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Significance: Tissue elasticity is severely compromised in aging skin, lungs,
and blood vessels. In the vascular and pulmonary systems, respectively, loss of
mechanical function is linked to hypertension, which in turn is a risk factor for
heart and renal failure, stroke, and aortic aneurysms, and to an increased risk
of mortality as a result of acute lung infections.
Recent Advances: Although cellular mechanisms were thought to play an
important role in mediating tissue aging, the reason for the apparent sensi-
tivity of elastic fibers to age-related degradation remained unclear. We have
recently demonstrated that compared with type I collagen, a key component
of the elastic fiber system, the cysteine-rich fibrillin microfibril is highly
susceptible to direct UV exposure in a cell-free environment. We hypothe-
sized therefore that, as a consequence of both their remarkable longevity and
cysteine-rich composition, many elastic fiber-associated components will be
susceptible to the accumulation of damage by both direct UV radiation and
reactive oxygen species-mediated oxidation.
Critical Issues: Although elastic fiber remodeling is a common feature of aging
dynamic tissues, the inaccessibility of most human tissues has hampered at-
tempts to define the molecular causes.
Clinical Care Relevance: Although, currently, the localized repair of damaged
elastic fibers may be effected by the topical application of retinoids and some
cosmetic products, future studies may extend the application of systemic trans-
forming growth factor b antagonists, which can prevent cardiovascular remodel-
ing in murine Marfan syndrome, to aging humans. Acellular mechanisms may be
key mediators of elastic fiber remodeling and hence age-related tissue stiffening.

SCOPE
The components of skin, blood

vessels, and lungs are required to
withstand diverse mechanical envi-
ronments. Skin, for example, is sub-
jected to continuous stresses, which
act in multiple directions,1 but major
arteries must resist and dampen cy-
clic variations in blood pressure.2 De-
spite these dissimilar physiological
requirements, the mechanical prop-
erties of most soft biological tissues
are dominated by an extracellular
matrix (ECM) in which fibrillar colla-
gens and hydrated proteoglycans re-
sist tensile and compressive forces

and elastic fibers confer both compli-
ance and passive recoil. Although
elastic fibers are complex multicom-
ponent assemblies, their structure is
dominated by two major constituents:
highly crosslinked elastin, a mo-
lecular spring that stores and then
releases mechanical energy, and fi-
brillin microfibrils, which form the
interface between the elastic fiber and
the surrounding tissue.3 These mi-
crofibrils perform multiple physiolog-
ical functions by acting as (i) an
important tissue repository for cell
signaling molecules, (ii) the adhesive
interface between the elastic fiber and
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Abbreviations
and Acronyms

AFM = atomic force
microscope (microscopy)

DEJ = dermal-epidermal
junction

ECM = extracellular matrix

LTBP = latent transforming
growth factor b binding protein

MMP = matrix
metalloproteinase

ROS = reactive oxygen species

TGF-b = transforming growth
factor b

UVR = ultraviolet radiation
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adjacent cells and ECM molecules, and potentially
(iii) a mechanical reinforcing element.3–5 In both
humans and other mammals, however, dermal,
cardiovascular, and pulmonary tissues become in-
creasingly stiff and less able to recoil with age,
leading to the hypothesis that age-related failure of
elastic fibers may underpin the apparent 100–120-
year limit on human life expectancy.6

In contrast to intracellular proteins that are
continuously synthesized and recycled, ECM pro-
teins, in general, and elastic fiber proteins, in
particular, are remarkably long-lived. In both
small mammals and humans, individual elastic fi-
ber proteins remain within the tissue and hence
are required to perform their mechanical role, for
the lifetime of the organism.7 Specifically, during
the course of 70 years, human aortic elastic fibers
must undergo over 3 billion (3 · 109) extension and
recoil cycles without repair or replacement. As a
consequence, these assemblies are vulnerable to
the accumulation of damage, and although the key
cause(s) of elastic fiber degradation remain to be
determined, potential degradative mechanisms in-
clude glucose-mediated cross-linking, calcium and
lipid accumulation, the time-dependent modifica-
tion of aspartic acid residues, reactive oxygen spe-
cies (ROS)-mediated oxidation, and enzymatic
proteolysis by the large family of matrix metallo-
proteinases (MMPs). These proteases are expressed
both constitutively and as a consequence of age-
related inflammatory conditions such as emphysema,
atherosclerosis, and skin photoaging.8 However, it
is not clear how these enzymes, each of which is
capable of degrading multiple ECM components,
could mediate the specific remodeling of the elastic
fiber system in chronically UV-exposed skin. We
recently suggested therefore that acellular mech-
anisms (either UVR [ultraviolet radiation] alone or
UVR-induced ROS) may be key players in elastic
fiber degradation and hence loss of tissue elasticity.

TRANSLATIONAL RELEVANCE

The elastic fiber system in skin is highly ordered.
In the reticular dermis, large-diameter elastic fi-
bers lie parallel to the skin surface. These fibers are
connected to smaller-diameter elaunin fibers in the
papillary dermis and eventually to oxytalan fibers,
which connect with the dermal–epidermal junction
(DEJ). The aging process has a profound effect on
the structure of the elastic fiber system and in ar-
eas exposed to UVR; acute or ‘‘extrinsic’’ aging
processes are superimposed on underlying chronic
or ‘‘intrinsic’’ aging mechanisms.9,10 These two
processes have distinct cosmetic and structural
consequences. The smooth appearance and fine
wrinkles of intrinsically aged skin are associated
with a gradual fragmentation of the elastic fiber
network, whereas severely photoaged skin appears
roughened and deeply wrinkled and is character-
ized histologically by the deposition of disorganized
elastic fiber material. Early in the photoaging
process, however, fibrillin microfibrils and the
elastic fiber-associated protein fibulin-5 are lost
from the papillary dermis.11,12 Although the expo-
sure of skin to low-dose UVR is sufficient to
induce the expression and/or activation of MMP-
1, -2, -3, -7, -9, -12, and -13, collectively these en-
zymes are capable of degrading more than 20 ECM
proteins, including the abundant skin components
collagen types I, III, IV, and VII, fibronectin, and
elastin in addition to fibrillin.13 In our 2010
study,14 we suggested therefore that enzyme-
mediated pathways alone are unlikely to be re-
sponsible for the differential degradation elastic
fiber components in early photoaging and that
direct exposure to UVR may play a key role.

Although previous studies have demonstrated
that isolated ECM components such as type I col-
lagen and elastin may be degraded by UV irradia-
tion, the required doses far exceed physiologically
attainable exposures.15 However, as only a subset
of the 20 amino acid residues found in human
proteins absorb UV-B radiation (i.e., act as UV
chromophores),14,16 we hypothesized that UV
chromophore-rich ECM components will be sus-
ceptible to much lower radiation doses. We tested
this hypothesis by exposing type I collagen,
fibronectin, and isolated fibrillin microfibrils (UV
chromophore content 2.2%, 12.9%, and 21.0%, re-
spectively) to physiologically relevant doses of
UV-B radiation.

CLINICAL RELEVANCE

Age-related changes in the biomechanical prop-
erties of the vascular and pulmonary systems
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profoundly influence human morbidity and mor-
tality. Specifically, reduced arterial compliance
(arteriosclerosis) is linked to hypertension,
which in turn is a risk factor for heart and renal
failure, stroke, and aortic aneurysms, whilst loss
of pulmonary elasticity within the aging popula-
tion increases the risk of mortality as a result
of acute infectious diseases in the elderly popu-
lation.2,8,17 Unfortunately, progress in under-
standing these diseases, and hence in developing
strategies to limit or reverse age-related stiffen-
ing, is severely hampered by the inaccessibility of
human cardiovascular and pulmonary tissues.
However, in common with lungs and blood ves-
sels, the mechanical properties of skin are not
only determined by fibrillar collagens and elastic
fibers but also undergo profound changes with
age.8,9 In turn, this age-related loss of cutaneous
elasticity is associated with remodeling of the
dermal ECM and an increased incidence of
both skin tears and pressure ulcers.18,19 As a
consequence, insights into the mechanisms that
degrade ECM proteins isolated from accessible
dermal tissues and cultured cells may be directly
relevant to the systemic processes that mediate
aberrant tissue remodeling in skin, blood vessels,
and lungs.

EXPERIMENTAL MODEL OR MATERIAL:
ADVANTAGES AND LIMITATIONS

Attempts to characterize the causative mecha-
nisms of age-related tissue stiffening have been
severely hampered by the inaccessibility and
complexity of many human tissues. In contrast,
skin is a uniquely accessible tissue that is com-
posed of the same structural components (fibrillar
and nonfibrillar collagens, elastic fiber proteins
and proteoglycans) that comprise the ECM of blood
vessels and lungs. In turn, many of these compo-
nents may be isolated as intact macromolecular
assemblies or obtained from commercial suppliers
and hence studied in a simplified cell-free envi-
ronment. In our 2010 study, we characterized the
relative susceptibility of three key isolated ECM
components to UVR. As UVR-induced protein
degradation may act directly (via the absorption of
energy) and/or indirectly (via the generation and
subsequent action of ROS), these observations
have implications for the relative susceptibility of
proteins within the cardiovascular and pulmonary
systems to systemic oxidation.14 Such in vitro
systems, however, are not without potential
drawbacks: (i) the structure of recombinant or
isolated proteins may not truly reflect their in vivo

structure, (ii) acellular degradative mechanisms
are unlikely to operate in isolation, and (iii) the
degree and nature of protein degradation will vary
between tissues.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE

Fibrillin microfibrils, whether isolated from
cultured cells or human dermis, adopt a charac-
teristic morphology, appearing, when visualized by
atomic force microscopy (AFM), as uniform, semi-
rigid, beaded filaments with a periodicity of
56 nm.3 However, exposure to UV-B doses as low as
20 mJ/cm2 (less than half the dose required to
cause minimal skin reddening) induced microfibril
fragmentation and significantly altered both peri-
odicity and average mass.14,20 In many cases, the
microfibrils appeared to be highly flexible and
prone to self-association/aggregation. These phys-
iologically attainable doses of UV-B radiation were
between 200 and 5,000 less than the reported
doses, which induce measurable structural chan-
ges in fibrillar collagens.15 To understand this
disparity in the experimental susceptibility of ma-
jor ECM proteins to UV-B radiation, we quantified
the relative amino acid composition of 49 common
dermal ECM proteins including collagens, elastic
fiber-associated proteins, and adhesive glycopro-
teins. Of the 20 amino acid residues that comprise
human proteins, only the aromatic ring-containing
amino acid residues His, Phe, Trp, and Tyr and
sulphur-containing Cys absorb UV-B radiation.16

Our survey of published protein amino acid se-
quences demonstrated that these UV-B chromo-
phores are unevenly distributed in dermal ECM
proteins. In general, fibrillar collagens and elastin
are chromophore poor, whereas the other elastic
fiber-associated proteins (the fibrillins, fibulins,
and latent transforming growth factor-b-binding
proteins [LTBPs]) are UV-B chromophore rich.
This commonality of amino acid composition within
elastic fiber-associated proteins is primarily due to
a shared cysteine-rich structural motif, the calci-
um-binding epidermal growth factor-like domain,
which dominates the structures of the fibrillins,
fibulins, and LTBPs.3 Having demonstrated that
UV-chromophore-rich fibrillin microfibrils are UV
labile, and based on our survey of UV chromophore
content, we hypothesized that the adhesive glyco-
protein fibronectin (12.9% UV-B chromophores),
but not type I collagen (2.2% UV-B chromophores),
would be also UV labile. Following exposure to
UV-B doses of up to 10 times the minimal
erythemal dose, we observed no change in the
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electrophoretic mobility (and hence mo-
lecular structure) of type I collagen in
either reducing or native gel conditions.
In contrast, fibronectin underwent dose-
dependent aggregation, which was evi-
dent not only by gel electrophoresis but
also by disruption of the characteristic
morphology when imaged by AFM.

INNOVATION

In this collection of target articles,
our research group highlights the lon-
gevity of elastic fiber proteins and the
ubiquitous nature of elastic fiber re-
modeling in aging tissues. We demon-
strate that a key elastic fiber protein is
susceptible to UVR-mediated degrada-
tion and present a hypothesis based on
relative amino acid composition, which
predicts that the cysteine-rich elastic
fiber-associated proteins will be partic-
ularly UV labile. Although the sugges-
tion that acellular mechanisms such as
UVR may be capable of degrading ECM
proteins is not new, our hypothesis
explains the observations made by
previous investigators that to induce
significant structural changes in fibril-
lar collagens and elastin (which are
both UV chromophore poor), exposure
to physiologically unattainable radia-
tion doses is required.

SUMMARY ILLUSTRATION

The figure below (adapted from
Refs.8,14) illustrates (i) the distinct
architectures adopted by elastic fibers
in large arteries and skin, (ii) the
macromolecular structures of the key
elastic fiber components elastin and
fibrillin, and (iii) the relationship be-
tween amino acid composition and
susceptibility to UVR of three key ECM com-
ponents. At micrometer length scales (a),
elastic fibers in a fluorescence microscope im-
age of ferret aorta are arranged into concentric
lamellae in central medial layer (M). The outer
advential and inner intimal layers are indi-
cated by A and I, respectively. However, in
skin, large elastic fibers, which are composed of
both elastin and fibrillin, run parallel to the
tissue surface in the deep reticular dermis,
whereas oxytalan fibers, which are composed of

fibrillin microfibrils only, intercalate with the
DEJ. Regardless of tissue source, the major
elastic fiber components, elastin and fibrillin,
adopt similar molecular architectures (b). Re-
combinant tropoelastin forms linear arrays
and globules when imaged by environmental
scanning electron microscopy and fibrillin
microfibrils appear as characteristic ‘‘beads-
on-a-string’’ when imaged by AFM. With the
exception of elastin itself (c), elastic fiber-
associated proteins (dark gray) are rich in the

TAKE-HOME MESSAGE
Basic science advances

� Tissue elasticity (both compliance and recoil), which is normally con-
ferred by long-lived elastic fibers, is severely compromised in aging
tissues including skin, lungs, and blood vessels.

� Whilst the elastic fiber system undergoes profound remodeling in each of
these aging tissues, there is mounting evidence to suggest that it is the
organization, rather than relative composition of the ECM that is medi-
ating mechanical properties.

� Multiple mechanisms, including glucose-mediated cross-linking, calcium
and lipid accumulation, aspartic acid racemization, ROS-mediated oxi-
dation, and enzymatic proteolysis, have all been proposed as drivers of
elastic fiber remodeling.

� We have demonstrated that ECM proteins, with distinct amino acids
compositions, are differentially susceptible to physiologically attainable
doses of UVR. We therefore hypothesize that because of their cysteine-
rich composition, elastic fiber-associated proteins will be particularly
susceptible to degradation by both UVR (in skin) and ROS (in skin and
internal tissues).

Clinical science advances

� The topical administration of both clinically prescribed vitamin A deriv-
atives (retinoids) and over-the-counter cosmetic products can induce the
deposition of fibrillin microfibrils in the papillary dermis, thus potentially
reestablishing a physical link between superficial skin layers and mature
elastic fibers in the deep dermis.

� The systemic administration of a transforming growth factor b (TGF-b)
antagonist in an animal model of Marfan syndrome (which is caused by
heritable mutations in fibrillin-1) prevents the extensive elastic fiber re-
modeling and life-threatening cardiovascular manifestations, which
characterize the disorder in animals and humans.

Relevance to clinical care

� Methods to prevent either the oxidation of elastic fiber proteins
or the subsequent aberrant tissue remodeling (as a consequence
of MMP upregulation or TGF-b-mediated collagen fibrosis) may
find future clinical applications in treating age-related tissue
stiffening.

� In the immediate future, topical treatments will be available, which can
significantly alter the clinical appearance and histological organization of
aged skin.
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UV-B chromophores cysteine, histidine, phenyl-
alanine, tryptophan, and tyrosine. As a conse-
quence, fibrillin microfibrils undergo extensive
structural reorganization following exposure to
100 mJ/cm2 of UV-B radiation. Similarly, fibro-
nectin (UV chromophore content 12.9%) under-

goes UV-B dose-dependent aggregation (Ag). In
contrast, the electrophoretic mobility of UV-B
chromophore-poor type I collagen remains un-
affected by doses of up to 500 mJ/cm2. Scale
bars = 50 lm (a), 20 lm (b, left), 200 nm (b,
right; c).
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CAUTION, CRITICAL REMARKS,
AND RECOMENDATIONS

Although our data suggest that ECM proteins
are differentially susceptible to UVR exposure
in vitro, it remains to be determined whether the
accumulation of damage by repeated exposure to
low doses of radiation is an important factor in
mediating aberrant tissue remodeling in vivo.
Even if direct exposure to UVR is capable of se-
lectively degrading elastic fiber proteins within
tissues, such events may be just an initial trig-
ger, which leads to further degradation as mi-
crofibril fragments induce the expression of
MMPs and/or tissue fibrosis and hence stiffening
as a result of the uncontrolled release of previ-
ously microfibril-bound TGF-b. These enzymatic
mechanisms (and their functional consequences)
in combination with alternative degradative
pathways including aberrant protein glycation,
oxidation, and calcification may play key roles in
mediating elastic fiber degradation in both UVR-
exposed and UVR-protected tissues.8,10 With
regard to potential interventions to reverse age-
related ECM remodeling, although both topical
(retinoids and some cosmetic preparations) and
systemic (TGF-b antagonists) treatments are
capable of influencing tissue structure, matrix
components such as elastic fibers and fibrillin
microfibrils are highly complex macromolecular
assemblies and hence existing and newly syn-
thesized assemblies may not be functionally
equivalent.21,22

FUTURE DEVELOPMENT OF INTEREST

We are currently carrying out investigations to
determine whether the UVR-mediated degradation
of elastic fiber components occurs directly (via in-
teraction of the incident radiation with amino acid
residues) or indirectly (via the UV-induced produc-
tion of ROS, which in turn cause oxidative damage to
nearby proteins). Regardless of the precise causative
mechanism(s), however, to understand and quantify
both the pathological effects of tissue stiffening and
the efficacy of treatments, these tissues must be
characterized mechanically. As we discuss in our
2009 review, the mechanical properties of tissues
differ from macroscopic to microscopic length scales.8

Therefore, we are currently developing novel nano-
indentation and scanning acoustic microscopy ap-
proaches to localize the cause of tissue stiffening to
individual micrometer-scale ECM components in
young, old, healthy, diseased, and treated tissues.23
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