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REVIEW ARTICLE

Elastases and elastokines: elastin degradation and its significance in health
and disease

Andrea Heinz

Department of Pharmacy, LEO Foundation Center for Cutaneous Drug Delivery, University of Copenhagen, Copenhagen, Denmark

ABSTRACT
Elastin is an important protein of the extracellular matrix of higher vertebrates, which confers
elasticity and resilience to various tissues and organs including lungs, skin, large blood vessels
and ligaments. Owing to its unique structure, extensive cross-linking and durability, it does not
undergo significant turnover in healthy tissues and has a half-life of more than 70 years. Elastin is
not only a structural protein, influencing the architecture and biomechanical properties of the
extracellular matrix, but also plays a vital role in various physiological processes. Bioactive elastin
peptides termed elastokines – in particular those of the GXXPG motif – occur as a result of pro-
teolytic degradation of elastin and its non-cross-linked precursor tropoelastin and display several
biological activities. For instance, they promote angiogenesis or stimulate cell adhesion, chemo-
taxis, proliferation, protease activation and apoptosis. Elastin-degrading enzymes such as matrix
metalloproteinases, serine proteases and cysteine proteases slowly damage elastin over the life-
time of an organism. The destruction of elastin and the biological processes triggered by elasto-
kines favor the development and progression of various pathological conditions including
emphysema, chronic obstructive pulmonary disease, atherosclerosis, metabolic syndrome and
cancer. This review gives an overview on types of human elastases and their action on human
elastin, including the formation, structure and biological activities of elastokines and their role in
common biological processes and severe pathological conditions.

Abbreviations: b-Gal: b-galactosidase; CB: cathepsin B; Cela1: chymotrypsin-like elastase 1;
Cela2A: chymotrypsin-like elastase 2A; CF: cathepsin F; CG: cathepsin G; cGMP: cyclic guanosine
monophosphate; CL: cathepsin L; COPD: chronic obstructive pulmonary disease; CS: cathepsin S;
CTR: chymotrypsin; CV: cathepsin V; CXCL-12: C-X-C motif chemokine ligand 12; CXCR-4: C-X-C
chemokine receptor type 4; EBP: elastin binding protein; ECM: extracellular matrix; EDP: elastin-
derived peptide; ERC: elastin receptor complex; ERK: extracellular signal-regulated kinase; HLE:
human leukocyte elastase; LOX: lysyl oxidase; MMP: matrix metalloproteinase; mRNA: messenger
ribonucleic acid; NAFLD: nonalcoholic fatty liver disease; NASH: nonalcoholic steatohepatitis; NEP:
neprilysin; Neu-1: neuraminidase-1; PE: pancreatic elastase; PEP: pepsin; PepT1: peptide trans-
porter 1; PPCA: cathepsin A/protective protein; PR3: proteinase 3; TE: tropoelastin; Th-1: type 1 T
helper cell; Timp: tissue inhibitor of matrix metalloproteinases; TR: trypsin; UV: ultraviolet; VEGF:
vascular epidermal growth factor
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Introduction

Elastin is an essential extracellular matrix (ECM) protein

of vertebrates and the core protein of elastic fibers. It

provides elasticity and resilience to many vertebrate tis-

sues such as major blood vessels, lungs, skin, elastic lig-

aments, and cartilage and is, thus, critical for their long-

term function. It possesses exceptional properties

including elasticity, tensile strength and extreme dur-

ability, and has a unique chemical composition, con-

taining large amounts of the four hydrophobic amino

acids Gly, Ala, Val, and Pro. Elastin is secreted in the

form of its monomeric precursor tropoelastin (TE) that
occurs in different isoforms due to alternative splicing
of its pre-mRNA. TE consists of alternating highly hydro-
phobic domains and more hydrophilic Lys-containing
KA/KP domains, of which the hydrophobic regions are
responsible for self-aggregation and tensile properties,
while the latter are involved in cross-linking. Cross-link-
ing transforms monomeric TE into polymeric elastin
(Vrhovski and Weiss 1998; Akagawa and Suyama 2000;
Mithieux and Weiss 2005) (Figure 1).

Elastic fibers are composed of an elastin core and a
microfibrillar mantle (Figure 1). Elastogenesis, the
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process of elastic fiber formation, is initiated by the
assembly of fibrillin microfibrils, which serve as a scaf-
fold for elastin deposition (Thomson et al. 2019).
Translation of TE mRNA occurs on the surface of the
rough endoplasmic reticulum. TE is hydroxylated at
prolyl residues by prolyl 4-hydroxylase and is then
transported through the Golgi apparatus to the cell sur-
face. Before secretion, TE binds with its chaperon, the
elastin-binding protein (EBP), and the EBP-TE complex
is secreted (Hinek and Rabinovitch 1994; Davis and
Mecham 1998; Vrhovski and Weiss 1998). In the extra-
cellular space, TE is released from EBP and undergoes
self-association in an endothermic, entropically driven
liquid–liquid phase separation termed coacervation
(Muiznieks et al. 2018). The alignment of TE and the
subsequent cross-linking is promoted by fibulin-4,
which mediates the association between TE and lysyl
oxidase (LOX) (McLaughlin et al. 2006; Yanagisawa and
Davis 2010; Nakamura 2018). Initially, allysine (a-amino-
adipic acid-d-semialdehyde) is produced through oxida-
tive deamination of an e-amino group of a Lys residue
by LOX or LOX-like proteins. Intra- and inter-molecular
cross-links are subsequently formed by non-enzymatic
condensation, producing allysine aldol or dehydrolysi-
nonorleucine, which further condense to form the sta-
ble and non-reducible cross-links desmosine and
isodesmosine, unique to elastin (Eyre et al. 1984;
Vrhovski and Weiss 1998; Akagawa and Suyama 2000;
Mithieux and Weiss 2005). In most mammalian tissues,
the major part of elastogenesis occurs in a small devel-
opmental window, reaching its maximum during early
neonatal periods. In mature organs and tissues, elastin
synthesis is repressed by posttranscriptional factors
(Parks et al. 1993). Once formed, elastin shows virtually
no turnover in healthy tissues, exhibiting a half-life
greater than 70 years (Shapiro et al. 1991; Powell et al.
1992) due to its cross-linked nature, which is associated
with a high resistance and durability. However, elastin
accumulates damage over the lifetime of an organism
as a result of aging processes induced by innate tissue
degeneration, enzymatic activity and environmental

influences, which may result in a loss of function of
elastin or pathological conditions.

Elastin is not only a structure protein, but also plays an
active role in various physiological processes (Debelle
and Tamburro 1999). Some elastin-derived peptides
(EDPs), which are liberated upon proteolytic degradation
of elastin mainly from the hydrophobic domains (Figure
2(A–C)), promote angiogenesis (Robinet et al. 2005) and
are associated with the regulation of various cell activ-
ities, including cell adhesion, chemotaxis, migration, pro-
liferation, protease activation, and apoptosis (Figure 2(E))
(Jung et al. 1998; Maquart et al. 2004; Moroy et al. 2005;
Antonicelli et al. 2007). EDPs are also referred to as matri-
kines, that is, peptides with biological activities that are
released through degradation of an ECM protein, or
more specifically elastokines, that is, peptides with bio-
logical activities released by the action of enzymes from
elastin (Maquart et al. 1999; Duca et al. 2004; Maquart
et al. 2004, 2005). Both words, matrikine and elastokine,
refer to the cytokine-like properties of the fragments of
matrix proteins (Antonicelli et al. 2007). Studies suggest
that EDPs containing the (X)GXXPG motif are biologically
active, since these are able to interact with EBP (Mecham
et al. 1989; Brassart et al. 2001). Proteolytic damage of
elastic fibers upon aberrant expression of elastases,
together with further biological processes triggered by
elastokines, may contribute to the development and pro-
gression of severe pathological conditions including car-
diovascular diseases such as atherosclerosis (Castiglione
Morelli et al. 1997; Maurice et al. 2013) or lung emphy-
sema (Houghton et al. 2006) (Figure 2(F)). This review
aims to give a comprehensive overview on the formation
of elastokines by elastases, the nature, biological role and
structure-function relationship of elastokines, and their
connection to pathological conditions.

Release of elastokines through
human elastases

Intact elastin is completely insoluble and extremely
resistant toward intrinsic and extrinsic influences.

Figure 1. Structure of elastic fibers with a microfibrillar mantle and an elastin core composed of cross-linked tropoelastin mole-
cules. The color version of this figure is available online.
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Figure 2. Generation and effects of human elastokines. (A) Elastases derived from the classes of metalloendopeptidases, serine
proteases, cysteine proteases and aspartic proteases cleave (B) human tropoelastin and elastic fibers, which leads to (C) the
release of bioactive elastin peptides from the hydrophobic elastin domains. (D) The bioactive elastin peptides interact with differ-
ent types of elastin receptors and (E) induce a variety of biological activities, which may eventually lead to (F) the development
and/or progression of pathological conditions. Human tropoelastin (C) is show as isoform 2 (SwissProt accession number P15502-
2). The color version of this figure is available online.
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However, during the lifetime of an organism, elastin is
repetitively exposed to a variety of enzymatic, chemical
and biophysical influences. Enzymatic degradation of
elastin occurs during constitutive expression of pro-
teases in healthy tissues and as a result of up-regulation
of elastase expression during inflammatory conditions.
Continuous exposure to elastases and concomitant
release of elastokines may lead to serious and irrevers-
ible damage of elastic fibers, loss of elastic fiber func-
tion, chronic inflammation and an increase in morbidity
and mortality through the development and progres-
sion of various cardiovascular diseases (Figure 2(E))
(Antonicelli et al. 2007). Elastases that degrade elastin
belong to the classes of matrix metalloproteinases
(MMPs), aspartic proteases, serine proteases and cysteine
proteases (Figure 2(A)), and their cleavage behavior with
respect to elastin is summarized in Table 1. Werb et al.
defined elastases as proteinases that are “able to solubil-
ize and degrade insoluble elastin fibers alone” (Werb et al.
1982), and Bieth described an elastase as a protease cap-
able of degrading mature cross-linked elastin (Bieth 1986).
Both definitions do not include the fact that elastin cleav-
age by certain enzymes requires pre-damage of elastin,
occurring as a result of aging processes, as has for
instance been described for the serine protease human
leukocyte elastase or the metalloendopeptidase neprilysin
(Boudier et al. 1981; Schmelzer et al. 2012; Mora Huertas
et al. 2018).

Digestive proteases

The aspartic protease pepsin (PEP; EC 3.4.23.1) degrades
proteins in the stomach with a broad specificity (Table
1). It is secreted by the chief cells in the stomach in the
form of its inactive precursor pepsinogen, which is acti-
vated by Hþ in the stomach lumen, resulting in a con-
formational change and exposure of the catalytically
active site. The unfolded active form of pepsinogen
cleaves itself in an autocatalytic fashion, thereby gener-
ating PEP (Bhutia and Ganapathy 2018). When digests
of skin elastin with PEP were analyzed, it was found
that the protease frequently cleaves C-terminal to Gly,
Val, Ala, Leu and Phe residues (Schmelzer et al. 2005).
Overall, PEP has been reported to preferably cleave at
hydrophobic and aromatic residues (Konigsberg et al.
1963; Magee 1974; Schmelzer et al. 2007).

Pancreatic secretions of the human gastrointestinal
tract contain several serine proteases such as trypsin
(TR; EC 3.4.21.4), chymotrypsin (CTR; EC 3.4.21.1) and
pancreatic elastase (PE; EC 3.4.21.71), also known as
chymotrypsin-like elastase 2A (Cela2A), which are all
secreted as inactive precursors (Bhutia and Ganapathy

2018). Limited proteolysis of trypsinogen through intes-
tinal enteropeptidases generates the active enzyme TR,
which then releases CTR and PE from their precursors.
CTR can completely degrade elastin, however has a nar-
rower cleavage specificity than PE as it cleaves at Tyr,
Trp, Phe and Leu residues, which occur in elastin only
in small amounts (Loeven 1970; Bauer et al. 1976;
Collins et al. 1985). Mass spectrometric analysis of elas-
tin digests resulting from incubation of skin elastin with
CTR further revealed that CTR produces larger and
fewer peptides from elastin than PEP, which has a
broader cleavage specificity (Getie, Schmelzer, Weiss,
et al. 2005). Skin elastin is cleaved by CTR predomin-
antly C-terminal to Tyr, Phe and Leu (Getie, Schmelzer,
Weiss, et al. 2005; Gupta et al. 2010). PE is an aggressive
elastase with a broad cleavage specificity and cleaves
elastin C-terminal to Gly, Val, Leu, Ala and Ile and to
lesser extent Phe, Pro, Glu and Arg (Powers et al. 1977;
McRae et al. 1980; Mecham et al. 1997; Getie,
Schmelzer, and Neubert 2005; Heinz et al. 2014). TR
only cleaves C-terminal of Lys and Arg (Loeven 1970;
Collins et al. 1985), which is difficult with 88% of elas-
tin’s Lys residues being modified and involved in cross-
links (Kozel et al. 2003). While TR does not cleave
mature elastin well, it cleaves elastin’s non-cross-linked
precursor TE with accessible Lys residues (Heinz
et al. 2014).

Overall, it is unclear whether bioactive elastin peptides
from animal food products released by digestive pro-
teases are absorbed into the systemic circulation. While
di- and tripeptides have been shown to be transported
intact through the intestinal epithelium by Hþ-dependent
peptide transporter 1 (PepT1), oligopeptides are not sub-
strates for PepT1 (Fei et al. 1994; Vig et al. 2006). The para-
cellular pathway modulated by tight junctions and the
transcellular pathway, however, have been shown to be
involved in transepithelial absorption of peptides (Pauletti
et al. 1997; Satake et al. 2002). Nevertheless, it is unlikely
that the activity of such food-derived elastin peptides
plays a significant role in the human body.

Metalloendopeptidases

MMPs form a large family of multidomain zinc- and cal-
cium-dependent endopeptidases known to cleave vari-
ous components of the ECM. MMPs play a central role
in connective tissue remodeling and regulation of cell
matrix composition through their effects on cell migra-
tion, cell differentiation, cell growth, wound healing,
inflammation, angiogenesis, and apoptosis. The disrup-
tion of the physiological balance between MMP activa-
tion and deactivation is connected with severe diseases
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such as atherosclerosis, arthritis, pulmonary emphy-
sema, myocardial infarction, as well as tumor growth
and metastasis (Nagase and Woessner 1999; Sternlicht
and Werb 2001; Visse and Nagase 2003; Sbardella et al.
2012). Five MMPs are known to cleave elastin: MMP-2
(EC 3.4.24.24), MMP-7 (EC 3.4.24.23), MMP-9 (EC
3.4.24.35), MMP-12 (EC 3.4.24.65) and MT1-MMP (MMP-
14) (EC 3.4.24.80) (Sbardella et al. 2012; Van Doren
2015). MMP-2 (gelatinase A) plays an important role in
ECM degradation during cell migration and tissue
remodeling. It readily digests denatured different colla-
gens, elastin, fibronectin and laminin (Gehrmann et al.
2002). MMP-7 (matrilysin 1) is mainly expressed by epi-
thelial cells and processes various proteins, including
various collagens, laminin, pro-tumor necrosis factor-a
and a2-macroglobulin (Visse and Nagase 2003). MMP-9
(gelatinase B) is secreted by neutrophils and macro-
phages and has also been found in various malignant
cells. It has, for instance, been shown to cleave different
collagens, laminin, and plasminogen (Visse and Nagase
2003). MMP-12 (macrophage elastase) is expressed
mainly by macrophages and cleaves a variety of sub-
strates, including different collagens, laminin, pro-tumor
necrosis factor-a, and plasminogen (Visse and Nagase
2003). MMP-14, the first membrane-type MMP identi-
fied on the surface of invasive tumor cells (Sato et al.
1994), digests ECM proteins such as fibronectin, laminin,
various collagens and elastin (Imai et al. 1996; Will et al.
1996; Ohuchi et al. 1997; Koshikawa et al. 2000). With
respect to the cleavage site specificities in elastin, it
was found that MMP-7, -9 and -12 similarly tolerate
hydrophobic and/or aliphatic amino acids, including
Pro, Gly, Ile, and Val, at P10 (Table 1). MMP-7 shows a
strong preference for Leu at P10, as do MMP-9 and
MMP-12. Of all three MMPs, MMP-12 best tolerates
bulky charged and aromatic amino acids at P10. All
three MMPs showed a clear preference for Pro at P3
(Netzel-Arnett et al. 1993; Nagase and Fields 1996;
Gronski et al. 1997; Mecham et al. 1997; Heinz et al.
2010, 2011). The MMP-2 subsite preferences in P10 are
Leu> Ile/Phe> Val>Ala (Nagase and Fields 1996),
while MMP-14 cleaves mainly N-terminal to Gly, Ala, Val
and Leu in TE and elastin (Miekus et al. 2019).

Neprilysin (NEP; EC 3.4.24.11) is a type-II integral
membrane glycoprotein and member of the M13 sub-
group of zinc-dependent endopeptidases (Sexton et al.
2012). It is also known as skin fibroblast-derived elas-
tase (Morisaki et al. 2010) and is widely expressed
throughout mammalian tissues, including lungs, male
genital tract, various epithelia and neural synapses
(Sexton et al. 2012). It is mainly involved in extracellular
catabolism of bioactive peptides such as enkephalins

and atrial natriuretic peptide (Oefner et al. 2000), but
also degrades components of the elastic fiber system
(Szendroi et al. 1984; Morisaki et al. 2010). A recent
study indicates that NEP may play a role in the elastoly-
sis of elastin from old subjects (75 years), which has
already undergone aging induced by intrinsic and
extrinsic factors (described in more detail in section
Aging), but not of elastin from young individuals
(10 years). Through the release of elastokines and the
overall enhanced activity of NEP in UV-induced extrinsic
skin aging (Nakajima et al. 2012), the enzyme may con-
tribute to ECM aging and break down in particular of
elastic fibers that are pre-damaged through aging proc-
esses (Mora Huertas et al. 2018). NEP shows a strong
preference for Gly at P1, while Gly, Ala and Val, but also
Phe and Tyr were well accepted at P10 during cleavage
of TE and skin elastin (Mora Huertas et al. 2018). The
cleavage site preferences are consistent with previous
reports (Tiraboschi et al. 1999; Sexton et al. 2012).

Serine proteases

The neutrophil serine proteases human leukocyte elastase
(HLE; EC 3.4.21.37), proteinase 3 (PR3; EC 3.4.21.76) and
cathepsin G (CG; EC 3.4.21.20) are members of the chymo-
trypsin family, which is characterized by the presence of a
catalytic triad consisting of His57, Asp102 and Ser195
(chymotrypsin numbering). They play a fundamental role
in a variety of physiological processes including defense
against infections, degradation of ECM components dur-
ing inflammation processes, tissue remodeling and wound
healing (Korkmaz et al. 2008). HLE, PR3 and CG are
secreted by human polymorphonuclear neutrophils and
are stored in their active forms in azurophilic granules,
from which they are released in response to inflammation
processes. HLE, also referred to as neutrophil elastase, cat-
alyzes the degradation of elastin, different collagens, fibro-
nectin and laminins, in addition to plasma proteins such
as immunoglobulins (Owen and Campbell 1999). CG
shows 37% sequence homology with HLE and cleaves a
variety of substrates, including elastin, type IV collagen,
fibronectin, laminins and plasma components such as
immunoglobulins (Owen and Campbell 1999). PR3, also
referred to as myeloblastin, shows 54% sequence hom-
ology with HLE and degrades elastin, type IV collagen,
fibronectin and laminins (Owen and Campbell 1999). HLE
and PR3 similarly cleave C-terminal to hydrophobic and/
or aliphatic residues such as Ala, Gly and Val in elastin
and TE (Table 1) (Mecham et al. 1997; Heinz et al. 2012),
which was also found in studies on model substrates
(McRae et al. 1980; Rao et al. 1991; Brubaker et al. 1992;
Koehl et al. 2003). CG has a broader cleavage specificity
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(Table 1) and additionally cleaves C-terminal to bulky ali-
phatic and aromatic residues such as Leu, Phe and Tyr in
elastin (Heinz et al. 2012) as well as Lys/Phe>Arg/
Leu>Met>Ala>Asp in model substrates (Polanowska
et al. 1998).

There are several studies that underline the import-
ance of concerted action of enzymes during degrad-
ation of elastin. Schmelzer et al. showed that HLE does
not degrade intact elastin fibers from young individuals,
but hydrolyzes elastin derived from the skin of old indi-
viduals. CG, however, cleaves elastin fibers from both
young and old individuals (Schmelzer et al. 2012). The
results indicate that HLE is not the major driving force
for elastolysis, but may still promote elastic fiber break-
down in concerted action with other enzymes such as
CG. This has also been described by Boudier et al., who
found that pre-digestion of human lung elastin by CG
significantly enhances the elastolytic activity of HLE in a
subsequent incubation (Boudier et al. 1981).

Chymotrypsin-like elastase 1 (Cela1; EC 3.4.21.36),
also known as elastase 1, is a protease that is expressed
in lung epithelial cells and macrophages during devel-
opment and post-pneumonectomy lung regeneration.
It has also been referred to as pancreatic elastase 1,
however, it is not expressed in the pancreas. Recently, it
has been shown that Cela1 plays a role in physiologic
and pathologic stretch-dependent remodeling proc-
esses in the postnatal lung, in particular with respect to
elastin fiber organization and function. In TE and elas-
tin, Cela1 cleaves C-terminal to hydrophobic residues
such as Gly>Ala>Val/Leu (Joshi et al. 2018).

Cysteine proteases

Cysteine proteases are members of the C1 family of
papain-like enzymes, the best characterized family of
cysteine peptidases. There are six cysteine proteases
that are known to degrade elastin with differing elasto-
lytic activity, namely cathepsin B, F, K, L, V and S (Turk
et al. 2012) (Table 1). Cathepsin V was found to be the
most potent elastase followed by cathepsins K, S, F, L
and B (Bromme et al. 1996; Yasuda et al. 2004).
Cathepsin K (CK; EC 3.4.22.38), also referred to as cathe-
psin O2, is highly expressed in osteoclasts, multi-
nucleated giant cells, most epithelial cells,
macrophages and in the synovial fibroblasts of rheuma-
toid arthritis joints (Punturieri et al. 2000; Alves et al.
2003). It plays an essential role in bone resorption,
which has been shown in mice and humans (Asagiri
and Takayanagi 2007) and degrades different collagens
as well as elastin (Lecaille et al. 2008). Cathepsin B (CB;
EC 3.4.22.1) is distributed all throughout the human

body and is normally stored within lysosomes, acting
on proteins that have entered the lysosomal system
through endo- or phagocytosis (Mort and Buttle 1997).
It is, however, also secreted as a proenzyme extracellu-
larly and cleaves various other proteins such as differ-
ent types of collagens and fibronectin. Its elastolytic
activity is very low (Yasuda et al. 2004). Cathepsin F (CF;
EC 3.4.22.41) is ubiquitously expressed in human tis-
sues, which indicates a housekeeping function in cells
(Wang et al. 1998), however only shows low elastolytic
properties (Yasuda et al. 2004). Cathepsin L (CL; EC
3.4.22.15) is a ubiquitously expressed lysosomal prote-
ase responsible for intracellular protein breakdown.
Extracellularly, it degrades different collagens, fibronec-
tin and elastin (Mason et al. 1986; Lecaille et al. 2007;
Novinec et al. 2007; Yang et al. 2007). Cathepsin V (CV;
EC 3.4.22.43), also known as cathepsin L2, is mainly
expressed in thymus, testis and corneal epithelium and
may play a critical role in thymic self-antigen presenta-
tion (Bromme et al. 1999; Tolosa et al. 2003). It shows
the strongest elastolytic activity of all mammalian cyst-
eine proteases (Yasuda et al. 2004). Cathepsin S (CS; EC
3.4.22.27) is primarily expressed in lymphatic tissue
such as spleen (Kirschke and Wiederanders 1994). It
cleaves type I collagen, elastin and laminin when
released into the ECM (Wang et al. 2006). With respect
to the cleavage specificities in TE and elastin, it was
found that CK, CS and CV prefer cleaving C-terminal to
Gly � Ala/Val. At P2, the three enzymes prefer Gly, Val,
Ala and Pro (Panwar et al. 2020). For CK, it has been
reported earlier in studies with model peptides and
human bone collagen that Lys, Arg, Phe, Tyr, His and
Try are preferred at P1, but Ala and Gly are also toler-
ated. CK accommodates hydrophobic residues such as
Leu, Val, Ile and Pro at P2 (Atley et al. 2000; Alves et al.
2003). Experiments with CB, CL and CS on a proteomic
peptide library revealed that all three proteases prefer
Gly and Ala at P1. CL and CS show an additional prefer-
ence for Gln at P1, while His and Pro are preferred at
P20and P30. At P2, CB accommodates aromatic and ali-
phatic residues such as Try, Val, Ala and Gly, while CL
prefers Phe, Tyr, Ile, Leu, Val and Trp (Biniossek et al.
2011). CS accommodates Phe, Leu, Ile as well as smaller
residues such as Gly, Ala and Val at P2 (Bromme et al.
1989; Biniossek et al. 2011). CF was found to tolerate
Phe and Leu at P2 (Wang et al. 1998).

Structure, receptors and biological effects of
elastokines

TE consists of alternating hydrophobic and more
hydrophilic domains, with the hydrophilic domains
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being involved in cross-linking. All known bioactive
peptides are derived from the non-cross-linked
hydrophobic domains (Figure 2(C)), whose building
blocks are GX, PX, GGX and PGX, with X¼G, A, V, L
or I (Table 2). The hydrophobic domains are respon-
sible for self-aggregation and tensile properties of
elastin (Vrhovski and Weiss 1998). In particular
domains 17–27, which contain the four biggest

hydrophobic domains encrypting various elastokines,
have been described to be key regions for coacerva-
tion of TE molecules during elastic fiber formation
(Jensen et al. 2000; Dyksterhuis et al. 2007). These
domains are solvent-exposed and it is, hence, likely
that they are cleaved by elastases during ECM turn-
over, tissue aging and elastic fiber diseases, resulting
in the release of elastokines.

Table 1. Elastases and their cleavage specificities with respect to tropoelastin and elastin.
Enzyme EC number Source Cleavage specificity in tropoelastin and elastin

Aspartic endopeptidases
Pepsin 3.4.23.1 Chief cells in stomach C-terminal to Gly, Val, Ala, Leu and Phe (Schmelzer

et al. 2005)
Metalloendopeptidases
MMP-2 (gelatinase A) 3.4.24.24 Cardiomyocytes, fibroblasts,

myofibroblasts
Leu> Ile/Phe> Val>Ala in P10 (Nagase and Fields 1996)

MMP-7 (matrilysin) 3.4.24.23 Mainly expressed by epithelial cells Hydrophobic and/or aliphatic amino acids, including Pro,
Gly, Ile, and Val; strong preference for Leu at P1
(Mecham et al. 1997; Heinz et al. 2010; 2011)

MMP-9 (gelatinase B) 3.4.24.35 Secreted by neutrophils and
macrophages

Hydrophobic and/or aliphatic amino acids, including Pro,
Gly, Ile, Leu and Val (Mecham et al. 1997; Heinz
et al. 2010)

MMP-12 (macrophage elastase) 3.4.24.65 Mainly expressed by macrophages Hydrophobic and/or aliphatic amino acids, including Pro,
Gly, Ile, Leu and Val; tolerates bulky charged and
aromatic amino acids at P10 (Mecham et al. 1997;
Taddese et al. 2008, 2009; Heinz et al. 2010)

MMP-14 3.4.24.80 Surface of invasive tumor cells Hydrophobic and/or aliphatic amino acids, including Pro,
Gly, Ile, Leu and Val (Miekus et al. 2019)

Neprilysin 3.4.24.11 Type-II integral membrane
glycoprotein in fibroblasts of
skin, lungs and various epithelia

Cleaves mainly pre-damaged elastin with strong
preference for Gly at P1, while Gly, Ala and Val, but
also Phe and Tyr are well accepted at P10 (Mora
Huertas et al. 2018)

Serine endopeptidases
Trypsin 3.4.21.4 Pancreatic secretion Only pre-damaged elastin, TE at Lys and Arg (Heinz

et al. 2014)
Chymotrypsin 3.4.21.1 Pancreatic secretion C-terminal to Tyr, Phe and Leu (Getie, Schmelzer, Weiss,

et al. 2005)
Pancreatic elastase
(chymotrypsin-like elastase 2A)

3.4.21.71 Pancreatic secretion C-terminal to Gly, Val, Leu, Ala and Ile and to lesser
extent Phe, Pro, Glu and Arg (Mecham et al. 1997;
Getie, Schmelzer, and Neubert 2005; Heinz et al. 2014)

Human leukocyte elastase 3.4.21.37 Human polymorphonuclear
neutrophils

Mainly pre-damaged elastin, C-terminal to hydrophobic
and/or aliphatic residues such as Ala, Gly and Val
(Mecham et al. 1997; Heinz et al. 2012)

Proteinase 3 3.4.21.76 Human polymorphonuclear
neutrophils

C-terminal to hydrophobic and/or aliphatic residues such
as Ala, Gly and Val (Heinz et al. 2012)

Cathepsin G 3.4.21.20 Human polymorphonuclear
neutrophils

C-terminal to hydrophobic and/or aliphatic residues such
as Ala, Gly and Val; C-terminal to bulky aliphatic and
aromatic residues such as Leu, Phe and Tyr in elastin
(Heinz et al. 2012)

Chymotrypsin-like elastase 1
(Cela 1)

3.4.21.36 Lung epithelial cells and
macrophages

C-terminal to hydrophobic residues such as
Gly>Ala> Val/Leu (Joshi et al. 2018)

Cysteine endopeptidases
Cathepsin B 3.4.22.1 Stored within lysosomes all

throughout the human body
Low elastinolytic activity (Yasuda et al. 2004)

Cathepsin F 3.4.22.41 Ubiquitously expressed in
human tissues

Low elastinolytic activity (Yasuda et al. 2004)

Cathepsin K (cathepsin O2) 3.4.22.38 Expressed in osteoclasts,
multinucleated giant cells, most
epithelial cells, macrophages

C-terminal to Gly � Ala/Val; Gly, Val, Ala and Pro at P2
(Panwar et al. 2020)

Cathepsin L 3.4.22.15 Ubiquitously expressed
lysosomal protease

Gly and Gln in P1, aromatic and hydrophobic residues in
P10 and P2 (determined using a peptide library)
(Biniossek et al. 2011)

Cathepsin V (cathepsin L2) 3.4.22.43 Expressed in thymis, testis and
corneal epithelium

Most potent elastase of all cysteine proteases; C-terminal
to Gly � Ala/Val; Gly, Val, Ala and Pro at P2 (Panwar
et al. 2020)

Cathepsin S 3.4.22.27 Primarily expressed in lymphatic
tissue such as spleen

C-terminal to Gly � Ala/Val; Gly, Val, Ala and Pro at P2
(Panwar et al. 2020)
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Structure of elastokines

In the 1980s, Senior et al. described chemotactic activity
of peptides from HLE digests of bovine elastin (Senior
et al. 1980), of TE (Senior et al. 1982) and of the
sequence VGVAPG, a repeating peptide in TE (Senior
et al. 1984). Structural studies on VGVAPG using nuclear
magnetic resonance and circular dichroism spectros-
copies suggested that the peptide occurs in folded con-
formations in organic solvents (Bisaccia et al. 1994;
Castiglione Morelli et al. 1997). In later studies, it was
found that the GXXPG sequence adopts a type VIII
b-turn conformation, which is important with regards
to binding of elastokines to EBP, a part of the elastin-
receptor complex (ERC) that mediates the action of cer-
tain elastokines (Brassart et al. 2001; Fuchs et al. 2001).
A few years later, molecular dynamics simulations on
VGVAPG, (VGVAPG)2 and (VGVAPG)3 showed that
VGVAPG exists in an equilibrium between different con-
formations including extended, polyproline II (PPII) and
folded conformations such as the type VIII b-turn (Duca
et al. 2004; Floquet et al. 2004). The repetition of

VGVAPG leads to the formation of additional structures
very close to a type VIII b-turn, and the authors
hypothesized that the repeated VGVAPG sequence in
domain 24 may favor elastin–cell interactions as
VGVAPG is more likely to bind to EBP if it occurs in the
TE sequence multiple times (Duca et al. 2004). With
respect to other elastokines, it has been described that
GXXP sequences, in which X is not Gly, are well able to
adopt the type VIII b-turn conformation (Brassart et al.
2001; Fuchs et al. 2001; Moroy et al. 2005). Pro follow-
ing a Gly (GPXPG) has been reported to stabilize the
type VIII b-turn owing to its unique heterocyclic pyrroli-
dine ring structure (Moroy et al. 2005).

Elastin receptors

At the end of the 1980s, Hinek et al. and Mecham et al.
showed that elastin binds to a peripheral membrane
protein, termed EBP, via the VGVAPG repeat (Mecham
et al. 1989). The authors further proposed that EBP is
part of the ERC, constituting three proteins, two

Table 2. Bioactive elastin peptides from human elastin.
Sequence Domain Biological effect

PGAIPG 2, 16 Chemotactic to neutrophils, induces expression of pro-MMP-1 (Grosso and Scott
1993b; Brassart et al. 2001)

GGVPG 2, 7, 20 (2�) Not chemotactic to monocytes (Castiglione Morelli et al. 1997)
VPGVG 7, 8, 9, 18, 20, 24, 30 Stimulation of cell proliferation and autoregulation of elastin expression (Wachi

et al. 1995)
VVPQ 8 Mitogenic activity on dermal fibroblasts (Spezzacatena et al. 2005)
GVKPG 8 Not yet investigated
GKVPG 8, 9 Not yet investigated
GVYPG 9 Stimulation of pro-MMP-1 secretion (Heinz et al. 2012)
GVLPG 9, 10, 16 Stimulation of pro-MMP-1 secretion (Heinz et al. 2012)
GPQPG 12 Not yet investigated
GYGPG 14 Stimulation of pro-MMP-2 secretion (Heinz et al. 2010)
GFGPG 18 Stimulation of pro-MMP-1 secretion (Heinz et al. 2012)
VGVPG 18 (2�), 26 Chemotactic to monocytes (Castiglione Morelli et al. 1997)
GLVPG 18, 24 Chemotactic to monocytes (Bisaccia et al. 1994), stimulation of pro-MMP-1

secretion (Heinz et al. 2012)
GARPG 20 Stimulation of pro-MMP-2 secretion (Heinz et al. 2010)
GGFPG 20 Not yet investigated
GGIPG 20 Not yet investigated
YGVG 20, 21/22 (2�) Chemotactic to monocytes (Bisaccia et al. 1994)
FGVG 20 Chemotactic to monocytes (Bisaccia et al. 1994)
VGVAPG 24 (6�) Expression of pro-MMP-1 (Brassart et al. 2001); up-regulation of MT1-MMP (Fahem

et al. 2008); chemotactic to melanoma cells (Pocza et al. 2008), fibroblasts (Senior
et al. 1984; Castiglione Morelli et al. 1997), monocytes (Senior et al. 1984; Bisaccia
et al. 1994; Hance et al. 2002) and endothelial cells (Long et al. 1989); cell
proliferation and elastin expression in fibroblasts (Kamoun et al. 1995; Tajima et al.
1997; Brassart et al. 2001); proliferation of smooth muscle cells (Mochizuki et al.
2002); osteogenic responses in smooth muscle cells (Simionescu et al. 2005); Th-1
cytokine upregulation (Debret et al. 2005); myofibrillogenesis (Karnik et al. 2003);
vasorelaxation (Faury et al. 1998); stimulation of trophoblast migration (Desforges
et al. 2015); enhanced mRNA expression of Timp-2 and Timp-3 genes (Szychowski
et al. 2019); expression of MMP-2 and MMP-3 (Pocza et al. 2008); migration of
glioblastoma cells (Coquerel et al. 2009)

VGVAPGV 24 (3�)
GVAPG 24 (6�)
GVAPGV 24 (5�)

PGVGVA 24 (6�) Prompts elastase release (Hauck et al. 1995)
GLAPG 24 Not yet investigated
GIGPG 24 Not yet investigated
GLGVGAGVP 26 (2�) Chemotactic to endothelial cells (Long et al. 1989)
AGVPGLGVG 26 Chemotactic to macrophages (Maeda et al. 2007)
GAVPG 26, 27 Stimulation of pro-MMP-2 secretion (Heinz et al. 2010)
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membrane-bound components (55 and 61 kDa) and the
peripheral 67 kDa EBP (Figure 2(D)). They found that
EBP has a biologically significant galactoside-binding
site, which plays a role in elastic fiber assembly (Hinek
et al. 1988; Mecham et al. 1989). A few years later,
Hinek at al. identified strong homology between the
EBP and an inactive, alternatively spliced version of
b-galactosidase (b-Gal; EC 3.2.1.23) (Hinek et al. 1993),
and it was later confirmed by Privitera et al. that both
are identical (Privitera et al. 1998). It was further found
that EBP protects TE from self-aggregation and proteo-
lytic degradation during elastogenesis (Hinek and
Rabinovitch 1994; Hinek 1995). EBP also possesses gal-
actolectin properties, that is, binds b-galactosugars
such as galactose or lactose, and it was suggested that
elastin-EBP interactions may be allosterically regulated
by b-galactosugars bound to EBP (Hinek et al. 1988;
Mecham et al. 1989). With respect to the other two
sub-units of ERC, Hinek et al. proposed and later con-
firmed that these correspond to the proteins known to
interact with b-Gal in the lysosomes, that is, neuramin-
idase (Neu-1; EC 3.2.1.18) and cathepsin A/protective
protein (PPCA; EC 3.4.16.1) (Hinek 1996; Hinek et al.
2006). The function of PPCA in lysosomes is to protect
b-Gal and Neu-1 from intralysosomal digestion by form-
ing a complex with the two other enzymes (Callahan
1999), while the sialidase Neu-1 catalyzes the hydrolysis
of terminal sialic acid residues of oligosaccharides, gly-
coproteins and glycolipids (Achyuthan and Achyuthan
2001). In addition to its important role in elastin assem-
bly (Hinek et al. 2006), the ERC transduces intracellular
signals and mediates the action of elastokines (Duca
et al. 2004). Duca et al. have shown that EDPs stimulate
the production of pro-MMP-1 in human skin fibroblasts
through activation of the extracellular signal-regulated
kinase (ERK) 1/2 pathway, and the Neu-1 sub-unit is
responsible for signal transduction, presumably through
sialic acid generation from undetermined substrates
(Duca et al. 2002, 2005, 2007). Neu-1 catalyzes the local
conversion of the monosialodihexosylganglioside into
lactosylceramide, a critical second messenger of ERC
signaling pathways (Rusciani et al. 2010). Recently, two
segments in human Neu-1 (139–159 and 316–333) have
been identified as transmembrane domains, controlling
dimerization and sialidase activity of Neu-1 (Maurice
et al. 2016). The biological effects of EDPs are not only
mediated through binding to the cell surface receptor
ERC, but also through a galectin-3 receptor (Pocza et al.
2008), integrins avb3 and avb5 (Rodgers and Weiss
2005; Bax et al. 2009; Lee et al. 2014) and a lactose-
insensitive elastin receptor (Maeda et al. 2007) (Figure
2(D)). Galectin-3 is strongly expressed in neoplastic cells

and is involved in tumor metastasis (Bresalier et al.
1996). Integrins avb3 and avb5 bind ECM proteins such
as fibrinogen, vitronectin and fibronectin mainly
through the typical RGD integrin binding motif. In the
case of TE, binding has been shown to occur via the
GRKRK C-terminus with integrin avb3 (Bax et al. 2009)
and via the central part (domains 17 and 18) of the TE
molecule with integrin avb5 (Lee et al. 2014). Both
interactions lead to cell adhesion to TE.

Overall, there are 17 GXXPG sequences in elastin, 9
of which have been shown to display biological activ-
ities (Table 2, Figure 2(C)), while 8 have not been inves-
tigated on potential bioactivities except for GGVPG,
which has shown to not be chemotactic to monocytes
(Castiglione Morelli et al. 1997). In addition to GXXPG-
based elastokines, further peptides have been
described to display biological activities, including
VVPQ (Spezzacatena et al. 2005), VPGVG (Wachi et al.
1995), VGVPG (Castiglione Morelli et al. 1997), PGVGVA
(Hauck et al. 1995) and the nonapeptides GLGVGAGVP
(Long et al. 1989) and AGVPGLGVG (Maeda et al. 2007).

Chemokinetic and chemotactic activity

Cells may respond to a migration-enhancing factor
either by directed movement in the process chemotaxis
or by random, multidirectional movement in the pro-
cess of chemokinesis (Figure 2(E)). Senior et al.
described the chemotactic properties of VGVAPG, which
induces fibroblast and monocyte migration (Senior
et al. 1984). Long et al. later showed that GLGVGAGVP
and VGVAPG are chemoattractants for bovine aortic
endothelial cells (Long et al. 1989). In 1993, Grosso
et al. confirmed that VGVAPG, but also PGAIPG and
GAIPG induce fetal bovine nuchal ligament fibroblast
cell migration, while VGVPG, a highly repeated penta-
peptide in TE, did not result in cell migration. PGAIPG
was found to be chemotactic, and GAIPG was chemoki-
netic (Grosso and Scott 1993a). The presence of lactose
inhibited the fibroblast chemotaxis induced by both
PGAIPG and VGVAPG, however, did not affect cell
migration induced by GAIPG. These findings lead the
authors to the conclusion that not only VGVAPG
(Mecham et al. 1989), but also PGAIPG is a ligand of
EBP, while GAIPG does not seem to display its biological
activity through interaction with EBP (Grosso and Scott
1993a). In another study, Grosso et al. showed that
PGAIPG is chemotactic to neutrophils and Lewis lung
carcinoma tumor cells, which was also found to be
mediated by EBP (Grosso and Scott 1993b).
Chemokinetic activity and migration of monocytes
induced by GLVPG and YGVG has been shown by
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Bisaccia et al., who also demonstrated chemotactic
activity of FGVG, GVAPG and VGVAPG (Bisaccia et al.
1994). Castiglione Morelli et al. confirmed that VGVAPG
and GVAPG as well as VGVPG are chemotactic to mono-
cytes, with the action of VGVAPG and VGVPG being
mediated by EBP, while the action of GVAPG seemed to
be mediated by another receptor (Castiglione Morelli
et al. 1997). Monocyte chemotaxis of VGVAPG in
response to VGVAPG was also confirmed by Hance
et al. (Hance et al. 2002). It was also shown by Uemura
et al. that an EDP from oxalic acid degradation of
bovine elastin displays chemotactic activity toward
monocytes (Uemura and Okamoto 1997). Robinet et al.
described enhanced human endothelial cell migration
in response to the action of VGVAPG (Robinet et al.
2005). Maeda et al. demonstrated that AGVPGLGVG is
chemotactic to macrophages, which is mediated by
EBP, but also by another yet unknown receptor (Maeda
et al. 2007). In 2008, VGVAPG and VAPG were found to
be chemotactic to melanoma cells, which is mediated
by galectin-3 and integrin amb3 receptors (Pocza et al.
2008). Coquerel et al. described migration of glioblast-
oma cells through the healthy brain parenchyma during
brain tumor development induced by (VGVAPG)3 and
j-elastin (Coquerel et al. 2009), a mixture of EDPs
derived from treatment of elastin with potassium
hydroxide (Jacob and Hornebeck 1985). Bovine and
porcine EDPs were further found to stimulate the
migration of fibroblasts (Shiratsuchi et al. 2010).
Recently, Desforges et al. showed that VGVAPG induces
extravillous trophoblast migration during pregnancy,
aiding the process of uterine spiral artery remodeling
(Desforges et al. 2015).

Stimulation of protein expression

The release of elastokines, which induce the expression
of proteases, may accelerate the progression of patho-
logical conditions, inducing chronic inflammation
(Antonicelli et al. 2007). Brassart et al. showed that
VGVAPG, GVAPGV and PGAIPG stimulate pro-MMP-1
expression, and VGVAPG further causes up-regulation
of pro-MMP-3 in human skin fibroblast cell culture. This
was inhibited by lactose, indicating that the biological
effect of the peptides is mediated through binding to
EBP (Brassart et al. 2001). VGVAPG, PGAIPG and j-elas-
tin were also shown to enhance EBP-mediated MMP-2
and MMP-3 production (Huet et al. 2001), and it was
further found that EDPs from j-elastin up-regulate the
pro-MT1-MMP and pro-MMP-2 expression (Robinet
et al. 2005). Pro-MT1-MMP up-regulation through elas-
tokines is EBP-mediated and involves activation of the

MEK1/2/Erk1/2 pathway via PI3-kinase/Akt- and NO-
dependent signaling (Fahem et al. 2008). In contrast,
enhanced expression of MMP-2 and MMP-3 through
the action of VGVAPG and VAPG is mediated by galec-
tin-3 and EBP receptors (Pocza et al. 2008). In vitro tests
have revealed that GVYPG, GVLPG and GFGPG stimulate
the pro-MMP-1 secretion (Heinz et al. 2012), while
GYGPG and GARPG induce the pro-MMP-2 secretion
(Heinz et al. 2010). (VGVAPG)3 increases MMP-2 and
MMP-9 secretion and MMP-12 synthesis as well as
expression of the TE gene (Coquerel et al. 2009).
Szychowski et al. recently described that VGVAPG
enhanced mRNA expression of tissue inhibitor of MMP-
2 (Timp-2) and Timp-3 genes in an EBP-dependent
manner. The authors further found that mRNA expres-
sion of MMP-2, MMP-9 and Timp-4 were only partially
EBP-dependent and the decrease in mRNA expression
of Timp-1 was EBP-independent (Szychowski,
W�ojtowicz, et al. 2019).

EDPs do not only induce the up-regulation of elasta-
ses, but also of other proteins, which play a role during
cardiovascular diseases and cancer progression.
VGVAPG and VAPG induce the expression of C-X-C che-
mokine receptor type 4 (CXCR-4), C-X-C motif chemo-
kine ligand 12 (CXCL-12) and vascular epidermal
growth factor C (VEGF-C), which is mediated by interac-
tions with the galectin-3 and integrin amb3 receptors
and is associated with melanoma progression (Pocza
et al. 2008). EDPs from j-elastin and VGVAPG were
found to up-regulate EBP on mRNA and protein level,
which was associated with cytokine production on
human peripheral blood lymphocytes and CD4þ T cell
subpopulations, suggesting a role of EDPs in Th-1 dif-
ferentiation and cytokine regulation in atherosclerosis,
where a Th-1 immune response predominates (Debret
et al. 2005).

Proliferation

Wachi et al. demonstrated that VPGVG and (VPGVG)n
induce proliferation of smooth muscle cells and reduce
elastin synthesis and its mRNA levels (Wachi et al.
1995), and Kamoun et al. described a proliferative effect
of VGVAPG on human skin fibroblasts (Kamoun et al.
1995), which was confirmed by Tajima et al., who add-
itionally demonstrated a reduction of elastin mRNA lev-
els for VGVAPG (Tajima et al. 1997). Mochizuki et al.
demonstrated that cultured smooth muscle cells from
porcine coronary arteries up-regulate their proliferation
after exposure to j-elastin or VGVAPG in an EBP-medi-
ated manner. In vascular diseases, the local accumula-
tion of TE and EDPs may lead to the activation of
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medial smooth muscle cells into a proliferative and
migratory phenotype, which participates in the forma-
tion of the occlusive arterial lesions (Mochizuki et al.
2002). In 2010, Shiratsuchi et al. described that EDPs
obtained by treating elastin with oxalic acid enhance
the proliferation of fibroblasts (Shiratsuchi et al. 2010).
Human lymphocytes also express EBP and show
increased proliferation and increased production of a
serine protease in the presence of EDPs. T-lymphocytes
are present in atherosclerotic plaques, where elastin
degradation occurs, and may contribute to the chron-
icity of atherosclerotic lesions (Peterszegi et al. 1996).
Recently, Szychowski described an antiproliferative
effect as a result of an increase in the reactive oxygen
species levels by VGVAPG in neuroblastoma cells with a
yet unknown mechanism of action (Szychowski,
Rombel-Bryzek, et al. 2019).

Angiogenesis

Nackman et al. found that the administration of
VGVAPG or elastase in a rat aneurysm model leads to
induced adventitial angiogenesis (Nackman et al. 1997).
Robinet et al. showed that the occupancy of EBP by
EDPs from j-elastin and VGVAPG on vascular endothe-
lial cells triggered neoangiogenesis, which was associ-
ated with pro-MT1-MMP and pro-MMP-2 up-regulation
and may play role in the progression of atherosclerotic
abdominal aortic aneurysm (Robinet et al. 2005). Fahem
et al. confirmed angiogenic effects of EDPs using
(VGVAPG)3, which induced MT1-MMP expression
through NO production mediated by EBP (Fahem et al.
2008). MT1-MMP has been shown to play a major role
in angiogenesis (Seiki and Yana 2003). VGVAPG and
VAPG increase the angiogenic potential of melanoma
cells by enhancing the expression of VEGF-C, which is
mediated by the binding of EDPs to the galectin-3
receptor (Pocza et al. 2008). Gunda et al. confirmed
angiogenic activity of j-elastin and VGVAPG in chor-
oidal endothelial cells, which is inhibited by a type IV
collagen fragment, showing potential for the treatment
of diseases involving choroidal neovascularization
(Gunda et al. 2013).

Apoptosis

Aging is associated with accumulation of ceramides in
tissues, which eventually induce apoptosis (Figure 2(E))
(Cutler and Mattson 2001). Cantarelli et al. showed that
EDPs antagonize ceramide-induced apoptosis in fibro-
blast cell culture, which is mediated by EBP (Cantarelli
et al. 2009). P�eterszegi et al. described the opposite

effect for EDPs from j-elastin with regards to EBP-medi-
ated apoptosis. In low concentrations (l–10 mg mL�1) of
j-elastin, a stimulation of lymphocyte proliferation and
elastase up-regulation were observed, while at higher
concentrations (100 mg mL�1), lymphocyte proliferation
and elastase production decreased and apoptotic cell
death increased (Peterszegi and Robert 1998; Peterszegi
et al. 1999).

Adhesion to cells

Interactions between ECM macromolecules and tumor
cells play a major role in cancer progression, in particu-
lar metastasis formation. Blood et al. demonstrated that
VGVAPG binds to lung carcinoma cells (Blood et al.
1988). Timar et al. found that native elastin and j-elas-
tin adhere to cancer cell lines, namely lung carcinoma
cells and amelanotic melanoma cells, which may be
associated to intra- and extravasation of invasive tumor
cells (Timar et al. 1991). Svitkina and Parsons also
showed that fibrous elastin and EDPs bind to lung car-
cinoma, breast carcinoma, melanoma and prostate can-
cer cells (Svitkina and Parsons 1993), and Jung et al.
demonstrated that j-elastin binds to astrocytoma cell
lines (Jung et al. 1999). VGVAPG and VAPG were shown
to bind melanoma cells (Pocza et al. 2008). Binding of
purified elastin fibers to human skin fibroblasts and
porcine aortic smooth muscle cells (Hornebeck et al.
1986), and EBP-mediated binding of j-elastin to fibro-
blasts have also been demonstrated (Groult et al. 1991).
EBP-mediated binding of a-elastin, soluble elastin
obtained after treatment with 0.25M oxalic acid at
100 �C (Partridge et al. 1955), to cardinal ligament fibro-
blasts has also been described (Yamamoto et al. 2002).
Bax et al. revealed that cell adhesion to human TE is
mediated via the C-terminal GRKRK motif in TE and the
integrin avb3 receptor on the fibroblast surface. The
interaction was found to be independent of EBP (Bax
et al. 2009).

Other biological activities

Faury et al. described effects of TE and EDPs on vascular
tone. TE, j-elastin, VGV, PGV and VGVAPG induced an
EDP-mediated endothelium- and dose-dependent vaso-
relaxation and increased endothelial Ca2þ concentra-
tions (Faury et al. 1995, 1998). Spezzacatena et al.
described mitogenic activity of VVPQ in human dermal
fibroblasts (Spezzacatena et al. 2005), and Simionescu
et al. reported that EDPs induce an EDP-mediated
osteogenic response in vascular smooth muscle cells,
which exhibited an increased expression of bone
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proteins including core binding factor a-1, osteocalcin
and alkaline phosphatase. This may contribute to vascu-
lar calcification (Simionescu et al. 2005). Karnik et al.
described that TE activates myofibrillar organization of
vascular smooth muscle cells. VGVAPG was found to
induce myofibrillogenesis in a time- and dose-depend-
ent fashion, and both VGVAPG and TE stimulate actin
polymerization. The authors suggested that unidenti-
fied cell surface receptor different from EBP mediates
the described effects (Karnik et al. 2003).

Elastases, elastokines and their roles in aging
and pathological conditions

Aging

Aging processes are characterized by progressive
deterioration of the integrity of organs and tissues
induced by intrinsic and extrinsic factors such as innate
tissue degeneration and environmental influences
including UV radiation, smoking and air pollution
(Braverman and Fonferko 1982; Naylor et al. 2011;
Vierk€otter and Krutmann 2012). With respect to ECM
proteins, it has recently been shown that there is a dir-
ect causal link between the exposure to UV radiation,
reactive oxygen species and structural damage to fibril-
lin microfibrils and fibronectin (Hibbert et al. 2019) and
that collagen VI alpha-3 and fibrillin-1 or become more
proteolytically susceptible after having been exposed
to UV radiation (Eckersley et al. 2020). Another study
investigated the influence of extrinsic and extrinsic
aging on the morphology and susceptibility of elastin
toward enzymatic degradation. Morphological differen-
ces in the elastin fibers were found between samples
from young and old individuals, and marker peptides
were identified, which revealed clear differences in the
enzymatic susceptibility between samples from sun-
exposed regions or non-sun exposed regions of the
body of young and old individuals (Mora Huertas et al.
2016). In fact, elastin accumulates damage during aging
over the lifespan of an organism due to its low turnover
and effects including enzymatic degradation
(Antonicelli et al. 2007), oxidative damage (Watanabe
et al. 1996), formation of advanced glycation endprod-
ucts (Paul and Bailey 1996), calcification (Proudfoot and
Shanahan 2001), aspartic acid racemization (Powell
et al. 1992; Sivan et al. 2012), lipid accumulation (Robert
et al. 2008), carbamylation (Gorisse et al. 2016) and
mechanical fatigue (O’Rourke 2007). Aging of elastin
involves fragmentation and thinning of elastin struc-
tures and may result in impaired elastic fiber function,
reduced tissue elasticity, chronic inflammation or even-
tually loss of function of tissues and organs,

considerably increasing morbidity and mortality (Green
et al. 2014). Overall, all the mentioned factors further
enhance elastin’s susceptibility to proteolysis by specific
elastases, triggering processes induced by elastokines,
which often contribute to the development and pro-
gression of various cardiovascular diseases or cancer
(Figure 2(F)) (Baud et al. 2013; Duca et al. 2016).

Cardiovascular diseases

Atherosclerosis, ascending thoracic aortic aneurysm
(ATAA), abdominal aortic aneurysm (AAA), heart insuffi-
ciency or heart arrest often occur as a result of aging-
related damage to elastin in blood vessels (Antonicelli
et al. 2007; Robert et al. 2008). AAA and ATAA involve
structural deterioration, enlargement and eventual rup-
ture of the aorta. Both pathologies are triggered by fac-
tors including inflammation in the arterial wall, the
overproduction of proteolytic enzymes such as MMP-1,
-2, -3, -8, -9, -12, -13, -14 and -19 and a decrease of
some of their inhibitors (Loftus and Thompson 2002;
Choudhury et al. 2009; Rabkin 2017). Those MMPs
degrade components of the ECM that normally main-
tain the arterial structure such as different collagens,
elastin, laminin, proteoglycans and fibronectin (Rabkin
2017), which in the case of elastin leads to a release of
elastokines. In AAA tissue, EDPs attract mononuclear
phagocytes through interactions with EBP, thereby
enhancing the inflammatory response that accompa-
nies aneurysmal degeneration (Hance et al. 2002). It has
also been shown that infusion of VGVAPG into rats
induces aneurysms by stimulating adventitial angiogen-
esis (Nackman et al. 1997). Atherosclerosis is a progres-
sive inflammatory disease characterized by arterial wall
thickening due to the formation of atherosclerotic pla-
ques. Plaque growth and subsequent narrowing of the
arterial lumen are induced by cytokines and growth fac-
tors and further deposition as well as degradation of
ECM components. Several elastinolytic and collageno-
lytic MMPs, including MMP-1, -2, -3, -7, -9, -12, -13 and
-14, are involved in the degradation of the fibrous pla-
ques, leading to plaque rupture and ischemic events
(Loftus and Thompson 2002; Katsuda and Kaji 2003).
Alongside elastin degradation, dysfunctional elastogen-
esis has been described to occur during atheroma for-
mation, leading to the formation of TE plaques which
fail to cross-link into functional elastic fibers
(Phinikaridou et al. 2018). These TE plaques may be
degraded easily, releasing elastokines. EDPs have been
shown to accelerate the progression of atherosclerosis
in a ERC-mediated manner by further triggering the
production of elastinolytic enzymes (Brassart et al.
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2001; Huet et al. 2001; Petersen et al. 2002; Robinet
et al. 2005), resulting in a vicious circle between EDP
release and elastase up-regulation. Elastokines have fur-
ther been described to enhance lipid oxidation and cal-
cification of the vascular wall (Maurice et al. 2013). In
addition, elastokines display further effects that may
enhance atherogenesis such as monocyte chemotaxis
(Castiglione Morelli et al. 1997), free radical release, LDL
oxidation and endogenous cholesterol production
(Fulop et al. 1998). Chronic injections of EDPs or
VGVAPG in mice revealed an increase in atherosclerotic
plaque size in these mice (Gayral et al. 2014). A more
detailed review on the involvement of EDPs in the
development and progression of cardiovascular dis-
eases can be found elsewhere (Wahart et al. 2019).

Lung emphysema and chronic obstructive
lung disease

Chronic obstructive lung disease (COPD) is character-
ized by chronic inflammation, parenchymal destruction
and respiratory symptoms such as shortness of breath
and airflow limitations. The disease is caused by expos-
ure to noxious particles and gases such as tobacco
smoke or air pollution (Perng and Chen 2017).
Emphysema, a major symptom of COPD, is associated
with constant enlargement of the peripheral airspaces
of lung bronchioles as a result of the destruction of
alveolar wall matrix structures (Houghton 2015). It is
caused by up-regulation of proteases such as MMPs,
serine proteases and cysteine proteases including MMP-
1, -2, -8, -9, -12, -13 and -14, HLE, as well as cathepsins
K, L and S, which all display elastinolytic and collageno-
lytic properties (Tetley 2002; Elkington and Friedland
2006; Lagente et al. 2009; Pandey et al. 2017). EDPs
have been identified as a driving force in the progres-
sion of the disease through recruitment of monocytes,
release of MMP-12 and degradation of elastin, which
releases further elastokines leading to the formation of
a vicious circle (Houghton et al. 2006). It has also been
proposed that the continuous release of EDPs as a
result of cleavage by serine proteases and MMPs may
be associated with the activation of elastin-specific B
and and Th1 cells, which trigger the secretion of MMP-
12 and HLE, leading to inflammation and massive elas-
tolysis (Lee et al. 2007).

Diabetes

Insulin signaling primarily regulates glucose homeosta-
sis, while insulin signaling impairment leads to insulin
resistance, which is connected to type II diabetes,

obesity and further cardiovascular disorders (Martin
et al. 1992). Glucose homeostasis has been shown to be
influenced by modulation of sialic acid levels in adipo-
cyte culture. Since sialidase activity increases after bind-
ing of EDPs to ERC, it has been hypothesized that EDPs
may be involved in the development of insulin resist-
ance in mice. It was indeed recently shown that acute
or chronic intravenous injections of EDPs in mice
induced hyperglycemic effects associated with glucose
uptake reduction and insulin resistance in skeletal
muscle, liver and adipose tissue. The proposed mechan-
ism of action includes interaction of the Neu-1 subunit
of ERC with the insulin receptor triggered by binding of
EDPs to ERC (Blaise et al. 2013). EDP release may be
stimulated by HLE, whose action has been described to
induce insulin resistance in mice (Talukdar et al. 2012).

Nonalcoholic fatty liver disease

Nonalcoholic fatty liver disease (NAFLD) is characterized
by various symptoms from steatosis, hepatocyte injury
and inflammation leading to the development of nonal-
coholic steatohepatitis (NASH), which is associated with
fibrosis and cirrhosis. The exact cause of NAFLD is not
yet know although predisposing factors such as obesity,
insulin resistance, metabolic syndrome and aging
including lifestyle and Western diet have been
described (Fontana et al. 2013). In a recent study,
Romier et al. describe that the accumulation of EDPs as
a result of enzymatic cleavage of elastin, for instance by
HLE, induces hepatic lipogenesis, inflammation and
fibrosis through enhanced collagen and elastin expres-
sion in mice. These effects were described for treatment
of mice with j-elastin and involve inhibition of the
LKB1-AMPK pathway as a result of ERC activation, and it
was found that EDPs promote the transition from
NAFLD to NASH. EDP effects were reduced by inhibition
of HLE, ERC inhibitors and EDP inhibitors (Romier
et al. 2018).

Cancer

Elastinolytic activity of tumors has been described in
various studies (Hornebeck et al. 1978; Jones and
DeClerck 1980; Werb et al. 1982; Caenazzo et al. 1990).
It has further been shown that the metastatic potential
of various cancer types including breast, colon, head
and neck cancers or melanoma is associated with MMP
expression and matrix degradation (Duffy 1996).
Melanoma progression is a multifactorial process that
involves chronic inflammation and cell invasion
through the ECM after degradation of ECM
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components, in particular by MMP-1, -2, -13 and -14
(Hofmann et al. 2000). Fragmentation of elastin was
found to mainly occur at the invasive front of melan-
oma cells, and EDPs enhanced MMP-2 and -14 produc-
tion by melanoma cells in an ERC-mediated manner,
which in turn allowed further melanoma cell invasion
through the ECM (Ntayi et al. 2004). EDPs were also
found to lead to IL-1b mRNA and protein up-regulation
after interaction with EBP. IL-1b is a pleiotropic cyto-
kine that exacerbates invasiveness, adhesion, angiogen-
esis, and spreading of metastases during melanoma
progression (Debret et al. 2006). VGVAPG and VAPG
bind directly to galectin-3, integrin avb3 and EBP and
contribute to melanoma progression as they are
chemotactic for melanoma cells, increase the expres-
sion of CXCR-4 and CXCL-12 chemokines, enhance the
expression of ECM-degrading MMP-2 and -3, increase
the attachment of melanoma cells and the expression
of different adhesion molecules (Pocza et al. 2008).
EDPs, TE or XGVAPG peptides have also been found to
trigger pro-MMP-1 overproduction by HT-1080 fibrosar-
coma cells at the protein and enzyme levels (Huet et al.
2002). EDPs further increase MMP-2 production by
human dermal fibroblasts, stimulate fibroblast chemo-
taxis, lead to expression of both MMP-1 and -3 and
accelerate tumor angiogenesis (Kamoun et al. 1995;
Nackman et al. 1996; Brassart et al. 2001), which all
play a role in melanoma progression. j-elastin and
(VGVAPG)3 have also been shown to increase the inva-
siveness of glioma brain tumor cells alongside with an
enhanced MMP-2 secretion and MMP-12 synthesis in
an EBP-mediated manner (Coquerel et al. 2009).
VGVAPG is chemotactic for cells able to colonize the
lung (Blood et al. 1988; Blood and Zetter 1989). PGAIPG
was also demonstrated to be chemotactic for rodent
tumor cells (Grosso and Scott 1993b). There is some
controversy in the literature concerning the question
whether elastin can influence proliferation of tumor
cells (mitogenic signaling). EDPs have also been
described to induce cell cycle entry of human glioma
cells (Jung et al. 1998; Hinek et al. 1999). More recently,
it has been shown that j-elastin increases the invasive
capacities of lung tumor cells by stimulating MMP-2
and urokinase plasminogen activator release mediated
by a lactose-insensitive receptor (Toupance et al. 2012).
Moreover, j-elastin and VGVAPG have been described
to stimulate heat-shock protein 90 up-regulation as
well as MMP-2 and urokinase plasminogen activator
accumulation, thereby strongly potentiating fibrosar-
coma cell migration and matrix invasion capacities
(Donet et al. 2014).

Conclusions and future perspectives

Due to its hydrophobicity and extensive cross-linking,
the important extracellular matrix protein elastin is
insoluble and highly resistant to proteolytic degrad-
ation, exhibiting a half-life of more than 70 years.
However, in connection with its slow turnover, elastin
accumulates aging- and disease-related damage, which
may lead to loss of function of elastin and, hence, fail-
ure of elastin-rich organs and tissues. In addition to
extrinsic factors such as UV radiation, smoking and air
pollution, intrinsic influences including the action of
elastases accelerate aging of elastin. Over the last deca-
des until quite recently, 20 human elastases have been
identified derived from the enzyme classes of aspartic,
metallo, serine and cysteine endopeptidases. The action
of these elastases on elastin not only directly contrib-
utes to intrinsic aging processes, which are associated
to structural damage of elastin, but also leads to the
release of bioactive peptides, so-called elastokines.
Elastokines promote angiogenesis and are connected
with the regulation of various cell activities, including
cell adhesion, chemotaxis, migration, proliferation, pro-
tease activation, and apoptosis. An aberrant expression
of elastases together with the biological processes trig-
gered by elastokines may support the development
and progression of various pathological conditions
including atherosclerosis, emphysema and chronic
obstructive pulmonary disease.

Since the pioneering work of Senior et al. in the early
1980s, there has been an increasing research activity
around elastokines and their biological activities as well
as their connection with pathological conditions. While
the signaling pathways of elastokine effects mediated
by the elastin receptor complex have been and are
being investigated, not much is known about the inter-
actions and signaling of elastokines with the other elas-
tin receptors, such as galectin-3 as well as integrins
avb3 and avb5, and there is still an unknown lactose-
insensitive elastin receptor. Future research focusing on
these receptors would help to better understand the
action of elastokines and potentially allow developing
strategies to inhibit their biological activities that are
associated with cardiovascular diseases. In addition,
there are still a lot of unanswered questions regarding
the connection between elastokines and the develop-
ment of diseases as well as the roles of different elasta-
ses and their interplay with elastokines. A lot of
research is, therefore, currently being carried out in the
field of vascular aging, metabolic syndrome and cancer
development, and more and more knowledge will be
gained in the next couple of years and may help find-
ing options to slow down the progression of severe
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cardiovascular diseases. Another interesting research
focus could be directed toward beneficial effects of
elastokines, such as angiogenesis or immune cell migra-
tion, to investigate their effects on matrix remodeling
during tissue regeneration and wound healing.

To summarize, even after 40 years of research on
elastokines, it is still of great importance to understand
and characterize elastin-degrading processes, including
the cleavage behavior of elastinolytic enzymes as well
as the action of the peptides released upon degrad-
ation. This approach may aid in the development of
directed therapies to treat pathologies related to elastin
degradation, the overexpression of elastases and the
subsequent release of elastokines. Such therapies may
include for instance selective enzyme inhibitors or
inhibitors that hinder the interaction of elastokines with
their signaling receptors. In the case of elastokines with
beneficial effects, drug delivery systems containing elas-
tokines may be a useful for example to treat wounds.
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