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Calcification of tissues involves the formation and deposition of calcium-containing crystals in the extracellular
matrix (ECM). While this process is normal in bones, it becomes pathological when it occurs in cardiovascular
and musculoskeletal soft tissues. Pathological calcification (PC) triggers detrimental pathways such as inflam-
mation and oxidative stress, contributing to tissue damage and dysregulated tissue biomechanics, ultimately
leading to severe complications and even death. The underlying mechanisms of PC remain elusive. Emerging
evidence suggests a significant role of lysyl oxidases (LOX(L)) in PC. LOX(L) are a group of five enzymes involved
in collagen cross-linking and ECM maturation. Beyond their classical role in bone mineralization, recent in-
vestigations propose new non-classical roles for LOX(L) that could be relevant in PC. In this review, we analyzed
and summarized the functions of LOX(L) in cardiovascular and musculoskeletal PC, highlighting their deleterious
roles in most studies. To date, specific inhibitors targeting LOX(L) isoforms are under development. New ther-
apeutic tools targeting LOX(L) are warranted in PC and must avoid adverse effects on physiological bone

Musculoskeletal calcification

mineralization.

1. Introduction

Pathologic calcification (PC) refers to the formation and deposition
of calcium-containing crystals in soft tissues, such as cartilage, arteries,
and kidneys, contributing to the progression of several diseases. This
condition is widespread, debilitating, and lacks effective treatments.
Currently, only symptomatic treatments are available and no curative
treatment exists to prevent or reverse calcium-containing crystal for-
mation [1,2].

Tissue PC results from a two-step active mechanism. The initial phase
involves crystal nucleation, where calcium-containing crystal precursors
form within the extracellular matrix (ECM). This process is driven by
various mechanisms, including cell hypertrophy, mitochondrial auto-
phagy, and apoptosis. Once formed, these precursors grow within
collagen fibers of the ECM [1,2]. Despite the incomplete understanding
of the molecular mechanisms underlying PC, recent research has iden-
tified lysyl oxidase enzymes (LOX(L)) as key players in its development.

Initially described in physiological calcification, LOX(L) refers to a
family of five enzymes (LOX and LOX-like proteins LOXL1-4) that
support bone mineralization. However, emerging evidence suggests that
LOX(L) enzymes also contribute significantly to pathologic calcification
across a variety of soft tissues and diseases. This review aims to provide a
comprehensive overview of the role of LOX(L) enzymes in calcification,

offering new insights into their contribution to the pathogenesis of PC.
2. Lysyl oxidases LOX(L)
2.1. LOX(L) structure

LOX(L) are a group of five enzymes, including lysyl oxidase (LOX)
itself and four lysyl oxidase-like enzymes (LOXL1-4). These enzymes
share a catalytic site in their C-terminal domain, which contains a
copper-binding site, a tyrosylquinone cofactor, and a cytokine receptor-
like domain (Fig. 1). In contrast, the N-terminal domain is variable,
subdividing LOX(L) into two groups. The first group comprises the pro-
enzymes LOX and LOXL1, which contain a pro-peptide sequence in their
N-terminal domain [3-6]. Pro-LOX undergoes post-translational modi-
fications, such as N-glycosylations, and contains at least three disulfide
bonds in the C-terminal domain [5,7,8]. After secretion into the extra-
cellular matrix (ECM), LOX and LOXL1 become catalytically active once
their pro-peptide is cleaved by bone morphogenetic protein 1 (BMP1)
and, in the case of LOX, matrix metalloproteinase 2 (MMP2) [3,4,6,7].
The second group includes LOXL2, LOXL3, and LOXL4, whose N-ter-
minal domains consist of four scavenger receptor cysteine-rich (SRCR)
domains. Although the function of the SRCR domains is not well
described, it is known that two SRCR domains from LOXL2 can be
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processed extracellularly by proprotein convertase [9], enhancing
LOXL2’s interaction with collagen type IV without altering its amine
oxidase activity [10]. Additionally, these domains appear necessary for
LOXL2 to regulate ECM protein deposition [5,7]. LOXL2-4 also undergo
N-glycosylation, which is crucial for LOXL2 secretion into the ECM,
although the specific function of this modification requires further
investigation [5].

2.2. LOX(L) roles

Proper LOX(L) activity is essential for collagen cross-linking, which
maintains extracellular matrix (ECM) homeostasis by stabilizing
collagen and elastin fibrils. This cross-linking supports physiological
bone mineralization, influencing biomechanical properties. A key event
in bone mineralization is the nucleation of calcium-containing crystals,
which starts in gaps adjacent to cross-linking sites [11-13].

Collagen cross-linking is initiated by LOX(L), which converts
hydroxylysine (Hyl) and lysine (Lys) residues at the telopeptide (ter-
minus) region of a collagen molecule into hydroxyallysine (H-Allys) and
allysine (Allys), respectively, with concomitant generation of HyO2 [6,
13,14]. These modifier residues then spontaneously interact with Hyl,
Histidine (His), or Lys residues in the triple helical region of another
collagen molecule to form immature cross-links such as
deH-dihydroxylysinonorleucine (deH-DHLNL), deH-hydroxylysinono
rleucine  (deH-HLNL), deH-hydrohistidinohydroxymerodesmosine
(deH-HHMD) and deH-lysinonorleucine (deH-LNL) (Fig. 2, red lines).
At the telopeptide region, these molecules can react spontaneously with
H-Allys, Allys or His on another collagen molecule to form mature
cross-links, including hydroxylysylpyridinoline (HP); pyrrole (PRL);
lysylpyridinoline (LP); deoxypyrrol (d-PRL) and histidinohydrox-
ylysinonorleucine (HHL) (Fig. 2, blue lines) [3,4,6,15-17].

Interestingly, extracellular LOX(L) enzymes can re-enter cells to
exert intracellular functions. For instance, LOX and LOXL2 can trans-
locate into nuclei to modify histones and act as transcriptional regula-
tors [5]. Specifically, LOX modifies histone H1 proteins and increases
the expression of its natural substrates such as COL1, COL3, and ELN
(elastin) [5,6,18,19]. Notably, LOX can also upregulate its own expres-
sion in human lung tissue culture [18]. LOXL2, similarly localized in the
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nucleus, exerts transcriptional repression by oxidizing or interacting
with several transcription-related proteins, including H3K4me3 histones
and the transcription factor TAF10 (part of the general transcription
factor IID complex) [5,6]. In addition to its nuclear roles, LOX has been
implicated in scleroderma, where cytosolic LOX induces inflammation
by upregulating the expression of the c-Fos transcription factor and
promoting its nuclear translocation, subsequently inducing interleukin 6
(IL-6) expression [18]. LOX has been also associated with intracellular
ROS generation; for instance, arteries from TgLOX mice exhibited
increased vascular HyO5 levels while BAPN, a pan-inhibitor of LOX(L),
prevented the higher oxidative stress in hypertensive models [20].
Additionally, extracellular LOX(L) have been involved in various
cellular processes chemotaxis [21], cell adhesion [22] and
protein-protein interaction [23].

2.3. Regulation of LOX(L)

LOX(L) can be regulated at various levels, including transcription,
maturation, and activity, by molecules relevant for pathologic calcifi-
cation (Fig. 3). Notably, hypoxia-inducible factors (HIFs) can induce
LOX(L) transcription. HIFs have been shown to trigger calcification in
valve interstitial cells (VICs) in vitro by promoting chondro-osteogenic
differentiation (increased Sox9, Runx2), and by enhancing ROS pro-
duction [24,25]. Studies on the loss and gain of function of HIF-1a in
human aorta smooth muscle cells cultured in calcification medium (CM)
have demonstrated that HIF-1a promoted calcification by upregulating
Pit1 [26]. Additionally, HIFs can bind to HIF-response elements in the
promoters of LOX and LOXL2 to activate their transcription [27-29].

In human aortic smooth muscle cells, advanced glycation end-
products (AGEs) triggered calcification through different pathways,
notably via mTOR-mediated autophagy and apoptosis [30] as well as
p38 MAPK phosphorylation-mediated osteoblast differentiation through
AGE receptor (RAGE) stimulation [31]. Interestingly, findings have
shown that AGEs upregulated the phosphorylated forms of extracellular
signal-regulated kinase 1/2 (ERK1/2) and c-Jun N-terminal kinase
(JNK), known to activate nuclear factor-kB (NF-kB) and activator pro-
tein 1 (AP-1). These transcription factors can bind to LOX promoter to
activate its transcription [32,33]. In aged osteoarthritis (OA) mice
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Fig. 1. Structures of lysyl oxidase (LOX) and LOX-like (LOXL1, LOXL2, LOXL3, and LOXL4) proteins.
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Fig. 3. Potential positive and negative regulatory mechanisms of LOX(L), involved in pathologic calcification. LOX(L) can be regulated at three levels: 1) tran-
scription; 2) activation of precursors; 3) enzymatic activity.

cartilage, AGEs induced matrix stiffening by increasing Lox expression, This suggests a link between AGEs, LOX(L) and calcification, mediated
contributing to OA progression [34]. Furthermore, primary rat vascular by different signaling pathways.

smooth muscle cells (VSMCs) stimulated with AGEs promoted HIF-1a Pro-inflammatory cytokines, particularly IL-6, are well-known trig-
nuclear translocation and its expression, enhancing calcification [35]. gers of PC. Several reports have demonstrated IL-6’s key role in vascular
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calcification by inducing the differentiation of vascular smooth muscle
cells (VSMCs) into osteoblasts through the activation of TNFa [36] or
STAT3 pathways [37]. In line, IL-6 enhances calcification in murine
chondrocytes stimulated by calcification medium. Conversely, the
presence of calcium-containing crystals can activate II-6 expression via
Syk kinase, PI3 kinase, Jak2 and Stat3 signaling [38]. Other
pro-inflammatory cytokines, such as IL-1f and TNF-a, have also been
shown to trigger vascular progenitor cell calcification [39,40]. Inter-
estingly, LOX(L) have been reported to be influenced by these
pro-inflammatory cytokines, although with contrasting results [41].

The role of transforming growth factor p (TGF-B) in calcification
remains controversial. Several reports have described TGF-p as a pro-
moter of calcification in VSMCs, valve interstitial cells (VICs), and
human osteoblasts in vitro. Inhibition of TGF-p has been shown to
ameliorate muscle and tendon pathologic calcification (PC) in vivo
[42-46]. In contrast, other studies indicated that TGF-p may attenuate
valvular calcification and chondrocyte hypertrophy, which precedes
calcification [47,48]. Regarding LOX(L), TGF-B has been shown to
upregulate LOX and LOXL1 in human synovial fibroblasts in the context
of OA [49]. Additionally, TGF-p induces the expression of all LOX(L)
isoforms in human trabecular meshwork cells in the context of glaucoma
and in human fibroblasts from injured knee ligaments [50,51].

ECM composition significantly impacts cell homeostasis and
phenotype, primarily regulated by matrix metalloproteinases (MMPs)
and tissue inhibitors of metalloproteinases (TIMPs). Dysregulation of
ECM composition can disrupt matrix turnover, contributing to PC.
Various ECM components, such as collagen-binding receptor tyrosine
kinases (DDRs), integrins, the elastin receptor complex, osteopontin,
fibronectin, matrix Gla protein, and thrombospondin-1 (TSP-1), have
been associated with PC, either promoting or inhibiting the process
[52-58]. ECM proteins and proteoglycans can modulate LOX(L) matu-
ration and activity. For instance, fibronectin and fibulin-4, known as
positive regulators of calcification, are crucial for LOX activation by
BMP1 [6,59,60]. ECM proteins such as BMP1 and MMP2 contribute to
the activation of LOX and LOXL1 by processing their precursors, with
MMP2 specifically targeting LOX [6,61-63]. Conversely, negative
calcification regulator TSP-1 inhibits LOX activation by BMP1, while
TSP-2 positively modulates LOX [6,64,65]. Proteoglycans also play a
role; for example, lumican is involved in LOX expression [66] and
fibromodulin and syndecan-4 induce LOX activity [6,67,68]. Finally,
oxidative stress, which is closely linked to PC, has been shown to induce
LOX-mediated collagen crosslinks in human fibroblasts [69-73]. Taken
together, these data suggest a potential role for LOX(L) in pathologic
calcification. Consequently, LOX(L) enzymes have been extensively

LOX(L) role in cardiovascular calcification
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investigated in the context of PC, particularly in cardiovascular and
musculoskeletal tissues. The following section will summarize these
studies and their findings (Fig. 4).

3. Evidence of LOX(L) roles in pathologic calcification
3.1. Calcification mechanisms

Pathologic calcification (PC) refers to the formation and deposition
of calcium-containing crystals in tissues that normally do not undergo
calcification. PC can occur in all soft tissues, including vascular and
musculoskeletal tissues, as well as organs such as the eye, breast, kidney,
heart, and brain.

Once activated, the process of pathologic calcification is regulated by
a two-step mechanism. First, crystal nucleation forms precursors of
calcium-containing crystals, called amorphous calcium phosphate (ACP)
or amorphous calcium pyrophosphate (ACPP). These precursors then
mature and grow in the extracellular matrix (ECM). Several deleterious
pathways, including inflammation, catabolism, oxidative stress, and
apoptosis, trigger this process.

One of the primary mechanisms involved in PC is trans-
differentiation of cells, such as vascular smooth muscle cells or teno-
cytes, into chondrocyte-like cells and osteoblast-like cells. During this
process, typical cell markers are replaced by chondro-osteogenic
markers such as Runt-related transcription factor 2 (RUNX2), the tran-
scription factor for Collagen type X (COLX), and alkaline phosphatase
(ALPL) [2,74,75]. Inflammation, particularly interleukin-6 (IL-6) [38]
and oxidative stress, through reactive oxygen species (ROS) production
[72] are well-known triggers of this differentiation process.

Following cell trans-differentiation, a complex machinery of trans-
porters and enzymes present in cell membrane is activated to process
phosphate and calcium ions, leading to the formation of ACP and ACPP.
Once formed, these amorphous crystals are released into the ECM by
matrix vesicles. Interestingly, dysfunctional mitochondria can also lead
to ACP formation by sequestering calcium (Ca2+) and phosphate (P;)
ions. Mitophagy, a form of mitochondria autophagy, lead to the release
of ACP into the ECM [76]. Additionally, apoptosis can result in ACP
formation, as the apoptotic bodies exhibit key membrane enzymes that
produce and concentrate P; and Ca®" ions. In non-vascularized tissues
like cartilage, the absence of phagocytes prevents the elimination of
apoptotic bodies, thereby allowing the release of ACP into the ECM [77].
Once deposited into the ECM, crystal precursors are proposed to first
grow within collagen fibrils and then outside them [78]. Mice over-
expressing BMP-4, or local injections of BMP-2 or BMP-4, are widely

LOX(L) role in musculoskeletal calcification
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Fig. 4. Summary of known roles of LOX(L) in calcification. Red boxes are pathologic roles in calcification; Green boxes are protective role in calcification. Models:

m=mouse, h=human, r=rat, b=bovine.
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used models of pathologic calcification [79]. To note, mice over-
expressing BMP-4, or local injection of BMP-2 or —4 are widely used
models of pathologic calcification [80]. Several reviews provide more
detailed mechanisms of PC in vascular and cartilage tissues [2,74,75].

Once deposited, ACP and ACPP mature into two forms of crystals:
basic calcium phosphate (BCP) and calcium pyrophosphate dihydrate
(CPP), with CPP appearing to be restricted to joints. BCP encompasses
various forms, including hydroxyapatite (HA), octacalcium phosphate
(OCP), carbonated apatite (CA), tricalcium phosphate (TCP), and mag-
nesium whitlockite crystals [81].

3.2. Cardiovascular calcifications

Pathologic calcification in the vascular system is strongly associated
with cardiovascular diseases such as atherosclerosis and is linked to high
mortality risks [82]. Patients with chronic kidney disease (CKD) expe-
rience cardiovascular PC at rates 2-5times higher than healthy
age-matched individuals, with manifestations occurring 10-20 years
earlier than in the general population [74,83]. In cases of end-stage
renal disease, the progression of these cardiovascular conditions can
be accelerated up to tenfold [83]. Cardiovascular PC occurs in both the
intimal and medial leaflets of the arteries walls and in heart valves,
contributing to tissue deterioration and affecting their mechanical
properties [75].

For many years, cardiovascular calcifications were believed to be a
passive process resulting from the precipitation of calcium and phos-
phate associated with aging [75]. However, recent studies have shown
that vascular PC is an active process involving the transdifferentiation of
vascular VSMCs into osteoblast-like cells.

3.2.1. Deleterious role of LOX(L) in cardiovascular calcification

3.2.1.1. Role of ECM and cytoskeleton. Calcified human atherosclerotic
lesions and calcified valve leaflets have demonstrated increased LOX(L)
expression [84,85]. Specifically, increased LOX expression has been
observed in human calcific aortic valve disease, which induces ECM
rearrangements [86]. Consistent with this, stimulation of VICs with CM
resulted in increased deposition of collagen type I and higher secretion
of LOX, accompanied by calcification (see Fig. 3 in [84]).

Similarly, CM-stimulated murine vascular smooth muscle cells
(VSMCs) exhibited increased LOX expression and elevated osteogenic
genes (Runx2, Bmp2). Overexpression of LOX in CM-stimulated murine
VSMCs and thoracic aortas led to greater calcification deposition
compared to WT conditions, coupled with higher expression of osteo-
genic markers BMP2, RUNX2, and OCN [85]. This suggests an aggra-
vation of atherosclerosis and vascular calcification [84]. Inhibition of
LOX(L) activity by BAPN or specific knockdown of LOX reduced calci-
fication induced by CM in human VSMCs and human VICs through
attenuated collagen I deposition (see figure 6 in [85] and 4 in [84,87]).

In a rat model designed to induce vascular calcification (WVK diet),
aorta microcalcifications were detected within collagen type I and along
the elastic fibers surrounding VSMCs. Rats treated with BAPN before
calcification induction (preventive treatment) exhibited less calcifica-
tion, though not significantly, compared to the control group. However,
BAPN administration during calcification progression (curative treat-
ment) significantly reduced vascular calcification, with lower LOX and
collagen type I production compared to the control group [88]. How-
ever, the reduction of calcification by BAPN in CM-stimulated VSMCs
was not reproducible in vitro [88].

Human saphenous veins cultured in a LOX-conditioned medium
showed increased tissue stiffness and calcification. Mechanistically,
LOX-induced matrix stiffness generated actin stress fibers, leading to
reduced levels of nuclear actin monomers. This reduction failed to
repress YAP-dependent activation of RUNX2. Once activated, RUNX2
triggered the expression of several VSMC calcification genes (Bmp4,
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Bmp6, Sox9, Alpl, and others). In this experimental setting, BAPN or
adenoviral delivery of nuclear targeted polymerization defective actin
inhibited LOX-induced calcification (see Fig. 5 in [89]).

3.2.1.2. Role of ROS. Beyond its role in ECM remodeling, LOX has been
shown to contribute to vascular calcification through increased oxida-
tive stress production. Calcified regions of human atherosclerotic lesions
and calcific aortic valves exhibited elevated LOX and LOXL2 production
alongside higher levels of oxidative stress [87]. Overexpression of LOX
enhanced both ROS  production and  calcification in
atherosclerosis-induced mice and human VICs (see figure 8 in [87]).
Treatment with antioxidants or BAPN reduced both ROS and minerali-
zation in human VICs, indicating that ROS generated by LOX supports
VIC calcification [87]. Additionally, HyO byproduct of LOX activity has
been shown to enhance oxidative stress and vascular stiffness through
p38 MAPK activation, while BAPN prevented this effect [20].

3.2.2. Protective role of LOX(L) in cardiovascular calcification

In vitro experiments have demonstrated that supplementation of
hyaluronan oligomers, either alone or with TGF-f1, increased LOX
expression and concurrently reduced calcific deposits. This suggests a
protective role of LOX in pathologic calcification associated with aortic
aneurysms [90]. Stimulation of bovine aortic smooth muscle cells with
calcification stimuli (beta-glycerophosphate), triggered calcification
and decreased LOX expression [91]. Additionally, LOX levels were
observed to be decreased in aged calcified carotid arteries of mice,
which further supports the notion that reduced LOX expression may
correlate with vascular calcification in aging [92].

In valvular heart diseases, heart valves can be replaced by bio-
prosthetic heart valves (BHVs). Over time, those BHVs can lead to
structural damage and PC. Interestingly, the incorporation of exogenous
LOX has been shown to provide enhanced protection against calcifica-
tion deposition and improve the mechanical properties of these valves
[93].

3.3. Musculoskeletal calcifications

Pathologic calcification has been found in different musculoskeletal
diseases. Osteoporosis, a chronic metabolic bone disease, is character-
ized by reduced bone mineral density and bone mass, as well as changes
in bone structure and strength. In 2017, over 200 million people were
affected by osteoporosis [94,95]. Osteoarthritis (OA) is a degenerative
rheumatologic condition and impacts more than 500 million individuals
worldwide [96]. Remarkably, cartilage calcification is found in 100 % of
patients undergoing joint replacement surgery [97], with
calcium-containing crystals playing a critical role in the development
and progression of OA [2]. In tendons, pathologic calcification can
occur, especially in the shoulder’s rotator cuff, leading to calcific ten-
dinopathy. This type of calcification has been reported in up to 42 % of
adults with shoulder pain [98]. Finally, ossification of the posterior
longitudinal ligament (OPLL) involves calcification of the spinal poste-
rior ligament, affecting up to 25 % of adults [99].

3.3.1. Deleterious role of LOX(L) in musculoskeletal calcifications

In cartilage, LOX(L) has a crucial role in PC in the context of osteo-
arthritis. LOX(L) activity was induced by calcification stimuli in primary
mouse and human chondrocytes [100]. Additionally, inhibition of LOX
(L) diminished chondrocyte calcification in vitro (Fig. 5A-C) and in vivo
(Fig. 5D). This effect could be accounted for by modulation of calcifi-
cation genes, decreased matrix cross-linking, diminished chondrocyte
hypertrophy (Runx2, Col10), fibrosis (Coll, Col3), inflammation (IL6),
and oxidative stress [100]. In line, CM-stimulated CD11b KO chon-
drocytes showed higher calcification partially caused by increased LOX
activity and matrix cross-links [101]. In line, cartilage of aged OA mice
revealed increased LOX expression which induced higher matrix
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stiffness. Interestingly, matrix stiffness impacted chondrocyte cytoskel-
eton, resulting in reduced Klotho expression [102]. Klotho is a
well-known anti-ageing protein, and its deficiency contributes to car-
diovascular PC associated or not with CKD [103-105]. Indeed, a recent
meta-analysis showed that Klotho levels were inversely corelated with
arterial calcification a well as arterial thickness or stiffness [106]. These
data suggest LOX-induced matrix stiffness can regulate Klotho and
calcification.

Ligaments can also calcify, such as in ossification of posterior lon-
gitudinal ligament (OPLL) in spine. Vascularization of PLL facilitates its
calcification. In human and murine tissues with ossification of PLL,
LOXL2 regulated the differentiation of ligament cells into endothelial-
like cells and osteogenesis. Moreover, a tyrosin kinase inhibitor (sor-
afenib) suppressed LOXL2-mediated ossification in various rodent
models [107].

3.3.2. Protective role of LOX(L) in musculoskeletal calcifications

The roles of LOX(L) have been investigated in mice in vivo, revealing
their crucial involvement in musculoskeletal tissues. LOX knockout (KO)
mice exhibited normal morphology and development of calcified
structures but disorganized collagen and elastin fibers [108-111].
Furthermore, LOX”" osteoblasts cultured in vitro demonstrated less
mineralization than WT cells [109].

LOXL3 deficiency in mice led to perinatal lethality [112,113]. The
surviving mutant mice were smaller, with shorter tibia and femur
lengths, craniofacial defects, spinal deformities, and tissue disorgani-
zation, contributing to locomotion issues and greater skeletal fragility
[112,113]. In addition, LOXL3 KO mice exhibited decreased collagen
fibers and collagen cross links [113].

Finally, LOXL1, LOXL2 and LOXL4 have not been implicated in
musculoskeletal development [110,114].

In addition to their roles in development, LOX(L) enzymes have also
been investigated in musculoskeletal diseases. Notably, osteoporotic

features, such as fragile bone structure and abnormal mineral meta-
bolism commonly found in CKD, have been associated with LOX
decrease in bones [115,116]. For instance, in rats suffering from renal
failure, there is an accumulation of advanced glycation end-products
(AGEs) in peri trabecular osteoblasts. This accumulation impairs oste-
oblast differentiation, evidenced by decreased expression of Spp1, and
reduces mineralization, as indicated by diminished Alizarin red staining
and decreased expression of Runx2 and Alpl. Importantly, AGEs reduced
LOX activity and therefore collagen crosslinking [115]. Alternatively,
AGE:s are also increased in diabetic bones and lead to impaired collagen
matrix structure, resulting to improper bone mineralization [117].
Accordingly, mice treated with BAPN displayed a significant decrease of
bone volume fraction and trabecular thickness [118].

In the context of bone fracture healing, studies have shown that these
enzymes are upregulated in mice following fractures, with expression
levels peaking at approximately 7 days post-fracture. This peak co-
incides with the onset of the endochondral ossification process during
healing. In vitro experiments using the ATDC5 chondrogenic cell line
further elucidated the role of LOXL2 in this process. Knockdown ex-
periments targeting LOXL2 resulted in the abolition of both chondro-
genic differentiation and calcification processes [119]. Supplementation
of LOXL2 in BMP2-cultured osteoblasts increased collagen extracellular
matrix maturity and apatite phosphate formation, thereby reinforcing
calcification potential of cells [120].

Calcific tendinopathy is a common disease which can be reproduced
in murine models, such as aging. In old mice with calcified tendons, LOX
expression and calcification were reduced by uphill treadmill training,
suggesting a negative correlation between LOX and tendon calcification
[121].

4. Therapeutic inhibition of LOX(L)

Dysregulation of LOX(L) has been implicated in the onset and
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progression of various pathologies, leading to the proposal of LOX(L)
expression as a potential biomarker for these conditions [3]. In most
instances, LOX(L) levels are elevated in these diseases, prompting the
development of inhibitors targeting LOX(L). Currently, three classes of
LOX(L) inhibitors are under investigation: small molecule inhibitors,
monoclonal antibodies, and copper chelators [3,122]. Most of these
inhibitors remain in the preclinical phase or are in Phase I-II clinical
trials for conditions such as cancer, fibrosis, and neurodegeneration.
Notably, they have yet to be tested in clinical trials in calcification
conditions illustrated in Fig. 4.

Small molecule inhibitors, such as p-aminopropionitrile (BAPN), are
widely utilized for their ability to irreversibly inhibit LOX(L) activity in
both in vitro and in vivo models, as previously discussed. Although there
are some conflicting reports regarding its effects on LOX and LOXL2 [3,
6,100,122], BAPN is recognized for its role in disrupting the proper
formation and assembly of collagen fibrils. This disruption is critical, as
collagen fibrils are essential for maintaining the extracellular matrix
(ECM) stiffness necessary for optimal tissue biomechanics [6,123]. The
administration of this compound has demonstrated significant benefits,
including improved cell survival, a reduced inflammatory response,
slowed tumor progression, and decreased cardiovascular fibrosis [3].
Additionally, several other small molecules targeting LOX or LOXL2
have been investigated, yielding promising results in combating cancer
and fibrosis [3]. Monoclonal antibodies developed to specifically target
LOXL2 and LOXL4 isoforms have also proven effective in addressing
fibrosis and cancer development, respectively [3]. Interestingly, the
monoclonal antibody AB0023 effectively inhibits LOXL2 activity
without affecting its catalytic function, suggesting that LOXL2 may play
additional roles beyond collagen crosslinking [124]. Furthermore, since
LOX(L) enzymes are copper-dependent, the use of copper chelators or
inhibitors of copper incorporation has shown notable anti-fibrotic and
anti-metastatic effects [3,122].

5. Conclusions

Pathologic calcification represents a significant clinical challenge,
contributing to various debilitating conditions across multiple organ
systems. The involvement of LOX(L) in the mechanisms underlying PC
has garnered increasing attention, as these enzymes play critical roles in
collagen cross-linking and extracellular matrix (ECM) remodeling. This
review has highlighted the dual role of LOX(L) enzymes in calcification
processes, emphasizing both their deleterious and protective roles
depending on the specific context and tissue type.

For cardiovascular pathological calcification (PC), the results have
been mixed, but a clearer pattern has emerged for musculoskeletal
calcification. In musculoskeletal tissues that typically do not calcify,
such as cartilage, tendons, and ligaments, LOX(L) enzymes appear to be
detrimental because their increased expression leads to greater tissue
calcification. In contrast, LOX(L) enzymes are protective in bone tissue,
as they support proper calcification and bone health. Notably, patho-
logical calcification in soft tissues is often associated with decreased
bone mineral density or abnormal bone turnover, a phenomenon
referred to as the ’calcification paradox’ [125]. This paradox is partic-
ularly evident in conditions such as osteoporosis and CKD, where
vascular calcifications occur alongside bone fractures or the develop-
ment of metabolic bone disease (osteodystrophy) respectively. The as-
sociation between impaired bone health and vascular calcification raises
the question of LOX(L) levels in bone and vascular tissues. Indeed,
although definitive answers are still being sought, in osteoporosis or
CKD patients we speculate that LOX(L) levels are regulated in bone and
vasculature in opposite way. Indeed, in osteoporosis, in vivo studies
showed that decreased LOX levels caused reduction of collagen
cross-links, decreased bone strength, and increased risk of fractures
[126]. By contrast, increased LOX(L) in vessels is associated with PC
development [127].

While LOX(L) enzymes have been extensively studied in
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cardiovascular and musculoskeletal tissues, their roles in other soft tis-
sues prone to calcification, such as the brain, skin, and eyes, remain
unexplored [128,129]. Furthermore, most investigations into the role of
LOX(L) have been conducted on rodent models and require validation in
human studies. Lastly, the development of therapeutic tools targeting
LOX(L) must carefully consider the calcification paradox to avoid
adverse effects on bone health.
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