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Abstract Vascular remodeling and angiogenesis are two key processes in the maintenance of
vascular homeostasis and involved in a wide array of vascular pathologies. Following these pro-
cesses, extracellular matrix (ECM) provides the mechanical foundation for vascular walls. Lysyl
oxidase (LOX), the key matrix-modifying enzyme, has been demonstrated to significantly
affect structural abnormality and dysfunction in the blood vessels. The role of LOX in vascular
remodeling and angiogenesis has always been the subject in the current medical research.
Therefore, we presently make a summarization of the biosynthesis of LOX and the mechanisms
involved in vascular remodeling and angiogenesis, as well as the role of LOX in diseases asso-
ciated with vascular abnormalities and the therapeutic potential via targeting LOX. In partic-
ular, we give a proposal that LOX likely reshapes matrisome-associated genes expressions in
the regulation of vascular remodeling and angiogenesis, which serves as a mechanistic insight
into the critical role of LOX in these two aspects. Additionally, LOX has also dual effects on the
vascular dysfunction, namely, inhibition of LOX for improving hypertension, restenosis and ma-
lignant tumor while activation of LOX for curing arterial aneurysm and dissection. LOX-
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targeted therapy may provide a promising therapeutic strategy for the treatment of various
vascular pathologies associated with vascular remodeling and angiogenesis.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Blood vessels including arteries, capillaries and veins form
one of the largest surfaces in the human body.1 The estab-
lishment of an organized vascular system is key to tissue
homeostasis via providing oxygen and some essential nutri-
ents (such as vitamins and minerals) as well as removal of
metabolic waste products. Extracellular matrix (ECM) is
critical for structural support to the blood vessels.2 A prop-
erly structured ECM is indispensable for maintenance of the
mechanical integrity of the vessels. There is also evidence
supporting that increased degradation of elastin, one of the
most important ECM components in the aorta, leads to a loss
of structural integrity and vessel wall dilation.3 As the key
matrix-modification enzymes, lysyl oxidase (LOX) and lysyl
oxidase-like 1e4 (LOXL1e4) play a role in the remodeling of
ECM. For instance, the mice lacking the protein Loxl1 which
corresponds to LOXL1 in human exhibit the serious damage
in lung, skin and blood vessel due to inability of depositing
elastic fibers in the postpartum uterine tract.4 Meanwhile,
LOXL4 is also important for the development of elastic ves-
sels and mechanical stress of the vessel wall.5 Recently, LOX
has grabbed great attention in remodeling ECM as it can
initiate the covalent cross-linking of collagen and elastin,
two well-known ECM proteins in the aortic wall, and thereby
ensuring ECM stability.6,7 What’s more important, it is re-
ported that the overall amount of LOX activity was reduced
by 80% with deletion of Lox in cultured skin fibroblasts and
aortic smooth muscle cells while Loxls proteins are merely
responsible for the remaining 20% of the activity.8,9 These
data support that LOX encodes the majority of the LOX ac-
tivity, at least in the aorta. Therefore, the present work
focuses on the role of LOX in vascular biology. The direct
evidence supporting a critical role of LOX in vascular biology
arises from the study that the homozygous knockout of Lox
gene in mice results in perinatal death due to aortic aneu-
rysm (AA) and spontaneous dissection.10 In addition, mutant
Lox null mice also display highly abnormal aortic histology
characterized by fragmented elastic fibers and aberrant
smooth muscle cell (SMC) layers.11 These results strongly
support the functional significance of LOX in the mainte-
nance of the integrity of blood vessels. Actually, in athero-
sclerosis, a chronic inflammatory disease of blood vessels,12

it has been found that LOX modulates virtually all patho-
logical stages, from endothelial dysfunction and plaque
progression to vascular calcification, and aggravates vascular
stiffness.

In vascular system, vascular remodeling and angiogen-
esis are key prerequisites in various conditions including
embryonic development and vascular dysfunction (Fig. 1).
For instance, vascular remodeling and angiogenesis are
innate responses following ischemic cardiovascular events
(such as peripheral artery disease and myocardial infarc-
tion), which is of vital importance for restoring blood supply
and oxygenation.13 With respect to the relationship of LOX
and vascular remodeling or angiogenesis, LOX is the major
isoform responsible for the proliferation and migration of
the aortic vascular smooth muscle cells (VSMCs), which is a
critical process in vascular remodeling, as the cells with
LOX deficiency exhibits 80% reduction of LOX activity.8 In
the field of angiogenesis, LOX-mediated ECM stiffness binds
to integrin b1 and subsequently results in activation of
phosphatidylinositol-3 kinase (PI3K)/Akt signaling pathway
and up-regulation of vascular endothelial growth factor
(VEGF) expression.14 In response to the increase in VEGF,
elevated VEGF receptor 2 (VEGFR2) is observed in tip cells
at the ends of angiogenic sprouts and thereby guide vessel
outgrowth.15 Taken together, these evidences support a
critical role of LOX in vascular remodeling and angiogen-
esis. Until now, there is lack of systematic summarization of
the relationship between LOX and vascular biology espe-
cially vascular remodeling and angiogenesis. Therefore, in
this review, we aim to describe current knowledge of the
role of LOX in vascular remodeling and angiogenesis and
also further discuss the therapeutic potential against
vascular dysfunction via targeting LOX.

Biosynthesis and localization of LOX

LOX was firstly identified in 1968 by the research group of
Pinnell and Martin.16 In addition to LOX, four other LOXLs
members including LOXL1, LOXL2, LOXL3 and LOXL4 have
been identified,17 thus establishing the LOX family contain-
ing five isoforms. Structurally, LOXLs have significant simi-
larity to LOX in C-terminal amine oxidase catalytic domain
which can oxidize specific lysine and hydroxylysine residues
for producing highly reactive aldehydes, finally resulting in
the initiation of intra- and inter-molecular covalent cross-
linkages. However, they are extremely variable in N-terminal
signal peptide domain. The biosynthetic pathway of LOX is
summarized in Figure 2. Briefly, it is translated as a 48-kDa
preproenzyme in the ribosome. Following the removal of N-
terminal signal peptide sequence in the endoplasmic retic-
ulum (ER), N-glycosylation and copper incorporation and the
cofactor lysyl tyrosine quinone (LTQ) formation occur in the
golgi compartment to generate a proenzyme with the mo-
lecular weight of 50 kDa. Thereafter, the resulting 50 kDa
proenzyme is secreted into the extracellular space and un-
dergoes proteolytic cleavage by procollagen C-proteinases
including bone morphogenic protein-1 (BMP-1) and to a less
degree, by mammalian Tolloid-like 1 (mTLL-1) and mTLL-2 at
the residues between Gly168 and Asp169,18 yielding the
mature form of LOX and LOX-PP, with the molecular weights
at 32 kDa and 18 kDa, respectively. Intriguingly, the
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Figure 1 Vascular remodeling and angiogenesis. (A) Indicates the normal blood vessel, which generally has three layers: the intima,
media, and adventitia. (B) Indicates vascular remodeling. Following this process, migration and proliferation of smooth muscle cells
and extracellular matrix remodeling are observed, leading to adaptive change in vascular wall and neointimal hyperplasia. (C) In-
dicates angiogenesis. In the first place, endothelial cells are activated, releasing the enzymes such as proteases. Then, vascular
basement membrane is degraded by these proteases. Finally, vascular sprouting is generated within interstitial matrix.
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proteolytic process is also conducted between Asp218 and
Tyr219 by a disintegrin and metalloproteinase with throm-
bospondin motifs 2/14 (ADAMTS2/14), generating a trun-
cated form of LOX with the molecular weight at 25 kDa.19

Although BMP-1 and ADAMTS2/14 share the similar substrate
such as collagen, the capacity of substrate binding is
different. In detail, cleavage by ADAMTS2/14 has been found
to substantially decrease the capacity of LOX to bind telo-
collagen,19 since ADAMTS2/14 get rid of sequence de-
terminants in which the tyrosine residues are modified by
sulfation.

LOX is differentially localized as shown in Table 1. The
active LOX, the propeptide LOX-PP and proLOX all have the
wide distribution within the cell and extracellular
space.6,19e38 In contrast, pre-proLOX with the molecular
weight of 48 kDa is distributed in the cytoplasm.39 However,
the truncated form of LOX with the molecular weight of
25 kDa also exists although its location and biological are
unclear.40 Different forms of LOX exert distinct biological
functions via binding to diverse types of substrates which
usually include non-histone (Collagen I, II, III, V, IX and XI
and elastin,41e43 basic fibroblast growth factor (bFGF),44

transforming growth factor b1 (TGF-b1),45 platelet-derived
growth factor receptor b (PDGFR-b) as well as Vgll3) and
histone (H1 and H2) substrates (Table S1).27,46,47 It is
ubiquitous that the mature form of LOX has two possible
destinations. On the one hand, extracellular localization of
active form of LOX promotes covalent crosslinking of
collagen and elastin in the ECM to maintain the tensile
strength and structural integrity.8,48 On the other hand, this
form of LOX can also be transported back into the intra-
cellular space. Cytosolic LOX is able to activate various
cellular signaling such as Src/focal adhesion kinase (FAK) to
control cell adhesion and motility while intranuclear LOX
can oxidize histone H1 or histone H2, and therefore
modulate expressions of genes including collagen III and
ELN.21,47,49e51 It is feasible that the nuclear LOX arises from
secreted and processed enzyme in the extracellular space
as there is evidence supporting that fluorescein-labeled
LOX readily enters the cytosolic compartment and rapidly
concentrates into the nucleus in VSMCs.52 It is also note-
worthy that the intracellular uptake and distribution are
not affected by pharmacological inhibition of LOX activity
with b-aminopropionitrile (BAPN), indicating that the
mature form of LOX transports back into the cytosolic
compartment and concentrates within nuclei independent
of its catalytic activity. Another proteolytic form of LOX,
namely, LOX-PP has been shown to possess intranuclear and
extracellular functions. Nuclear LOX-PP is found to inter-
fere with nuclear factor kappa B (NF-kB) RelA signaling and
microtubule-associated protein regulation of microtubule
stability, leading to underdevelopment of Purkinje cell
dendrites.29 In contrast, extracellular localization of LOX-
PP has diverse biological functions including suppressions of
tumor growth and migration,34,53 angiogenesis and SMC
proliferation.36,54



Figure 2 Biosynthesis of LOX. A 48-kDa preproenzyme for LOX (pre-proLOX) is translated in the ribosome and then transported
into the endoplasmic reticulum for the removal of N-terminal signal peptide sequence, yielding a pre-proLOX fragment (pre-proLOX
(ER)). After that, it enters the golgi apparatus with N-glycosylation, copper incorporation and the cofactor lysyl tyrosine quinone
(LTQ) formation, releasing a 50-kDa proenzyme (proLOX). Following secretion into the extracellular space, proLOX is cleaved by the
procollagen C-proteinases including BMP-1, mTLL1 or mTLL2 to form the mature LOX (32 kDa) and LOX-PP (18 kDa) at the residues
between Gly168 and Asp169. The proteolytic cleavage is also carried out at the residues between Asp218 and Tyr219 by ADAMTS2/
14, and subsequently forms of LOX with the molecular weight at 25 kDa and other fragments. ADAMTS2/14, a disintegrin-like and
metalloproteinases with thrombospondin motifs 2/14; BMP-1, bone morphogenetic protein-1; ER, endoplasmic reticulum; LTQ,
lysine tyrosylquinone; mTLL1, mammalian Tolloid-like 1; mTLL2, mammalian Tolloid-like 2; PP, propeptide.
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LOX mutation and vascular pathology

There are at least ten reported genetic variants of LOX,
which alter the activity of LOX in vascular pathologies.
These variants are all located in the exons and they are
marked in Figure 3A. The predicted three-dimension pro-
tein structure of LOX is shown in Figure 3B based on the
link: https://alphafold.ebi.ac.uk/entry/P28300. Although
there are no reports on the effect of majority of the genetic
variants of LOX on protein conformation, the variant
c.857T > G encoding p.M292R in Mus musculus which cor-
responds to p.M298R in Homo sapiens, localized in exon 4, is
misfolded and trapped in the ER bound to calnexin, thus
causing differential sensitivity to proteolytic degradation
compared with the wild-type group.55 The relationship
between the ten variants of LOX gene and vascular diseases
are summarized in Table 2. It is noted that expressions of
the missense mutations in the LOX gene (c.839G > T
encoding p.Ser280Arg and c.1044T > A encoding p.Ser348-
Arg) significantly result in the decreased LOX activity in
comparison with the wild-type group.9 The patients suc-
cumbed to ascending aortic dissections (AADs) always carry
these mutations and show fusiform enlargement of the root
and ascending thoracic aorta.9 It indicates that inhibition of
LOX due to genetic variants in LOX increases the suscepti-
bility to AAD. In addition, LOX activity is also found to be
decreased by 50% by two nonsense mutations in the LOX
gene (c.125G > A encoding p.Trp42* and c.604G > T
encoding p.Gly202)), which can increase the risk of
thoracic aortic aneurysm (TAA).9 In two first cousins with
TAA and dissection (TAAD), a missense mutation in the LOX
gene (c.893T > G encoding p.Met298Arg) is identified which

https://alphafold.ebi.ac.uk/entry/P28300


Table 1 Location and biological function of LOX.

Category MW Location Biological function Refs

Mature LOX 32 kDa Nucleus Controlling gene transcription (collagen III,
ELN )

20e22

Cytoplasm Controlling cell adhesion and motility
Promoting tumor metastasis

23e25

Extracellular space Catalyzing ECM crosslinking
Oxidizing cell membrane proteins and
enhancing the chemotactic response of VSMCs
Regulating VEGF expression to promote
angiogenesis

6,26e28

LOX-PP 18 kDa Nucleus Inhibiting angiogenesis
Leading to underdevelopment of Purkinje cell
dendrites
Interacting with DNA repair proteins and
inhibiting tumor growth

29e31

Cytoplasm Promoting apoptosis and inhibit motility 32,33

Extracellular space Inhibiting angiogenesis
Inhibiting proliferation of cancer cells to
suppress tumor growth

34e36

ProLOX 50 kDa Nucleus/Cytoplasm Inhibiting signaling pathways that contribute to
cell transformation

37

Extracellular space Unknown 38

Pre-proLOX 48 kDa Cytoplasm Unknown 39

Truncated LOX 25 kDa Unknown Unknown 19
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cosegregates with disease in the family.56,57 By introducing
this human mutation into the homologous position in the
mouse genome using CRISPR/Cas9 genome editing tech-
nology (c.857T > G encoding p.M292R in Mus musculus), it is
confirmed that the amino acid substitution causes ruptured
TAAD and perinatal death when both alleles are mutated
(LoxMu/Mu).55 The possible explanation may arise from the
fact that the mutant Lox protein in the mice due to sub-
stitution from methionine-to-arginine leads to a secretion
defect as this event causes the ER retention and does not
transit to the Golgi, where copper incorporation occurs,
finally causing the inactivated enzymatic activity of Lox.
Similarly, another missense mutation for the LOX gene
(c.871T > A encoding p.Cys291Ser) diminishes LOX activity
and then increases the risk of TAAD.58 In coronary artery
diseases (CADs), patients carrying a missense mutation in
the LOX gene (c.473G > A encoding p.Arg158Gln) is asso-
ciated with increased susceptibility to this disease in a
Chinese population.59 Additionally, there are also three
identified missense LOX variants including c.743C > T
encoding p. Thr248Ile,9 c.800A > C encoding p. Gln267Pro
and c. 995A > G encoding p. Tyr332Cys,9,60 although the
roles of these mutations in vascular disease are not char-
acterized. Taken together, it suggests that LOX variants
may serve as an important risk factor of vascular
pathologies.
Roles of LOX in vascular remodeling and
angiogenesis

Vascular remodeling and angiogenesis are two critical
events for both embryonic development and vascular
pathologies. The former type often refers to the alteration
in the size and/or composition of the blood vessel,61 while
the latter category indicates neovascularization. In the
following description, we make an elaboration of the roles
and regulatory mechanisms of LOX in these two vascular
alterations as summarized in Fig. 4.

Role of LOX in vascular remodeling

Nowadays, at least four cellular processes are involved in
vascular remodeling, which includes proliferative and
migratory status of VSMCs, endothelial dysfunction, in-
flammatory processes and ECM reorganization.62 All of
these biological processes are dynamically regulated with
each other following several stimulating factors such as
growth factors and hemodynamic stimulus,63 finally
resulting in structural alteration and dysfunction of the
vascular wall.64 VSMCs and endothelial cells (ECs) are two
major types of cells that are influenced in the process of
vascular remodeling.65 In detail, VSMCs in the medial layer
exhibit phenotypic plasticity and switch from a contractile
state to a synthetic state. These phenotypic modifications
have been demonstrated to regulate cell proliferation and
migration during arterial remodeling.66 In contrast, ECs
usually serve as vascular transducers and are responsible
for producing vasoactive substances (either growth stimu-
lators or inhibitors). To the best of our knowledge, the role
of LOX in the vascular remodeling contains three aspects
including the proliferation and migration of VSMCs, ECs
dysfunction and ECM reorganization as shown below.

It has been demonstrated that the proliferation and
migration of VSMCs are contributing factors for vascular
remodeling. The direct role of LOX in the VSMCs stems from



Figure 3 LOX gene location and disease-associated genetic variants. (A) Nucleotide numbering begins with the first nucleotide in
the coding region (5376 nucleotide on the DNA). There are seven exons in LOX gene. The coding region in the exon is marked with
blue and the non-coding regions including 50UTR and 30UTR are indicated with green and pink, respectively. The initiation and
termination sites for each exon are marked in the diagram. (B) A predicted three-dimension protein structure of LOX according to
the link: https://alphafold.ebi.ac.uk/entry/P28300 and disease-associated mutation sites. In the predicted structure, the peptide
chain of LOX is color-coded according to structural components: alpha-helices, cyan; beta-pleated sheets, magenta; random coil
and chartreuse. In addition, the disease-associated amino acid substitution is shown in red. UTR, untranslated region.
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the result showing that the isoform responsible for the 80%
of the LOX activity in aortic VSMCs is essential for ECM
maturation.8 LOX�/� aortas show location-specific differ-
ential gene expression in VSMCs.67 Overproduction of LOX
by constituent cells of the vascular wall may drive neo-
intimal formation or medial hypertrophy by recruitment of
VSMCs.68 In the aspect of LOX in the VSMCs proliferation,
there is conflicting data showing the expression of LOX is
increased following the proliferative stimulus or prolifera-
tion deficiency.69,70 However, it is definite that vascular
LOX often contributes to the migration of VSMCs. For
example, purified LOX is found to directly induce the
migration of cultivated rat aortic SMCs.71 Under this con-
dition, the contribution of LOX to VSMCs migration is
possibly due to the result of activation of chemotaxis by the
elevated level of intracellular H2O2 following LOX over-
expression via binding with hitherto uncharacterized sub-
strate.71 Besides, the chemotactic response of VSMCs is also
enhanced by the LOX-dependent oxidization of cell mem-
brane protein likePDGFR-b,27 which subsequently leads to
the high affinity and capacity for the binding of PDGF-BB.
Pharmacological inhibition of LOX by BAPN reduces this

https://alphafold.ebi.ac.uk/entry/P28300


Table 2 Role of LOX variants in the vascular disease.

LOX variant Amino acid
substitution

rsID Mutation type Effects on
LOX activity

Role in vascular
disease

Refs

839G > T Ser280Arg rs886040965 Missense Decrease Causing AAD 9

1044T > A Ser348Arg rs1561417568 Missense Decrease Causing AAD 9

125G > A Trp42* e Nonsense Decrease Causing TAA 9

604G > T Gly202* rs1473260982 Nonsense Decrease Causing TAA 9

893T > G Met298Arg rs876657852 Missense Decrease Causing TAAD 56,57

871T > A Cys291Ser e Missense Decrease Causing TAAD 58

473G > A Arg158Gln rs1800449 Missense Decrease Causing CAD 59

743C > T Thr248Ile e Missense Decrease Unknown 9

800A > C Gln267Pro rs886040967 Missense Unknown Unknown 9

995A > G Tyr332Cys e Missense Unknown Unknown 60

Note. AAD, ascending aortic dissection; TAA, thoracic aortic aneurysm; TAAD, thoracic aortic aneurysm and dissection; CAD, coronary
artery disease.
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chemotactic response in vitro. These data suggest that LOX
is essential to generate optimal chemotactic sensitivity of
VSMCs via affecting cell proliferation.

LOX is abundantly expressed in the endothelium of
healthy coronary arteries and recent studies indicate the
relationship between LOX downregulation and endothelial
dysfunction.72 There is rare data showing the concrete role
of LOX in the modulation of endothelial function. However,
diverse evidences support the notion that LOX is critical for
the maintenance of endothelial homeostasis. For instance,
several risk factors of cardiovascular diseases which in-
cludes high levels of low-density lipoproteins (LDL),73

hyperhomocysteinemia and pro-inflammatory cyto-
kines,74,75 are found to inhibit endothelial LOX expression
and subsequently trigger endothelial dysfunction. Following
LDL exposure, the exchange of macromolecules across an
endothelial monolayer is increased, which is comparable
with the irreversible LOX inhibitor BAPN.73 It suggests that
LOX downregulation by LDL impairs endothelial barrier
function. Inhibitory effect of LOX is also reported to be
observed by hyperhomocystinemia.74 Additionally, the pro-
inflammatory cytokine such as tumor necrosis factor-a
(TNFa) is found to reduce endothelial LOX expression and
activity in the vascular wall.76 Treatment with protein ki-
nase C inhibitors including Calphostin C and Go6976 can
efficiently prevent TNFa-induced LOX downregulation in
vitro.76 Thus, these results support the hypothesis that LOX
downregulation may contribute to the endothelial
dysfunction, which remains a risk factor for cardiovascular
diseases.

Vascular stiffness is always induced by ECM reorganiza-
tion. It has been demonstrated that vascular stiffening is an
important event in the process of vascular remodeling.
Vascular stiffness is influenced by the structural elements
of the arterial wall such as collagen and elastin. Given the
central role of LOX in collagen and elastin cross-linking, it
indicates that LOX has great contribution to vascular
stiffness and vascular remodeling. In a transgenic LOX
(TgLOX) mouse model, mesenteric resistance arteries in
VSMCs are stiffer than control littermates and inhibition of
LOX with BAPN significantly ameliorates stiffened vessel
and abnormal elastin structure.77 Mechanistically, LOX
causes the elevations of H2O2 and the subtype of nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase,
namely, NOX1 and mitochondrial dysfunction. Treatment
with H2O2 scavenger and mitochondria-targeted antioxi-
dant both diminish vascular stiffness and the elastin
deposition in transgenic mice overexpressing human LOX,
indicating the key role of LOX for vascular oxidative stress
and stiffening property. Besides, the TgLOX mice are also
characterized with the activation of p38 mitogen-activated
protein kinase (MAPK) signaling in the vessel wall, espe-
cially following vascular oxidative stress. Abrogation of this
signaling with the specific inhibitor SB203580 attenuates
structural alteration and vascular stiffness. It indicates that
LOX-mediated ECM reorganization is of vital importance for
vascular stiffness, a basic characteristic of vascular
remodeling.

Role of LOX in angiogenesis

There are three well-known types of angiogenesis, which
include sprouting angiogenesis, splitting (intussusceptive)
angiogenesis and vascular mimicry.78 As the major type of
angiogenesis,79 the vessel sprouting refers to the process in
which ECs become motile and are succumbed to be inva-
sive, facilitating the formation of tip cells. In sprouting
angiogenesis, the endothelial tip cells result in the
outgrowth of blood-vessel sprouts and initiate the blood
flow. There are extensive investigations supporting a crit-
ical role of LOX in sprouting angiogenesis. For instance, the
results by the ex vivo aortic ring assay demonstrate that the
sprouting events do not occur after the inhibition of LOX by
BAPN.80 Given that LOX possess the biological function via
ECM remodeling or independent of ECM, the following
description is performed to discuss the role and regulatory
mechanism of LOX in vessel sprouting in the ECM-depen-
dent and ECM-independent aspects.

LOX can modulate the vascular sprouting in an ECM-
dependent or ECM-independent manner. With respect to
the ECM-dependent role, LOX transmits signals into the cell
via integrin b1 through matrix stiffness caused by ECM



Figure 4 Role of LOX in vascular remodeling and angiogenesis. The left panel indicates the regulatory mechanism of LOX in
vascular remodeling. Generally, LOX promotes vascular remodeling via VSMCs migration, ECs dysfunction and ECM reorganization.
In the aspect of VSMCs migration, LOX binds to substrates and induces H2O2-dependent microfilament reorganization and focal
adhesion assembly which is consistent with the induction of the chemotactic response. Furthermore, LOX activity is essential to
generate optimal chemotactic sensitivity of cells to chemoattractants by oxidizing specific cell surface proteins, such as PDGFR-b.
In addition, LOX is affected by various stimuli in vascular disorders and may bind to certain substrates or interfere with cellular
signaling and thus impair endothelial homeostasis. As for the reorganization of ECM, H2O2 produced by LOX is associated with
oxidative stress that promotes p38MAPK activation, elastin structural alterations and vascular stiffness. The right panel shows the
regulatory role of LOX in angiogenesis. We propose that LOX promotes angiogenesis through ECM-dependent or ECM-independent
manner. In the ECM-dependent way, LOX is able to transmit signals into the cell via integrin b1 through matrix stiffness caused by
ECM crosslinking to activate and transfer YAP to the nucleus by increasing p-PXN of FAK, thus upregulating target gene expression
such as CD34, VEGFR2, DLL4, CXCR4, EFNB2 and IGF2, and promoting tip cell formation. ECM crosslinking can also activate the
PI3K/Akt pathway and up-regulate VEGF expression. Furthermore, LOX can activate the integrin b1-PYK2 pathway and then pro-
mote the release of SPP1 which can stimulate angiogenesis. On the other hand, LOX activates Akt through PDGFR-b stimulation,
resulting in increased VEGF expression, which is ECM-independent. Akt, protein kinase B; ECs, endothelial cells; FAK, focal
adhesion kinase; PDGFR-b, platelet-derived growth factor receptor b; PI3K, phosphoinositide-3-kinase; p-PXN, phosphorylation of
paxillin; PYK2, proline-rich tyrosine kinase 2; SPP1, secreted phosphoprotein 1; VEGF, vascular endothelial growth factor; VSMCs,
vascular smooth muscle cells; YAP, yes-associated protein.
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crosslinking to activate the PI3K/AKT pathway and up-
regulate VEGF expression.14 In turn, VEGF elevation binds
to the integrin on the tip cells and subsequently promotes
the vascular sprouting.81 Meanwhile, LOX-mediated ECM
crosslinking also activates integrin-related cellular signaling
including angiogenic factors (PDGF and VEGF) signals and
promote the endothelial cell proliferation and migra-
tion.82,83 In detail, a recent study have shown that matrix
stiffness caused by ECM crosslinking triggers the nuclear
translocation of YAP by increasing phosphorylated levels of
FAK (p-FAK) and paxillin (p-PXN), thus upregulating target
genes like CD34, VEGFR2, DLL4, CXCR4, EFNB2 and IGF2 and
ultimately promoting tip cell formation.84 In addition, p-
PXN can also reduce the intercellular connections to
enhance this effect, which facilitates LOX-mediated ECM
cross-linking and vascular sprouting.84 Furthermore, the
contribution of LOX to activation of integrin b1-PYK2
pathway makes the macrophages chemotactic and secretes
SPP1 which stimulates angiogenesis.14 Several ECM com-
ponents such as collagens, vitronectin and fibronectin,85

are found to act as the ligands of integrins and promoting
VEGF-dependent angiogenesis via activating p-FAK and p-
PXN.86 Therefore, it is intriguing that LOX-mediated ECM
cross-linking is conducted via possibly binding to the
integrins and other ECM components, which underlies the
ECM-dependent role of LOX in the process of angiogenesis,
although the concrete regulatory mechanism by which LOX
binds to integrins remains uncharacterized.

The effect of LOX on vessel sprouting is also conducted
in an ECM-independent fashion. Although there is rare data
for the validation of this notion, it has been demonstrated
that tumor-derived LOX drives angiogenesis through acti-
vations of PDGFR-b and AKT, leading to the elevation of
VEGF.87 There is also evidence supporting that high level of
LOX is able to promote tumor endothelial cell motility and
tubulogenesis through activation of FAK signaling.88 These
data altogether indicate that LOX can directly regulate
angiogenesis events without affecting ECM.

It is also interesting that LOX-PP, the propeptide of LOX,
appears to play an opposite role in angiogenesis with the
active form of LOX. Proteomic analysis reveals that LOX-PP
can downregulate the levels of VEGF, MAPK, FGF,89,90 FAK,
fibronectin-mediated matrix formation and cytoskeleton
regulation pathway which are the key mediators of angio-
genesis. Overexpression of purified LOX-PP in human um-
bilical vein endothelial cells (HUVECs) is found to inhibit the
migration of endothelial cell, cell adhesion and tube length
and thereby exert anti-angiogenic effect.36 In addition, a
previous report shows that LOX-PP promotes the apoptosis
of rat retinal endothelial cell and inhibits angiogenesis in
response to high glucose.91
Matrisome-associated gene expressions are
proposed to be involved in the regulation of LOX on
vascular remodeling and angiogenesis

During vascular remodeling and angiogenesis, there are
diverse molecular targets associated with structural ECM
components and proteins that can interact with or remodel
the ECM, namely, “matrisome”. Nowadays, the matrisome
is comprised of more than 300 core ECM proteins and
associated ECM modifying molecules, ECM-affiliated pro-
teins, ECM modulators and secreted factors in rodents.92

There are a variety of ECM proteins like fibronectin,93 type
I/III/VIII collagen and fibrous macromolecules,94e96 as well
as ECM-associated regulators including LOXs,67 and matrix
metalloproteinases following the process of vascular
remodeling, while vascular angiogenesis is associated with
fibronectin,97,98 type I/IV/VI collagen,99e101 proteoglycans
belonging to ECM molecules and LOX,67,102 matrix metal-
loproteinases affiliated to the family of ECM-modifying
enzymes.103 It is especially intriguing that in a mouse model
of TAAD induced by the deficiency of Lox gene, there are
multiple alterations of genes associated with secreted
factors, collagens, ECM-affiliated proteins and ECM glyco-
proteins,67 which all belong to the matrisome proteins.
Together with the knowledge mentioned above, we give a
proposal that genetic manipulation of Lox in mice reshapes
the expressions of matrisome-associated proteins in
vascular biology such as vascular remodeling and angio-
genesis. It is likely to serve as a mechanistic insight into the
role of LOX in the process of vascular remodeling and
angiogenesis.

Therapeutic potential via targeting LOX-
mediated vascular remodeling or angiogenesis

The therapeutic potential via targeting LOX against disease
pathology always either aggravates disease progression or
cures disease is dependent upon specific context. In the
following description, we will systematically discuss these
two facets.

Inhibition of LOX-mediated vascular remodeling or
angiogenesis is effective on disease pathology

Inhibition of LOX in the process of vascular remodeling has
been reported to cure diverse pathological conditions such
as hypertension-associated pathologies and restenosis. In
hypertension research, increase of Lox expression is
observed in the rat models of spontaneous hypertension and
deoxycorticosterone acetate-salt (DOCA-salt) induc-
tion.77,104 Administration of BAPN decreases hypertension-
associated vascular remodeling and stiffness.77 It indicates
that LOX inhibition holds promise for treating hypertension.
Similarly, in Angiotensin II (Ang II)-induced arterial hyper-
tension with the pathological features including concentric
mural hypertrophy smaller size in the intrarenal arteries,105

enzymatic activity of vascular LOX is also enhanced after Ang
II infusion.106 Suppression of LOX-mediated ECM cross-linking
has been shown to decrease vascular stiffness and amelio-
rate the detrimental end-organ effect in hypertension.
Additionally, clinical and experimental evidences also sup-
port that LOX remains a causal factor in pulmonary arterial
hypertension for which the pathological trait is the increase
of muscularization and interruption of matrix structures in
the wall of the pulmonary arteries.107 In the aspect of hy-
pertensive heart disease characterized by prominent fibrosis
in the myocardium, collagen cross-linking induced by LOX
has a positive relationship with fibrosis and left ventricular
rigidity.108 Treatment with BAPN in normal adult pigs is
shown to significantly diminish collagen cross-linking and
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myocardial stiffness in the left ventricle.109 Collectively, it
implies that enhanced LOX enzymatic function may be
detrimental for hypertension and pharmacological inhibition
of LOX is likely to have therapeutic potential against hy-
pertension. With respect to restenosis, it is a maladaptive
response to arterial injury during angioplasty, which is
characterized with platelet aggregation, release of growth
factors and inflammatory cytokines, and accumulation of
SMCs and ECM production. Recent findings demonstrate that
stabilization of ECM component such as collagen may facil-
itate restenosis following certain types of arterial injury.110

As the major enzyme for the catalysis of ECM covalent
crosslinking, LOX is positively correlated with type III
collagen deposition in the restenotic plaques.111 Similarly, in
rabbits undergoing angioplasty, pharmacological inhibition
of LOX by BAPN significantly reduces restenotic rates and
constrictive remodeling.112 These data indicate that LOX
inhibition may act as a promising strategy for prevention and
treatment of in-stent restenosis.

Angiogenesis is often one of the hallmarks of cancer and
plays a critical role in the regulations of cancer cell growth,
invasion, and metastasis.113 There are diverse molecular
players particularly VEGF and angiopoietin family, which
are involved in the growth of vessel, finally causing tumor
angiogenesis. The role of LOX in tumor angiogenesis has
been extensively discussed. In hepatocellular carcinoma,
LOX may promote angiogenesis by facilitating VEGF secre-
tion.28 LOX release by tumor endothelial cells (TECs) in
renal cell carcinoma is found to contribute to the pro-
angiogenic phenotype of TECs by promoting their tube
formation and inhibition of LOX by BAPN can reduce tumor
angiogenesis, the number of circulating tumor cells (CTCs)
and pulmonary metastasis.88 Under hypoxic conditions, it is
also found that LOX stabilizes HIF-1a leading to a feed-
forward mechanism that increases VEGF expression levels,
ultimately promoting tumor-driven angiogenesis.114,115

These data support the notion that LOX serves as a novel
angiogenesis-associated target in malignancy.

Activation of LOX-mediated vascular remodeling or
angiogenesis improves disease prognosis

Activation of LOX in the process of vascular remodeling and
stiffness has been reported to cure diverse pathological con-
ditions such as arterial aneurysm and artery dissection.
Arterial aneurysm is defined as a 50% increase in the normal
diameter of the vessel and characterized with the weakness
and local dilation of the arterial wall. AA is the common type
of arterial aneurysm with high morbidity and mortality which
can lead to vascular rupture or dissection.116 The potential
role of LOX in AA was identified in the 1990s, which supports
that LOX is of vital importance in the maintenance of the
mechanical stability of the aorta using different experimental
animal models.117e119 In fact, it is reported that Lox deficient
mice in aortas show TAA.67 The irreversible inhibition of LOX
by BAPN promotes aortic dilation.120,121 Furthermore,
administration of BAPN to Ang II-infused ApoE knockout
mouse, a commonmodel of aortic abdominal aneurysm (AAA),
enhances the incidence of AAA.122 Besides, in two other
experimental models of AAA caused by the elastase and the
CaCl2, aneurysm development is accompanied by a reduction
of LOX expression and enzymatic activity.118,119 Local over-
expression of LOX by aortic adenoviral delivery limits the
development of CaCl2-induced AAA, at least in part by inhib-
iting VSMC-mediated MCP-1 secretion and JNK activity.119,123

Meanwhile, endogenous up-regulation of LOX represses AAA,
indicating the production of LOX has a therapeutic potential
against AAA.124 A reduction of vascular LOX expression has
also been described in rodent models and patients with ce-
rebral aneurysm, a pathological condition characterized with
the high vascular levels of interleukin-1b and the activation of
NF-kB signaling.125 Altogether, these data indicate that
aneurysmal diseases are associated with suppression of
vascular LOX activity and therapeutic approaches aiming to
normalize LOX activity could limit the progression of different
forms of vascular aneurysms. In terms of artery dissection
(AD), it is a longitudinal tear in the vessel wall, which can
create a false lumen for blood flow and may propagate
quickly.126 Similar to aneurysms, AD is also a devastating
cardiovascular diseases associated with disruption of elastin
fiberswhich is an important featureofAD.127 LOX serves as the
enzyme that initiates the irreversible covalent cross-linking of
collagen and elastin in vascular tissues and its deficiency plays
an important role in the occurrence of AD. When murine Lox
gene is disrupted, the aortic walls of the Lox�/- fetuses show
highly fragmented elastic fibers and discontinuity in the SMCs.
It urges us to believe that Lox gene can result in structural
alterations in the arterial walls, leading to the cardiovascular
dysfunction.10 It is also consistent that the decrease of LOX is
vulnerable to artery injury in a clinical case of spontaneous
coronary AD via disorganisation of the collagen network.128 In
fact, there are diverse investigations showing that inhibition
of LOXbyBAPNaggregates AD.129e132 Thesedata indicate that
activation of LOX has therapeutic potential against AD.

Activation of LOX-mediated angiogenesis has been re-
ported to treat ischemic stroke, a prevalent neurological
disease with high rate of mortality and disability.133

Although there is no sufficient evidence to indicate the
relationship between LOX and cerebral blood vessels, it
should be mentioned that the brain ECM occupies w20% of
adult brain volume which is synthesized by neuronal, glial,
and endothelial cells. ECM components are arranged into
basement membranes that lie outside cerebral vessels and
the external layer of ECM promotes adhesion of neural
cells,134 such as terminal nerve fiber and astrocyte end-
feet, which contribute to numerous vasculature functions
including the regulation of bloodebrain barrier (BBB)
permeability.135 Thus, it is possible that LOX reshapes ECM,
affects cerebrovascular function and affects BBB penetra-
tion. A previous work shows that the LOX 473AA genotype, A
allele, and AC haplotype are associated with increased
susceptibility to ischemic stroke in a Chinese population.133

Several factors including VEGF, TGF-b and PDGF-BB seem to
prompt both angiogenesis and axonal outgrowth after ce-
rebral ischemia.136 Given the effects of LOX on these me-
diators, the role of LOX in cerebral functional recovery
after ischemia is of great interest.

Taken together, the role of LOX-mediated vascular
remodeling or angiogenesis is different under different
disease contexts. Whether the modulation is protective or
detrimental for pathological conditions requires to be
carefully evaluated.
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Conclusion and perspective

The evidence discussed in the review supports that LOX
modulates vascular remodeling and angiogenesis in the
facets of physiology and pathophysiology. Although the
concrete mechanism is still in its infancy, it is definite that
regulations of VSMCs migration and ECM remodeling are
involved in the LOX-mediated vascular remodeling while EC
activation and vascular sprouting are important for LOX-
mediated angiogenesis as described above. In fact, the
biological function of LOX, possible affected by expression
and genetic mutation, is extensively reported in diverse
pathological conditions concerning vascular remodeling
and/or angiogenesis. These data altogether conclude that
targeting LOX may provide a promising therapeutic strategy
for the treatment of various vascular diseases.

There are some issues required to be clarified. Firstly, in
addition to the established role of LOX in the modulation of
vascular function, there are also several studies supporting
that other members of LOX family have an impact on
vascular biology. For instance, germline deletion of LOXL2
is found to cause embryonic and neonatal mortality due to
severe cardiac and vascular defects,137 suggesting the
critical importance of LOXL2 for vascular development. The
definite role of LOXL2 in angiogenesis is also widely re-
ported. Following hypoxic stimulation, LOXL2 is induced
and thereby initiates the proper deposition of collagen IV in
the basement membrane by tip cells.138 The direct role of
LOXL2 in angiogenesis also arises from the result that
treatment with the specific LOXL2 antibody AB0023 or
simtuzumab can reduce bFGF-induced angiogenesis.139

Additionally, this enzyme is also critical for vascular stiff-
ness as the increase in aging-induced pulse wave velocity
(PWV) is ameliorated in Loxl2þ/� mice.137 Further work
demonstrates that LOXL2 enhances VSMCs stiffness and
contractility and induces matrix deposition. It implicates
that LOXL2 can serve as a good candidate gene for aging-
associated vascular stiffness. In addition, other LOX family
members including LOXL1,140 LOXL3 and LOXL4 have also
been demonstrated to play a role in the integrity of the
vascular wall via regulating ECM deposition.141,142 The
detailed roles and regulatory mechanisms of various LOX
isoforms in vascular biology deserve further research. Sec-
ondly, with respect to the certain vascular dysfunction such
as atherosclerosis, inhibition of LOX can have beneficial
effects on this pathology; however, it also results in plaque
instability.143 Therefore, ongoing research is essential to
explore the underlying mechanism in order to ascertain the
safety of this kind of therapeutic strategy. Besides,
considering the important role of LOX gene mutation in
vascular pathology as described above, it requires more in-
depth clinical trials, and the implementation of multicenter
clinical investigation with large sample size is also essential
to ascertain the relationship between the reported genetic
mutation and vascular dysfunction, which finally draws the
conclusion that these variants may serve as good biomarker
for the diagnosis and prognosis of patients with vascular
pathology. On the other hand, high throughout sequencing
is also employed to identify the novel variants in the LOX
gene and explore their roles in vascular diseases. Despite
some mysteries remain to be clarified in the future, LOX is
undoubtedly a critical regulator of vascular remodeling and
angiogenesis and LOX-targeted therapy may hold great
promise in human disorders associated with vascular
remodeling and angiogenesis.
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8. Mäki JM, Sormunen R, Lippo S, et al. Lysyl oxidase is essential
for normal development and function of the respiratory sys-
tem and for the integrity of elastic and collagen fibers in
various tissues. Am J Pathol. 2005;167(4):927e936.

9. Guo DC, Regalado ES, Gong L, et al. LOX mutations predispose
to thoracic aortic aneurysms and dissections. Circ Res. 2016;
118(6):928e934.
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60. Renner S, Schüler H, Alawi M, et al. Next-generation
sequencing of 32 genes associated with hereditary aorto-
pathies and related disorders of connective tissue in a cohort
of 199 patients. Genet Med. 2019;21(8):1832e1841.

61. van Varik BJ, Rennenberg RJ, Reutelingsperger CP, et al.
Mechanisms of arterial remodeling: lessons from genetic dis-
eases. Front Genet. 2012;3:290.

62. Heusch G, Libby P, Gersh B, et al. Cardiovascular remodelling
in coronary artery disease and heart failure. Lancet. 2014;
383(9932):1933e1943.

63. Humphrey JD, Schwartz MA. Vascular mechanobiology: ho-
meostasis, adaptation, and disease. Annu Rev Biomed Eng.
2021;23:1e27.

64. Gibbons GH, Dzau VJ. The emerging concept of vascular
remodeling. N Engl J Med. 1994;330(20):1431e1438.

65. Méndez-Barbero N, Gutiérrez-Muñoz C, Blanco-Colio LM.
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117. Brüel A, Ortoft G, Oxlund H. Inhibition of cross-links in
collagen is associated with reduced stiffness of the aorta in
young rats. Atherosclerosis. 1998;140(1):135e145.

118. Huffman MD, Curci JA, Moore G, et al. Functional importance
of connective tissue repair during the development of
experimental abdominal aortic aneurysms. Surgery. 2000;
128(3):429e438.

119. Yoshimura K, Aoki H, Ikeda Y, et al. Regression of abdominal
aortic aneurysm by inhibition of c-Jun N-terminal kinase. Nat
Med. 2005;11(12):1330e1338.

120. Qi X, Wang F, Chun C, et al. A validated mouse model capable
of recapitulating the protective effects of female sex hor-
mones on ascending aortic aneurysms and dissections (AADs).
Phys Rep. 2020;8(22):e14631.

121. Chang TT, Liao LY, Chen JW. Inhibition on CXCL5 reduces aortic
matrix metalloproteinase 9 expression and protects against
acute aortic dissection. Vasc Pharmacol. 2021;141:106926.

122. Remus EW, O’Donnell Jr RE, Rafferty K, et al. The role of lysyl
oxidase family members in the stabilization of abdominal
aortic aneurysms. Am J Physiol Heart Circ Physiol. 2012;
303(8):H1067eH1075.

123. Onoda M, Yoshimura K, Aoki H, et al. Lysyl oxidase resolves
inflammation by reducing monocyte chemoattractant pro-
tein-1 in abdominal aortic aneurysm. Atherosclerosis. 2010;
208(2):366e369.

124. Ding YC, Zhang XJ, Zhang JX, et al. Progression and regression
of abdominal aortic aneurysms in mice. Curr Med Sci. 2021;
41(5):901e908.

125. Aoki T, Kataoka H, Ishibashi R, et al. Reduced collagen
biosynthesis is the hallmark of cerebral aneurysm: contribu-
tion of interleukin-1beta and nuclear factor-kappaB. Arte-
rioscler Thromb Vasc Biol. 2009;29(7):1080e1086.

126. Wang L, Hill NA, Roper SM, et al. Modelling peeling- and
pressure-driven propagation of arterial dissection. J Eng
Math. 2018;109(1):227e238.

127. Yu X, Suki B, Zhang Y. Avalanches and power law behavior in
aortic dissection propagation. Sci Adv. 2020;6(21):eaaz1173.

128. Sibon I, Sommer P, Lamaziere JM, et al. Lysyl oxidase defi-
ciency: a new cause of human arterial dissection. Heart.
2005;91(5):e33.

129. Ren W, Liu Y, Wang X, et al. b-aminopropionitrile mono-
fumarate induces thoracic aortic dissection in C57BL/6 mice.
Sci Rep. 2016;6:28149.

130. Gao Y, Wang Z, Zhao J, et al. Involvement of B cells in the
pathophysiology of b-aminopropionitrile-induced thoracic
aortic dissection in mice. Exp Anim. 2019;68(3):331e339.

131. Xia L, Sun C, Zhu H, et al. Melatonin protects against thoracic
aortic aneurysm and dissection through SIRT1-dependent
regulation of oxidative stress and vascular smooth muscle cell
loss. J Pineal Res. 2020;69(1):e12661.

http://refhub.elsevier.com/S2352-3042(22)00145-3/sref91
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref91
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref91
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref91
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref91
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref92
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref92
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref92
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref92
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref93
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref93
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref93
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref93
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref94
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref94
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref94
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref94
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref95
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref95
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref95
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref95
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref96
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref96
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref96
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref96
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref97
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref97
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref97
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref97
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref98
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref98
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref98
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref98
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref99
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref99
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref99
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref99
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref100
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref100
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref100
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref101
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref101
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref101
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref101
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref102
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref102
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref102
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref102
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref103
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref103
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref103
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref104
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref104
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref104
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref104
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref105
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref105
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref105
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref105
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref105
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref106
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref106
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref106
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref106
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref107
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref107
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref107
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref107
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref107
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref107
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref108
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref108
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref108
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref108
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref109
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref109
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref109
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref109
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref109
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref110
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref110
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref110
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref110
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref110
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref111
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref111
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref111
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref111
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref111
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref112
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref112
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref112
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref112
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref112
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref113
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref113
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref114
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref114
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref114
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref114
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref114
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref115
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref115
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref116
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref116
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref116
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref116
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref117
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref117
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref117
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref117
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref118
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref118
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref118
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref118
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref118
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref119
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref119
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref119
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref119
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref120
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref120
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref120
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref120
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref121
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref121
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref121
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref122
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref122
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref122
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref122
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref122
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref123
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref123
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref123
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref123
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref123
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref124
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref124
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref124
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref124
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref125
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref125
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref125
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref125
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref125
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref126
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref126
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref126
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref126
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref127
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref127
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref128
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref128
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref128
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref129
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref129
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref129
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref130
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref130
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref130
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref130
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref131
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref131
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref131
http://refhub.elsevier.com/S2352-3042(22)00145-3/sref131


Role of lysyl oxidase in vascular biology 785
132. Chen T, Jiang N, Zhang S, et al. BAPN-induced rodent model
of aortic dissecting aneurysm and related complications. J
Thorac Dis. 2021;13(6):3643e3651.

133. Zhang HF, Zhao KJ, Xu Y, et al. Lysyl oxidase polymorphisms
and ischemic stroke: a case control study. Mol Biol Rep. 2012;
39(10):9391e9397.

134. Lau LW, Cua R, Keough MB, et al. Pathophysiology of the brain
extracellular matrix: a new target for remyelination. Nat Rev
Neurosci. 2013;14(10):722e729.

135. Nian K, Harding IC, Herman IM, et al. Blood-brain barrier
damage in ischemic stroke and its regulation by endothelial
mechanotransduction. Front Physiol. 2020;11:605398.

136. Hatakeyama M, Ninomiya I, Kanazawa M. Angiogenesis and
neuronal remodeling after ischemic stroke. Neural Regen Res.
2020;15(1):16e19.

137. Steppan J, Wang H, Bergman Y, et al. Lysyl oxidase-like 2
depletion is protective in age-associated vascular stiffening.
Am J Physiol Heart Circ Physiol. 2019;317(1):H49eH59.

138. Bignon M, Pichol-Thievend C, Hardouin J, et al. Lysyl oxidase-
like protein-2 regulates sprouting angiogenesis and type IV
collagen assembly in the endothelial basement membrane.
Blood. 2011;118(14):3979e3989.

139. Zaffryar-Eilot S, Marshall D, Voloshin T, et al. Lysyl oxidase-
like-2 promotes tumour angiogenesis and is a potential ther-
apeutic target in angiogenic tumours. Carcinogenesis. 2013;
34(10):2370e2379.

140. Greene AG, Eivers SB, Dervan EWJ, et al. Lysyl oxidase like 1:
biological roles and regulation. Exp Eye Res. 2020;193:
107975.

141. Laurentino TS, Soares RDS, Marie SKN, et al. LOXL3 function
beyond amino oxidase and role in pathologies, including
cancer. Int J Mol Sci. 2019;20(14):3587.
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