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Abstract

Elastin is a long-lived extracellular matrix protein that is organized into elastic fibers that provide elasticity to the arterial wall,
allowing stretch and recoil with each cardiac cycle. By forming lamellar units with smooth muscle cells, elastic fibers transduce
tissue-level mechanics to cell-level changes through mechanobiological signaling. Altered amounts or assembly of elastic fibers
leads to changes in arterial structure and mechanical behavior that compromise cardiovascular function. In particular, genetic
mutations in the elastin gene (ELN) that reduce elastin protein levels are associated with focal arterial stenosis, or narrowing of
the arterial lumen, such as that seen in supravalvular aortic stenosis and Williams–Beuren syndrome. Global reduction of Eln lev-
els in mice allows investigation of the tissue- and cell-level arterial mechanical changes and associated alterations in smooth
muscle cell phenotype that may contribute to stenosis formation. A loxP-floxed Eln allele in mice highlights cell type- and devel-
opmental origin-specific mechanobiological effects of reduced elastin amounts. Eln production is required in distinct cell types
for elastic layer formation in different parts of the mouse vasculature. Eln deletion in smooth muscle cells from different develop-
mental origins in the ascending aorta leads to characteristic patterns of vascular stenosis and neointima. Dissecting the mecha-
nobiological signaling associated with local Eln depletion and subsequent smooth muscle cell response may help develop new
therapeutic interventions for elastin-related diseases.
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INTRODUCTION

Elastic arteries expand with applied hemodynamic load and
recoil to their original configuration with the transfer of stored
strain energy. This “Windkessel effect” dampens the pulsatile
blood flow generated by the heart during systole and effi-
ciently translates the energy into near constant blood flow
during diastole to perfuse downstream organs. Reduced arte-
rial elasticity causes elevated blood pressure and reduced
pulse dampening, which places undue strain on the heart and
downstream target organs.

Arterial elasticity is conferred by elastic fibers whose elas-
tic properties come from cross-linked elastin. Elastin evolu-
tionarily emerges with the advent of the closed circulatory
system in vertebrates (1). The production of elastin occurs in
a small developmental time window, peaking in late gesta-
tion to early postnatal life, concurrent with the rise of blood
pressure and flow during development (2). Once blood pres-
sure and flow plateau after birth, new elastin production is
drastically reduced whereby there is minimal elastin synthe-
sis during adulthood (2). The existing elastic fibers are long-
lived with an estimated half-life of�70 years (3). Once elastic
fibers are compromised by aging, injury, or disease they do
not fully regenerate (4).

Elastin is produced by the ELN gene in humans, with 34
exons spanning a 45 kb region in chromosome 7. ELN enco-
des tropoelastin (precursor to elastin) that contains alternat-
ing hydrophobic and cross-link domains (5). Once secreted
to the extracellular space, tropoelastin undergoes coacerva-
tion, or self-assembly into globular aggregates based on
hydrophobicity (6). The lysine residues in tropoelastin are
modified by lysyl oxidases to form extensive covalent cross
links within and between molecules (7). Coacervation and
cross linking triggers elastin assembly into elastic fibers on a
scaffold composed of microfibrils (6, 8). The assembled elas-
tin then undergoes final cross linking to form mature elastic
fibers (8).

Given the functional importance of elastic fibers, it is
not surprising that altered amounts or assembly may lead
to human diseases. Some of the diseases associated with
ELN gene mutations feature arterial stenosis, such as
supravalvular aortic stenosis (SVAS), which occurs either
as an isolated condition or as part of Williams–Beuren syn-
drome (WBS) (9). In this review, we provide a brief overview
of the role of elastin in arterial mechanics and stenosis from
studies of congenital human disease and mouse models.
We highlight future research areas and possible therapeu-
tic approaches.
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ELASTIN AND ARTERIAL MECHANICS

The role of elastin in arterial mechanics has been well
established through studies examining arteries with differ-
ent wall structures and extracellular matrix (ECM) amounts,
protease applications to remove specific wall components,
and genetic studies to alter elastic fiber amounts, assembly,
and organization. Additional detailed reviews can be found
in Refs. 10–12. In this section, we briefly review the role of
elastin in arterial mechanics, with a focus on tissue- and cell-
level effects of altered elastin amounts.

Tissue-Level Mechanical Behavior

The mechanical properties of the arterial wall are deter-
mined by its three main layers. The innermost layer, tunica
intima, is a single layer of endothelial cells (ECs) in direct
contact with circulating blood. The outermost layer, tunica
adventitia, is a loose structure containing fibroblasts, pro-
genitor cells, and a collagen-rich ECM. The middle layer,
tunica media, contains layers of smooth muscle cells (SMCs)
separated by circumferential sheets of elastic fibers (elastic
laminae), together forming lamellar units. The number of la-
mellar units in the tunica media (and hence its thickness)
varies along the arterial vasculature, with �60 units (layers)
in the human aorta and <3 units in the smaller, peripheral
arteries (13). Accordingly, the elastin content decreases along
the length of the vasculature (14). The number of units corre-
sponds with local vessel size, maintaining a constant wall
tension per lamellar unit (15). An internal elastic lamina
(IEL) separates the tunica intima and media, whereas the
external elastic lamina (EEL) demarks the border between
the tunicamedia and adventitia.

The arterial wall possesses nonlinear mechanical proper-
ties, significantly stiffening at high pressure to prevent over-
distension (16). In this review, “material stiffness” and “struc-
tural stiffness” refer to the geometry-independent and geom-
etry-dependent resistance to stretch, respectively. Material
stiffness can be approximated by the slope of the circumfer-
ential stretch-stress curve, whereas structural stiffness can be
approximated by the slope of the diameter-pressure curve.
The nonlinear mechanical properties of the arterial wall arise
mainly from elastic fibers and collagen fibers, responsible for
stretch resistance at sub- and supraphysiologic pressures,
respectively, as indicated by selective protease digestion
experiments (16–19). In line with the elastase digestion
results, genetic ablation of elastin (Eln�/�) in mice leads to
reduced aortic circumferential material stiffness at (20) and
below (21) physiologic pressures. Consistent with the role of
elastic fibers in transferring stored strain energy, Eln�/� aorta
returns only 25% of the stored energy of a control aorta under
similar in vitro loading protocols. The reduction in stored
energy leads to the Eln�/� aorta behaving as a viscoelastic
material, rather than an elastic material (21). Alterations in
the material and structural stiffness and viscoelasticity of the
aorta will affect its performance as a Windkessel and the he-
modynamic forces on distal organs.

Although SMCs may affect vascular tone by active con-
traction or relaxation, they contribute minimally to the pas-
sive mechanical behavior of large elastic arteries. The main
role of SMCs in passive arterial mechanics is deposition,
maintenance, and remodeling of the ECM in development

and disease. In 1-wk-old mouse aorta, the most highly
expressed Reactome pathways for SMCs and fibroblasts are
associated with ECM synthesis, assembly, cross linking, or-
ganization, and interaction (22). Dysregulation of these ECM
pathways is associated with cardiovascular diseases includ-
ing atherosclerosis, aneurysms, and stenosis.

Cell-Level Mechanical Behavior

The elastic laminae and associated ECM proteins deter-
mine the physical microenvironment surrounding SMCs in
the arterial wall. ECM deposition after birth serves to stress-
shield the SMCs as hemodynamic forces increase (23, 24).
The circumferential stress carrying capacity of isolated
SMCs is �10–15 kPa (25) or 30% of the physiological wall
stress in newbornmouse aorta (20) and 3% of the physiologi-
cal wall stress in adult mouse aorta (26). If elastin is missing,
reduced, or compromised, stress will be transferred to the
SMCs. Although the outcomes of stress-mediated remodel-
ing in the arterial wall are well-studied (23, 27), the SMC
mechanosensors are still unknown. Candidates include
integrin complexes, G protein-coupled receptors, transient
receptor potential (Trp) channels, Piezo channels, and epi-
thelial sodium channels (ENaC) (28).

Stress transfer to the SMCs stimulates phenotypic changes
in the cells and remodeling of the arterial wall, typically char-
acterized by deposition of additional ECM proteins (29). Since
functional elastic fibers are not fully regenerated, the addi-
tional ECM proteins are usually collagen and proteoglycans
that serve to alter the arterial mechanical behavior. Abundant
collagen deposition causes fibrosis that is common to many
diseases and serves to increase the material stiffness of the tis-
sue and surroundingmicroenvironment. Thematerial stiffness
of the underlying microenvironment dictates differentiation of
stem cells (30), and in SMCs it regulates contractility (31),
migration (32), proliferation (33), and RNA expression (34).
Changes in viscoelasticity, in addition to substrate material
stiffness, affect stem cell differentiation (35), spreading (36),
and signaling activity (37). SMCs in Eln�/� aorta have
decreased expression of contractile proteins, increased prolif-
eration and migration (38), and a decreased material stiffness
(39), although it is not clear which changes are caused by the
absence of soluble tropoelastin signaling compared with
changes in the ECM microenvironment (40). Dissecting out
these mechanisms will be important for a better understand-
ing of SMC phenotypic changes in elastin-related diseases.

ELASTIN AND ARTERIAL STENOSIS

Human genetics and mouse models have clearly estab-
lished elastin deficiency as the cause of some arterial ste-
notic diseases. In this section, we review the insights
obtained from studies of human congenital diseases and
mouse genetic models with reduced elastin amounts.
Additional in-depth reviews can be found in Ref. 41.

Human Diseases

Supravalvular aortic stenosis andWilliams–Beuren
syndrome.
Supravalvular aortic stenosis (SVAS; OMIM 185500) is an auto-
somal dominant genetic disease that affects an estimated
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�1:20,000 live births. SVAS is characterized by congenital ste-
nosis of the ascending aorta and other arteries, such as the pul-
monary or coronary arteries while sparing the cerebral
circulation, descending aorta, renal arteries, and other aortic
branches (42). Histologically, the stenosis results from nona-
therosclerotic thickening of the tunica media and neointimal
formation (43) from SMC hyperproliferation. Increased colla-
gen deposition and thin/disorganized elastic fibers can be
observed in the tunica media. Perhaps as a compensatory
mechanism, there are more elastic lamellar units in the tunica
media (43).

SVAS can present as a nonsyndromic entity but is com-
monly associated with Williams–Beuren syndrome (WBS;
OMIM 194050) that includes neurobehavioral, craniofacial,
metabolic, and cardiovascular phenotypes (9). Vascular ste-
nosis is a prominent feature of WBS and may affect the
ascending aorta, aortic arch, descending aorta, peripheral
pulmonary, coronary, renal, mesenteric, and intracranial
arteries (9). A common feature in patients with WBS is
hypertension, attributed to increased vascular stenosis and/
or structural stiffness (44). The arterial stenotic features of
SVAS and WBS are consequent to reduced elastin protein
level. Genetically, SVAS results from loss-of-function muta-
tions of the ELN gene, whereas WBS originates from amicro-
deletion of 7q11.23 that spans �27 genes including ELN. De
novo gene alterations are more common than inherited
mutations (45). Generally, there remains one functional
copy of ELN in WBS or SVAS, suggesting that ELN haploin-
sufficiency represents the inheritance pattern.

Mouse Models of Elastin Disease

The autosomal dominant inheritance pattern of SVAS
and WBS implies a role for ELN haploinsufficiency in these
diseases. None of the existing mouse models recapitulate
every aspect of the symptomatology of these conditions
(Table 1). Some differences in human and mouse pheno-
types may be partly due to the gene structure. The human
ELN gene lost 2 exons during evolution and also harbors
unique alternative splicing patterns (51), resulting in the
34 exons in human (52) compared with 37 in mouse.
Despite the differences, the mouse models have delivered
important insights into pathogenic mechanisms of arterial
stenosis in these diseases.

Eln�/� mice.
Eln�/� mice represent an extreme form of elastinopathy gen-
erally not observed in human patients. These mice die
within 1–3 days after birth. At postnatal day (P) 0, their
arteries are tortuous and diffusely stenotic (Table 1). By P1,
extreme stenosis of the descending aorta as well as aortic
arch arteries can be seen by angiography (53). Histologically,
the aortic stenosis in Eln�/� mice results from tunica media
hyperplasia (46). Prenatal examination at embryonic day (E)
18 shows patent aorta (54), indicating that the aortic stenosis
progresses in a brief perinatal window. Eln�/� mice have
normal blood pressure at E18, but elevated blood pressure at
birth (53). Their aortic structural stiffness, however, is al-
ready elevated by E18 and remains so at birth (53, 54). It is
noteworthy that the blood pressure increases occur simulta-
neously with stenotic remodeling of the aortic wall, whereas

the changes in structural stiffness precede blood pressure
elevation, implying a causal relationship. Increased blood
pressure during development increases the circumferential
wall stress and the requirement for stress shielding of SMCs
by ECM deposition.

Mechanical characterization and gene expression analyses
of Eln�/� aorta have been performed. Mechanical characteri-
zation shows decreased material stiffness (20) and increased
viscoelastic behavior (21) of Eln�/� aorta compared with con-
trol that alter the mechanical microenvironment surround-
ing the SMCs. Decreased material stiffness would increase
strain on SMCs at the same stress level, whereas increased
viscoelastic behavior would increase the phase lag between
stress and strain and could alter the time-dependent SMC bi-
ological response. Gene set enrichment analyses reveal up-
regulation of ECM-, integrin-, and syndecan-associated
terms in Eln�/� compared with control aorta, including
“integrin cell surface interactions,” “ECM receptor interac-
tion,” “syndecan 1 pathway,” and “syndecan 4 pathway,”
among others. Syndecan-1 and -4 are transmembrane pro-
teoglycans that act as co-receptors for growth factors and
cell-ECM and cell-cell interactions. As syndecan-1 and syn-
decan-4 expression in SMCs are stimulated by mechanical
strain (55, 56), these pathways maymediate the transduction
of altered mechanical stress and/or strain into dysregulated
molecular pathways.

The SMC mechanical environment can also be altered by
changes in the applied hemodynamic forces. Blood pressure
lowering during development, achieved by captopril deliv-
ered in drinking water to the pregnant dam, lowers blood
pressure and the resulting circumferential aortic wall
stress in newborn Eln�/� mice (57). The prenatal blood
pressure lowering leads to decreased wall thickness and
alterations in structural and material stiffness of newborn
Eln�/� aorta, independent of changes in ECM protein
amounts. Furthermore, the SMCs in captopril-treated
Eln�/� aorta appear more organized compared with
untreated Eln�/�, suggesting a response to altered tissue-
or cell-level mechanics in the presence of reduced blood
pressure rather than elastin signaling. It is not clear
whether prenatal blood pressure lowering with captopril
may increase survival in Eln�/� mice.

SMCs from Eln�/� mice have higher proliferation rates
(38), which can be reversed by rapamycin, an inhibitor of the
cell growth regulator mammalian target of rapamycin
(mTOR), although rapamycin treatment does not extend the
lifespan of Eln�/� mice (58). Another pathway implicated in
the stenosis pathogenesis is integrin b3 signaling, which is
increased in the aorta of patients with SVAS and Eln�/�

mice. Pharmacological inhibition of integrin b3 reduces aor-
tic stenosis, whereas genetic inactivation of integrin b3
increases the lifespan of Eln�/� mice by �2 days (59).
Integrin complexes are putative mechanosensors (28) and
may be overexpressed or activated due to alterations in the
mechanical environment of Eln�/� aorta. There is evidence
that the Notch signaling pathway is also regulated directly or
indirectly by mechanical forces (60). Jagged1/Notch3 signal-
ing is upregulated in SMCs and aortic samples from patients
with SVAS/WBS and Eln�/� mice, and aortic stenosis in
Eln�/� mice can be mitigated by inhibition of the Jagged1/
Notch3 signaling pathway (61).
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Elnþ /� mice.
Elnþ /� mice recapitulate some aspects of the SVAS/WBS
symptomatology, including increased blood pressure,
increased structural arterial stiffness, and a higher number
of elastic lamellae in the tunica media (47, 62). However,
they have a normal lifespan and do not have focal arterial
stenosis (Table 1). Mice with reduced elastin due to a large
genetic deletion that mimics the heterozygous deletion
observed in WBS (48) have hypertension and increased struc-
tural arterial stiffness, but do not have the increased number
of lamellar units observed in Elnþ /� mice (63). During post-
natal development, Elnþ /� aortas exhibit decreased diameter
and increased structural stiffness before their increased blood
pressure compared with controls, hinting at a causative effect
(64) that is consistent with the results in Eln�/� aorta during
embryonic development (65).

Elnþ /� ascending aorta shows interesting developmental
remodeling suggesting that it has a different homeostatic set
point for circumferential wall stretch, but is able to maintain
wall stress and material stiffness near normal levels, despite
the observed hypertension. In particular, Elnþ /� aorta has
increased circumferential stretch throughout postnatal de-
velopment (64) and aging (66), but circumferential stress
and material stiffness are similar to control at most time
points. A component-based constitutive model reveals that

the stress levels may be maintained by increased stress
contributions from the collagen fibers that are not due to
increased collagen amounts, but could be caused by
altered collagen fiber alignment (67). Evaluation of the
material stiffness in aorta from a variety of species (19),
including control and Elnþ /� mice (23), illustrates a uni-
versal value under physiologic conditions that would
maintain a constant change in stress for a given physio-
logic change in strain. Hawes et al. (66) found an increase
in physiologic circumferential stress and material stiff-
ness with aging in both Elnþ /� and control aorta with
interactions between independent variables (age, sex,
and genotype), demonstrating that sex and elastin
amounts affect the timeline of cardiovascular remodel-
ing with respect to age. Pezet et al. (68) report an alterna-
tive aging process in Elnþ /� aorta compared with
control, consistent with our statistical interactions, how-
ever they found a significant increase in material stiff-
ness with age specifically in Elnþ /� aorta and not in
control. Part of the discrepancies may be explained by
differences in experimental technique, differences in
equations used to calculate stress, strain, and material
stiffness, and the dependence of the calculations on the
wall thickness, which is challenging to measure accu-
rately in the mouse aorta.

Table 1. Summary of genetic mouse models targeted to reduce or eliminate elastin expression

Mouse Model Elastin Levels and/or Localization Cardiovascular Phenotype Neointima and/or Stenosis Refs.

Eln�/� No elastin Perinatal death, increased SMC prolif-
eration migration, increased aortic
thickness, and structural stiffness.

Stenosis, affecting multi-
ple arteries.

(46)

Elnþ /� 60% elastin Normal lifespan, hypertension,
smaller arteries with increased
structural stiffness, disorganized
elastin, increased lamellar units.

No (47)

WBS 60% elastin Normal lifespan, hypertension,
smaller arteries with increased
structural stiffness, but no increase
in lamellar units.

No (48)

hBAC-mNull 30% elastin Exaggeration of Elnþ /� phenotype,
hypertension, smaller, stiffer,
thicker arteries with more lamellar
units.

No (49)

ElnSMHet (TaglnCre;Elnf/þ ) Presumably �50% Similar phenotype to Elnþ /�, but not
hypertensive at 1 mo of age.
Normal lifespan, increased struc-
tural aortic stiffness, and lamellar
units.

No (50)

ElnSMKO (TaglnCre;Elnf/f) 10%, localized to IEL Die �2 wk of age. Severe cardiac hy-
pertrophy. Fragmented IEL in
ascending aorta, but intact IEL in all
other arteries.

Neointima in ascending
aorta (Fig. 6), focal ste-
nosis in arch (Fig. 1).

(50)

ElnECKO (Tie2Cre;Elnf/f and
Cdh5Cre;Elnf/f)

Presumably 100% in elastic arteries Normal lifespan. No hypertension.
Elastic arteries appear normal.
Resistance arteries have thin, frag-
mented IEL.

No (50)

ElnSHFKO (Isl1Cre;Elnf/f) Localized to the inner part of the
ascending aortic wall

Die at 2–3 mo of age. Fragmented
IEL in ascending aorta.

Neointima in ascending
aorta (Fig. 6), no steno-
sis (Fig. 1)

(22)

ElnCNCKO (Wnt1Cre;Elnf/f) Localized to the IEL and outer part of
the ascending aortic wall

Die at 2–3 mo of age. IEL mostly
intact.

Minimal neointima in
ascending aorta (Fig. 6),
focal stenosis in arch
(Fig. 1)

(22)

IEL, internal elastic lamina; SMC, smooth muscle cell; WBS, Williams–Beuren syndrome
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hBAC-mNull mice.
The phenotypic differences between Elnþ /� mice and
human patients with SVAS/WBS with ELN haploinsuffi-
ciency may partly be due to elastin protein doses. Elastin
protein level in patients with WBS is �15% of control sub-
jects, whereas Elnþ /� mice have �50%–60% elastin level
compared with Elnþ /þ control mice, despite both having
one intact allele (43). In an attempt to recapitulate the
human condition, a humanized hBAC allele was created by
insertion of the human ELN gene into a bacterial artificial
chromosome (BAC) (49). The hBAC allele, when crossed into
the Eln�/� (mNull) background, expresses human elastin
protein at �30% of control elastin amounts. hBAC-mNull
mice have hypertension and increased arterial structural
stiffness. As would be predicted from the elastin levels,
hBAC-mNull mice have a more severe phenotype than
Elnþ /� mice, with higher blood pressure, thicker and
stiffer arteries, and more secondary cardiac hypertrophy
(Table 1). Although focal aortic stenosis is not observed in
hBAC-mNull mice, their aortas have decreased circumfer-
ential growth and increased axial growth, which in combi-
nation lead to normal medial cross-sectional area and a
�70% reduction in ascending aortic lumen area compared
with control mice (69).

Cell type-specific Eln knockout mice.
In the arterial wall, elastin is primarily produced from SMCs
in the tunica media (70, 71), although it can also be produced
by ECs in the intima (72, 73) and fibroblasts in the adventitia
(74). The role of elastin in these cell types and their contribu-
tion to tissue- and cell-level arterial mechanics are beginning
to be understood. A loxP-floxed allele (Elnf) allows condi-
tional inactivation of Eln in a cell-specific manner. We sum-
marize recent results inmice where elastin has been reduced
(Het) or eliminated (knockout, KO) in SMCs (ElnSMHet;
ElnSMKO), ECs (ElnECKO), and secondary heart field- and
cardiac neural crest-derived (ElnSHFKO; ElnCNCKO) cells.
Smooth muscle cell-specific Eln heterozygous and

knockout mice. TaglnCre mice (75) were used to target
Eln in SMCs. Similar to Elnþ /� mice, ElnSMHet (TaglnCre;
Elnf/þ ) mice are indistinguishable from controls in
appearance, are fertile, and have a normal lifespan (50).
ElnSMHet aortas have a slightly thicker tunica media and
more circumferential elastic laminae. They also have
reduced diameter and increased structural stiffness in the
carotid artery, showing that Eln expression from SMCs is
responsible for most of the changes in the Elnþ /� arterial
wall (Table 1). However, unlike Elnþ /� mice, ElnSMHet mice
do not exhibit systolic hypertension at 1 mo of age, suggesting
a delayed increase in blood pressure or that elastin in other
cell typesmay contribute to blood pressure regulation.

ElnSMKO mice (50) (TaglnCre;Elnf/f) are born at the
expected Mendelian ratio but die prematurely by 2 wk of
age. They develop severe stenosis in the aorta (Fig. 1A) due to
tunica media hyperplasia and neointimal formation (Fig.
1B), similar to patients with SVAS (Table 1). ElnSMKO mice
develop cardiac phenotypes attributed to the aortic steno-
sis, including compromised fractional shortening, cardiac
enlargement, thrombosis, necrosis, and calcification in the
cardiac chambers. In addition to the coarctation, the arte-
rial vasculature in the ElnSMKO mice shows tortuosity,

most prominently in the aortic arch arteries (Fig. 1A), simi-
lar to Eln�/� mice (53).

Histologically, ElnSMKO arteries lack elastic layers in the
tunica media, indicating that the medial elastic lamellae are
exclusively made by SMCs (50). We performed pressure-di-
ameter tests on newborn ElnSMKO (n = 4) ascending aorta
and control (n = 6), as we have done previously on newborn
(53) and late embryonic (54) Eln�/� aorta, and found no dif-
ferences in outer diameter at each pressure, but an 83%–

226% increase in structural stiffness at pressures between 20
and 40 mmHg (Fig. 2) using a two-tailed t test with unequal
variance. Structural stiffness was calculated as the slope of
the diameter-pressure curve. The systolic blood pressure in
newborn mice is �30 mmHg (53, 57). The increases in struc-
tural stiffness in the ElnSMKO aorta are consistent with
those previously observed in Eln�/� aorta (53, 54) and dem-
onstrate mechanically induced remodeling of the aortic wall
when elastin is absent in themedial layer.

The EEL is largely absent in ElnSMKO arteries (50), so the
EEL cannot be made by adventitial fibroblasts and/or non-
Tagln expressing SMCs in the outer wall alone. The IEL is
intact in the smaller elastic arteries, muscular, and resist-
ance arteries, so ECs can make this elastic layer. However, in
the ascending aorta, the IEL is fragmented. Therefore, SMCs
are required for IEL formation in the ascending aorta.
Furthermore, this finding reveals that the relative cellular
contributions to the IEL are different in different parts of the
vasculature tree (Fig. 3).

The fragmented IEL in the ascending aorta is associated
with neointimal formation in ElnSMKO mice (50). The IEL
serves as both an attachment substrate for and a physical
barrier between SMCs and ECs. Myoendothelial junctions
between ECs and SMCs through gaps in the IEL serve as
direct (76) and indirect (77) communication pathways
between cell types. Increased gaps due to fragmentation
may allow increased signaling between these cell types
that contribute to disease (78). We performed ligand recep-
tor analysis on our previously published single-cell RNA-
sequencing data of ElnSMKO ascending aorta (22) follow-
ing the methods of Farbehi et al. (79). Cell-cell interaction
networks were constructed with weighted edges reflecting
expression fold changes of ligands and receptors in source
and target populations. Ligand-receptor interactions were
derived from a curated map of human ligand-receptor pairs
with mouse-specific weights added after reference to the
STRING database (80). Results show a complex web of cell-
cell interactions with ECs receiving the largest number of
inbound signals and neutrophils sending the highest number
of outbound signals (Fig. 4), demonstrating that abundant
cross talk between cell types occurs in the aortic wall that may
play a role in homeostasis and disease.

Fragmentation of the IEL may also facilitate migration of
SMCs into the subendothelial space. Migration of SMCs
through IEL gaps has been observed in genetic andmechani-
cal models of neointimal formation (81) and atherosclerosis
(82) in mice. Migration of immune cells from the blood
across the EC layer and into the aortic wall may also be facili-
tated by IEL gaps. ElnSMKO aorta has almost three times
more monocytes in the aortic wall than controls (22). In
humans, it has been hypothesized that differences in IEL
discontinuity may explain differences in atherosclerosis and
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stenosis susceptibility of different arteries (83, 84). Additional
work is needed to understand how pore size of the IEL micro-
environment contributes to alterations in cellular communi-
cation andmigration in stenosis.

The neointima in ElnSMKO ascending aorta is composed of
SMCs that are luminal to the IEL. Single-cell RNA-sequencing
of ElnSMKO and control ascending aortas showed three popu-
lations of SMCs, termed SMC1, -2 and -3, respectively (22).
SMC1 includes the mature SMCs, as this group expresses the
highest levels of contractile SMC marker genes. SMC2 has the
lowest level of SMCmarker genes and increased expression of
myofibroblast marker genes. SMC3 has the highest level of
genes involved in cell proliferation. Identification of unique

gene signatures for each group showed that SMC2 and SMC3,
which express Ptch1 whereas SMC1 does not, are localized to
the neointima in ElnSMKO aorta. When comparing the major
SMC1 cluster between ElnSMKO and control aorta, 147 up-
regulated and 184 downregulated genes are identified. The
most upregulated gene is Igfbp2, which was also identified
in our previous microarray analysis of Eln�/� versus con-
trol aorta (85). Nine of the 25 most differentially regulated
genes from the previous microarray analysis overlapped
with the single-cell analysis, validating this approach.
Reactome pathway analysis shows “Regulation of IGF
transport and uptake by IGFBPs” to be highly upregulated
in SMC1 ElnSMKO compared with control, implying that

Figure 1. Stenosis of the aorta in elastin conditional
knockout mouse models. A: latex angiography in mouse
mutants with Eln specifically deleted in smooth muscle
cell (SMC) (ElnSMKO), secondary heart field (SHF)
(ElnSHFKO), and cardiac neural crest (CNC) (ElnCNCKO).
Note the presence (red arrows) and absence (white
arrow) of stenosis in the different mouse models. Scale =
0.5 mm. B: histology of aortic stenosis. Verhoeff-Van
Gieson staining shows neointima (red arrows) in
ElnSMKO aortic stenosis, likely due to the fragmented
internal elastic lamina (IEL). Tunica media hypertrophy
(black arrowheads) is observed in both ElnSMKO and
ElnCNCKO aorta. Black arrows point to the IEL. Scale =
50 mm. Adapted from Refs. 22 and 50.

Figure 2. Aortic mechanical behavior in
elastin conditional knockout mouse
model. Diameter-pressure (A) and pres-
sure-structural stiffness (B) behavior of
postnatal day 1 (P1) control (Elnf/f) and
ElnSMKO ascending aorta. Structural
stiffness is the local slope of the diame-
ter-pressure curve and is increased in
ElnSMKO aorta between 20 and 40
mmHg. n = 6 (control) and 4 (ElnSMKO).
Means ± SD. P values from two-tailed
Student’s t test with unequal variance.
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targeting this pathway may have therapeutic benefit for
stenosis prevention. Igfbp2 has a heparin binding domain
sequence that interacts with proteoglycans (86) and an
RGD sequence that binds select integrins (87), indicating a
role for Igfbp2 for sequestering IGF in the ECM that may
be mechanosensitive.

Based on our interest in linking tissue- and cell-level arte-
rial mechanics in this review, we re-examined our previously
published single-cell RNA-sequencing data (22) for expression
of putative mechanosensors (28). We had previously found no
changes in b integrin subunits in ElnSMKO cell clusters com-
pared with control and significantly increased expression of
Piezo2 in ElnSMKO SMC1 compared with control (22). Violin
plots of Piezo1 and -2 show high expression of Piezo1 in ECs
that is unchanged by elastin amounts in SMCs and high
expression of Piezo2 in SMC and myofibroblast clusters for
ElnSMKO only (Fig. 5). Piezo1 and -2 are mechanically acti-
vated cation channels (88). Piezo1 senses mechanical stimuli
in multiple organ systems, including flow-induced shear
stress in ECs, however the role of Piezo2 is less well studied
(89). Piezo2, in combination with Piezo1, is involved in barore-
ceptor pressure sensing in mice (90), and both Piezos have
genetic associations with heart failure, thoracic aortic aneu-
rysm rupture, and stenosis (91). The single-cell RNA-sequenc-
ing results identify both specific cell types (i.e., SMC2 and
SMC3) and pathways (i.e., IGF or Piezo signaling) that merit
further research and eventually may be targeted to prevent
neointima formation and stenosis in SVAS/WBS.
Endothelial cell-specific Eln knockout mice. Both

Tie2Cre (92) and Cdh5Cre (93) were used to inactivate Eln in
ECs, with similar results. ElnECKO (Tie2Cre;Elnf/f or Cdh5Cre;
Elnf/f) mice are grossly normal, fertile, and have a normal life-
span (Table 1). In contrast to the ElnSMKOmodel, elastin dele-
tion in ECs does not lead to aortic stenosis. In ElnECKO mice,
the overall vascular architecture and IEL are indistinguishable
from controls in the aorta, medium-sized elastic, and muscu-
lar arteries. However, the IEL in resistance arteries, such as
second-order mesenteric arteries, is fragmented, indicating
that ECs are the main contributor to the IEL in these arteries

(Fig. 3) (50). It is not known why IEL fragmentation in the
ascending aorta is associated with neointima and stenosis,
whereas IEL fragmentation in the second-order mesenterics is
not. The results suggest that additional factors beyond IEL in-
tegrity, such as unique SMC phenotype or specific hemody-
namic forces in the ascending aorta, play a role in stenosis.
Secondary heart field and cardiac neural crest ori-

gin Eln knockout mice. SMCs in the ascending aorta and
aortic arch originate from two embryonic sources: the sec-
ondary heart field (SHF) and the cardiac neural crest (CNC).
SHF-derived cells populate the outer (abluminal) portion of
the tunica media, whereas cells from the CNC generally con-
stitute the inner (luminal) portion (94). The availability of
SHF- and CNC-specific Cre drivers (Isl1Cre and Wnt1Cre,
respectively) allows interrogation of the contribution of elas-
tin production from SMCs of these embryonic origins to aor-
tic stenosis. Isl1Cre also targets the ECs. Both ElnSHFKO
(Isl1Cre;Elnf/f) and ElnCNCKO (Wnt1Cre;Elnf/f) mice have
premature mortality around 2–3 mo of age (Table 1).
However, the phenotype of IEL fragmentation and neointi-
mal formation is different in these models. In all ElnSHFKO
mice, IEL in the ascending aorta is fragmented, which is
associated with neointima. Lineage tracing shows that
Isl1Cre mostly targets SMCs in the abluminal aspect of the
ascending aorta and there are scattered SMCs underneath
the IEL that are labeled by the Isl1Cre lineage. Cells from the
Isl1Cre lineage populate most of the neointima (Fig. 6). Due
to their localization, it is possible that the sub-IEL SMCs
derived from the SHF lineage contribute disproportionately
to the neointima, but additional genetic or molecular tools
are needed to specifically target this cell population. The
fragmented IEL in ElnSHFKO mice could be due to lack of
elastin contributions from the sub-IEL SMCs and/or lack of

Figure 3. Cellular contributions to the internal (IEL) and external (EEL) elas-
tic laminae differs throughout the vascular tree. In the ascending aorta,
the IEL is primarily made by smooth muscle cells (SMCs). In other elastic
arteries it is made by both endothelial cells (ECs) and SMCs, while in the
resistance arteries it is mainly made by ECs. Cellular contributions are
shown by colored arrows, with minor contributions shown in lighter colors.
In all arteries, SMCs are the main cell type contributing to the EEL, how-
ever there is a minor contribution from fibroblasts in the ascending aorta
and elastic arteries. Elastic laminae are shown in black.

Figure 4.Network diagram of significant cell-cell interactions via ligand-re-
ceptor pairs expressed in cell clusters (79) determined from previously
published single-cell RNA-sequencing data of ElnSMKO ascending aorta
(22). Arrows and color indicate direction (ligand to receptor) and thickness
indicates the sum of the weighted paths between cell clusters.
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the minor elastin contributions expected from ECs (Fig. 3),
since Isl1Cre also targets ECs. The effect of elastin contribu-
tions from these different cell populations is underscored by
the fact that the majority (�2/3) of ElnCNCKOmice with lack
of elastin production in the luminal portion of the ascending
aortic wall have an intact IEL and no neointima, whereas
one-third develop neointima, but the burden is less than
that of ElnSHFKO mice (Fig. 6). ElnCNCKO but not
ElnSHFKO mice develop aortic coarctation due to tunica
media hyperplasia (Fig. 1) (22), suggesting that SMCs from
these embryonic origins have different propensities to form
aortic coarctation and neointima.

SUMMARY AND FUTURE DIRECTIONS

We have summarized the role of elastin in arterial
mechanics and stenosis from studies of human congenital
disease and genetic animal models. Elastin plays unique
roles inmultiple dimensions—from the Windkessel effect, to
tissue- and cell-level arterial mechanics, to regulating inter-
actions between SMCs and ECs. Elastic fiber synthesis and
assembly in the arterial wall is an intricately orchestrated
process with respect to time and space. We reviewed the spa-
tial specificity of elastogenesis across the arterial wall and
throughout the arterial tree. Recent evidence with condi-
tional elastin knockoutmousemodels demonstrates that dif-
ferent transmural and arterial tree locations have distinct
cell type requirements for elastogenesis and that loss of elas-
tin in one cell type may not be compensated for by elastin
produced in other cell types. Therefore, tissue engineering

efforts to create elastic fibers in the arterial wall will have to
account for this added layer of complexity.

The formation of the IEL exemplifies this complexity, with
varying contributions of SMCs and ECs depending on the ar-
tery type (Fig. 3). While separating the SMCs and ECs, the
fenestrated IEL also allows communication between the two
cell types, such as through the myoendothelial junctions
(95). Ultrastructural changes in the fenestrae can be associ-
ated with pathological conditions (96). Not only can SMCs
move across the fenestrae (81), it is conceivable that breaks
in the IEL cause aberrant SMC-EC interactions that affect
pathogenesis and disease progression (97). Immune cells can
also move across the IEL. There are increased percentages of
monocytes, macrophages, and neutrophils in the wall (22)
and extensive cross talk between immune cells and other
cell clusters (Fig. 4) in ElnSMKO ascending aorta with a frag-
mented IEL. As immune cells are known to express elasto-
lytic enzymes, how these infiltrating immune cells and
signaling events facilitate elastin destruction, ECM remodel-
ing, and changes in tissue- and cell-level mechanical proper-
ties remains to be understood.

Elucidating the pathways affected by IEL fragmentation
may require in vitro cell coculture models that can faithfully
recreate the physical and mechanical microenvironment.
These models may also help tease out SMC mechanosensing
pathways that play a role in SVAS/WBS. Altering circumfer-
ential stress in SMCs within a composite tissue is muchmore
challenging experimentally than altering fluid-induced
shear stress across ECs or stretch of SMCs attached to a de-
formable monolayer. Most mechanosensors are activated by

Figure 5. Violin plots of Piezo1 (A) and -2 (B) expression in different cell clusters for postnatal day 8 (P8) control (Elnf/f or Elnf/þ ) and ElnSMKO ascending
aorta determined from previously published single-cell RNA-sequencing data (22).

Figure 6. Neointima in the ascending aorta of elastin
conditional knockout mouse models as demonstrated
by VVG staining (ElnSMKO and ElnCNCKO) and lineage
tracing with the ROSA26mT/mG allele (ElnSHFKO) (22).
Internal elastic lamina (IEL) demarcated by dashed lines.
Neointimal burden indicated by double arrows. Note the
younger age of ElnSMKOmice. Scale = 50 mm.
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specific modes (28) (i.e., osmotic pressure, flow, negative or
positive pressure, local indentation, or stretch), hence it is
critical that relevant mechanical stimuli are applied to the
SMCs. Although circumferential stretch is likely an appropri-
ate short-term mechanical stimulus for SMCs in resistance
arteries that contract or relax to modulate pressure and
blood flow, circumferential wall stress may be a more rele-
vant mechanical stimulus for SMCs in large, elastic arteries
with abundant ECM and long-term remodeling that leads to
arterial stenosis.

An additional area of future research is modulating the
temporal expression of elastin in arterial development and
disease. Elastin is normally expressed during a short window
during late gestation and early postnatal life. Emerging evi-
dence reveals that elastin expression may be reactivated
postnatally in vascular diseases (98), although the process
can be abnormal, perhaps due to lack of orchestrated elastic
fiber assembly and cross-linking machinery. Knowledge of
this process will help improve therapeutic options, such as
minoxidil treatment, which induces elastin expression post-
natally and improves arterial mechanics in aging and/or
Elnþ /� mice (99, 100). Current knowledge of elastin vascular
biology stems from human genetics and mouse mutants
with constitutive deletions (Table 1), whereby the individual
never experiences normal amounts of elastin during devel-
opment. With the availability of inducible conditional
knockout mouse models, manipulating the temporal expres-
sion of elastin will provide valuable information on the role,
if any, of elastin in vascular pathogenesis and aging. Such
understanding may guide therapeutic interventions to pre-
vent disease progression in arterial stenosis caused by
reduced elastin amounts, including SVAS/WBS.
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