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Skin undergoes degenerative changes as it ages, which include the loss of elasticity,
reductions in the epidermal thickness and collagen content, elastic fiber degeneration,
and increased wrinkling and dryness. Skin aging can be significantly delayed by the
administration of estrogen. Estrogen deficiency following menopause results in atro-
phic skin changes and the acceleration of skin aging. Estrogen administration has pos-
itive effects on human skin by delaying or preventing skin aging manifestations, but
the use of estrogen replacement is a risk factor for breast and uterine cancer.
Phytoestrogens are a large family of plant-derived molecules possessing various
degrees of estrogen-like activity; they exhibit agonist or antagonist estrogenic prop-
erties depending on the tissue. These molecules could be ideal candidates to combat
skin aging and other detrimental effects of hypoestrogenism. In this paper, we review
the effects of phytoestrogens on human skin and the mechanisms by which

phytoestrogens can alleviate the changes due to aging.
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1 | INTRODUCTION

The skin is the largest organ in the body. Like all other tissues, it
undergoes degenerative processes with aging. Skin helps in body pro-
tection and temperature regulation and acts as an organ of sensation
(Nagula & Wairkar, 2019). Skin aging includes a loss of elasticity, a
reduction in epidermal thickness and collagen content, elastic fiber
degeneration, and increased wrinkling and dryness. The protective
functions of the skin become compromised, and aging is associated
with impaired wound healing, hair loss, pigmentary changes, and skin
cancer (Thornton, 2013).

Skin is a target organ of hormones. Estrogens have a profound
influence on skin. Estrogens can significantly modulate skin physiol-
ogy, targeting keratinocytes, fibroblasts, melanocytes, hair follicles
and sebaceous glands, and improve angiogenesis, wound healing,
and immune responses (Thornton, 2013). The skin fibroblasts have
been reported to biosynthesize/secrete over 998 proteins (Waldera
et al.,, 2015). Estrogen's effects are particularly pronounced in the skin
where cutaneous changes post-menopause are well documented
(Emmerson & Hardman, 2012). Ovarian estrogen represents a majority
of the estrogens in women, which decline with aging and especially
menopause (Lephart, 2018). Estrogen deficiency following menopause
results in atrophic skin changes and the acceleration of skin aging. Skin
thickness is reduced by 1.13% and collagen content is reduced by 2%
per postmenopausal year in menopausal women (Brincat et al., 1987).
Types | and lll skin collagens are thought to decrease by as much as
30% in the first 5 years after menopause (Affinito et al., 1999; Brincat
et al., 1985). These effects in elderly females correlate with the period
of estrogen deficiency rather than chronological age (Affinito et al.,
1999; Brincat et al., 1985; Brincat et al., 1987). Estrogen insufficiency
also decreases the defense against oxidative stress. A decrease in col-
lagen causes the skin to become thinner, and decreases elasticity,
increases wrinkling, increases dryness, and reduces vascularity (Thorn-
ton, 2013). These skin changes can be reversed by estrogen replace-
which

thickness, epidermal hydration, and skin elasticity, reduces skin wrin-

ment, increases  keratinocyte proliferation, epidermal
kles, augments the content and quality of collagen, and increases the
level of vascularization (Stevenson & Thornton, 2007; Thornton,
2002, 2005). Estrogen administration has positive effects on human
skin, but the use of estrogen replacement is a risk factor for breast
and uterine cancer. Phytoestrogens are a large family of plant-derived
molecules possessing various degrees of estrogen-like activity. They
can bind both estrogen receptors alpha and estrogen receptors beta
and act as both estrogen agonists and antagonists (Hwang et al.,
2006). Phytoestrogens are considered to be naturally-occurring selec-
tive estrogen receptor modulators (SERMs) and are potential con-
tenders to provide a natural estrogen replacement in
postmenopausal women.

Phytoestrogens have similar chemical structures to the mammalian
estrogen, estradiol (Rietjens, Sotoca, Vervoort, & Louisse, 2013).
Phytoestrogens can bind to ERa and ERB, but most compounds pos-
sess a preference for ERB (Paterni, Granchi, Katzenellenbogen, &

Minutolo, 2014; Younes & Honma, 2011). ERa and ERB move from

the cytoplasm to the nucleus when binding to ligand-activated nuclear
transcription factors that enhance target gene transcription (Sirotkin &
Harrath, 2014). Furthermore, phytoestrogens also bind to membrane
estrogen receptors that are coupled to cytosolic signal transduction
proteins (Figure 1). These membrane estrogen receptors initiate signal
cascades directly via conventional second messengers, which include
adenylate cyclase, cyclic adenosine monophosphate (cAMP), phospho-
lipase C, protein kinase C, and mitogen-activated protein kinase
(MAPK), producing rapid responses to phytoestrogens (Sirotkin,
2016; Yanagihara et al., 2014).

Phytoestrogens exert an anti-aging effect on the skin via estrogen
receptors (Gopaul, Knaggs, & Lephart, 2012). They increase the colla-
gen content (Chua, Lee, Abdullah, & Sarmidi, 2012), the production of
hyaluronic acid (Patriarca et al., 2013), and extracellular matrix pro-
teins (Gopaul et al., 2012). Phytoestrogens show protection against
oxidative stress. Skin aging can be significantly delayed by the admin-
istration of estrogen, selective estrogen receptor modulators, and

phytoestrogens (Thornton, 2013).

2 | EFFECTS ON COLLAGEN

The accumulation of collagen breakdown products is a hallmark of
aging skin and results in a decrease in mechanical tension that leads
to wrinkles. Age-related differences in the amount and structure of
proteoglycans that bind to collagen also determine the mechanical
properties of the skin (Jackson, Greiwe, & Schwen, 2011). There are
two types of collagen change during the aging process. Type | collagen
represents the predominant collagen type in adult human skin,
whereas type lll collagen, also widely distributed throughout the body,
predominates in fetal tissues. For the first time, an increase in mainly
type Il collagen indicates the distinct modulatory effects of estrogen
on collagen tissue (Schmidt, Binder, Demschik, Bieglmayer, & Reiner,
1996). In estrogen-deficient women, skin thickness and collagen con-
tent is reduced. Types | and Il skin collagens are thought to decrease,
which parallels the reduction in bone mass observed in postmeno-
pausal women. This decrease in skin thickness and collagen content
in elderly women correlates with the period of estrogen deficiency
rather than chronological age. A difference in collagen subtypes has
also been recognized in postmenopausal women; compared with pre-
menopausal women, postmenopausal women demonstrate a decrease
in collagen types | and Il and a reduction in the type lll/type | ratio
within the dermis, again correlating with the period of estrogen defi-
ciency rather than chronological age (Thornton, 2013).

It has been reported that estrogen is effective in the treatment of
aging skin, and an improvement in skin elasticity and wrinkle depth is
observed after 6 months of treatment in premenopausal women with
skin aging symptoms (Calleja-Agius, Brincat, & Borg, 2013). Current
studies have shown that estrogen treatment prevents the loss of the
collagen | peptide and increases the expression of type Il collagen
(Voloshenyuk & Gardner, 2010). The same study also demonstrated
that estrogen increased tropoelastin and fibrillin, which may be associ-

ated with an increase in elastic fibers. Transforming growth factor B
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(3) Equol

Isoflavonoids: some of these phytochemicals are found in plants, e.g.soybeans, beans,
cabbage, lettuces and in animal and food sources, such as,eggs and milk.

HO
O (4) Resveratrol,a Stillbeniod: A phytoalexin produced by several plants
Z OH /1 —==—=——=" . )
O in response to injury or, attack by pathogens such as bacteria or fungi.
Sources includethe skin of grapes (wine), blueberries, raspberries,
OH mulberries, peanuts and Japanese knotweed.

(5) Coumestrol:A Coumestan was first identified as a compound with
estrogenic properties by E. M.Bickoff in ladino clover and alfalfa in
1957. For example, high levels are found in red clover.

(6) Biochanin A: O-methylated Isoflavonoid: Biochanin A is a natural
organic compound that can be found in red clover in soy, in alfalfa
sprouts, in peanuts, in chickpea and in other legumes.

(7) Formononetin: O-methylated Isoflavonoid found in a number of
plants and herbs such as red clover.

(10) Kaempferol

(9) Myricetin

H

HO. O
UL,

OH

OH

(11) Catechin

Querctin, Myrcetin, Kaempferol and Catcechin are Flavonoids found in Labisia pumila

extracts, a flowering plant found in Malaysia.

FIGURE 1 Molecular structure of phytoestrogens

(TGF-B) is a growth factor that stimulates fibroblast proliferation and
extracellular matrix (ECM) secretion, which can affect angiogenesis
and epithelialization of the skin. TGF-f treats skin aging by enhancing
the production of subcutaneous VEGF and thereby increasing the

thickness of collagen. Estrogen can enhance the expression of TGF-

to delay skin aging through the above mechanisms (Thornton, 2013).
Matrix metalloproteinases (MMPs) induce skin aging by degrading col-
lagen. There is increasing evidence that the expression of MMPs is
controlled by tissue inhibitor of metalloproteinase (TIMP). TIMP is a
tissue inhibitor of MMPs that inhibits MMPs and thereby inhibits
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collagen degradation. In addition to its inhibitory effects on most
known MMPs, the encoded TIMP proteins are capable of promoting
cell proliferation in a variety of cell types and may also have anti-
apoptotic functions. Estrogen can upregulate the expression of
TIMPs to downregulate the expression of MMPs, which reduces the
degradation of collagen to protect the skin (Kassira et al., 2009;
Nemitz et al., 2015).

The estrogen-like effects of some plants were first described by
Loewe et al. in 1927. Phytoestrogens are classified into three catego-
ries: isoflavones, coumestans, and lignans. The most important and
abundant isoflavones in soybeans are genistein and daidzein, which
display some similarity to the mammal estrogen molecule and are
found, inter alia, soybeans, lentils, and red clover. The most important
isoflavones are genistein and daidecin. Coumestans only occur in the
sprouts of legumes. Their structural similarity to 173-estradiol explains
the estrogen-like effects, which may be traced back to the interaction
of these substances with the estrogen receptor (Sator, Schmidt, Rabe,
& Zouboulis, 2004). A controlled, open European multicenter study
examined the effect of a cosmetic cream preparation that includes iso-
flavone (Novadiol). Compared to untreated skin areas, isoflavones sig-
nificantly reduced facial wrinkles by 22% and skin loss by 24% by
affecting collagen synthesis and reducing enzymatic collagen degrada-
tion. These data show that isoflavones can significantly reduce wrin-
kles and significantly improve the clinical manifestations of the skin
(Bayerl & Keil, 2002; Sator, 2006).

Genistein (an aglycone), which is an isoflavone found in low con-
centrations in soybeans and in increased amounts in certain fermented
soy foods, has been recently considered an ideal natural selective
estrogen receptor modulator (SERM). Genistein has been tested in
anti-aging cosmetic preparations and has shown interesting results
for skin elasticity, photoaging, and skin cancer prevention. Cosmetic
creams containing genistein (an aglycone) have been used to improve
skin dryness and wrinkles (Rona, Vailati, & Berardesca, 2004).
Researchers have explored the mechanism by which genistein delays
skin aging, and it was found that genistein increased the thickness of
skin collagen by inducing the expression of subcutaneous VEGF and
increasing TGF-B in the skin. Genistein also inhibited MMPs by
increasing TIMP protein levels, in turn decreasing the degradation of
collagen. Therefore, genistein can significantly increase the thickness
of collagen and delay skin aging (Polito et al., 2012).

Daidzein is an isoflavone with extensive nutritious value and is
mainly extracted from soy plants. It is also called phytoestrogen due
to its structural similarity to the human hormone estrogen. Daidzein
is reported to play a significant role in the prevention and treatment
of a variety of diseases such as cancer, cardiovascular disease, diabe-
tes, osteoporosis, skin disease, and neurodegenerative disease. This
pharmacological activity is attributed to various metabolites including
equol and trihydroxy isoflavone (Meng-Yao et al., 2016). Kim, Hong,
and Lee (2014) investigated whether daidzein, a potent isoflavone,
displays phytoestrogen activity and induces transcriptional changes
in extracellular matrix components in dermal fibroblasts. The estro-
genic receptor-dependent transcriptional activity increased in a

dose-dependent manner when treated with daidzein, with a maximum

of 2.5-fold induction at 10 pg/mL of daidzein compared with the
nontreated control. In addition, daidzein significantly increased the
expression of collagen type |, collagen type IV, elastin, and fibrillin-1
in human dermal fibroblasts (Lee, 2014).

Coumestrol is a polyphenol with promising therapeutic applica-
tions as phytoestrogen and antioxidant. The presence of two hydroxyl
groups on its chemical structure, with orientation analogous to estra-
diol, is responsible of both, its antioxidant capacity and its estrogenic
activity (Bianchi et al., 2018; Montero et al., 2019; Simons, Gruppen,
Bovee, Verbruggen, & Vincken, 2012). Under stresses such as germi-
nation, fungal infection, or chemical elicitors, coumestrol is produced
as a phytoalexin through the conversion of daidzein, the aglycon of
daidzein (Simons et al., 2011). Researchers have found the potential
protective effect of coumestrol against ultraviolet B (UVB)-induced
skin photoaging and aimed to uncover the direct molecular target of
coumestrol. A whole human kinase profiling assay identified FMS-like
tyrosine kinase 3 (FLT3) as a novel target protein of coumestrol in the
UVB-induced signaling pathway in the skin. Coumestrol suppresses
FLT3 kinase activity and, subsequently, the Ras/mitogen-activated
protein kinase/extracellular signal-regulated kinase (Ras/MEK/ERK)
and Akt/p70 ribosomal Sé kinase pathways. Inhibition of these path-
ways leads to inhibition of activator protein 1 (AP-1) activity, which
in turn reduces the transcription of the MMP-1 gene to reduce its
degradation of collagen (Park et al., 2015). Coumestrol has certain side
effects on the reproductive system due to its estrogen receptor bind-
ing characteristics (Solak et al., 2014). Some researchers studied the
effects of coumarin phytoestrogens on the reproductive system of
mice, and found that reproductive abnormalities occurred in mice
(Burroughs, Mills, & Bern, 1990; Lee, Yuk, Park, & Bae, 2013; Moon
et al., 2009; Solak et al., 2014). Clinically, it has also been reported that
phytoestrogens have some negative effects on reproduction in
humans (Milligan et al., 1999; North & Golding, 2000).

Equol is found in white cabbage and is produced by intestinal flora
in humans and animals via the conversion from daidzein (Hounsome,
Hounsome, Tomos, & Edwards-Jones, 2009; Setchell et al., 2005).
Equol has recently caught the interest of researchers because of its
powerful antioxidant activity and its unique molecular and biochemical
messenger properties with implications in treating age-related dis-
eases (Rufer & Kulling, 2006; Setchell et al., 2005). Of particular inter-
est, equol has an affinity for ERB, which is abundant in the
keratinocytes of the epidermis and the fibroblasts of the dermis
(Thornton et al., 2003). Researchers have used human dermal models
to study the effects of equol on the skin. The results show that equol
may be used locally to treat and prevent skin aging by enhancing the
ECM component in the skin, specifically by stimulating the production
of type | collagen, type llI collagen and the protein elastin (ELN) while
downregulating MMPs. In addition, equol can also increase the
expression of skin antioxidants and prevent androgenic damage to
the skin (Gopaul et al., 2012). In skin, equol has been shown to
improve dermal health by direct and downstream influences at several
different steps of the oxidative stress cascade, while at the same time
inhibit MMP's actions and simultaneously stimulate collagen and

elastin. Lephart found equol's action of stimulation of: Nrf2,
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antioxidant/detoxifying enzymes, and extra cellular matrix proteins
along with DNA and tissue repair and, equol's inhibition of: nuclear
factor-kB  (NF-kB), and MMPs
(Lephart, 2016).

Resveratrol is a phytoestrogen component that has attracted

pro-inflammatory biomarkers,

increasing research attention to understand its properties and benefits
for various diseases and conditions, including skin health. Resveratrol
has a similar chemical structure to 17B-estradiol and has estrogen
receptor (ER) binding characteristics that favor affinity to the ERB sub-
type. The human skin has a large amount of ERB through which res-
veratrol can act. Researchers have found that resveratrol can
increase the production of collagen and elastin and inhibit MMPs by
stimulating TIMP1, thereby inhibiting the decomposition of collagen
and exerting its anti-aging effect (Giardina et al., 2010; Lephart,
2017). Lephart et al. found that resveratrol can ameliorate the aging
of human skin by significantly stimulating sirtuin (silent mating type
information regulation 2 homolog) 1 (SIRT1), extracellular matrix pro-
teins, such as collagens and elastin, and antioxidants while significantly
inhibiting inflammatory and dermal-aging biomarkers. Resveratrol's
anti-aging protection altered specific dermal biomarkers through a
variety of mechanisms to protect the skin (Lephart, Sommerfeldt, &
Andrus, 2014).

Plant extracts, such as red clover, which contain high levels of
isoflavones, have been used to reduce menopausal symptoms and
have been shown to reduce bone loss in healthy women. Clara
Circosta et al. investigated the effects of red clover isoflavones on skin
aging. The histology of the skin, skin thickness, and the amount of
total collagen determined by a colorimetric method were studied in
ovariectomized (OVX) rats after treatment for 14 weeks. In OVX rats,
the thickness and keratinization of the epidermis were reduced; glands
were fewer in number and the vascularity was poor; and the distribu-
tion and morphology of the collagen bundles and elastic fibers were
altered. Whereas the skin of the OVX rats treated with red clover
isoflavones appeared well organized with a normal epidermis with uni-
form thickness and regular keratinization, the vascularity, collagen, and
elastic fibers were well developed. The amount of collagen signifi-
cantly increased in the treated group in comparison with the control
group. These findings suggest that red clover isoflavones are an effec-
tive treatment of anti-skin aging induced by estrogen deprivation
(Circosta, De Pasquale, Palumbo, Samperi, & Occhiuto, 2006).

Labisia pumila is a traditional herb widely used for centuries as a
postpartum medication. It is believed that this plant contains
phytoestrogens. These are likely estrogen receptor modulators that
displace 17B-estradiol binding to antibodies raised against estradiol,
making these phytoestrogens similar to other estrogens, such as
esterone and estradiol (estrogen-like compounds) (Chua et al., 2011).
A study found that L. pumila can reduce MMP production, and pro-
mote skin collagen synthesis and the growth of human skin fibroblasts
and keratinocytes to improve skin aging caused by estrogen defi-
ciency. The herbal extract also has the ability to protect human skin
from reactive oxygen species (ROS) attacks generated by UVB expo-
sure. This is mainly due to the presence of bioflavonoids and phenolic

acids in the plant extract. These compounds possess a rejuvenating

effect on cell proliferation and morphology as well as oxidation-related
diseases, including aging. In addition, the L. pumila extract was likely to
reduce the secretion of proinflammatory cytokines, which are usually
associated with various skin diseases and the progression of
photodamaged skin (Chua et al., 2012).

3 | EFFECT ON WATER CONTENT

Healthy skin needs a lot of water. The water content of the skin
depends on the evaporation rate through the skin and the hydration
of the epidermis (Brincat, Baron, & Galea, 2005). Glycosaminoglycans
in the dermis, especially heparan sulfate and versican, are essential
for hydration of the skin because they contain large amounts of water.
As the amount of glycosaminoglycans decreases with age, the hygro-
scopicity of the skin also decreases (Calleja-Agius et al., 2013).
Hyaluronic acid (HA) is abundant in the dermis and is believed to con-
tribute to moisture content, skin atrophy, and the spread of soluble
factors and nutrients (Stern & Maibach, 2008). In addition, HA can
support the proliferative phenotype of fibroblasts and may oppose
apoptosis (Dai et al., 2007; Yoneda, Yamagata, Suzuki, & Kimata,
1988). HA is synthesized at the plasma membrane by hyaluronan
synthases (HASs) (Itano & Kimata, 2002). These enzymes extrude
HA into the extracellular space after the assembly of uridine diphos-
phate (UDP)-glucuronic acid and uridine diphosphate-N-acetyl-D-glu-
cosamine into a growing chain of (1-3)-linked D-glucuronic acid and
N-acetyl-D-glucosamine disaccharides (Pontius & Smith, 2011; Rock
et al., 2012). Repeated disaccharides are linked by hexosamine (1-4)
bonds to form high molecular weight HA that reaches up to 107 Da
and 20 um (Toole, 2004). HAS is expressed in relatively low copy num-
bers per cell but can rapidly produce large amounts of HA (Bourgui-
gnon, Gilad, & Peyrollier, 2007; Karousou et al., 2010; Vigetti et al,,
2009).

Research shows that the positive effects of estrogens on the water
content of the skin may be due to dermal and epidermal components.
Estrogen is necessary to maintain glycosaminoglycans and hyaluronic
acid in the skin. Estrogen stimulation increases the levels of glycosami-
noglycans and hyaluronic acid, which contribute to an increased water
content in the dermis. The water content of the epidermis is related to
the thickness of the epidermis and the amount of natural moisturizing
factors. Another study showed that estrogen induced the expression
of the epidermal growth factor in keratinocytes, which stimulated
the expression of HAS in dermal fibroblasts. The synthesis of HA in
the dermis increased, which enhanced the hygroscopicity of the skin
(Calleja-Agius et al., 2013; Pontius & Smith, 2011; Rock et al., 2012;
Schmidt et al., 1996).

Phytoestrogens have structures that are very similar to endogen
estradiol derived from plants (Desmawati & Sulastri, 2019). Some
phytoestrogens can resist skin aging by improving skin moisture levels.
Soybean ingredient has an estrogen-like effect. A study found that the
most important and abundant isoflavones in soybeans stimulated the
production of collagen and HA by human dermal fibroblasts in vitro.

Soy isoflavone significantly ameliorated skin aging by increasing HA
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and HAS. These findings indicate the potential of soy isoflavone to
prevent skin aging (Bhattacharyya, Higgins, Sebastian, & Thomas,
2009; Huang et al., 2010; Miyazaki et al., 2004).

Transepidermal water loss (TEWL) is a measure of the water per-
meability of the skin barrier that is determined by measuring the water
vapor pressure gradient on the surface of the skin to indicate the loss
of water. Measurements of TEWL may be useful to identify skin dam-
age caused by certain chemicals and can also be used to assess the
degree of skin aging (Szczepanik et al., 2018). Soy isoflavone extract
ISO-1 (containing 12 soy isoflavones) from soybean cake was demon-
strated to prevent skin damage caused by UVB exposure. The
researchers found that soy isoflavones (daidzin, genistin and glycitin)
could inhibit UVB-induced death of human keratinocytes and reduce
the level of desquamation, TEWL, erythema, and epidermal thickness
in mouse skin (Huang et al., 2010; Patriarca et al., 2013).

Recently, more interest has been expressed in the effects of
soymilk products and their anti-aging effects on the skin (Sudel
et al., 2005; Varani, Kelley, Perone, & Lateef, 2004). Bhattacharyya
TK et al. found that the topical use of soy cream on the skin of mice
can significantly increase the amount of HA compared with the
control group. The phytoestrogen-rich soybean component can
delay skin aging by improving skin moisture content (Bhattacharyya
et al., 2009).

4 | EFFECT ON OXIDATIVE STRESS

ROS include the superoxide anion (0%7), hydrogen peroxide (H,0O,),
and hydroxy radicals ("OH). They cause severe damage to the ECM
and the structure of DNA, proteins, and lipids (Ismail, Pravda, Li, Shih,
& Dallabrida, 2010). Skin aging is thought to be driven by an increased
in-situ production of ROS, which result from both a disturbance of
mitochondrial function and acute stress responses to different envi-
ronmental insults including solar radiation. ROS turn on cellular and
molecular mechanisms that accelerate skin aging including upregula-
tion of transcription factors such as AP-1 and NF-«kB. AP-1 is one of
the prominent transcription factors responsible for the production of
MMPs, the enzymes that break down collagen. The essential role of
MMPs in promoting premature skin aging has been demonstrated in
pivotal scientific studies. Furthermore, multiple studies have shown
that the decrease in collagen production is associated with AP-1 and
may involve the cytokine TGF-B. This cumulative loss of dermal colla-
gen is believed to be the primary cause of wrinkling. Likewise, NF-kB
is paramount in the production of pro-inflammatory mediators that
contribute to skin aging (Farris, Krutmann, Li, McDaniel, & Krol,
2013; Lephart, 2016). The accumulation of these changes constitutes
the basis of cell aging. Estrogen is a potent direct antioxidant and indi-
rect inducer of antioxidant enzymes. Estrogen deficiency is strongly
linked with an altered oxidative state. Estrogen has a key role in skin
aging. Estrogen deficiency in the perimenopausal years can accelerate
skin aging. Oxidative stress decreases procollagen | synthesis in human
fibroblasts, while estrogen significantly increases the synthesis of

procollagen |. Estrogen can increase the viability of fibroblasts and

keratinocytes, which are affected by H,O,. Furthermore, estrogen is
able to counteract H,O,-mediated lipoperoxidation and DNA oxida-
tive damage in skin cells. The physiological concentration of estrogens
is able to increase cell viability, which is reduced by ROS, and protect
human skin cells by decreasing oxidative damage. The presence of
estrogen may also protect skin cells against oxidative damage, and
the dramatic lowering of estrogen levels during menopause could ren-
der skin more susceptible to oxidative damage (Bottai, Mancina,
Muratori, Di Gennaro, & Lotti, 2013). In OVX rats, oxidized glutathi-
one, lipid peroxidation, and mitochondrial DNA damage are increased
significantly. Estrogen or phytoestrogen can reverse these changes
(Baeza, Fdez-Tresguerres, Ariznavarreta, & De la Fuente, 2010). Addi-
tionally, keratinocytes isolated from aged female rats exhibit high
lipoperoxides and increased caspase 3 and caspase 8, the levels of
which can also be reversed by estrogen or phytoestrogen (Tresguerres
et al., 2008).

S-equol, a gut bacterial metabolite of soy daidzein, is a potent anti-
oxidant that selectively binds to ERB. Equol and 17B-estradiol have sim-
ilar chemical structures/confirmations and molecular weights (Lephart,
2016). Equol is a superior antioxidant (Arora, Nair, & Strasburg, 1998;
Mitchell et al., 1998). Equol has greater antioxidant activity (i.e., oxida-
tive damage to lipid membranes, etc.) compared to genistein (Mitchell
et al., 1998; Rufer & Kulling, 2006). S-equol reduces oxidative stress
in skin by enhancing the expression of antioxidant enzymes. S-equol
binds to ERB and activates the estrogen response element (ERE), which
in turn promotes the dissociation of Nrf2 and Keapl. Nrf2 enters the
nucleus and activates the antioxidant response element (ARE), which
enhances the transcription of antioxidant enzymes, such as superoxide
dismutase (SOD) and glutathione peroxidase (GSH-Px) (Kim et al.,
2014). As discussed by Jackson et al., equol may increase Nrf2 levels
and/or bind to the estrogen-responsive elements (EREs) in the promoter
region the Nrf2 gene and/or increase gene expression of other antioxi-
dant genes (Jackson et al., 2011). In support of this concept, Zhang et al.
showed that S-equol provided protection against peroxide-induced
endothelial cell apoptosis by activation of estrogen receptor and
Nrf2/ARE signaling pathways (Zhang et al., 2013). Finally, Froyen and
Steinberg reported that racemic equol increased the expression of the
xenobiotic metabolizing enzyme quinone reductase (both mRNA and
protein levels) via similar molecular mechanisms involving ERB and
Nrf2 (Froyen & Steinberg, 2011).

Genistein, the main isoflavone contained in soybeans and
fermented soy foods, is a promising anti-aging and anticarcinogenic
agent for skin due to its antioxidant properties. It has been suggested
for topical use to prevent skin aging after menopause (Jurzak &
Adamczyk, 2013; Polito et al., 2012; Wang et al., 2019). Paola Savoia
et al. found that genistein was able to improve mitochondrial mem-
brane potential and increase NO release under physiological condi-
tions. It can also hinder the decrease in mitochondrial membrane
potential and the increased NO release caused by H,O,. Genistein
reduces ROS release by increasing GSH levels, which is accompanied
by an increase in the cell viability and proliferation rates. It is indicated
that genistein can achieve anti-aging effects by protecting the skin

from oxidative stress (Savoia et al., 2018).
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Resveratrol, an antioxidant polyphenol from red wine, has been the
subject of intense interest in recent years due to a range of unique
anti-aging properties. Resveratrol has been reported to be a strong
inhibitor of peroxidation (Baxter, 2008). Resveratrol can activate ERa
and ERB, which are potent antioxidants with strong anti-inflammatory
properties (Rona et al., 2004). Botanical antioxidant compounds as a
key ingredient in skin care products have received recent attention
and validation of efficacy. Resveratrol has been demonstrated to act
on cellular signaling mechanisms related to UV-mediated photoaging,
including MAP kinases, NF-kB, and matrix metalloproteinases
(Table 1). Resveratrol lowers levels of reactive oxygen species in
UVA-exposed HaCaTl keratinocytes in a dose-dependent manner,
and electron microscopy confirmed that ultrastructural changes could
be prevented (Baxter, 2008). SIRT1 is a member of a highly conserved
gene family (sirtuins) encoding NAD*-dependent deacetylases (Vaziri
et al., 2001; Luo et al., 2001). SIRT1 plays protective role in UV-
induced skin cell damage. Both UV and H,O,, two major factors of
skin cell damage, down-regulate SIRT1 in a time- and dose-dependent
manner. UV radiation and H,O, induce p53 acetylation in cultured
skin keratinocytes and MEFs cells, SIRT1, as a deacetylase, negatively
regulate UV-induced p53 acetylation. SIRT activator, resveratrol which
has been considered an important antioxidant, protects against UV-
and H,0,-induced apoptotic cell death (Cao et al., 2009). In vitro stud-
ies by Farris et al. have demonstrated that resveratrol effectively down
regulates ROS-induced increases in AP-1 and NF-kB and thus serves a
key role in preserving dermal collagen and reducing skin inflammation
(Farris et al.,, 2013). A recent study demonstrated that resveratrol
upregulates mitochondrial SOD in cultured human lung fibroblasts
and human neuroblastoma cells (Robb & Stuart, 2011). Resveratrol
mainly upregulates mitochondrial SOD via ERB. Furthermore, the
effect of resveratrol could be abolished by the ER antagonist ICI
182780. This indicates that resveratrol can exert its antioxidative
stress through ERB2 (B. Yingngam; lJitsanong, Khanobdee,
Piyachaturawat, & Wongprasert, 2011; Yu et al., 2009).

In addition, B. Yingngam et al. studied the protection of 10 herbal
extracts mediated by H,O,. The 10 herbal extracts that have
estrogen-like effects are Pueraria candollei var. mirifica, Linum
usitatissimum, Glycine max, Curcuma aeruginosa, Cissus quadrangularis,
Tadehagi godefroyanum, Curcuma comosa, Butea superba, Trigonella
foenum-graecum, and Punica granatum. The researchers found that
these herbal extracts can protect cells from oxidative stress damage
through their antioxidant activity. In summary, phytoestrogens protect

cells from oxidative stress-induced cell death.

5 | DISCUSSION

Skin is a multifunctional organ, but similar to every other organ sys-
tem, it is subject to both intrinsic and extrinsic aging, resulting in a loss
of functional capacity. The skin provides the body with a number of
functions, acting as a physical barrier between the individual and the
environment, protecting internal organs from chemical and mechanical

insults, and regulating metabolic activity, temperature, and water

balance. It is subject to aging alongside every other organ system of
the body, both naturally (intrinsic aging) and due to interactions with
the environment (chronic exposure to UV, pollution, smoking, etc.)
(Newton, Mcconnell, Hibbert, Graham, & Watson, 2015). Skin aging
includes the loss of elasticity, a reduction in epidermal thickness and
collagen content, elastic fiber degeneration, increased wrinkling, and
dryness. The skin's protective function becomes compromised, and
aging is associated with impaired wound healing, hair loss, pigmentary
changes, and skin cancer (Thornton, 2013).

Phytoestrogens are compounds that have weak estrogenic effects
in plants. Phytoestrogens exert a weak estrogen-like effect by binding
to estrogen receptors with low affinity. The molecular structures of
phytoestrogens are similar to those of mammalian estrogens.
Phytoestrogens are plant components with biological activity similar
to that of animal estrogens and have a wide range of effects on
hormone-related diseases. Phytoestrogens are mainly derived from
natural plants and foods. In recent years, phytoestrogens have
become a research hotspot in the fight against skin aging (Patriarca
et al., 2013; Sirotkin & Harrath, 2014; Tuntiyasawasdikul, Limpongsa,
Jaipakdee, & Sripanidkulchai, 2018). Phytoestrogens can increase col-
lagen and hyaluronic acid production and have antioxidant, anti-
inflammatory, and other effects. It is known that estrogen has a pro-
tective and beneficial effect on skin health, especially during aging
and the postmenopausal period; therefore, phytoestrogens can sig-
nificantly delay skin aging.

The skin undergoes degenerative changes as it ages. Skin aging can
be significantly delayed by the administration of estrogen. Estrogen
administration has positive effects on human skin by delaying or
preventing skin aging manifestations, but the use of estrogen replace-
ment is a risk factor for breast and uterine cancer. Phytoestrogens are
natural materials with fewer side effects that have become a hotspot
in research. Phytoestrogen application can improve the health of the
skin and effectively resist skin aging.

The numerous mechanisms of phytoestrogens on anti-skin aging
are as follows:

Phytoestrogens can increase collagen and reduce the degradation of
collagen: (1) They increase the thickness of skin collagen by inducing the
expression of subcutaneous VEGF and increasing TGF-$ in the skin
(Polito et al., 2012; Rona et al., 2004); (2) They reduce collagen degrada-
tion by increasing TIMP protein levels to inhibit MMPs (Giardina et al.,
2010; Lephart, 2017); and (3) They inhibit FLT3 kinase activity and
reduce the Ras/mitogen-activated protein kinase/extracellular signal-
regulated kinase and Akt/p70 ribosomal Sé kinase pathways to inhibit
AP-1 activity and reduce MMP-1 gene transcription (Park et al., 2015).

Phytoestrogens can increase the water content in skin: (1) They
increase the water content in the skin by increasing EGF and HAS to
increase HA in the skin (Yao et al., 2016); and (2) They stimulate an
increase in glycosaminoglycans, which contribute to the water content
in the skin.

Phytoestrogens can protect the skin from oxidative stress: (1) They
bind to ERB and activate ERE to promote the dissociation of Nrf2 and
Keapl1. Nrf2 enters the nucleus and activates ARE, which enhances

the transcription of antioxidant enzymes (Kim et al., 2014); and (2)
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TABLE 1 Mechanism of phytoestrogens use in anti-aging

Effect/mechanism

Source of Composition of
phytoestrogens phytoestrogens  Effects on collagen Effects on water content Effects on oxidative stress
Soy Genistein (@ Increase collagen by inducing VEGF Increase the amount of HA to improve Improve mitochondrial membrane
aglycone and improve the TGF- in the skin. the skin moisture content. potential and reduce ROS release
(@ Reduces collagen degradation by [OVX rats (Polito et al., 2012; Rona by increasing GSH level to delay
inhibiting MMPs and increasing TIMP. et al., 2004)] skin aging.
[OVX rats (Polito et al., 2012; Rona et al., Reduce the level of TEWL. [Human fibroblasts and keratinocytes
2004)] [ICR-Foxn/™ mice (Huang et al., 2010)] (Savoia et al., 2018)]

Daidzein Increase the expressions of collagen type I, Reduce the level of TEWL. -

collagen type 1V, elastin, and fibrillin-1.  [ICR-Foxn/™ mice (Huang et al., 2010)]
[Human dermal fibroblasts (Lee, 2014)]

Coumestrol Suppresses FLT3, Ras/MEK/ERK and Akt/ - -
p70 ribosomal Sé kinase pathway to
inhibit AP-1, reduce the MMP-1 and
reduce collagen degradation of.

[Human dermal fibroblasts (Park et al.,
2015)]

Soy cream - Increase the amount of HA to improve -

the skin moisture content.
[Hairless mice (Bhattacharyya et al.,
2009)]

Equol Stimulate the production of type | - Bind to ERB and activates the ERE to
collagen, type Ill collagen and ELN promote the dissociation of Nrf2
protein, down-regulating MMPs and Keap1, activate the ARE which

[Human monolayer dermal fibroblast enhance antioxidant enzymes
(Gopaul et al., 2012)] transcription.
Stimulation of Nrf2, antioxidant/ [Female ICR mice (Jackson et al., 2011;
detoxifying enzymes, and extra cellular Zhang et al., 2013; Froyen &
matrix proteins along with DNA and Steinberg, 2011)]
tissue repair, inhibition of: NF-kB, pro-
inflammatory biomarkers and MMPs
(Lephart, 2016)
Polygonum Resveratrol Increase collagen/elastin and inhibit = Upregulate mitochondrial SOD via
cuspidatum MMPs by stimulating TIMP1, then ERB
et al. Medical inhibiting the decomposition of [Human lung fibroblasts and
plants collagen. neuroblastoma (Thornton, 2013)]
Grapes et al. food [Human skin (Giardina et al., 2010; Activating SIRT1 downregulation
Lephart, 2017)] caused by UV and H,0,, protecting
Stimulating SIRT 1, extracellular matrix against UV- and H,0,-induced
proteins, and antioxidants; inhibiting apoptotic cell death
inflammatory and dermal-aging [HaCaT/MEFs (Cao et al., 2009)]
biomarkers. Down regulates ROS-induced increases
[EFT skin cultures (Lephart et al., 2014)] in AP-1 and NF-kB (Farris et al.,
2013)
Red clover Red clover Increase collagen content. - -
isoflavones [OVX rats (Circosta et al., 2006)]

Labisia pumila Labisia pumila

extract

Reduce MMP to promote collagen
synthesis. [Human skin fibroblasts and
keratinocytes (Chua et al., 2012)]

Reduce the secretion of pro-
inflammatory cytokines and
protects the human skin from the
ROS attacks.

[Human skin fibroblasts and
keratinocytes (Chua et al., 2012)]

They can improve mitochondrial membrane potential and increase NO
release under physiological conditions. They can also hinder the
decrease in mitochondrial membrane potential and the increased NO
release caused by H,O,. This protects the skin from oxidative stress
(Savoia et al., 2018).

Phytoestrogens, are believed to have a wide array of benefits,
whereas they, as analogues of endogenous estrogen, have been

paradoxically found to promote breast cancer progression. Previous
study revealed that high doses of genistein which are rich in soy
products could inhibit proliferation of both ER-positive and ER-
negative breast cancer cells, whereas low doses of genistein induced
proliferation of breast cancer cells (Tang et al., 2019; Tsutsui et al.,
2003). Phytoestrogens may disrupt endocrine-dependent processes
by acting as ER agonists or antagonist due to their biphenolic
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structure required for ligand-receptor association (Solak et al., 2014).
Some researchers studied the effects of coumarin phytoestrogens on
the reproductive system of mice. They found reproductive abnormal-
ities in mice, such as early sexual maturation in females, structural
and functional impairment of the reproductive system, cervical
hyperplasia, inhibited expression of ERa receptors in the uterus,
and reduced uterine weigh (Burroughs et al., 1990; Lee et al,
2013; Moon et al., 2009; Solak et al., 2014). Clinically, it has also
been reported that phytoestrogens have some negative effects on
reproduction in humans (Milligan et al., 1999; North & Golding,
2000). In addition, there are some reports that some phytoestrogens
have certain side effects, such as biological estrogenic activity, and
detrimental effects on thyroid function (Yue et al., 2019). In fact,
the application of phytoestrogens to the skin is generally used exter-
nally. After transdermal administration, the concentration of the drug
in the body is relatively low, and generally does not cause the above-
mentioned side effects. In reference to some reports expressing con-
cern about soy supplementation and thyroid function. Sathyapalan
et al., in a series of studies showed that a pharmacological dose of
66 mg of soy phytoestrogens did not increase the overt thyroid fail-
ure rate or alter thyroid function tests in patients with subclinical
hypothyroidism (Sathyapalan et al., 2018). In fact, in an earlier clinical
study, soy phytoestrogen supplementation in patients with subclini-
cal hypothyroidism showed a significant reduction in insulin resis-
tance, hsCRP, and blood pressure with little or no alterations in
thyroid function (Sathyapalan et al., 2011). Finally, despite the many
proposed benefits, the presence of isoflavones has led to concerns
that soy may exert untoward effects in some individuals. In support
of safety is the recent conclusion of the European Food Safety
Authority that isoflavones do not adversely affect the breast, thyroid,
or uterus of postmenopausal women (Messina, 2016).

There is increasing research on the anti-aging effects of estrogen
and phytoestrogens in the academic community. Topical administra-
tion of estrogen is also possible, but estrogen must be administered
by a skilled dermatologist who can monitor the concentration and
application areas to avoid any adverse effects. Phytoestrogens are
natural materials with fewer side effects. Accordingly, this review
demonstrates that phytoestrogens show comparable efficacy to estro-
gen in regard to skin aging. Phytoestrogens have an action mechanism
similar to that of estrogens and exert estrogen-like effects. However,
there are still some problems that need to be further studied, such
as the mechanism of phytoestrogens acting on skin, the relationship
between the dosage and toxicity of phytoestrogens, the different drug
delivery routes, and the absorption effect when applied to cosmetics.
In general, phytoestrogens are still in the stage of development, and
further research and exploration are needed in the future.

6 | SUMMARY

In recent years, phytoestrogens have become a research hotspot in
the fight against skin aging. Phytoestrogens are compounds that have

weak estrogenic effects in plants. In this paper, we review the effects

of phytoestrogens on human skin and the mechanisms by which
phytoestrogens can alleviate the changes due to aging. This review
demonstrates that phytoestrogens can increase collagen and water
content and protect the skin from oxidative stress. Therefore,

phytoestrogens can significantly delay skin aging.

ACKNOWLEDGEMENTS

This work was financially supported by a grant (81803862) from the
National Natural Science Foundation of China, a grant (81373789)
from the National Natural Science Foundation of China, Tianjin
Municipal Education Commission research project (2017KJ131), Pro-
ject of the Science and Technology Development Fund of Tianjin
(No. 20120707), and Training Project of Innovation Team of Colleges
and Universities in Tianjin (TD13-5053).

ORCID
Tao Liu ©® https://orcid.org/0000-0002-9085-1997
REFERENCES

Affinito, P., Palomba, S., Sorrentino, C., Di Carlo, C., Bifulco, G., Arienzo, M.
P., & Nappi, C. (1999). Effects of postmenopausal hypoestrogenism on
skin collagen. Maturitas, 33, 239-247. https://doi.org/10.1016/s0378-
5122(99)00077-8

Arora, A, Nair, M. G, & Strasburg, G. M. (1998). Antioxidant activities of
isoflavones and their biological metabolites in a liposomal system.
Archives of Biochemistry and Biophysics, 356, 133-141.

Baeza, |., Fdez-Tresguerres, J., Ariznavarreta, C., & De la Fuente, M. (2010).
Effects of growth hormone, melatonin, oestrogens and phytoestrogens
on the oxidized glutathione (GSSG)/reduced glutathione (GSH) ratio
and lipid peroxidation in aged ovariectomized rats. Biogerontology, 11,
687-701. https://doi.org/10.1007/s10522-010-9282-7

Baxter, R. A. (2008). Anti-aging properties of resveratrol: Review and
report of a potent new antioxidant skin care formulation. Journal of
Cosmetic Dermatology, 7, 2-7. https://doi.org/10.1111/j.1473-
2165.2008.00354.x

Bayerl, C., Keil, D. 2002, Isoflavonoide in der Behandlung der
Hautalterung postmenopausaler Frauen.

Bhattacharyya, T. K., Higgins, N. P,, Sebastian, J. S., & Thomas, J. R. (2009).
Comparison of epidermal morphologic response to commercial anti-
wrinkle agents in the hairless mouse. Dermatologic Surgery, 35,
1109-1118.

Bianchi, S. E., Machado, B., Da, S. M., Da, S. M., Bosco, L. D., Marques, M.
S., ... Bassani, V. L. (2018). Coumestrol/hydroxypropyl-beta-cyclodex-
trin association incorporated in hydroxypropyl methylcellulose
hydrogel exhibits wound healing effect: In vitro and in vivo study. Euro-
pean Journal of Pharmaceutical Sciences, 119, 179-188. https://doi.org/
10.1016/j.ejps.2018.04.019

Bottai, G., Mancina, R., Muratori, M., Di Gennaro, P., & Lotti, T. (2013).
17B-Estradiol protects human skin fibroblasts and keratinocytes
against oxidative damage. Journal of the European Academy of Dermatol-
ogy and Venereology, 27, 1236-1243. https://doi.org/10.1111/j.1468-
3083.2012.04697 .x

Bourguignon, L. Y., Gilad, E., & Peyrollier, K. (2007). Heregulin-mediated
ErbB2-ERK signaling activates hyaluronan synthases leading to
CDA44-dependent ovarian tumor cell growth and migration. The Journal
of Biological Chemistry, 282, 19426-19441. https://doi.org/10.1074/
jbc.M610054200


https://orcid.org/0000-0002-9085-1997
https://doi.org/10.1016/s0378-5122(99)00077-8
https://doi.org/10.1016/s0378-5122(99)00077-8
https://doi.org/10.1007/s10522-010-9282-7
https://doi.org/10.1111/j.1473-2165.2008.00354.x
https://doi.org/10.1111/j.1473-2165.2008.00354.x
https://doi.org/10.1016/j.ejps.2018.04.019
https://doi.org/10.1016/j.ejps.2018.04.019
https://doi.org/10.1111/j.1468-3083.2012.04697.x
https://doi.org/10.1111/j.1468-3083.2012.04697.x
https://doi.org/10.1074/jbc.M610054200
https://doi.org/10.1074/jbc.M610054200

LIU ET AL

“s | \WILEY

Brincat, M., Moniz, C. J., Studd, J. W., Darby, A., Magos, A., Emburey, G., &
Versi, E. (1985). Long-term effects of the menopause and sex hor-
mones on skin thickness. British Journal of Obstetrics and Gynaecology,
92, 256-259.

Brincat, M., Versi, E., Moniz, C. F., Magos, A., de Trafford, J., & Studd, J. W.
(1987). Skin collagen changes in postmenopausal women receiving dif-
ferent regimens of estrogen therapy. Obstetrics and Gynecology, 70,
123-127.

Brincat, M. P, Baron, Y. M., & Galea, R. (2005). Estrogens and the skin. Cli-
macteric, 8, 110-123.

Burroughs, C. D., Mills, K. T., & Bern, H. A. (1990). Reproductive abnormal-
ities in female mice exposed neonatally to various doses of coumestrol.
Journal of Toxicology and Environmental Health, 30, 105-122. https://
doi.org/10.1080/15287399009531415

Calleja-Agius, J., Brincat, M., & Borg, M. (2013). Skin connective tissue and
ageing. Best Practice & Research. Clinical Obstetrics & Gynaecology, 27,
727-740.

Cao, C,, Lu, S, Kivlin, R., Wallin, B., Card, E., Bagdasarian, A, ... Wan, Y.
(2009). SIRT1 confers protection against UVB- and H,O,-induced cell
death via modulation of p53 and JNK in cultured skin keratinocytes.
Journal of Cellular and Molecular Medicine, 13, 3632-3643. https://
doi.org/10.1111/j.1582-4934.2008.00453.x

Chua, L. S, Latiff, N. A, Lee, S. Y., Lee, C. T., Sarmidi, M. R,, & Aziz, R. A.
(2011). Flavonoids and phenolic acids from Labisia pumila (Kacip
Fatimah). Food Chemistry, 127, 1186-1192. https://doi.org/10.1016/
j.foodchem.2011.01.122

Chua, L. S., Lee, S. Y., Abdullah, N., & Sarmidi, M. R. (2012). Review on
Labisia pumila (Kacip Fatimah): Bioactive phytochemicals and skin colla-
gen synthesis promoting herb. Fitoterapia, 83, 1322-1335.

Circosta, C., De Pasquale, R., Palumbo, D. R., Samperi, S., & Occhiuto, F.
(2006). Effects of isoflavones from red clover (Trifolium pratense) on
skin changes induced by ovariectomy in rats. Phytotherapy Research,
20, 1096-1099. https://doi.org/10.1002/ptr.2017

Dai, G., Freudenberger, T., Zipper, P, Melchior, A., Grether-Beck, S.,
Rabausch, B, ... Fischer, J. W. (2007). Chronic ultraviolet B irradiation
causes loss of hyaluronic acid from mouse dermis because of down-
regulation of hyaluronic acid synthases. The American Journal of
Pathology, 171, 1451-1461. https://doi.org/10.2353/
ajpath.2007.070136

Desmawati, D., & Sulastri, D. (2019). Phytoestrogens and their health
effect. Open access Macedonian Journal of Medical Sciences, 7,
495-499. https://doi.org/10.3889/0amjms.2019.044

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

Farris, P., Krutmann, J.,, Li, Y. H., McDaniel, D., & Krol, Y. (2013). Resvera-
trol: A unique antioxidant offering a multi-mechanistic approach for
treating aging skin. Journal of Drugs in Dermatology, 12, 1389-1394.

Froyen, E. B., & Steinberg, F. M. (2011). Soy isoflavones increase quinone
reductase in heap-1cl1c7 cells via estrogen receptor beta and nuclear
factor erythroid 2-related factor 2 binding to the antioxidant response
element. The Journal of Nutritional Biochemistry, 22, 843-848. https://
doi.org/10.1016/j.jnutbio.2010.07.008

Giardina, S., Michelotti, A., Zavattini, G., Finzi, S., Ghisalberti, C., &
Marzatico, F. (2010). Efficacy study in vitro: Assessment of the prop-
erties of resveratrol and resveratrol + N-acetyl-cysteine on
proliferation and inhibition of collagen activity. Minerva Ginecologica,
62, 195-201.

Gopaul, R., Knaggs, H. E., & Lephart, E. D. (2012). Biochemical investiga-
tion and gene analysis of equol: A plant and soy-derived isoflavonoid
with antiaging and antioxidant properties with potential human

skin applications. BioFactors, 38, 44-52. https://doi.org/10.1002/
biof.191

Hounsome, N., Hounsome, B., Tomos, D., & Edwards-Jones, G. (2009).
Changes in antioxidant compounds in white cabbage during winter
storage. Postharvest Biology and Technology, 52, 173-179.

Huang, C. C., Hsu, B. Y., Wu, N. L, Tsui, W. H,, Lin, T. J,, Su, C. C., & Hung,
C. F. (2010). Anti-photoaging effects of soy isoflavone extract (agly-
cone and acetylglucoside form) from soybean cake. International
Journal of Molecular Sciences, 11, 4782-4795. https://doi.org/
10.3390/ijms11124782

Hwang, C. S., Kwak, H. S., Lim, H. J,, Lee, S. H., Kang, Y. S., Choe, T. B, ...
Han, K. O. (2006). Isoflavone metabolites and their in vitro dual func-
tions: They can act as an estrogenic agonist or antagonist depending
on the estrogen concentration. The Journal of Steroid Biochemistry and
Molecular ~ Biology, 101, 246-253. https://doi.org/10.1016/j.
jsbmb.2006.06.020

Ismail, N. S., Pravda, E. A, Li, D., Shih, S. C., & Dallabrida, S. M. (2010).
Angiopoietin-1 reduces H,O,-induced increases in reactive oxygen
species and oxidative damage to skin cells. The Journal of Investigative
Dermatology, 130, 1307-1317. https://doi.org/10.1038/jid.2009.431

Itano, N., & Kimata, K. (2002). Mammalian hyaluronan synthases. I[UBMB
Life, 54, 195-199. https://doi.org/10.1080/15216540214929

Jackson, R. L., Greiwe, J. S., & Schwen, R. J. (2011). Ageing skin: Oestrogen
receptor beta agonists offer an approach to change the outcome.
Experimental Dermatology, 20, 879-882. https://doi.org/10.1111/
j.1600-0625.2011.01362.x

Jitsanong, T., Khanobdee, K., Piyachaturawat, P., & Wongprasert, K. (2011).
Diarylheptanoid 7-(3,4 dihydroxyphenyl)-5-hydroxy-1-phenyl-(1E)-1-
heptene from Curcuma comosa Roxb. protects retinal pigment epithelial
cells against oxidative stress-induced cell death. Toxicology In Vitro, 25,
167-176. https://doi.org/10.1016/j.tiv.2010.10.014

Jurzak, M., & Adamczyk, K. (2013). Influence of genistein on c-Jun, c-Fos
and Fos-B of AP-1 subunits expression in skin keratinocytes, fibro-
blasts and keloid fibroblasts cultured in vitro. Acta Poloniae
Pharmaceutica, 70, 205-213.

Karousou, E., Kamiryo, M., Skandalis, S. S., Ruusala, A., Asteriou, T., Passi,
A., ... Heldin, P. (2010). The activity of hyaluronan synthase 2 is regu-
lated by dimerization and ubiquitination. The Journal of Biological
Chemistry, 285, 23647-23654.

Kassira, N., Glassberg, M. K., Jones, C., Pincus, D. J,, Elliot, S. J., Fritz, J. R,
... Thaller, S. (2009). Estrogen deficiency and tobacco smoke exposure
promote matrix metalloproteinase-13 activation in skin of aging Bé
mice. Annals of Plastic Surgery, 63, 318-322. https://doi.org/10.1097/
SAP.0b013e318184ac15

Kim, M. S., Hong, C. Y., & Lee, S. H. (2014). The phytoestrogenic effect of
daidzein in human dermal fibroblasts. Journal of the Society of Cosmetic
Scientists of Korea, 40, 279-287. https://doi.org/10.15230/
SCSK.2014.40.3.279

Lee, S. H. (2014). The phytoestrogenic effect of daidzein in human dermal
fibroblasts. Journal of the Society of Cosmetic Scientists of Korea, 40,
279-287.

Lee, Y. H., Yuk, H. J., Park, K. H., & Bae, Y. S. (2013). Coumestrol induces
senescence through protein kinase CKII inhibition-mediated reactive
oxygen species production in human breast cancer and colon cancer
cells. Food Chemistry, 141, 381-388. https://doi.org/10.1016/j.
foodchem.2013.03.053

Lephart, E. D. (2016). Skin aging and oxidative stress: Equol's anti-aging
effects via biochemical and molecular mechanisms. Ageing Research
Reviews, 31, 36-54. https://doi.org/10.1016/j.arr.2016.08.001


https://doi.org/10.1080/15287399009531415
https://doi.org/10.1080/15287399009531415
https://doi.org/10.1111/j.1582-4934.2008.00453.x
https://doi.org/10.1111/j.1582-4934.2008.00453.x
https://doi.org/10.1016/j.foodchem.2011.01.122
https://doi.org/10.1016/j.foodchem.2011.01.122
https://doi.org/10.1002/ptr.2017
https://doi.org/10.2353/ajpath.2007.070136
https://doi.org/10.2353/ajpath.2007.070136
https://doi.org/10.3889/oamjms.2019.044
https://doi.org/10.1007/s10522-011-9322-y
https://doi.org/10.1007/s10522-011-9322-y
https://doi.org/10.1016/j.jnutbio.2010.07.008
https://doi.org/10.1016/j.jnutbio.2010.07.008
https://doi.org/10.1002/biof.191
https://doi.org/10.1002/biof.191
https://doi.org/10.3390/ijms11124782
https://doi.org/10.3390/ijms11124782
https://doi.org/10.1016/j.jsbmb.2006.06.020
https://doi.org/10.1016/j.jsbmb.2006.06.020
https://doi.org/10.1038/jid.2009.431
https://doi.org/10.1080/15216540214929
https://doi.org/10.1111/j.1600-0625.2011.01362.x
https://doi.org/10.1111/j.1600-0625.2011.01362.x
https://doi.org/10.1016/j.tiv.2010.10.014
https://doi.org/10.1097/SAP.0b013e318184ac15
https://doi.org/10.1097/SAP.0b013e318184ac15
https://doi.org/10.15230/SCSK.2014.40.3.279
https://doi.org/10.15230/SCSK.2014.40.3.279
https://doi.org/10.1016/j.foodchem.2013.03.053
https://doi.org/10.1016/j.foodchem.2013.03.053
https://doi.org/10.1016/j.arr.2016.08.001

LIU ET AL

Lephart, E. D. (2017). Resveratrol, 4’ acetoxy resveratrol, R-equol, racemic
equol or S-equol as cosmeceuticals to improve dermal health. Interna-
tional Journal of Molecular Sciences, 18(6), 1193.

Lephart, E. D. (2018). A review of the role of estrogen in dermal aging and
facial attractiveness in women. Journal of Cosmetic Dermatology, 17,
282-288. https://doi.org/10.1111/jocd.12508

Lephart, E. D., Sommerfeldt, J. M., & Andrus, M. B. (2014). Resveratrol:
Influences on gene expression in human skin. Journal of Functional
Foods, 10, 377-384.

Luo, J., Nikolaev, A. Y., Imai, S. I., Chen, D., Su, F., Shiloh, A,, ... Gu, W.
(2001). Negative control of p53 by Sir2a promotes cell survival under
stress. Cell, 107(2), 137-148. https://doi.org/10.1016/s0092-
8674(01)00524-4

Meng-Yao S., Ying, Y., Ling, X., Khalid, R., Wei, X.,, & Hong, Z. (2016). A
review of pharmacological effects. African Journal of Traditional Comple-
mentary and Alternative Medicines, 13(3), 117-132.

Messina, M. (2016). Soy and health update: Evaluation of the clinical and
epidemiologic literature. Nutrients, 8(12), 754.

Milligan, S. R., Kalita, J. C., Heyerick, A., Rong, H., De Cooman, L., & De
Keukeleire, D. (1999). ldentification of a potent phytoestrogen in
hops (Humulus lupulus L.) and beer. The Journal of Clinical Endocrinol-
ogy and Metabolism, 84, 2249-2252. https://doi.org/10.1210/
jcem.84.6.5887

Mitchell, J. H., Gardner, P. T., McPhail, D. B., Morrice, P. C., Collins, A. R., &
Duthie, G. C. (1998). Antioxidant efficacy of phytoestrogens in chemi-
cal and biological model systems. Archives of Biochemistry and
Biophysics, 360, 142-148.

Miyazaki, K., Hanamizu, T., Sone, T., Chiba, K., Kinoshita, T., & Yoshikawa,
S. (2004). Topical application of Bifidobacterium-fermented soy milk
extract containing genistein and daidzein improves rheological and
physiological properties of skin. Journal of Cosmetic Science, 55,
473-479.

Montero, G., Arriagada, F., Gunther, G., Bollo, S., Mura, F., Berrios, E., &
Morales, J. (2019). Phytoestrogen coumestrol: Antioxidant capacity
and its loading in albumin nanoparticles. International Journal of
Pharmaceutics, 562, 86-95. https://doi.org/10.1016/j.
ijpharm.2019.03.029

Moon, H. J, Seok, J. H., Kim, S. S., Rhee, G. S., Lee, R. D, Yang, J. Y., ...
Chung, S. Y. (2009). Lactational coumestrol exposure increases ovarian
apoptosis in adult rats. Archives of Toxicology, 83, 601-608.

Nagula, R. L., & Wairkar, S. (2019). Recent advances in topical delivery of
flavonoids: A review. Journal of Controlled Release, 296, 190-201.

Nemitz, M. C., Moraes, R. C., Koester, L. S., Bassani, V. L., von Poser, G. L.,
& Teixeira, H. F. (2015). Bioactive soy isoflavones: Extraction and puri-
fication procedures, potential dermal use and nanotechnology-based
delivery systems. Phytochemistry Reviews, 14, 849-869.

Newton, V. L., Mcconnell, J. C., Hibbert, S. A., Graham, H. K., & Watson, R.
E. (2015). Skin aging: Molecular pathology, dermal remodelling and the
imaging revolution. Giornale Italiano di Dermatologia e Venereologia,
150, 665-674.

North, K., & Golding, J. (2000). A maternal vegetarian diet in pregnancy is
associated with hypospadias. The ALSPAC Study Team. Avon Longitu-
dinal Study of Pregnancy and Childhood. BJU International, 85,
107-113. https://doi.org/10.1046/j.1464-410x.2000.00436.x

Park, G., Baek, S., Kim, J. E,, Lim, T. G, Lee, C. C,, Yang, H.,, ... Lee, K. W.
(2015). FIt3 is a target of coumestrol in protecting against UVB-

induced skin photoaging. Biochemical Pharmacology, 98, 473-483.
https://doi.org/10.1016/j.bcp.2015.08.104

Paterni, I., Granchi, C., Katzenellenbogen, J. A, & Minutolo, F. (2014).
Estrogen receptors alpha (ERalpha) and beta (ERbeta): Subtype-

WILEY— %

selective ligands and clinical potential. Steroids, 90, 13-29. https://
doi.org/10.1016/j.steroids.2014.06.012

Patriarca, M. T., Barbosa De Moraes, A. R., Nader, H. B., Petri, V., Maciel
Martins, J. R., Teixeira Gomes, R. C., & Soares, J. M. Jr. (2013).
Hyaluronic acid concentration in postmenopausal facial skin after top-
ical estradiol and genistein treatment: A double-blind, randomized
clinical trial of efficacy. Menopause, 20, 336-341. https://doi.org/
10.1097/GME.O0b013e318269898c

Polito, F., Marini, H., Bitto, A., Irrera, N., Vaccaro, M., Adamo, E. B,, ...
Altavilla, D. (2012). Genistein aglycone, a soy-derived isoflavone,
improves skin changes induced by ovariectomy in rats. British Journal
of Pharmacology, 165, 994-1005. https://doi.org/10.1111/j.1476-
5381.2011.01619.x

Pontius, A. T., & Smith, P. W. (2011). An antiaging and regenerative medi-
cine approach to optimal skin health. Facial Plastic Surgery, 27, 29-34.
https://doi.org/10.1055/s-0030-1270416

Rietjens, I. M., Sotoca, A. M., Vervoort, J., & Louisse, J. (2013). Mechanisms
underlying the dualistic mode of action of major soy isoflavones in rela-
tion to cell proliferation and cancer risks. Molecular Nutrition & Food
Research, 57, 100-113. https://doi.org/10.1002/mnfr.201200439

Robb, E. L., & Stuart, J. A. (2011). Resveratrol interacts with estrogen
receptor-beta to inhibit cell replicative growth and enhance stress
resistance by upregulating mitochondrial superoxide dismutase. Free
Radical Biology & Medicine, 50, 821-831. https://doi.org/10.1016/j.
freeradbiomed.2010.12.038

Rock, K., Meusch, M., Fuchs, N., Tigges, J., Zipper, P., Fritsche, E., ...
Fischer, J. W. (2012). Estradiol protects dermal hyaluronan/versican
matrix during photoaging by release of epidermal growth factor
from keratinocytes. The Journal of Biological Chemistry, 287,
20056-20069.

Rona, C., Vailati, F., & Berardesca, E. (2004). The cosmetic treatment of
wrinkles. Journal of Cosmetic Dermatology, 3, 26-34. https://doi.org/
10.1111/j.1473-2130.2004.00054.x

Rufer, C. E., & Kulling, S. E. (2006). Antioxidant activity of isoflavones and
their major metabolites using different in vitro assays. Journal of Agri-
cultural and Food Chemistry, 54, 2926-2931. https://doi.org/10.1021/
jf0531120

Sathyapalan, T., Dawson, A. J., Rigby, A. S., Thatcher, N. J., Kilpatrick, E. S.,
& Atkin, S. L. (2018). The effect of phytoestrogen on thyroid in subclin-
ical hypothyroidism: Randomized, double blind, crossover study.
Frontiers in Endocrinology (Lausanne), 9, 531.

Sathyapalan, T., Manuchehri, A. M., Thatcher, N. J., Rigby, A. S., Chapman,
T., Kilpatrick, E. S., & Atkin, S. L. (2011). The effect of soy phytoestro-
gen supplementation on thyroid status and cardiovascular risk markers
in patients with subclinical hypothyroidism: A randomized, double-
blind, crossover study. The Journal of Clinical Endocrinology and Metab-
olism, 96, 1442-1449.

Sator, P. G. (2006). Skin treatments and dermatological procedures to pro-
mote youthful skin. Clinical Interventions in Aging, 1, 51-56.

Sator, P. G., Schmidt, J. B., Rabe, T., & Zouboulis, C. C. (2004). Skin aging
and sex hormones in women — Clinical perspectives for intervention
by hormone replacement therapy. Experimental Dermatology, 13(Suppl
4), 36-40.

Savoia, P, Raina, G., Camillo, L., Farruggio, S., Mary, D., Veronese, F., ...
Grossini, E. (2018). Anti-oxidative effects of 17 beta-estradiol and
genistein in human skin fibroblasts and keratinocytes. Journal of Derma-
tological Science, 92, 62-77. https://doi.org/10.1016/j.
jdermsci.2018.07.007

Schmidt, J. B., Binder, M., Demschik, G., Bieglmayer, C., & Reiner, A. (1996).
Treatment of skin aging with topical estrogens. International Journal of


https://doi.org/10.1111/jocd.12508
https://doi.org/10.1016/s0092-8674(01)00524-4
https://doi.org/10.1016/s0092-8674(01)00524-4
https://doi.org/10.1210/jcem.84.6.5887
https://doi.org/10.1210/jcem.84.6.5887
https://doi.org/10.1016/j.ijpharm.2019.03.029
https://doi.org/10.1016/j.ijpharm.2019.03.029
https://doi.org/10.1046/j.1464-410x.2000.00436.x
https://doi.org/10.1016/j.bcp.2015.08.104
https://doi.org/10.1016/j.steroids.2014.06.012
https://doi.org/10.1016/j.steroids.2014.06.012
https://doi.org/10.1097/GME.0b013e318269898c
https://doi.org/10.1097/GME.0b013e318269898c
https://doi.org/10.1111/j.1476-5381.2011.01619.x
https://doi.org/10.1111/j.1476-5381.2011.01619.x
https://doi.org/10.1055/s-0030-1270416
https://doi.org/10.1002/mnfr.201200439
https://doi.org/10.1016/j.freeradbiomed.2010.12.038
https://doi.org/10.1016/j.freeradbiomed.2010.12.038
https://doi.org/10.1111/j.1473-2130.2004.00054.x
https://doi.org/10.1111/j.1473-2130.2004.00054.x
https://doi.org/10.1021/jf053112o
https://doi.org/10.1021/jf053112o
https://doi.org/10.1016/j.jdermsci.2018.07.007
https://doi.org/10.1016/j.jdermsci.2018.07.007

LIU ET AL

“e | \WILEY

Dermatology, 35, 669-674. https://doi.org/10.1111/j.1365-

4362.1996.tb03701.x

Setchell, K. D., Clerici, C., Lephart, E. D., Cole, S. J., Heenan, C., Castellani,
D., ... Heubi, J. E. (2005). S-equol, a potent ligand for estrogen receptor
beta, is the exclusive enantiomeric form of the soy isoflavone metabo-
lite produced by human intestinal bacterial flora. The American Journal
of Clinical Nutrition, 81, 1072-1079. https://doi.org/10.1093/ajcn/
81.5.1072

Simons, R., Gruppen, H., Bovee, T. F. H., Verbruggen, M. A., & Vincken, J.
(2012). Prenylated isoflavonoids from plants as selective estrogen
receptor modulators (phytoSERMs). Food & Function, 3, 810-827.
https://doi.org/10.1039/c2fo10290k

Simons, R., Vincken, J. P, Bohin, M. C., Kuijpers, T. F., Verbruggen,
M. A, & Gruppen, H. (2011). Identification of prenylated
pterocarpans and other isoflavonoids in Rhizopus spp. elicited soya
bean seedlings by electrospray ionisation mass spectrometry. Rapid
Communications in Mass Spectrometry, 25, 55-65. https://doi.org/
10.1002/rcm.4826

Sirotkin, A. V. (2016). The role and application of sirtuins and mTOR signal-
ing in the control of ovarian functions. Cells-Basel, 5(4), 42.

Sirotkin, A. V., & Harrath, A. H. (2014). Phytoestrogens and their effects.
European Journal of Pharmacology, 741, 230-236. https://doi.org/
10.1016/j.ejphar.2014.07.057

Solak, K. A., Wijnolts, F., Nijmeijer, S. M., Blaauboer, B. J., van den Berg, M.,
& van Duursen, M. (2014). Excessive levels of diverse phytoestrogens
can modulate steroidogenesis and cell migration of KGN human
granulosa-derived tumor cells. Toxicology Reports, 1, 360-372.
https://doi.org/10.1016/j.toxrep.2014.06.006

Stern, R., & Maibach, H. I. (2008). Hyaluronan in skin: Aspects of aging and
its pharmacologic modulation. Clinics in Dermatology, 26, 106-122.
https://doi.org/10.1016/j.clindermatol.2007.09.013

Stevenson, S., & Thornton, J. (2007). Effect of estrogens on skin aging and
the potential role of SERMs. Clinical Interventions in Aging, 2, 283-297.

Sudel, K. M., Venzke, K., Mielke, H., Breitenbach, U., Mundt, C., Jaspers, S.,
... Gallinat, S. (2005). Novel aspects of intrinsic and extrinsic aging of
human skin: Beneficial effects of soy extract. Photochemistry and Pho-
tobiology, 81, 581-587.

Szczepanik, M. P., Wilkolek, P. M., Adamek, L. R., Kalisz, G., Golynski, M.,
Sitkowski, W., & Taszkun, |. (2018). Correlation between
transepidermal water loss (TEWL) and severity of clinical symptoms
in cats with atopic dermatitis. Canadian Journal of Veterinary Research,
82, 306-311.

Tang, H., Wang, S., Li, X,, Zou, T., Huang, X., Zhang, W., ... Liu, H. F. (2019).
Prospects of and limitations to the clinical applications of genistein.
Discovery Medicine, 27, 177-188.

Thornton, M. J. (2002). The biological actions of estrogens on skin. Exper-
imental Dermatology, 11, 487-502.

Thornton, M. J. (2005). Oestrogen functions in skin and skin appendages.
Expert Opinion on Therapeutic Targets, 9, 617-629.

Thornton, M. J. (2013). Estrogens and aging skin. Dermato-endocrinology, 5,
264-270.

Thornton, M. J.,, Taylor, A. H., Mulligan, K., Al-Azzawi, F., Lyon, C. C,
O'Driscoll, J., & Messenger, A. G. (2003). The distribution of estrogen
receptor beta is distinct to that of estrogen receptor alpha and the
androgen receptor in human skin and the pilosebaceous unit. The Jour-
nal of Investigative Dermatology. Symposium Proceedings, 8, 100-103.
https://doi.org/10.1046/j.1523-1747.2003.12181.x

Toole, B. P. (2004). Hyaluronan: from extracellular glue to pericellular cue.
Nature Reviews. Cancer, 4, 528-539.

Tresguerres, J. A., Kireev, R., Tresguerres, A. F., Borras, C., Vara, E., &
Ariznavarreta, C. (2008). Molecular mechanisms involved in the hor-
monal prevention of aging in the rat. The Journal of Steroid
Biochemistry and Molecular Biology, 108, 318-326. https://doi.org/
10.1016/j.jsbmb.2007.09.010

Tsutsui, T., Tamura, Y., Yagi, E., Someya, H., Hori, |., Metzler, M., & Barrett,
J. C. (2003). Cell-transforming activity and mutagenicity of 5
phytoestrogens in cultured mammalian cells. International Journal of
Cancer, 105, 312-320. https://doi.org/10.1002/ijc.11046

Tuntiyasawasdikul, S., Limpongsa, E., Jaipakdee, N., & Sripanidkulchai, B.
(2018). Development and evaluation of topical films containing
phytoestrogenic diaryheptanoids from Curcuma comosa extract. Drug
Development and Industrial Pharmacy, 44, 1385-1394. https://doi.org/
10.1080/03639045.2018.1453518

Varani, J., Kelley, E. A., Perone, P., & Lateef, H. (2004). Retinoid-induced
epidermal hyperplasia in human skin organ culture: Inhibition with
soy extract and soy isoflavones. Experimental and Molecular Pathology,
77, 176-183. https://doi.org/10.1016/j.yexmp.2004.08.003

Vaziri, H., Dessain, S. K., Eaton, E. N., Imai, S. ., Frye, R. A, Pandita, T. K,, ...
Weinberg, R. A. (2001). hSIR2 (SIRT1) functions as an NAD-dependent
p53 deacetylase. Cell, 107(2), 149-159. https://doi.org/10.1016/
s0092-8674(01)00527-x

Vigetti, D., Genasetti, A., Karousou, E., Viola, M., Clerici, M., Bartolini, B., ...
Passi, A. (2009). Modulation of hyaluronan synthase activity in cellular
membrane fractions. The Journal of Biological Chemistry, 284,
30684-30694. https://doi.org/10.1074/jbc.M109.040386

Voloshenyuk, T. G., & Gardner, J. D. (2010). Estrogen improves TIMP-MMP
balance and collagen distribution in volume-overloaded hearts of ovari-
ectomized females. American Journal of Physiology. Regulatory,
Integrative and Comparative Physiology, 299, R683-R693.

Waldera, L. D., Kalfalah, F., Safferling, K., Boukamp, P., Poschmann, G.,
Volpi, E., ... Krutmann, J. (2015). Characterization of skin aging-
associated secreted proteins (SAASP) produced by dermal fibroblasts
isolated from intrinsically aged human skin. The Journal of Investigative
Dermatology, 135, 1954-1968.

Wang, A.,, Wei, J,, Lu, C., Chen, H., Zhong, X,, Lu, Y., ... Han, L. (2019).
Genistein suppresses psoriasis-related inflammation through a
STAT3-NF-kB-dependent mechanism in keratinocytes. International
Immunopharmacology, 69, 270-278. https://doi.org/10.1016/j.
intimp.2019.01.054

Yanagihara, N., Zhang, H., Toyohira, Y., Takahashi, K., Ueno, S., Tsutsui, M.,
& Takahashi, K. (2014). New insights into the pharmacological potential
of plant flavonoids in the catecholamine system. Journal of Pharmaco-
logical Sciences, 124, 123-128.

Yao, R., Tanaka, M., Misawa, E., Saito, M., Nabeshima, K., Yamauchi, K., ...
Furukawa, F. (2016). Daily Ingestion of Aloe Vera Gel Powder Contain-
ing Aloe Sterols Prevents Skin Photoaging in OVX Hairless Mice.
Journal of Food Science, 81, H2849-H2857.

Yingngam B., N.SSW.R., Evaluation of estrogen-like effect of 13 herbal
medicines for anti-skin-ageing product.

Yoneda, M., Yamagata, M., Suzuki, S., & Kimata, K. (1988). Hyaluronic acid
modulates proliferation of mouse dermal fibroblasts in culture. Journal
of Cell Science, 90(Pt 2), 265-273.

Younes, M., & Honma, N. (2011). Estrogen receptor beta. Archives of
Pathology & Laboratory Medicine, 135, 63-66.

Yu, W,, Fu, Y. C,, Zhou, X. H., Chen, C. J., Wang, X,, Lin, R. B., & Wang, W.
(2009). Effects of resveratrol on H,O,-induced apoptosis and expres-
sion of SIRTs in H9c2 cells. Journal of Cellular Biochemistry, 107,
741-747.

Yue, G. G, Wong, L. S., Leung, H. W., Gao, S., Tsang, J. Y., Lin, Z. X,, ... Lau,
C. B. (2019). Evaluation of the safety profiles of estrogenic Chinese


https://doi.org/10.1111/j.1365-4362.1996.tb03701.x
https://doi.org/10.1111/j.1365-4362.1996.tb03701.x
https://doi.org/10.1093/ajcn/81.5.1072
https://doi.org/10.1093/ajcn/81.5.1072
https://doi.org/10.1039/c2fo10290k
https://doi.org/10.1002/rcm.4826
https://doi.org/10.1002/rcm.4826
https://doi.org/10.1016/j.ejphar.2014.07.057
https://doi.org/10.1016/j.ejphar.2014.07.057
https://doi.org/10.1016/j.toxrep.2014.06.006
https://doi.org/10.1016/j.clindermatol.2007.09.013
https://doi.org/10.1046/j.1523-1747.2003.12181.x
https://doi.org/10.1016/j.jsbmb.2007.09.010
https://doi.org/10.1016/j.jsbmb.2007.09.010
https://doi.org/10.1002/ijc.11046
https://doi.org/10.1080/03639045.2018.1453518
https://doi.org/10.1080/03639045.2018.1453518
https://doi.org/10.1016/j.yexmp.2004.08.003
https://doi.org/10.1016/s0092-8674(01)00527-x
https://doi.org/10.1016/s0092-8674(01)00527-x
https://doi.org/10.1074/jbc.M109.040386
https://doi.org/10.1016/j.intimp.2019.01.054
https://doi.org/10.1016/j.intimp.2019.01.054

LIU ET AL

herbal medicines in breast cancer. Phytomedicine, 56, 103-117.
https://doi.org/10.1016/j.phymed.2018.10.003

Zhang, T., Liang, X. Y., Shi, L. Y., Wang, L., Chen, J. L,, Kang, C.,, ... Mi,
M. T. (2013). Estrogen receptor and PI3K/Akt signaling pathway
involvement in S-equol-induced activation of Nrf2/ARE in endothe-

lia cells. PLoS ONE, 8, 2013. https://doi.org/10.1371/journal.
pone.0079075

WILEY——*

How to cite this article: Liu T, Li N, Yan Y, et al. Recent
advances in the anti-aging effects of phytoestrogens on
collagen, water content, and oxidative stress. Phytotherapy
Research. 2020;34:435-447. https://doi.org/10.1002/ptr.6538



https://doi.org/10.1016/j.phymed.2018.10.003
https://doi.org/10.1371/journal.pone.0079075
https://doi.org/10.1371/journal.pone.0079075
https://doi.org/10.1002/ptr.6538


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




