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A B S T R A C T   

Alzheimer’s disease is the commonest form of dementia. It is likely that a lack of clearance of amyloid beta (Aβ) 
results in its accumulation in the parenchyma as Aβ oligomers and insoluble plaques, and within the walls of 
blood vessels as cerebral amyloid angiopathy (CAA). The drainage of Aβ along the basement membranes of blood 
vessels as intramural periarterial drainage (IPAD), could be improved if the driving force behind IPAD could be 
augmented, therefore reducing Aβ accumulation. There are alterations in the composition of the vascular 
basement membrane in Alzheimer’s disease. Lysyl oxidase (LOX) is an enzyme involved in the remodelling of the 
extracellular matrix and its expression and function is altered in various disease states. The expression of LOX is 
increased in Alzheimer’s disease, but it is unclear whether this is a contributory factor in the impairment of IPAD 
in Alzheimer’s disease. The pharmacological inhibition of LOX may be a strategy to improve IPAD and reduce the 
accumulation of Aβ in the parenchyma and within the walls of blood vessels.   

Cerebral amyloid angiopathy and Alzheimer’s disease 

Alzheimer’s disease is the commonest form of dementia and its ul-
timate cause remains unknown. The hallmarks of AD consist of the 
extracellular deposition of amyloid-beta (Aβ) as plaques and in the walls 
of blood vessels as cerebral amyloid angiopathy (CAA), in addition to the 
intracellular deposition of hyperphosphorylated tau [1]. Approaches 
consisting of lowering the production of Aβ or removing aggregated and 
oligomeric soluble Aβ by immunisation against Aβ have been extensively 
trialled, yet only a single recent clinical trial has shown an improvement 
in clinical outcomes so far [2–5], and the magnitude of the improvement 
in that trial was small and offset by concerns about toxicity. The series of 
failures suggest that either Aβ is not an appropriate target [6], or that the 
treatments were administered too late and neurodegeneration was too 
advanced by the time these trials took place [2]. Active immunisation 

against Aβ results in the removal of plaques and worsening of CAA [7]. 
Most Alzheimer’s disease cases are sporadic. Ageing is the greatest 

risk factor [8], followed by apolipoprotein E4 genotype [9] and car-
diovascular disease [10]. In familial forms of Alzheimer’s disease, mu-
tations cause the overproduction of pathological Aβ, leading to its 
accumulation within the parenchyma and blood vessels [11]. This sug-
gests that in sporadic cases with no clear genetic cause, the clearance 
and degradation of Aβ is impaired, resulting in the pathological accu-
mulation of Aβ in the extracellular spaces as plaques or CAA [12,13]. 
Plaques are composed mainly of Aβ42 but vascular amyloid contains 
predominantly Aβ40 [14]. Postmortem studies show that up to 80% of 
Alzheimer’s brains [15,16] and 20% of aged non-Alzheimer’s brains 
[16] have CAA. Moderate to severe CAA can be identified clinically as 
small foci of bleeding in cortical areas with iron-sensitive magnetic 
resonance imaging sequences and is detectable in 20–30% of patients 
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with Alzheimer’s disease [17,18]. Since increasing age does not result in 
an increase in the production of Aβ, the pathogenesis of CAA reflects a 
failure of clearance of Aβ and interstitial fluid from the ageing brain 
[13]. 

Considering the probable impairment of degradation and clearance 
of Aβ in patients with sporadic Alzheimer’s disease, it is perhaps not 
surprising that anti-Aβ drugs and vaccines have not proven efficacious 
thus far. Aβ is removed from the brain via several mechanisms, including 
proteolytic degradation, degradation by glial cells and clearance to the 
blood [19–23] which become less effective with age [24–26]. CAA is 
usually composed, primarily, of Aβ40. However, analysis of the brains of 
patients who took part in the AN1792 clinical trial [27] discovered that 
patients immunised against Aβ42 displayed a far higher incidence of 
CAA, which also contained proportionally more Aβ42 [28]. The Aβ42 in 
the vessels may have originated from the parenchymal pool of Aβ and its 
drainage via the periarterial pathway was impaired. This indicates that 
an important limiting factor for Aβ removal from the brain is along the 
walls of blood vessels. Because the majority of patients with Alzheimer’s 
disease and a significant proportion of those with non-Alzheimer’s de-
mentia develop CAA, the removal and drainage of Aβ via the blood 
vessels is an essential area for future research. 

Intramural periarterial drainage and CAA 

The central nervous system (CNS) lacks a traditional lymphatic sys-
tem. The two major fluids of the CNS, cerebrospinal fluid and interstitial 
fluid, follow different drainage pathways. Cerebrospinal fluid drains 
primarily to the blood via arachnoid villi and granulations [29]. There is 
no doubt that enlarged perivascular spaces are key radiological signs in 
cerebral small vessel disease and multiple sclerosis, or even present in 
normal ageing. The problem is that the concept of an actual space 
adjacent to the vessel wall present in the normal brain is wrong. His-
tological studies in humans [30] as well as electron microscopy studies 
in humans [31] demonstrate there are no spaces as such, but rather a 
compartment filled with extracellular matrix adjacent to the vessel wall 
and composed of the basement membranes of the astrocyte end feet 
fused with the basement membranes of the leptomeningeal adventitia. It 
is this compartment that is labelled as “perivascular space”. Experi-
mental in vivo studies using rodents demonstrate that this compartment 
is used for glymphatic entry/convective influx of CSF into the brain 
[32]. Interstitial fluid drains from the parenchyma along the basement 
membranes of capillaries, arterioles and arteries of the CNS [33,34] as 
intramural periarterial drainage (IPAD) [32]. Failure of IPAD leads to 
the deposition of Aβ in the basement membranes of capillaries and ar-
teries as cerebral amyloid angiopathy (CAA) [35].  IPAD occurs within 
the basement membranes against the direction of blood flow rather than 
alongside vessels. Ultrastructural analysis has shown that tagged Aβ 
injected into the hippocampal parenchyma enters the wall of the 
capillary and travels along basement membranes surrounding the 
smooth muscles of arterioles and arteries, within the tunica media of the 
vessel [36]. IPAD is driven by the contractions and relaxation of the 
smooth muscle cells of vessels, which drive the fluid and solutes within 
the basement membranes in the opposite direction to the flow of blood 
[37]. As CAA progresses, it causes a range of structural changes in the 
vessels, including impairment of vascular smooth muscle function and 
survival, thickening of the vessel wall, loss of autoregulation and occa-
sional rupture. The drainage of Aβ from the brain may be improved if the 
driving force behind IPAD could be augmented, thus reducing the 
accumulation of Aβ. The worsening of CAA and the presence of Aβ42 in 
the CAA after immunisation against Aβ suggests that Aβ42 is solubilised 
from plaques and entrapped in the IPAD pathways [38]. 

Cerebrovascular basement membranes 

The conduits for IPAD are cerebrovascular basement membranes. 
The basement membranes are specialised forms of extracellular matrix 

composed of glycoproteins and proteoglycans that are aligned along the 
abluminal side of endothelia separating the endothelia from pericytes/ 
smooth muscle cells and pericytes/smooth muscle cells from astrocytes, 
forming membranes between different cell types [39] (Fig. 1). Basement 
membranes consist of highly cross-linked complexes of collagen IV, 
laminin, fibronectin, nidogen/entactin, and heparan sulphate pro-
teoglycans. The formation of these cross-links is catalysed by the activity 
of lysyl oxidase (LOX) (Fig. 1). Both collagen IV and laminin are critical 
for basement membrane stability and can self-assemble into sheet-like 
structures interacting with each other by nidogen/entactin. LOX, an 
extracellular matrix amine oxidase, converts amines into highly reactive 
aldehdyes that spontaneously form covalent crosslinks between fibrillar 
collagens and elastins, ensuring extracellular matrix structural integrity 
[40]. Each cell type of the perivascular compartment contributes to the 
composition of the extracellular matrix by producing structural and 
functional diversity between the basement membranes of different 
vessel types [41]. Cells interact with the extracellular matrix by the 
association of the transmembrane proteoglycan dystroglycan and 
integrin adhesion receptors with laminin networks [42]. Dystroglycan is 
expressed in astrocytes, neurons and endothelial cells. Integrins are 
present on all cell types involved in the formation of the blood-brain 
barrier. Integrin adhesion receptors regulate signalling pathways but 
also anchor cells in place regulating their motility [43]. 

Ageing and cerebrovascular diseases are associated with changes in 
the basement membrane. Degradation, splitting, duplication, thickening 
and presence of abnormal inclusions have been observed in animal 
models of ageing and subarachnoid haemorrhage [44] [45,46], in aged 
human brains [45,46] and in humans following ischaemic strokes with 
haemorrhagic transformations [47] which is possibly due to an increase 
in the expression of proteolytic enzymes [48]. 

Remodelling of the brain microvasculature and biochemical alter-
ations to basement membranes are common in ageing and neuropath-
ological conditions. Prominent fibrosis, associated with degeneration of 
vascular smooth muscle cells [49,50] and alterations to basement 
membrane proteins such as collagen IV have been reported in ageing 
[51], Parkinson’s disease [52] and Alzheimer’s disease [53]. In Alz-
heimer’s disease, the development of CAA has even been attributed to 
biochemical changes to basement membrane proteins that directly 
interact with Aβ. These proteins either promote Aβ aggregation (perle-
can, fibronectin and agrins) [54,55] or inhibit Aβ accumulation by 
destabilising its fibrilization (laminin, nidogens and collagen IV) [56]. In 
the early stages of Alzheimer’s disease, thickening of the basement 
membrane [57] is accompanied by increased levels of collagen IV, 
perlecan and fibronectin [58] but in later stages, collagen IV is reduced 
[59] and heparan sulphate proteoglycans such as agrin are increased 
[60,61] creating an environment that favours Aβ aggregation as CAA. 
Matrix metalloproteinases (MMPs) and tissue inhibitors of metal-
loproteinases (TIMPs) are involved in the turnover of basement mem-
branes. Enzymes such as LOX are involved in morphological changes of 
basement membranes [62]. 

The morphological and physiological changes in cerebrovascular 
basement membranes are essential for IPAD and therefore the efficient 
removal of Aβ. It is therefore imperative to understand the biology of the 
regulatory processes of basement membranes during ageing and with 
risk factors identified for Alzheimer’s disease. 

Facilitating the clearance of amyloid from the brain 

Experimental studies demonstrate that the efficiency of IPAD in 
clearing solutes found in interstitial fluid from the CNS decreases with 
age, most likely due to arterial stiffness and arteriosclerosis [63]. Arte-
rial stiffness has been associated with the progression of Alzheimer’s 
disease [64]. Improving the compliance and contractions of the smooth 
muscle cells driving IPAD may improve the clearance of Aβ and either 
prevent its accumulation or allow its full removal from the brain. 

Intervening in the remodelling of basement membranes via MMPs or 
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TIMPs may not be feasible due to their inability to act locally and the risk 
of systemic effects. However, it may be possible to act upon LOX, also 
involved in the remodelling of the extracellular matrix. Described in 
1968 as an enzyme responsible for cross-linking collagen and elastin by 
converting lysine to allycine [65], the role of LOX in maintaining and 
stabilising the basement membrane of peripheral blood vessels is well 
established [66]. It remains to be seen if the effects of LOX on cerebral 
arteries are similar to those in systemic arteries. Ultimately the goal is to 
facilitate vasomotion, not just contractility and this may require a fine 
balance between LOX, MMPs and TIMPs. 

Lessons learned from research into peripheral roles of LOX 

LOXs consist of a family of extracellular copper-containing enzymes 
comprised by five closely related isoenzymes, LOX and LOX-likes 
(LOXLs; LOXL1–4). LOXs are responsible for the oxidative deamina-
tion of specific ε-amino groups of lysine and hydroxylysine residues in 

collagen and elastin chains, the first step in the covalent cross-linking of 
the extracellular matrix, which is critical for the maintenance of the 
tensile and elastic properties of connective tissues [67,68]. Although its 
primary function lies in extracellular matrix maturation, several recent 
reports have highlighted that this family of isoenzymes are involved in 
multiple biological activities (Fig. 2) [67,69]. The ubiquitous functions 
of LOXs along with the existence of active intracellular forms of LOXs 
suggest that their dysregulation might affect numerous pathophysio-
logical processes, particularly those involved in vascular disorders. 

In the vascular wall, LOX family members are expressed in endo-
thelial cells, vascular smooth muscle cells and fibroblasts [67]. These 
enzymes have been involved in different processes underlying the onset 
and progression of atherosclerosis and restenosis; their inhibition has 
been linked to the destructive remodelling characteristic of arterial 
dissection and aneurysms in the peripheral vascular system [67]. 
However, there is a paucity of information about the contribution of 
LOXs to cerebrovascular function. 

Fig. 1. Schematic diagram of a typical cerebral capillary (a) and arteriole (b). Basement membrane (purple) align along the abluminal side of endothelia (green) 
separating endothelia from pericytes/smooth muscle cells (red) and pericytes/smooth muscle cells from astrocytes (blue) (enlarged insets in a & b). Basement 
membranes consist of highly crosslinked complexes of collagen IV, laminin, fibronectin, nidogen/entactin, and heparan sulphate proteoglycans (c). Lysyl oxidase 
reinforces collagen IV networks by forming covalent crosslinks at 7S domains. 
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Contribution of LOXs to vascular aneurysm development 

Genetic sequencing in humans [70] as well as experimental work in 
rodents [71] support a role for dysregulation of LOX in the pathogenesis 
of aneurysms. It is now recognised in the literature that overexpression 

or genetic mutations of LOX are involved in different aspects of the 
pathologies of arterial wall. It is not known which stage of the patho-
logical process and this needs to be determined in future studies. 

LOX may represent a valuable approach to preserve vascular integ-
rity. Low expression of LOX has been detected in patients with cerebral 

Fig. 2. LOX synthesis and processing. LOX is 
synthesized as a pre-proenzyme. In the endo-
plasmic reticulum (ER) and Golgi it is subjected 
to post-translational modifications, including 
signal peptide cleavage, copper incorporation, 
lysine tyrosylquinone (LTQ) generation and 
enzyme glycosylation. Then, the proLOX form 
translocates into the extracellular space, where 
it is proteolitically processed by bone morpho-
genetic protein (BMP-1), yielding the mature 
and enzymatically active LOX form and its pro- 
peptide. Mature LOX contributes to extracel-
lular matrix (ECM) maturation through elastin 
and collagen crosslinking. In turn, intracellular 
mature LOX forms have been detected in the 
cytoplasm and nucleus, participating in the 
regulation of different cellular processes such as 
the control of gene expression and cell adhesion 
and motility.   

Fig. 3. LOX in the vascular wall. The scheme in 
the upper panel depicts the structure of a 
healthy vessel (left) and an atherosclerotic ar-
tery (right). Vascular layers (adventitia, media 
and endothelium) and lumen are indicated. In 
atherosclerotic lesions, vascular smooth muscle 
cell proliferation and migration leads to the 
formation of a neointimal tissue with a fibrous 
cap enriched in vascular smooth muscle cells 
and collagen (purple) covering a lipid core 
(yellow) containing inflammatory cells, 
cholesterol and macrophage-derived foam cells. 
Masson’s trichrome staining of coronary ar-
teries show vascular remodelling associated 
with atherosclerotic lesions, characterized by 
collagen deposition (purple; middle panel). In 
the bottom panel, note the strong staining of 
LOX found in collagen rich areas of athero-
sclerotic lesions, while, in healthy arteries, LOX 
is detected in the endothelium.   
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aneurysms and in animal models of this disease associated to an exac-
erbated inflammatory response [72]. Furthermore, polymorphisms in 
LOXL2 are associated with increased susceptibility to intracranial an-
eurysms [73]. Similarly, the development of abdominal aortic aneu-
rysms (AAA) in preclinical models is frequently associated with a 
decrease in LOX expression [74,75]. In fact, genetic or pharmacologic 
inhibition of LOX induces AAA in different animal models [71,76], while 
local LOX overexpression promotes the regression of experimentally 
established AAA [75]. These effects seem to be isoform selective since 
ablation of LOXL1 in mice has no impact on aortic diameter [77]. More 
interestingly, recent research uncovers the major contribution of LOX to 
the sexual dimorphism of AAA, reporting higher aortic expression of 
LOX in women and how LOX inhibition in mice abolishes the protection 
against angiotensin II-induced AAA exhibited by females [78]. Likewise, 
downregulation of LOX has also been described in patients affected by 
aortic dissections of ascending aorta [79,80], while genetic variants of 
LOX seem to predispose to thoracic aneurysms [70]. 

LOXs in the onset and progression of atherosclerosis: arterial 
stiffness 

In vitro and in vivo studies of atherosclerosis support the hypothesis 
that inhibition of LOX activity may contribute to the endothelial 
dysfunction elicited by cardiovascular risk factors and inflammatory 
cytokines, impairing endothelial barrier integrity [68,81,82]. While the 
downregulation of LOX seems to be involved in the early stages of 
atherosclerosis development [83], expression of LOX is enhanced in 
advanced plaques from different animal models [84,85] (Fig. 3). Inhi-
bition of LOX using β-aminopropionitrile (BAPN) [65,86] reduced the 
extent of atherosclerosis, limiting macrophage infiltration [85]. The 
enhanced expression of LOX in calcified areas from human advanced 
atherosclerotic lesions [87] (Fig. 3) and in fibrotic regions from human 
carotid endarterectomies in which higher LOX expression is coincident 
with more stable plaques, supports its role in the healing process that 
limits plaque rupture [88]. The potential contribution of LOX and 
LOXL2 to neovascularization and thrombosis [89–91] and the ability of 
LOX to control vascular smooth muscle cell proliferation and calcifica-
tion [87,92] add further complexity to the intricate mechanisms through 
which LOX could influence plaque progression and stability. 

Arterial stiffness, which is a predictor of cardiovascular events, is 
closely associated with atherosclerosis, hypertension and ageing and has 
also been linked to brain microvascular damage and the deposition of Aβ 
[93–95]. The altered composition and structure of the extracellular 
matrix impacts on the mechanical properties of the vascular wall and is a 
major determinant of vascular stiffness. In this context, recent research 
has uncovered the relationship between the disturbance of the expres-
sion and/or activity of LOXs with changes in vascular compliance [96]. 
Analysis in transgenic mice that overexpress human LOX in vascular 
smooth muscle cell (TgLOXVSMC) demonstrated that LOX triggers an 
increase in vascular stiffness and alters the structure of elastin in 
mesenteric arteries [96]. These effects rely on the enhanced vascular 
LOX activity and production of reactive oxygen species exhibited by 
these animals. Hypertension appears to enhance the expression of 
vascular LOX; the enhanced LOX activity is partially responsible for the 
higher vascular stiffness and the disturbance of elastin structure char-
acteristic of hypertensive animal models [96]. LOXL2 is associated with 
vascular stiffening and hypertension; blockade of LOXL2 expression 
prevents the age-dependant increase in vascular stiffness and delays the 
onset of hypertension [97]. We are unaware to date of specific studies 
addressing the contribution of LOXs to cerebral arterial stiffness and its 
impact on the brain microvascular function and perivascular amyloid 
clearance. 

Late interventions in AD are not likely to yield results, as at that stage 
the smooth muscle cell function and structure are compromised. Early 
interventions focussing on improving vasomotion and the function of 
cerebrovascular smooth muscle cells promise to improve both perfusion 

as well as IPAD. Inhibitors of LOX may help with delaying or preventing 
arterial wall stiffness and preserving arterial wall compliance. 

LOX and the brain 

The role of LOX and LOXL in the cerebral vessels is less established 
than in the periphery. However, animal studies investigating the 
expression of LOX in various disease states have shown that LOX likely 
has a role in maintaining cerebral health. The inhibition of LOX 
following spinal cord injury in mice accelerated their functional recov-
ery and improved some outcomes, suggesting that LOX may be involved 
in scar formation at injury sites [98]. Another study demonstrated that 
LOX has increased activity in rat experimental traumatic brain injury 
sites [99]. Conversely, a low copper diet or inhibition of LOX was found 
to increase the risk of cerebral haemorrhage in mice [100]. Taken 
together, these studies suggest that increased LOX expression may be a 
natural response to injury or lesions of the CNS. 

Few studies have investigated how LOX expression and function is 
affected in neurodegenerative diseases. While investigating a role for 
LOX in amyotrophic lateral sclerosis, Li et al. found that LOX expression 
and functional activity was increased in some brain regions, such as the 
brainstem, spinal cord and cortex of SOD1 mutant mice [101]. The 
expression of LOX is increased in brains from patients with Alzheimer’s 
and non-Alzheimer’s dementia and LOX was identified in amyloid pla-
ques and capillaries [102]. LOX is associated with senile plaques and 
CAA of both Alzheimer’s patients and patients carrying the hereditary 
cerebral haemorrhage with amyloidosis-Dutch type (HCHWA-D) muta-
tion, an autosomal dominant disease characterised by severe CAA [103]. 
A coding variant in LOXL4 was recently identified in a kindred with 
autosomal dominant AD and was reported to delay the onset of symp-
toms by 9 years [104]. These studies suggest that LOX has a disease 
modifying role in the progression of disease. 

Mutations in LOXL-1 have been associated with pseudoexfoliation 
syndrome and pseudoexfoliation glaucoma [105] in multiple pop-
ulations, such as Spanish [106], Chinese [107], Finnish [108] and Ice-
landic [109]. These are age-related disorders characterised by the 
accumulation of fibrillar deposits in the eye, affecting up to 30% of 
people aged over 60 [110]. Several studies conclude that the risk of 
Alzheimer’s disease is higher in pseudoexfoliation patients [111,112], 
though there has been some disagreement [113]. However, Aβ has been 
identified in the aqueous humour from people with pseudoexfoliation 
syndrome [114,115]. Given that up to 91% of cases of pseudoexfoliation 
syndrome, an age-related disease itself, are strongly associated with 
three polymorphisms in LOXL-1 [105], it is possible that LOXL-1 poly-
morphisms may be associated with an increased risk of Alzheimer’s 
disease or CAA although one study denies such association [116]. 
Clusterin (Apolipoprotein J) is involved in the pathology of both Alz-
heimer’s disease and pseudoexfoliation syndrome, and is a possible 
explanation for the link between these two diseases [117]. 

The role of LOX in CAA 

Evidence presented so far suggests that in terms of brain vascular 
health following injury or insult, increased LOX is associated with dis-
ease and inhibition of LOX improves outcomes. Taking into consider-
ation the association of LOX with Alzheimer’s pathology and CAA, and 
the expression of LOX associated with the thickness of the basement 
membranes of blood vessels, it is probable that increased expression of 
LOX contributes to vascular dysfunction in ageing, the failure of IPAD, 
and development of CAA. A valuable tool for the study of IPAD and 
pathogenesis of CAA could be an animal model that overexpresses LOX 
[92]. 

Most studies investigating the role of the LOXs in the brain have 
focused on LOX rather than its homologs, LOXL1–4 [118]. A develop-
mental study using immunohistochemistry to assess LOX and LOXL 
protein expression in mice at different ages found that they are 
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co-localised in some peripheral tissues, such as the skin and aorta, but 
not in other areas, such as the kidney and stomach [119]. Analysis of the 
brain revealed LOX and LOXL expression varied throughout different 
regions and cell types, with LOX expression stronger on endothelial 
capillary cells and pyramidal cells of the cortex and LOXL expression 
dominating in the commissural nerve fibres of the cortex and Purkinje 
cells of the cerebellum. Within the hippocampus, the expression of LOXL 
was much stronger than that of LOX in the pyramidal cell layer [119]. 
Although homologs, the processing and regulation of LOX [120] and 
LOXL [121] is different. Given the expression of both LOX and LOXL in 
endothelial cells of capillaries within the cortex [119], it is possible that 
an altered expression of either one of these enzymes could have a role in 
vascular disease in the brain. Since LOXL and LOX have widespread but 
differential distribution within the hippocampus and capillary endo-
thelia, it is important to investigate the role of both LOX and LOXL when 
determining their contribution to the pathogenesis of CAA and Alz-
heimer’s disease. 

Inhibition of LOX may be a possible therapeutic strategy to improve 
brain health in diseases of the cerebrovasculature. BAPN is an irre-
versible inhibitor of LOX and LOXL which is widely used in pre-clinical 
studies [65,86,122]. BAPN has been used in clinical studies only in 
limited ways due to its substantial toxicity, including the risk of large 
vessel rupture [123,124]. Newer drugs, synthesised to be less toxic than 
BAPN, could prove beneficial to those with CAA or other vascular dis-
eases of the brain. One such new drug is PXS-5505 already in Phase 1 
clinical trials for myelofibrosis and cancer (ClinicalTrials.gov Identifier: 
NCT04676529) [125]. 

Conclusion 

The majority of research into the function of LOX and LOXLs has 
established the role of LOX in the peripheral cardiovascular system. 
Taken together, the evidence suggests that increased activity of LOX in 
particular, within the cerebrovascular system, could be part of a key 
mechanism of arteriolosclerosis. Since the arteries of the brain are 
responsible for both IPAD and perfusion of fluid and solutes, arterio-
losclerosis forms the basis of both vascular dementia and the CAA of 
Alzheimer’s disease. LOX therefore represents an attractive new target 
for reducing the stiffness of cerebral arterioles, thus improving both the 
perfusion of the brain as well as IPAD. 
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S. Sánchez-Gómez, et al., Statins normalize vascular lysyl oxidase down- 
regulation induced by proatherogenic risk factors, Cardiovasc. Res. 83 (3) (2009) 
595–603. 

[84] H.M. Kagan, J. Raghavan, W. Hollander, Changes in aortic lysyl oxidase activity 
in diet-induced atherosclerosis in the rabbit, Arterioscl.: Off. J. Am. Heart Assoc., 
Inc. 1 (4) (1981) 287–291. 

L. Kelly et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0030
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0030
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0030
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0030
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0031
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0031
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0031
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0031
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0032
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0032
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0032
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0032
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0033
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0033
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0033
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0033
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0034
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0034
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0035
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0035
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0035
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0036
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0036
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0036
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0037
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0037
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0037
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0038
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0038
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0038
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0039
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0039
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0039
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0040
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0040
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0041
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0041
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0041
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0042
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0042
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0042
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0043
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0043
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0044
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0044
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0044
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0045
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0045
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0046
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0046
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0047
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0047
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0047
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0047
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0048
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0048
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0048
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0049
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0049
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0049
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0050
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0050
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0050
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0050
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0051
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0051
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0051
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0052
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0052
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0052
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0053
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0053
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0054
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0054
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0054
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0054
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0055
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0055
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0055
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0056
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0056
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0056
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0057
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0057
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0057
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0057
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0058
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0058
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0058
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0059
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0059
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0059
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0060
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0060
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0061
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0061
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0061
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0061
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0062
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0062
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0062
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0062
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0063
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0063
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0063
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0063
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0064
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0064
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0064
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0065
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0065
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0065
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0065
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0067
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0067
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0067
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0068
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0068
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0068
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0068
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0069
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0069
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0069
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0070
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0070
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0070
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0071
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0071
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0071
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0071
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0072
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0072
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0072
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0073
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0073
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0073
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0073
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0074
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0074
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0074
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0075
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0075
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0075
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0076
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0076
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0076
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0077
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0077
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0077
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0078
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0078
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0078
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0079
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0079
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0079
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0080
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0080
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0081
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0081
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0081
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0082
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0082
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0082
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0083
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0083
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0083
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0083
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0084
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0084
http://refhub.elsevier.com/S2666-2450(23)00015-6/sbref0084


Cerebral Circulation - Cognition and Behavior 5 (2023) 100171

8

[85] D. Kothapalli, S.-L. Liu, Y.H. Bae, J. Monslow, T. Xu, E.A. Hawthorne, et al., 
Cardiovascular protection by ApoE and ApoE-HDL linked to suppression of ECM 
gene expression and arterial stiffening, Cell Rep. 2 (5) (2012) 1259–1271. 

[86] S. Tang, P. Trackman, H. Kagan, Reaction of aortic lysyl oxidase with beta- 
aminopropionitrile, J. Biol. Chem. 258 (7) (1983). 

[87] E. Jover, A. Silvente, F. Marín, J. Martínez-González, M. Orriols, C.M. Martinez, et 
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[104] J.I. Vélez, F. Lopera, C.T. Silva, A. Villegas, L.G. Espinosa, O.M. Vidal, et al., 
Familial Alzheimer’s disease and recessive modifiers, Mol. Neurobiol. 57 (2) 
(2020) 1035–1043. 

[105] J.A. Aragon-Martin, R. Ritch, J. Liebmann, C. O’Brien, K. Blaaow, F. Mercieca, et 
al., Evaluation of LOXL1 gene polymorphisms in exfoliation syndrome and 
exfoliation glaucoma, Mol. Vis. 14 (2008) 533–541. 

[106] L. de Juan-Marcos, F.A. Escudero-Dominguez, E. Hernandez-Galilea, L. Cabrillo- 
Estevez, F. Cruz-Gonzalez, C. Cieza-Borrella, et al., Association of lysyl oxidase- 
like 1 gene polymorphisms in pseudoexfoliation syndrome and pseudoexfoliation 
glaucoma in a Spanish Population, Ophthalmic Genetics; (2016) 25–30. 

[107] L. Chen, L. Jia, N. Wang, G. Tang, C. Zhang, S. Fan, et al., Evaluation of LOXL1 
polymorphisms in exfoliation syndrome in a Chinese population, Mol. Vis. 15 
(2009) 2349–2357. 
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