and blood
flow shutdown trigger capillary loss and string vessel formation
(Brown et al., 2009). Clinic research has demonstrated that 83%
of AD patients suffered a mild degree of amyloid angiopathy,
with ≥25.6% experiencing moderate to severe forms (Ellis et al.,
1996). Therefore, the treatment of cerebral microangiogenesis
will contribute to restoring neurovascular function and AD-
related cognitive dysfunction (Zhang W. et al., 2018; Tong et al.,
2009).

Exercise induces brain physiological changes at anatomic,
cellular, and molecular levels by initiating a cascade of cellular
and molecular processes (De la Rosa et al., 2020). It is well-
established that physical activity substantially lowers the risk of
AD (De la Rosa et al., 2020; Ren and Xiao, 2023; López-Ortiz
et al., 2021) by inhibiting Aβ and releasing neurotrophins for
brain health (De la Rosa et al., 2020; Valenzuela et al., 2020).
Neuroimaging studies have shown that regular exercise enhances
activity in the dorsolateral prefrontal cortex and limbic system,
thereby improving functions such as emotion regulation, attention,
executive function, and cognition (Zhou, 2020). Moreover, exercise
is conducive to cerebral circulation and plasticity in AD (Li et al.,
2023; Cass, 2017; Bliss et al., 2021), making it an effective strategy
for addressing cerebrovascular dysfunction in AD pathology.

Despite compelling evidence supporting the neuroprotective
effect of exercise in AD, critical knowledge gaps persist in
translating these findings into clinically actionable strategies.
This translation challenge requires understanding the mechanisms
underlying the benefits of diverse exercise modalities. Notably,
traditional Chinese exercises such as Tai Chi, as well as specific
disciplines like equestrian skills and swordsmanship, are well-
documented to have numerous beneficial effects, including
neuroprotective, anti-inflammatory, anti-oxidative, nutritional,
and longevity-promoting functions (Zhou, 2019). The shared and
distinct cerebrovascular mechanisms through which such varied
activities exert their positive effects, particularly on AD-related
pathways, remain incompletely understood.

Given established benefits of exercise on cerebrovascular
function and plasticity, investigating exercise-induced
cerebrovascular remodeling may help bridge the critical gap
in clinical translation by elucidating the mechanisms through
which exercise influences brain metabolism in AD.

In this review, we summarize the current understanding of
the abnormal cerebrovascular structures and metabolic changes
in associated subcellular components in AD. We also discuss
alterations in vascular factors and signaling pathways. We
outline the effects of exercise on vascular function in AD and
recent advances in the role of various exercise prescriptions on
cerebrovascular health. Overall, our review highlights the necessity
for further research to explore the potential of exercise as a

therapeutic strategy for addressing cerebrovascular dysfunctions
in AD.

2 AD and cerebral vessels

Cerebrovascular insufficiency, such as reduced blood supply to
the brain or disrupted cerebrovascular integrity, may occupy an
initiating or intermediate position in the pathological development
of AD (Cacabelos et al., 2003; Farkas and Luiten, 2001). Cortical
hypoperfusion occurs early in AD (Niwa et al., 2000, 2002),
accompanied by vascular degeneration and reduced microvascular
density (Brown and Thore, 2011). Morphological assessments have
revealed microvascular degeneration in early-stage AD brains,
characterized by decreased microvascular density, linear vessel
atrophy, significant diameter reduction, and other microvascular
alterations, all of which contribute to decreased CBF (Lau et al.,
2020). Tau oligomers accumulate in AD cerebral microvessels,
associating with endothelial cells and compromising microvascular
integrity (Castillo-Carranza et al., 2017).

Furthermore, cerebral vascular degeneration and reduced
blood flow lower the efficiency of Aβ clearance. Aβ deposition
in the cerebral vascular system causes decreased brain perfusion,
promotes ischemic damage, while also triggering vascular and
neuronal degeneration that ultimately impairs cognition (Di Marco
et al., 2015). Despite this, AD cerebral microvasculature releases
vascular endothelial growth factor (VEGF), interleukin-1β (IL-1β),
IL-6, IL-8, angiogenic factors, HIF-1α, and other angiogenesis-
promoting factors to compensate. However, functional blood
vessels do not increase. Notably, endogenous VEGF directly binds
to Aβ peptides, leading to a decrease in VEGF activity, which
further results in cerebral vascular degeneration and diminished
neuroprotective effect (Patel et al., 2010). Therefore, there is a
strong link between cerebral microvascular dysfunction and the
onset of AD. A prospective study has demonstrated that managing
cerebral vascular risk factors in AD patients can decelerate
cognitive decline (Morrone et al., 2020), implying that enhancing
the integrity of cerebral microvascular structure and function could
offer a promising therapeutic avenue for managing AD clinically
as a biomarker and therapeutic target for early diagnosis (Tregub
et al., 2022).

2.1 Cerebral microvascular structure
degeneration in AD

Cerebral microvessels, with a diameter ranging from 10 to
20 μm (Erdener and Dalkara, 2019), consist of peripheral cells,
endothelial cells, basal membrane, and astrocytes (Krueger and
Bechmann, 2010), forming an essential ultrastructure crucial
for maintaining the BBB (Farkas and Luiten, 2001; Zlokovic,
2011). This vascular network includes micro arteries, micro veins,
and capillaries, with the latter representing the finest branches
that interconnect within a three-dimensional network (Farkas
and Luiten, 2001). Recent studies highlight the critical role of
microvessels for CBF control (Davis and Attwell, 2023; Zerbi
et al., 2013) and energy fuel (Koepsell, 2020). Hence, the structural
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degeneration of cerebrovascular microstructure precedes both CBF
(Farkas et al., 2000a) and cognitive impairment (Kelly et al., 2017)
in the onset of AD.

Capillary fibrosis involves the thickening of the capillary
basement membrane and the accumulation of collagen type IV,
impairing nutrient transport and the clearance of waste products
(Farkas et al., 2000a; Kalaria, 1996). Observations have shown
that the ultrastructure of cerebral capillaries is detrimentally
affected in AD (Kelly et al., 2017; Farkas et al., 2000b; Tomoto
et al., 2023a), evidenced by a higher incidence of basement
membrane thickening and collagen accumulation compared to
age-matched individuals (Farkas et al., 2000b; Mancardi et al.,
1980). These alterations manifest as irregularities in the abluminal
surface, constriction, and dilatation patterns along the capillary
paths (Kimura et al., 1991). Meanwhile, the terminal arterioles
frequently had focal constriction and smooth muscle cells with
an irregular shape and arrangement in the AD brain (Kimura
et al., 1991). In the hippocampus, acoustic cortex, visual cortex,
and parietal cortex, the capillaries exhibit numerous fusiform
dilatations, tortuosities, abnormal branching, and fusion along
with mitochondrial abnormalities in the endothelial cells, pericyte
degeneration, and perivascular microglial proliferation (Baloyannis
and Baloyannis, 2012). Notably, the observation of numerous string
vessels, composed solely of collagen tubes without endothelial cells
or a lumen, is indicative of severe capillary damage (Brown and
Thore, 2011; Challa et al., 2004; Kolinko et al., 2021; Gama Sosa
et al., 2010; Figure 1).

In 3×Tg AD mice, vascular surface area declines as early
as 3 months affecting regions like the hippocampal CA1, CA3,
and DG subregions, cingulate cortex, and somatosensory cortex,
preceding the formation of Aβ-plaques (Quintana et al., 2021).
It reflects an early onset of microvascular degeneration before
the formation of Aβ-plaques. Similarly, in APP/PS1 models,
early microangiopathies are observed in mice aged 4–5 months,
with conspicuous microaneurysms and protrusions in capillaries
compared to wild-type counterparts (Kelly et al., 2017). These
microvascular changes in AD mice progress further, with events of
intracerebral microvascular leakage occurring by 7 months (Kelly
et al., 2015), and alterations in vascular diameter, volume, and
branch characteristics becoming evident by 24 months (Zhang
et al., 2019).

The abnormal structure of cerebral capillaries overwhelmingly
results in the breakdown of BBB (Winkler et al., 2014) at the
expense of ineffective utilization of oxygen (O2) and glucose
(Farkas et al., 2000a; Mooradian et al., 1997; Zenaro et al.,
2017). For example, compared to age-matched peers, defective
expression of glucose transport 1 (GLUT1) is observed in the
cerebral microvessels of patients with AD (Harik, 1992; Horwood
and Davies, 1994) and rodent models (Do et al., 2014), suggesting
a lower glucose availability and uptake. Previous study has shown
that glucose metabolism in the precuenus, posterior cingulate,
and lateral parietal lobes was detected reduced earlier than 10
years before predicted AD using the [(18)F]flurodeoxyglucose PET
(Benzinger et al., 2013). A similar recession pattern of glucose
hypometabolism was also demonstrated in the late-middle-aged
subjects with apolipoprotein E (APOE) epsilon4 compared to
the non-carrying peers (Langbaum et al., 2010). This implies the

possible early microcirculatory impairment in these brain regions.
The dysfunctional endothelial cells or pericytes and morphological
irregularities further trigger the excessive heterogeneity in capillary
transport, which compromises the availability of O2 in tissues
(Erdener and Dalkara, 2019). Subsequently, the deprivation of
O2 and glucose further up-regulates the hypoxia inducible factor-
1α (HIF-1α)-mediated β-secretase 1 (BACE1) for the expression
of amyloid protein precursor (AβPP) that accelerates the Aβ1−42
production in brain capillary endothelial cells (Bulbarelli et al.,
2012).

Apart from the above hypoxia and hypometabolism, pericyte
detachment not only causes focal microhemorrhages but also
the extravasation of serum proteins and red blood cells (RBCs;
Zlokovic, 2011). Then, the toxic iron stored in the hemoglobin
(Spencer and Mast, 2022) from RBCs catalyzes the reactive oxygen
species (ROS) reaction and triggers oxidative stress (Dixon and
Stockwell, 2014), in turn, neuronal damage (Zlokovic, 2011).
Capillary pathology is also considered as the etiology for higher
cerebrovascular resistance (CVR; Tomoto et al., 2023a). Yew et al.
reported that the CVR index (mean arterial pressure/regional CBF)
was elevated in AD patients due to capillary narrowing accelerating
the microcirculation embolism (Murata et al., 2023). A 2-year
follow-up revealed that the symptom of cognitive decline and brain
atrophy in older individuals with higher CVR index were more
pronounced, hinting at a risk of dementia (Yew et al., 2017).

2.2 Reduced cerebral blood flow

In addition to chemical changes, such as those involving
CO2, the rate of CBF is also controlled by brain activity. As the
activity of a brain region increases, the CBF in this region also
grows to ensure adequate oxygen and nutrient delivery to active
brain regions, a phenomenon known as “functional hyperaemia”
(Zlokovic, 2011; Iadecola, 2004; Venkat et al., 2016). Brain
function would immediately cease, leading to irreversible damage
if CBF is interrupted (Iadecola, 2004). Therefore, disruption of
CBF regulation, baseline, temporal, or regional homeostasis, may
represent a major factor in the development and progression of
AD (Claassen et al., 2021; Wierenga et al., 2014; Jeong et al., 2023).
During the aging process, CBF typically decreases at a rate of 0.5%
per year. In old age, there is already a 20% reduction in CBF, leading
to an inadequate supply of nutrients to the brain. This insufficiency
contributes to the exacerbation of neurodegenerative diseases (Zou
et al., 2009; Zhou, 2017). Although abnormal vascular conditions
and hypercapnia initially stimulate compensatory mechanisms
(Zhou, 2017; Miller et al., 2018) to regulate CBF and increase the
cerebrovascular reactivity (the ability of cerebral vessels to dilate
or constrict in response to metabolic or chemical stimuli) for
maintaining brain function, eventually blood flow decreases below
the normal physiological range (Walek et al., 2023; Farkas et al.,
2000c; van Beek et al., 2012). As a result, approximately 40% CBF
in the brain regions of precuneus, hippocampus, posterior cingulate
gyrus, temporal lobe, occipital lobe, and parietal lobe was reduced
in AD patients compared to the peer elderly (Binnewijzend et al.,
2013; Johnson et al., 2005; Du et al., 2006).
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FIGURE 1

The changes in cerebral vessels in AD. (A) Overview of the cerebrovascular system. The schematic illustrates cross-sectional views of the cerebral
microvasculature, including the arteriole, vein, precapillary arteriole, capillary, and postcapillary venule. The cell types of arterioles and veins primarily
include astrocytes, smooth muscle cells, endothelial cells, and perivascular nerves. The cell types of precapillary arteriole, capillary, and postcapillary
venule mainly contain endothelium, neuron, and pericyte. (B) Schematic of capillary structure. Compared to the normal cerebral vessels, the
capillaries lose and string vessels shapes in AD.

Low baseline perfusion correlates with accelerated cognitive
decline (Wolters et al., 2017), inducing white matter lesions and
cortical microinfarcts (Suter et al., 2002). Chronic hypoperfusion
promotes capillary wall malformations, underlying mild memory
deficits (Farkas et al., 2000a). Decreased CBF results in a
chronically reduced supply of glucose and oxygen for the
brain of neuronal metabolism (Horwood and Davies, 1994; Bell
et al., 2010; Riederer et al., 2018; Love and Miners, 2016),
especially in the posterior brain regions, which is correlated with
declined global cognition and executive function in AD patients
(Benedictus et al., 2017; Leeuwis et al., 2017). A multicenter
study has manifested that a higher level of Aβ accumulation was
highly associated with low CBF in the early stage of diagnostic
AD (Mattsson et al., 2014). Although a single, mild, cerebral
hypoperfusion seems to have little detrimental effect on both
Tau and Aβ (Koike et al., 2010), a chronic hypoperfusion
event is prone to the accumulation of Aβ in the hippocampus,
especially the position of axonal terminals, which impairs the
synaptic density and ultrastructure, causes a memory loss (Wang
et al., 2010), and induces white matter lesions correlating

with dementia (Brown and Thore, 2011; Zhou et al., 2015).
Hence, CBF may be an early biomarker and a predictor of
AD progression.

Binnewijzend et al. (2013) reported that the uncorrected CBF
of patients with AD was reduced to 27 ± 5 mL/100 g/min,
especially in the regions of parietal lobes at the value of 22
± 6 mL/100 g/min by using a whole-brain three-dimensional
(3D) pseudocontinuous arterial spin-labeling (ASL) technique.
Compared to the peer individuals, decreased cerebral blood supply
is also reported to be lower by about 70% in the regions of the
hippocampus and temporal cortex in AD patients (Farkas et al.,
2000a; Eberling et al., 1992; Ohnishi et al., 1995). Furthermore,
patients suffering from AD invariably are observed to reduce
CBF in the regions of the hippocampus, inferior temporal cortex,
precuneus, entorhinal cortex, and inferior parietal cortex (Mattsson
et al., 2014; Ohnishi et al., 1995; DeKosky et al., 1990; O’Brien
et al., 1992), with decreased velocity and increased pulsatility and
resistance indices (Cacabelos et al., 2003) via the technology of
neuroimaging modalities. Generally, the area of hypoperfusion is
primarily in the inferior parietal cortex extending into the bilateral
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posterior cingulate gyri, bilateral superior, and middle frontal gyri,
which is considered to be a pattern of topographical progression
according to the dynamic pathologic processes from mild cognitive
impairment (MCI) to AD (Johnson et al., 2005). It starts at the
posterior cingulate gyrus with extension to the medial precuneus,
then into the inferior parietal, lateral frontal, superior temporal,
and orbitofrontal cortices (Dai et al., 2009).

Of notably, higher CVR (Tomoto et al., 2023a) and
autoregulatory function (de Heus et al., 2018) seem not to
be the chief culprits of CBF reduction in AD. Under these
circumstances, cerebral microvessel dysfunction may play a
prominent role in reduced CBF (Claassen et al., 2021; Kisler et al.,
2017a). Hamel et al. (2008) demonstrated cortical microvessel
denervation and basal forebrain cholinergic terminal loss in AD,
impairing acetylcholine synthesis. Supported evidence is that
the vesicular acetylcholine transporter decreased in the cortex of
patients with AD, implying an impaired function of arteriolar
vasodilation and further reduced CBF (Hunter et al., 2012).

Degeneration of pericytes is believed as a critical factor for
hypoperfusion at the aspect of vascular anatomical microstructure
(Winkler et al., 2014; Love and Miners, 2016). Bell et al. (2010)
demonstrated that pericyte loss would contribute to the brain
microcirculation reduction and, as a result, diminished capillary
perfusion, CBF, and CBF responses to brain activation. Besides,
the generation of Aβ produces reactive oxygen species (ROS) to
release the endothelin-1 (ET-1), which evokes the ETA receptors
at pericytes to constrict the capillaries (Nortley et al., 2019).
Side effects of Aβ and ROS also impair the NO synthesis for
vasodilatation and thus in turn CBF reduction (Toda et al.,
2009a,b).

2.3 Loss of cerebral vessels

Vascular loss occurs in multiple brain regions in AD
microvascular pathology. Fischer et al. (1990) reported that the
vascular density index of the prefrontal cortex, basal forebrain,
sensorimotor cortex, and hippocampus decreased by 19.2%, 44.1%,
11.2%, and 30%, respectively, in postmortem patients with AD.
Another study by Bell and Ball demonstrated a 17.9% reduction of
capillary density in the postmortem calcarine cortex in AD patients
(Bell and Ball, 1990). Kitaguchi et al. (2007) found that the cortical
microvessel density in the autopsied brains with AD was reduced,
especially in close proximity to the location of plaques, implying a
role of Aβ in cerebrovascular disease. A shred of direct evidence
is the inhibitory effect of Aβ on the formation of human brain
capillaries depending on the dosage, and moreover, a high dose
of Aβ stimulates capillary degeneration in vitro study (Paris et al.,
2004b). Brown et al. (2007) revealed that vascular density decreased
in the deep white matter of postmortal patients with AD depending
on the age. (Baloyannis and Baloyannis, 2012) documented fewer
capillaries in AD patients compared to healthy individuals, along
with reduced tight junction length and number per vessel length in
certain brain regions. Similarly, Buée et al. (1994) found decreased
microvascular density and abnormal vascular changes in specific
layers of the frontal and temporal cortex, accompanied by neuron
loss in these regions. In the severely affected cortical regions

of the frontal and parieto-occipital cortex, the capillary network
disappeared and capillaries collapsed via visualization by the silver
impregnation technique (Suter et al., 2002).

Similar vascular changes have been observed in AD rodent
models. Lee et al. (2005) reported that the number of capillary
segments in white matter was approximately 21% lower in the
7-month AAP/PS1 mice compared to the age-matched wild-type
mice. Paris et al. (2004a) reported that vascular densities began
to descend in both the cortex and hippocampus at 3-month old
in the APP mice, and more importantly, approximately a 30%
reduction at 17-month old compared to the littermate control.
Quintana et al. (2021) demonstrated that vascular intervessel
distance progressively increased in the hippocampal regions of
CA1 and CA3 and cingulate cortex at the 3-month age and
the total volume of capillary segments substantially dropped in
the whole brain at the 24-month age of the 3×Tg AD mice,
suggesting a deficit of vessel density. Alata et al. (2015) found
that the cerebral vascular vessels were reduced by 26%−38% and
the basement membranes thinned by 30%−35% in the 12-month-
old APOE4 mice, reflecting evidence of vascular atrophy. Kolinko
et al. found that the total capillary density of the hippocampus in
the 12-month-old male APP/PS1 rats was lower than the normal
littermates. However, surprisingly, there is a wide difference in
the hippocampal subfields. For instance, although the number
density in CA1 and DG regions was low, the capillary density
of CA2 and CA3 was high (Kolinko et al., 2021), suggesting
the changes in vascular density in AD are possibly different in
different brain regions and subregions. Contradictorily, although
the vascular length and microvessel area have reduced in AD
patients or models (Gama Sosa et al., 2010), several research
report that no significant changes or even increase in vascular
density associated with multiple pathological factors like cerebral
parenchymal tissue atrophy (Kolinko et al., 2021; Hunter et al.,
2012; Fisher et al., 2022; Kirabali et al., 2020; Salat et al., 2001),
special brain region associated with the age or disease progression
[Fisher et al., 2022; Bell and Ball, 1981; e.g., hippocampus (Desai
et al., 2009) or cerebral cortex (Giuliani et al., 2019; Xu et al.,
2020)], genetic inheritance (Kolinko et al., 2021), early vascular
compensatory increase or in formation of newer compensatory
microvessel loops to response the cerebral hypoperfusion (Challa
et al., 2004; Desai et al., 2009; Burke et al., 2014). The characteristics
of these capillaries are narrowed and string, accompanied by
a loss of vascular supply function (Challa et al., 2004; Hunter
et al., 2012), predominantly occurring in severe neuronal lesion
zones (Bell and Ball, 1981; Figure 1). Detection of vessel size and
structure by neuroimaging technique may provide hallmarks for
the pathological vessels of AD, and for monitoring the effects of
vascular-targeted therapeutics.

3 Changes of cerebral vascular
function related cells in AD brain

3.1 Mural cell death

3.1.1 Perithelial cells
Pericytes were first described by Rouget (1910) as a population

of contractile cells surrounding capillaries. They are a type of
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vascular mural cells embedded within the basement membrane
of blood microvessels (Kisler et al., 2017b; Armulik et al., 2011;
Zlokovic, 2008) and serve as a critical component of the BBB
(Armulik et al., 2010), covering up to 80% of brain capillaries in the
human cortex and hippocampus (Sengillo et al., 2013). Pericytes
play a vital role in regulating various neurovascular functions,
including cerebral blood flow responses to neuronal activation,
angiogenesis, neovascularization, maturation and maintenance of
the BBB, vascular O2 supply for brain metabolism, regulation
of capillary blood flow, and clearance of toxic byproducts from
capillaries (Krueger and Bechmann, 2010; Bell et al., 2010; Kisler
et al., 2017b; Daneman et al., 2010; Winkler et al., 2011).

The loss of pericytes in the cortex has been reported in the
AD rodent model (Janota et al., 2015). I Postmortem AD brains
show 35%−45% pericyte reduction in the frontal lobe (Ding et al.,
2020). Sengillo et al. proved that the pericyte number decreased
by 59% in the human AD cortex and 60% in the hippocampus,
respectively. Subsequently, they declared that the pericyte coverage
of capillary microvessels was reduced by 29%−32% in the cortex
and 30%−33% in the hippocampus, marked by two labels of
vascular mural cells-platelet-derived growth factor receptor beta
(PDGFRβ) and CD13 (Sengillo et al., 2013). The work by Li et al.
demonstrated that the absolute number of pericytes was decreased
by 34% in the post-mortem AD patients (Kolinko et al., 2021),
paralleled in the hippocampus of 6-month age 5×FAD mice (Li P.
et al., 2022). Several lines of evidence have proved that deficiency
of brain pericytes led to BBB permeability (Armulik et al., 2010),
vascular damage (Bell et al., 2010; Winkler et al., 2010), Tau protein
hyperphosphorylation (Sagare et al., 2013), Aβ deposition (Sengillo
et al., 2013), and white matter functional deficits (Montagne et al.,
2018), which inevitably accelerated the process of AD. In the
AD precuneus, the loss of PDGFRβ is positively correlated with
the fibrinogen leakage, reduced oxygenation supply, and fibrillar
Aβ accumulation (Miners et al., 2018). Interestingly, pericyte loss
prompts the mice to develop chronic vascular damage preceding
neuronal dysfunction (Winkler et al., 2010). Deficiency of PDGFRβ

in the brain of mice contributes to capillary diminishment, CBF
reduction, BBB disruption, and fibrin accumulation in the region
of the cortex and hippocampus with age, resulting in the event
of neuroplasticity impairment and neurodegeneration (Bell et al.,
2010). In the PDGFRβ knockout APP mice, the mice exhibit an
accelerated age-dependent loss of pericytes at 1 month of age and
reach a 55% loss at 9 months. The levels of Aβ1−40 and Aβ1−42 in
the cortex and hippocampus are far more than those of normal
littermates and humans, even the APP littermates. In addition,
deficient PDGFRβ accelerated the Tau pathology. These trigger
neuron loss and vascular damage like BBB breakdown and cerebral
microvessel reduction, which ultimately is conducive to the AD-
like pathological phenotypes (Sagare et al., 2013). In turn, BBB
dysfunction and diminished brain microcirculation give rise to
vascular damage, which is caused by the loss of pericytes (Winkler
et al., 2011). PDGFRβ knockout mice accumulate plasma-derived
immunoglobulin G (IgG) at 1 month, leading to deposition of
serum proteins and several macromolecules of vasotoxicity and
neurotoxicity, and exhibited a higher degree of hypoxic situation
associated with the chronic hypoperfusion in the hippocampus and
cortex regions at the age of 6–8 months (Bell et al., 2010).

Aβ accumulation critically drives pathological factor of pericyte
cell loss in progressive AD development. In patients with AD,
fibrillar Aβ accumulation accelerates the PDGFRβ loss and pericyte
degeneration in the precuneus (Miners et al., 2018). Vitro study
has shown that various Aβ peptide treatments, such as HCHWA-
D-Aβ1−40, D-Aβ1−40, or Aβ1−42, all would decrease the viability
of human brain pericyte cells (Wilhelmus et al., 2007; Rensink
et al., 2002). This is attributed to the uptake of Aβ by pericytes,
which inhibits proliferation and causes mitochondrial damage and
mitophagy in the pericytes (Kolinko et al., 2021). However, the
exact molecular mechanisms underlying the negative effects of Aβ

deposition on pericyte numbers remain unclear. Further research
is needed to understand how Aβ influences pericyte-mediated
capillary contractility and BBB protection. Targeting the PDGFRβ

gene may prevent pericyte loss in AD.

3.1.2 Vascular smooth muscle cells
In the brain, smooth muscle cells cover arterioles and exhibit

a circumferential band-like morphology (Mazzoni et al., 2015).
Recently, its physiological function was revealed to regulate vessel
diameter and CBF (Hill et al., 2015), as well as its role as drivers of
intramural periarterial drainage (Aldea et al., 2019).

Smooth muscle cells are believed as an important securer for
catabolizing Aβ. Previous research has reported that they can
internalize Aβ toward lysosomes for clearance (Prior et al., 2000).
The low-density lipoprotein receptor-related protein 1 (LRP1), a
crucial receptor for Aβ clearance, abundantly exists in vascular
smooth muscle cells (Deane et al., 2004; Ruzali et al., 2013).
Kanekiyo et al. (2012) demonstrated that suppression of LRP1
significantly reduced the uptake and degradation of Aβ in human
brain vascular smooth muscle cells. Furthermore, deletion of LRP1
in vascular smooth muscle cells accelerated brain Aβ deposition in
the APP/PS1 mice at 3 months of age. However, superfluous Aβ

accumulation still harms the survival of cerebral smooth muscle
cells. The work by Anzovino et al. (2023) found that both Aβ1−42
and AβQ22 induced a substantial activation of caspase 8, caspase
9, caspase 3, and caspase 7 for cellular apoptotic signalings via
initiating the death receptors (DRs)-DR4 and DR5 and engaging
the mitochondrial CytC release. The above studies underscore the
potential of cerebrovascular smooth muscle cells as valuable targets
for drug interventions in preventing and treating AD. Nonetheless,
the precise role and molecular regulatory mechanisms of these
central cells in AD pathology remain incompletely understood.
Multi-directional research is warranted to elucidate the biological
relationship between smooth muscle cells and Aβ metabolism.

3.2 Endothelial cell dysfunction

The origin of endothelial cells can be traced back to
the multipotent progenitors of embryonic and extraembryonic
mesoderm (Marziano et al., 2021), which are among the first
vascular cells to differentiate during development (Marziano et al.,
2021; Korn and Augustin, 2015). It constitutes the innermost
layer of cerebral blood vessels like veins, arteries, and capillaries
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(Trimm and Red-Horse, 2023), and is directly in contact with
the components and cells of blood (Krüger-Genge et al., 2019).
Endothelial cells control vessel growth and vascular tone, regulate
the regional blood flow, and play a key role in the development
and maintenance of the functional circulatory system (Trimm and
Red-Horse, 2023; Krüger-Genge et al., 2019; Rucker et al., 2000).
Specifically in the brain, endothelial cells coordinate blood supply
for the delivery of O2 and nutrients and clear metabolic waste for
the demand for brain function (Matsuoka et al., 2022; Wei et al.,
2023).

AD alters endothelial gene expression (522 upregulated,
501 downregulated) in cortex (Bryant et al., 2023), indicating
pathological susceptibility. More importantly, AD induces the
endothelial cell subpopulation to exert angiogenesis and immune
response in the prefrontal cortex (Lau et al., 2020). In vascular
dementia, a subcluster of endothelial cells expresses genes
associated with programmed cell death, protein folding response
angiogenesis, axonal sprouting, and oligodendrocyte progenitor
cell maturation in white matter (Mitroi et al., 2022), suggesting
endothelial heterogeneity could inform AD therapeutics. In 3×-
Tg AD mouse model, chronic hypoxic brain condition induces
the upregulation of HIF-1α in the endothelial cells (Jung et al.,
2023; Grammas et al., 2011). Subsequently, the HIF-1α stimulates
the NLR family pyrin domain containing 1 (NLRP1) activation
for provoking the adaptor molecule apoptosis-associated speck-like
protein containing a CARD (ASC)-caspase 1-IL-1β inflammatory
cascade to destroy the vascular function (Jung et al., 2023).
Activated HIF-1α also increases the expression of angiopoietin-
2 (Ang2), matrix metalloproteinase 2 (MMP2), and caspase 3
but decreases the expression of B-cell lymphoma-extra large (Bcl-
xL) for angiogenesis, inflammation, and apoptosis (Grammas
et al., 2011). While hypoxia may initially stimulate compensatory
angiogenesis, chronic Aβ accumulation causes vascular regression.

In vitro, Aβ1−40 is indicative of endocytotic uptake by
brain microvascular endothelial cells and prone to accumulate
in acidic cell organelles, such as endosomes and lysosomes
(Kandimalla et al., 2009), suggesting that internalized Aβ proteins
may influence the cellular physiological function and signal
transduction. Furthermore, Aβ1−40 and Aβ1−42 inhibited the
formation of capillaries of human brain and stimulated capillary
degeneration at high doses (Paris et al., 2004b). Aβ1−40 or the L34V
accumulation has been reported to directly induce the cytochrome
C (CytC) release from mitochondria to trigger the endothelial cell
apoptosis (Fossati et al., 2010). Aβ1−40 and Aβ1−42 exposure also
trigger the endoplasmic reticulum stress (ERS) response (Fonseca
et al., 2014; Chen et al., 2018) to initiate the apoptotic program
by activating caspase 12 for apoptosis-inducing factor (AIF) and
caspase 3 release (Fonseca et al., 2013). Aβ peptides (e.g., Aβ1−40,
Aβ25−35, or AβQ22) aggregation at the endothelial cells activate
caspase 8 to provoke the release of CytC and AIF, culminating in
the activation of caspase 9 and effectors of caspase 3 and caspase 7
(Fossati et al., 2012; Xu et al., 2001). These studies suggest that Aβ

detrimentally affects the fate of brain endothelial cells through both
exogenous and endogenous apoptotic pathways.

The endothelial mitochondrial content reaches 8%−11% of
capillary cytoplasmic volume in the cerebrum (Oldendorf et al.,
1977; Parodi-Rullán et al., 2019). As previous biopsy evidence

showed that the ratio of mitochondria to endothelium reduced
to 2.88%−7.04% in AD (Claudio, 1996). Furthermore, the
mitochondrial number and density in the endothelial cells of
capillaries are always observed reduced in individuals with AD
of the brain regions of the hippocampus, visual cortex, acoustic
cortex, and parietal cortices along with the extensive morphological
alterations, such as enlarged mitochondria and disruption of
the mitochondrial cristae (Baloyannis and Baloyannis, 2012).
Subsequently, Aβ1−40 exacerbates the response of mitochondria-
stimulated endoplasmic reticulum (ER) Ca2+ release, increases
cytC release, promotes ROS accumulation, causes mitochondrial
DNA damage, and decreases mitochondrial membrane potential.
Thereby, the pathological changes disrupt the redox homeostasis
and occur oxidative stress damage in the brain endothelial cells
(Xu et al., 2001; Fonseca et al., 2015; Solito et al., 2013). It is
evident that AD disrupts the energy demands of endothelial cells,
leading to impaired vascular function. Throughout the progression
of AD pathology, apoptosis and mitochondrial damage significantly
impair endothelial health due to Aβ deposition. Consequently,
substantial capillaries with collapsed or degenerated endothelium
are observed in the brains of individuals with AD (Kalaria
and Hedera, 1995). Focal necrosis of endothelial cells is further
indication of BBB leakage (Claudio, 1996). A compromised BBB
is a critical early part of AD pathologic events that eventually
contribute to cognitive impairment and dementia (van de Haar
et al., 2016). Targeting both anti-apoptotic and mitochondrial
improvement pathways in cognitive-related regions like the cortex
and hippocampus may hold promise in mitigating or halting the
development of AD (Figure 2).

4 Vascular factors changes

4.1 Vasoconstriction

Aβ-generated ROS stimulates endothelin-1 (ET-1) release,
activating pericyte ET1 receptor A (ETRA) to constrict capillaries
and reduce CBF (Nortley et al., 2019). Hippocampal ET1 injection
accelerates Aβ deposition in APP/PS1 mice, while ETRA inhibition
prevents vasoconstriction and memory deficits (Wang et al.,
2021). Interestingly, ET1 is conversely observed to reduce in the
white matter of AD patients, suggesting a potential protective
physiological response to decreased white matter perfusion (Barker
et al., 2014; Thomas et al., 2015).

4.2 Vasodilatation

Nitric oxide (NO) is a gaseous molecule with a wide range
of biological activities, synthesized from arginine by nitric oxide
synthase (NOS; Robbins and Grisham, 1997). Within the central
nervous system, NO produced by vascular endothelium acts as
a vasodilator, playing a crucial role in regulating blood pressure,
enhancing local blood flow, and reducing vascular resistance in
cerebral circulation (Moncada, 1994; Moncada et al., 1991; Katusic
and Austin, 2016). Besides, it mediates neuronal survival, synaptic
plasticity, vascular smooth muscle relaxation, and endothelial
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FIGURE 2

The interrelationship between AD and the changes of various vascular-related cells. Aβ, β-amyloid; DR4, death receptor 4; DR5, death receptor 5;
Cytc, cytochrome C; NLRP1, NLR family pyrin domain containing 1; ASC, apoptosis-associated speck-like protein containing a CARD; IL-1β,
interleukin-1β; Ang2, angiopoietin-2; ERS, endoplasmic reticulum stress; AIF, apoptosis-inducing factor.

cell permeability (Toda et al., 2009b; Katusic and Austin, 2014).
The cerebrovascular NOS-III expression and NO production
are decreased along with the characteristics of thickening and
hyalinization of the media of small and medium-sized vessels,
varying degrees of Aβ deposition, and increased apoptosis of
vascular smooth muscle and endothelial cells. This cascade of
events may lead to the impairment of vasodilation responses and
capillary permeability (De la Monte et al., 2000). In Tg2576 mice,
Aβ peptides cripple the biological activity of endothelial nitric oxide

synthase (eNOS) by uncoupling the response and thus reduce the
NO levels in the cerebral vasculature (Santhanam et al., 2015).
Likewise, Inhibition of the eNOS accelerates the generation of
Aβ, APP, and β-site APP-cleaving enzyme1 (BACE1) and impairs
spatial learning and memory, which is proven in rodent animals
and human brain microvascular endothelial cells (Austin et al.,
2010, 2013; Austin and Katusic, 2020). Of interest, the NO levels
only reduce in the microvessels of eNOS-specific deficiency rather
than the brain knockout models (Austin et al., 2010). On the
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contrary, the content of NO detected from the fresh brain slices
in APP/PS1 mice is significantly higher than that of wild-type
mice, particularly in the regions around cells containing larger Aβ

deposits (Ding et al., 2024). These discrepancies in NO levels can be
attributed to variations in detection methods, the heterogeneity of
brain tissue subregions and cell types, genetic animal models, and
compensatory signal regulation. Nevertheless, NO generation is
indeed decreased in the vasculature during the progression of AD.

4.3 Angiogenesis

Aberrant angiogenesis may have an amyloidogenic effect in
the brain due to compromised BBB clearance of Aβ (Zlokovic,
2008). A clinic study demonstrated that VEGF was markedly
increased in the brain regions of white matter, prefrontal lobe, and
hippocampus in AD individuals (Barker et al., 2014; Thomas et al.,
2015; Kalaria et al., 1998; Tayler et al., 2021). The accumulation
of Aβ and hypoperfusion are believed to be key factors leading
to the upregulation of VEGF (Thomas et al., 2015; Zhang et al.,
2023), suggesting a potential compensatory mechanism to address
inadequate vascularity or reduced perfusion in the AD brain.
However, despite increased levels of pro-angiogenic factors, there
are reports of microvessel degeneration in the cerebral vasculature
of AD patients (Fischer et al., 1990; Buée et al., 1994; Paris
et al., 2004a; Buée et al., 1997). Notably, VEGF possesses a high
affinity for Aβ and is heavily deposited in plaques (Yang et al.,
2004), resulting in limited availability of VEGF and impairing
angiogenesis (Paris et al., 2004b). Furthermore, trapping Aβ

(Bouvet et al., 2023) or exogenous application of VEGF (Martin
et al., 2021) is capable of restoring neural synaptic damage
by activating the vascular endothelial growth factor receptor 2
(VEGFR2). These interventions highlight the potential therapeutic
value of targeting the VEGF pathway to mitigate the detrimental
effects of Aβ deposition and promote neural function recovery
in AD.

5 Angiogenic and anti-angiogenic
signalings

5.1 Angiogenesis

Angiogenesis is the process of growing new blood vessels from
existing vascular systems, involving the proliferation and migration
of vascular endothelial cells (Tregub et al., 2022). It must be
complemented by remodeling and maturation events, including
the removal of redundant vessel segments and cells to shape the
new vasculature into an efficient, hierarchical network (Watson
et al., 2017), which is a critical process for embryonic and postnatal
development, tissue repair, and reproductive function (Parkes et al.,
2018). As mentioned, angiogenesis signalings are partially blocked
in the AD brain, leading to aggravated vascular degeneration
(Tsartsalis et al., 2024). Injection of angiogenesis inhibitor (SU5416)
hampers the acquisitive behavior, suggesting angiogenesis is an
important component of cognition (Kerr et al., 2010). Based on
this evidence, promoting normal neoangiogenesis and improving
vascular function may be a pivotal point to restore microvascular

circulation in AD (Ambrose, 2015). In this context, we will explore
three key angiogenic signalings to provide insights into cerebral
angiogenesis and its connection to AD (Figure 3).

5.1.1 VEGF/VEGFR2 signaling pathway
VEGF, now referred to as VEGFA (Dai and Rabie, 2007),

promotes angiogenesis, endothelial mitogenesis, migration, and
permeability (Melincovici et al., 2018). It is secreted by pericytes
and endothelial cells (Procter et al., 2021; Pérez-Gutiérrez and
Ferrara, 2023). Numerous factors are involved in VEGFA gene
expression, such as peroxisome proliferator-activated receptor-
γ coactivator 1α (PGC1α; Arany et al., 2008), oxidative stress
(Takahashi et al., 2013), kirsten rat sarcoma viral oncogene
homolog (KRAS; Mizukami et al., 2004), and HIF-1 (Forsythe et al.,
1996; Georgieva et al., 2023). Hypoxia is the major trigger for its
release (Ferrara, 2004; Shweiki et al., 1992). AD-associated hypoxia
induces the endothelial cells to up-regulate the activation of HIF-1α

(Jung et al., 2023; Grammas et al., 2011), which acts as a detector of
the balance between oxygen delivery and energy demand at the level
of the cell redox state (LaManna, 2018). Then it binds to the highly
conserved hypoxia response element (HRE) of VEGF to enhance
the transcription and control the production of vascular endothelial
growth factor (Hatakeyama et al., 2020).

VEGF has two main signaling receptors, VEGFR1 and
VEGFR2, primarily expressed on endothelial cells. VEGFR2
possesses a higher tyrosine kinase activity than VEGFR-1 and is
the main signaling receptor of VEGF, whose activation promotes
vascular endothelial cell mitogenesis, migration, and permeability
(Melincovici et al., 2018; Apte et al., 2019). Activated VEGF-R2 at
the phosphorylated site Tyr949 largely stimulates phospholipase C
isoform-γ (PLCγ)-protein kinase C (PKC) pathway for initiating
the extracellular-signal-regulated kinases 1 and 2 (ERK1/2) to
control proliferation, migration, and homeostasis (Pérez-Gutiérrez
and Ferrara, 2023; Takahashi et al., 1999; Simons et al., 2016).
VEGFR2 also activates SRC to induce the phosphoinositide 3-
kinase (PI3K) and focal adhesion kinase (FAK) for signal cascade
(Simons et al., 2016). Among these, the PI3K downstream molecule
protein kinase B (PKB, also known as AKT)-mechanistic target of
rapamycin (mTOR) pathway is crucial for cell survival, vasomotion,
and barrier function (Zhuang et al., 2013). Small GTP-binding
protein RAC exerts the function of survival, vascular permeability,
and cellular migration (Tan et al., 2008). Besides, the paxillin,
the substrate of the FAK, orchestrates the shape and adhesion of
endothelium (Westhoff et al., 2004) and the vascular permeability
(Chen et al., 2012). Delta-like protein 4 (DLL4) is stimulated by
VEGFR2 phosphorylation and mediates the activation of NOTCH1
in adjacent stalk cells (specified by endothelial cells to form the
nascent sprout body; Pérez-Gutiérrez and Ferrara, 2023), which
allows stalk cells to revert to tip cells (a highly motile type of
endothelial cells; Benedito et al., 2009) and controls sprouting
angiogenesis and artery formation (Pitulescu et al., 2017). Activated
NOTCH1, in turn, maintains the expression of VEGFR2 in stalk
cells to suppress the tip cell phenotype and establish stable,
lumenized vasculature (Simons et al., 2016).

Neuropilin 1 (NRP1) is a transmembrane glycoprotein
that is critical for VEGF-induced sprouting and branching
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FIGURE 3

The vascular-related signaling pathways. The angiogenic signalings include VEGF, Wnt, and Ang1-mediated downstreamed molecule. The
anti-angiogenic signaling is oriented by PGF2. VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor 2;
DLL4, Delta-like protein 4; NRP1, neuropilin 1; MAPK, p38 mitogen-activated protein kinases; PKC, protein kinase C; ERK1/2,
extracellular-signal-regulated kinases 1 and 2; FAK, focal adhesion kinase; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; mTOR,
mechanistic target of rapamycin; LRP6, low-density lipoprotein receptor-related protein 6; FZD, frizzled; TCF, T-cell factor; LEF, lymphoid
enhancer-binding factor; Ang1, angiopoietin-1; PGE2, prostaglandin E2; COX2, cyclooxygenase-2; Ang2, angiopoietin-2.

of endothelial cells (Gomez et al., 2023; Kawamura
et al., 2008). It can bind to VEGFA to activate the p38
mitogen-activated protein kinases (MAPK) for endothelial
migration, permeability, and survival (Melincovici et al.,
2018; Pérez-Gutiérrez and Ferrara, 2023; Kawamura et al.,
2008).

5.1.2 Wnt/β-catenin signaling pathway
The canonical Wnt signaling pathway drives cerebrum-specific

angiogenesis and shapes vascular development (Daneman et al.,
2009; Gupta et al., 2021), which is crucial for angiogenesis
of the central nervous system and BBB formation (Hübner
et al., 2018). Defects of this signaling pathway could lead to
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the reduction of the vascular number, loss of tiny capillaries,
and formation of hemorrhagic vascular malformation (Korn and
Augustin, 2015). Wnt can bind to the receptor Frizzled (Fzd)
and co-receptor low-density lipoprotein receptor-related protein
6 (LRP6) complex to phosphorylate LRP6. Then the stabilized
β-catenin engages with T-cell factor (TCF)/lymphoid enhancer-
binding factor (LEF) transcription factors (Schuijers et al., 2014)
to activate targeted gene Axin2 transcription (Lustig et al., 2002).
Activating this signaling can mitigate and repair the Aβ-induced
BBB malfunction in the APP/PS1 mouse model (Wang et al., 2022).
Therefore, targeting the Wnt/β-catenin pathway could represent
a promising molecular approach to address vascular dysfunction
in AD.

5.1.3 Ang1/Tie signaling pathway
The Ang ligands and Tie receptors constitute the second

vascular tissue-specific receptor tyrosine kinase system, which is
known to be indispensable for embryonic vessel formation and
maturation as well as the regulation of adult vascular homeostasis
(Augustin et al., 2009). Consequently, this signaling pathway
involving the Tie receptors and their angiopoietin ligands acts
as a context-dependent regulator of vascular remodeling (Eklund
and Olsen, 2006). In normal adult tissues, Ang1, predominantly
expressed in capillary pericytes (Sundberg et al., 2002; Wakui
et al., 2006), has an antiapoptotic effect on endothelial cell
survival and maintains the integrity through inhibiting the Ang2
expression (Ucuzian et al., 2010). Activation of the Tie2 receptor
by Ang1 triggers occludin expression (Hori et al., 2004), crucial for
preserving capillary mechanical stability. The primary downstream
effector of Tie2 is PI3K, which facilitates AKT-mediated endothelial
cell survival and recruitment of mural cells (Augustin et al.,
2009).

5.2 Angiolysis

Capillary density is determined by the dynamic equilibrium of
angiogenesis and angiolysis (LaManna, 2018). The physiological
regression of cerebral vessels is predominantly mediated by the
failure of endothelial cells to relocate following vascular blockage,
ultimately leading to their apoptosis (Tregub et al., 2022; Korn
and Augustin, 2015). Pruning of immature vessels is an important
mechanism of antiangiogenic vessel-normalizing therapies.

Ang2, primarily produced by endothelial cells and pericytes
(Dore-Duffy and LaManna, 2007), may also have an anti-
angiogenic effect as an antagonist of constitutive Ang1/Tie2
signaling in the absence of VEGF (LaManna, 2018; Augustin
et al., 2009). It is transiently elevated in endothelial cells
and pericytes under hypoxia (Pichiule and LaManna, 2002)
due to increased expression of cyclooxygenase-2 (COX-2) and
consequently elevated levels of prostaglandin E2 (PGE2; Pichiule
et al., 2004). The activated Ang2 binds to the Tie2 receptor to
prevent Ang1 activation and destabilize the capillaries (Dore-Duffy
and LaManna, 2007). This can lead to endothelial cell apoptosis, the
formation of disorganized and immature new blood vessels, as well
as vessel regression (Huang and Bao, 2004).

6 The exercise effect on
cerebrovascular function
improvement in AD

Exercise has emerged as a promising non-pharmacological
intervention for preventing and improving several clinical
symptoms of AD with minimal risk or adverse effects (2023; Laurin
et al., 2001; De Miguel et al., 2021; Intlekofer and Cotman, 2013;
Alzheimer’s disease facts and figures, 2023).

6.1 Exercise promotes cerebral
angiogenesis

Exercise is a powerful driver of physiological angiogenesis,
which substantially increases the cerebrovascular number (Isaacs
et al., 1992; Huang et al., 2021; Jordão et al., 2021; Padilla et al.,
2011). In skeletal muscle, exercise expands vasculature via ATF3/4+

proliferation (Fan et al., 2021). This implies that exercise is capable
of enhancing the vascularization potential of endothelial cells,
which may also work on the cerebrum tissue. Three day exercise can
enhance the VEGF expression in the cortex and hippocampus and
endothelial cell proliferation in middle-aged female mice, which
promotes beneficial structural modifications in the cerebrovascular
system (Latimer et al., 2011). Long-term training enhances the
expression of platelet-derived growth factor subunit A (PDGFA),
PDGFB, VEGF, Ang1, and Ang2 in the cortex of ovariectomized
rats (Yoon et al., 2023). Moreover, exercise prevents stroke-
induced microvessel density reduction in the striatum and cortex
by activating of Tie-2 and AKT, thereby ameliorating neurologic
deficits and infarct volume in the frontoparietal cortex and
dorsolateral striatum (Ding et al., 2004; Zhang et al., 2013). Exercise
also boosts the number of capillaries in the cortex and improves
the cerebral blood supply in hypertension (Jordão et al., 2021) and
aged rats (Wang et al., 2015; Chen et al., 2020), potentially via
neurotransmitters and their signaling pathways.

L-lactate, as a byproduct of exercise, exerts various
neurobiological effects (Brooks et al., 2022a,b). In AD rodent
models, the level of L-lactate is always observed to decline in the
hippocampal and cortical regions (Lu W. T. et al., 2019; Lu et al.,
2015; Zhang M. et al., 2018). The brain L-lactate may not just be the
pathological diagnostic biomarker for AD but also plays a pivotal
role in this disease, although the exact mechanism is still unclear.
An exogenous supplement of L-lactate is reported to enhance
the vascular density in the dentate gyrus of the hippocampus
via the secretion of VEGF (Morland et al., 2017). Exercise can
elevate the brain L-lactate content through monocarboxylate
transporter (MCT1; Pierre and Pellerin, 2005; Steinman et al.,
2016; Aveseh et al., 2014) and astrocytic glycolysis (Magistretti and
Allaman, 2015; Newman et al., 2011; Suzuki et al., 2011). Morland
et al. reported that exercise activates the hippocampal L-lactate
receptor, Gi-protein-coupled receptor 81 (GPR81, also known as
HCAR1; Ahmed et al., 2009; Morland et al., 2015; Meng et al.,
2024), phosphorylating the ERK1/2 to up-regulate VEGF and
microvascular density via L-lactate (Morland et al., 2017).
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Exercise enhances the activity of eNOS to synthesize
endogenous NO via AKT action (Bolduc et al., 2013). This
increase in NO production stimulates the release of VEGF and
fibroblast growth factor-2 (FGF-2), inhibits endostatin production,
and results in greater total length, volume, and surface area
of cortical capillaries, ultimately improving cognitive function
(Viboolvorakul and Patumraj, 2014; Zang et al., 2023; Figure 4).
This body of evidence supports the notion that exercise enhances
cerebral perfusion and metabolism, promotes cerebrovascular
adaptation, and has the potential to reshape cerebral vascular
function in the context of AD.

Despite these promising findings, key questions regarding
exercise effect in AD remain: Does exercise truly benefit the
vascular network in the AD brain? Can exercise promote
neovascularization in AD through explicit L-lactate and NO-
dependent signaling pathways? Abnormal microvessel formation
and regression may play a role in AD pathogenesis (Li S. et al., 2021;
Tregub et al., 2022). How does exercise prune useless string vessels
and remodel the vascular function to ensure cerebral plasticity in
AD? Moreover, what role do L-lactate and NO play when exercise
interacts with classical angiogenic and anti-angiogenic signaling
pathways during AD? Further research is needed to resolve these.

6.2 Exercise regulates CBF

During exercise, CBF and cerebrovascular reactivity increase in
response to elevated CO2 (Olver et al., 2015). The CBF velocity
in the middle cerebral artery linearly rises with exercise intensity,
peaking at about 60%−70% of maximum aerobic capacity, then
quickly returns to baseline levels post-exercise and remains stable
thereafter (Nishijima et al., 2016). Moreover, cerebral vascular
response performance returns to normal levels within half an
hour of exercise cessation (Steventon et al., 2018), indicating
that exercise can regulate cerebrovascular reactivity. Compared
to sedentary individuals, exercise participants exhibit a 17%
higher middle cerebral artery blood flow velocity (Ainslie et al.,
2008). A cross-sectional study has revealed that Tai Chi recovers
the carotid artery hemodynamics in the old adults for a more
adequate blood supply to the brain (Li L. et al., 2021). A 12-
week rhythmic physical task (multitask movement music therapy)
can increase the CBF of prefrontal cortex in the MCI patients for
the cognitive performance improvement (Shimizu et al., 2018).
Exercise improves CBF through multiple mechanisms. From
the repair of vascular structure, exercise has been shown to
normalize hemodynamic fluctuations, reduce abnormal vascular
density, and modulate capillary hemodynamics in AD patients, as
evidenced by neuroimaging techniques (Lu et al., 2019). At the
molecular signaling levels, long-term regular exercise excites the
eNOS to transform vasoconstriction into vasodilation to mitigate
cerebrovascular dysfunction in APP/PS1 mice (Hong et al., 2020).
Additionally, exercise, especially the moderate-intensity pattern
(Zeng et al., 2023), can produce a higher level of the blood flow
shear force, which activates the AKT to phosphorylate the eNOS for
increasing the bioavailability of NO (Wu et al., 2019) and inhibits
the secretion of ET-1 at the same time (Ziegler et al., 1998). From
the metabolic perspective, the blocked brain capillaries caused by

interruption of vascular flow are associated with the formation of
hypoxic pockets in AD. Exercise can reduce the approximately 52%
hypoxic pockets to improve the local supply of oxygen and thereby
the restoration of blood flow in the cerebral cortex (M. Beinlich
et al., 2024).

However, the exercise diversity, including patterns, intensity,
duration, environment, and individual qualities, leads to differences
in the effects of exercise on CBF regulation (Huang et al., 2022;
Frederiksen et al., 2018). For instance, a pilot study has reported
that a 16-week aerobic exercise (AE) regimen (cross trainer, bicycle,
and treadmill) is insufficient for CBF in AD individuals (van
der Kleij et al., 2018). A 3-month wheel running also has no
effect on the baseline CBF in APP/PS1 mice (Falkenhain et al.,
2020). Exercise intensity is the primary factor affecting the arterial
hemodynamic signalings, such as shear stress, blood pressure, and
circumferential stretch strain (Chien, 2007; Zhou et al., 2014).
Arterial hemodynamic signalings control the vascular endothelial
repair processes, which affect the NO production for vasodilation
(Liu et al., 2018; Wang et al., 2019). Thus, despite inconsistent
outcomes in AD models, optimizing intensity is critical. moderate-
intensity exercise may be optimal due to its ability to enhance
hemodynamic signaling.

7 The effect of exercise on the
cerebrovascular function related cells

7.1 Perithelial cells

Recent animal research has suggested that 16-week treadmill
exercise can increase approximately 60% PDGFRβ and 95%
neural/glial antigen 2 (NG2) by stimulating the neuron to release
miR-532-5p for the downregulation of erythropoietin-producing
hepatocellular carcinoma A4 (EPHA4). MTT assay analysis further
proves the cell proliferation in pericytes. Concurrently, enhanced
pericyte low-density lipoprotein receptor-related protein 1 (LRP1)
expression facilitates Aβ clearance across the blood-brain barrier,
synergistically alleviating neurovascular dysfunction. Exercise-
induced exosomal miR-532-5p rescues pericyte loss and enhances
BBB functional integrity (Liang et al., 2023).

7.2 Vascular smooth muscle cells

The effects of exercise on cerebral smooth muscle cells are
primarily observed in hypertensive animal models. Shi et al.
(2016) demonstrated that a 12-week treadmill exercise regimen
efficiently prevents the enhancement of coupling of ryanodine
receptors-large-conductance Ca2+-activated K+ channel (BKCa)
and inhibits the release of Ca2+ from ryanodine receptors in
the smooth muscle cells to restore arterial function. This pattern
of AE also effectively relieves the tension in cerebral arteries by
inhibiting Ang2-AT1 receptor (AT1R)-a-kinase anchoring protein
150 (AKAP150)-protein kinase Cα (PKCα) signaling (Zhang et al.,
2024). These findings position exercise as a non-pharmacological
strategy to reset maladaptive cerebrovascular signaling pathways in
hypertension, offering dual benefits of improved arterial diastolic
function and attenuated structural remodeling.
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FIGURE 4

Exercise regulates cerebrovascular angiogenesis. Exercise mainly produces L-lactate and activated AKT to provoke the angiogenic signalings in the
brain. AKT, protein kinase B; GPR81, Gi-protein-coupled receptor 81; ERK1/2, extracellular-signal-regulated kinases 1 and 2; VEGF, vascular
endothelial growth factor; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; FGF-2, fibroblast growth factor-2.

7.3 Endothelial cells

The impact of exercise on brain microvascular endothelial cells
appears genotype-dependent. It reduces the endothelial expression
of sirtuin 1 (SIRT1) in APOE-ε4, while increasing SIRT1 levels
in APOE-ε3 carriers, which potentially weakens inherent barrier
dysfunction and glucose hypometabolism associated with AD risk
(Weber et al., 2025). Additionally, exercise has a beneficial effect
on the cerebral endothelial cells health. For example, exercise can
improve the proliferation of cerebral endothelial cells to enrich
the cerebral vascular branches for vascular plasticity (Latimer
et al., 2011). Furthermore, exercise-induced plasma components,
particularly elevated clusterin, mediate anti-inflammatory effects
on cerebral endothelium by suppressing inflammatory signaling
in vascular endothelial cells, while simultaneously promoting
neurogenesis and cognitive enhancement (De Miguel et al.,

2021). Besides anti-inflammation, exercise improves mitochondrial
metabolism by inhibiting mitochondrial fission, thus restoring
endothelial-dependent vasodilation in the mesenteric artery
endothelium of hypertensive rodent models (Li G. et al., 2022).
Exercise also up-regulates adenosine monophosphate-activated
protein kinase (AMPK), leading to the activation of downstream
eNOS cascades for the release of endothelial protective product-
NO. Interestingly, the effect of AE on the phosphorylation of
AMPK particularly depends on the intensity increase, whereas
the effect of resistance exercise (RE) depends on both intensity
and duration (Liu et al., 2023). For instance, higher intensity
levels yield greater stimulation of endothelial progenitor cells at
intensities ranging from 60% to 80% of maximum, potentially
resulting in increased NO production (Ribeiro et al., 2017).
These findings collectively highlight that exercise may serve as
a potent modulator of endothelial homeostasis through genetic
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interaction, anti-inflammation, mitochondrial regulation, and
systemic protein-mediated crosstalk. Notably, the exercise type
has a distinct influence on the endothelial cells. Different exercise
frequencies reveal that AE and RE exert the most significant
effects on circulating endothelial progenitor cells in acute trials
(Ferentinos et al., 2022a). High-intensity interval training (HIIT)
appears particularly beneficial for aging populations, individuals
with chronic heart failure, and hypertensive patients, mobilizing
endothelial progenitor cells to improve endothelial function and
reduce arterial stiffness in chronic interventions, followed by
moderate-intensity AE (Ferentinos et al., 2022a,b). These evidences
underscore the need for personalized exercise regimens and further
research to explore whether exercise exerts multifaceted beneficial
effects on cerebral endothelial cells through diverse molecular
mechanisms in AD, as well as to discuss the impact of different
exercise patterns on endothelial cell mobilization (Figure 5).

8 Exercise pattern for treating AD
cerebrovascular dysfunction

8.1 Aerobic exercise (AE)

AE, also known as endurance activity or cardiovascular
exercise, is defined by the American College of Sports Medicine
(ACSM) as any activity that uses large muscle groups is
maintainable continuously, and has a rhythmic nature (Wahid
et al., 2016). In the older and MCI adults, AE, such as moderate-
intensity walking, enhances the functional connectivity within the
hippocampus, posterior cortex, and cingulate cortex (Burdette
et al., 2010; Chirles et al., 2017), implying its role in improving
the integration of memory consolidation and default mode network
regulation. Additionally, AE enhances the CBF in the hippocampal
region of hypertensive APOE4 carriers, reducing the genetic
risk for AD (Kaufman et al., 2021). Exercise like bike and
treadmill increases resting CBF in the anterior cingulate cortex and
hippocampus, facilitating neuroplasticity and thereby improving
the immediate and delayed memory in middle-aged and elderly
adults (Chapman et al., 2013). Furthermore, in older individuals,
a longitudinal cycling intervention is reported to reduce the
cerebral pulsatility index by normalizing vascular compliance
to pulsatile flow following exercise (Akazawa et al., 2018).
Submaximal AE (40% VO2max or 65 W) increases the CBF and
cerebrovascular conductance (calculated as CBF/cerebral perfusion
pressure) while reducing CVR, thereby conferring cerebrovascular
benefits (Lake et al., 2022). Critically, higher-intensity AE (>60%
VO2max ) reduces the carotid arterial stiffness, CVR, and central
arterial stiffness, linking cerebrovascular improvement to executive
function (Ainslie et al., 2008; Tomoto et al., 2023b; Kleinloog
et al., 2019) as well as memory enhancement (Tomoto and Zhang,
2024). In the amnestic MCI participants, AE, such as brisk walking,
enhances cerebrovascular reactivity by augmenting the cerebral
vasomotor response to hypercapnia (Tomoto et al., 2021b). AE
(>75% HRmax) increases the CBF and decreases the pulsatility
index, thereby improving the cerebral perfusion for the cognitive
performance (Tomoto et al., 2021a). Exercise (e.g., brisk uphill
walking) also redistributes CBF by enhancing anterior cingulate
perfusion while reducing posterior cingulate perfusion, which is

associated with improved memory (Thomas et al., 2020). This
underscores the necessity for personalized AE prescriptions in AD
populations with compromised cerebrovascular reserve.

8.2 Resistance exercise (RE)

RE is a form of exercise that increases muscular strength
and endurance by exercising a muscle or muscle group against
resistance (e.g., push-ups, squats, crunches, pull-ups, and
weightlifting; Sutton, 2022). Unlike AE, RE is characterized by
transient and bidirectional physiological extremes to produce
a profoundly hemodynamic response. It results in a markedly
different hemodynamic response, including phasic perturbations
in blood pressure, that affect CBF regulation (Perry and Lucas,
2021). Compared to sedentary peers, elderly individuals who
regularly engage in RE, such as weight lifting or calisthenics,
demonstrate superior cerebrovascular perfusion and function
(Xu et al., 2014). Recent study indicates that habitual RE (e.g.,
leg extensions at 60% 1 RM) stabilizes mean middle cerebral
artery blood velocity, suggesting enhanced CBF regulation
(Korad et al., 2024). Interestingly, while young adults exhibit
similar cerebrovascular reactivity during both AE and RE, AE
demonstrates higher cerebrovascular conductance (Corkery et al.,
2021). Despite these findings, the impact of RE on cerebrovascular
function in AD patients was still obscure.

8.3 High-intensity interval training (HIIT)

HIIT involves repeated short to long bouts of rather high
intensity exercise (equal or superior to maximal lactate steady-
state velocity) interspersed with recovery periods (light exercise
or rest; Billat, 2001). Modalities include jumping jacks, high
knees, sprinting combined with walking, bicycle sprinting with
slow riding, rapid alternating lateral lunges, burpees, and Tabata.
Compared to traditional AE, time-efficient HIIT offers superior
benefits in terms of metabolic, cardiac, vascular adaptations,
pulmonary function, and aerobic fitness (Lucas et al., 2015; Weston
et al., 2022). Rodent study indicates that HIIT ameliorates AD-
like pathology (Feng et al., 2023), highlighting its potential role in
the prevention and treatment of AD. Acute HIIT has been shown
to increase both deoxygenated and oxygenated hemoglobin levels
and cerebrovascular reactivity, while reducing blood velocity in
the middle cerebral artery, thereby enhancing dynamic cerebral
autoregulation (Komiyama et al., 2020; Northey et al., 2019). This
suggests that acute HIIT plays a significant role in regulating
cerebrovascular responses. Compared to the AE, regular HIIT
stabilizes the cerebral pulsatility index, resistivity index, and
dynamic cerebral autoregulation, maintaining CBF and velocity
post-exercise (Tsukamoto et al., 2019; Whitaker et al., 2022).
Besides, HIIT stimulates cerebral microangiogenesis in wild-type
mice via L-lactate and its receptor (Morland et al., 2017), which
supports the neurogenesis and neuroplasticity (Hu et al., 2021).
Generally, multiple lines of evidence suggest that HIIT indeed
boosts the cerebral vascular function and benefited cognition.
However, there is a paucity of research investigating whether the
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TABLE 1 Summary of exercise interventions for AD-related cerebrovascular dysfunction.

Type Subjects type Exercise
intervention
forms

Intervention duration Key
outcomes

Observed
effects

Physiological
mechanisms

AE Cognitively healthy
older adults
hypertensive
APOE4 carriers;
Amnestic MCI;
Low-active healthy
older adults;
Sedentary patients
with amnestic MCI

Aerobics;
Brisk uphill
walking;
Cycling;
Brisk walking

150 min/week × 3–5 day/week ×
52 weeks (40%−55% HRR); 25–35
min/session × 3–5 sessions/week
× 12 months (75%−85% HRmax);
35–45 min/day × 4–6 day/week ×
12 weeks (65%−80% HRpeak);
30–35 min/session × 3–4
sessions/week × 12 months
(75%−85% HRmax)

HBF;
CBF;
CAS/CBF/CVRi;
CBF/CVCi/MAP

Improved memory
and
executive function;
Improved
vascular compliance;

HBF↑ (Kaufman et al.,
2021);
CBF↑ (Tomoto et al.,
2021a);
Cerebral pulsatility
index↓ (Akazawa et al.,
2018);
Cerebrovascular
reactivity↑ (Tomoto
et al., 2021a)

RE Older adults; Young
healthy adult;
Young healthy
sedentary men

Lifting weights
or calisthenics;
Unilateral leg
extensions;
Weightlifting

Lifting weights or calisthenics ≥
once per week; 10 repetitions of
unilateral leg extensions at 60% 1
RM to a tempo of 15 bpm, which
equates to a repetition cycle length
of 4 s (2 s per concentric and
eccentric phase); 3 multi-joint and
5 single joint exercises machines
and free weight (2 day/week ×
12 weeks)

CBF;
MCAv/MAP/
MCAVmean;
β-Stiffness
index/CBF/pulsatility
index

Hemodynamic
adaptation to blood
pressure fluctuations;
Enhanced
vascular response;

Cerebrovascular
perfusion↑ (Xu et al.,
2014);
Stabilized middle
cerebral artery blood
velocity (Korad et al.,
2024);
CBF regulation
(Nakamura and
Muraoka, 2018)

HIIT Inactive Adults;
Female breast
cancer survivors;
Young
healthy adults;
Healthy men

Treadmill
walking;
Cycle ergometer;
Recumbent
stepper;
Cycling

4-min interval at 90%−95% HRmax
with 3-min active recovery
70% HRmax; 30-s intervals at ∼90%
HRmax or ∼105% peak power with
2-min active recovery; 10 min of
1-min high intensity (∼70%
estimated maximal Watts) and
active recovery (10% estimated
maximal Watts) intervals; 4-min
bouts of exercise at 80%−90%
maximal Watts interspaced by
3-min bouts at 50%−60% maximal
Watts × 4 sets

Oxygenated
hemoglobin/CBF;
MCAv;
MCAv/MAP;
MAP/MCAvmean

Enhanced
metabolic efficiency
Improved dynamic
cerebral
autoregulation and
cognitive performance;
Enhanced
vascular response;
Cerebral
microangiogenesis↑

Increased brain
activation and
oxygenated hemoglobin
(Coetsee and
Terblanche, 2017);
Cerebrovascular
reactivity and CBF↑
(Northey et al., 2019);
Stabilized cerebral
pulsatility index
(Tsukamoto et al., 2019;
Whitaker et al., 2022)

CT Older
hospitalized patients;
MCI females;
Probable
MCI females

AE+RE;
AE+RE;
AE+RE

AE (2 daily sessions of 20 min
duration during 5–7 consecutive
days, 50% HRmax)+RE (2–3 sets of
8–10 repetitions with a load
equivalent to 30%−60% of the
estimated 1 RM); 1 × 60 min/week
RE+2 × 60 min/week AE ×
12 months; 2 day/week AE
(outdoor walking, 40%HRR)+RE
(2 sets of 6–8 repetitions) ×
6 months

CBF;
MCAv/CBF;
MCAvmean/
hippocampal
volumes

Improved executive
function
and cognition;
Improved
cognition, memory,
and
executive function;
Increased verbal
memory
and learning

CBF↑ (Sáez de Asteasu
et al., 2019);
Cerebrovascular
plasticity↑ (Nagamatsu
et al., 2012);
Hippocampal volumes↑
(ten Brinke et al., 2015);

AE, aerobic exercise; RE, resistance exercise; HIIT, high-intensity interval training; CT, compound training; CBF, cerebral blood flow; CVR, cerebrovascular resistance; CVCi, cerebrovascular
conductance index, CVCi = CBFV/MAP; CVRi, cerebrovascular resistance index; CVRi = MAP/MCAv; CAS, central arterial stiffness; HR, heart rate; HRmax, maximal heart rate; HRR, heart
rate reserve; HBF, hippocampal blood flow; HIIT, high-intensity interval training; MCAv, middle cerebral artery blood flow velocity; MAP, mean arterial pressure. The symbols "↑" represent an
increase and "↓" represent a decrease.

TABLE 2 Glossary of terms.

Term Definition Common forms

AE Also called endurance activity or cardiovascular exercise, any activity that uses large muscle
groups is maintainable continuously, and has a rhythmic nature (Wahid et al., 2016)

Walking, jogging, swimming, cycling, aerobics

RE A form of exercise that increases muscular strength and endurance by exercising a muscle
or muscle group against resistance (Sutton, 2022)

Push-ups, squats, crunches, pull-ups, weightlifting

HIIT Involves repeated short to long bouts of rather high intensity exercise (equal or superior to
maximal lactate steady-state velocity) interspersed with recovery periods (light exercise or
rest) (Billat, 2001)

Jumping jacks, high knees, sprinting combined with
walking, bicycle sprinting with slow riding, rapid
alternating lateral lunges, burpees, Tabata

CT A type of strength training movement that engages multiple muscle groups and joints
simultaneously (Mihalik et al., 2008)

Squats, deadlifts, bench press, push-ups, pull-ups

AE, aerobic exercise; RE, resistance exercise; HIIT, high-intensity interval training; CT, compound training.

Frontiers in Aging Neuroscience 15 frontiersin.org

https://doi.org/10.3389/fnagi.2025.1632365
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Cai et al. 10.3389/fnagi.2025.1632365

FIGURE 5

Cerebrovascular mechanisms of different exercise modes in Alzheimer’s disease. This schematic illustrates that Alzheimer’s disease triggers
cerebrovascular dysfunction, characterized by damage to the cerebrovascular microstructure, compromised blood-brain barrier integrity, and
reduced cerebral blood flow. Different exercise modalities (aerobic exercise, resistance exercise, high-intensity interval training, and compound
training) enhance cerebrovascular health by optimizing cerebrovascular structure and function to mitigate Alzheimer’s disease pathology. At the cell
levels, these exercises target the metabolism of endothelial cell, smooth muscle cell, and pericyte to promote vascular health.

regulatory effects of HIIT on cerebrovascular metabolism and
genesis are applicable to the development of AD. Further studies are
needed to explore its relevance to AD-related vascular metabolism.

8.4 Compound training (CT)

CT is a type of strength training movement that engages
multiple muscle groups and joints simultaneously (e.g., squats,
deadlifts, bench press, push-ups and pull-ups). These exercises are
fundamental in building overall strength, enhancing muscle mass,
and improving functional fitness. Unlike isolation exercises, which
target a single muscle group, compound exercises provide a more
comprehensive workout (Mihalik et al., 2008). This method usually
involves strength training with high resistances (70%−90% 1 RM)
in 1 session and ballistic training or plyometric training with lower
resistances (e.g., ∼30% 1 RM or with body mass) on a different day.
A randomized clinical research comparing 9-week AE (walking)

and CT (strength+walking) in AD patients found that CT was
superior for improving global cognition, visual/verbal memory,
and executive function (Bossers et al., 2015). This superiority may
stem from CT combining the benefits of both exercise modalities,
resulting in improved CBF and cerebrovascular plasticity (Bliss
et al., 2021). These findings hint at the need to consider the
beneficial physiological effects of various forms of exercise on
cerebral blood vessels when formulating exercise prescriptions,
leading to more precise exercise strategies tailored to patients’ needs
(Tables 1, 2; Figure 5).

9 Prospect and conclusion

Cerebrovascular dysfunction, characterized by reduced cerebral
blood flow, vascular degeneration, abnormal vascular pruning,
and altered vascular factors, is a common feature associated
with the onset of AD. Clinical observations have indicated that
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cerebrovascular density may remain unchanged or even show
compensatory angiogenesis in individuals with AD, highlighting
the complexity and inconsistency of pathological changes in the
disease. Furthermore, significant individual variations exist in these
vascular alterations.

Sedentary behavior is a well-established risk factor for AD,
making exercise interventions a recommended strategy for
prevention and symptom management. However, the precise
mechanisms underlying the protective effects of exercise
on cerebral circulation and neuronal tissue are not fully
elucidated. Although exercise known to regulate CBF and promote
microangiogenesis, translating these biological effects into effective
AD therapeutics requires further mechanistic investigation.

Exercise parameters, such as exercise volume, frequency,
duration, type, and intensity, influence brain blood flow and
produce distinct cerebrovascular effect (Tomoto and Zhang,
2024; Perry et al., 2020; Smail et al., 2023). This heterogeneity
implies that exercise prescriptions cannot be standardized for
cerebrovascular outcomes. Therefore, understanding the role of
exercise in cerebrovascular function cannot be based solely on
a single mode of exercise, even within the same exercise type.
In the meantime, large-scale, long-term follow-up studies are
necessary to clarify the differentiated effects of exercise on various
pathological stages of AD. Such studies will provide significant
clinical value for formulating stepwise exercise prescriptions.
Further research is warranted to explore the potential benefits
of specialized exercise on cerebrovascular function in AD by
constructing a multimodal assessment system and uncovering
the specific pathways through which tailored exercise programs
impact vascular health and neuronal integrity. Understanding
these mechanisms and establishing precise medical models for
exercise intervention could contribute to the development of
targeted therapies aimed at preserving cerebrovascular health and
potentially slowing the progression of AD.

In clinical practice, implementing an exercise regimen faces a
dual challenge: Firstly, adherence to exercise among patients with
AD is adversely affected by primary symptoms, such as cognitive
decline and impaired exercise capacity. Therefore, early exercise
intervention for individuals in the aging and MCI population
may be a more feasible strategy for preventing or delaying the
progression of AD pathology. Secondly, the mechanism of synergy
between exercise therapy and targeted drug pharmacological
methods has not yet been fully clarified. The ability of exercise
to enhance the permeability of BBB may have an impact on the
efficiency of drug delivery.

Author contributions

JH: Conceptualization, Funding acquisition, Writing – review
& editing. MC: Visualization, Writing – original draft. KC: Writing
– original draft. ZW: Visualization, Writing – original draft. JZ:
Visualization, Writing – original draft. JS: Visualization, Writing
– original draft. WW: Visualization, Writing – original draft. WS:
Conceptualization, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was sponsored
by Shanghai Pudong Science and Technology Commission Science
and Technology Development Special Fund for People’s Livelihood
Research (Medical and Health) (PKJ2023-Y16).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author (s) declare that no Gen AI was used in the creation
of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ahmed, K., Tunaru, S., and Offermanns, S. (2009). GPR109A, GPR109B and
GPR81, a family of hydroxy-carboxylic acid receptors. Trends Pharmacol. Sci. 30,
557–562. doi: 10.1016/j.tips.2009.09.001

Ainslie, P. N., Cotter, J. D., George, K. P., Lucas, S., Murrell, C., Shave, R., et al.
(2008). Elevation in cerebral blood flow velocity with aerobic fitness throughout healthy
human ageing. J. Physiol. 586, 4005–4010. doi: 10.1113/jphysiol.2008.158279

Akazawa, N., Tanahashi, K., Kosaki, K., Ra, S. G., Matsubara, T., Choi, Y., et al.
(2018). Aerobic exercise training enhances cerebrovascular pulsatility response to acute
aerobic exercise in older adults. Physiol. Rep. 6:e13681. doi: 10.14814/phy2.13681

Alata, W., Ye, Y., St-Amour, I., Vandal, M., and Calon, F. (2015). Human
apolipoprotein E varepsilon4 expression impairs cerebral vascularization and
blood-brain barrier function in mice. J. Cereb. Blood Flow Metab. 35, 86–94.
doi: 10.1038/jcbfm.2014.172

Aldea, R., Weller, R. O., Wilcock, D. M., Carare, R. O., and Richardson, G. (2019).
Cerebrovascular smooth muscle cells as the drivers of intramural periarterial drainage
of the brain. Front. Aging Neurosci. 11:1. doi: 10.3389/fnagi.2019.00001

Alzheimer’s disease facts and figures (2023). Alzheimer. Dement. 19, 1598–1695.
doi: 10.1002/alz.13016

Frontiers in Aging Neuroscience 17 frontiersin.org

https://doi.org/10.3389/fnagi.2025.1632365
https://doi.org/10.1016/j.tips.2009.09.001
https://doi.org/10.1113/jphysiol.2008.158279
https://doi.org/10.14814/phy2.13681
https://doi.org/10.1038/jcbfm.2014.172
https://doi.org/10.3389/fnagi.2019.00001
https://doi.org/10.1002/alz.13016
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Cai et al. 10.3389/fnagi.2025.1632365

Ambrose, C. T. (2015). A therapeutic approach for senile dementias:
neuroangiogenesis. J. Alzheimer. Dis. 43, 1–17. doi: 10.3233/JAD-140498

Anzovino, A., Canepa, E., Alves, M., Lemon, N. L., Carare, R. O., and Fossati, S.
(2023). Amyloid beta oligomers activate death receptors and mitochondria-mediated
apoptotic pathways in cerebral vascular smooth muscle cells; protective effects of
carbonic anhydrase inhibitors. Cells 12. doi: 10.3390/cells12242840

Apte, R. S., Chen, D. S., and Ferrara, N. (2019). VEGF in signaling
and disease: beyond discovery and development. Cell 176, 1248–1264.
doi: 10.1016/j.cell.2019.01.021

Arany, Z., Foo, S. Y., Ma, Y., Ruas, J. L., Bommi-Reddy, A., Girnun, G., et al.
(2008). HIF-independent regulation of VEGF and angiogenesis by the transcriptional
coactivator PGC-1alpha. Nature 451, 1008–1012. doi: 10.1038/nature06613

Armulik, A., Genové, G., and Betsholtz, C. (2011). Pericytes: developmental,
physiological, and pathological perspectives, problems, and promises. Dev. Cell 21,
193–215. doi: 10.1016/j.devcel.2011.07.001

Armulik, A., Genové, G., Mäe, M., Nisancioglu, M. H., Wallgard, E., Niaudet,
C., et al. (2010). Pericytes regulate the blood-brain barrier. Nature 468, 557–561.
doi: 10.1038/nature09522

Augustin, H. G., Koh, G. Y., Thurston, G., and Alitalo, K. (2009). Control of vascular
morphogenesis and homeostasis through the angiopoietin-Tie system. Nat. Rev. Mol.
Cell Biol. 10, 165–177. doi: 10.1038/nrm2639

Austin, S. A., and Katusic, Z. S. (2020). Partial loss of endothelial nitric oxide leads
to increased cerebrovascular beta amyloid. J. Cereb. Blood Flow Metab. 40, 392–403.
doi: 10.1177/0271678X18822474

Austin, S. A., Santhanam, A. V., Hinton, D. J., Choi, D. S., and Katusic, Z. S.
(2013). Endothelial nitric oxide deficiency promotes Alzheimer’s disease pathology. J.
Neurochem. 127, 691–700. doi: 10.1111/jnc.12334

Austin, S. A., Santhanam, A. V., and Katusic, Z. S. (2010). Endothelial nitric oxide
modulates expression and processing of amyloid precursor protein. Circ. Res. 107,
1498–1502. doi: 10.1161/CIRCRESAHA.110.233080

Aveseh, M., Nikooie, R., Sheibani, V., and Esmaeili-Mahani, S. (2014). Endurance
training increases brain lactate uptake during hypoglycemia by up regulation of brain
lactate transporters. Mol. Cell. Endocrinol. 394, 29–36. doi: 10.1016/j.mce.2014.06.019

Baloyannis, S. J., and Baloyannis, I. S. (2012). The vascular factor in Alzheimer’s
disease: a study in Golgi technique and electron microscopy. J. Neurol. Sci. 322,
117–121. doi: 10.1016/j.jns.2012.07.010

Barker, R., Ashby, E. L., Wellington, D., Barrow, V. M., Palmer, J. C., Kehoe, P.
G., et al. (2014). Pathophysiology of white matter perfusion in Alzheimer’s disease and
vascular dementia. Brain 137(Pt 5), 1524–1532. doi: 10.1093/brain/awu040

Beinlich, F. R. M., Asiminas, A., Untiet, V., Bojarowska, Z., Plá, V., Sigurdsson, B.,
et al. (2024). Oxygen imaging of hypoxic pockets in the mouse cerebral cortex. Science
383, 1471–1478. doi: 10.1126/science.adn1011

Bell, M. A., and Ball, M. J. (1981). Morphometric comparison of hippocampal
microvasculature in ageing and demented people: diameters and densities. Acta
Neuropathol. 53, 299–318. doi: 10.1007/BF00690372

Bell, M. A., and Ball, M. J. (1990). Neuritic plaques and vessels of visual
cortex in aging and Alzheimer’s dementia. Neurobiol. Aging 11, 359–370.
doi: 10.1016/0197-4580(90)90001-G

Bell, R. D., Winkler, E. A., Sagare, A. P., Singh, I., LaRue, B., Deane, R., et al. (2010).
Pericytes control key neurovascular functions and neuronal phenotype in the adult
brain and during brain aging. Neuron 68, 409–427. doi: 10.1016/j.neuron.2010.09.043

Benedictus, M. R., Leeuwis, A. E., Binnewijzend, M. A., Kuijer, J. P.,
Scheltens, P., Barkhof, F., et al. (2017). Lower cerebral blood flow is associated
with faster cognitive decline in Alzheimer’s disease. Eur. Radiol. 27, 1169–1175.
doi: 10.1007/s00330-016-4450-z

Benedito, R., Roca, C., Sörensen, I., Adams, S., Gossler, A., Fruttiger, M., et al. (2009).
The notch ligands Dll4 and Jagged1 have opposing effects on angiogenesis. Cell 137,
1124–1135. doi: 10.1016/j.cell.2009.03.025

Benzinger, T. L., Blazey, T., Jack, C. R., Jr., Koeppe, R. A., Su, Y., Xiong, C., et al.
(2013). Regional variability of imaging biomarkers in autosomal dominant Alzheimer’s
disease. Proc. Natl. Acad. Sci. U.S.A. 110, E4502–E4509. doi: 10.1073/pnas.1317918110

Bersini, S., Arrojo E Drigo, R., Huang, L., Shokhirev, M. N., and Hetzer, M.
W. (2020). Transcriptional and functional changes of the human microvasculature
during physiological aging and Alzheimer disease. Adv. Biosyst. 4:e2000044.
doi: 10.1002/adbi.202000044

Billat, L. V. (2001). Interval training for performance: a scientific
and empirical practice. Special recommendations for middle- and long-
distance running. Part I: aerobic interval training. Sports Med. 31, 13–31.
doi: 10.2165/00007256-200131010-00002

Binnewijzend, M. A., Kuijer, J. P., Benedictus, M. R., van der Flier, W. M.,
Wink, A. M., Wattjes, M. P., et al. (2013). Cerebral blood flow measured with
3D pseudocontinuous arterial spin-labeling MR imaging in Alzheimer disease and
mild cognitive impairment: a marker for disease severity. Radiology 267, 221–230.
doi: 10.1148/radiol.12120928

Bliss, E. S., Wong, R. H., Howe, P. R., and Mills, D. E. (2021). Benefits of exercise
training on cerebrovascular and cognitive function in ageing. J. Cereb. Blood Flow
Metab. 41, 447–470. doi: 10.1177/0271678X20957807

Bolduc, V., Thorin-Trescases, N., and Thorin, E. (2013). Endothelium-
dependent control of cerebrovascular functions through age: exercise for healthy
cerebrovascular aging. Am. J. Physiol. Heart Circ. Physiol. 305, H620–H633.
doi: 10.1152/ajpheart.00624.2012

Bossers, W. J., van der Woude, L. H., Boersma, F., Hortobágyi, T., Scherder, E. J., and
van Heuvelen, M. J. (2015). A 9-week aerobic and strength training program improves
cognitive and motor function in patients with dementia: a randomized, controlled trial.
Am. J. Geriatr. Psychiatry 23, 1106–1116. doi: 10.1016/j.jagp.2014.12.191

Bouvet, P., de Gea, P., Aimard, M., Chounlamountri, N., Honnorat, J., Delcros, J. G.,
et al. (2023). A novel peptide derived from vascular endothelial growth factor prevents
amyloid beta aggregation and toxicity. Aging Cell 22:e13907. doi: 10.1111/acel.13907

Brooks, G. A., Osmond, A. D., Arevalo, J. A., Curl, C. C., Duong, J. J., Horning,
M. A., et al. (2022a). Lactate as a major myokine and exerkine. Nat. Rev. Endocrinol.
18:712. doi: 10.1038/s41574-022-00724-0

Brooks, G. A., Osmond, A. D., Leija, R. G., Curl, C. C., Arevalo, J. A., Duong, J. J.,
et al. (2022b). The blood lactate/pyruvate equilibrium affair. Am. J. Physiol. Endocrinol.
Metab. 322, E34–E43. doi: 10.1152/ajpendo.00270.2021

Brown, W. R., Moody, D. M., Thore, C. R., Anstrom, J. A., and Challa, V. R. (2009).
Microvascular changes in the white mater in dementia. J. Neurol. Sci. 283, 28–31.
doi: 10.1016/j.jns.2009.02.328

Brown, W. R., Moody, D. M., Thore, C. R., Challa, V. R., and Anstrom, J. A. (2007).
Vascular dementia in leukoaraiosis may be a consequence of capillary loss not only in
the lesions, but in normal-appearing white matter and cortex as well. J. Neurol. Sci. 257,
62–66. doi: 10.1016/j.jns.2007.01.015

Brown, W. R., and Thore, C. R. (2011). Review: cerebral microvascular
pathology in ageing and neurodegeneration. Neuropathol. Appl. Neurobiol. 37, 56–74.
doi: 10.1111/j.1365-2990.2010.01139.x

Bryant, A., Li, Z., Jayakumar, R., Serrano-Pozo, A., Woost, B., Hu, M.,
et al. (2023). Endothelial cells are heterogeneous in different brain regions
and are dramatically altered in Alzheimer’s disease. J. Neurosci. 43, 4541–4557.
doi: 10.1523/JNEUROSCI.0237-23.2023

Bryant, A. G., Hu, M., Carlyle, B. C., Arnold, S. E., Frosch, M. P., Das, S., et al. (2020).
Cerebrovascular senescence is associated with tau pathology in Alzheimer’s disease.
Front. Neurol. 11:575953. doi: 10.3389/fneur.2020.575953

Bryant, A. G., Manhard, M. K., Salat, D. H., Rosen, B. R., Hyman,
B. T., Johnson, K. A., et al. (2021). Heterogeneity of tau deposition and
microvascular involvement in MCI and AD. Curr. Alzheimer Res. 18, 711–720.
doi: 10.2174/1567205018666211126113904

Buée, L., Hof, P. R., Bouras, C., Delacourte, A., Perl, D. P., Morrison, J.
H., et al. (1994). Pathological alterations of the cerebral microvasculature in
Alzheimer’s disease and related dementing disorders. Acta Neuropathol. 87, 469–480.
doi: 10.1007/BF00294173

Buée, L., Hof, P. R., and Delacourte, A. (1997). Brain microvascular changes
in Alzheimer’s disease and other dementias. Ann. N.Y. Acad. Sci. 826, 7–24.
doi: 10.1111/j.1749-6632.1997.tb48457.x

Bulbarelli, A., Lonati, E., Brambilla, A., Orlando, A., Cazzaniga, E., Piazza, F., et al.
(2012). Aβ42 production in brain capillary endothelial cells after oxygen and glucose
deprivation. Mol. Cell. Neurosci. 49, 415–422. doi: 10.1016/j.mcn.2012.01.007

Burdette, J. H., Laurienti, P. J., Espeland, M. A., Morgan, A., Telesford,
Q., Vechlekar, C. D., et al. (2010). Using network science to evaluate
exercise-associated brain changes in older adults. Front. Aging Neurosci. 2:23.
doi: 10.3389/fnagi.2010.00023

Burke, M. J., Nelson, L., Slade, J. Y., Oakley, A. E., Khundakar, A. A., and Kalaria, R.
N. (2014). Morphometry of the hippocampal microvasculature in post-stroke and age-
related dementias. Neuropathol. Appl. Neurobiol. 40, 284–295. doi: 10.1111/nan.12085

Cacabelos, R., Fernández-Novoa, L., Lombardi, V., Corzo, L., Pichel, V., and
Kubota, Y. (2003). Cerebrovascular risk factors in Alzheimer’s disease: brain
hemodynamics and pharmacogenomic implications. Neurol. Res. 25, 567–580.
doi: 10.1179/016164103101202002

Cass, S. P. (2017). Alzheimer’s disease and exercise: a literature review. Curr. Sports
Med. Rep. 16, 19–22. doi: 10.1249/JSR.0000000000000332

Castillo-Carranza, D. L., Nilson, A. N., Van Skike, C. E., Jahrling, J. B.,
Patel, K., Garach, P., et al. (2017). Cerebral microvascular accumulation of tau
oligomers in Alzheimer’s disease and related tauopathies. Aging Dis. 8, 257–266.
doi: 10.14336/AD.2017.0112

Challa, V. R., Thore, C. R., Moody, D. M., Anstrom, J. A., and Brown, W. R. (2004).
Increase of white matter string vessels in Alzheimer’s disease. J. Alzheimer. Dis. 6,
379–383; discussion: 443–449. doi: 10.3233/JAD-2004-6404

Chapman, S. B., Aslan, S., Spence, J. S., Defina, L. F., Keebler, M. W.,
Didehbani, N., et al. (2013). Shorter term aerobic exercise improves brain,
cognition, and cardiovascular fitness in aging. Front. Aging Neurosci. 5:75.
doi: 10.3389/fnagi.2013.00075

Frontiers in Aging Neuroscience 18 frontiersin.org

https://doi.org/10.3389/fnagi.2025.1632365
https://doi.org/10.3233/JAD-140498
https://doi.org/10.3390/cells12242840
https://doi.org/10.1016/j.cell.2019.01.021
https://doi.org/10.1038/nature06613
https://doi.org/10.1016/j.devcel.2011.07.001
https://doi.org/10.1038/nature09522
https://doi.org/10.1038/nrm2639
https://doi.org/10.1177/0271678X18822474
https://doi.org/10.1111/jnc.12334
https://doi.org/10.1161/CIRCRESAHA.110.233080
https://doi.org/10.1016/j.mce.2014.06.019
https://doi.org/10.1016/j.jns.2012.07.010
https://doi.org/10.1093/brain/awu040
https://doi.org/10.1126/science.adn1011
https://doi.org/10.1007/BF00690372
https://doi.org/10.1016/0197-4580(90)90001-G
https://doi.org/10.1016/j.neuron.2010.09.043
https://doi.org/10.1007/s00330-016-4450-z
https://doi.org/10.1016/j.cell.2009.03.025
https://doi.org/10.1073/pnas.1317918110
https://doi.org/10.1002/adbi.202000044
https://doi.org/10.2165/00007256-200131010-00002
https://doi.org/10.1148/radiol.12120928
https://doi.org/10.1177/0271678X20957807
https://doi.org/10.1152/ajpheart.00624.2012
https://doi.org/10.1016/j.jagp.2014.12.191
https://doi.org/10.1111/acel.13907
https://doi.org/10.1038/s41574-022-00724-0
https://doi.org/10.1152/ajpendo.00270.2021
https://doi.org/10.1016/j.jns.2009.02.328
https://doi.org/10.1016/j.jns.2007.01.015
https://doi.org/10.1111/j.1365-2990.2010.01139.x
https://doi.org/10.1523/JNEUROSCI.0237-23.2023
https://doi.org/10.3389/fneur.2020.575953
https://doi.org/10.2174/1567205018666211126113904
https://doi.org/10.1007/BF00294173
https://doi.org/10.1111/j.1749-6632.1997.tb48457.x
https://doi.org/10.1016/j.mcn.2012.01.007
https://doi.org/10.3389/fnagi.2010.00023
https://doi.org/10.1111/nan.12085
https://doi.org/10.1179/016164103101202002
https://doi.org/10.1249/JSR.0000000000000332
https://doi.org/10.14336/AD.2017.0112
https://doi.org/10.3233/JAD-2004-6404
https://doi.org/10.3389/fnagi.2013.00075
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Cai et al. 10.3389/fnagi.2025.1632365

Chen, L., Chao, F. L., Lu, W., Zhang, L., Huang, C. X., Yang, S., et al. (2020). Long-
term running exercise delays age-related changes in white matter in rats. Front. Aging
Neurosci. 12:590530. doi: 10.3389/fnagi.2020.590530

Chen, W., Chan, Y., Wan, W., Li, Y., and Zhang, C. (2018). Aβ(1-42) induces cell
damage via RAGE-dependent endoplasmic reticulum stress in bEnd.3 cells. Exp. Cell
Res. 362, 83–89. doi: 10.1016/j.yexcr.2017.11.005

Chen, X. L., Nam, J. O., Jean, C., Lawson, C., Walsh, C. T., Goka, E., et al. (2012).
VEGF-induced vascular permeability is mediated by FAK. Dev. Cell 22, 146–157.
doi: 10.1016/j.devcel.2011.11.002

Chien, S. (2007). Mechanotransduction and endothelial cell homeostasis: the
wisdom of the cell. Am. J. Physiol. Heart Circ. Physiol. 292, H1209–H1124.
doi: 10.1152/ajpheart.01047.2006

Chirles, T. J., Reiter, K., Weiss, L. R., Alfini, A. J., Nielson, K. A., and
Smith, J. C. (2017). Exercise training and functional connectivity changes in
mild cognitive impairment and healthy elders. J. Alzheimer. Dis. 57, 845–856.
doi: 10.3233/JAD-161151

Claassen, J. A. H. R., Thijssen, D. H. J., Panerai, R. B., and Faraci, F. M. (2021).
Regulation of cerebral blood flow in humans: physiology and clinical implications of
autoregulation. Physiol. Rev. 101, 1487–1559. doi: 10.1152/physrev.00022.2020

Claudio, L. (1996). Ultrastructural features of the blood-brain barrier in
biopsy tissue from Alzheimer’s disease patients. Acta Neuropathol. 91, 6–14.
doi: 10.1007/s004010050386

Coetsee, C., and Terblanche, E. (2017). Cerebral oxygenation during cortical
activation: the differential influence of three exercise training modalities. A randomized
controlled trial. Eur. J. Appl. Physiol. 117, 1617–1627. doi: 10.1007/s00421-017-3651-8

Corkery, A. T., Howery, A. J., Miller, K. B., and Barnes, J. N. (2021). Influence of
habitual aerobic and resistance exercise on cerebrovascular reactivity in healthy young
adults. J. Appl. Physiol. (1985) 130, 1928–1935. doi: 10.1152/japplphysiol.00823.2020

Dai, J., and Rabie, A. B. (2007). VEGF: an essential mediator of both
angiogenesis and endochondral ossification. J. Dent. Res. 86, 937–950.
doi: 10.1177/154405910708601006

Dai, W., Lopez, O. L., Carmichael, O. T., Becker, J. T., Kuller, L. H., and Gach, H. M.
(2009). Mild cognitive impairment and Alzheimer disease: patterns of altered cerebral
blood flow at MR imaging. Radiology 250, 856–866. doi: 10.1148/radiol.2503080751

Daneman, R., Agalliu, D., Zhou, L., Kuhnert, F., Kuo, C. J., and Barres, B. A. (2009).
Wnt/beta-catenin signaling is required for CNS, but not non-CNS, angiogenesis. Proc.
Natl. Acad. Sci. U.S.A. 106, 641–646. doi: 10.1073/pnas.0805165106

Daneman, R., Zhou, L., Kebede, A. A., and Barres, B. A. (2010). Pericytes are
required for blood-brain barrier integrity during embryogenesis. Nature 468, 562–566.
doi: 10.1038/nature09513

Davis, H., and Attwell, D. (2023). A tight squeeze: how do we make sense of small
changes in microvascular diameter? J. Physiol. 601, 2263–2272. doi: 10.1113/JP284207

de Heus, R. A. A., de Jong, D. L. K., Sanders, M. L., van Spijker, G. J.,
Oudegeest-Sander, M. H., Hopman, M. T., et al. (2018). Dynamic regulation of
cerebral blood flow in patients with Alzheimer disease. Hypertension 72, 139–150.
doi: 10.1161/HYPERTENSIONAHA.118.10900

De la Monte, S. M., Sohn, Y. K., Etienne, D., Kraft, J., and Wands, J. R. (2000).
Role of aberrant nitric oxide synthase-3 expression in cerebrovascular degeneration
and vascular-mediated injury in Alzheimer’s disease. Ann. N.Y. Acad. Sci. 903, 61–71.
doi: 10.1111/j.1749-6632.2000.tb06351.x

De la Rosa, A., Olaso-Gonzalez, G., Arc-Chagnaud, C., Millan, F., Salvador-Pascual,
A., García-Lucerga, C., et al. (2020). Physical exercise in the prevention and treatment
of Alzheimer’s disease. J. Sport Health Sci. 9, 394–404. doi: 10.1016/j.jshs.2020.
01.004

De Miguel, Z., Khoury, N., Betley, M. J., Lehallier, B., Willoughby, D., Olsson, N.,
et al. (2021). Exercise plasma boosts memory and dampens brain inflammation via
clusterin. Nature 600, 494–499. doi: 10.1038/s41586-021-04183-x

Deane, R., Wu, Z., Sagare, A., Davis, J., Du Yan, S., Hamm, K., et al. (2004).
LRP/amyloid beta-peptide interaction mediates differential brain efflux of Abeta
isoforms. Neuron 43, 333–344. doi: 10.1016/j.neuron.2004.07.017

DeKosky, S. T., Shih, W. J., Schmitt, F. A., Coupal, J., and Kirkpatrick, C. (1990).
Assessing utility of single photon emission computed tomography (SPECT) scan in
Alzheimer disease: correlation with cognitive severity. Alzheimer Dis. Assoc. Disord. 4,
14–23. doi: 10.1097/00002093-199040100-00002

Desai, B. S., Schneider, J. A., Li, J. L., Carvey, P. M., and Hendey, B. (2009). Evidence
of angiogenic vessels in Alzheimer’s disease. J. Neural Transm. (Vienna) 116, 587–597.
doi: 10.1007/s00702-009-0226-9

Di Marco, L. Y., Farkas, E., Martin, C., Venneri, A., and Frangi, A. F. (2015). Is
vasomotion in cerebral arteries impaired in Alzheimer’s disease? J. Alzheimer. Dis. 46,
35–53. doi: 10.3233/JAD-142976

Ding, H., Luo, L., Su, L., Chen, J., Li, Y., Hu, L., et al. (2024). Gasotransmitter
nitric oxide imaging in Alzheimer’s disease and glioblastoma with diamino-
cyclic-metalloiridium phosphorescence probes. Biosens. Bioelectron. 247:115939.
doi: 10.1016/j.bios.2023.115939

Ding, R., Hase, Y., Ameen-Ali, K. E., Ndung’u, M., Stevenson, W., Barsby, J.,
et al. (2020). Loss of capillary pericytes and the blood-brain barrier in white matter
in poststroke and vascular dementias and Alzheimer’s disease. Brain Pathol. 30,
1087–1101. doi: 10.1111/bpa.12888

Ding, Y., Li, J., Luan, X., Ding, Y. H., Lai, Q., Rafols, J. A., et al. (2004). Exercise
pre-conditioning reduces brain damage in ischemic rats that may be associated with
regional angiogenesis and cellular overexpression of neurotrophin. Neuroscience 124,
583–591. doi: 10.1016/j.neuroscience.2003.12.029

Dixon, S. J., and Stockwell, B. R. (2014). The role of iron and reactive oxygen species
in cell death. Nat. Chem. Biol. 10, 9–17. doi: 10.1038/nchembio.1416

Do, T. M., Alata, W., Dodacki, A., Traversy, M. T., Chacun, H., Pradier, L., et al.
(2014). Altered cerebral vascular volumes and solute transport at the blood-brain
barriers of two transgenic mouse models of Alzheimer’s disease. Neuropharmacology
81, 311–317. doi: 10.1016/j.neuropharm.2014.02.010

Dore-Duffy, P., and LaManna, J. C. (2007). Physiologic angiodynamics in the brain.
Antioxid. Redox Signal. 9, 1363–1371. doi: 10.1089/ars.2007.1713

Du, A. T., Jahng, G. H., Hayasaka, S., Kramer, J. H., Rosen, H. J., Gorno-
Tempini, M. L., et al. (2006). Hypoperfusion in frontotemporal dementia and
Alzheimer disease by arterial spin labeling MRI. Neurology 67, 1215–1220.
doi: 10.1212/01.wnl.0000238163.71349.78

Eberling, J. L., Jagust, W. J., Reed, B. R., and Baker, M. G. (1992). Reduced
temporal lobe blood flow in Alzheimer’s disease. Neurobiol. Aging 13, 483–491.
doi: 10.1016/0197-4580(92)90076-A

Eklund, L., and Olsen, B. R. (2006). Tie receptors and their angiopoietin ligands
are context-dependent regulators of vascular remodeling. Exp. Cell Res. 312, 630–641.
doi: 10.1016/j.yexcr.2005.09.002

Ellis, R. J., Olichney, J. M., Thal, L. J., Mirra, S. S., Morris, J. C., Beekly,
D., et al. (1996). Cerebral amyloid angiopathy in the brains of patients with
Alzheimer’s disease: the CERAD experience, Part XV. Neurology 46, 1592–1596.
doi: 10.1212/WNL.46.6.1592

Erdener, S. E., and Dalkara, T. (2019). Small vessels are a big
problem in neurodegeneration and neuroprotection. Front. Neurol. 10:889.
doi: 10.3389/fneur.2019.00889

Falkenhain, K., Ruiz-Uribe, N. E., Haft-Javaherian, M., Ali, M., Stall Catchers,
Michelucci, P. E., et al. (2020). A pilot study investigating the effects of voluntary
exercise on capillary stalling and cerebral blood flow in the APP/PS1 mouse model
of Alzheimer’s disease. PLoS ONE 15:e0235691. doi: 10.1371/journal.pone.0235691

Fan, Z., Turiel, G., Ardicoglu, R., Ghobrial, M., Masschelein, E.,
Kocijan, T., et al. (2021). Exercise-induced angiogenesis is dependent on
metabolically primed ATF3/4(+) endothelial cells. Cell Metab. 33, 1793–807.e9.
doi: 10.1016/j.cmet.2021.07.015

Farkas, E., De Jong, G. I., Apró, E., De Vos, R. A., Steur, E. N., and Luiten, P. G.
(2000a). Similar ultrastructural breakdown of cerebrocortical capillaries in Alzheimer’s
disease, Parkinson’s disease, and experimental hypertension. What is the functional
link?. Ann. N.Y. Acad. Sci. 903, 72–82. doi: 10.1111/j.1749-6632.2000.tb06352.x

Farkas, E., De Jong, G. I., de Vos, R. A., Jansen Steur, E. N., and Luiten, P. G. (2000b).
Pathological features of cerebral cortical capillaries are doubled in Alzheimer’s disease
and Parkinson’s disease. Acta Neuropathol. 100, 395–402. doi: 10.1007/s004010000195

Farkas, E., De Vos, R. A., Jansen Steur, E. N., and Luiten, P. G. (2000c). Are
Alzheimer’s disease, hypertension, and cerebrocapillary damage related?. Neurobiol.
Aging 21, 235–243. doi: 10.1016/S0197-4580(00)00122-6

Farkas, E., and Luiten, P. G. (2001). Cerebral microvascular pathology
in aging and Alzheimer’s disease. Prog. Neurobiol. 64, 575–611.
doi: 10.1016/S0301-0082(00)00068-X

Feng, S., Wu, C., Zou, P., Deng, Q., Chen, Z., Li, M., et al. (2023). High-
intensity interval training ameliorates Alzheimer’s disease-like pathology by regulating
astrocyte phenotype-associated AQP4 polarization. Theranostics 13, 3434–3450.
doi: 10.7150/thno.81951

Ferentinos, P., Tsakirides, C., Swainson, M., Davison, A., Martyn-St James, M.,
and Ispoglou, T. (2022a). The impact of different forms of exercise on endothelial
progenitor cells in healthy populations. Eur. J. Appl. Physiol. 122, 1589–1625.
doi: 10.1007/s00421-022-04921-7

Ferentinos, P., Tsakirides, C., Swainson, M., Davison, A., Martyn-St James, M.,
and Ispoglou, T. (2022b). The impact of different forms of exercise on circulating
endothelial progenitor cells in cardiovascular and metabolic disease. Eur. J. Appl.
Physiol. 122, 815–860. doi: 10.1007/s00421-021-04876-1

Ferrara, N. (2004). Vascular endothelial growth factor: basic science and clinical
progress. Endocr. Rev. 25, 581–611. doi: 10.1210/er.2003-0027

Fischer, V. W., Siddiqi, A., and Yusufaly, Y. (1990). Altered angioarchitecture
in selected areas of brains with Alzheimer’s disease. Acta Neuropathol. 79, 672–679.
doi: 10.1007/BF00294246

Fisher, R. A., Miners, J. S., and Love, S. (2022). Pathological changes within the
cerebral vasculature in Alzheimer’s disease: new perspectives. Brain Pathol. 32:e13061.
doi: 10.1111/bpa.13061

Frontiers in Aging Neuroscience 19 frontiersin.org

https://doi.org/10.3389/fnagi.2025.1632365
https://doi.org/10.3389/fnagi.2020.590530
https://doi.org/10.1016/j.yexcr.2017.11.005
https://doi.org/10.1016/j.devcel.2011.11.002
https://doi.org/10.1152/ajpheart.01047.2006
https://doi.org/10.3233/JAD-161151
https://doi.org/10.1152/physrev.00022.2020
https://doi.org/10.1007/s004010050386
https://doi.org/10.1007/s00421-017-3651-8
https://doi.org/10.1152/japplphysiol.00823.2020
https://doi.org/10.1177/154405910708601006
https://doi.org/10.1148/radiol.2503080751
https://doi.org/10.1073/pnas.0805165106
https://doi.org/10.1038/nature09513
https://doi.org/10.1113/JP284207
https://doi.org/10.1161/HYPERTENSIONAHA.118.10900
https://doi.org/10.1111/j.1749-6632.2000.tb06351.x
https://doi.org/10.1016/j.jshs.2020.01.004
https://doi.org/10.1038/s41586-021-04183-x
https://doi.org/10.1016/j.neuron.2004.07.017
https://doi.org/10.1097/00002093-199040100-00002
https://doi.org/10.1007/s00702-009-0226-9
https://doi.org/10.3233/JAD-142976
https://doi.org/10.1016/j.bios.2023.115939
https://doi.org/10.1111/bpa.12888
https://doi.org/10.1016/j.neuroscience.2003.12.029
https://doi.org/10.1038/nchembio.1416
https://doi.org/10.1016/j.neuropharm.2014.02.010
https://doi.org/10.1089/ars.2007.1713
https://doi.org/10.1212/01.wnl.0000238163.71349.78
https://doi.org/10.1016/0197-4580(92)90076-A
https://doi.org/10.1016/j.yexcr.2005.09.002
https://doi.org/10.1212/WNL.46.6.1592
https://doi.org/10.3389/fneur.2019.00889
https://doi.org/10.1371/journal.pone.0235691
https://doi.org/10.1016/j.cmet.2021.07.015
https://doi.org/10.1111/j.1749-6632.2000.tb06352.x
https://doi.org/10.1007/s004010000195
https://doi.org/10.1016/S0197-4580(00)00122-6
https://doi.org/10.1016/S0301-0082(00)00068-X
https://doi.org/10.7150/thno.81951
https://doi.org/10.1007/s00421-022-04921-7
https://doi.org/10.1007/s00421-021-04876-1
https://doi.org/10.1210/er.2003-0027
https://doi.org/10.1007/BF00294246
https://doi.org/10.1111/bpa.13061
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Cai et al. 10.3389/fnagi.2025.1632365

Fonseca, A. C., Ferreiro, E., Oliveira, C. R., Cardoso, S. M., and Pereira, C. F.
(2013). Activation of the endoplasmic reticulum stress response by the amyloid-
beta 1-40 peptide in brain endothelial cells. Biochim. Biophys. Acta 1832, 2191–2203.
doi: 10.1016/j.bbadis.2013.08.007

Fonseca, A. C., Moreira, P. I., Oliveira, C. R., Cardoso, S. M., Pinton, P., and
Pereira, C. F. (2015). Amyloid-beta disrupts calcium and redox homeostasis in brain
endothelial cells. Mol. Neurobiol. 51, 610–622. doi: 10.1007/s12035-014-8740-7

Fonseca, A. C., Oliveira, C. R., Pereira, C. F., and Cardoso, S. M. (2014). Loss
of proteostasis induced by amyloid beta peptide in brain endothelial cells. Biochim.
Biophys. Acta 1843, 1150–1161. doi: 10.1016/j.bbamcr.2014.02.016

Forsythe, J. A., Jiang, B. H., Iyer, N. V., Agani, F., Leung, S. W., Koos, R. D.,
et al. (1996). Activation of vascular endothelial growth factor gene transcription by
hypoxia-inducible factor 1. Mol. Cell. Biol. 16, 4604–4613. doi: 10.1128/MCB.16.9.4604

Fossati, S., Cam, J., Meyerson, J., Mezhericher, E., Romero, I. A., Couraud, P.
O., et al. (2010). Differential activation of mitochondrial apoptotic pathways by
vasculotropic amyloid-beta variants in cells composing the cerebral vessel walls. FASEB
J. 24, 229–241. doi: 10.1096/fj.09-139584

Fossati, S., Ghiso, J., and Rostagno, A. (2012). Insights into caspase-mediated
apoptotic pathways induced by amyloid-β in cerebral microvascular endothelial cells.
Neurodegener. Dis. 10, 324–328. doi: 10.1159/000332821

Frederiksen, K. S., Larsen, C. T., Hasselbalch, S. G., Christensen, A. N., Høgh, P.,
Wermuth, L., et al. (2018). A 16-week aerobic exercise intervention does not affect
hippocampal volume and cortical thickness in mild to moderate Alzheimer’s disease.
Front. Aging Neurosci. 10:293. doi: 10.3389/fnagi.2018.00293

Gallego, I., Villate-Beitia, I., Saenz-Del-Burgo, L., Puras, G., and Pedraz,
J. L. (2022). Therapeutic opportunities and delivery strategies for brain
revascularization in stroke, neurodegeneration, and aging. Pharmacol. Rev. 74,
439–461. doi: 10.1124/pharmrev.121.000418

Gama Sosa, M. A., Gasperi, R. D., Rocher, A. B., Wang, A. C., Janssen, W. G.,
Flores, T., et al. (2010). Age-related vascular pathology in transgenic mice expressing
presenilin 1-associated familial Alzheimer’s disease mutations. Am. J. Pathol. 176,
353–368. doi: 10.2353/ajpath.2010.090482

Georgieva, I., Tchekalarova, J., Iliev, D., and Tzoneva, R. (2023). Endothelial
senescence and its impact on angiogenesis in Alzheimer’s disease. Int. J. Mol. Sci.
24:11344. doi: 10.3390/ijms241411344

Giuliani, A., Sivilia, S., Baldassarro, V. A., Gusciglio, M., Lorenzini, L., Sannia,
M., et al. (2019). Age-related changes of the neurovascular unit in the cerebral
cortex of Alzheimer disease mouse models: a neuroanatomical and molecular study.
J. Neuropathol. Exp. Neurol. 78, 101–112. doi: 10.1093/jnen/nly125

Gomez, K., Duran, P., Tonello, R., Allen, H. N., Boinon, L., Calderon-Rivera,
A., et al. (2023). Neuropilin-1 is essential for vascular endothelial growth factor A-
mediated increase of sensory neuron activity and development of pain-like behaviors.
Pain 164, 2696–2710. doi: 10.1097/j.pain.0000000000002970

Grammas, P., Tripathy, D., Sanchez, A., Yin, X., and Luo, J. (2011). Brain
microvasculature and hypoxia-related proteins in Alzheimer’s disease. Int. J. Clin. Exp.
Pathol. 4, 616–627.

Gupta, A., Rarick, K. R., and Ramchandran, R. (2021). Established, new
and emerging concepts in brain vascular development. Front. Physiol. 12:636736.
doi: 10.3389/fphys.2021.636736

Hamel, E., Nicolakakis, N., Aboulkassim, T., Ongali, B., and Tong, X. K. (2008).
Oxidative stress and cerebrovascular dysfunction in mouse models of Alzheimer’s
disease. Exp. Physiol. 93, 116–120. doi: 10.1113/expphysiol.2007.038729

Harik, S. I. (1992). Changes in the glucose transporter of brain capillaries. Can. J.
Physiol. Pharmacol. 70(Suppl), S113–S117. doi: 10.1139/y92-252

Hatakeyama, M., Ninomiya, I., and Kanazawa, M. (2020). Angiogenesis
and neuronal remodeling after ischemic stroke. Neural Regen. Res. 15, 16–19.
doi: 10.4103/1673-5374.264442

Hill, R. A., Tong, L., Yuan, P., Murikinati, S., Gupta, S., and Grutzendler, J. (2015).
Regional blood flow in the normal and ischemic brain is controlled by arteriolar
smooth muscle cell contractility and not by capillary pericytes. Neuron 87, 95–110.
doi: 10.1016/j.neuron.2015.06.001

Hong, J., Hong, S. G., Lee, J., Park, J. Y., Eriksen, J. L., Rooney, B. V., et al.
(2020). Exercise training ameliorates cerebrovascular dysfunction in a murine model of
Alzheimer’s disease: role of the P2Y2 receptor and endoplasmic reticulum stress. Am.
J. Physiol. Heart Circ. Physiol. 318, H1559–H1569. doi: 10.1152/ajpheart.00129.2020

Hori, S., Ohtsuki, S., Hosoya, K., Nakashima, E., and Terasaki, T. (2004). A pericyte-
derived angiopoietin-1 multimeric complex induces occludin gene expression in brain
capillary endothelial cells through Tie-2 activation in vitro. J. Neurochem. 89, 503–513.
doi: 10.1111/j.1471-4159.2004.02343.x

Horwood, N., and Davies, D. C. (1994). Immunolabelling of hippocampal
microvessel glucose transporter protein is reduced in Alzheimer’s disease. Virchows
Arch. 425, 69–72. doi: 10.1007/BF00193951

Hu, J., Cai, M., Shang, Q., Li, Z., Feng, Y., Liu, B., et al. (2021). Elevated
lactate by high-intensity interval training regulates the hippocampal BDNF
expression and the mitochondrial quality control system. Front. Physiol. 12:629914.
doi: 10.3389/fphys.2021.629914

Huang, X., Zhao, X., Cai, Y., and Wan, Q. (2022). The cerebral changes
induced by exercise interventions in people with mild cognitive impairment
and Alzheimer’s disease: a systematic review. Arch. Gerontol. Geriatr. 98:104547.
doi: 10.1016/j.archger.2021.104547

Huang, Z., and Bao, S. D. (2004). Roles of main pro- and anti-angiogenic factors in
tumor angiogenesis. World J. Gastroenterol. 10, 463–470. doi: 10.3748/wjg.v10.i4.463

Huang, Z., Zhang, Y., Zhou, R., Yang, L., and Pan, H. (2021). Lactate as potential
mediators for exercise-induced positive effects on neuroplasticity and cerebrovascular
plasticity. Front. Physiol. 12:656455. doi: 10.3389/fphys.2021.656455

Hübner, K., Cabochette, P., Diéguez-Hurtado, R., Wiesner, C., Wakayama, Y.,
Grassme, K. S., et al. (2018). Wnt/β-catenin signaling regulates VE-cadherin-mediated
anastomosis of brain capillaries by counteracting S1pr1 signaling. Nat. Commun.
9:4860. doi: 10.1038/s41467-018-07302-x

Hunter, J. M., Kwan, J., Malek-Ahmadi, M., Maarouf, C. L., Kokjohn, T.
A., Belden, C., et al. (2012). Morphological and pathological evolution of the
brain microcirculation in aging and Alzheimer’s disease. PLoS ONE 7:e36893.
doi: 10.1371/journal.pone.0036893

Iadecola, C. (2004). Neurovascular regulation in the normal brain and in
Alzheimer’s disease. Nat. Rev. Neurosci. 5, 347–360. doi: 10.1038/nrn1387

Intlekofer, K. A., and Cotman, C. W. (2013). Exercise counteracts declining
hippocampal function in aging and Alzheimer’s disease. Neurobiol. Dis. 57, 47–55.
doi: 10.1016/j.nbd.2012.06.011

Isaacs, K. R., Anderson, B. J., Alcantara, A. A., Black, J. E., and Greenough, W. T.
(1992). Exercise and the brain: angiogenesis in the adult rat cerebellum after vigorous
physical activity and motor skill learning. J. Cereb. Blood Flow Metab. 12, 110–119.
doi: 10.1038/jcbfm.1992.14

Janota, C. S., Brites, D., Lemere, C. A., and Brito, M. A. (2015). Glio-vascular
changes during ageing in wild-type and Alzheimer’s disease-like APP/PS1 mice. Brain
Res. 1620, 153–168. doi: 10.1016/j.brainres.2015.04.056

Jeong, H., Pan, Y., Akhter, F., Volkow, N. D., Zhu, D., and Du, C. (2023).
Impairment of cerebral vascular reactivity and resting blood flow in early-staged
transgenic AD mice: in vivo optical imaging studies. Res. Sq. 45, 960–976.
doi: 10.21203/rs.3.rs-3579916/v1

Jia, L., Du, Y., Chu, L., Zhang, Z., Li, F., Lyu, D., et al. (2020). Prevalence, risk
factors, and management of dementia and mild cognitive impairment in adults aged
60 years or older in China: a cross-sectional study. Lancet Public Health 5, e661–e671.
doi: 10.1016/S2468-2667(20)30185-7

Johnson, N. A., Jahng, G. H., Weiner, M. W., Miller, B. L., Chui, H. C., Jagust,
W. J., et al. (2005). Pattern of cerebral hypoperfusion in Alzheimer disease and
mild cognitive impairment measured with arterial spin-labeling MR imaging: initial
experience. Radiology 234, 851–859. doi: 10.1148/radiol.2343040197

Jordão, M. T., Ceroni, A., and Michelini, L. C. (2021). Perfusion of brain
preautonomic areas in hypertension: compensatory absence of capillary
rarefaction and protective effects of exercise training. Front. Physiol. 12:773415.
doi: 10.3389/fphys.2021.773415

Jung, E., Kim, Y. E., Jeon, H. S., Yoo, M., Kim, M., Kim, Y. M., et al. (2023). Chronic
hypoxia of endothelial cells boosts HIF-1alpha-NLRP1 circuit in Alzheimer’s disease.
Free Radical Biol. Med. 204, 385–393. doi: 10.1016/j.freeradbiomed.2023.05.011

Kalaria, R. N. (1996). Cerebral vessels in ageing and Alzheimer’s disease. Pharmacol.
Ther. 72, 193–214. doi: 10.1016/S0163-7258(96)00116-7

Kalaria, R. N., Cohen, D. L., Premkumar, D. R., Nag, S., LaManna, J. C.,
and Lust, W. D. (1998). Vascular endothelial growth factor in Alzheimer’s disease
and experimental cerebral ischemia. Brain Res. Mol. Brain Res. 62, 101–105.
doi: 10.1016/S0169-328X(98)00190-9

Kalaria, R. N., and Hedera, P. (1995). Differential degeneration of the
cerebral microvasculature in Alzheimer’s disease. Neuroreport 6, 477–480.
doi: 10.1097/00001756-199502000-00018

Kalheim, L. F., Bjørnerud, A., Fladby, T., Vegge, K., and Selnes, P. (2017). White
matter hyperintensity microstructure in amyloid dysmetabolism. J. Cereb. Blood Flow
Metab. 37, 356–365. doi: 10.1177/0271678X15627465

Kandimalla, K. K., Scott, O. G., Fulzele, S., Davidson, M. W., and Poduslo, J. F.
(2009). Mechanism of neuronal versus endothelial cell uptake of Alzheimer’s disease
amyloid beta protein. PLoS ONE 4:e4627. doi: 10.1371/journal.pone.0004627

Kanekiyo, T., Liu, C. C., Shinohara, M., Li, J., and Bu, G. (2012). LRP1 in brain
vascular smooth muscle cells mediates local clearance of Alzheimer’s amyloid-β. J.
Neurosci. 32, 16458–16465. doi: 10.1523/JNEUROSCI.3987-12.2012

Katusic, Z. S., and Austin, S. A. (2014). Endothelial nitric oxide: protector of a
healthy mind. Eur. Heart J. 35, 888–894. doi: 10.1093/eurheartj/eht544

Katusic, Z. S., and Austin, S. A. (2016). Neurovascular protective function
of endothelial nitric oxide - recent advances. Circ. J. 80, 1499–1503.
doi: 10.1253/circj.CJ-16-0423

Kaufman, C. S., Honea, R. A., Pleen, J., Lepping, R. J., Watts, A., Morris,
J. K., et al. (2021). Aerobic exercise improves hippocampal blood flow for
hypertensive Apolipoprotein E4 carriers. J. Cereb. Blood Flow Metab. 41, 2026–2037.
doi: 10.1177/0271678X21990342

Frontiers in Aging Neuroscience 20 frontiersin.org

https://doi.org/10.3389/fnagi.2025.1632365
https://doi.org/10.1016/j.bbadis.2013.08.007
https://doi.org/10.1007/s12035-014-8740-7
https://doi.org/10.1016/j.bbamcr.2014.02.016
https://doi.org/10.1128/MCB.16.9.4604
https://doi.org/10.1096/fj.09-139584
https://doi.org/10.1159/000332821
https://doi.org/10.3389/fnagi.2018.00293
https://doi.org/10.1124/pharmrev.121.000418
https://doi.org/10.2353/ajpath.2010.090482
https://doi.org/10.3390/ijms241411344
https://doi.org/10.1093/jnen/nly125
https://doi.org/10.1097/j.pain.0000000000002970
https://doi.org/10.3389/fphys.2021.636736
https://doi.org/10.1113/expphysiol.2007.038729
https://doi.org/10.1139/y92-252
https://doi.org/10.4103/1673-5374.264442
https://doi.org/10.1016/j.neuron.2015.06.001
https://doi.org/10.1152/ajpheart.00129.2020
https://doi.org/10.1111/j.1471-4159.2004.02343.x
https://doi.org/10.1007/BF00193951
https://doi.org/10.3389/fphys.2021.629914
https://doi.org/10.1016/j.archger.2021.104547
https://doi.org/10.3748/wjg.v10.i4.463
https://doi.org/10.3389/fphys.2021.656455
https://doi.org/10.1038/s41467-018-07302-x
https://doi.org/10.1371/journal.pone.0036893
https://doi.org/10.1038/nrn1387
https://doi.org/10.1016/j.nbd.2012.06.011
https://doi.org/10.1038/jcbfm.1992.14
https://doi.org/10.1016/j.brainres.2015.04.056
https://doi.org/10.21203/rs.3.rs-3579916/v1
https://doi.org/10.1016/S2468-2667(20)30185-7
https://doi.org/10.1148/radiol.2343040197
https://doi.org/10.3389/fphys.2021.773415
https://doi.org/10.1016/j.freeradbiomed.2023.05.011
https://doi.org/10.1016/S0163-7258(96)00116-7
https://doi.org/10.1016/S0169-328X(98)00190-9
https://doi.org/10.1097/00001756-199502000-00018
https://doi.org/10.1177/0271678X15627465
https://doi.org/10.1371/journal.pone.0004627
https://doi.org/10.1523/JNEUROSCI.3987-12.2012
https://doi.org/10.1093/eurheartj/eht544
https://doi.org/10.1253/circj.CJ-16-0423
https://doi.org/10.1177/0271678X21990342
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Cai et al. 10.3389/fnagi.2025.1632365

Kawamura, H., Li, X., Goishi, K., van Meeteren, L. A., Jakobsson, L.,
Cébe-Suarez, S., et al. (2008). Neuropilin-1 in regulation of VEGF-induced
activation of p38MAPK and endothelial cell organization. Blood 112, 3638–3649.
doi: 10.1182/blood-2007-12-125856

Kelly, P., Denver, P., Satchell, S. C., Ackermann, M., Konerding, M. A., and Mitchell,
C. A. (2017). Microvascular ultrastructural changes precede cognitive impairment in
the murine APPswe/PS1dE9 model of Alzheimer’s disease. Angiogenesis 20, 567–580.
doi: 10.1007/s10456-017-9568-3

Kelly, P., McClean, P. L., Ackermann, M., Konerding, M. A., Hölscher, C., and
Mitchell, C. A. (2015). Restoration of cerebral and systemic microvascular architecture
in APP/PS1 transgenic mice following treatment with Liraglutide. Microcirculation 22,
133–145. doi: 10.1111/micc.12186

Kerr, A. L., Steuer, E. L., Pochtarev, V., and Swain, R. A. (2010). Angiogenesis but
not neurogenesis is critical for normal learning and memory acquisition. Neuroscience
171, 214–226. doi: 10.1016/j.neuroscience.2010.08.008

Kimura, T., Hashimura, T., and Miyakawa, T. (1991). Observations of microvessels
in the brain with Alzheimer’s disease by the scanning electron microscopy. Jpn. J.
Psychiatry Neurol. 45, 671–676. doi: 10.1111/j.1440-1819.1991.tb01189.x

Kirabali, T., Rust, R., Rigotti, S., Siccoli, A., Nitsch, R. M., and Kulic, L.
(2020). Distinct changes in all major components of the neurovascular unit across
different neuropathological stages of Alzheimer’s disease. Brain Pathol. 30, 1056–1070.
doi: 10.1111/bpa.12895

Kisler, K., Nelson, A. R., Montagne, A., and Zlokovic, B. V. (2017a). Cerebral
blood flow regulation and neurovascular dysfunction in Alzheimer disease. Nat. Rev.
Neurosci. 18, 419–434. doi: 10.1038/nrn.2017.48

Kisler, K., Nelson, A. R., Rege, S. V., Ramanathan, A., Wang, Y., Ahuja, A., et al.
(2017b). Pericyte degeneration leads to neurovascular uncoupling and limits oxygen
supply to brain. Nat. Neurosci. 20, 406–416. doi: 10.1038/nn.4489

Kitaguchi, H., Ihara, M., Saiki, H., Takahashi, R., and Tomimoto, H. (2007).
Capillary beds are decreased in Alzheimer’s disease, but not in Binswanger’s disease.
Neurosci. Lett. 417, 128–131. doi: 10.1016/j.neulet.2007.02.021

Kleinloog, J. P. D., Mensink, R. P., Ivanov, D., Adam, J. J., Uludag, K., and Joris,
P. J. (2019). Aerobic exercise training improves cerebral blood flow and executive
function: a randomized, controlled cross-over trial in sedentary older men. Front. Aging
Neurosci. 11:333. doi: 10.3389/fnagi.2019.00333

Koepsell, H. (2020). Glucose transporters in brain in health and disease. Pflugers
Arch. 472, 1299–1343. doi: 10.1007/s00424-020-02441-x

Koike, M. A., Green, K. N., Blurton-Jones, M., and Laferla, F. M. (2010). Oligemic
hypoperfusion differentially affects tau and amyloid-beta. Am. J. Pathol. 177, 300–310.
doi: 10.2353/ajpath.2010.090750

Kolinko, Y., Marsalova, L., Proskauer Pena, S., Kralickova, M., and Mouton,
P. R. (2021). Stereological changes in microvascular parameters in hippocampus
of a transgenic rat model of Alzheimer’s disease. J. Alzheimer. Dis. 84, 249–260.
doi: 10.3233/JAD-210738

Komiyama, T., Tanoue, Y., Sudo, M., Costello, J. T., Uehara, Y., Higaki, Y., et al.
(2020). Cognitive impairment during high-intensity exercise: influence of cerebral
blood flow. Med. Sci. Sports Exerc. 52, 561–568. doi: 10.1249/MSS.0000000000002183

Korad, S., Mündel, T., and Perry, B. G. (2024). The effects of habitual resistance
exercise training on cerebrovascular responses to lower body dynamic resistance
exercise: a cross-sectional study. Exp. Physiol. 109, 1478–1491. doi: 10.1113/EP091707

Korn, C., and Augustin, H. G. (2015). Mechanisms of vessel pruning and regression.
Dev. Cell 34, 5–17. doi: 10.1016/j.devcel.2015.06.004

Krueger, M., and Bechmann, I. (2010). CNS pericytes: concepts, misconceptions,
and a way out. Glia 58, 1–10. doi: 10.1002/glia.20898

Krüger-Genge, A., Blocki, A., Franke, R. P., and Jung, F. (2019). Vascular endothelial
cell biology: an update. Int. J. Mol. Sci. 20:4411. doi: 10.3390/ijms20184411

Lake, S. L., Guadagni, V., Kendall, K. D., Chadder, M., Anderson, T. J., Leigh,
R., et al. (2022). Aerobic exercise training in older men and women-Cerebrovascular
responses to submaximal exercise: results from the Brain in Motion study. Physiol. Rep.
10:e15158. doi: 10.14814/phy2.15158

LaManna, J. C. (2018). Cerebral angioplasticity: the anatomical contribution to
ensuring appropriate oxygen transport to brain. Adv. Exp. Med. Biol. 1072, 3–6.
doi: 10.1007/978-3-319-91287-5_1

Langbaum, J. B., Chen, K., Caselli, R. J., Lee, W., Reschke, C., Bandy, D., et al. (2010).
Hypometabolism in Alzheimer-affected brain regions in cognitively healthy Latino
individuals carrying the apolipoprotein E epsilon4 allele. Arch. Neurol. 67, 462–468.
doi: 10.1001/archneurol.2010.30

Latimer, C. S., Searcy, J. L., Bridges, M. T., Brewer, L. D., Popović, J.,
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