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ABSTRACT

Remodelling of the dermal extracellular matrix makes a major contribution to skin fragility in the elderly.
The peri-menopausal period in females is also associated with an age-like phenotype which can be
reversed by hormone replacement therapy. This suggests a direct link between circulating hormone
levels and tissue ageing. Despite work investigating the role of estrogen as a regulator of collagen fibril
abundance and structure, the influence of estrogen on the elastic fibre system remains poorly defined.
Here we used an ovariectomised (Ovx) mouse surgical menopause model to show that just 7 weeks
of acute hormone deficiency significantly decreased skin tensile strength and elasticity. Systemic
replacement of 17B-estradiol to physiological levels protected against these changes to the skin
mechanical properties. Moreover, acute hormone deficiency differentially influenced dermal structural
networks, significantly decreasing dermal elastic fibre abundance without discernible effect on
collagen fibril organisation or abundance. We suggest that this specific elastic fibre proteolysis may
be driven by extracellular protease activity, or be a consequence of significant adipocyte hypertrophy.
17B-estradiol supplementation in Ovx mice in vivo protected the elastic fibre system. Treatment of
human dermal fibroblasts with 17B-estradiol in vitro induced the selective upregulation of tropoelastin,
fibrillin-1 and associated elastic fibre-associated proteins (including EMILINs and fibulins). In summary,
these data show that the elastic fibre system is significantly perturbed by estrogen deprivation. Thus,
pharmacological intervention may slow the acute effects of menopause and potentially the chronic

effects of ageing in skin.

Keywords: Estrogen; skin mechanics; skin and menopause; elastic fibres; extracellular matrix (ECM);

ovariectomy
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INTRODUCTION

The onset of menopause and the subsequent dramatic loss of circulating sex steroid hormones,
particularly 17B-estradiol, has profound adverse effects on tissue homeostasis and function in
disparate organs systems, including the blood vessels, lungs, bone and skin [1-4]. In the skin, age-
associated estrogen deprivation has been shown to be an important regulator of delayed wound
healing affecting a greater number of wound associated genes than age alone, highlighting the
importance of estrogen in regulating timely cutaneous would healing [5]. Aside from wound healing, in
intact tissues both ageing and estrogen-deprivation are associated with compositional and structural
remodelling of the dermal extracellular matrix (ECM), with consequential loss of tissue resilience and
increased tissue fragility [6-8]. These functional changes are thought to directly increase vulnerability
of the elderly population to skin damage resulting from friction and pressure, which severely impact

quality of life and healthcare costs [9].

As yet, the pathological mechanisms which drive this menopause-associated loss of mechanical
fidelity are poorly defined. However, the ECM-rich skin dermis, and in particular the most abundant
dermal proteins, type-l collagens, are considered to be the dominant mediators of skin mechanics
[10]. Collagen-I, forms a “basket-weave” arrangement of tensile strength-conferring fibril bundles [11,
12]. These fibrils are lost, or structurally remodelled as a consequence of estrogen deprivation;
menopause [13-16] or ovariectomy (Ovx) in animal models [17-19]. By contrast, 17(3-estradiol
supplementation promotes collagen deposition [14, 15, 20]. Surgical Ovx in rodents models many
aspects of human menopause including osteoporosis, neurodegeneration and cardiac dysfunction
[21-23], impaired elastic recoil and accelerated photo-damage in skin [4, 24, 25]. In the sheep, Ovx

has been associated with long-term remodelling of collagen fibril structure in skin and bone [24, 26].

Fibrillar collagens are not the only fibrous dermal component. Elastic fibres, although less abundant
than collagen fibrils, play key roles in mediating mechanical resilience (passive recoil) and tissue
phenotype via the sequestration of growth factors [27, 28]. They are comprised of a cross-linked elastin
core surrounded by an outer mantle of fibrillin microfibrils [29] which in turn binds proteins including

microfibrillar-associated protein 2 (MFAP2, also known as MAGP-1), and members of the elastin
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microfibril interface-located protein (EMILIN) and fibulin families [29-31]. Individual elastic fibre
components are particularly sensitive to oxidative damage arising from a wide range of biological and
environmental factors, such as ultra violet radiation exposure, smoking, diabetes and/or raised body
mass index (BMI) [32-37]. Estrogen acts as a direct anti-oxidant, inducing the expression of antioxidant
enzymes and mediating hypertrophy of sub-cutaneous fat [38-40]. However, the influence of
circulating estrogen on elastic fibre biology remains poorly understood. In this study, we have
combined murine in vivo and human in vitro studies to test the hypothesis that estrogen directly

mediates elastic fibre proteostasis in skin.
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MATERIALS AND METHODS

Reagents, tissue samples and cultured cells. All reagents were obtained from Sigma-Aldrich Co.
Ltd (Poole, UK) or BDH Ltd (Poole, UK), unless otherwise specified. Procedures involving mice
accorded to the UK Animals (Scientific Procedures) Act 1986 under UK home office licence (40/3713).
All mice used in this study were wild type C57BL/6 females (Envigo, UK) aged 7 weeks at the start of
the experimental period. Primary human dermal fibroblasts (HDFs) were derived from female
abdominal skin and maintained in phenol red-free DMEM supplemented with L-glutamine, 10%

charcoal-stripped foetal calf serum and penicillin-streptomycin.

Ovariectomy and estrogen supplementation. Estrogen deprivation was induced in five mice (Ovx
group) by bilateral ovariectomy as previously described [41]. Mice were estrogen-deprived for a period
of seven weeks. Briefly, the mice were anaesthetised and following ventral laparotomy, the ovaries
were removed using sterile scissors. The body wall and skin were closed using sutures and
buprenorphine (0.1 mg/kg) administered as analgesia. Estrogen deprivation was confirmed by uterine
atrophy. The potential protective effects of exogenous estrogen in skin were characterised in five Ovx
mice which were also treated with a 60 day release subcutaneous 17p-estradiol replacement pellet
(0.1 mq) (Innovative research of America, Florida, USA) inserted at the base of the neck (Ovx+E group).
A final group of five mice served as age-matched controls (Intact group). This was repeated on a

second group of mice which were estrogen-deprived for 3 weeks prior to collection.

Mechanical characterisation of murine skin. The mechanical effects of Ovx and 17B-estradiol
supplementation were determined by stretching 10 mm wide x 30 mm long strips of ventral skin from
intact control, Ovx and Ovx+E (n = 5) mice using an Instron 3344 100 N load cell (Instron, USA). The
tissue was loaded to failure at a rate of 20 mm/min [42]. Skin viscoelasticity in intact control and Ovx
mice (n = 5) was characterised by testing the stress relaxation behaviour of ventral skin in a PBS bath
using an Instron 5943 10N load cell (Instron, USA). Skin was preconditioned by cyclical loadingto 1 N
at a rate of 10 mm/min (5 repeats) and then loaded to 1 N and held at a constant strain for 160 seconds.

All data was collected and analysed using Bluehill software (Instron, USA).
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Histological characterisation of murine skin: collagen and elastic fibre abundance, organisation
and depth of subcutaneous fat. Histological sections (6 pm) were prepared from formalin-fixed,
paraffin-embedded dorsal skin of intact control, Ovx and Ovx+E (n = 5) mice. Elastic fibres were
stained using Gomori's aldehyde fuchsin [43] and visualised by bright-field optical microscopy (Nikon
eclipse E600 microscope/SPOT camera). Total tissue collagen was assessed by staining with
Masson's trichrome which is reported to stain amorphous collagen [44]. The abundance of organised
fibrillar collagen was assessed by measuring collagen birefringence following staining with picrosirius
red (PSR) and imaging by polarised light (Leica DMRB) [45]. The proportion of tissue area occupied by
elastic fibres, amorphous collagen and organised fibrillar collagen was semi-quantitatively assessed
using Imaged 1.46r software as previously described [45, 46]. The ratio of thick and thin collagen fibrils
was semi-quantitatively measured using the colour deconvolution plugin to split colour channels, a
threshold applied and measured as percentage area [42] (Image J, National Institutes of Health, USA).
Finally, the collagen orientation (coherency) in the PSR/polarised light images was assessed as

previously described [45, 47].

In situ gelatinase activity in cryo-preserved skin sections. In order to quantify and localise the
effects of Ovx and Ovx+E on mouse skin gelatinase activity we used in situ gelatin zymography [37].
Cryo-preserved skin in optimal cutting temperature (OCT) compound was sectioned to a nominal
thickness of 10 um (Leica CM3050 cryostat). DQ gelatin (Sigma, UK) solution (1 mg/ml DQ gelatin in
low gelling temperature agarose) containing DAPI (1 pg/ml) was pipetted over the section and covered
with a glass coverslip. Sections were incubated for 18 hours at 4 °C and images captured using an
Olympus BX51 microscope with a CoolSnapES camera and Metavue software (Molecular Devices).
Fluorescence was quantified as previously described using Imaged software (version 1.46r; National

Institutes of Health, USA) [37].

In vivo expression of murine elastic fibre genes. RNA was extracted from snap frozen skin to assess
expression of elastic fibore components tropoelastin (Eln) and fibrillin-1 (Fbn71) following a standard
protocol (Life Technologies, UK). Briefly tissue was homogenised in TRIzol reagent and extracted in

chloroform then purified using the RNA Purelink kit (Life Technologies, UK). Subsequently, cDNA was
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transcribed from RNA (Reverse Transcriptase kit, Promega, Madison, USA) using Reverse
Transcriptase (Roche, UK). Quantitative PCR was carried out on an MyiQ thermal cycler (Bio-Rad, UK)
with cDNA diluted over three orders of magnitude and expression ratios normalised to housekeeping

genes Gapdh and Ywhaz.

ECM gene expression by cultured human cells. Human keratinocytes and HDFs were cultured
overnight in 12 well plates (seeding density 0.17 x 10°cells per well) in a CO, incubator at 37 °C. 173-
estradiol was added to a final concentration of 1 pM, and cells were harvested 6 or 24 hours post-
treatment by removal of the media and addition of TRIzol reagent (Life Technologies, UK). RNA was
extracted using the RNA Purelink kit (Life Technologies, UK), cDNA synthesis and quantitative PCR

were carried out as described above for FBN71 and housekeeping genes GAPDH and YWAHZ.

Protein synthesis by cultured human fibroblasts: mass spectrometry (MS). Reagents for MS were
purchased from Fisher Scientific (UK), unless otherwise noted. Primary HDFs were plated into 2 x 6
well plates at a seeding density of 50% confluence and allowed to adhere overnight. Fresh media was
added on alternate days and half of the samples (6 wells) were supplemented with 17(3-estradiol (1 pM
final concentration). After eight days of culture, ECM proteins were removed from the dish by washing
for 20 minutes in a minimal volume of high-salt extraction buffer (2 M NaCl, 25 mM ammonium
bicarbonate, 25 mM dithiothretol). Extracted proteins were digested overnight using immobilized-
trypsin beads (Perfinity Biosciences) in 1 mM CaCl, and 25 mM ammonium bicarbonate, prior to
reduction (10 mM dithiothretol) and alkylation (30 mM iodoacetamide). The samples were acidified with
0.4% trifluoracetic acid, cleaned by biphasic extraction (vortexing with ethyl acetate) and dried down
in a speed-vac. Peptides were desalted using POROS R3 beads according to the manufacturer’s
protocol (Thermo Fisher). Samples were dried down in a speed-vac, dissolved in injection buffer (5%
HPLC-grade acetonitrile and 0.1% trifluoroacetic acid in deionised water) and stored at 4 °C prior to

analysis by mass spectrometry.

The digested samples were analysed by liquid chromatography tandem MS (LC-MS/MS) using an

UltiMate 3000 Rapid Separation liquid chromatography system (RSLC, Dionex Corporation,
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Sunnyvale, CA) coupled to an Orbitrap Elite (Thermo Fisher Scientific, Waltham, MA) mass
spectrometer. Peptide mixtures were separated using a gradient from 92% A (0.1% FA in water) and
8% B (0.1% FA in acetonitrile) to 33% B, in 104 min at 300 nL min™', using a 75 mm x 250 pm inner
diameter 1.7 yM CSH C18, analytical column (Waters). Peptides were selected for fragmentation
automatically by data dependant analysis. MS spectra from multiple samples were aligned using
Progenesis QI (Nonlinear Dynamics) and searched using Mascot (Matrix Science UK), against the
SWISS-Prot and TREMBL human databases. The peptide database was modified to search for
alkylated cysteine residues (monoisotopic mass change, 57.021 Da), oxidized methionine (15.995 Da),
hydroxylation of asparagine, aspartic acid, proline or lysine (15.995 Da) and phosphorylation of serine,
tyrosine, threonine, histidine or aspartate (79.966 Da). A maximum of two missed cleavages was
allowed. Peptide detection intensities were exported from Progenesis Ql as Excel spreadsheets
(Microsoft) for further processing. Peptide signal intensities were normalised to the geometric mean of
all ECM components (defined by gene ontology annotation in the UniProt database). Fold changes in

ECM protein levels were then calculated from changes to median peptide signal intensities.

Protein synthesis by cultured human fibroblasts: western blotting. HDFs (n = 3) were treated with
17B-estradiol supplemented (1 pM) or control media on days 1, 3, 7 and 10. After 14 days, media was
collected and added to Laemmli sample buffer (Bio-Rad) containing 5% 2-mercaptoethanol (Bio-Rad),
electrophoresed by SDS-PAGE and blotted onto nitrocellulose membrane. Membranes were blocked
with 5% non-fat milk 0.1% tween (Sigma, UK) prior to incubation with primary antibodies to elastin
(Santa Cruz SC-17580) used at 1:200 dilution or 3-actin (Sigma A5441) used at 1:5000 dilution and
detection with peroxidase-labelled secondary antibodies (GE Healthcare, UK) and ECL Plus (enhanced

chemiluminescence; GE Healthcare, UK).
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RESULTS

Estrogen modulates skin tensile strength, stiffness and viscoelasticity

We first assessed the effects of acute estrogen deprivation, and the protective effects of 17p-estradiol
supplementation, on the skin functional parameters of tensile strength and stiffness. For strips of
ventral skin loaded to failure at a uniform extension rate (Fig. 1A), breaking stress (and therefore tensile
strength) was significantly lower in Ovx mouse skin compared to control skin (42% reduction; p <
0.05). 17B-estradiol replacement (Ovx+E) fully restored breaking stress to pre-Ovx levels (Fig. 1B). Skin
stiffness (Young’s modulus) was also significantly reduced in Ovx compared to intact control (45%
reduction; p < 0.05) and almost entirely preserved in Ovx+E skin (Fig. 1C). The strain required to break
the skin was not significantly altered in Ovx or Ovx+E samples (Fig. 1D). Collectively, these data
demonstrate that acute (7 weeks) estrogen deprivation profoundly affects skin tensile strength and

stiffness.

Dermal collagen abundance and organisation are insensitive to estrogen modulation

As chronic estrogen deprivation has previously been linked to changes in both skin mechanics and
dermal collagens [13, 14, 16, 20] we used histological approaches to quantify the area fractions of
amorphous and organised fibrillar collagen in our acute estrogen deficiency and rescue models.
Surprisingly, the mechanical alteration observed following Ovx (Fig. 1) was not correlated with a
change in total collagen content as measured using Masson’s trichrome (Figs. 2A and B). In order to
assay the effects of estrogen on mechanically robust fibrils and fibril bundles [12, 48] we measured
birefringence in collagen fibrils stained with picrosirius red (PSR). The presence of organised fibril
bundles has been associated with local mechanical stiffening in breast stroma [45] but we did not
observe any relationship between collagen birefringence and circulating estrogen (Figs. 2C-F).
Therefore, we conclude that mechanical changes due to acute (7 week) estrogen deprivation do not

appear to be mediated by fibrillar collagen remodelling.

Estrogen deficiency affects both elastic fibre abundance and fibrillin-1 expression in vivo

Estrogen deprivation altered elastic fibre morphology: compared with both intact control and Ovx+E

mice, elastic fibre positive material in Ovx skin was punctate rather than fibrillar (Fig. 3A). This estrogen-
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associated loss of fibrillar architecture was accompanied by a significant (37%; p < 0.01) reduction in
tissue area occupied by elastic fibres, and effect that was entirely reversed by 17B-estradiol
supplementation (Figs. 3A and B). Fibrillin-1, but not tropoelastin, expression was also significantly
reduced in the skin of Ovx mice (Figs. 3C and D). Conversely, fibrillin-1 but not tropoelastin expression
was strongly elevated in the skin of Ovx+E mice compared to the Ovx group (Figs. 3C and D). As these
observations suggest that estrogen may mediate both elastic fibre synthesis and degradation we next
investigated the effects of Ovx on gelatinase activity using gelatin zymography. Further to this, a
suggested link between increased matrix metalloproteinase (MMP) activity and increased adipocyte

size led us to also investigate the sub-cutaneous adipocytes in this model [34].

Estrogen loss increases gelatinase activity, and adipocyte hypertrophy and proliferation

ECM proteins are primarily degraded by either MMPs or cathepsins [49]. Here we used an in situ gelatin
zymography approach to localise and quantify relative gelatinase activity in cryo-preserved murine
skin sections. Using this assay proteolytic digestion of the fluorescein labelled gelatin led to
florescence, shown here as bright white [50]. Dermal gelatinase activity was increased by three weeks
post-Ovx compared with intact control (Figs. 4A and B). Again, we observed that estrogen
supplementation was protective. Increased gelatinase activity in estrogen-deprived dermis could be
driven by dermal fibroblasts [51], epidermal keratinocytes [52], or hypodermal adipocytes [41].
Although the epidermis was clearly a highly gelantinolytic environment, gelatinase activity in the Ovx
group was observed throughout the dermis. Given the known association between increased
subcutaneous fat, adipokine-mediated local protease activity and elastic fibre remodelling, we
characterised the effects of Ovx and Ovx+E on the hypodermis. Ovx induced a significant increase in
the depth of the hypodermis and the size of individual adipocytes, which was reversed by 17(3-estradiol

(Figs. 4C-E).

Estrogen mediates in vitro expression of elastic fibre associated proteins by dermal fibroblasts.
Given that our murine data indicate major effects of estrogen on skin elastic fibres, we next looked for
cross-species conservation, exploring the effect of estrogen on synthesis of ECM proteins by cultured

human skin cells. Firstly, we treated primary human keratinocytes and HDFs with 17B-estradiol in vitro.
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In each case 17B-estradiol treatment led to rapid, statistically significant up-regulation of fibrillin-1
(FBN1) mRNA (Figs. 5A and B). To explore the longer-term effects of 17B-estradiol we turned to
proteomic analysis of cell-derived matrix by mass spectrometry (Fig. 5C). Five proteins associated
with elastogenesis (EMILIN1, EMILIN2, FBN1, FBLN2 and FBLN5) were upregulated, while MMPs 1, 2
and 3 were downregulated. One key elastic fibre component missing from this analysis was elastin,
presumably because elastin is highly crosslinked and therefore extremely difficult to detect by mass
spectrometry. As an alternative strategy we used western blotting of cell media to detect the soluble
precursor tropoelastin (Fig. 5D). Here, tropoelastin was significantly elevated in HDF cell media

following 17B-estradiol treatment.
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DISCUSSION

In this study and earlier work [16] we have shown that acute (seven week) estrogen deprivation had a
major impact on the mechanical properties of murine skin, leaving the organ weaker, more compliant
and easily deformed. These mechanical changes were associated with significant remodelling of
dermal elastic fibres, adipocyte hypertrophy and increased gelatinase activity. Supplementation with
exogenous 17B-estradiol reversed these in vivo changes and directly upregulated the expression of

elastic fibre components by cultured human cutaneous cells in vitro (Fig. 6).

In vivo, estrogen deficiency substantially reduced the tensile strength, stiffness and resilience of murine
skin. Loss of elastic recoil (manifesting as a prolonged skin tenting after pinching) has previously been
described in Ovx mice [4]. A longer-term study in rats also reported an Ovx induced loss of tensile
strength when measured using a tensometer [53]. In human skin Pierard et al. report increased skin
extensibility in the peri-menopausal period [54] which aligns with our observations of reduced Young’s
modulus in Ovx mice. There remains surprisingly little data on the mechanics of post-menopausal skin
and studies of human skin variously report that Young’s modulus increases [55], decreases [56] and
remains unchanged with age. The skin, like many biological tissues, is structurally complex displaying
material properties that are viscoelastic [57]. Ovariectomy has been shown to alter the stress relaxation
response, accelerating the rate at which skin relaxes versus intact control mice, highlighting that
estrogen-deprived skin becomes lax under sustained force. Collectively these mechanical findings
suggest that estrogen deficiency leads to an acute remodelling of the cutaneous ECM which mirrors
the increased laxity and weakness of aged human skin. This could be a key contributing factor in the
increased susceptibility of aged or indeed estrogen-deprived skin to developing chronic wounds, a

problem further compounded by the direct role of estrogen in timely wound healing [58].

Age-associated changes in the appearance of skin have been attributed to a loss of fibrillar collagen
[8, 59], with inferred effects on tensile strength [60]. Chronic (greater than two years) estrogen
deprivation in an ovine Ovx model was associated with dermal collagen remodelling [24]. By contrast,
acute (seven week) estrogen deprivation in our Ovx mouse model had no observable effect on fibrillar

collagen. Instead there was a significant loss of elastic fibres accompanied by reduced expression of
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the key elastic fibre component fibrillin-1. The rapidity of this loss was surprising, as elastic fibres are
thought to be subject to very little turnover [32, 61, 62]. Our data suggest that elastic fibre remodelling

may be particularly important in early skin changes following menopause.

The mechanism(s) by which elastic fibres are remodelled in acute estrogen deprivation remain to be
elucidated. The process is likely to be multifactorial with an altered balance between degradation and
synthesis. A recent study by Ezure et al. draws a clear link between raised BMI, elastic fibre
degradation and MMP expression [34]. As increased adiposity was also evident in our estrogen
deprived murine skin, we localised cutaneous gelatinase activity in three-weeks post Ovx mice. The
observation of raised gelatinase activity (which may be attributable to MMPs [63]) implied that elastic
fibre remodelling in acute Ovx may be enzyme driven. Mass spectrometry data generated when HDFs
were treated with estrogen showed a reduction in MMP expression, confirming estrogen has roles in
suppressing MMP activity. Alternatively, adipocyte hypertrophy has been associated with increased
oxidative stress [64]. We have previously shown that fibrillin-1 and other EGF-based elastic-fibre-
associated proteins are enriched in oxidatively sensitive Cys, Trp, Tyr and Met residues [65] and have
suggested that these proteins act as endogenous extracellular antioxidants [33]. Estrogen itself may
protect the tissues and elastic fibres both via its intrinsic anti-oxidative properties and the induction of

antioxidant enzymes [66].

Our in vivo data are also consistent with estrogen directly inducing synthesis of new elastic fibres.
This scenario clearly challenges the current dogma that elastic fibres are only laid down during
development (Reviewed in [32]). To test this observation we used mass spectrometry to quantitatively
analyse the matrix deposited in vitro from isolated human HDFs treated directly with 17p-estradiol. We
found numerous ECM proteins were induced or repressed following estrogen treatment, with four
identified proteins specifically linked to elastic fibre deposition. Fibrillin-1 provides the initial scaffold
onto which elastin localises as the elastic fibre builds [29]. EMILIN-1 localises to the microfibril-elastin
interface and may play important roles in the regulating tropoelastin deposition [30]. We also found
induction of EMILIN-2, a less well-characterised family member which shares 70% similarity to

EMILIN-1 [67]. Intriguingly, EMILIN-1 and EMILIN-2 can interact in a head to tail arrangement to form
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larger assembilies [68]. Thus, the co-ordinated induction of both family members by estrogen may be
important in the context of elastic fibre assembly. Fibulin-2 is also found at the elastin microfibril
interface and in skin is found to co-localise with fibrillin-1 [69], suggesting an important role in the
synthesis of mature elastic fibres. Finally, tropoelastin was strongly upregulated in human dermal
fibroblasts following 17B-estradiol treatment, further confirming the role of estrogen in elastic fibre
remodelling. These observations suggest that estrogen acts as a potent inducer of cutaneous elastic
fibre synthesis in both mouse and human. These data are supported by other human studies reporting
increased mMRNA for both fibrillin-1 and tropoelastin [70] or an increase in total elastic fibres [71]
following topical estrogen treatment. In addition to their role in skin, elastic fibres are critical for normal
function of respiratory and cardiovascular tissues. In these systems rapid loss of elastic fibres following
menopause would contribute to serious health issues. It is therefore likely that compensatory
mechanisms exist. For example, estrogen receptors (ERs) can signal in a ligand independent manner
via growth factors such as insulin-like growth factor (IGF) [41, 72, 73]. This ligand independent
signalling may become more prevalent in the postmenopausal period. The skin also contains all the
enzymes required to synthesise steroid hormones from cholesterol and this provides a major source
of estrone in postmenopausal skin [74]. Indeed, a more detailed understanding of estrogen's dramatic
effects on the elastic fibre system is essential to develop new pharmacological interventions to
extracellular matrix maintenance and age-associated pathologies [75]. Such treatments may be based
on the manipulation of ER signalling, as have previously been achieved of ERp selective agonist effects
on wound repair [52, 58, 76]. The therapeutic use of estrogen has become controversial in the post-
Million Women and Women's Health Initiative era [77, 78]. However, the skin offers a unique
opportunity for topical estrogen treatment, avoiding many potential systemic side effects. Studies are
now needed to determine the relative role of the estrogen receptors, ERa and ERp in elastic fibre

maintenance.

In conclusion we have shown that acute estrogen deprivation significantly alters the mechanical
properties of the skin, leaving it both weaker and more lax. These structural changes are accompanied
by a dramatic reduction in the volume of elastic fibres, correlated with significant subcutaneous

adipose hypertrophy and increased gelatinase activity. Additionally we have demonstrated HDFs to
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be highly responsive to estrogen treatment up-regulating a number of ECM proteins especially those
related to elastic fibre formation. Taken together these findings suggest a previously unappreciated
role for dynamic elastic fibre changes in hormone-associated skin ageing. Future studies are now

essential to elucidate the functional consequences for skin homeostasis and susceptibility to injury.
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Mass spectrometry data is available online.
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Figure 1. Estrogen modulates the mechanical properties of murine skin. (A) Stress:strain curve
permits estimate of the Young's modulus (gradient of the linear section), tensile strength and strain
(extension) at breaking of ventral skin strips (1 cm wide). (B) The tensile strength of skin was reduced
following seven weeks of estrogen deprivation (Ovx), a change fully protected against with 17p-
estradiol treatment (Ovx+E). (C) The Young’s modulus was also significantly reduced in Ovx compared
to Intact and Ovx+E skin. (D) The strain at breaking was not significantly affected by Ovx or Ovx+E

treatments. In plots (B)-(D), bars indicate mean + s.e.m. N = 4; * p < 0.02.
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Figure 2. Dermal abundance and organisation is insensitive to circulating estrogen. (A) Sections
of mouse skin from control (Intact), estrogen deprived (Ovx) and 173-estradiol supplemented (Ovx+E)
treatment groups, stained against total collagen with Masson’s trichrome stain. (B) Total collagen was
unaltered following Ovx or 17B-estradiol replacement. (C) Picrosirius red staining imaged under
polarised light allowed visualisation of fibrillar collagen. (D) There was no effect on fibrillar collagen
following Ovx or 17(B-estradiol replacement. (E) Collagen fibril orientation was analysed using
Orientation J software. (F) Quantification of collagen fibril orientation again showed no inter-group

differences. In plots (B), (D) and (F), bars indicate mean + s.e.m. N = 5.
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Figure 3. Estrogen mediates elastic fibre degradation and synthesis. (A) Intact, Ovx and Ovx+E
skin sections with Gomori’s aldehyde fuchsin staining against tissue elastic fibres (dark purple). The
elongated elastic fibres in Intact and Ovx+E skin were replaced by punctate staining in Ovx mice
(arrows). (B) Both intact control and Ovx+E skin contained significantly more elastic fibre positive
material than Ovx skin. Elastic fibres occupied a smaller area (5 — 6%) than fibrillar collagens in the
Intact control. (C) Fibrillin-1 transcript (Fbn7), relative to housekeeping genes and normalised to the
Intact sample. (D) Tropoelastin transcript (Eln), relative to housekeeping genes and normalised to the

Intact sample. Plots show mean £ s.e.m. N = 4; **p <0.001 ** p < 0.01 *p < 0.05.
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Figure 4. Loss of circulating estrogen induces gelatinase activity and hypodermal hypertrophy.
(A) In situ gelatin zymography of murine skin three weeks post Ovx and Ovx+E. White areas indicate
gelatinase activity. (B) Quantification of gelatinase activity showed an increase three weeks post Ovx,
although this effect was not significant. (C) Haematoxylin and eosin stained sections of murine skin.
Individual adipocytes are indicated in red. (D) Analysis of the stained sections showed that hypodermal
depth was significantly increased in the Ovx group. (E) The size of adipocytes was also significantly

increased in the Ovx group. Plots show mean + s.e.m. N = 5; * p < 0.0001.
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Figure 5. Estrogen mediates the expression of elastic fibre proteins. (A) Quantification of fibrillin-
1 transcript (FBN1) in human keratinocytes, with and without 17p-estradiol treatment (+Estrogen),
normalised to untreated control cells and housekeeping genes. (B) Quantification of FBN7 in human
dermal fibroblasts (HDFs), relative to control cells and housekeeping genes. Both cells types increase
fibrillin-1 expression in response to 17p-estradiol treatment. (C) Mass spectrometry quantification of
extracellular matrix (ECM; identified by gene ontology annotation) proteins secreted by HDFs cultured
for eight days. The effects of estrogen treatment on ECM production is expressed as a percentage
relative to untreated controls + s.e.m (N = 3). Estrogen upregulated a number of elastic fibre associated
components, but decreased levels of MMPs. (D) Western blot analysis showed that HDF-derived
tropoelastin was significantly upregulated by 17p-estradiol treatment. Plots (A), (B) and (D) show mean

+s.em.N=3;*p <0.01.
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Figure 6. Schematic representation of skin following estrogen deprivation and replacement.
Estrogen deprivation leads to an increase in subcutaneous adipose tissue thickness and local MMP
activity, causing elastic fibre degradation and suppression of fibrillin production. Estrogen treatment
upregulates fibrillin expression in both fibroblasts and keratinocytes, induces tropoelastin in fibroblasts

alone, and dampens local MMPs.
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