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Targeting estrogen signaling and
biosynthesis for aged skin repair

Helena D. Zomer* and Paul S. Cooke

Department of Physiological Sciences, University of Florida, Gainesville, FL, United States

Non-healing skin wounds are disproportionally prevalent in older adults. Current
treatments do not account for the particularities of aged skin and result in
inadequate outcomes. Overall, healing chronic wounds in the elderly remains a
major unmet clinical need. Estrogens play a critical role in reproduction but also
have important actions in non-reproductive organs. Estrogen biosynthesis and
signaling pathways are locally activated during physiological wound healing,
processes that are inhibited in elderly estrogen-deprived skin. Estrogen
deprivation has been shown to be a critical mediator of impaired wound
healing in both postmenopausal women and aged men, and topical estrogen
application reverses age-associated delayed wound healing in both elderly men
and women. These data indicate that adequate estrogen biosynthesis and properly
regulated estrogen signaling pathways are essential for normal wound healing and
can be targeted to optimize tissue repair in the elderly. However, due to
fundamental questions regarding how to safely restore estrogen signaling
locally in skin wounds, there are currently no therapeutic strategies addressing
estrogen deficiency in elderly chronic wounds. This review discusses established
and recent literature in this area and proposes the hypothesis that estrogen plays a
pleiotropic role in skin aging and that targeting estrogen signaling and biosynthesis
could promote skin repair in older adults.
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1 Chronic skin wounds disproportionally affect older
adults

Chronic wounds are skin wounds that fail to heal within a month. It is estimated that
more than 3% of the American population over age 65 suffers from chronic wounds, a
pattern seen worldwide that results in substantial morbidity and mortality for millions of
people (Gould et al., 2015; Sen, 2021). Non-healing wounds develop more frequently and are
directly associated with the presence of comorbidities, such as vascular diseases, chronic

Abbreviations: Argl, Arginase 1; BCL2, B-cell lymphoma 2; Col I/Ill, Collagen type | and Ill; DHEA,
Dehydroepiandrosterone; DHEA-S, Dehydroepiandrosterone sulfate; DPN, Diarylpropionitrile; E2, 17f-
estradiol; EGF, Epidermal growth factor; ER, Estrogen receptor; ERE, Estrogen response element; ERK,
Extracellular signal-regulated kinase 1/2; FDA, Food and Drug Administration; FGF2, Fibroblast growth
factor 2; GPER, G-Protein-coupled estrogen receptor; GM-CSF, Granulocyte-macrophage colony-
stimulating factor; IL, Interleukin; iNOS, Inducible nitric oxide synthase; MAPK, Mitogen-activated
protein kinase; MIF, Macrophage migration inhibitory factor; MMPs, Matrix metalloproteinases; MSCs,
Mesenchymal stem/stromal cells; NRF2, Nuclear factor erythroid 2-related factor; PDGFA, Platelet-
derived growth factor A; PPT, Propylpyrazoletriol; SERMs, Selective estrogen receptor modulators; SOD,
Superoxide dismutase; TGFp, Transforming growth factor-beta; TNFa, Tumor necrosis factor-alpha;
TIMPs, Tissue inhibitors of metalloproteinases; VEGF, Vascular endothelial growth factor.
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kidney disease, obesity, mobility issues, and diabetes, conditions that
are more common in older adults. Most conditions associated with
chronic, non-healing wounds have underlying metabolic causes
(Sen,  2021). Overall, debilitating wounds
disproportionally affect adults, physical
restrictions, social isolation, negative emotions, psychological

non-healing
older leading to
distress and loss of independence (Frykberg and Banks, 2015;
Gould et al,, 2015). Considering the worldwide growth of the
aged population, problems affecting the elderly, such as chronic
skin wounds, will become increasingly common (Gould et al., 2015).
Therefore, there is a pressing need for better treatments to facilitate
wound healing in older adults.

Although aging plays a major role in wound healing, it is often
neglected in preclinical rodent models and clinical testing, resulting in a
limited understanding of the mechanisms by which age slows healing
(Gould et al., 2015). Current treatments for wound healing rely on a
general approach based on cleaning, debridement, and dressing, a
protocol that overlooks the particularities of aged skin and fails in 60%
of the cases (Werdin et al., 2009; Huang et al., 2020). Ultimately, surgical
interventions with autologous epidermal grafts may be used but these
result in weak and thin skin with nearly a 35% failure rate (Reddy et al.,
2014; Turissini et al,, 2019; Berg et al., 2020; Gurtner et al., 2020). Novel
leading experimental approaches use engineered materials and stem or
skin cells to promote wound closure (Ho et al., 2017; Zomer et al., 2020).
While outcomes are improved, clinical translation of strategies
involving the transplantation of allogeneic and/or manipulated cells
has been hampered due to safety concerns and the extended FDA
regulatory approvals required. Overall, progress is needed in finding
improved treatments for elderly skin repair. In order to be maximally
effective, new treatments must address the underlying etiology of
chronic wounds.

2 Estrogen is a pleiotropic factor in the
hallmarks of aging

As a result of modern medicine and prolonged life expectancy,
humans can spend more than a third of their lives in the post-
reproductive stage, when sex steroid hormone levels markedly
decrease (Howdon and Rice, 2018; Rzepecki et al., 2019; Coma
etal,, 2021). Although it has long been known that concentrations of
the most ubiquitous and important estrogen, 17p-estradiol (E2),
decrease during the perimenopausal and menopausal period in
women, a similar decline was recognized in men only recently
(Finkelstein et al., 2013). Estrogen has since emerged as a critical
determinant of aging in peripheral non-reproductive tissues,
including bone, skin, and brain (Hardman and Ashcroft, 2008;
Thornton, 2013; Seleit et al., 2016). Furthermore, age-associated
estrogen deficiency is linked to several comorbidities, such as
osteoporosis, dementia, and hearing loss (Manolagas, 2010; Park
etal, 2019; Russell et al., 2019; Li et al., 2021). It is now well accepted
that aging is intertwined with the effects of estrogen deficiency, with
ovariectomized animals often used as a model of aging (Elliot et al.,
2018).

Estrogen production peaks around 30 years of age in women,
coinciding with the peak of skin collagen and elastin (Lephart, 2016;
Lephart and Naftolin, 2021). Estrogen enhances blood flow and
increases skin thickness, moisture, and hydration through the
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production of hyaluronic acid, mucopolysaccharides, and sebum
(Nikolakis et al., 2016; Lephart and Naftolin, 2021). E2 also extends
the anagen phase of the hair cycle, promoting hair growth by
increasing the synthesis of essential growth factors that stimulate
proliferation of hair follicle cells (Barakat et al., 2016). Moreover,
estrogen has positive effects on the viability of skin fibroblasts, and
by inducing the expression of transforming growth factor-beta
(TGFp) inhibitor of matrix metalloproteinases
(TIMPs), and inhibiting matrix metalloproteinases (MMPs),
E2 stimulates the production and maintenance of extracellular

and tissue

matrix components, such as collagen type I and III and fibrillin
(Lephart and Naftolin, 2021).

The deleterious effects of estrogen deficiency on the skin are
well-documented (Stevenson and Thornton, 2007; Rzepecki et al.,
2019; Saville et al., 2019; Lephart and Naftolin, 2021; Wilkinson and
Hardman, 2021). After menopause, collagen content decreases by
30% in the first 5 years and continues to drop by approximately 2%
annually, resulting in skin that is thinner and weaker overall.
Sebaceous and sweat gland function decreases, leading to drier,
less hydrated skin, and loss of elastic fibers impairs skin pliability
(Zouboulis and Boschnakow, 2001; Wilkinson and Hardman, 2020).
Strikingly, estrogen deprivation was shown to be the principal
mediator of impaired wound healing in the elderly population
when a microarray study revealed that 78% of genes differentially
expressed between wounds from young and aged men were
estrogen-regulated, while only 3% were related to intrinsic aging
(Hardman and Ashcroft, 2008; Emmerson and Hardman, 2012).
Recent clinical studies have reported that women who undergo
surgery during the pre-ovulatory phase, when estrogen levels are
higher, show a decreased incidence of wound rupture and
hypertrophic scarring regardless of age, race, and -ethnicity
(Lopez et al,, 2016). Accordingly, women who receive hormone
replacement therapy are less likely to develop venous leg ulcers or
pressure ulcers than untreated controls, and anti-estrogen therapies,
such as tamoxifen or aromatase inhibitors, are also correlated with
2013). Overall,
experimental evidence demonstrates that estrogen replacement
therapies improve skin quality (thickness, elasticity, hydration),
accelerate healing, and protect against the development of

poor wound healing (Thornton, extensive

chronic wounds in aged humans and estrogen-deprived animal
models (Ashcroft et al.,, 1997; Ashcroft et al., 1999; Kanda and
Watanabe, 2003; Routley and Ashcroft, 2009; Emmerson and
Hardman, 2012; Pomari et al., 2015; Brufani et al., 2017).

The mechanisms underlying these effects include modulation of
the skin immune response by suppressing the production of
inflammatory cytokines, such as interleukin (IL)-1 and tumor
necrosis factor-alpha (TNFa), and increasing the production of
anti-inflammatory cytokines, such as IL-4 and IL-10, therefore
promoting a favorable environment for tissue healing and reducing
inflammation (Routley and Ashcroft, 2009; Thornton, 2013). Anti-
inflammatory effects were also reported by the downregulation of
neutrophil L-selectin (SELL) and elastase (ELANE), which are
associated with neutrophil accumulation and the development of
chronic skin wounds (Ashcroft et al, 1999), and reduction of
infiltrating  macrophages and promotion of macrophage
polarization to the M2 (pro-repair) phenotype, ultimately leading
to an accelerated transition from the inflammatory to the proliferative
phase of healing (Campbell et al., 2014; Brufani et al., 2017).
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TABLE 1 Described mechanisms of estrogen in skin wound healing. 7| Arrows indicate an increase/decrease.

Healing Mechanism

phase

Receptor
involved

Involved factors

Macrophage polarization Macrophages ERa T ARG, T IL-10, | iNOS, | Routley and Ashcroft (2009), Campbell
M1—-M2 TNFa et al. (2014), Brufani et al. (2017)
| Inflammation Neutrophils, ERa | MIF, 1T IL-4, T IL-10, | SELL, | Ashcroft et al. (1999), Routley and Ashcroft
macrophages | TNFaq, | IL-1 (2009), Thornton (2013)
Inflammatory | Oxidative stress Various ERa T SOD, T NRF2, T BCL2 Kanda and Watanabe (2003), Oh et al.
(2019), Song et al. (2019)
| Proteolysis Extracellular matrix ERa TARGI, T TIMPs, | ELANE, | | Ashcroft et al. (1999), Horng et al. (2017)
MMP2/8/9/13
T Granulation tissue Fibroblasts ERa TTGFp, T FGF2, T COLI/IL T | Shanker et al. (1995), Ashcroft et al. (1997)
PDGFA
Proliferative T Angiogenesis Endothelial ERa T IL1B, T VEGF, T PDGFA Emmerson andAHardman (2012), El
Mohtadi et al. (2021)
T Reepithelization Keratinocytes ERP T EGF, T TGFp, T GM-CSF Ashcroft et al. (1997), Campbell et al.
(2010), Zhou et al. (2016)
Remodeling T Wound contraction Fibroblasts, ERa 7 COL 1111, T PDGFA Shanker et al. (1995), Kanda and Watanabe
extracellular matrix (2005)
Estrogen signaling effects on skin wound healing
Macrophage polarization
Inflammation Granulation tissue
e W <
Oxidative stress Granulation™ _~ . . Angiogenesis
rophage “is ue
Proteolysis Iy =Fibroblast  Scar issue Reepithelization
Neutrop‘\ / 5. >
\., A Wound contraction
FIGURE 1

Estrogen signaling effects on skin wound healing. Estrogen has beneficial effects on inflammation, proliferation, and remodeling phases of skin

wounds.

Estrogen was also shown to play a crucial role in controlling
oxidative stress, a major contributor to impaired wound healing, by
increasing the production of antioxidants, such as superoxide
dismutase (SOD), and promoting B-cell lymphoma 2 (BCL2)
expression, via activation of the nuclear factor erythroid 2-related
factor (NRF2) (Kanda and Watanabe, 2003; Ambrozova et al., 2017;
Song et al,, 2019). Moreover, estrogen was reported to regulate
proteolysis through the induction of protease inhibitors, preventing
excessive degradation of extracellular matrix components that are
essential for tissue repair (Ashcroft et al., 1999; Horng et al., 2017).

During the proliferative phase of healing, E2 induces the
expression of pro-angiogenic factors such as VEGF and PDGFA
in endothelial cells to promote angiogenesis (Toutain et al., 2009; El
Mohtadi et al., 2021). Additionally, estrogen was found to stimulate
epidermal and dermal cell migration and proliferation by enhancing
the secretion of growth factors, such as epidermal growth factor
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(EGF) and TGFp, aiding re-epithelialization and granulation tissue
formation (Ashcroft et al, 1997; Pomari et al, 2015). At the
remodeling stage, E2 modulates the secretion of extracellular
matrix components and wound tensile strength (Lephart and
Naftolin, 2021); however, the ultimate effect of E2 on scars is
unclear. Novotny et al. (2011) demonstrated that E2 stimulates
the differentiation of fibroblasts into myofibroblasts inducing
wound contraction, and increases extracellular matrix deposition
and wound tensile strength (Novotny et al, 2011). In contrast,
earlier reports described lower tensile strength in ovariectomized rat
wounds upon E2 treatment (Gél et al., 2010) and improved cosmetic
appearance of scars (based on color, texture, and contour) of
estrogen-deficient postmenopausal women associated with
reduced extracellular matrix deposition (Ashcroft et al, 1997).
Known mechanisms underlying estrogenic effects in skin repair
are summarized in Table 1 and Figure 1.
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Estrogen is a pleiotropic factor in the hallmarks of aging. The pillars of aging as described by Kennedy et al. (2014) and Schmauk-Medina et al. (2022)
are highly intertwined processes, and understanding the interplay between these factors is critical. Remarkably, existing literature has linked estrogen
signaling to virtually all hallmarks of aging. Herein we propose that estrogen deficiency plays a major role in skin aging biology. Adapted from Schmauk-

Medina et al. 2022, licensed under CC BY 3.0.

Beyond its effects on skin and wound healing, estrogen was
shown to protect against multiple aspects of cellular aging.
Estrogen treatment inhibits lipoperoxides and caspase 3 and
8 associated with oxidative stress and apoptosis in aged
2008). Estrogen
mitigates mitochondrial dysfunction, which is linked to age-
related skin deterioration (Klinge, 2020). Studies also show
that
modifications, preserving the integrity of the genome and

keratinocytes (Tresguerres et al, also

estrogen and phytoestrogens influence epigenetic
reducing the accumulation of age-related changes (Kovacs
et al., 2020; Singh and Paramanik, 2022). Additionally,
estrogen helps regulating

telomerase activity, and inhibits cellular senescence, thus

maintain telomere length by
preserving cellular function and promoting skin rejuvenation
(Figure 2) (Kanda and Watanabe, 2003; Bayne et al.,, 2008;
Emmerson and Hardman, 2012; Kennedy et al., 2014; Oh

et al., 2019; Schmauck-Medina et al., 2022; Taheri et al., 2022).

Frontiers in Physiology

In addition to direct effects of E2, metabolites resulting from E2
biotransformation, such as catechol estrogens and methoxy
estrogens have important biological activity in several different
tissues (Park, 2018). In the vascular system, catechol estrogens
regulate nitric oxide production and have other modulatory
functions (Jobe et al.,, 2010; Landeros et al., 2019), which could
impact the process of angiogenesis during wound healing. However,
no effects of catechol estrogens in the skin have been described and
the role of E2 metabolites during physiological and aged wound
healing remains virtually unknown.

3 Estrogen signaling in skin

Estrogen actions are mediated through canonical nuclear and/or
non-canonical membrane-initiated steroid signaling (Fuentes and
Silveyra, 2019; Cooke et al., 2021). In the nuclear pathway, E2 binds
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Estrogen signaling pathways involved in skin wound healing
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Estrogen signaling pathways involved in skin wound healing. Estrogen effects in the skin are likely mediated through both genomic (nuclear) and

non-genomic (membrane) signaling pathways.

either estrogen receptor (ER) a or ERp in the cytoplasm, forming
heterodimers and homodimers that translocate to the nucleus, bind
DNA at estrogen response elements (ERE), and activate the
expression of ERE-dependent genes. In the membrane signaling
pathway, E2 binds to and exerts rapid actions through a
subpopulation of ER located at the plasma membrane (mER) or
G protein-coupled estrogen receptor (GPER). Activation of these
membrane-associated receptors triggers various signaling pathways
(e.g., increased Ca*™", cAMP, or protein kinase cascades) that regulate
downstream transcription and epigenetic factors (Fuentes and
Silveyra, 2019; Cooke et al., 2021). Estrogen effects in the skin
are likely mediated through both genomic (nuclear) and non-
genomic (membrane) signaling pathways (Figure 3), although
this has not been directly investigated, and data regarding the
role and expression of ER in skin cells and during wound healing
are inconsistent (Verdier-Sevrain et al., 2004).

Opverall, most studies indicate that virtually all cells involved in
skin repair (fibroblasts, keratinocytes, inflammatory cells, tissue
stem cells, and vascular endothelial cells) express both ERa and
ERP and are direct targets of E2 (Matsubara and Matsubara, 2012;
Emmerson et al., 2013; Pomari et al., 2015; Oh et al., 2019). Using an
ERE-luciferase mouse, a reporter mouse that allows monitoring of
ER transcriptional activity in a spatiotemporal manner, it was
demonstrated that estrogen signaling is locally activated in
keratinocytes in vitro (with 1nM E2) and in vivo (with 10 nM
E2). In vivo, E2 treatment also activated estrogen signaling in
inflammatory cells at the wound site during skin wound healing,
a process that was inhibited in estrogen-deprived skin and restored
upon estrogen application (Emmerson et al., 2013; Brufani et al.,
2017). Surprisingly, E2 promoted mouse fibroblast scratch wound
closure in cell cultures but failed to induce ERE signal with doses
ranging from 1uM to 100 pM, suggesting that E2 effects on

Frontiers in Physiology

fibroblasts may be mediated through non-genomic pathways
(Emmerson et al., 2013). In contrast, Pomari et al. found that
E2 stimulated both human keratinocyte and fibroblast migration
at early (4h) and late (24-48h) time points, suggesting the
involvement of genomic and non-genomic signaling (Pomari
et al., 2015). Of note, mouse dermal fibroblasts in unwounded
skin expressed negligible luciferase and signal remained low in
the first 3 days post-wounding. However, dermal fibroblasts are
mostly active during the proliferative phase of healing, peaking at
day 5-7 post-wounding, at time points that have not been
investigated (Emmerson et al., 2013; Zomer and Trentin, 2018).
Both ERa and ER( are critical for the healing process but their
roles in wound healing differ. To address the role of local ERa and
ERP in the wound site, ovariectomized ERE-luciferase mice were
treated with selective agonists for ERa, propylpyrazoletriol (PPT),
and ER, diarylpropionitrile (DPN) (Emmerson et al, 2013).
Administration of either compound during wound healing
induced a luciferase signal in the peri-wound area, with a strong
dermal cell signal. Both PPT and DPN showed anti-inflammatory
effects in the skin, reducing neutrophil and macrophage influx to the
granulation tissue; however, only DPN induced epidermal
keratinocyte migration and accelerated wound closure, with a
potency equivalent to E2 (Campbell et al., 2010). These studies
highlighted that delayed healing in ovariectomized female mice can
be reversed by stimulating ERp signaling alone, and established ER(
activation as crucial in regulating estrogen’s beneficial skin effects,
independent of estrogen’s anti-inflammatory properties (Campbell
etal, 2010). In addition, induction of extracellular matrix deposition
and enhanced tensile strength were shown to be mediated mainly
through ER rather than ERa (Novotny et al.,, 2011). Accordingly,
aging is associated with decreased ERP expression in the epidermis
and a reduced ability to efficiently repair injured skin (Inoue et al.,
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2011) and a polymorphism in the human ERpP gene is highly
correlated with venous ulceration in the British Caucasian
population (Ashworth et al., 2008). However, despite signaling
through ERa alone failing to improve wound closure in
beneficial of E2 on

and wound contraction were

ovariectomized mice, the effects

inflammation, angiogenesis,
reportedly mediated via ERa (Toutain et al., 2009; Novotny et al.,
2011; Emmerson and Hardman, 2012).

Although most research has focused on genomic signaling by the
main ERs, ERa and ERP, participation of non-canonical pathways
and other receptors have also been demonstrated (Campbell et al.,
2010; Campbell et al., 2014; Zhou et al,, 2016; Horng et al., 2017).
Estrogen was shown to accelerate skin wound healing by promoting
keratinocyte proliferation via non-genomic ERK/AKT signaling
(Zhou et al,, 2016). Additionally, E2 is known to be able to signal
through the insulin-like growth factor 1 receptor (IGF-1R) in the
skin in a non-genomic manner and this process has been implicated
in the regulation of cutaneous aging (Emmerson and Hardman,
2012). There is also increasing evidence suggesting that rapid, non-
genomic estrogen signaling is mediated by GPER in the skin
(Serizawa et al.,, 2017). However, specific roles of E2 signaling
pathways during skin homeostasis and repair remain to be fully
elucidated.

4 Skin estrogen biosynthesis

Despite the gonads being the primary source of androgens and
estrogens, active sex steroids are also synthesized locally in
peripheral tissues from circulating precursors (Pomari et al,
2015). Before menopause, human estrogen biosynthesis occurs
largely in the ovary and the testis, adipose tissue, brain, adrenals,
skin, and bones (Taves et al., 2011; Slominski et al., 2013; Nikolakis
etal., 2016). The human skin is not only an estrogen target but also a
primary estrogen source; however, this has not been reported in
mice (Pomari et al., 2015).

The human skin is a complete steroidogenic organ, as intracrine
estrogen biosynthesis occurs either from precursors of adrenal
origin (dehydroepiandrosterone sulfate [DHEA-S] and DHEA) or
through the conversion of cholesterol to pregnenolone and its
subsequent transformation to biologically active estrogen in skin
cells (Labrie et al., 2000; Pomari et al., 2015). Postmenopausally,
estrogen produced in the skin from the conversion of the adrenal
precursors DHEA-S and DHEA becomes the primary source of
estrogen; however, overall steroidogenesis is reduced with aging in
both sexes (Labrie et al., 2000). Steroid production in the skin is
directly dependent on local enzymatic activity (e.g., aromatase),
substrate availability, and mobilization of signal transduction and
gene expression pathways, and can be modulated by several internal
and external factors, including growth factors, inflammatory
cytokines such as IL-1B and TNFa, cAMP analogs, and
glucocorticoids such as dexamethasone (Tkachenko et al, 2011;
Inoue et al., 2012; Slominski et al., 2013; Pomari et al., 2015; Barakat
et al., 2016).

Keratinocytes, melanocytes, and dermal fibroblasts express the
key steroidogenic enzymes required for estrogen biosynthesis
(Pomari et al,, 2015; Lephart and Naftolin, 2021). Additionally,
strong aromatase expression has also been shown in both hair
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follicles and sebaceous glands (Slominski and Wortsman, 20005
Barakat et al, 2016). Wounding leads to changes in aromatase
activity in skin cells; while aromatase expression is increased in
epidermal keratinocytes 24h after mechanical wounding, it is
decreased in dermal fibroblasts (Pomari et al, 2015). These
changes result in an overall amplification of intracellular estrogen
bioavailability and support a mechanism by which local
concentrations of estrogen can change quickly following acute
stress or damage (Pomari et al, 2015). Skin steroidogenic
potential and production are limited, so skin-derived estrogens
play site-specific autocrine and/or paracrine regulatory roles
2011; 2013).
steroidogenesis can be modulated by external factors and is

(Taves et al, Slominski et al., Since skin

locally restricted, there is a tremendous potential for novel
topical approaches  targeting skin estrogen
biosynthesis to achieve local estrogen healing benefits without

therapeutic

off-target effects which are undesirable in both men and women,
as explained in the following section.

5 Limitations of current estrogen-based
therapies

Traditional systemic estrogen replacement therapies, with doses
varying from 150 to 2000 pg/day are effective for treating
menopausal symptoms such as hot flashes and vaginal dryness
and also have beneficial effects on bone loss, and skin appearance
and repair. However, despite the clear benefits of estrogen
replacement therapy on the skin, its use remains controversial.
Deleterious off-target effects in women 10 years or more past
menopause, such as ovarian, endometrial, and breast cancers,
intravascular thrombosis, cardiovascular episodes, and stroke, and
suppression of endogenous testosterone and libido and increased
risk of prostate cancer in men, have precluded broad clinical
applications (Anderson et al, 2004; Hall and Phillips, 2005;
Stevenson and Thornton, 2007). These negative effects are mostly
associated with the systemic activation of ERa signaling (Ahn et al.,
2020); therefore, current research efforts have focused on novel
strategies that can act locally rather than systemically in the skin
and/or can selectively activate ERp to safely promote wound healing
in estrogen-deficient patients (Figure 4).

6 Novel strategies targeting estrogen
signaling and/or biosynthesis for skin
wound healing

6.1 Selective estrogen receptor modulators

Recent studies have tested natural and engineered selective
estrogen receptor modulators (SERMs) to increase estrogen
signaling in non-healing wounds of elderly patients without
systemic side effects (Stevenson and Thornton, 2007; Coma et al.,
2021). Tamoxifen and raloxifene are currently the most commonly
used SERMs. Both induce tissue-selective ER agonist or antagonist
effects
transcriptional

depending on the interaction with tissue-selective

coregulators that are recruited by each

ligand-specific receptor conformation (McDonnell et al, 2021).
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Targeting estrogen signaling for aged skin repair. Given the deleterious side effects of current estrogen replacement therapies, new systemic and
topical strategies to increase estrogen signaling in estrogen-deficient wounds are under investigation to improve aged skin repair.

Tamoxifen has been clinically used in ERa-positive breast cancers as
an antagonist of estrogen signaling in mammary epithelial cells;
simultaneously, it elicits secondary ERa-agonist effects in bone,
preventing osteoporosis, but also acts as an agonist in the uterus,
leading to an increased risk of endometrial cancer (Braun et al,
2016; Rachner et al., 2018; Emons et al., 2020). Both tamoxifen and
raloxifene were shown to promote anti-inflammatory effects in
inhibit
myofibroblast differentiation in vitro (Stevenson et al, 2009;
Carthy et al, 2015) and wound
ovariectomized mice (Hardman et al, 2008). However,
overall knowledge of the activity of these SERMS in the skin is
still limited.

Phytoestrogens are non-steroidal compounds derived from

macrophages, stimulate fibroblast proliferation, and

accelerate closure in

plants that are structurally and functionally similar to E2 (Ososki
2003). The soy-derived genistein (4',5,7-
trihydroxyisoflavone) ~ displays ~SERM  characteristics ~and
represents a promising natural alternative source of biologically

and Kennelly,
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active compounds with estrogenic activities. Genistein has a higher
binding affinity for ERP than ERa and its activity depends on
endogenous estrogen levels and ER expression (Irrera et al., 2017;
Coma et al,, 2021). It has the unique ability to selectively act as an
agonist or antagonist in a dose- and tissue-specific manner and
has been shown to improve skin repair while exerting anti-
neoplastic and chemopreventive properties in both in vitro
and in rodent models (Emmerson et al., 2010; Marini et al.,
2010; Park et al., 2011; Pawlicka et al., 2022; Peng et al., 2023).
Genistein was shown to modulate angiogenesis in human and
mouse endothelial cells and induce macrophage polarization to a
pro-repair phenotype, two important processes during
physiological wound healing (Abron et al., 2018; Berndt et al,,
2018; Peng et al, 2023). Accordingly, genistein reduced
inflammation and oxidative stress in early-stage diabetic mice
wounds and accelerated wound closure and improved tensile
strength in ovariectomized mouse wounds (Emmerson et al,
2010; Marini et al., 2010; Eo et al., 2016).
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Genistein’s effects on the skin could also aid older adults’ wound
healing by delaying skin aging. In vitro studies suggested that
genistein treatment of human keratinocytes and fibroblasts
modulates glutathione content and reactive oxygen species
release, endothelial/inducible (e/i)NOS dependent nitric oxide
release, MMP expression, and mitochondria membrane potential
through mechanisms involving p38 MAPK, AKT and ERK1/2 as
downstream signaling associated with membrane ERs and GPER, as
well as by increasing SOD activity and BCL2 expression in
endothelial cells (Savoia et al., 2018; Coma et al., 2021).

Although SERMs are a promising approach to treating estrogen-
deficient skin wounds given that they can selectively target estrogen
receptors in specific tissues, this also means that their effects may be
limited to specific cell types or tissues. This specificity may not
address the multifactorial nature of wound healing, which involves
multiple cell types and complex interactions. Additionally, long-
term effects and potential risks associated with prolonged SERM use
in wound healing applications are still not well understood. The
possible interaction of SERMs with endogenous estrogen and
signaling pathways will also need to be investigated, as the
interplay between exogenous SERMs and endogenous estrogen
levels needs to be carefully considered to ensure optimal
therapeutic effects. Finally, although in wvitro and preclinical
studies have provided promising results, clinical evidence
supporting the use of SERMs in skin wound healing is still
limited. There is a need for well-designed clinical trials to
evaluate the efficacy, safety, and optimal dosing strategies of
SERMs specifically for wound healing purposes.

6.2 Estrogen precursors

The estrogen precursor DHEA(-S) is a ubiquitous adrenal
hormone generally considered to be a weak androgen; however,
it is also a precursor for the intracrine biosynthesis of potent
androgens and estrogens in peripheral tissues that express the
relevant steroidogenic enzymes, such as the skin (Labrie et al,
2003; Mills et al., 2005). It is suggested that high levels of DHEA
have a beneficial effect on longevity and prevent several human
pathologic conditions, including heart disease, diabetes, and chronic
venous leg ulcers (Legrain and Girard, 2003; Schwartz and Pashko,
2004; Mills et al., 2005; Pomari et al., 2015). In adult women, DHEA -
S is the most abundant steroid, circulating at micromolar
concentrations up to 10,000 higher than that of E2 (Labrie et al,
2000). However, circulating DHEA and DHEA-S levels decline with
aging and are reduced to only 5%-20% of their peak values in
individuals past age 70 (Labrie et al., 1995). Because DHEA is only
converted into sex steroids in target tissues containing the relevant
physiologic enzymatic machinery, it has been suggested that it could
be used for treating estrogen-deficient wound healing without
deleterious systemic side effects (Pomari et al, 2015). In vitro
studies showed that DHEA and DHEA-S accelerated dermal
fibroblast migration (Stevenson et al, 2009) and prevented
keratinocyte apoptosis via membrane binding sites (Alexaki et al.,
2009), and these processes were reversed when inhibitors of
conversion enzymes (aromatase or STS) were used, confirming
that conversion to estrogen is required (Pomari et al, 2015).
Conversely, DHEA inhibited inflammation and accelerated skin
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wound healing in an ER-dependent manner in ovariectomized
and aged male mice models (Mills et al., 2005). These studies,
although limited, indicate that DHEA and DHEA-S may
represent a viable strategy to treat elderly estrogen-deprived skin
wounds.

6.3 Synthetic estrogens

In an effort to create estrogenic molecules intended for direct
skin application without causing systemic effects, Brufani et al.
(2009, 2017) synthesized E2 derivative compounds that rapidly
undergo metabolic oxidation and lose their affinity for ERs,
limiting their effects (Brufani et al., 2009; Brufani et al., 2017).
When administered to a wound in an ovariectomized ERE-luciferase
mouse model, these compounds locally activated ERE without
triggering any systemic effects (Brufani et al., 2017). Notably, the
researchers observed reduced inflammation and enhanced wound
healing effects comparable to the E2 treatment used as a positive
control (Brufani et al., 2017). Further development of such approach
could help pave the way for the development of novel drugs to
address estrogen-deficient wounds.

6.4 Regenerative medicine approaches

Given the complexity of wound healing, particularly in older
adults with multiple morbidities, and the progressive, degenerative
impact of estrogen deficiency on structural components of skin,
optimal healing strategies must be able to induce regenerative
processes to properly restore skin form and function. Although
there is vast research on regenerative medicine approaches for skin
wound healing, including cellular and biomaterial-based strategies,
most of them are focused on young rather than aged subjects and the
impact of estrogen deficiency in the outcomes of such therapies is
still largely unknown.

Cellular therapies have emerged as a promising strategy in
regenerative medicine for skin wound healing. Mesenchymal
stem/stromal cells (MSCs) are multipotent stem cells present in
virtually all adult tissues (Dominici et al., 2006; Meirelles et al.,
2006). Their ability to successfully accelerate and improve the
quality of skin wound healing has been widely demonstrated in
animal studies and clinical trials (Wu et al., 2007; Clover et al., 2014;
Formigli et al., 2015; Zomer et al., 2020; Kerstan et al., 2022). MSCs
secrete  multiple cytokines and growth factors with anti-
inflammatory, angiogenic, proliferative, migratory and anti-
apoptotic effects which have been linked to their broad
therapeutic application (Jo et al, 2021). It has been shown that
MSCs increase tensile strength through a macrophage-dependent
mechanism in wound healing in old mice, restoring the strength
levels seen in younger adult mice (Lee et al., 2013). Additionally,
MSCs and their secreted factors were shown to induce skin
by promoting
autophagy and inhibiting senescence (Kim et al,, 2018; Li et al,
2022). Strikingly, a recent study reported that rodent MSCs secrete
E2 in vitro and in vivo and suggested that E2 secretion by MSCs is

rejuvenation in human dermal fibroblasts

responsible for their therapeutic potential (Li et al., 2015). However,
endogenous E2 levels were shown to interfere with MSC activity and
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cells isolated from aged or estrogen-deficient individuals showed
impaired functions (Yao et al., 2016; Zhuge et al., 2018; Delben et al.,
2021; Elliot et al., 2022). The complex crosstalk between E2 and
MSCs needs to be further investigated.

The placenta is a highly specialized endocrine organ that
supports normal fetal growth and development (Costa, 2016).
Since embryo morphogenesis has many similarities to tissue
repair, placental tissues have been extensively investigated as
therapeutics for wound healing (Hong et al, 2010; Akela et al,
2013; Choi et al,, 2013; Brigido et al., 2018; Wang et al.,, 2021).
Accordingly, several in vitro, pre-clinical and clinical studies have
reported low immunogenicity, anti-inflammatory, anti-bacterial,
anti-oxidative, and anti-scarring properties of placental-derived
materials in different skin wound healing models, and
28 decellularized or devitalized placental matrices are currently
FDA approved for clinical use as wound dressings (Choi et al.,
2013; Kim et al., 2015; Moore et al., 2015; Goswami et al., 2017; Heo
et al., 2018). Strikingly, although the placenta is an important site of
estrogen biosynthesis and a rich source of estrogens and estrogen
signaling factors, potential estrogenic properties of placental
materials remain virtually unexplored (Kong et al, 2008; Choi
et al, 2014; Lee et al, 2020). Most studies using placental
materials did not characterize their estrogen content; however,
placentally-derived ~ compounds  alleviated  postmenopausal
symptoms in estrogen-deprived women, and clinical case reports
described premature sexual development in children using
placental-derived hair products, indicating that placentally-
derived materials preserve some of the native tissue estrogenic
effects (Tiwary, 1998; Phillips et al., 2008; Koike et al., 2012;
Koike et al., 2013; Lee et al., 2020). These studies highlight the
crucial requirement to rigorously characterize the estrogenic
potential of placenta-derived materials to avoid undesirable
effects but also emphasize that placental materials may be
particularly beneficial to treat skin wound healing in older adults.

Recently, engineered biomaterials have been specifically
developed as delivery systems for the targeted and controlled
delivery of estrogen or estrogenic compounds to the wound site.
The combination of diverse nanofibers with E2 or genistein from soy
and other plants was shown to promote keratinocyte and fibroblast
proliferation, cellular migration and infiltration, and integrin
B1 expression in vitro (Ahn et al., 2018; Ahn et al., 2019). When
applied to ovariectomized mouse and ex-vivo human wound
models, these materials accelerated re-epithelialization and
epidermal thinning and reduced scar formation, therefore
promoting improved skin repair vs. controls (Unnithan et al,
2015; Ahn et al., 2018; Ahn et al., 2019; Ahn et al., 2020; Ramos-
rodriguez et al., 2021). These beneficial effects were dose-dependent
and were abrogated when the ER signaling pathway was inhibited,
but off-target systemic side effects have not been investigated.

Although promising, studies in this area are still in the early phase.

7 Final remarks

Recognizing the importance of estrogen in skin homeostasis and
repair presents an opportunity to develop innovative therapies that
harness estrogen’s beneficial effects while minimizing systemic risks.
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The mechanisms by which estrogen promotes wound healing
involve modulation of inflammation, oxidative stress, proteolysis,
cell migration, proliferation, and angiogenesis, processes that were
shown to be improved with the use of topical SERMs, estrogen
precursors like DHEA, synthetic estrogens, and regenerative
medicine  approaches targeting estrogen signaling and
biosynthesis. Although these strategies have the potential to
enhance wound healing in older adults, they must be further
investigated to ensure their efficacy, safety, and feasibility for
clinical translation. Addressing the unique challenges posed by
chronic wounds in the aged population will require
interdisciplinary collaboration to advance our understanding of
skin aging and wound healing mechanisms. Future research
should focus on refining strategies that target estrogen pathways
specifically in the skin, considering both genomic and non-genomic
routes, to promote effective and safe wound healing interventions

for older adults.

Author contributions

HZ: Writing-original draft. PC: Writing-review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by funds from the Wound Healing Society, the
University of Florida Claude D. Pepper Older Americans
Independence Center (P30AG028740), and the University of
Florida College of Veterinary Medicine.

Acknowledgments

We thank the Wound Healing Society, the University of Florida
Claude D. Pepper Older Americans Independence Center, and the
University of Florida College of Veterinary Medicine for supporting
this research. All images were created with BioRender.com.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


http://BioRender.com
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1281071

Zomer and Cooke

References

Abron, J. D,, Singh, N. P,, Price, R. L., Nagarkatti, M., Nagarkatti, P. S., and Singh, U.
P. (2018). Genistein induces macrophage polarization and systemic cytokine to
ameliorate experimental colitis. PLoS One 13, €0199631. doi:10.1371/journal.pone.
0199631

Ahn, S., Ardofia, H. A. M., Campbell, P. H., Gonzalez, G. M., and Parker, K. K. (2019).
Alfalfa nanofibers for dermal wound healing. ACS Appl. Mater Interfaces 11,
33535-33547. doi:10.1021/acsami.9b07626

Ahn, S., Chantre, C. O., Ardofia, H. A. M., Gonzalez, G. M., Campbell, P. H., and
Parker, K. K. (2020). Biomimetic and estrogenic fibers promote tissue repair in mice and
human skin via estrogen receptor (. Biomaterials 255, 120149. doi:10.1016/j.
biomaterials.2020.120149

Ahn, S, Chantre, C. O., Gannon, A. R, Ju, L., Campbell, P. H., Grevesse, T., et al. (2018).
Soy protein/cellulose nanofiber scaffolds mimicking skin extracellular matrix for enhanced
wound healing. Adv. Healthc. Mater 7, €1701175. doi:10.1002/adhm.201701175

Akela, A, Nandi, S. K, Das, P., Banerjee, D., Roy, S., and Datta, U. (2013). Autologous
bone marrow-derived cells with placental extract for healing excisional cutaneous
wounds in animal model. Int. Wound J. 10 (2), 167-176. doi:10.1111/j.1742-481X.2012.
00964.x

Alexaki, V. I, Charalampopoulos, I., Panayotopoulou, M., Kampa, M., Gravanis, A.,
and Castanas, E. (2009). Dehydroepiandrosterone protects human keratinocytes against
apoptosis through membrane binding sites. Exp. Cell. Res. 315, 2275-2283. doi:10.1016/
j.yexcr.2009.04.006

Ambrozova, N., Ulrichova, J., and Galandakova, A. (2017). Models for the study of
skin wound healing. The role of Nrf2 and NF-«B. Biomed. Pap. 161 (1), 1-13. doi:10.
5507/bp.2016.063

Anderson, G. L., Limacher, M., Assaf, A. R., Bassford, T., Beresford, S. A. A., Black, H.,
et al. (2004). Effects of conjugated equine estrogen in postmenopausal women with
hysterectomy: the women’s health initiative randomized controlled trial. J. Am. Med.
Assoc. 291, 1701-1712. doi:lO.lOOl/jama.291.14.1701

Ashcroft, G. S., Dodsworth, J., van Boxtel, E., Tarnuzzer, R. W., Horan, M. A., Schultz,
G. S, et al. (1997). Estrogen accelerates cutaneous wound healing associated with an
increase in TGF-betal levels. Nat. Med. 3, 1209-1215. doi:10.1038/nm1197-1209

Ashcroft, G. S., Greenwell-Wild, T., Horan, M. A., Wahl, S. M., and Ferguson, M. W.J.
(1999). Topical estrogen accelerates cutaneous wound healing in aged humans
associated with an altered inflammatory response. Am. J. Pathology 155 (4),
1137-1146. doi:10.1016/S0002-9440(10)65217-0

Ashworth, J. J., Smyth, J. V., Pendleton, N., Horan, M., Payton, A., Worthington, J.,
et al. (2008). Polymorphisms spanning the ON exon and promoter of the estrogen
receptor-beta (ERbeta) gene ESR2 are associated with venous ulceration. Clin. Genet. 73,
55-61. doi:10.1111/j.1399-0004.2007.00927.x

Barakat, R., Oakley, O., Kim, H., Jin, J., and Ko, C. M. J.. (2016). Extra-gonadal sites of
estrogen biosynthesis and function. BMB Rep. 49 (9), 488-496. doi:10.5483/BMBRep.
2016.49.9.141

Bayne, S., Jones, M. E. E,, Li, H,, Pinto, A. R,, Simpson, E. R,, and Liu, J. P. (2008).
Estrogen deficiency leads to telomerase inhibition, telomere shortening and reduced cell
proliferation in the adrenal gland of mice. Cell. Res. 18, 1141-1150. doi:10.1038/cr.
2008.291

Berg, A., Kaul, S., Rauscher, G. E., Blatt, M., and Cohn, S. (2020). Successful
full-thickness skin regeneration using epidermal stem cells in traumatic and
complex wounds: initial experience. Cureus 12 (9), €10558. doi:10.7759/cureus.
10558

Berndt, S., Issa, M. E., Carpentier, G., and Cuendet, M. (2018). A bivalent role of
genistein in sprouting angiogenesis. Planta Med. 84, 653-661. doi:10.1055/a-0587-5991

Braun, M. M., Overbeek-Wager, E. A., and Grumbo, R. J. (2016). Diagnosis and
management of endometrial cancer. Am. Fam. Physician. 93. 468-474. Available from:
https://www.aafp.org/pubs/afp/issues/2016/0315/p468.html.

Brigido, S. A., Carrington, S. C., and Protzman, N. M. (2018). The use of decellularized
human placenta in full-thickness wound repair and periarticular soft tissue
reconstruction: an update on regenerative healing. Clin. Podiatr. Med. Surg. 35 (1),
95-104. doi:10.1016/j.cpm.2017.08.010

Brufani, M., Ceccacci, F., Filocamo, L., Garofalo, B., Joudioux, R., Bella, A. L., et al.
(2009). Novel locally active estrogens accelerate cutaneous wound healing. A
preliminary study. Mol. Pharm. 6 (2), 543-556. doi:10.1021/mp800206b

Brufani, M., Rizzi, N., Meda, C., Filocamo, L., Ceccacci, F., D’Aiuto, V., et al. (2017).
Novel locally active estrogens accelerate cutaneous wound healing-Part 2. Sci. Rep. 7 (1),
2510. doi:10.1038/s41598-017-02820-y

Campbell, L., Emmerson, E., Davies, F., Gilliver, S. C., Krust, A., Chambon, P., et al.
(2010). Estrogen promotes cutaneous wound healing via estrogen receptor B
independent of its antiinflammatory activities. J. Exp. Med. 207 (9), 1825-1833.
doi:10.1084/jem.20100500

Campbell, L., Emmerson, E., Williams, H., Saville, C. R, Krust, A., Chambon, P., et al.
(2014). Estrogen receptor-alpha promotes alternative macrophage activation during
cutaneous repair. J. Investigative Dermatology 134 (9), 2447-2457. doi:10.1038/jid.
2014.175

Frontiers in Physiology

10.3389/fphys.2023.1281071

Carthy, J. M., Sundqvist, A., Heldin, A., van Dam, H., Kletsas, D., Heldin, C. H., et al.
(2015). Tamoxifen inhibits TGF-B-mediated activation of myofibroblasts by blocking
non-smad signaling through ERK1/2. J. Cell. Physiol. 230, 3084-3092. doi:10.1002/jcp.
25049

Choi, H. Y., Kim, S., Kim, B. W., Lee, H. N, Kim, S., Song, M., et al. (2014). Alpha-
fetoprotein, identified as a novel marker for the antioxidant effect of placental extract,
exhibits synergistic antioxidant activity in the presence of estradiol. PLoS One 9 (6),
€99421-€99428. doi:10.1371/journal.pone.0099421

Choi, J. S., Kim, J. D., Yoon, H. S., and Cho, Y. W. (2013). Full-thickness skin wound
healing using human placenta-derived extracellular matrix containing bioactive
molecules. Tissue Eng. Part A 19 (3-4), 329-339. doi:10.1089/ten.TEA.2011.0738

Clover, A.]. P., Kumar, A. H. S., Isakson, M., Whelan, D., Stocca, A., Gleeson, B. M.,
et al. (2014). Allogeneic mesenchymal stem cells, but not culture modified monocytes,
improve burn wound healing. Burns 41 (3), 548-557. doi:10.1016/j.burns.2014.08.009;

Coma, M., Lachovd, V., Mitrengovd, P., and Gal, P. (2021). Molecular changes
underlying genistein treatment of wound healing: a review. Curr. Issues Mol. Biol. 43 (1),
127-141. doi:10.3390/cimb43010011

Cooke, P. S., Mesa, A. M., Sirohi, V. K., and Levin, E. R. (2021). Role of nuclear and
membrane estrogen signaling pathways in the male and female reproductive tract.
Differentiation 118, 24-33. doi:10.1016/j.diff.2020.11.002

Costa, M. A. (2016). The endocrine function of human placenta: an overview. Reprod.
Biomed. Online 32 (1), 14-43. doi:10.1016/j.rbmo.2015.10.005

Delben, P. B., Zomer, H. D., Acordi da Silva, C., Gomes, R. S., Melo, F. R,, Dillenburg-
Pilla, P., et al. (2021). Human adipose-derived mesenchymal stromal cells from face and
abdomen undergo replicative senescence and loss of genetic integrity after long-term
culture. Exp. Cell. Res. 406 (1), 112740. doi:10.1016/j.yexcr.2021.112740

Dominici, M., Le Blanc, K., Mueller, L., Slaper-Cortenbach, I., Marini, F., Krause, D.,
et al. (2006). Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy 8, 315-317.
doi:10.1080/14653240600855905

Elliot, S., Wikramanayake, T. C., Jozic, 1., and Tomic-Canic, M. (2018). A modeling
conundrum: murine models for cutaneous wound healing. J. Investigative Dermatology
138, 736-740. doi:10.1016/j.jid.2017.12.001

Elliot, S. J., Catanuto, P., Pereira-Simon, S., Xia, X., Pastar, 1., Thaller, S., et al. (2022).
Catalase, a therapeutic target in the reversal of estrogen-mediated aging. Mol. Ther. 30,
947-962. doi:10.1016/j.ymthe.2021.06.020

El Mohtadi, M., Whitehead, K., Dempsey-Hibbert, N., Belboul, A., and Ashworth, J.
(2021). Estrogen deficiency — a central paradigm in age-related impaired healing?
EXCLI J. 20, 99-116. doi:10.17179/excli2020-3210

Emmerson, E., Campbell, L., Ashcroft, G. S., and Hardman, M. J. (2010). The
phytoestrogen genistein promotes wound healing by multiple independent
mechanisms. Mol. Cell. Endocrinol. 321 (2), 184-193. doi:10.1016/j.mce.2010.02.026

Emmerson, E., and Hardman, M. J. (2012). The role of estrogen deficiency in skin
ageing and wound healing. Biogerontology 13 (1), 3-20. doi:10.1007/s10522-011-9322-y

Emmerson, E., Rando, G., Meda, C., Campbell, L., Maggi, A., and Hardman, M. J.
(2013). Estrogen receptor-mediated signalling in female mice is locally activated in
response to wounding. Mol. Cell. Endocrinol. 375 (1-2), 149-156. doi:10.1016/j.mce.
2013.05.015

Emons, G., Mustea, A., and Tempfer, C. (2020). Tamoxifen and endometrial cancer: a
janus-headed drug. Cancers 12, 2535-2611. Multidisciplinary Digital Publishing
Institute (MDPI). doi:10.3390/cancers12092535

Eo, H,, Lee, H. J., and Lim, Y. (2016). Ameliorative effect of dietary genistein on
diabetes induced hyper-inflammation and oxidative stress during early stage of wound
healing in alloxan induced diabetic mice. Biochem. Biophys. Res. Commun. 478,
1021-1027. doi:10.1016/j.bbrc.2016.07.039

Finkelstein, J. S., Lee, H., Burnett-Bowie, S. A. M., Pallais, J. C., Yu, E. W., Borges, L. F.,
et al. (2013). Gonadal steroids and body composition, strength, and sexual function in
men. N. Engl. J. Med. 369 (11), 1011-1022. doi:10.1056/NEJMo0al206168

Formigli, L., Paternostro, F., Tani, A., Mirabella, C., Quattrini Li, A., Nosi, D., et al.
(2015). MSCs seeded on bioengineered scaffolds improve skin wound healing in rats.
Wound Repair Regen. 23 (1), 115-123. doi:10.1111/wrr.12251

Frykberg, R. G., and Banks, J. (2015). Challenges in the treatment of chronic wounds.
Adv. Wound Care (New Rochelle) 4, 560-582. doi:10.1089/wound.2015.0635

Fuentes, N., and Silveyra, P. (2019). “Estrogen receptor signaling mechanisms,” in
Advances in protein chemistry and structural biology, 135-170. doi:10.1016/bs.apcsb.
2019.01.001

Gil, P., Novotny, M., Vasilenko, T., Depta, F., Sulla, I, and Tomori, Z. (2010).
Decrease in wound tensile strength following post-surgical estrogen replacement
therapy in ovariectomized rats during the early phase of healing is mediated via
ER-alpha rather than ER-beta: a preliminary report. J. Surg. Res. 159, e25-€28.
doi:10.1016/j.js5.2009.02.024

Goswami, S., Sarkar, R, Saha, P., Maity, A., Sarkar, T., Das, D., et al. (2017). Effect of
human placental extract in the management of biofilm mediated drug resistance - a

frontiersin.org


https://doi.org/10.1371/journal.pone.0199631
https://doi.org/10.1371/journal.pone.0199631
https://doi.org/10.1021/acsami.9b07626
https://doi.org/10.1016/j.biomaterials.2020.120149
https://doi.org/10.1016/j.biomaterials.2020.120149
https://doi.org/10.1002/adhm.201701175
https://doi.org/10.1111/j.1742-481X.2012.00964.x
https://doi.org/10.1111/j.1742-481X.2012.00964.x
https://doi.org/10.1016/j.yexcr.2009.04.006
https://doi.org/10.1016/j.yexcr.2009.04.006
https://doi.org/10.5507/bp.2016.063
https://doi.org/10.5507/bp.2016.063
https://doi.org/10.1001/jama.291.14.1701
https://doi.org/10.1038/nm1197-1209
https://doi.org/10.1016/S0002-9440(10)65217-0
https://doi.org/10.1111/j.1399-0004.2007.00927.x
https://doi.org/10.5483/BMBRep.2016.49.9.141
https://doi.org/10.5483/BMBRep.2016.49.9.141
https://doi.org/10.1038/cr.2008.291
https://doi.org/10.1038/cr.2008.291
https://doi.org/10.7759/cureus.10558
https://doi.org/10.7759/cureus.10558
https://doi.org/10.1055/a-0587-5991
https://www.aafp.org/pubs/afp/issues/2016/0315/p468.html
https://doi.org/10.1016/j.cpm.2017.08.010
https://doi.org/10.1021/mp800206b
https://doi.org/10.1038/s41598-017-02820-y
https://doi.org/10.1084/jem.20100500
https://doi.org/10.1038/jid.2014.175
https://doi.org/10.1038/jid.2014.175
https://doi.org/10.1002/jcp.25049
https://doi.org/10.1002/jcp.25049
https://doi.org/10.1371/journal.pone.0099421
https://doi.org/10.1089/ten.TEA.2011.0738
https://doi.org/10.1016/j.burns.2014.08.009
https://doi.org/10.3390/cimb43010011
https://doi.org/10.1016/j.diff.2020.11.002
https://doi.org/10.1016/j.rbmo.2015.10.005
https://doi.org/10.1016/j.yexcr.2021.112740
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1016/j.jid.2017.12.001
https://doi.org/10.1016/j.ymthe.2021.06.020
https://doi.org/10.17179/excli2020-3210
https://doi.org/10.1016/j.mce.2010.02.026
https://doi.org/10.1007/s10522-011-9322-y
https://doi.org/10.1016/j.mce.2013.05.015
https://doi.org/10.1016/j.mce.2013.05.015
https://doi.org/10.3390/cancers12092535
https://doi.org/10.1016/j.bbrc.2016.07.039
https://doi.org/10.1056/NEJMoa1206168
https://doi.org/10.1111/wrr.12251
https://doi.org/10.1089/wound.2015.0635
https://doi.org/10.1016/bs.apcsb.2019.01.001
https://doi.org/10.1016/bs.apcsb.2019.01.001
https://doi.org/10.1016/j.jss.2009.02.024
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1281071

Zomer and Cooke

focus on wound management. Microb. Pathog. 111, 307-315. doi:10.1016/j.micpath.
2017.08.041

Gould, L., Abadir, P., Brem, H., Carter, M., Conner-Kerr, T., Davidson, J., et al. (2015).
Chronic wound repair and healing in older adults: current status and future research.
J. Am. Geriatr. Soc. 63 (3), 427-438. doi:10.1111/jgs.13332

Gurtner, G. C., Garcia, A. D., Bakewell, K., and Alarcon, J. B. (2020). A
retrospective matched-cohort study of 3994 lower extremity wounds of
multiple etiologies across 644 institutions comparing a bioactive human skin
allograft, TheraSkin, plus standard of care, to standard of care alone. Int. Wound J.
17 (1), 55-64. doi:10.1111/iwj.13231

Hall, G., and Phillips, T. J. (2005). Estrogen and skin: the effects of estrogen,
menopause, and hormone replacement therapy on the skin. J. Am. Acad. Dermatol
53 (4), 555-568. doi:10.1016/j.jaad.2004.08.039

Hardman, M. J., and Ashcroft, G. S. (2008). Estrogen, not intrinsic aging, is the major
regulator of delayed human wound healing in the elderly. Genome Biol. 9 (5), R80.
doi:10.1186/gb-2008-9-5-180

Hardman, M. J., Emmerson, E., Campbell, L., and Ashcroft, G. S. (2008). Selective
estrogen receptor modulators accelerate cutaneous wound healing in ovariectomized
female mice. Endocrinology 149, 551-557. doi:10.1210/en.2007-1042

Heo, J. H.,, Heo, Y., Lee, H. J,, Kim, M., and Shin, H. Y. (2018). Topical anti-
inflammatory and anti-oxidative effects of porcine placenta extracts on 2,4-
dinitrochlorobenzene-induced contact dermatitis. BMC Complement. Altern. Med.
18 (1), 331-339. doi:10.1186/s12906-018-2396-1

Ho, J., Walsh, C., Yue, D., Dardik, A., and Cheema, U. (2017). Current advancements
and strategies in tissue engineering for wound healing: a comprehensive review. Adv.
Wound Care (New Rochelle) 6 (6), 191-209. doi:10.1089/wound.2016.0723

Hong, . W., Lee, W. J., Hahn, S. B,, Kim, B. ], and Lew, D. H. (2010). The effect of
human placenta extract in a wound healing model. Ann. Plast. Surg. 65 (1), 96-100.
doi:10.1097/SAP.0b013e3181b0bb67

Horng, H. C,, Chang, W. H., Yeh, C. C,, Huang, B. S., Chang, C. P., Chen, Y. ], et al.
(2017). Estrogen effects on wound healing. Int. J. Mol. Sci. 18 (11), 2325. doi:10.3390/
ijms18112325

Howdon, D., and Rice, N. (2018). Health care expenditures, age, proximity to death
and morbidity: implications for an ageing population. J. Health Econ. 57, 60-74. doi:10.
1016/j.jhealeco.2017.11.001

Huang, Y. Z,, Gou, M,, Da, L. C, Zhang, W. Q,, and Xie, H. Q. (2020). Mesenchymal stem
cells for chronic wound healing: current status of preclinical and clinical studies. Tissue Eng.
Part B Rev. 26, 555-570. Mary Ann Liebert Inc. doi:10.1089/ten.TEB.2019.0351

Inoue, T., Miki, Y., Abe, K., Hatori, M., Hosaka, M., Kariya, Y., et al. (2011). The role
of estrogen-metabolizing enzymes and estrogen receptors in human epidermis. Mol.
Cell. Endocrinol. 344 (1-2), 35-40. doi:10.1016/j.mce.2011.06.015

Inoue, T., Miki, Y., Abe, K., Hatori, M., Hosaka, M., Kariya, Y., et al. (2012). Sex
steroid synthesis in human skin in situ: the roles of aromatase and steroidogenic acute
regulatory protein in the homeostasis of human skin. Mol. Cell. Endocrinol. 362 (1-2),
19-28. doi:10.1016/j.mce.2012.05.005

Irrera, N., Pizzino, G., D’Anna, R., Vaccaro, M., Arcoraci, V., Squadrito, F., et al.
(2017). Dietary management of skin health: the role of genistein. Nutrients 9, 622.
doi:10.3390/nu9060622

Jo, H., Brito, S., Kwak, B. M, Park, S., Lee, M. G., and Bin, B. H. (2021). Special issue
on professor John M. Tarbell’s contribution to cardiovascular engineering. Int. J. Mol.
Sci. 22, 1-8. d0i:10.1007/s13239-020-00516-5

Jobe, S. O., Ramadoss, J., Koch, J. M, Jiang, Y., Zheng, J., and Magness, R. R. (2010).
Estradiol-17beta and its cytochrome P450- and catechol-O-methyltransferase-derived
metabolites stimulate proliferation in uterine artery endothelial cells: role of estrogen
receptor-alpha versus estrogen receptor-beta. Hypertension 55,1005-1011. doi:10.1161/
HYPERTENSIONAHA.109.146399

Kanda, N., and Watanabe, S. (2003). 17pB-Estradiol inhibits oxidative stress-induced
apoptosis in keratinocytes by promoting bcl-2 expression. J. Investigative Dermatology
121, 1500-1509. doi:10.1111/j.1523-1747.2003.12617.x

Kanda, N., and Watanabe, S. (2005). Regulatory roles of sex hormones in cutaneous biology
and immunology. J. Dermatol Sci. 38 (1), 1-7. doi:10.1016/j,jdermsci.2004.10.011

Kennedy, B. K., Berger, S. L., Brunet, A., Campisi, J., Cuervo, A. M., Epel, E. S., et al.
(2014). Geroscience: linking aging to chronic disease. Cell. 159 (4), 709-713. doi:10.
1016/j.cell.2014.10.039

Kerstan, A., Dieter, K., Niebergall-Roth, E., Dachtler, A. K., Kraft, K., Stiicker, M., et al.
(2022). Allogeneic ABCB5+ mesenchymal stem cells for treatment-refractory chronic
venous ulcers: a phase I/Ila clinical trial. JID Innov. 2, 100067. doi:10.1016/j.xjidi.2021.
100067

Kim, K. C,, Heo, J. H,, Yoon, J. K,, Jang, Y., Kim, Y. K,, Kim, C. K,, et al. (2015).
Enhanced anti-inflammatory effects of y-irradiated pig placenta extracts. Korean J. Food
Sci. Anim. Resour. 35 (3), 293-298. doi:10.5851/kosfa.2015.35.3.293

Kim, Y. J., Seo, D. H,, Lee, S. H., Lee, S. H., An, G. H., Ahn, H. ], et al. (2018).
Conditioned media from human umbilical cord blood-derived mesenchymal stem cells
stimulate rejuvenation function in human skin. Biochem. Biophys. Rep. 16, 96-102.
doi:10.1016/j.bbrep.2018.10.007

Frontiers in Physiology

11

10.3389/fphys.2023.1281071

Klinge, C. M. (2020). Estrogenic control of mitochondrial function. Redox Biol. 31,
101435. doi:10.1016/j.redox.2020.101435

Koike, K., Yamamoto, Y., Suzuki, N., Yamazaki, R., Yoshikawa, C., Takano, F.,
et al. (2013). Efficacy of porcine placental extract on climacteric symptoms in peri-
and postmenopausal women. Climacteric 16 (1), 28-35. d0i:10.3109/13697137.
2012.696290

Koike, K., Yamamoto, Y., Suzuki, N., Yamazaki, R., Yoshikawa, C., Takuma, K.,
et al. (2012). Efficacy of porcine placental extracts with hormone therapy for
postmenopausal women with knee pain. Climacteric 15 (1), 30-35. doi:10.3109/
13697137.2011.590616

Kong, M. H,, Lee, E.]., Lee, S. Y., Cho, S.J., Hong, Y. S., and Park, S. B. (2008). Effect of
human placental extract on menopausal symptoms, fatigue, and risk factors for
cardiovascular disease in middle-aged Korean women. Menopause 15 (2), 296-303.
doi:10.1097/gme.0b013e3181405b74

Kovécs, T., Szabo-Meleg, E., and Abrahdm, I. M. (2020). Estradiol-induced
epigenetically mediated mechanisms and regulation of gene expression. Int. J. Mol.
Sci. 21, 3177. d0i:10.3390/ijms21093177

Labrie, F., Luu-The, V., Labrie, C., Bélanger, A., Simard, J., Lin, S. X,, et al. (2003).
Endocrine and intracrine sources of androgens in women: inhibition of breast cancer
and other roles of androgens and their precursor dehydroepiandrosterone. Endocr. Rev.
24, 152-182. doi:10.1210/er.2001-0031

Labrie, F., Luu-The, V., Labrie, C., Pelletier, G., and El-Alfy, M. (2000). Intracrinology
and the skin. In: Hormone research, 218-229. Available from: www.karger.com/
journals/hre.

Labrie, F., Bélanger, A., Simard, J., Luu-The, V., and Labrie, C. (1995). DHEA and
peripheral androgen and estrogen formation: intracinology. Ann. N. Y. Acad. Sci. 774,
16-28. doi:10.1111/j.1749-6632.1995.tb17369.x

Landeros, R. V., Pastore, M. B., and Magness, R. R. (2019). Effects of the catechol and
methoxy metabolites of 17p-estradiol on nitric oxide production by ovine uterine artery
endothelial cells. Reprod. Sci. 26, 459-468. d0i:10.1177/1933719118783265

Lee, J. Y., Lee, C., Yoon, S. H., and Choi, H. (2020). Effect of porcine placental extract
on menopausal symptoms in postmenopausal women: a prospective, randomized,
double-blind, placebo-controlled trial. Taiwan J. Obstet. Gynecol. 59 (5), 675-681.
doi:10.1016/j.tj0g.2020.07.009

Lee, S., Szilagyi, E., Chen, L., Premanand, K., Dipietro, L. A., Ennis, W, et al. (2013).
Activated mesenchymal stem cells increase wound tensile strength in aged mouse model
via macrophages. J. Surg. Res. 181, 20-24. d0i:10.1016/j.js5.2012.05.040

Legrain, S., and Girard, L. (2003). Pharmacology and therapeutic effects of
dehydroepiandrosterone in older subjects. Drugs Aging 20, 949-967. doi:10.2165/
00002512-200320130-00001

Lephart, E. D. (2016). Skin aging and oxidative stress: equol’s anti-aging effects via
biochemical and molecular mechanisms. Ageing Res. Rev. 31, 36-54. doi:10.1016/j.arr.
2016.08.001

Lephart, E. D., and Naftolin, F. (2021). Menopause and the skin: old favorites and new
innovations in cosmeceuticals for estrogen-deficient skin. Dermatol Ther. (Heidelb) 11
(1), 53-69. doi:10.1007/s13555-020-00468-7

Li, J., Peng, X, Zeng, X,, Liu, B., Hao, Q., Yu, X,, et al. (2015). Estrogen secreted by
mesenchymal stem cells necessarily determines their feasibility of therapeutical
application. Sci. Rep. 5, 15286. doi:10.1038/srep15286

Li, T, Jiang, H., Li, Y., Zhao, X, and Ding, H. (2021). Estrogen promotes IncRNA
H19 expression to regulate osteogenic differentiation of BMISCs and reduce osteoporosis
via miR-532-3p/SIRT1 axis. Mol. Cell. Endocrinol. 527,111171. doi:10.1016/j.mce.2021.
111171

Li, T., Zhou, L., Fan, M., Chen, Z., Yan, L., Lu, H., et al. (2022). Human umbilical cord-
derived mesenchymal stem cells ameliorate skin aging of nude mice through autophagy-
mediated anti-senescent mechanism. Stem Cell. Rev. Rep. 18, 2088-2103. doi:10.1007/
512015-022-10418-9

Lopez, M. M, Castillo, A. C., Kaltwasser, K., Phillips, L. G., and Moliver, C. L. (2016).
Surgical timing and the menstrual cycle affect wound healing in young breast reduction
patients. In: Plastic and reconstructive surgery. Lippincott Williams and Wilkins, 406.
10. Available from:https://journals.lww.com/plasreconsurg/Fulltext/2016/02000/
Surgical_Timing and_the_Menstrual_Cycle_Affect.7.aspx.

Manolagas, S. C. (2010). From estrogen-centric to aging and oxidative stress: a revised
perspective of the pathogenesis of osteoporosis. Endocr. Rev. 31, 266-300. doi:10.1210/
er.2009-0024

Marini, H., Polito, F., Altavilla, D., Irrera, N., Minutoli, L., Calo, M., et al. (2010).
Genistein aglycone improves skin repair in an incisional model of wound healing: a
comparison with raloxifene and oestradiol in ovariectomized rats. Br. J. Pharmacol. 160,
1185-1194. doi:10.1111/j.1476-5381.2010.00758.x

Matsubara, Y., and Matsubara, K. (2012). Estrogen and progesterone play pivotal
roles in endothelial progenitor cell proliferation. Reproductive Biol. Endocrinol. 10, 2.
doi:10.1186/1477-7827-10-2

McDonnell, D. P, Wardell, S. E., Chang, C. Y., and Norris, J. D. (2021). Next-
generation endocrine therapies for breast cancer. J. Clin. Oncol. 39 (12), 1383-1388.
doi:10.1200/jc0.20.03565

frontiersin.org


https://doi.org/10.1016/j.micpath.2017.08.041
https://doi.org/10.1016/j.micpath.2017.08.041
https://doi.org/10.1111/jgs.13332
https://doi.org/10.1111/iwj.13231
https://doi.org/10.1016/j.jaad.2004.08.039
https://doi.org/10.1186/gb-2008-9-5-r80
https://doi.org/10.1210/en.2007-1042
https://doi.org/10.1186/s12906-018-2396-1
https://doi.org/10.1089/wound.2016.0723
https://doi.org/10.1097/SAP.0b013e3181b0bb67
https://doi.org/10.3390/ijms18112325
https://doi.org/10.3390/ijms18112325
https://doi.org/10.1016/j.jhealeco.2017.11.001
https://doi.org/10.1016/j.jhealeco.2017.11.001
https://doi.org/10.1089/ten.TEB.2019.0351
https://doi.org/10.1016/j.mce.2011.06.015
https://doi.org/10.1016/j.mce.2012.05.005
https://doi.org/10.3390/nu9060622
https://doi.org/10.1007/s13239-020-00516-5
https://doi.org/10.1161/HYPERTENSIONAHA.109.146399
https://doi.org/10.1161/HYPERTENSIONAHA.109.146399
https://doi.org/10.1111/j.1523-1747.2003.12617.x
https://doi.org/10.1016/j.jdermsci.2004.10.011
https://doi.org/10.1016/j.cell.2014.10.039
https://doi.org/10.1016/j.cell.2014.10.039
https://doi.org/10.1016/j.xjidi.2021.100067
https://doi.org/10.1016/j.xjidi.2021.100067
https://doi.org/10.5851/kosfa.2015.35.3.293
https://doi.org/10.1016/j.bbrep.2018.10.007
https://doi.org/10.1016/j.redox.2020.101435
https://doi.org/10.3109/13697137.2012.696290
https://doi.org/10.3109/13697137.2012.696290
https://doi.org/10.3109/13697137.2011.590616
https://doi.org/10.3109/13697137.2011.590616
https://doi.org/10.1097/gme.0b013e3181405b74
https://doi.org/10.3390/ijms21093177
https://doi.org/10.1210/er.2001-0031
http://Available from: www.karger.com/journals/hre
http://Available from: www.karger.com/journals/hre
https://doi.org/10.1111/j.1749-6632.1995.tb17369.x
https://doi.org/10.1177/1933719118783265
https://doi.org/10.1016/j.tjog.2020.07.009
https://doi.org/10.1016/j.jss.2012.05.040
https://doi.org/10.2165/00002512-200320130-00001
https://doi.org/10.2165/00002512-200320130-00001
https://doi.org/10.1016/j.arr.2016.08.001
https://doi.org/10.1016/j.arr.2016.08.001
https://doi.org/10.1007/s13555-020-00468-7
https://doi.org/10.1038/srep15286
https://doi.org/10.1016/j.mce.2021.111171
https://doi.org/10.1016/j.mce.2021.111171
https://doi.org/10.1007/s12015-022-10418-9
https://doi.org/10.1007/s12015-022-10418-9
https://journals.lww.com/plasreconsurg/Fulltext/2016/02000/Surgical_Timing_and_the_Menstrual_Cycle_Affect.7.aspx
https://journals.lww.com/plasreconsurg/Fulltext/2016/02000/Surgical_Timing_and_the_Menstrual_Cycle_Affect.7.aspx
https://doi.org/10.1210/er.2009-0024
https://doi.org/10.1210/er.2009-0024
https://doi.org/10.1111/j.1476-5381.2010.00758.x
https://doi.org/10.1186/1477-7827-10-2
https://doi.org/10.1200/jco.20.03565
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1281071

Zomer and Cooke

Meirelles, L. da S., Chagastelles, P. C., and Nardi, N. B. (2006). Mesenchymal stem
cells reside in virtually all post-natal organs and tissues. J. Cell. Sci. 119, 2204-2213.
doi:10.1242/jcs.02932

Mills, S. J., Ashworth, J. J., Gilliver, S. C., Hardman, M. J., and Ashcroft, G. S.
(2005). The sex steroid precursor DHEA accelerates cutaneous wound healing via
the estrogen receptors. J. Invest. Dermatol 125, 1053-1062. doi:10.1111/j.0022-
202X.2005.23926.x

Moore, M. C,, Pandolfi, V., and McFetridge, P. S. (2015). Novel human-derived
extracellular matrix induces invitro and invivo vascularization and inhibits fibrosis.
Biomaterials 49, 37-46. doi:10.1016/j.biomaterials.2015.01.022

Nikolakis, G., Stratakis, C. A., Kanaki, T., Slominski, A., and Zouboulis, C. C. (2016).
Skin steroidogenesis in health and disease. Rev. Endocr. Metab. Disord. 17 (3), 247-258.
doi:10.1007/s11154-016-9390-z

Novotny, M., Vasilenko, T., Varinskd, L., Smetana, K., Szabo, P., Sariésk}'f, M., et al.
(2011). ER-a agonist induces conversion of fibroblasts into myofibroblasts, while ER-p
agonist increases ECM production and wound tensile strength of healing skin wounds
in ovariectomised rats. Exp. Dermatol 20, 703-708. doi:10.1111/j.1600-0625.2011.
01284.x

Oh,J. Y., Choi, G. E,, Lee, H. ], Jung, Y. H,, Chae, C. W., Kim, J. S, et al. (2019). 17p-
Estradiol protects mesenchymal stem cells against high glucose-induced mitochondrial
oxidants production via Nrf2/Sirt3/MnSOD signaling. Free Radic. Biol. Med. 130,
328-342. doi:10.1016/j.freeradbiomed.2018.11.003

Ososki, A. L., and Kennelly, E. J. (2003). Phytoestrogens: a review of the present state
of research. Phytotherapy Res. 17, 845-869. doi:10.1002/ptr.1364

Park, E., Lee, S. M, Jung, I. K,, Lim, Y., and Kim, J. H. (2011). Effects of genistein on
early-stage cutaneous wound healing. Biochem. Biophys. Res. Commun. 410, 514-519.
doi:10.1016/j.bbrc.2011.06.013

Park, H. J., Kim, M. J., Rothenberger, C., Kumar, A., Sampson, E. M., Ding, D., et al.
(2019). GSTA4 mediates reduction of cisplatin ototoxicity in female mice. Nat.
Commun. 10, 4150. doi:10.1038/s41467-019-12073-0

Park, S. A. (2018). Catechol estrogen 4-hydroxyestradiol is an ultimate carcinogen in
breast cancer. Biomed. Sci. Lett. 24, 143-149. doi:10.15616/BSL.2018.24.3.143

Pawlicka, M. A., Zmorzynski, S., Popek-Marciniec, S., and Filip, A. A. (2022). The
effects of genistein at different concentrations on MCF-7 breast cancer cells and BJ
dermal fibroblasts. Int. J. Mol. Sci. 23, 12360. doi:10.3390/ijms232012360

Peng, X., Zhu, Y., Wu, Y., Xiang, X,, Deng, M,, Liu, L., et al. (2023). Genistein, a
soybean isoflavone, promotes wound healing by enhancing endothelial progenitor cell
mobilization in rats with hemorrhagic shock. Adv. Biol. 7, €2200236. doi:10.1002/adbi.
202200236

Phillips, T. J., Symons, J., Menon, S., and HT Study Group (2008). Does hormone
therapy improve age-related skin changes in postmenopausal women? A randomized,
double-blind, double-dummy, placebo-controlled multicenter study assessing the
effects of norethindrone acetate and ethinyl estradiol in the improvement of mild.
J. Am. Acad. Dermatol 59 (3), 397-404.¢3. doi:10.1016/j.jaad.2008.05.009

Pomari, E., Dalla Valle, L., Pertile, P., Colombo, L., and Thornton, M. J. (2015).
Intracrine sex steroid synthesis and signaling in human epidermal keratinocytes and
dermal fibroblasts. FASEB J. 29 (2), 508-524. doi:10.1096/1j.14-251363

Rachner, T. D., Coleman, R., Hadji, P., and Hofbauer, L. C. (2018). Bone health during
endocrine therapy for cancer. Lancet Diabetes Endocrinol. 6, 901-910. doi:10.1016/
$2213-8587(18)30047-0

Ramos-Rodriguez, CAPD. H., Macneil, S., Claeyssens, F., and Asencio, I. O.
(2021). Delivery of bioactive compounds to improve skin cell responses on
microfabricated electrospun microenvironments. Bioengineering 7, 105. doi:10.
3390/bioengineering8080105

Reddy, S., El-Haddawi, F., Fancourt, M., Farrant, G., Gilkison, W., Henderson, N.,
et al. (2014). The incidence and risk factors for lower limb skin graft failure. Dermatol
Res. Pract. 2014, 582080. doi:10.1155/2014/582080

Routley, C. E., and Ashcroft, G. S. (2009). Effect of estrogen and progesterone on
macrophage activation during wound healing. Wound Repair Regen. 17 (1), 42-50.
doi:10.1111/j.1524-475X.2008.00440.x

Russell, J. K., Jones, C. K., and Newhouse, P. A. (2019). The role of estrogen in brain
and cognitive aging. Neurotherapeutics 16, 649-665. doi:10.1007/s13311-019-00766-9

Rzepecki, A. K., Murase, J. E., Juran, R,, Fabi, S. G., and McLellan, B. N. (2019).
Estrogen-deficient skin: the role of topical therapy. Int. J. Womens Dermatol 5 (2),
85-90. doi:10.1016/j.ijwd.2019.01.001

Saville, C. R,, Holmes, D. F., Swift, ]., Derby, B., Emmerson, E., Hardman, M. ], et al.
(2019). Estrogen mediates acute elastic fibre homeostasis in skin. bioRxiv Available from
https://doi.org/10.1101/728865.

Savoia, P., Raina, G., Camillo, L., Farruggio, S., Mary, D., Veronese, F., et al. (2018).
Anti-oxidative effects of 17 B-estradiol and genistein in human skin fibroblasts and
keratinocytes. J. Dermatol Sci. 92, 62-77. doi:10.1016/j.jdermsci.2018.07.007

Schmauck-Medina, T., Moliére, A., Lautrup, S., Zhang, J., Chlopicki, S., Madsen, H.
B., etal. (2022). New hallmarks of ageing: a 2022 Copenhagen ageing meeting summary.
Aging 14, 6829-6839. doi:10.18632/aging 204248

Frontiers in Physiology

12

10.3389/fphys.2023.1281071

Schwartz, A. G., and Pashko, L. L. (2004). Dehydroepiandrosterone, glucose-6-
phosphate dehydrogenase, and longevity. Ageing Res. Rev. 3, 171-187. Elsevier
Ireland Ltd. doi:10.1016/j.arr.2003.05.001

Seleit, I, Bakry, O. A., el Repey, H. S., and Ali, R. (2016). Intrinsic versus extrinsic
aging: a histopathological, morphometric and immunohistochemical study of estrogen
receptor B and androgen receptor. Skin. Pharmacol. Physiol. 29 (4), 178-189. doi:10.
1159/000446662

Sen, C. K. (2021). Human wound and its burden: updated 2020 compendium of
estimates. Adv. Wound Care (New Rochelle) 10 (5), 281-292. doi:10.1089/wound.2021.
0026

Serizawa, I, Iwasaki, N., Ishida, H., Saito, S. Y., and Ishikawa, T. (2017). G-protein
coupled estrogen receptor-mediated non-genomic facilitatory effect of estrogen on
cooling-induced reduction of skin blood flow in mice. Eur. J. Pharmacol. 797, 26-31.
doi:10.1016/j.¢jphar.2017.01.013

Shanker, G., Sorci-Thomas, M., and Adams, M. R. (1995). Estrogen modulates the
inducible expression of platelet-derived growth factor mrna by monocyte/macrophages.
Life Sci. 56 (7), 499-507. doi:10.1016/0024-3205(94)00479-c

Singh, P., and Paramanik, V. (2022). Neuromodulating roles of estrogen and
phytoestrogens in cognitive therapeutics through epigenetic modifications during
aging. Front. Aging Neurosci. 14, 945076. doi:10.3389/fnagi.2022.945076

Slominski, A., and Wortsman, J. (2000). Neuroendocrinology of the skin. Endocr. Rev.
21, 457-487. doi:10.1210/edrv.21.5.0410

Slominski, A., Zbytek, B., Nikolakis, G., Manna, P. R,, Skobowiat, C., Zmijewski, M., et al.
(2013). Steroidogenesis in the skin: implications for local immune functions. J. Steroid
Biochem. Mol. Biol. 137, 107-123. doi:10.1016/j.jsbmb.2013.02.006

Song, C. H., Kim, N., Kim, D. H,, Lee, H. N,, and Surh, Y. J. (2019). 17-p estradiol
exerts anti-inflammatory effects through activation of Nrf2 in mouse embryonic
fibroblasts. PLoS One 14 (8), €0221650. doi:10.1371/journal.pone.0221650

Stevenson, S., Sharpe, D. T., and Thornton, M. J. (2009). Effects of oestrogen agonists
on human dermal fibroblasts in an in vitro wounding assay. Exp. Dermatol. 18, 988-990.
doi:10.1111/j.1600-0625.2009.00864.x

Stevenson, S., and Thornton, J. (2007). Effect of estrogens on skin aging and the
potential role of SERMs. Clin. Interv. Aging 2 (3), 283-297. doi:10.2147/cia.s798

Taheri, M., Ghafouri-Fard, S., Najafi, S., Kallenbach, J., Keramatfar, E., Atri
Roozbahani, G., et al. (2022). Hormonal regulation of telomerase activity and
hTERT expression in steroid-regulated tissues and cancer. Cancer Cell. Int. Biomed.
Cent. 22, 258. doi:10.1186/s12935-022-02678-9

Taves, M. D., Gomez-Sanchez, C. E., and Soma, K. K. (2011). Extra-adrenal glucocorticoids
and mineralocorticoids: evidence for local synthesis, regulation, and function. Am.
J. Physiology Endocrinol. Metabolism 301, E11-E24. doi:10.1152/ajpendo.00100.2011

Thornton, M. J. (2013). Estrogens and aging skin. Dermato-Endocrinology 5, 264-270.
doi:10.4161/derm.23872

Tiwary, C. M. (1998). Premature sexual development in children following the use of
estrogen- or placenta-containing hair products. Clin. Pediatr. (Phila). 37 (12), 733-739.
doi:10.1177/000992289803701204

Tkachenko, I. V., Jaiskeldinen, T., Jaiskeldinen, J., Palvimo, J. J., and
Voutilainen, R. (2011). Interleukins la and 1P as regulators of steroidogenesis
in human NCI-H295R adrenocortical cells. Steroids 76 (10-11), 1103-1115. doi:10.
1016/j.steroids.2011.04.018

Toutain, C. E., Brouchet, L., Raymond-Letron, I, Vicendo, P., Berges, H., Favre,
J., etal. (2009). Prevention of skin flap necrosis by estradiol involves reperfusion of
a protected vascular network. Circ. Res. 104 (2), 245-254. doi:10.1161/
CIRCRESAHA.108.182410

Tresguerres, J. A. F., Kireev, R., Tresguerres, A. F., Borras, C., Vara, E, and
Ariznavarreta, C. (2008). Molecular mechanisms involved in the hormonal
prevention of aging in the rat. J. Steroid Biochem. Mol. Biol. 108, 318-326. doi:10.
1016/j.jsbmb.2007.09.010

Turissini, J. D., Elmarsafi, T., Evans, K. K., and Kim, P. J. (2019). Major risk factors
contributing to split thickness skin graft failure. Georget. Med. Rev. 3 (1). doi:10.52504/
001c.7755

Unnithan, A. R,, Sasikala, A. R. K., Murugesan, P., Gurusamy, M., Wu, D., Park, C. H.,
et al. (2015). Electrospun polyurethane-dextran nanofiber mats loaded with Estradiol
for post-menopausal wound dressing. Int. J. Biol. Macromol. 77, 1-8. doi:10.1016/j.
ijbiomac.2015.02.044

Verdier-Sevrain, S., Yaar, M., Cantatore, J., Traish, A., and Gilchrest, B. A. (2004).
Estradiol induces proliferation of keratinocytes via a receptor mediated mechanism.
FASEB J. 18, 1252-1254. doi:10.1096/£].03-1088fje

Wang, C, Li, G, Cui, K, Chai, Z, Huang, Z., Liu, Y., et al. (2021). Sulfated
glycosaminoglycans in decellularized placenta matrix as critical regulators for

cutaneous wound healing. Acta Biomater. 122, 199-210. doi:10.1016/j.actbio.2020.
12.055

Werdin, F., Tennenhaus, M., Schaller, H. E., and Rennekampff, H. O. (2009).
Evidence-based management strategies for treatment of chronic wounds. Eplasty
9, el9.

frontiersin.org


https://doi.org/10.1242/jcs.02932
https://doi.org/10.1111/j.0022-202X.2005.23926.x
https://doi.org/10.1111/j.0022-202X.2005.23926.x
https://doi.org/10.1016/j.biomaterials.2015.01.022
https://doi.org/10.1007/s11154-016-9390-z
https://doi.org/10.1111/j.1600-0625.2011.01284.x
https://doi.org/10.1111/j.1600-0625.2011.01284.x
https://doi.org/10.1016/j.freeradbiomed.2018.11.003
https://doi.org/10.1002/ptr.1364
https://doi.org/10.1016/j.bbrc.2011.06.013
https://doi.org/10.1038/s41467-019-12073-0
https://doi.org/10.15616/BSL.2018.24.3.143
https://doi.org/10.3390/ijms232012360
https://doi.org/10.1002/adbi.202200236
https://doi.org/10.1002/adbi.202200236
https://doi.org/10.1016/j.jaad.2008.05.009
https://doi.org/10.1096/fj.14-251363
https://doi.org/10.1016/S2213-8587(18)30047-0
https://doi.org/10.1016/S2213-8587(18)30047-0
https://doi.org/10.3390/bioengineering8080105
https://doi.org/10.3390/bioengineering8080105
https://doi.org/10.1155/2014/582080
https://doi.org/10.1111/j.1524-475X.2008.00440.x
https://doi.org/10.1007/s13311-019-00766-9
https://doi.org/10.1016/j.ijwd.2019.01.001
https://doi.org/10.1101/728865
https://doi.org/10.1016/j.jdermsci.2018.07.007
https://doi.org/10.18632/aging.204248
https://doi.org/10.1016/j.arr.2003.05.001
https://doi.org/10.1159/000446662
https://doi.org/10.1159/000446662
https://doi.org/10.1089/wound.2021.0026
https://doi.org/10.1089/wound.2021.0026
https://doi.org/10.1016/j.ejphar.2017.01.013
https://doi.org/10.1016/0024-3205(94)00479-c
https://doi.org/10.3389/fnagi.2022.945076
https://doi.org/10.1210/edrv.21.5.0410
https://doi.org/10.1016/j.jsbmb.2013.02.006
https://doi.org/10.1371/journal.pone.0221650
https://doi.org/10.1111/j.1600-0625.2009.00864.x
https://doi.org/10.2147/cia.s798
https://doi.org/10.1186/s12935-022-02678-9
https://doi.org/10.1152/ajpendo.00100.2011
https://doi.org/10.4161/derm.23872
https://doi.org/10.1177/000992289803701204
https://doi.org/10.1016/j.steroids.2011.04.018
https://doi.org/10.1016/j.steroids.2011.04.018
https://doi.org/10.1161/CIRCRESAHA.108.182410
https://doi.org/10.1161/CIRCRESAHA.108.182410
https://doi.org/10.1016/j.jsbmb.2007.09.010
https://doi.org/10.1016/j.jsbmb.2007.09.010
https://doi.org/10.52504/001c.7755
https://doi.org/10.52504/001c.7755
https://doi.org/10.1016/j.ijbiomac.2015.02.044
https://doi.org/10.1016/j.ijbiomac.2015.02.044
https://doi.org/10.1096/fj.03-1088fje
https://doi.org/10.1016/j.actbio.2020.12.055
https://doi.org/10.1016/j.actbio.2020.12.055
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1281071

Zomer and Cooke

Wilkinson, H. N., and Hardman, M. J. (2020). Wound healing: cellular mechanisms
and pathological outcomes. Open Biol. 10, 200223. doi:10.1098/rs0b.200223

Wilkinson, H. N., and Hardman, M. J. (2021). A role for estrogen in skin ageing and
dermal biomechanics. Mech. Ageing Dev. 197, 111513. doi:10.1016/j.mad.2021.111513

Wu, Y., Chen, L, Scott, P. G., and Tredget, E. E. (2007). Mesenchymal stem cells
enhance wound healing through differentiation and angiogenesis. Stem Cells 25,
2648-2659. doi:10.1634/stemcells.2007-0226

Yao, B., Huang, S., Gao, D., Xie, J., Liu, N., and Fu, X. (2016). Age-associated changes
in regenerative capabilities of mesenchymal stem cell: impact on chronic wounds repair.
Int. Wound J. 13, 1252-1259. doi:10.1111/iwj.12491

Zhou, T., Yang, Z., Chen, Y., Chen, Y., Huang, Z., You, B,, et al. (2016). Estrogen
accelerates cutaneous wound healing by promoting proliferation of epidermal

keratinocytes via Erk/Akt signaling pathway. Cell. Physiology Biochem. 38, 959-968.
doi:10.1159/000443048

Frontiers in Physiology

13

10.3389/fphys.2023.1281071

Zhuge, Y., Regueiro, M. M, Tian, R,, Li, Y., Xia, X., Vazquez-Padron, R,, et al. (2018).
The effect of estrogen on diabetic wound healing is mediated through increasing the
function of various bone marrow-derived progenitor cells. J. Vasc. Surg. 68, 127S-135S.
doi:10.1016/.jvs.2018.04.069

Zomer, H. D., Jeremias, T. da S., Ratner, B., and Trentin, A. G. (2020). Mesenchymal
stromal cells from dermal and adipose tissues induce macrophage polarization to a pro-
repair phenotype and improve skin wound healing. Cytotherapy 22 (5), 247-260. doi:10.
1016/j.jcyt.2020.02.003

Zomer, H. D., and Trentin, A. G. (2018). Skin wound healing in humans and mice:
challenges in translational research. J. Dermatol Sci. 90 (1), 3-12. doi:10.1016/j.jdermsci.
2017.12.009

Zouboulis, C. C., and Boschnakow, A. (2001). Chronological ageing and photoageing
of the human sebaceous gland. Clin. Exp. Dermatol 26, 600-607. doi:10.1046/j.1365-
2230.2001.00894.x

frontiersin.org


https://doi.org/10.1098/rsob.200223
https://doi.org/10.1016/j.mad.2021.111513
https://doi.org/10.1634/stemcells.2007-0226
https://doi.org/10.1111/iwj.12491
https://doi.org/10.1159/000443048
https://doi.org/10.1016/j.jvs.2018.04.069
https://doi.org/10.1016/j.jcyt.2020.02.003
https://doi.org/10.1016/j.jcyt.2020.02.003
https://doi.org/10.1016/j.jdermsci.2017.12.009
https://doi.org/10.1016/j.jdermsci.2017.12.009
https://doi.org/10.1046/j.1365-2230.2001.00894.x
https://doi.org/10.1046/j.1365-2230.2001.00894.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1281071

	Targeting estrogen signaling and biosynthesis for aged skin repair
	1 Chronic skin wounds disproportionally affect older adults
	2 Estrogen is a pleiotropic factor in the hallmarks of aging
	3 Estrogen signaling in skin
	4 Skin estrogen biosynthesis
	5 Limitations of current estrogen-based therapies
	6 Novel strategies targeting estrogen signaling and/or biosynthesis for skin wound healing
	6.1 Selective estrogen receptor modulators
	6.2 Estrogen precursors
	6.3 Synthetic estrogens
	6.4 Regenerative medicine approaches

	7 Final remarks
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


