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Abstract: Cardiovascular diseases (CVDs) are the leading causes of death worldwide. CVD
pathophysiology is often characterized by increased stiffening of the heart muscle due to fibrosis,
thus resulting in diminished cardiac function. Fibrosis can be caused by increased oxidative stress and
inflammation, which is strongly linked to lifestyle and environmental factors such as diet, smoking,
hyperglycemia, and hypertension. These factors can affect gene expression through epigenetic
modifications. Lysyl oxidase like 2 (LOXL2) is responsible for collagen and elastin cross-linking in the
heart, and its dysregulation has been pathologically associated with increased fibrosis. Additionally,
studies have shown that, LOXL2 expression can be regulated by DNA methylation and histone
modification. However, there is a paucity of data on LOXL2 regulation and its role in CVD. As such,
this review aims to gain insight into the mechanisms by which LOXL2 is regulated in physiological
conditions, as well as determine the downstream effectors responsible for CVD development.

Keywords: Lysyl Oxidase-Like 2 (LOXL2); epigenetics; DNA methylation; fibrosis; cardiovascular
disease (CVD)

1. Introduction

According to the latest World Health Organization (WHO) report, cardiovascular diseases (CVDs)
account for approximately 31% of all global deaths [1]. To curb this high incidence of CVD, a new
initiative from the WHO in collaboration with the United Nations was launched with the sole purpose
of up-scaling efforts to prevent and control this global threat of cardiovascular deaths, and focuses on
nutritional interventions to reduce CVD risk factors such as obesity, diabetes and hypertension [2,3].
An estimated 463 million individuals were reported to have diabetes in 2016, which can partially be
attributed to the spread of the Western diet and decreased physical demand of the modern-day [4].
According to the latest IDF report, the observed increased diabetes prevalence and its associated
cardiovascular risk is driven by a complex interplay of socioeconomic, demographic, environmental
and genetic factors [5]. Furthermore, diabetes is a known risk factor for cardiovascular dysfunction,
with approximately 85% of CVD deaths occurring as a result of heart failure (HF) or stroke [6]. There
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are certain lifestyle choices, such as smoking, physical inactivity and consumption of foods high in
fat, sugar and salt that contribute, to the observed increase in metabolic diseases and subsequent
cardiovascular risk [7]. Furthermore, it has been argued that this increased cardiovascular risk is
associated with chronic low-grade inflammation which is known to promote cardiac fibrosis and
stiffening of the heart muscle [8]. Myocardial stiffening results in HF, which is caused by an inability
of the heart to pump blood through the body effectively, thereby resulting in decreased myocardial
compliance which has been attributed to alterations in cross-linked collagen [9].

A healthy heart is composed of cardiomyocytes enveloped in cross-linked collagen, the main
component making up the extracellular matrix (ECM), which is critical for maintaining the structural
integrity of the myocardium [10]. In conditions of cardiac damage, such as those induced by obesity or
diabetes, an abnormal increase in collagen deposition is observed between the myocytes, which leads
to the thickening of the ventricle wall, thus resulting in the stiffening of the heart muscle [11]. Moreover,
dysregulation of cardiac tissue structure that results in increased ECM protein deposition is known
to cause myocardial stiffness and dysfunction, further raising the risk for HF [12,13]. Kasner and
colleagues (2011) showed that patients with diastolic dysfunction, and those with HF with normal
ejection fraction exhibited an upregulation in collagen type I expression that was accompanied
by increased collagen deposition and fibrosis [14]. These findings suggest that optimal regulation
of the ECM and controlling collagen deposition is critical in maintaining normal cardiac function.
The mechanism of action of how ECM dysregulation contributes to fibrotic disease and CVD is not
fully elucidated; thus, a better understanding of this process would add value to current knowledge of
drivers of CVD and cardiac fibrosis.

Collagen is the most abundant protein in the ECM, and in the human body, types I-III are the
most prominent [15]. Type I collagen is a fibrillar collagen known to be associated with an increase
in fibrosis [16]. It consists of two α1 and one α2 polypeptide chains, unlike type II and III collagens,
which consist of three α1 peptide chains [17]. Once procollagen has been secreted by the fibroblasts [18],
the propeptide regions are then truncated to form tropocollagen [19]. The telopeptide regions of the
collagen molecules contain lysine and hydroxylysine residues which are responsible for crosslink
formation through chemical bonds, once the collagen molecules have self-assembled [19]. Lysyl oxidase
(LOX) aids in the crosslinking by oxidative deamination of the lysine and hydroxylysine residues,
which then allow them to form the crosslinks [19].

LOX and its linked LOX-like (LOXL) isoforms are known to play a major role in ECM remodeling,
and their physiological regulation has become an important mechanism implicated in the development
of connective tissue disorders, including cardiac tissue fibrosis. Certainly, evidence has been
summarized on the molecular biology of the LOX family proteins in relation to its role in tumor
biology [20,21]. Most recently, Rodríguez and Martínez-González [22,23] discussed findings on the
role of the LOX family in the pathogenesis and progression of myocardial disorders. Similarly,
Yang (2016) and later Zhao (2017) reported on the role that lysyl oxidase-like 2 (LOX2) plays in the
development of cardiac fibrosis and subsequent heart failure [24,25]. More importantly, although such
information remains of interest, specialized information on the regulation of LOXL2 in relation to the
pathophysiology of cardiac fibrosis remains scarce. This is of interest since LOXL2 is a protein that
plays an essential role in the biogenesis of collagen deposition and cross-linking and is thus increasingly
being explored for its role in the development of cardiac fibrosis [24].

It is a copper-dependent enzyme that catalyzes the cross-linking of collagen fibers and thereby
regulates collagen homeostasis, consequently conferring ECM stability [24,26]. Basal levels of LOXL2
expression are necessary for normal ECM deposition and structural composition in tissue and is
central to the functionality and maintenance of the myocardium [27]. Miner et al. (2006) argued that
dysregulation through an augmented expression of LOXL2, increased collagen deposition between
myofibroblasts and is a major driver in the development of cardiac fibrosis, causing heart muscle
stiffness and reduced cardiac output [11]. Fong et al. (2007) confirmed this and argued that decreasing
excessive collagen cross-linking would potentially reduce myocardial stiffness and improve heart
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function [28]. They reported that LOXL2 expression may be regulated by DNA methylation and histone
modification [28]. As such, it suggests that understanding disease pathophysiology and epigenetic
changes that are causal drivers of CVD pathology may allow for insight into the mechanistic action of
LOXL2 and its potential use as a marker of cardiovascular dysfunction.

As such, the current review will describe the function of LOXL2 in maintaining ECM homeostasis,
with the aim of understanding the involvement of LOXL2 in the pathophysiology of cardiac fibrosis.
Additionally, the role that epigenetic mechanisms play in the regulation of LOXL2 expression will also
be explored.

2. The ECM is Compromised during the Development of Fibrosis

In the heart, the ECM forms a scaffold, supporting the myocardial cells and blood vessels and
plays a crucial role in cellular structure and repair, as well as angiogenesis [10,11]. When the heart
muscle is relaxed, the ventricles expand, allowing blood to enter the ventricular space [29]. During
contraction, however, an electric action potential is generated in the sinoatrial node of the right atrium,
which in turn, causes a release of calcium from the sarcoplasmic reticulum [30,31]. This increased
calcium in the cytosol binds to troponin which triggers muscle contraction by allowing the myosin
heads to bind to the actin binding sites. The subsequent conformational change in the myosin results
in the contraction of the ventricles and forces blood out of the heart to be pumped throughout the
body [32]. Collagen fibers within the ECM store the energy generated during the contraction of the
heart and aid in myocardial relaxation, where cardiomyocytes lengthen and return to their original
state [33].

Collagen is the most abundant protein in the body and the main component of the ECM; it plays a
key role in the maintenance of cardiac tissues strength and structural integrity [34–36]. Indeed, collagen
deposition is key to tissue remodeling and wound healing [37]; however, excessive accumulation
of collagen and other extracellular matrix components in the heart can be detrimental, leading to
scarring and fibrosis of cardiac tissue [35,37–39]. Mechanistically it has been speculated that the
abnormal accumulation of the collagen diminishes the myocytes’ contractility in the affected area,
while the overall heart compliance and diastolic function are reduced. For example, in a study done
by Querejeta et al. (2004) it was argued that an increase in collagen type I in the heart resulted in an
increase in myocardial fibrosis, which was observed in hypertensive patients with left ventricular
hypertrophy [40]. Similarly, in a study done by Martos et al. (2007), it was reported that ventricular
stiffness due to increased collagen deposition resulted in diastolic heart failure or severe diastolic
dysfunction in hypertensive patients [41].

The latter studies confirm that apart from its role in maintaining the structural integrity and
stability of the myocardium [10], the ECM, and so too, enhanced collagen cross-linking plays a major
role in the scaring and fibrotic processes which lead to HF [11]. In the instance of excessive collagen and
ECM protein deposition between the myofibroblasts, the resultant thickening of the ventricle wall has
been shown to cause confinement of the muscle fibers, restricting their movement past each other [11].
This collagen build-up eventually promotes fibrosis causing stiffening of the heart muscle, resulting in
suboptimal contractile and pump function [11]. Therefore, a better understanding of the molecular
mechanisms that drive this process, specifically collagen homeostasis, may lead to the development of
possible novel antifibrotic therapies. According to Horn (2016), increased collagen cross linking may
occur via two mechanism: (i) through augmented advanced glycation end product (AGE) formation,
and (ii) enhanced lysyl oxidase (LOX)-mediated aldehyde formation [42].

LOXL2 is a key enzyme that catalyzes the cross-linking of collagen fibers and is integral for
collagen homeostasis. It is thus needed for normal functioning of the myocardium and is pertinent
to cardiac remodeling [13]. Dysregulation of its expression is a major driver of muscle stiffness
through induced cardiac fibrosis [24,25,43], which reduces cardiac output. In fact, it has been proposed
that decreasing excessive collagen cross-linking would reduce myocardial fibrosis and stiffness and
thereby improve heart function [44]. Thus, finding methods for controlling collagen deposition and
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cross-linking through LOXL2 could be a monumental breakthrough in protecting heart against fibrosis,
and eventually reducing the burden of CVDs.

3. The Lysyl Oxidase Gene Family

Lysyl oxidase (LOX) and lysyl oxidase-like 1–4 (LOXL1–4) are a family of proteins that play an
essential role in collagen and elastin cross-linking [45]. It is now well established that the LOX protein
family is linked to fibrosis, as well as the development of other connective tissue disorders, such as
elastolysis and Ehlers-Danlos syndrome [46]. Although differentiation between the various isoforms is
still unclear, LOX is known to promote collagen and elastin cross-linking by oxidatively deaminating
the lysine and hydroxylysine groups within the peptide chains [46]. In addition, LOX is implicated in
the transcriptional regulation of transforming growth factor beta (TGF-β) signaling [47]. Increased
TGF-β is known to upregulate of alpha smooth muscle actin (α-SMA) leading to excessive cardiac scar
formation with enhanced fibrosis [36,48].

TGF-β and α-SMA form an integral part in the fibrotic signaling pathways along with LOX.
Although LOX and the LOXL1–4 isoforms are suspected to function similarly due to the conservation
of the catalytic domains, the LOX protein family is predominantly expressed in different tissue types
with different substrate preferences [26]. It is known that some of the tissue and substrate targets of the
different LOX isoforms may overlap, but the exact localizations and functions of these proteins are
not yet clearly defined. As illustrated in Figure 1, the copper binding, lysine tyrosylquinone cofactor,
cytokine receptor-like and C-terminal regions are catalytic domains that are conserved across the
LOX protein family [49–51]. These conserved domains are necessary for LOX activity, and due to
these conserved domains and high protein similarity, it is predicted that LOXL 1–4 isoforms perform
cross-linking in a similar manner. Any variations in the function of the LOX-family isoforms is likely
to occur due to differences in the variable N-terminal regions of each protein.
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Figure 1. The structure of the LOX and LOXL1–4 proteins. The C-terminal is conserved between
all the LOX protein family members, containing a copper binding domain, a lysine tyrosylquinone
cofactor residue and a cytokine receptor domain. At the N-terminals, LOX and LOXL1 contain
pro-sequences, with LOXL1 containing a proline-rich region (PRR), while LOXL2–4 contain scavenger
receptor cysteine-rich domains (SRCR) within the N-terminal. (Image adapted from Wu 2015 [50]).

LOX exists in an inactive form, which is mainly located in the cytosol, and upon activation, it is
translocated to the nucleus and endoplasmic reticulum, and secreted into the extracellular space [52].
The inactive form is associated with the endoplasmic reticulum and receives the copper ion cofactor
from Menkes’ protein, a copper transporter, to produce the active pro-LOX [26]. Once in the extracellular
space, the activated LOX is known to interact with procollagen molecules, and oxidatively deaminates
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lysine and hydroxylysine residues in the telopeptide portions of the fibers to form lysine aldehyde
and hydroxylysine aldehyde, respectively [19]. Once the propeptide fragments of the procollagen
molecules are truncated, forming tropocollagen molecules, they self-assemble, and the aldehyde
portions form covalent bonds to cross-link the collagen molecules to form fibrils [19]. The mechanisms
involved in LOX-dependent cross-linking are depicted in Figure 2, with the process thought to be
similar for LOXL1-4.
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Figure 2. The mechanism of lyslyl oxidase collagen cross-linking. LOX catalyzes the conversion of
lysine and hydroxylysine to lysine aldehyde and hydroxylysine aldehyde, respectively. This occurs
within the telopeptide region of the procollagen molecules. The propeptide fragments of these molecules
are then truncated to form tropocollagen molecules, which self-assemble and form cross-links, thereby
forming collagen fibrils.

Apart from collagen and elastin cross-linking, the LOX protein isoforms perform additional
functions because of the substrate preference of each enzyme. For example, LOX knock-down studies
have shown that it is necessary for the proliferation and differentiation of some cell types, such as
osteoblasts [53]. LOX also has the ability to inactivate TGF-β and fibroblast growth factor 2 (FGF-2)
by means of oxidation, thus controlling the differentiation of myofibroblasts to fibroblasts [54,55].
Liu et al. (2004) reported that LOXL1 displays substrate preference for elastin and in knockout mouse
studies, has been associated with development of abnormal vasculature [56]. In addition, it was
shown by Ohmura et al. (2012) that transgenic expression of LOXL1 in mouse hearts induced cardiac
hypertrophy [57]. Like LOXL1, Busnadiego et al. (2013) [58] reported that the LOXL4 isoform is
involved in vascular remodeling, although it has a preference for collagen as a substrate. Similarly,
LOXL3 has been implicated in vascular remodeling and the development of cartilage and was found
to be highly expressed in mesenchymal cells, with an increased substrate affinity for collagen type
XI alpha 1 and 2 (COL11A1, COL11A2) and collagen type II alpha 1 (COL2A1), the main structural
component of cartilage [59]. A study by Zhang et al. (2015) showed that homozygous LOXL3 knockout
mice resulted in perinatal fetal death, and LOXL3 +/−mice were found to have spinal abnormalities and
cleft palate [60]. As a result, LOXL3 knockout animals could not be used for studying LOXL3 effect on
cardiovascular development or changes. Lastly, LOXL2 uses collagen type IV as its preferred substrate
and cross-links it through both enzymatic interactions, by the active protein, and non-enzymatic
interactions, by the inactive form of the protein [61]. It is proposed to play a role in a variety of
functions such as normal bone development, blood vessel stabilization, and the sprouting of new
blood vessels, with LOXL2 often found localized within endothelial cells [61]. In addition, as with



Int. J. Mol. Sci. 2020, 21, 5913 6 of 18

LOXL3, studies using LOXL2 knockout mice observed perinatal fetal death as a result of hepatic and
cardiovascular defects [62]. This was confirmed by Yang et al. (2016), who demonstrated that LOXL2
secretion increased in stressed mouse hearts, triggering fibrosis [24]. Taken together, the mentioned
studies implicated LOXL2 in myocardial function; however, research pertaining to LOXL2 in the heart
is lacking, and thus its role in cardiac fibrosis and disease will be further discussed. Given the crucial
function of LOXL2, further studies are required to understand what factors govern its regulation and
function in cardiac health and disease.

4. LOXL2 in Disease

Although the LOXL2 gene has been most widely studied in cancer [50], it has recently attracted
interest for its role in fibrotic diseases such as idiopathic pulmonary fibrosis and liver fibrosis during
non-alcoholic steatohepatitis [63,64]. As with the previous findings by Yang and Zhao, in a study
by Johnson et al. (2020), the results confirm the involvement of LOXL2 in cardiac dysfunction [65].
Nonetheless, evidence on the physiological regulation and data pertaining to the role of LOXL2 in
cardiac health has not been reviewed. As such, understanding the mechanism by which LOXL2 is
implicated in fibrosis during the pathogenesis of various medical conditions, like CVDs, may pave the
way for future therapeutic interventions.

In a healthy state, fibroblasts are present in tissue in an inactive state. After injury, the fibroblasts
are activated and differentiate into myofibroblasts in the presence of growth factors and cytokines,
such as TGF-β, which stimulate ECM proteins to aid in the healing response [38]. It is known that
under conditions of stress, such as inflammation, LOXL2 expression is induced, and its secretion
into the extracellular space is increased [66]. Lytle et al. (2017) found, in low-density lipoprotein
receptor deficient mice, that consumption of a high-fat, high-sugar diet increased plasma LOXL2 mRNA
levels [67]. This was confirmed by Yang et al. (2016), who showed that augmented LOXL2 expression
causes an increase in TGF-β signaling through activation of the phosphoinositide 3-kinase/protein
kinase B/mechanistic target of rapamycin (PI3K/AKT/mTOR) pathway [24] (Figure 3). Furthermore,
they showed that TGF-β induced myofibroblasts formation, subsequently increasing alpha smooth
muscle actin (α-SMA) [24], which was previously implicated in increased collagen deposition during
the fibrotic response and scar tissue formation [38,64]. In this regard, Trackman (2016) concluded that
LOXL2 not only plays a role in the collagen cross-linking, but can also activate alternative fibrotic
pathways through the recruitment of fibroblasts [26]. Since LOXL2 is implicated in fibrosis, it is crucial
to understand its role in the pathophysiology of fibrosis-induced cardiac dysfunction.
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Figure 3. LOXL2-induced cardiac fibrosis. Under stress conditions such as inflammation,
activation of NFκB causes increased mRNA expression of LOXL2 and downstream, LOXL2
activates the PI3K/AKT/mTOR pathway, increasing TGF-β and triggering fibroblasts differentiation,
where myofibroblasts secrete α-SMA and increase collagen deposition. Overstimulation of this process
results in ECM deposition and fibrosis.
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The Role of LOXL2 in the Development of Cardiovascular Disease

Diabetes is a risk factor for cardiac dysfunction and often occurs as a result of increased oxidative
stress in the cells [68]. The combination of oxidative stress and the presence of high amounts of glucose
in the blood leads to the production of AGEs, which can accumulate in various organs including the
kidneys and heart, leading to vascular diseases and endothelial dysfunction [69–71]. AGEs are known
to aggregate on proteins involved in fibrotic processes, such as fibronectin and collagen, and can alter
the normal degradation of the proteins [72]. When AGEs link with collagen molecules, it has been
found to decrease elasticity and increase stiffness within the vasculature and the heart tissue [73].
This leads to myocardial fibrosis by the induction of transcription factor binding, which promotes the
expression of genes such as LOXL2 [73].

Cardiac fibrosis is a hallmark of cardiovascular dysfunction, where ventricular wall thickening is
a consequence of excessive extracellular matrix deposition, which can reduce cardiac contractility [13].
Literature suggests that LOXL2 expression in the heart needs to be tightly regulated in order to prevent
myocardial fibrosis, with these articles summarized in Table 1. Briefly, a study confirmed a positive
correlation between increased LOXL2 mRNA expression and the development of cardiac dysfunction,
in both transgenic mice and humans [24]. In human studies performed by Raghu et al. and Zhao et al.
(2017), Raghu et al. showed that admission of Simtuzumab, which binds to LOXL2 in the treatment of
fibrosis, did not improve the health outcomes of the patients with idiopathic pulmonary fibrosis [74];
however, Zhao et al. showed that patients with atrial fibrillation had increased serum LOXL2 levels,
which was associated with increased left atrial size; however, there was no effect on left ventricular
function [25]. In the same year, Mižíková et al. (2017) found that treating both lung fibroblasts and
C57Bl/6J mice with a general inhibitor of the LOX gene family had no effect on the mRNA expression of
these genes using both an in vivo and in vitro model [75]. Additionally, Craighead et al. (2018) treated
hypertensive patients with the same LOX inhibitor, and found an increase in ECM-bound LOXL2
expression in these patients [76]. By means of proteomic analysis, Steppan et al. (2018) confirmed
that LOXL2 mediates the stiffening of smooth muscles cells in aging using a LOXL2 knock-out mouse
model [77]. This was confirmed by Torregrosa-Carrión et al. (2019), who reported that NOTCH
activation led to increased expression of TGF-β2 and collagen, which form part of the LOXL2 signaling
pathway [78]. Lastly, it was shown by Schilter et al. (2019) that administration of a LOXL2 inhibitor for
4-weeks, after left coronary arteries occlusion, resulted in an observed decreased myocardial fibrosis
with improved cardiac output in a C57/BL6 mouse model [79]. Although there is data linking LOXL2
to fibrosis, its regulation in the fibrotic cardiac disease pathophysiology remains ill-defined, and as
such, more research is required to better define LOXL2′s mechanistic role in cardiac tissue fibrosis and
subsequent contractile dysfunction.
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Table 1. Summary of articles investigating LOXL2 and fibrosis in cardiovascular disease.

Species Study Design Findings References

Loxl2+/− knockout mice Mice: Underwent transaortic constriction followed by LOXL2
expression analysis and histology.

Transgenic mice: cardiac stress results in↑ LOXL2→myocardial fibrosis &
dysfunction.

Inhibition of LOXL2 activity: ↓ cardiac fibrosis and ↑ cardiac function.
Yang et al. (2016) [24]

Human
Human: Patients presenting with HFpEF and diastolic dysfunction

without symptoms underwent right-ventricular biopsies for
evaluation of cardiomyopathy.

LOXL2 acts via the PI3K/AKT pathway to activate TGF-β2.
Diseased human hearts: LOXL2 ↑ in the interstitial space and serum

↑ LOXL2 expression correlated with ↑ fibrosis and myocardial dysfunction.

Human
Patients (aged 45–85) with idiopathic pulmonary fibrosis were

treated with simtuzumab or a placebo once a week and its
effects studied.

Simtuzumab, did not improve survival rates in patients with idiopathic
pulmonary fibrosis. Raghu et al. (2017) [74]

Human Patients with atrial fibrillation were assessed in terms of serum
LOXL2 levels, left atrial size and left ventricular function.

Atrial fibrillation patients: ↑ serum LOXL2
Positively associated with increased left atrial size. Zhao et al. (2017) [25]

Primary cells isolated from
C57Bl/6J mice, macrophages and

endothelial cells, and mouse pups

Primary cells: cultured in the presence of a LOX inhibitor or LOX,
LOXL1 and LOXL2 knocked down with siRNA.

Gene expression, amine oxidase activity and microarray analyses
were performed

Mice: a bronchopulmonary dysplasia model was established, and
lungs harvested for expression analysis.

Lox, Loxl1, and Loxl2 are highly expressed in primary mouse
lung fibroblasts.

Knockdown of Lox, Loxl1, and Loxl2: associated with change in gene
expression (primary mouse lung fibroblasts).

BAPN: no impact on mRNA levels of LOX target-genes, in lung fibroblasts
or in BAPN-treated mice.

Mižíková et al. (2017) [75]

Human

Intradermal microdialysis fibers were placed in the forearm of
young, normotensive and hypertensive individuals.

Fibers treated with β-aminopropionitrile, a LOX inhibitor, or acted
as a control. Norepinephrine was used to examine the

vasoconstrictor function and sodium nitroprusside to study
smooth muscle vasodilation.

LOX inhibition augmented vasoconstrictor sensitivity in young and
normotensive but not hypertensive patients.

ECM-bound LOX expression: ↑ in hypertensive subjects vs.
younger patients.

Vascular stiffness & microvascular dysfunction in hypertension could be
due to ↑ LOX expression.

Craighead et al. (2018) [76]

Human aortic smooth muscle cells
and LOXL2+/−mice

Human aortic smooth muscle cells were cultured and the
secretome analyzed.

Mice: nitric oxide production was assessed in the aortic rings.

Proteomic analysis: LOXL2: important mediator of age-associated
vascular stiffening in smooth muscle cells.

Nitric oxide assessment: it ↓ LOXL2 abundance and activity in the ECM of
isolated smooth muscle cells.

Knock out mice: protected from age-associated vascular stiffening.
Isolated aortic rings: LOXL2 mediates vascular stiffening in aging by

promoting smooth muscle cell stiffness, contractility, and
matrix deposition.

Steppan et al. (2018) [77]

Mouse embryonic endocardial cells,
human aortic smooth muscle cells

and LOXL2+/−mice

Mouse embryonic endocardinal cells were stimulated with DLL4
and JAG1, with or without NOTCH inhibitors.

Proteomics analysis of the media was conducted to identified
proteins that are secreted in response to NOTCH

signaling manipulation.

Secretome analysis identified 129 factors that showed a change in
expression when NOTCH was activated or repressed.

NOTCH activation correlated with ↑ expression of TGF-β2 and collagen.
Torregrosa-Carrión et al. (2019) [78]

Wistar rats, Sprague Dawley rats,
C57/BL6 mice

A LOXL2/LOXL3 inhibitor, PXS-5153A, was developed and its
effect on LOXL2/3 in relation to collagen cross-linking and fibrosis

was assessed.

PXS-5153A ↓ collagen cross-linking in vitro.
PXS-5153A ↓ collagen expression and cross-linking, thereby ↑

liver function.
In a model of myocardial infarction, addition PXS-5153A, ↑ cardiac output.

This shows that inhibition of LOXL2/LOXL3 activity could be a viable
treatment option for liver fibrosis.

Schilter et al. (2019) [79]

Symbols: → = leads to; ↓ = decreases; ↑ = increases.
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5. LOXL2 Activity and Its Gene Regulatory Network

Several mechanisms of LOXL2 regulation have been proposed (Figure 4). Interestingly, galectin-3
(GAL3), although not directly related to LOXL2, is also involved in the fibrotic process through its
interaction with TGF- β. Although both proinflammatory and anti-inflammatory effects have been
suggested for GAL3 [80,81], it has been mostly implicated in the development and progression of
HF [82,83]. LOXL2 forms part of the PI3K/AKT/mTOR pathway [24], which is able to upregulate the
hypoxia-inducible factor 1 (HIF-1). This protein plays a critical role in cardiac oxygen homeostasis,
and its dysregulation results in ischemic heart disease [84,85]. Nevertheless, the PI3K/AKT/mTOR
pathway can activate TGF-β signaling, thereby prompting enhanced activity of the fibrotic pathways [24].
A review by Cox and Erler suggested that tissue fibrosis is caused by specific stressors, which activates
TGF-β, cytokines and other inflammatory responses [86]. This in turn could result in the recruitment
and subsequent activation of fibroblasts to myofibroblasts, which are then able to produce α-SMA and
upregulate proteins such as connective tissue growth factor (CTGF), LOX and LOXL2 [86]. This leads
to the promotion of collagen deposition and cross-linking, resulting in the modification of the ECM,
tissue stiffening and organ failure [86], making LOXL2 and its gene regulatory network an ideal drug
target to protect against cardiac fibrosis and improve heart function.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 11 of 19 
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Figure 4. A proposed mechanism by which LOXL2 causes fibrosis and cardiac dysfunction. LOXL2 acts
via the PI3K/AKT/mTOR pathway to activate TGF-β signaling and HIF-1 protein expression. GAL3 also
activates TGF-β signaling, thus with possible similar effects as LOXL2. TGF-β signaling results in an
increase in α-SMA, CTGF and LOXL2 expression, which leads to an increase in collagen deposition and
cross-linking, resulting in fibrosis, ventricular stiffness and cardiac dysfunction. Inflammation causes
an increase in NFκB which interacts with AP1 and Sp-1 proteins, also increasing LOXL2 expression.
Dysregulation of HIF-1 protein expression results in the disruption of oxygen homeostasis in the heart,
also having pathological effects. Further investigation is needed to find out whether there is a direct
interaction between LOXL2 and GAL3.
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In addition, Chaudhury reported that signal transducers for TGF-β receptors, SMADs,
are important regulators of cellular growth and development through their interaction with TGF-β [87].
Research done by Min Lu et al. (2019) on the regulation of LOX expression suggested that TGF-β1
plays a pertinent role in the phosphorylation and subsequent activation of SMAD2 and SMAD3
signaling [88], with these molecules subsequently being translocated into the nucleus where they
interact with DNA-binding factors such as activating protein 1 (AP-1), specificity protein 1 (Sp-1)
and NFκB [89] to have downstream effects on gene expression. LOXL2 is known to have binding
sites for all three the aforementioned DNA-binding factors and thus its expression can be induced
through TGF-β1/SMAD2/3 signaling [28]. Interestingly, the SMAD proteins have been found to be
present in CVDs or after an ischemic cardiovascular event, where they are involved in the initiation
of the fibrotic processes [89]. Moreover, when TGF is inhibited, a decrease in cardiac interstitial
fibrosis as well as a suppression of late stage cardiac remodeling was observed after a myocardial
infarction in mice [90]. There is also evidence in a cardiac reperfusion injury model that inhibition
of the renin-angiotensin aldosterone system (RAAS) is associated with reduced levels of TGF-h and
SMAD activity, together with a decrease in fibrosis [91]. Lu et al. (2019) also showed a decrease in
c-Jun, one of the components of the AP-1 DNA-binding factors, caused a subsequent decrease in LOX
expression as well as downstream effectors such as collagen [88]. Taken together, this suggests that
TGF-β may act via SMAD and AP-1 to regulate LOX expression, increasing cardiac fibrosis. Although
this proposed pathway has not yet been evaluated for LOXL2 by any single research group, it is
plausible to assume, that based on the similar structure to LOX, with respect to the regulatory sites
for DNA-binding factors, that LOXL2 is regulated in a similar manner to LOX. Nonetheless, in the
search to better understand the role that LOXL2 plays in CVD, it is also important to understand the
involvement of epigenetic modification.

6. Epigenetic Control of LOXL2 Expression

Epigenetic modifications are defined as heritable changes in chromatin structure and DNA
expression, with no alteration in the DNA sequence [92]. The major epigenetic modifications are
DNA methylation (the addition of methyl groups to cytosine residues of CpG sites), acetylation
(the addition of acetyl groups to lysine residues) and histone modification (methylation or acetylation
of histones, altering the chromatin structure). These all influence the regulation of gene expression.
MicroRNAs (miRNAs) are also a form of epigenetic modification that plays a role in regulating gene
expression. Interestingly; however, miRNA expression has also been shown to be controlled by
epigenetic modifications [93,94]. Although epigenetics have been implicated in controlling LOXL2
expression, a paucity of data still exists regarding whether these modifications are key in its regulation.

The LOXL2 gene is located on chromosome 8p21.3 [95,96] and contains 5 CpG sites within the
promotor region and the first exon; these known sites could be influenced by DNA methylation [28,97].
LOXL2 expression is also believed to be controlled through histone modification. Fong et al. (2007) [28]
and a later study done by Hollosi et al. (2009) [97] showed that treatment with a histone deacetylase
inhibitor resulted in a change in LOXL2 expression, indicating that histone modification influenced
LOXL2 expression. Although miRNAs in LOXL2 regulation have not been studied in CVDs, evidence
from cancer studies have shown that miRNAs can regulate LOXL2 expression in tumors [98]. Since
epigenetic modifications have been linked to the development and progression of various diseases,
understanding how these mechanisms regulate LOXL2 could provide new avenues to control its
expression, and potentially be advantageous in the treatment of fibrosis induced CVDs.

6.1. LOXL2 and DNA Methylation

DNA methylation can be affected by environmental factors [99], and is a reversible process, making
it an attractive therapeutic approach. The methylation reaction is catalyzed by DNA methyltransferases
(DNMTs) [100], but its dysregulation in cellular processes by both hyper- and hypomethylation
contributes to the development and progression of diseases [100].
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Methylation sites within a genes promotor region are important in the regulation of gene
expression [101]. Fong et al. [28] and Zhong et al. [43] both showed that methylation within the
LOXL2 promotor region aids in the regulation of its expression. In addition to this, an in vitro
study done on human chondrocytes showed an increase in inflammatory markers resulted in a
decrease in LOXL2 expression [102]. Dong et al. (2017) also argued that an inverse relationship exists
between DNA methylation and inflammation in healthy African-American teenagers [103]. It is also
known that transcription factors, such as NF-κB, and changes in DNA methylation status as well
as histone modifications are responsible for the regulation of genes associated with inflammatory
pathways [104]. Inflammatory factors are known to upregulate the expression of LOXL2 and thereby
increase fibrosis [105]. In addition, an epigenome-wide association study conducted on Asian and
European cohorts showed that genes that are known to have an association with hypertension were
differentially methylated, and that there were differences between the methylation statuses of the
two cohorts [106]. It was also shown in a mouse model that if DNMT1, an enzyme that catalyzes
methylation, is silenced, an upregulation is seen in the interleukins and cytokines, thus increasing
inflammation [107]. Biological processes of inflammation and high blood pressure, which are both risk
factors for the development of CVDs [43], can be controlled by changes in methylation, thus making
the discovery of methylation targets important in combating fibrotic diseases.

6.2. LOXL2 and Histone Modification

In addition to methylation, it has been shown that histone modification also plays a role in
LOXL2 regulation [28]. Histones are protein structures within chromosomes around which the DNA
strands or chromatin are coiled. Histone modification aids in the packaging of DNA with thus
influencing gene expression [108]. Although there is little evidence to link histone modification and
LOXL2 expression, evaluations in breast cancer cell lines reveal that treatment with a general DNA
methylation inhibitor, 5-azacytidine, resulted in a 40-fold upregulation of LOXL2 mRNA expression,
and further co-treatment with a histone deacetylase inhibitor, trichostatin A, resulted in a further 5-fold
expression increase [28,97]. It has; however, been shown that an increase in histone acetyltransferase
post-myocardial infarction has a positive impact on myocardial remodeling, specifically within the left
ventricle [109], and thus, histone modifications could play a key role in the pathogenesis of cardiac
fibrosis. More research, however, needs to be conducted surrounding LOXL2 and regulation of its
expression by histone modifications.

7. Future Considerations

The majority of LOXL2 mechanistic studies have been focused on cancer. To date, it is known
that the expression of LOXL2 is tightly regulated, with augmented LOXL2 expression being linked to
interstitial fibrosis. Nonetheless, to date, there is a paucity of data linking LOXL2 mechanistically to
cardiovascular dysfunction. As such, future studies should include functional studies that attempt to
inhibit LOXL2 to better understand it role in the fibrotic process. Although there is no treatment for
fibrosis in the myocardium, recently two drugs, pirfenidone and nintedanib have been approved for the
treatment of idiopathic pulmonary fibrosis and exert their effects by inhibiting TGF-β, platelet-derived
growth factor (PDGF) and FGF receptors, respectively, which are known regulators of LOXL2
expression [110]. What is still unknown however, is how LOXL2, through the ECM, causes changes
in TGF-β signaling, and whether LOXL2 has a direct effect on the myofibroblasts to result in their
migration. Deeper investigation into the signaling mechanisms driving these processes could be key in
identifying other important effectors in the fibrotic process.

Additionally, although some human studies have been conducted [24,25,74,76], characterization
of LOXL2 expression and function within the heart is limited. Experimental data need to be validated
in humans, in both male and female patients, and non-invasive methods will need to be developed to
test these markers by correlations with other risk factors in order to be used as a possible predictor
of CVD. A further limitation to current research is that the role of epigenetic effects influencing
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LOXL2 expression has not been evaluated. Although DNA methylation and histone modification
have been implicated in the regulation of LOXL2 expression, it is known that there is an interplay
between miRNAs and epigenetic mechanisms [111,112], and thus the effect of miRNAs on LOXL2 gene
expression should also be explored.

Epigenetic changes can be regulated by external factors such as smoking, pollution, diet and
exercise [113]. Diet, such as the Mediterranean diet, characterized by high polyphenol content is also
associated with reduced cardiovascular risk, and as such, should be investigated [114]. Interestingly,
polyphenols are also known to have the potential to modulate epigenetic machinery; however, the
mechanisms by which polyphenols exert their effects, particularly in affecting LOXL2 methylation
or histone modifications, are yet to be elucidated. Additionally, it is known that polyphenols act as
anti-inflammatory agents, reducing the stressors that could activate the fibrotic pathways, and could
thus prove to be useful in this regard and warrants further investigation.

8. Conclusions

This review presents evidence that, under conditions of stress, increased inflammation activates
NFκB, stimulating LOXL2 expression, as well as other factors like TGF-β, COL1A and CTGF, which in
turn, lead to elevated collagen deposition and cross-linking, culminating in increased fibrosis. There is,
however, a paucity of available literature, thus hindering efforts to fully elucidate not only the exact
mechanisms by which LOXL2 signaling occurs in fibrosis, but also the role that epigenetics plays in
LOXL2 and cardiovascular disease progression. There is a definite need for further investigating the
effects of epigenetics in LOXL2 expression, which could greatly aid in identifying a means to control
and manipulate LOXL2, particularly in humans, thereby developing novel therapeutics to combat this
worldwide CVD problem.

Author Contributions: Conceptualization, R.J., E.S. and M.E.; writing—original draft preparation, M.E.;
writing—review and editing, M.E., E.S., S.L., M.C., O.L., P.D., C.P. and R.J.; supervision, R.J. and E.S.; funding
acquisition, R.J. and M.E. All authors have read and agreed to the published version of the manuscript.

Funding: The work reported herein was made possible through funding by the South Africa Medical Research
Council’s Biomedical Research and Innovation Platform baseline funding as well as Division of Research Capacity
Development Internship Scholarship and Intra-mural Post-Doctoral Scholarship Program. As well as the National
Research Foundation (NRF) Thuthuka Programme 107261, the Competitive program for Rated Researchers (CPRR)
120812, theNRF, Professional Development Programme (PDP) grant 104912, NRF grant 117829, the NRF Extension
grant 12098, and the South African Rooibos Council grant. In addition, The NRF echocardiograph large equipment
Grant at the University of Cape Town.

Acknowledgments: Staff of the Biomedical Research and Innovation Platform for direction and support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Abbreviations

AKT Protein kinase B
α-SMA Alpha smooth muscle actin
AGEs Advanced glycation end-products
CTGF Connective tissue growth factor
CVD Cardiovascular disease
DNMTs DNA methyltransferases
ECM Extracellular matrix
GAL3 Galectin 3
HF Heart failure
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Sp-1 Specificity protein 1
TGF-α Transforming growth factor alpha
TGF-β Transforming growth factor beta
WHO World Health Organization

References

1. World Health Statistics (WHO). Monitoring Health for the SDGs; WHO: Geneva, Switzerland, 2019.
2. World Health Statistics (WHO). New Initiative Launched to Tackle Cardiovascular Disease: The World’s Number

One Killer; WHO: Geneva, Switzerland, 2016.
3. World Health Statistics (WHO). Global Hearts Initiative: Working Together to Promote Cardiovascular Health;

WHO: Geneva, Switzerland, 2018.
4. World Health Statistics (WHO). Obesity and Overweight Fact Sheet. Available online: https://www.who.int/

news-room/fact-sheets/detail/obesity-and-overweight (accessed on 12 November 2018).
5. International Diabetes Federation (IDF). IDF Diabetes Atlas, 9th ed.; IDF: Brussels, Belgium, 2019.
6. World Health Statistics (WHO). Cardiovascular Diseases (CVDs) Fact Sheet. Available online: https://www.

who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds) (accessed on 12 September 2019).
7. CDC. Heart Failure Fact Sheet. Available online: https://www.cdc.gov/dhdsp/data_statistics/fact_sheets/fs_

heart_failure.htm (accessed on 13 July 2019).
8. Steven, S.; Frenis, K.; Oelze, M.; Kalinovic, S.; Kuntic, M.; Bayo Jimenez, M.T.; Vujacic-Mirski, K.;

Helmstädter, J.; Kröller-Schön, S.; Münzel, T.; et al. Vascular inflammation and oxidative stress: Major
triggers for cardiovascular disease. Oxid. Med. Cell. Longev. 2019, 2019, 7092151. [CrossRef] [PubMed]

9. López, B.; Querejeta, R.; González, A.; Beaumont, J.; Larman, M.; Díez, J. Impact of treatment on myocardial
lysyl oxidase expression and collagen cross-linking in patients with heart failure. Hypertension 2009, 53,
236–242. [CrossRef] [PubMed]

10. Segura, A.M.; Frazier, O.H.; Buja, L.M. Fibrosis and heart failure. Heart Fail. Rev. 2014, 19, 173–185. [CrossRef]
[PubMed]

11. Miner, E.C.; Miller, W.L. A look between the cardiomyocytes: The extracellular matrix in heart failure.
Mayo Clin. Proc. 2006, 81, 71–76. [CrossRef]

12. Schaper, J.; Froede, R.; Hein, S.; Buck, A.; Hashizume, H.; Speiser, B.; Friedl, A.; Bleese, N. Impairment of the
myocardial ultrastructure and changes of the cytoskeleton in dilated cardiomyopathy. Circulation 1991, 83,
504–514. [CrossRef]

13. Frangogiannis, N.G. The extracellular matrix in ischemic and nonischemic heart failure. Circ. Res. 2019, 125,
117–146. [CrossRef]

14. Kasner, M.; Westermann, D.; Lopez, B.; Gaub, R.; Escher, F.; Kühl, U.; Schultheiss, H.-P.; Tschöpe, C. Diastolic
tissue doppler indexes correlate with the degree of collagen expression and cross-linking in heart failure and
normal ejection fraction. J. Am. Coll. Cardiol. 2011, 57, 977–985. [CrossRef]

15. Lodish, H.; Berk, A.; Zipursky, S.L.; Matsudaira, P.; Baltimore, D.; Darnell, J. Collagen: The fibrous proteins
of the matrix. In Molecular Cell Biology, 4th ed.; W. H. Freeman and Company: New York, NY, USA, 2000.

16. Henriksen, K.; Karsdal, M.A. Type I collagen. In Biochemistry of Collagens, Laminins and Elastin: Structure,
Function and Biomarkers; Elsevier Inc.: Amsterdam, The Netherlands, 2016; pp. 1–11. ISBN 9780128098998.

17. Gao, L.; Orth, P.; Cucchiarini, M.; Madry, H. Effects of solid acellular type I/III collagen biomaterials on
in vitro and in vivo chondrogenesis of mesenchymal stem cells. Expert Rev. Med. Devices 2017, 14, 717–732.
[CrossRef]

18. Karsenty, G.; Park, R.W. Regulation of type I collagen genes expression. Int. Rev. Immunol. 1995, 12, 177–185.
[CrossRef]

19. Yamauchi, M.; Sricholpech, M. Lysine post-translational modifications of collagen. Essays Biochem. 2012, 52,
113–133. [CrossRef]

20. Nishioka, T.; Eustace, A.; West, C. Lysyl oxidase: From basic science to future cancer treatment.
Cell Struct. Funct. 2012, 37, 75–80. [CrossRef] [PubMed]

https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.cdc.gov/dhdsp/data_statistics/fact_sheets/fs_heart_failure.htm
https://www.cdc.gov/dhdsp/data_statistics/fact_sheets/fs_heart_failure.htm
http://dx.doi.org/10.1155/2019/7092151
http://www.ncbi.nlm.nih.gov/pubmed/31341533
http://dx.doi.org/10.1161/HYPERTENSIONAHA.108.125278
http://www.ncbi.nlm.nih.gov/pubmed/19075089
http://dx.doi.org/10.1007/s10741-012-9365-4
http://www.ncbi.nlm.nih.gov/pubmed/23124941
http://dx.doi.org/10.4065/81.1.71
http://dx.doi.org/10.1161/01.CIR.83.2.504
http://dx.doi.org/10.1161/CIRCRESAHA.119.311148
http://dx.doi.org/10.1016/j.jacc.2010.10.024
http://dx.doi.org/10.1080/17434440.2017.1368386
http://dx.doi.org/10.3109/08830189509056711
http://dx.doi.org/10.1042/bse0520113
http://dx.doi.org/10.1247/csf.11015
http://www.ncbi.nlm.nih.gov/pubmed/22453058


Int. J. Mol. Sci. 2020, 21, 5913 14 of 18

21. Cano, A.; Santamaría, P.G.; Moreno-Bueno, G. LOXL2 in epithelial cell plasticity and tumor progression.
Futur. Oncol. 2012, 8, 1095–1108. [CrossRef] [PubMed]

22. Rodríguez, C.; Martínez-González, J. The role of lysyl oxidase enzymes in cardiac function and remodeling.
Cells 2019, 8, 1483. [CrossRef] [PubMed]

23. Al-u’datt, D.; Allen, B.G.; Nattel, S. Role of the lysyl oxidase enzyme family in cardiac function and disease.
Cardiovasc. Res. 2019, 115, 1820–1837. [CrossRef] [PubMed]

24. Yang, J.; Savvatis, K.; Kang, J.S.; Fan, P.; Zhong, H.; Schwartz, K.; Barry, V.; Mikels-Vigdal, A.; Karpinski, S.;
Kornyeyev, D.; et al. Targeting LOXL2 for cardiac interstitial fibrosis and heart failure treatment. Nat. Commun.
2016, 7, 13710. [CrossRef] [PubMed]

25. Zhao, Y.; Tang, K.; Tianbao, X.; Wang, J.; Yang, J.; Li, D. Increased serum lysyl oxidase-like 2 levels correlate
with the degree of left atrial fibrosis in patients with atrial fibrillation. Biosci. Rep. 2017, 37. [CrossRef]

26. Trackman, P.C. Enzymatic and non-enzymatic functions of the lysyl oxidase family in bone. Matrix Biol.
2016, 52–54, 7–18. [CrossRef]

27. González, A.; López, B.; Ravassa, S.; San José, G.; Díez, J. The complex dynamics of myocardial interstitial
fibrosis in heart failure. Focus on collagen cross-linking. Biochim. Biophys. Acta Mol. Cell Res. 2019, 1866,
1421–1432. [CrossRef]

28. Fong, S.F.T.; Dietzsch, E.; Fong, K.S.K.; Hollosi, P.; Asuncion, L.; He, Q.; Parker, M.I.; Csiszar, K. Lysyl
oxidase-like 2 expression is increased in colon and esophageal tumors and associated with less differentiated
colon tumors. Genes Chromosom. Cancer 2007, 46, 644–655. [CrossRef]

29. Saxton, A.; Bordoni, B. Anatomy, Thorax, Cardiac Muscle; StatPearls Publishing: Treasure Island, FL, USA, 2019.
30. Fabiato, A. Calcium-induced release of calcium from the cardiac sarcoplasmic reticulum. Am. J. Physiol. Physiol.

1983, 245, C1–C14. [CrossRef]
31. Cheng, H.; Lederer, W.; Cannell, M. Calcium sparks: Elementary events underlying excitation-contraction

coupling in heart muscle. Science 1993, 262, 740–744. [CrossRef] [PubMed]
32. Marks, A.R. Calcium and the heart: A question of life and death. J. Clin. Invest. 2003, 111, 597–600. [CrossRef]

[PubMed]
33. Robinson, T.F.; Factor, S.M.; Sonnenblick, E.H. The heart as a suction pump. Sci. Am. 1986, 254, 84–91.

[CrossRef] [PubMed]
34. Frantz, C.; Stewart, K.M.; Weaver, V.M. The extracellular matrix at a glance. J. Cell Sci. 2010, 123, 4195–4200.

[CrossRef] [PubMed]
35. Xue, M.; Jackson, C.J. Extracellular matrix reorganization during wound healing and its impact on abnormal

scarring. Adv. Wound Care 2015, 4, 119–136. [CrossRef]
36. Deshmukh, S.; Dive, A.; Moharil, R.; Munde, P. Enigmatic insight into collagen. J. Oral Maxillofac. Pathol.

2016, 20, 276. [CrossRef]
37. Eckes, B.; Nischt, R.; Krieg, T. Cell-matrix interactions in dermal repair and scarring. Fibrogenesis Tissue Repair

2010, 3, 4. [CrossRef]
38. Wynn, T.A.; Ramalingam, T.R. Mechanisms of fibrosis: Therapeutic translation for fibrotic disease. Nat. Med.

2012, 18, 1028–1040. [CrossRef]
39. Campana, L.; Iredale, J.P. Extracellular matrix metabolism and fibrotic disease. Curr. Pathobiol. Rep. 2014, 2,

217–224. [CrossRef]
40. Querejeta, R.; López, B.; González, A.; Sánchez, E.; Larman, M.; Martínez Ubago, J.L.; Díez, J. Increased

collagen type I synthesis in patients with heart failure of hypertensive origin: Relation to myocardial fibrosis.
Circulation 2004, 110, 1263–1268. [CrossRef]

41. Martos, R.; Baugh, J.; Ledwidge, M.; O’Loughlin, C.; Conlon, C.; Patle, A.; Donnelly, S.C.; McDonald, K.
Diastolic heart failure: Evidence of increased myocardial collagen turnover linked to diastolic dysfunction.
Circulation 2007, 115, 888–895. [CrossRef] [PubMed]

42. Horn, M.A.; Trafford, A.W. Aging and the cardiac collagen matrix: Novel mediators of fibrotic remodelling.
J. Mol. Cell. Cardiol. 2016, 93, 175–185. [CrossRef] [PubMed]

43. Zhong, J.; Agha, G.; Baccarelli, A.A. The role of DNA methylation in cardiovascular risk and disease. Circ. Res.
2016, 118, 119–131. [CrossRef]

44. Zibadi, S.; Vazquez, R.; Larson, D.F.; Watson, R.R. T Lymphocyte regulation of lysyl oxidase in diet-induced
cardiac fibrosis. Cardiovasc. Toxicol. 2010, 10, 190–198. [CrossRef] [PubMed]

http://dx.doi.org/10.2217/fon.12.105
http://www.ncbi.nlm.nih.gov/pubmed/23030485
http://dx.doi.org/10.3390/cells8121483
http://www.ncbi.nlm.nih.gov/pubmed/31766500
http://dx.doi.org/10.1093/cvr/cvz176
http://www.ncbi.nlm.nih.gov/pubmed/31504232
http://dx.doi.org/10.1038/ncomms13710
http://www.ncbi.nlm.nih.gov/pubmed/27966531
http://dx.doi.org/10.1042/BSR20171332
http://dx.doi.org/10.1016/j.matbio.2016.01.001
http://dx.doi.org/10.1016/j.bbamcr.2019.06.001
http://dx.doi.org/10.1002/gcc.20444
http://dx.doi.org/10.1152/ajpcell.1983.245.1.C1
http://dx.doi.org/10.1126/science.8235594
http://www.ncbi.nlm.nih.gov/pubmed/8235594
http://dx.doi.org/10.1172/JCI18067
http://www.ncbi.nlm.nih.gov/pubmed/12618512
http://dx.doi.org/10.1038/scientificamerican0686-84
http://www.ncbi.nlm.nih.gov/pubmed/3704622
http://dx.doi.org/10.1242/jcs.023820
http://www.ncbi.nlm.nih.gov/pubmed/21123617
http://dx.doi.org/10.1089/wound.2013.0485
http://dx.doi.org/10.4103/0973-029X.185932
http://dx.doi.org/10.1186/1755-1536-3-4
http://dx.doi.org/10.1038/nm.2807
http://dx.doi.org/10.1007/s40139-014-0058-7
http://dx.doi.org/10.1161/01.CIR.0000140973.60992.9A
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.638569
http://www.ncbi.nlm.nih.gov/pubmed/17283265
http://dx.doi.org/10.1016/j.yjmcc.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26578393
http://dx.doi.org/10.1161/CIRCRESAHA.115.305206
http://dx.doi.org/10.1007/s12012-010-9078-7
http://www.ncbi.nlm.nih.gov/pubmed/20556665


Int. J. Mol. Sci. 2020, 21, 5913 15 of 18

45. Lucero, H.A.; Kagan, H.M. Lysyl oxidase: An oxidative enzyme and effector of cell function. Cell. Mol.
Life Sci. 2006, 63, 2304–2316. [CrossRef] [PubMed]

46. Moon, H.-J.; Finney, J.; Ronnebaum, T.; Mure, M. Human lysyl oxidase-like. Bioorg. Chem. 2014, 57, 231–241.
[CrossRef]

47. Xu, X.-H.; Jia, Y.; Zhou, X.; Xie, D.; Huang, X.; Jia, L.; Zhou, Q.; Zheng, Q.; Zhou, X.; Wang, K.; et al.
Downregulation of lysyl oxidase and lysyl oxidase-like protein 2 suppressed the migration and invasion
of trophoblasts by activating the TGF-β/collagen pathway in preeclampsia. Exp. Mol. Med. 2019, 51, 20.
[CrossRef]

48. Davidson, J.M.; Zoia, O.; Liu, J.-M. Modulation of transforming growth factor-beta 1 stimulated elastin and
collagen production and proliferation in porcine vascular smooth muscle cells and skin fibroblasts by basic
fibroblast growth factor, transforming growth factor-α, and insulin-like growth factor-I. J. Cell. Physiol. 1993,
155, 149–156. [CrossRef]

49. Rodriguez, C.; Martinez-Gonzalez, J.; Raposo, B.; Alcudia, J.F.; Guadall, A.; Badimon, L. Regulation of lysyl
oxidase in vascular cells: Lysyl oxidase as a new player in cardiovascular diseases. Cardiovasc. Res. 2008, 79,
7–13. [CrossRef]

50. Wu, L.; Zhu, Y. The function and mechanisms of action of LOXL2 in cancer: A review. Int. J. Mol. Med. 2015,
36, 1200–1204. [CrossRef]

51. Molnar, J.; Fong, K.S.K.; He, Q.P.; Hayashi, K.; Kim, Y.; Fong, S.F.T.; Fogelgren, B.; Szauter, K.M.;
Mink, M.; Csiszar, K. Structural and functional diversity of lysyl oxidase and the LOX-like proteins.
Biochim. Biophys. Acta 2003, 1647, 220–224. [CrossRef]

52. Trackman, P.C. Functional importance of lysyl oxidase family propeptide regions. J. Cell Commun. Signal.
2018, 12, 45–53. [CrossRef] [PubMed]

53. Khosravi, R.; Sodek, K.L.; Xu, W.-P.; Bais, M.V.; Saxena, D.; Faibish, M.; Trackman, P.C. A novel function
for lysyl oxidase in pluripotent mesenchymal cell proliferation and relevance to inflammation-associated
osteopenia. PLoS ONE 2014, 9, e100669. [CrossRef] [PubMed]

54. Liguori, T.T.A.; Liguori, G.R.; Moreira, L.F.P.; Harmsen, M.C. Fibroblast growth factor-2, but not the adipose
tissue-derived stromal cells secretome, inhibits TGF-β1-induced differentiation of human cardiac fibroblasts
into myofibroblasts. Sci. Rep. 2018, 8, 1–10. [CrossRef] [PubMed]

55. Itoh, N.; Ohta, H. Pathophysiological roles of FGF signaling in the heart. Front. Physiol. 2013, 4. [CrossRef]
56. Liu, X.; Zhao, Y.; Gao, J.; Pawlyk, B.; Starcher, B.; Spencer, J.A.; Yanagisawa, H.; Zuo, J.; Li, T. Elastic fiber

homeostasis requires lysyl oxidase–like 1 protein. Nat. Genet. 2004, 36, 178–182. [CrossRef]
57. Ohmura, H.; Yasukawa, H.; Minami, T.; Sugi, Y.; Oba, T.; Nagata, T.; Kyogoku, S.; Ohshima, H.; Aoki, H.;

Imaizumi, T. Cardiomyocyte-specific transgenic expression of lysyl oxidase-like protein-1 induces cardiac
hypertrophy in mice. Hypertens. Res. 2012, 35, 1063–1068. [CrossRef]

58. Busnadiego, O.; Gonzalez-Santamaria, J.; Lagares, D.; Guinea-Viniegra, J.; Pichol-Thievend, C.; Muller, L.;
Rodriguez-Pascual, F. LOXL4 is induced by transforming growth factor 1 through smad and JunB/Fra2 and
contributes to vascular matrix remodeling. Mol. Cell. Biol. 2013, 33, 2388–2401. [CrossRef]

59. Alzahrani, F.; Al Hazzaa, S.A.; Tayeb, H.; Alkuraya, F.S. LOXL3 encoding lysyl oxidase-like 3, is mutated in a
family with autosomal recessive Stickler syndrome. Hum. Genet. 2015, 134, 451–453. [CrossRef]

60. Zhang, J.; Yang, R.; Liu, Z.; Hou, C.; Zong, W.; Zhang, A.; Sun, X.; Gao, J. Loss of lysyl oxidase-like 3 causes
cleft palate and spinal deformity in mice. Hum. Mol. Genet. 2015, 24, 6174–6185. [CrossRef]

61. Bignon, M.; Pichol-Thievend, C.; Hardouin, J.; Malbouyres, M.; Brechot, N.; Nasciutti, L.; Barret, A.; Teillon, J.;
Guillon, E.; Etienne, E.; et al. Lysyl oxidase-like protein-2 regulates sprouting angiogenesis and type IV
collagen assembly in the endothelial basement membrane. Blood 2011, 118, 3979–3989. [CrossRef] [PubMed]

62. Martin, A.; Salvador, F.; Moreno-Bueno, G.; Floristán, A.; Ruiz-Herguido, C.; Cuevas, E.P.; Morales, S.;
Santos, V.; Csiszar, K.; Dubus, P.; et al. Lysyl oxidase-like 2 represses Notch1 expression in the skin to
promote squamous cell carcinoma progression. EMBO J. 2015, 34, 1090–1109. [CrossRef] [PubMed]

63. Barry-Hamilton, V.; Spangler, R.; Marshall, D.; McCauley, S.; Rodriguez, H.M.; Oyasu, M.; Mikels, A.;
Vaysberg, M.; Ghermazien, H.; Wai, C.; et al. Allosteric inhibition of lysyl oxidase–like-2 impedes the
development of a pathologic microenvironment. Nat. Med. 2010, 16, 1009–1017. [CrossRef] [PubMed]

64. Rockey, D.C.; Bell, P.D.; Hill, J.A. Fibrosis—A common pathway to organ injury and failure. N. Engl. J. Med.
2015, 373, 95–96. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00018-006-6149-9
http://www.ncbi.nlm.nih.gov/pubmed/16909208
http://dx.doi.org/10.1016/j.bioorg.2014.07.003
http://dx.doi.org/10.1038/s12276-019-0211-9
http://dx.doi.org/10.1002/jcp.1041550119
http://dx.doi.org/10.1093/cvr/cvn102
http://dx.doi.org/10.3892/ijmm.2015.2337
http://dx.doi.org/10.1016/S1570-9639(03)00053-0
http://dx.doi.org/10.1007/s12079-017-0424-4
http://www.ncbi.nlm.nih.gov/pubmed/29086201
http://dx.doi.org/10.1371/journal.pone.0100669
http://www.ncbi.nlm.nih.gov/pubmed/24971753
http://dx.doi.org/10.1038/s41598-018-34747-3
http://www.ncbi.nlm.nih.gov/pubmed/30413733
http://dx.doi.org/10.3389/fphys.2013.00247
http://dx.doi.org/10.1038/ng1297
http://dx.doi.org/10.1038/hr.2012.92
http://dx.doi.org/10.1128/MCB.00036-13
http://dx.doi.org/10.1007/s00439-015-1531-z
http://dx.doi.org/10.1093/hmg/ddv333
http://dx.doi.org/10.1182/blood-2010-10-313296
http://www.ncbi.nlm.nih.gov/pubmed/21835952
http://dx.doi.org/10.15252/embj.201489975
http://www.ncbi.nlm.nih.gov/pubmed/25759215
http://dx.doi.org/10.1038/nm.2208
http://www.ncbi.nlm.nih.gov/pubmed/20818376
http://dx.doi.org/10.1056/NEJMra1300575
http://www.ncbi.nlm.nih.gov/pubmed/25785971


Int. J. Mol. Sci. 2020, 21, 5913 16 of 18

65. Johnson, R.; Nxele, X.; Cour, M.; Sangweni, N.; Jooste, T.; Hadebe, N.; Samodien, E.; Benjeddou, M.;
Mazino, M.; Louw, J.; et al. Identification of potential biomarkers for predicting the early onset of diabetic
cardiomyopathy in a mouse model. Sci. Rep. 2020, 10, 12352. [CrossRef]

66. Puente, A.; Fortea, J.I.; Cabezas, J.; Arias Loste, M.T.; Iruzubieta, P.; Llerena, S.; Huelin, P.; Fábrega, E.;
Crespo, J. LOXL2—A new target in antifibrogenic therapy? Int. J. Mol. Sci. 2019, 20, 1634. [CrossRef]

67. Lytle, K.A.; Wong, C.P.; Jump, D.B. Docosahexaenoic acid blocks progression of western diet-induced
nonalcoholic steatohepatitis in obese Ldlr-/- mice. PLoS ONE 2017, 12, e0173376. [CrossRef]

68. Wright, E.; Scism-Bacon, J.L.; Glass, L.C.; Glass, L. Oxidative stress in type 2 diabetes: The role of fasting and
postprandial glycaemia. Int. J. Clin. Pract. 2006, 60, 308–314. [CrossRef]

69. Michael Brownlee, M.D. Advanced protein glycosylation in diabetes and aging. Annu. Rev. Med. 1995, 46,
223–234. [CrossRef]

70. Kislinger, T.; Tanji, N.; Wendt, T.; Qu, W.; Lu, Y.; Ferran, L.J.; Taguchi, A.; Olson, K.; Bucciarelli, L.; Goova, M.;
et al. Receptor for advanced glycation end products mediates inflammation and enhanced expression of
tissue factor in vasculature of diabetic apolipoprotein E-null mice. Arterioscler. Thromb. Vasc. Biol. 2001, 21,
905–910. [CrossRef]

71. Candido, R.; Forbes, J.M.; Thomas, M.C.; Thallas, V.; Dean, R.G.; Burns, W.C.; Tikellis, C.; Ritchie, R.H.;
Twigg, S.M.; Cooper, M.E.; et al. A breaker of advanced glycation end products attenuates diabetes-induced
myocardial structural changes. Circ. Res. 2003, 92, 785–792. [CrossRef] [PubMed]

72. Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813–820.
[CrossRef] [PubMed]

73. Aronson, D. Cross-linking of glycated collagen in the pathogenesis of arterial and myocardial stiffening of
aging and diabetes. J. Hypertens. 2003, 21, 3–12. [CrossRef] [PubMed]

74. Raghu, G.; Brown, K.K.; Collard, H.R.; Cottin, V.; Gibson, K.F.; Kaner, R.J.; Lederer, D.J.; Martinez, F.J.;
Noble, P.W.; Song, J.W.; et al. Efficacy of simtuzumab versus placebo in patients with idiopathic pulmonary
fibrosis: A randomised, double-blind, controlled, phase 2 trial. Lancet Respir. Med. 2017, 5, 22–32. [CrossRef]

75. Mižíková, I.; Palumbo, F.; Tábi, T.; Herold, S.; Vadász, I.; Mayer, K.; Seeger, W.; Morty, R.E. Perturbations to
lysyl oxidase expression broadly influence the transcriptome of lung fibroblasts. Physiol. Genom. 2017, 49,
416–429. [CrossRef]

76. Craighead, D.H.; Wang, H.; Santhanam, L.; Alexander, L.M. Acute lysyl oxidase inhibition alters microvascular
function in normotensive but not hypertensive men and women. Am. J. Physiol. Heart Circ. Physiol. 2018,
314, H424–H433. [CrossRef]

77. Steppan, J.; Wang, H.; Bergman, Y.; Rauer, M.J.; Tan, S.; Jandu, S.; Nandakumar, K.; Barreto-Ortiz, S.;
Cole, R.N.; Boronina, T.N.; et al. Lysyl oxidase-like 2 depletion is protective in age-associated vascular
stiffening. Am. J. Physiol. Circ. Physiol. 2019, 317, H49–H59. [CrossRef]

78. Torregrosa-Carrión, R.; Luna-Zurita, L.; García-Marqués, F.; D’Amato, G.; Piñeiro-Sabarís, R.;
Bonzón-Kulichenko, E.; Vázquez, J.; de la Pompa, J.L. NOTCH activation promotes valve formation
by regulating the endocardial secretome. Mol. Cell. Proteom. 2019, 18, 1782–1795. [CrossRef]

79. Schilter, H.; Findlay, A.D.; Perryman, L.; Yow, T.T.; Moses, J.; Zahoor, A.; Turner, C.I.; Deodhar, M.; Foot, J.S.;
Zhou, W.; et al. The lysyl oxidase like 2/3 enzymatic inhibitor, PXS-5153A, reduces crosslinks and ameliorates
fibrosis. J. Cell. Mol. Med. 2018, 23, jcmm.14074. [CrossRef]

80. Dragomir, A.-C.D.; Sun, R.; Choi, H.; Laskin, J.D.; Laskin, D.L. Role of Galectin-3 in classical and alternative
macrophage activation in the liver following acetaminophen intoxication. J. Immunol. 2012, 189, 5934–5941.
[CrossRef]

81. Li, Y.; Komai-Koma, M.; Gilchrist, D.S.; Hsu, D.K.; Liu, F.-T.; Springall, T.; Xu, D. Galectin-3 is a negative
regulator of lipopolysaccharide-mediated inflammation. J. Immunol. 2008, 181, 2781–2789. [CrossRef]
[PubMed]

82. McCullough, P.A.; Olobatoke, A.; Vanhecke, T.E. Galectin-3: A novel blood test for the evaluation and
management of patients with heart failure. Rev. Cardiovasc. Med. 2011, 12, 200–210. [CrossRef] [PubMed]

83. De Boer, R.A.; Voors, A.A.; Muntendam, P.; van Gilst, W.H.; van Veldhuisen, D.J. Galectin-3: A novel mediator
of heart failure development and progression. Eur. J. Heart Fail. 2009, 11, 811–817. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41598-020-69254-x
http://dx.doi.org/10.3390/ijms20071634
http://dx.doi.org/10.1371/journal.pone.0173376
http://dx.doi.org/10.1111/j.1368-5031.2006.00825.x
http://dx.doi.org/10.1146/annurev.med.46.1.223
http://dx.doi.org/10.1161/01.ATV.21.6.905
http://dx.doi.org/10.1161/01.RES.0000065620.39919.20
http://www.ncbi.nlm.nih.gov/pubmed/12623881
http://dx.doi.org/10.1038/414813a
http://www.ncbi.nlm.nih.gov/pubmed/11742414
http://dx.doi.org/10.1097/00004872-200301000-00002
http://www.ncbi.nlm.nih.gov/pubmed/12544424
http://dx.doi.org/10.1016/S2213-2600(16)30421-0
http://dx.doi.org/10.1152/physiolgenomics.00026.2017
http://dx.doi.org/10.1152/ajpheart.00521.2017
http://dx.doi.org/10.1152/ajpheart.00670.2018
http://dx.doi.org/10.1074/mcp.RA119.001492
http://dx.doi.org/10.1111/jcmm.14074
http://dx.doi.org/10.4049/jimmunol.1201851
http://dx.doi.org/10.4049/jimmunol.181.4.2781
http://www.ncbi.nlm.nih.gov/pubmed/18684969
http://dx.doi.org/10.3909/ricm0624
http://www.ncbi.nlm.nih.gov/pubmed/22249510
http://dx.doi.org/10.1093/eurjhf/hfp097
http://www.ncbi.nlm.nih.gov/pubmed/19648160


Int. J. Mol. Sci. 2020, 21, 5913 17 of 18

84. Pez, F.; Dayan, F.; Durivault, J.; Kaniewski, B.; Aimond, G.; Le Provost, G.S.; Deux, B.; Clézardin, P.;
Sommer, P.; Pouysségur, J.; et al. The HIF-1–Inducible lysyl oxidase activates HIF-1 via the akt pathway in a
positive regulation loop and synergizes with HIF-1 in promoting tumor cell growth. Cancer Res. 2011, 71,
1647–1657. [CrossRef]

85. Semenza, G.L. HIF-1 mediates metabolic responses to intratumoral hypoxia and oncogenic mutations.
J. Clin. Invest. 2013, 123, 3664–3671. [CrossRef]

86. Cox, T.R.; Erler, J.T. Molecular pathways: Connecting fibrosis and solid tumor metastasis. Clin. Cancer Res.
2014, 20, 3637–3643. [CrossRef]

87. Chaudhury, A.; Howe, P.H. The tale of transforming growth factor-beta (TGFβ) signaling: A soigné enigma.
IUBMB Life 2009, 61, 929–939. [CrossRef]

88. Lu, M.; Qin, Q.; Yao, J.; Sun, L.; Qin, X. Induction of LOX by TGF-β1/Smad/AP-1 signaling aggravates rat
myocardial fibrosis and heart failure. IUBMB Life 2019, 71, 1729–1739. [CrossRef]

89. Eulertaimor, G.; Heger, J. The complex pattern of SMAD signaling in the cardiovascular system. Cardiovasc. Res.
2006, 69, 15–25. [CrossRef]

90. Ikeuchi, M.; Tsutsui, H.; Shiomi, T.; Matsusaka, H.; Matushima, S.; Wen, J.; Kubota, T.; Takeshita, A. Inhibition
of TGF-beta signaling exacerbates early cardiac dysfunction but prevents late remodeling after infarction.
Cardiovasc. Res. 2004, 64, 526–535. [CrossRef]

91. Hao, J.; Wang, B.; Jones, S.C.; Jassal, D.S.; Dixon, I.M.C. Interaction between angiotensin II and Smad proteins
in fibroblasts in failing heart and in vitro. Am. J. Physiol. Circ. Physiol. 2000, 279, H3020–H3030. [CrossRef]
[PubMed]

92. Handy, D.E.; Castro, R.; Loscalzo, J. Epigenetic modifications. Circulation 2011, 123, 2145–2156. [CrossRef]
[PubMed]

93. Chuang, J.C.; Jones, P.A. Epigenetics and microRNAs. Pediatr. Res. 2007, 61, 24R–29R. [CrossRef] [PubMed]
94. Morales, S.; Monzo, M.; Navarro, A. Epigenetic regulation mechanisms of microRNA expression.

Biomol. Concepts 2017, 8, 203–212. [CrossRef] [PubMed]
95. NCBI. LOXL2 lysyl Oxidase Like 2 [Homo sapiens (Human)] Gene. Available online: https://www.ncbi.nlm.

nih.gov/gene?cmd=Retrieve&dopt=full_report&list_uids=4017 (accessed on 16 May 2019).
96. Ensembl Genome Browser. LOXL2 (ENSG00000134013) Gene (Homo sapiens). Available online: http:

//www.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000134013,r=8:23297189-23425328 (accessed
on 16 May 2015).

97. Hollosi, P.; Yakushiji, J.K.; Fong, K.S.K.; Csiszar, K.; Fong, S.F.T. Lysyl oxidase-like 2 promotes migration in
noninvasive breast cancer cells but not in normal breast epithelial cells. Int. J. Cancer 2009, 125, 318–327.
[CrossRef] [PubMed]

98. Nishikawa, R.; Chiyomaru, T.; Enokida, H.; Inoguchi, S.; Ishihara, T.; Matsushita, R.; Goto, Y.; Fukumoto, I.;
Nakagawa, M.; Seki, N. Tumour-suppressive microRNA-29s directly regulate LOXL2 expression and inhibit
cancer cell migration and invasion in renal cell carcinoma. FEBS Lett. 2015, 589, 2136–2145. [CrossRef]

99. Martin, E.M.; Fry, R.C. Environmental influences on the epigenome: Exposure—Associated DNA methylation
in human populations. Annu. Rev. Public Health 2018, 39, 309–333. [CrossRef]
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