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identification of molecular mechanisms of epidermal signaling, maintenance, and differentiation, points
to a need for new therapeutic alternatives to treat and prevent skin aging. In addition to recovering age-
and sun-compromised functions, proper treatment of the epidermis has important esthetic implications.
This study reviews active ingredients capable of counteracting symptoms of epidermal aging, organized

g;{:ggfs according to the regulation of specific age-affected epidermal functions: (1) several compounds, other
Aging than retinoids and derivatives, act on the proliferation and differentiation of keratinocytes, supporting
Skin the protective barrier against mechanical and chemical insults; (2) natural lipidic compounds, as well as
Treatment glycerol and urea, are described as agents for maintaining water-ion balance; (3) regulation of immuno-
Active ingredients logical pathogen defense can be reinforced by natural extracts and compounds, such as resveratrol; and
(4) antioxidant exogenous sources enriched with flavonoids and vitamin C, for example, improve solar
radiation protection and epidermal antioxidant activity. The main objective is to provide a functional clas-
sification of active ingredients as regulatory elements of epidermal homeostasis, with potential cosmetic

and/or dermatological applications.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction layers that form an effective protection barrier (Baroni et al., 2012;

Madison, 2003). As a complex system, which also captures environ-
mental stimuli, epidermis is composed of several cell types such
as keratinocytes, melanocytes, Langerhans cells, and Merkel cells
(Boulais and Misery, 2008). Keratinocytes are the most abundant

- cell type constituting 80-95% of epidermal cells (Brohem et al.,
* Corresponding author at: Rua Alfredo Pinto, 1500, Sdo José dos Pinhais, PR83065- 2011; Ulmann et al., 2007).
150, Brazil. Tel.: +55 41 3375 9421; fax: +55 41 3375 7600.
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Epidermis, the most exposed skin part, directly contacts the
external environment. It is assembled by multiple superposed cell

Due to constant desquamation, epidermis needs continuous
renewal, which begins with multiplication of proliferative cells
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Fig. 1. Molecular, cell and morphological changes associated with epidermal aging. As the epidermis ages, it undergoes a series of structural modifications (Bergman et al.,
2000; Choi et al., 2007; Chu and Kollias, 2011; Denda et al., 2003; Hachem et al., 2005; Levakov et al., 2012; Scharffetter-Kochanek et al., 2000; Zouboulis and Makrantonaki,
2011) that directly impact its physiological functions, compromising the natural protective barrier of the organism. Diagram indicating calcium distribution points to a
higher ion concentration in the granular layer (GL), darker colored, region in young epidermis (1). In older epidermis (2) calcium gradient is lost and calcium is possibly
distributed homogeneously among the skin layers. Possible therapeutic alternatives are different forms of action of active ingredients or compounds capable of helping to
recover age-affected physiological functions to an extent that will approximate them as nearly as possible to those in young epidermis.

in the innermost layer, generating keratinocytes that undergo
differentiation as they are driven outwards with cell divisions
(Fuchs and Raghavan, 2002; Milstone, 2004). Keratinocyte dif-
ferentiation is marked by molecular, structural, and functional
changes, resulting in a stratified epidermis in which the different
strata, arranged from the inner to the outer surface, constitute the
basal layer (BL), spinous layer (SL), granular layer (GL), and stratum
corneum (SC), respectively (Fuchs and Raghavan, 2002; Simpson
et al., 2011). The palms and soles possess an additional layer -
stratum lucidum (SL) - between GL and SC (Brohem et al., 2011).
In SC, keratinocytes reach their highest level of differentiation and
are then known as corneocytes - dead, enucleated, and morpho-
logically flat cells composed of protein and lipid blocks bonded to
one another and immersed in a lipid matrix (Eckhart et al., 2013).

More than just a barrier for mechanical protection, epidermis is
ametabolically active tissue in constant dynamic balance and peri-
odically undergoes complete renewal cycles (Fuchs and Raghavan,
2002). The working of the epidermis seems paradoxical, since it is
highly stable in protecting the organism from external aggression
and, at the same time, allows its cell components the required
flexibility to ensure tissue renewal and capability of response to
different stimuli (Simpson et al.,, 2011). This ability makes the
epidermis a decisive component for maintaining body homeosta-
sis. Over the years, however, epidermal primary functions may
gradually falter (Elias and Ghadially, 2002). Physiological wear

from skin aging is a consequence of damage that accumulates
throughout the organism’s life and is caused both by intrinsic
factors (physiological components and genetic predisposition)
and extrinsic factors (external insults, particularly from solar
radiation) (EI-Domyati et al., 2002; Farage et al., 2008a). Molecular,
cell-related, and morphological changes in aged epidermis not
only compromise its protective role, but also contribute to the
appearance of skin symptoms, including excessive dryness and
pruritus (White-Chu and Reddy, 2011), as well as increased pre-
disposition to formation or deepening wrinkles (Kuwazuru et al.,
2012), dyspigmentation (Longo et al., 2013), fragility and difficulty
to heal injuries (Bourguignon et al.,, 2013; Calleja-Agius et al.,
2007), alteration in skin permeability to drugs (Bourguignon et al.,
2013), impaired ability to sense and respond to mechanical stimuli
(Wu et al.,, 2011), skin irritation (Bourguignon et al., 2013), and
tumor incidence (Farage et al., 2008b; Wolf et al., 2013) (Fig. 1).
Skin aging involves systemic changes as well as changes in the
entire skin (Waller and Maibach, 2006, 2005; for details, refer to
Farage et al., 2010). Although most investigations still concern der-
mis, mainly because of its abundant content in extracellular matrix
(ECM), recent studies have targeted epidermal aging and possible
therapeutic options. In addition to their health-related implica-
tions, epidermal alterations can lead to changes in appearance or
image that may have a high esthetic and psychosocial impact (Jiang
and DeLaCruz, 2011). Moreover, search for therapeutic alternatives
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Table 1
Active ingredients for regulation of epidermal protection barrier against mechanical and chemical insults.

Active ingredients

Action mechanisms

References

Achillea millefolium
extract?

Adapalene®

Alpha-hydroxy acids?®

Arotinoid ethyl ester
Ethyl-a-D-glucoside

Green tea polyphenols

Hesperidin

Hyaluronic acid®

Jasmonic acid
derivative (LR2412)

Imiquimod?

L-Fucose

Lutein

Myristyl nicotinate?®

Oxysterols

p-
Dodecylaminophenol

Retinyl retinoate®

Simarouba amara
extract?

Triterpenes?

As the human epidermis ages, expression of receptors of PMOC, a precursor of neuropeptides including ACTH
and B-endorphin, gradually diminishes. In human keratinocytes, A. millefolium extract increased the synthesis
of mRNA and proteins for POMC, MC-2R e MOR-1 receptors. In biopsies of skin in culture, the extract helped to
improve the expression of K10, transglutaminase-1 and filaggrin, and to increase epidermal thickness. In vivo,
it improved appearance of wrinkles and pores significantly in comparison with placebo

Adapalene is a synthetic retinoid commonly used in acne treatment. In vitro and in vivo studies found it active
in the regulation of epidermal cell proliferation and differentiation. Action of adapalene on keratinocytes takes
place via RAR - specifically YRAR

AHA'’s are widely used in chemical peeling and cosmetic formulations as cell renewal stimulants. A lotion
containing 25% of AHA promoted a 25% increase in skin thickness as well as a reduction in melanin content,
which diminished skin spots. Treatment with glycolic acid increased epidermal cell proliferation rate and
thickness in mice, as well as the nuclear volume of keratinocytes in the basal, spinous, and granular layers.
Treatment with lactic acid results in increased firmness and thickness of both the epidermis and the dermis, as
well as clinical improvement in the softness of the skin and in the appearance of fine lines and wrinkles

AEE stimulated cell proliferation in the epidermis of embryonic and adult mice. AEE inhibited epidermal
differentiation in embryonic mice and stimulated it in the adult animal

«a-EG, the main component in Japanese sake, increases loricrin content significantly by acting on keratinocyte
differentiation, while reducing the number of SC layers in aged mice, improving their functionality

Green tea polyphenols, especially EGCG, were tested on primary human keratinocytes and stimulated their
proliferation and differentiation via induction of p57/KIP2, with higher expression of K1 and filaggrin and
increased transglutaminase activity. In aged keratinocytes with reduced cell activity rates, treatment with
green tea polyphenols renewed DNA synthesis and succinate dehydrogenase activation. EGCG also exhibited a
potential for the modulation of caspase 14, a unique regulator of terminal differentiation of keratinocytes
associated with cornification

Hesperidin is found in orange rind extract. Its topical application on mice stimulated proliferation,
differentiation and secretion of lamellar bodies in the epidermis, as well as activation of PPAR-a and PPAR-y
in keratinocytes

HA has been extensively studied in epidermal renewal as a component of formulations, or injected
intradermically as an alternative antiage treatment. There are also treatments with active ingredients that
induce HA production in the skin, as well as research on the therapeutic potential of HA with different
molecular weights. A regimen of topical treatment with low molecular weight HA followed by high molecular
weight HA increases proliferation and epidermal thickness, and stimulates cell differentiation in aged mice
skin. HA acts on CD44 activation, inducing a series of effects on epidermal processes via Rho GTPase
Treatment with LR2412 induces hyperplasia in epidermis reconstructed in vitro, with an increase in
Ki67-positive cells and in epidermal thickness. LR2412 also stimulates HAS2 and HAS3 expression, as well as
HA deposition. Treatment with this compound did not modify the expression of the main proteins involved in
late terminal differentiation steps, such as filaggrin e transglutaminase 1, indicating that it is devoid of skin
irritant potential

Therapy using 5% IMI for actinic keratosis results in less compact hyperkeratosis, more homogeneous pattern
of epidermal crystals, ordered epidermal proliferation, less sun-damaged melanocytes, and better overall
aspect of the skin

Percutaneous application of 1% L-fucose in rats during four weeks results in increased skin thickness in 13% of
the test group, in addition to significant improvements in the dermis

Lutein, zeaxanthin and astaxanthin induced increased expression of HAS3, with an increase in hyalurinan
synthesis. Lutein significantly increased RARE transcript activity. In addition, lutein-derived metabolites were
reported to act as RAR ligands in keratinocytes, which makes lutein a potential substitute for retinoids

MN, a nicotinic acid derivative, was developed for treating photodamaged skin. Treatment of photodamaged
face skin increases the content of NAD in the skin by 25%, in addition to increasing the stratum corneum
thickness by 70% and of the whole epidermis by 20%. MN causes the epidermal renewal rate to increase by
6-11% and the TEWL rate to decrease by about 20%. These results indicate that MN improves differentiation
and epidermal barrier function, suggesting that MN can play a significant part in the treatment of the
progression of skin lesions caused by photoexposure

Treatment of primary human keratinocytes with oxysterols induced differentiation, stimulating the
expression of involucrin and transglutaminase with an inhibitory effect on cell proliferation. Action pathway
of oxysterols in the keratinocytes involves activation of liver X receptor-beta. Similar results have been
obtained from topical treatments of mice with oxysterols, indicating increased levels of mRNA and protein for
involucrin, loricrin and profilaggrin. The treatment of hyperproliferative epidermis with oxysterols proved
capable to restore epidermal homeostasis

With a more potent antioxidant action than retinoic acid, p-DDAP suppresses MMP expression and stimulates
K16 synthesis without causing skin irritation or desquamation. p-DDAP also regulates keratinocyte
differentiation, promotes increase in epidermal thickness, and may improve wrinkles and freckles in mice
Retinyl retinoate is a less irritating retinol derivative than other retinoids. A study of primary human and mice
keratinocyte cultures indicates that retinyl retinoate has a potential for expressing retinoic acid, as well as its
receptor CD44 and the enzyme HAS2.TEWL rates induced by retinyl retinoate were lower than the rates
induced by retinol, retinoic acid and retinaldehyde. When used in topical formulations, retinyl retinoate
decreased wrinkles

Immunohistochemical analysis of involucrin and activation of transglutaminase in skin fragments treated
with this extract demonstrated its potential to increase the expression of these markers. Results were proven
with clinical and instrumental methodologies which showed it to have an effect on the improvement of
barrier function and skin hydration

Purified TE's particularly rich in betulin were demonstrated to act on the proliferation, apoptosis and
differentiation of human keratinocytes in vitro, ex vivo, and in vivo. TE activity in human keratinocytes
occurred by means of increased calcium influx, which led to an increase in the expression of genes such as
TRPC6 and several differentiation markers, including K10

Pain et al. (2011)

Jain (2004), Michel
etal. (1998)

Babilas et al. (2012),
Bhattacharyya et al.
(2009), Ditre et al.
(1996), Smith (1996),
Yamamoto et al. (2006)
Tsambaos et al. (1985)
Nakahara et al. (2007)

Hsu et al. (2005, 2003)

Hou et al. (2012)

Bourguignon et al.
(2013), Farwick et al.
(2011)

Michelet et al. (2012)

Smith et al. (2007)

Fodil-Bourahla et al.
(2003)
Sayo et al. (2013)

Jacobson et al. (2007)

Hanley et al. (2000),
Koémiives et al. (2002)

Takahashi and Fujiu
(2010)

Kim et al. (2011, 2010)

Bonté et al. (1996)

Woelfle et al. (2010)
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Table 1 (Continued)

Active ingredients Action mechanisms

References

Valproic acid

Application of VPA on lesions in the skin of mice assisted the scarring process by stimulating the expression of

Lee et al. (2012)

[3-catenin and terminal differentiation markers in keratinocytes, as well as the expression of proliferation
markers such as Ki67. In vitro, VPA increased the mobility of HaCaT-lineage keratinocytes by activating
signaling pathways involving Wnt/B-catenin, ERK and PI3-kinase/Akt

Vitamin A?

Vitamin A or retinoic acid is the most widely studied compound for epidermal renewal because of its effect on
the proliferation and differentiation of keratinocytes. However, there have been reports of instability and
degradation in cosmetic formulas, and also of incidence of skin irritation, prompting the production of similar
compounds to avoid such unwanted effects. Retinoids are lipophilic molecules that penetrate easily in the
epidermis; their biologically active forms modulate the expression of genes involved in cell differentiation and
proliferation by way of nuclear receptors. Mechanisms of retinoid action include RAR and RXR activation,
increased CRABP2 and HBEGF gene expression, enhanced keratinocyte proliferation, and increased epidermal

Babamiri and Nassab
(2010), Bellemére et al.
(2009), Fujishita et al.
(2006), Sorg et al.
(2006, 2005), Tur et al.
(1995), Wang et al.
(2011)

thickness. Their proliferative effect was also noted in human keratinocytes via P2Y2 activation

Vitamin B3

Topical application of vitamin B3 (niacinamide or nicotinic acid) has a stabilizing effect on the epidermal

Gehring (2004)

barrier function by reducing TEWL and improving the moisture content of the cornified layer. Niacinamide
leads to increased synthesis of proteins with keratin, stimulation of ceramide synthesis, acceleration of
keratinocyte differentiation, and increased intercellular NADP levels. In skin aging treatments, topical
application of niacinamide results in improvement of skin surface structure, softening of wrinkles, and

photocarcinogenesis inhibition

2 Active ingredients with placebo/vehicle controlled studies in vivo in man. a-EG, ethyl-a-p-glucoside; ACTH, adrenocorticotropic hormone; AEE, arotinoid ethyl ester;
AHA, alpha-hydroxy acids; Akt, a serine/threonine-specific protein kinase; CD44, cluster of differentiation 44; CRABP2, cellular retinoic-acid-binding protein II; EGCG,
epigallocatechin-3-gallate; ERK, extracellular-signal-regulated kinases; HA, hyaluronic acid; HAS, hyaluronan synthase; HBEGF, heparin-binding epidermal growth factor;
IMI, imiquimod; K, keratin; Ki67, nuclear protein Ki-67; MC-2R, melanocortin 2 receptor; MMP, matrix metalloproteinases; MN, myristyl nicotinate; MOR-1, p-opioid
receptor; NAD, nicotinamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phosphate; P2Y2, P2Y purinoceptor 2; p57/KIP2, cyclin-dependent kinase
inhibitor; p-DDAP, p-Dodecylaminophenol; POMC, pro-opiomelanocortin; PPAR, peroxisome proliferator-activated receptor; PI3, phosphatidylinositol 3; RAR, retinoic acid
receptors; RARE, retinoic acid responsive element; RXR, retinoid receptor X; SC, stratum corneum; TE, triterpenes; TEWL, transepidermal water loss; TRPC6, transient receptor
potential canonical subtype 6; VPA, valproic acid; Wnt, a group of signal transduction pathways.

that include the epidermis is an additional step toward an integrat-
ing approach to skin aging treatment and prevention.

This manuscript overviews active ingredients identified for the
treatment of skin aging. They are grouped according to their spe-
cific activity in the recovery of epidermal functions and include the
following major topics: (1) protective barrier against mechanical
and chemical insults (Lulevich et al., 2010; Kirschner et al., 2013),
(2) maintenance of water-ion balance in the organism (Kirschner
et al., 2013; Proksch et al., 2008), (3) immunological defense and
toxin elimination (Baroni et al., 2012; Geusau et al., 2001; Polak
et al., 2014), and (4) solar radiation protection and antioxidant
activity (Shindo et al.,, 1994; Yamaguchi et al., 2006). Overall,
current active ingredients were searched for potential cosmetic
and/or dermatological applications, according to their biological
and biophysical effects on the regulation of age-impaired epidermal
homeostasis.

2. Protective barrier against mechanical and chemical
insults

Protection against mechanical and chemical insults depends
directly on the structural epidermal integrity - a stratified arrange-
ment of superposed cell layers with keratinocytes bonded by means
of intercellular junctions and extracellular matrix components
(Ishida-Yamamoto et al., 2011; Kirschner et al., 2013; Lulevich
etal., 2010). A primary factor for preserving skin barrier is its capa-
bility for cell renewal, affected by the keratinocyte proliferation
rate and differentiation (Cangkrama et al., 2013). Distinct mechan-
ical properties of keratinocytes, including their high deformation
resistance, which may be up to seventy times that of other cells
in the organism, contribute significantly to their protective action
(Lulevich et al., 2010). This resistance is largely due to the keratin
cytoskeleton acquired along the epidermal cell differentiation pro-
cess: complete keratin deletion causes significant biomechanical
deficiencies in keratinocytes (Bragulla and Homberger, 2009; Kim
etal., 2012b; Ramms et al., 2013). Chemical composition of the epi-
dermis, which also plays a part in the protection against mechanical
and chemical insults, will be discussed more detailedly in Section 3
due to its high relevance to maintenance of the water-ion balance
in the organism.

Reduction in epidermal thickness - one of the morphologi-
cal characteristics of age-affected skin — results from lower cell
renewal rates due both to intrinsic and extrinsic factors (Crisan
et al., 2012; Shlivko et al., 2013; Tsugita et al., 2013; Waaijer et al.,
2012). The number of layers containing viable cells diminishes
with epidermal aging, and keratinocyte proliferation and differ-
entiation are significantly impaired in elderly persons’ epidermis
(Bourguignonetal., 2013; Levakov et al.,2012; Lock-Andersen et al.,
1997). Senescent cell build-up may also play a role in the dimin-
ishing regenerative capacity of aged biological tissues, including
epidermis (Cordisco et al., 2010). In addition, changes that occur in
the cells and extracellular matrix suggest a more porous and less
effective structural organization of the aged epidermis as regards
its barrier function against external chemical agents (Elias and
Ghadially, 2002).

Active ingredients that regulate the protection against mechan-
ical and chemical insults should be capable of restoring cell renewal
in aged epidermis and thus ensure integrity in the skin barrier.
In addition to the possibilities here identified, physical treatments
such as photodynamic (Orringer et al., 2008), high-energy pulsed
CO, laser (Ratner et al., 1998; Stuzin et al., 1997), and fractional
CO,, laser (Sasaki et al., 2009) therapies are suggested as options
for epithelium renewal and keratinocyte proliferation incitement
action. Table 1 lists ingredients capable of supporting the protec-
tive epidermal barrier against mechanical and chemical insults,
including literature-enshrined elements, such as retinoids and their
derivatives (for recent review, see Babamiri and Nassab, 2010), as
well as alpha-hydroxy acids (AHAs) (for recent review, see Babilas
et al.,, 2012) and several other compounds.

Regarding retinoic acids, a large set of data has already been
published describing their effect on the proliferation and differen-
tiation of keratinocytes, that directly affects wrinkles appearance
and formation (Bellemeére et al., 2009; Skazik et al., 2013). Retinoids
are also used for photoaged skin treatment, since they reduce skin
hyperpigmentation (Gold et al., 2013; Kircik, 2012) and inhibit
metalloproteinases expression (Jurzak et al., 2008). Besides these
well-known properties, retinoids have recently been described in
the regeneration of hair follicles by promoting functional differen-
tiation of dermal papilla cells (Aoi et al., 2012) and, in association
with minoxidil, they prevent apoptosis of dermal papilla cells
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(Kwon et al., 2007). Side effects upon use of retinoic acids are
related to their potential to cause skin irritation. Another poten-
tial inconvenience of retinoic acids involves its instability in
topical formulations. Interestingly, these problems have led to the
development of retinoid derivatives and similar compounds with
superior properties (Kim et al.,, 2011, 2010). AHAs, such as gly-
colic and lactic acid, are also used to treat photodamaged skin
(Rendl et al., 2001) and to stimulate epidermal renewal, with clini-
cal improvements in skin thickness, firmness, and softness, as well
asin the appearance of fine lines and wrinkles (Bhattacharyyaetal.,
2009; Yamamoto et al., 2006). They reduce the calcium ion con-
centration in the epidermis and remove calcium ions by chelation,
disrupting cell adhesions and resulting in desquamation (Wang,
1999).

3. Maintenance of water-ion balance in the organism

Epidermis plays a fundamental part in sustaining internal
homeostasis in the organism by controlling the exchange of sub-
stances, especially water and ions, with the external environment
(Tzaphlidou, 2004). Hydration also determines the general aspect
of the skin; since the entire cell metabolism can be affected
by the amount of water it contains (Jiang and DeLaCruz, 2011).
To preserve this functionality, in addition to the cell structure
discussed previously, epidermis shows an arrangement of bio-
chemical components with selective properties. In SC, for example,
the extracellular matrix contains 75-80% of proteins, 5-15% of
lipids, and 5-10% of other constituents (Forster et al., 2009). Lipid
fraction consists primarily of ceramides, fatty acids, cholesterol,
esters, triglycerides, and phospholipids (Lampe et al., 1983). Part
of the highly insoluble and resistant SC proteins, such as lori-
crin and involucrin, corresponds to corneocyte envelope (Hansen
et al, 2009; Kalinin et al., 2001; Nishifuji and Yoon, 2013).
Moreover, to preserve water and soluble ions, epidermis has dif-
ferentiated molecular mechanisms, such as natural moisturizing
factors (NMFs) derived from profilaggrin proteolysis, which form
an intensely hygroscopic mixture composed of peptides, amino
acids and their derivatives (such as urocanic acid (UCA) and 2-
pyrrolidone-5-carboxylic acid (PCA)), minerals, urea, and sugars
(Bouwstra et al., 2008; Kezic et al., 2009; Zhang et al., 2006).
Aquaporins (AQPs) are channels that run along epidermal cell
membranes to carry water and small molecules of solute, which are
essential for maintaining water-ion balance of the cell. Of the thir-
teen AQP types described in humans, the most extensively studied
AQP in the skin is AQP3, found chiefly in epidermal basal cells (Hara
and Verkman, 2003; Takata et al., 2004). Recently, AQP10 has also
been identified in human epidermis, specifically in SC corneocytes
(Boury-Jamot et al., 2006; Jungersted et al., 2013). AQP3 and AQP10
belong to the same aquaglyceroporin subclass; they are known to
transport water and glycerol - the latter being an important agent
for the hydration, resilience and repair of the skin barrier (Fluhr
et al., 2008).

Aging significantly affects the epidermal function of controlling
the balance of water and ions in the body. Lipid synthesis dimin-
ishes with age, as does the secretion of lamellar bodies in SC which
generates an extracellular matrix that is more porous and less effi-
cientin controlling the water-ion balance in the organism (Elias and
Ghadially, 2002; Ghadially et al., 1995). Many molecular pathways
related to SC lipid metabolism are downregulated in aged skin; and
cholesterol seems to be the most affected lipid class (Ghadially et al.,
1996; Jarrold et al., 2009). In specific cases, such as solar lentigo
(an aging mark in photoexposed skin areas), a reduction occurs in
the expression of cornified envelope-related genes, such as filag-
grin and involucrin (Aoki et al., 2007). Free amino acid content of
NMF’s seems lower in the SC of senile epidermis (Jacobson et al.,

1990). Expression AQP3 levels diminish with the aging of human
epidermis and also inisolated keratinocytes, probably related to the
development of xerosis (excessive skin dryness commonly seen in
the elderly) (Li et al., 2010).

As therapeutic alternatives for recovering the epidermal func-
tion that preserves the water-ion balance in the organism,
active ingredients should promote replenishment or stimulate the
endogenous synthesis of affected biochemical components. Table 2
lists the most frequently used components for this specific function,
such as waxes, natural oils and derivatives, whose lipid composi-
tion either mimics that of SC elements or acts complementarily on
skin hydration (for critical considerations, see Draelos, 2013), as
well as compounds that stimulate endogenous synthesis of epider-
mal biomolecules, including glycerol and urea (for details, refer to
Lodén and Maibach, 1999).

Among the compounds widely used for maintenance of water-
ion balance are glycerol and urea, as they are able to sustain the
physical properties of hydrated lipid systems under dry condi-
tions (Bjorklund et al., 2013). Comparison of the effects of these
compounds on water distribution in the SC of human skin equiv-
alents suggested distinct patterns of action. While water domains
were mainly located in the intercellular regions under urea treat-
ment, water was observed both in intercellular regions and in
corneocytes following glycerol treatment (Bouwstra et al., 2012).
A fine-tuned regulation of AQPs expression is also involved in the
maintenance of water and solute balance in the skin (Hara and
Verkman, 2003). It has been shown that mice lacking AQP3 have
impaired SC hydration and skin elasticity and a threefold reduction
in their glycerol content. However, all these effects were compen-
sated with orally administered glycerol, restoring the epidermal
barrier function (Hara and Verkman, 2003). Peptides and stan-
dardized plant extracts have already been reported to increase
expression of the AQP3 gene in cultures of human keratinocytes,
but such studies usually lack consistent clinical trials to confirm
their function in vivo.

4. Immunological defense and toxin elimination

Regulation of epidermal defense mechanisms is crucial for local
and systemic homeostasis of the organism. Existence of a complex,
unified skin defense system, described as a cutaneous neuroim-
munoendocrinological system, has been suggested (Brazzini et al.,
2003; Misery, 2000; O’Sullivan et al.,, 1998). Epidermal cells -
including keratinocytes, melanocytes, and Langerhans cells — can
produce, either constitutionally or by activation, an arsenal of
cytokines (Table 3) and thus reinforce the action of epidermis as a
tissue that is immunocompetent and active in creating an immuno-
logical barrier (Corsini and Galli, 2000; Kupper and Fuhlbrigge,
2004; Williams and Kupper, 1996). Langerhans cells act as sen-
tries for epidermis and ensure the activation of adaptive immune
response by presenting antigens to T-cells (Cumberbatch et al.,
2003). Epidermis also acts as an adjuvant in the potentiation
of inflammatory pathways and in the preparation of more effi-
cient systemic immune responses with improved B- and T-cell
activation (Gutowska-Owsiak and Ogg, 2012; Liu et al., 2010).
In addition, the epidermal surface exhibits particular properties
for a defense strategy against potential pathogens. The strategy
includes maintenance of commensal microorganisms capable of
producing competitor-inhibiting substances, secretion of antimi-
crobial peptides named defensins, and maintenance of acid pH
levels to hinder the installation and growth of certain microorgan-
isms (Harder et al., 2013; Namjoshi et al., 2008; Niyonsaba et al.,
2009). Although scantily reported to date, there are indications that
epidermal desquamation helps to eliminate toxins such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) (Geusau et al., 2001).
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Active ingredients

Action mechanisms

References

Ajuga turkestanica
hydroalcoholic
extract?

Botryococcus braunii
microalgae

Coffea arabica L. seed
oil

Eucalyptus extract
(standardized in
macrocarpal A)?

Glycerol®

Gypsum fibrosum
extract (standardized
in 0.3% of CaS04)

Kanglaite (mixture of
extractions of coix
seed)

Lithospermum
erythrorhizon
aqueous extract

Natural oils, waxes or
derivatives®

Piptadenia colubrina
extract?

Rice-derived
glucosylceramide

Simarouba amara
extract?

Urea®

A. turkestanica extract increased AQP3 and filaggrin expression compared with non-treated groups in studies
with experimental human keratinocyte models and cocultures of human keratinocytes and fibroblasts. These
results led to the application of the extract in formulations; a significant increase hydration was observed in
human skin, which strengthens the role of these water channels and small solutes in the skin as a regulation
mechanism for the hydration of the skin

Extract of these microalgae increased significantly the AQP3 gene expression in human keratinocyte cultures
in vitro. Furthermore, it inhibited hormone-sensitive lipase activity in adipocytes and increased the
biosynthesis of collagen I and III in fibroblasts. To an important extent, the extract increased expression of
cornified envelope proteins, such as filaggrin and involucrin, and exhibited a powerful antioxidant activity, for
example in reducing nitric oxide production

C. arabica L. seed oil induces TGF-3 and GM-CSF increase in cell culture; both are associated with increased
synthesis of extracellular matrix and recovery of neurological response, and also with increased AQP3 gene
expression in culture and ex vivo skin

Addition of eucalyptus extract to a culture of human keratinocytes increased ceramide levels in a
dose-dependent manner, as well as glucosylceramide and sphingomyelin biosynthesis. Topical application of
the extract on dry human skin promoted increase in SC ceramide levels, reduction of TEWL, and improved
barrier function of the skin. Addition of macrocarpal A, the chief phytochemical in eucalyptus extract,
promoted an increase in the amount of ceramide, as well as the expression of acid palmitoyl-transferase,
sphingomyelinase, glucosylceramide synthase and glucocerebrosidase. Results indicate a possible therapeutic
application of this extract for a variety of skin disorders

Glycerol promotes a significant increase of AQP3 and AQP10 gene expression in human keratinocyte culture in
vitro. Moreover, in skin exposed to UVB radiation, which reduces the presence of these proteins in the skin,
glycerol has been shown to promote the preservation of this expression, contributing to the maintenance of
hydric homeostasis in the skin when confronted with this type of environmental aggression

Animals treated with oral doses of 0.3% G. fibrosum extract or 0.3% of CaSO4 revealed a significant increase in
AQP3 expression relatively to non-treated groups. This shows that both the extract and its main active
ingredient by itself are capable of stimulating AQP3 expression, contributing positively to the maintenance of
hydric homeostasis in the skin

In a photoaging study using different experimental models, including in vitro and skin-equivalent models,
kanglaite increased AQP3 gene expression. It was also capable of inhibiting the reduction of the expression of
this protein caused by keratinocyte exposure to UVB radiation

Aqueous gromwell (L. erythrorhizon) extract induced more intense keratinocyte and fibroblast migration with
increased lipid synthesis in an experimental model that simulates wound healing. Cell groups treated with the
extract showed a significant increase in phospholipids, sphingolipids (ceramides and glucosylceramides), and
neutral lipids. These findings indicate that the aqueous L. erythrorhizon extract has an important mechanism
linked to the improvement of barrier function and consequent maintenance of skin hydration

There are countless available possibilities of using natural compounds whose lipid composition mimics SC
elements, or else acts as an adjutant in skin hydration. The following stand out: amaranth oil, apricot oil, argan
oil, candelilla wax, canola oil, carnauba wax, castor oil, coconut oil, corn oil, jojoba oil, jojoba wax, lanolin,
lecithin, olive oil, palm oil, rice bran oil, safflower oil, sesame oil, shea butter, soybean oil, squalane, sunflower
oil, sweet almond oil, wheat-germ oil, and yellow beeswax, among others

P. colubrina hydroglycolic extract, standardized for total arabinogalactans, increased AQP3 gene and protein
expression in keratinocyte culture and ex vivo skin. Extract also increased the expression of the cornified
envelope proteins filaggrin and involucrin. These skin-hydration related results were substantiated with
findings from clinical studies, in which formulations containing the extract increased the corneometric indices
and reduced TEWL

Rice-derived GCFr significantly changed the SC ceramide profile in a human skin-equivalent model. Oral
administration of this GCFr fraction in mice (3 and 10 mg/kg/day) reduced TEWL in the group exposed to
sodium lauryl sulfate. In the skin fragments, ceramide I had increased, while GlcCer (EOS) and the mixture of
the GlcCer +GlcCer A/B complex had diminished. These shifts were followed by an increase in GCSase and
glucocerebrosidase expression. On the other hand, the expression of GlcCer (d18:2), ceramides 1 and 2, GlcCer
(EOS), and GlcCer A/B increased in skin equivalent and was followed by the expression of GCSase and
epidermal maturation markers for these ceramides. These results suggest that oral administration of GCFr
counterbalanced epidermal ceramide loss by increasing GlcCer metabolism, which resulted in TEWL reduction
and barrier function improvement

Immunohistochemical analysis of skin fragments treated with S. amara extract demonstrated an increase in
involucrin expression and transglutaminase activation. These results were corroborated by clinical and
instrumental methodologies which provided evidence of effects related to improvement of barrier function
and skin hydration

Urea was shown to stimulate significantly the expression of AQP3, AQP7 and AQP9, as well as of cornified
envelope proteins (filaggrin, loricrin and involucrin), in addition to promoting increase in the activity of
transglutaminase-1 and other enzymes involved in skin lipid synthesis

Dumas et al. (2007,
2002)

Buono et al. (2012)

Velazquez Pereda et al.
(2009)

Ishikawa et al. (2012)

Jungersted et al. (2013),
Lodén and Maibach
(1999), Xie et al. (2013)

Ikarashi et al. (2012)

Shan et al. (2012)

Kim et al. (2012a)

Budai et al. (2012), de

Waroux Yle (2013),
Huang et al. (2009)

Pereda et al. (2010)

Shimoda et al. (2012)

Bonté et al. (1996)

Grether-Beck et al.
(2012), Lodén and
Maibach (1999)

a Active ingredients with placebo/vehicle controlled studies in vivo in man. AQP, aquaporin; GCSase, glucosylceramide synthase; GlcCer, EOS, esterified w-hydroxy fatty
acid and sphingosine [EOS]; GM-CSF, granulocyte-macrophage colony-stimulating factor; GCFr, glucosylceramide fraction; SC, stratum corneum; TGF-f3, transformation
growth factor B; TEWL, transepidermal water loss; UVB, ultraviolet B.

As the skin ages, agents that stimulate the epidermal immune
defense system undergo significant changes: total number of
Langerhans cells diminishes, as does their functional capability
(Ogdenetal.,2011; Xuetal.,2012); secretion level of IL-1 is reduced
and affects mitotic capacity and epidermal lipid synthesis (Ye et al.,
2002); and SC surface pH tends to become more basic (Choi et al.,
2007; Hachem et al., 2005). Furthermore, in addition to activating

epidermal immune response, constant exposure to toxins and/or
pollutants accelerates skin aging (Vierkotter and Krutmann, 2012).
Toxins present in cigarettes damage healing processes, trigger
onset of diseases, increase hair loss, and cause premature skin
aging and formation of deep wrinkles (Morita et al., 2009). Organic
particles released by burning tobacco’s smoke induce apoptosis
in keratinocytes (Pedata et al.,, 2012). Exposure to air pollution
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Table 3
Cytokines produced by epidermal cells, with constitutive or induced expression.

Cells Cytokines

Keratinocytes
Langerhans Cells
Melanocytes

G-CSF, GM-CSF, IFN-v, IL-1a, IL-1, IL-3, IL-6, IL-7, IL-8, IL-10, IL-12, IL-15, IL-18, IP-10, M-CSF, MCP-1, MIP-1a, TGF-a, TGF-(3, TNF-ot
IFN-v, IL-1e, IL-1, IL-6, IL-15, IL-18, MIP-1c, MIP-2, TGF-3
G-CSF, GM-CSF, IL-1¢, IL-1, IL-6, IL-7, IL-8, IL-10, IL-12, MCSF, MIP-1a, MCP-1, TGF-a, TGF-f3, TNF-x

G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, Interferon; IL, interleukin; IP, IFN-vy inducible protein; M-CSF,
macrophage colony-stimulating factor; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory protein; TGF, transformation growth factor; TNF, tumor

necrosis factor.

showed significant correlation with signs of aging, such as dark
spots and fine lines on the skin of 400 Caucasian women (Vierkotter
et al., 2010). Moreover, capacity of response to pollutants has been
suggested to diminish with age (Valacchi et al., 2012).

Active ingredients capable of regulating the immune defense
function of the epidermis include those that can modulate inflam-
matory responses or stimulate the synthesis of natural defense
compounds, such as antimicrobial peptides. Table 4 covers natu-
ral extracts and compounds of various origins which have been
described for this type of application, such as resveratrol and its
widely studied anti-inflammatory properties (for recent review, see
Baur and Sinclair, 2006).

We were unable to identify any effectively proven therapeu-
tic opportunities for epidermal regulation of toxin removal. It is
therefore advisable to avoid excessive exposure to polluting or
toxic substances and to pursue a healthier lifestyle. An exam-
ple of this approach is a survey using future projections of the
appearance of women who used tobacco led many female vol-
unteers to stop smoking (Grogan et al., 2011). Indeed, cigarette
smoking represents an environmental stressor that can damage
SC, modifying its lipid composition by increasing the expression
of scavenger receptor B1 (SR-B1), related to cholesterol uptake.
Resveratrol was recently described as a SR-B1 inhibitor in kerati-
nocytes in a dose-dependent manner, suggesting a skin protective
potential against cigarette smoking (Sticozzi et al., 2014). Resver-
atrol is also able to induce phosphorylation of EGFR (epidermal
growth factor receptor), whose signaling pathway regulates the
expression of interleukins (IL) by human keratinocytes, such as IL-
8 (Pastore et al., 2013). Moreover, in association with its natural
precursor polydatin, resveratrol modulates gene expression of IL-
6, IL-8 and tumor necrosis factor-alpha (TNF-a), and augments the
release of human beta-defensin 2 whose combined action might
mediate a positive outcome related to the skin response to toxins
(Ravagnan et al., 2013).

5. Solar radiation protection and antioxidant activity

Solar radiation is a leading environmental factor that affects
human skin, particularly radiation in the ultraviolet (UV) region
of the spectrum, which is divided into UVA (320-400 nm), UVB
(280-320nm) and UVC (100-280nm, mostly absorbed by the
ozone layer) (Hockberger, 2002). In addition to UV rays, infrared
radiation (IR, above 800 nm) may also lead to biological changes
in living organisms (Polefka et al., 2012). As the amount of energy
is inversely proportional to the wavelength, UVB delivers more
energy than UVA. However, UVA has a higher penetration rate and
reaches the deepest epidermal layers, while UVB affects primarily
epidermis and papillary dermis (Hoffmann et al., 2000). UVB is
harmful to biological tissues in that it causes direct injury in
molecules such as nucleic acids and proteins, whereas the action of
UVA is less understood and involves oxidative stress and produc-
tion of reactive oxygen species (ROS) that may damage different
cell components through propagation reactions (Césarini et al.,
2003; Droge, 2002; Hockberger, 2002). ROS may originate from
processes such as cell respiration, or from exogenous agents such as

UV radiation, which intensify the formation of such oxygen species
in the skin (Burke, 2010; Palmer and Kitchin, 2010; Puizina-Ivic
etal.,2010; Rahimpour and Hamishehkar, 2012). UV acts as a broad
activator of cell surface receptors, inducing multiple downstream
signaling pathways that regulate expression of multiple genes
(Rittié and Fisher, 2002). Epidermal cells - and keratinocytes in
particular - have an internal machinery capable of preventing, to a
certain extent, the occurrence of UVB-induced mutations by elimi-
nating ROS and inducing cell cycle arrest for subsequent DNA repair.
However, if the levels of accumulated damage in DNA become crit-
ical, or ROS amounts come to be excessive, an apoptosis-inducing
mechanism is activated to prevent malignant changes from taking
place in the cells (Kulms et al., 2002). The closer to BL, the greater
the chances for a keratinocyte to undergo a malignant transfor-
mation, which is why the epidermis is endowed with additional
protective mechanisms, such as pigmentation and higher cell
susceptibility to UVB-induced apoptosis (Schéfer et al., 2010).

Endogenous components for the removal of ROS are in place
all over the body. Transcription factor Nrf2 (NF-E2-related fac-
tor 2) is an important cytoprotector that induces production of
enzymatic and non-enzymatic elements for antioxidant defense
(Beyer et al., 2007; Schdfer et al., 2010). In human skin, antioxi-
dant capacity of epidermis is much greater than that of dermis.
Several antioxidant components in the epidermis have higher
(enzymatic) activity or (non-enzymatic) concentration percentages
than the corresponding components in dermis: superoxide dismu-
tase (126%), glutathione peroxidase (61%), glutathione reductase
(215%), glucose-6-phosphate dehydrogenase (111%), isocitrate
dehydrogenase (313%), a-tocopherol (90%), ubiquinol 10 (900%),
ascorbic acid (425%), uric acid (488%), reduced glutathione (513%),
and total glutathione (471%) (Shindo et al., 1994).

UV radiation effects are the main cause of extrinsic skin aging
or photoaging, a condition that may be aggravated when com-
bined with IR exposure (Kligman, 1982; Polefka et al., 2012). Skin
defenses against oxidative damage become vulnerable with age
(Keogh et al., 1996). Elimination of DNA damage, such as removal
of UVB-induced pyridine dimers, is slower in the epidermis of older
individuals (Yamada et al., 2006). By the same token, antioxidant
capacity of epidermal cells declines with age following reduction
of a-tocopherol, ascorbic acid and glutathione concentrations (Rhie
et al.,, 2001). As a result, aged skin shows increasing levels of oxi-
dized proteins that become inactive and accumulate inside the cells
(Sander et al., 2002).

Table 5 lists active ingredients described in the literature as
capable of acting on the regulation of protection against solar radia-
tion, as well as for their antioxidant activity. Exogenous antioxidant
supplementation is currently the most explored therapeutic alter-
native (for review, see Dreher and Maibach, 2001). Topical and oral
antioxidant use may reinforce the action of endogenous molecules
in protection against ROS. Cosmetics formulated with antioxidants
are among the most popular antiage products in the market world-
wide (Palmer and Kitchin, 2010; Stamford, 2012). In addition, the
use of sunscreens in cosmetic formulations is a preventive measure
to avoid damaging effects of excessive solar radiation (for criti-
cal considerations, see Lodén et al., 2011). In view of the ample



M. Lorencini et al. / Ageing Research Reviews 15 (2014) 100-115 107

Table 4
Active ingredients regulating epidermal immunological defense.

Active ingredients

Action Mechanisms

References

Association of standardized
Pfaffia paniculata,
Ptychopetalum olacoides B.
and Lilium candidum extracts

Butea monosperma (Lam.) Taub.
flowers extract

Coffea arabica L. seed oil

Imiquimod

Korean red ginseng extract

Leontopodium alpinum extract

Natural extracts of arnica
flowers, betel nuts, black
elder bark, and mugwort root

Red orange extract

Resveratrol®

Association of standardized plant extracts of P. paniculata, P. olacoides B. and L. candidum promotes
significant anti-inflammatory action by reducing PGE2, LTB4 and histamine production in a model of
cultivated normal human keratinocyte cells stimulated with LPS

Hydroglycolic B. monosperma flower extract is capable of reducing secretion of pro-inflammatory
cytokines IL-1f3, IL-6 and IL-8 in cell culture of normal human keratinocyte by approximately 32, 33
and 18%, respectively. In addition, the extract also inhibits the production of PGE2 and secretion of
MMP-1, MMP-2, MMP-9 e MMP-10

C. arabica L. seed oil induces increase of TGF-f3 and GM-CSF in keratinocyte cell culture; both are
associated with increased extracellular matrix synthesis and immune response recovery

Topical application of imiquimod in a murine model revealed a potential for recovery of the epidermal
barrier following treatment with tacrolimus. The potential was determined by stimulating IL-1a
production, and also by an increase in the gene expression of mBD3 and CRAMP, two important
antimicrobial peptides

Treatment of human keratinocyte cells with Korean red ginseng extract indicated its capability to
control LPS-stimulated inflammatory response with a dose-dependent decrease of TNF-a and IL-8
production

L. alpinum extract inhibited IL-8, IP-10, MCP-1, GM-CSF, TNF-a, and IFN-y levels, dose-dependently, in
human keratinocyte cell cultures exposed to radiation or LPS. Results demonstrate anti-inflammatory
and immunomodulating activities of this extract

Natural extracts of arnica (Arnica montana) flowers, betel (Areca catechu) nuts, black elder (Sambucus
nigra) bark, and mugwort (Artemisia vulgaris) root stimulated gene expression of defensins (hBD2
and/or hBD3) in a normal human keratinocyte culture model. In some cases or at specific
concentrations, the extracts also induced secretion of cytokines, including MIP-3a, IL-8, and IL-1a

Red orange extract (Citrus sinensis varieties: Moro, Tarocco, Sanguinello) has high levels of
anthocyanins, flavanones, hydroxycinnamic acids, and ascorbic acid. Its anti-inflammatory activity
was assessed in human keratinocytes (lineage NCTC 2544) exposed to IFN-y and histamine. Treatment
with red orange extract at different concentrations inhibited expression of ICAM-1 and secretion of
MCP-1 and IL-8

Resveratrol or its natural precursor, polydatin, on human keratinocytes (lineage HaCaT) promoted the
modulation of gene expression of cytokines IL-6, IL-8, and TNF-q, and also stimulated the expression
of Hsp70B (important for cytoprotection and cell repair) and hBD2

Eberlin et al. (2009)

Krolikiewicz-Renimel
etal. (2013)

Velazquez Pereda et al.
(2009)
Jungetal. (2011)

Hong and Lyu (2011)

Daniela et al. (2012)

Pernet et al. (2005)

Cardile et al. (2010)

Baur and Sinclair
(2006), Ravagnan et al.
(2013)

2 Active ingredients with placebo/vehicle controlled studies in vivo in man. CRAMP, cathelin related antimicrobial peptide; GM-CSF, granulocyte-macrophage colony-

stimulating factor, Hsp, heat shock protein; hBD, human beta defensin; ICAM-1, intercellular adhesion molecule 1; IFN-v, interferon +y; IL, interleukin; LPS, lipopolysaccharide;
LTB4, leukotriene B4; mBD, mouse beta-defensin; MCP-1, monocyte chemoattractant protein-1; MIP-3a, macrophage inflammatory protein 3a; MMP, matrix metallopro-
teinases; PGE2, prostaglandin E2; TGF-[3, transformation growth factor 3; Th, T helper cell; TNF-«, tumor necrosis factor c.

exposure of epidermis to sunlight and its fundamental role as the
first barrier in the fight against ROS, numerous studies have been
investigating and proposing options of active ingredients with this
protective function.

Among the widely characterized compounds that are capable
of protecting skin from solar radiation are green tea extract
and resveratrol (Nichols and Katiyar, 2010). Green tea extract
and its main polyphenols - notably epigallocatechin-3-gallate
and epicatechin-3-gallate - have shown positive effects against
inflammation, oxidative stress and DNA damage, with potential
to nullify several biochemical processes induced or mediated by
UV radiation, such as erythema and premature skin aging (Nichols
and Katiyar, 2010; Tiirkoglu et al., 2010). Protective effects of
polyphenols were also observed due to inhibition of UVA-induced
ROS production, mitogen-activating protein kinase activation,
and expression of ciclooxigenase-2 (Chan et al., 2008). However,
an evaluation of different commercial green tea extracts, used
to enrich cosmetic formulations, revealed that photoprotective
properties can be affected by the methodologies employed for
production of the herbal mixtures (Silva et al., 2013). Therefore,
the use of standardized extracts, at least in terms of polyphenols
content, seems to be essential to assure the efficacy of products
containing such ingredients. Resveratrol, another well-known
antioxidant molecule (Bastianetto et al., 2010), is a phytoalexin
isolated mainly from grapes (Jagdeo et al., 2010). As a very promis-
ing natural drug, resveratrol has been widely explored in the last
years to fight aging and age-associated disturbes with consistent
in vivo applications (for recent review, see Baur and Sinclair, 2006)
and different mechanisms of action, including: (1) reduction of
intracellular hydrogen peroxide-upregulated ROS (Jagdeo et al.,
2010), (2) activation of sirtuin - in special SIRT1 that is capable of

deacetylate histones promoting increased DNA stability and persis-
tent

survival in mammals-and cellular protection against UV damages
via modulation of p53 and JNK pathways (Cao et al., 2009), and (3)
significant cancer chemopreventive potential (Qian et al., 2009).

6. Concluding topics and prospects

With the growing lifespan and quality of life of the population
worldwide, appearance of skin becomes increasingly important for
people to feel safe and confident in their social interactions. Skin
products currently in use are based on new standards of personal
hygiene and health, in addition to transmitting a significant esthetic
appeal. Moreover, skin care represents an additional benefit for
the elderly, since it also helps to prevent skin disorders and can-
cer development (Farage et al., 2008a). In its efforts to meet the
escalating demand for treatments, development of products keeps
abreast of the rapidly evolving knowledge of skin physiology and
its functional deterioration with age. Two work fronts cooperate for
these advances in knowledge: (1) identification of new biological
mechanisms associated with skin aging, and (2) continuous discov-
eries of new forms of acting to prevent the appearance of or recover
signs of aging.

New active ingredients, formulations and suitable delivery
systems that may induce the recovery of biological functions
affected by age are being sought both by cosmetic and phar-
maceutical industries (Kaur et al., 2007). Moreover, a growing
movement is under way to customize treatments by taking specific
needs of each individual into account. This is the development of
tailored medicine, whereby ingredients and their combinations
are optimized in a unique composition intended for a specific
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Active ingredients for regulation of epidermal protection against solar radiation and antioxidant activity.

Active ingredients

Action mechanisms

References

Astaxanthin?®

Apigenin and
luteolin

B-Carotene

Calluna vulgaris
extract

Cocoa powder?
Cynaropicrin
Epicatechin-3-

gallate

Epigallocatechin-3-
gallate?

Fucoxantin

General
carotenoids?

Grape seed proan-
thocyanidins

Green tea extract?

Jacquez grapes
wine extract

L-carnosine and
Rhodiola rosea
extract
association

Lycopene?

Mangifera indica L.
extract
Mangiferin

Myricetin
N-acetyl cysteine

and genistein®
Naringenin

Astaxanthin, derived from the microalga Haematococcus pluvialis and administered both orally and topically in humans,
provided significant inhibition of melanogenesis in age spots by suppressing oxidative melanocyte polymerization and
inflammation of the epidermis. Treatment with astaxanthin also acts by protecting keratinocytes from differentiation
and cornification induced by oxidative damage

Apigenin and luteolin jointly inhibited the production of ROS in, and increased the viability of, HaCaT cells irradiated
with UVA. Pretreatment of the keratinocytes with these flavonoids also inhibited UVA-induced production of MMP-1
and suppressed the expression of c-jun and c-fos, as well as MAPK phosphorylation. Flavonoids also diminished the
calcium influx and Ca?*/CaMKs phosphorylation

B-Carotene inhibited UVA-induced gene modulation in a HaCaT human keratinocyte lineage. In non-irradiated cells, the
gene regulation suggests that 3-carotene significantly reduced signs of stress and degradation of the extracellular
matrix, in addition to promoting the differentiation of the keratinocytes. These effects occur via singlet oxygen
sequestration

Topical application of C. vulgaris extract (4 mg polyphenols/cm?) on mice during 30 min before exposure to UVB
radiation, for 10 days, provided protection to the skin, reducing the levels of TNF-a and IL-6 cytokines and pirimidin
dimers, and the formation of UVB-induced sunburn cells. Therefore, C. vulgaris extract protects the skin from
sun-induced DNA damage

Female volunteers who took these flavonoids during 12 weeks showed reduced UV radiation-induced erythema,
improved skin appearance and hydration, increased skin layer thickness, and lower TEWL

Cynaropicrin prevents photoaging of micel by suppressing photo-induced (especially UVB radiation-induced)
transactivation of NF-«kB

ECG inhibits keratinocyte death induced by UVA and UVB in a dose-dependent manner. For UVA, this mechanism
proceeds by inhibiting hydrogen peroxide production. For UVB, ECG inhibited membrane lipid peroxidation in treated
cells, in addition to blocking the activation of ERK1/2, p38 and JNK in keratinocytes. Therefore, ECG was demonstrated to
have an important antioxidant potential to prevent photodamage

EGCG promotes keratinocyte survival and inhibits UV-induced apoptosis with the aid of a dual mechanism: (1)
increased Bad phosphorylation through ERK-AKT-dependent pathways; (2) increased Bcl-2/Bax ratio. EGCG treatment
of human HaCaT keratinocyte cultures lowered UVB-induced cytotoxicity and also inhibited mRNA expression of
apoptosis-regulating genes p53 and p21, and gene c-fos, in addition to blocking the secretion of cytotoxins IL-6 and
TNF-a. These data suggest that EGCG may be used for its antiaging effect and as a tumoral inhibitor in human skin.
Moreover, EGCG can inhibit/regulate NF-kB action, iNOS gene expression, and NO generation in keratinocytes following
UVB exposure. It suggests that EGCG may have an inhibitory effect on photodamage caused by UVB in the epidermis. In
human in vivo evaluation, the addition of EGCG to a broad-spectrum sunscreen decreased UV-induced damage
compared with sunscreen alone

Fucoxantin antioxidant activity inhibited vessel formation induced by UVB exposure in a hairless mice model.
Expression of VEGF abates with reduction in wrinkle formation, diminishing epidermal hypertrophy caused by UV
exposure

Raman spectroscopy showed that, as a defense mechanism against harmful irradiation and environmental factors,
topical application of carotenoids enhances the defense potential of the human epidermis. In addition, carotenoids are
recognized as excellent nutricosmetics, improving skin resilience and hydration

Human keratinocytes irradiated with UVB and treated with GSP’s inhibited formation of UVB-induced hydrogen
peroxide, lipid peroxidation, protein oxidation, DNA damage, as well as depletion of antioxidant components, such as
glutathione peroxidase, catalase, superoxide dismutase, and glutathione. GSP’s also inhibit phosphorylation of ERK1/2,
JNK, p38 and proteins of MAPK family, as well as UVB-induced activation of NF-kB/p65. These results suggest that GSP
may attenuate UV-induced oxidative stress in human skin

Green tea extract enhances skin photoprotection through anti-inflammatory, antioxidant, and DNA repair mechanisms.
In mice stimulated by psoralen and UVA (a quite common psoriasis treatment), orally-administered green tea extract
inhibited c-fos and p53 protein accumulation. In reconstituted skin model, green tea extract inhibited psoralen plus
UVA-induced 8-methoxypsoralen-DNA adduct formation and p53 protein accumulation. Topic treatment of human skin
with green tea extract lowered UV-induced p53 expression as well as the number of apoptotic keratinocytes

Jacquez grapes wine extract efficiently prevents the skin from suffering oxidative damage induced by exposure to UVB
radiation. This photoprotective effect is attributed to the rich polyphenol content of the extract. Its application, tested
on reconstituted skin, helps to maintain the epidermal redox state even after exposure to radiation

This association of extracts modulates 3-endorphin, enkephalin, CGRP, substance P, IL-1a,, TNF-a and IL-10 levels in
normal human keratinocytes in basal conditions, as well as under conditions of acute or chronic exposure to UV
radiation

Employed in several formulations for topical use, lycopene shows hight therapeutic potential to recover epidermal
antioxidants lost as a result of UV exposure and, in addition, acts to protect the skin from damage caused by UV.
Lycopene was also found to work as a preventive agent by inhibiting the activity of epidermal ornithine decarboxylase,
reducing inflammation, maintaining cell proliferation at normal levels and, possibly, preventing damage to DNA from
apoptosis blockage (in particular by inhibition of caspase-3), after exposure to UVB

Mice treated orally with mango (M. indica L.) extract exhibited a significant capacity to modulate harmful effects of UV
radiation by inhibiting epidermal hypertrophy

Mangiferin is a sequestrant of ROS, superoxide radicals, and hidroxyl radicals. In HaCaT human keratinocyte cultures,
mangiferin inhibited the induction of MMP-1 generated by hydrogen peroxide, blocking AP-1 DNA binding. In addition,
mangiferin inhibited keratinocyte cell death by down-regulating MEK-ERK and SEK-JNK pathways

Myricetin inhibits UVB-induced human keratinocyte death in a dose-dependent fashion, by inhibiting hydrogen
peroxide build-up and c-jun activation induced by UVB

Pretreatment of human skin with N-acetyl cysteine in conjunction with genistein blocked UV-induction of collagenase,
indicating a photoprotective potential for this ingredient

Treatment of HaCaT human keratinocytes with naringenin extended the long-term survival of the cells after irradiation
with UVB. UVB-induced PARP-1 cleavage, caspase activation, and Bax/Bcl2 ratio were modulated after the naringenin
treatment, indicating an antiapoptotic effect for this active ingredient. Also, when HaCaT cells are irradiated with UVB,
naringenin increases CPD removal, which indicates that the active ingredient has a protective effect against DNA damage

Tominaga et al.
(2012)

Hwang et al. (2011)

Wertz et al. (2005)

Olteanu et al. (2012)

Heinrich et al. (2006),
Katz et al. (2011)
Tanaka et al. (2013)

Huang et al. (2007,
2005), Nichols and
Katiyar (2010)

Chen et al. (1999),
Chung et al. (2003),
Luo et al. (2006),
Matsui et al. (2009),
Song et al. (2006),
Tobi et al. (2002)

D’Orazio et al. (2012),
Urikura et al. (2011),
Yasuda et al. (1999)
Anunciato and da
Rocha Filho (2012),
Darvin et al. (2009),
Lademann et al.
(2011)

Mantena and Katiyar
(2006)

Mnich et al. (2009),
Nichols and Katiyar
(2010), Zhao et al.
(1999)

Tomaino et al. (2006)

Dieamant et al.
(2008)

Andreassi et al.
(2004), Fazekas et al.
(2003)

Song et al. (2013)

Chae et al. (2011)

Huang et al. (2010)
Kang et al. (2003)

El-Mahdy et al.
(2008)
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Active ingredients

Action mechanisms

References

Phenylpropanoid
glycosides

Polyphenol-rich
pomegranate
fruit extract

Polypodium
leucotomos
exctract

Red orange extract

Resveratrol?

Rheum rhaponticum
L. rhizome
extract

Sea buckthorn fruit
blend

Silk lutein

Soybean extract

Tannase-converted
green tea extract

Tectroside

Vitamin C*

Vitamin E®

Vitis vinifera shoot
extract

Zeaxanthin and
lutein®

Phenylpropanoid glycosides (verbascoside, forsythoside B, echinacoside and campneoside I) induced Nrf2 and
cytoprotective enzyme activity, and exhibited antioxidant activity in HaCaT human keratinocyte cultures

POMXx effect on photoaging and UVB-induced oxidative stress was evaluated on HaCaT human keratinocytes.
Pretreatment with POMx modulated UVB effects related to reduction in cell viability and intracellular glutathione
content, and increase in lipid peroxidation. POMx was also capable of inhibiting increases in MMP-1, -2, -9, and -7,
reduction of TIMP-1, and UV-induced phosphorylation of MAPK and c-jun

Oral administration of P. leucotomos extract in mice during 5 days prior to UV exposure and 2 days following irradiation
reduced the number of proliferating cells in the epidermis by 13%, promoted an increase in p53-positive cells, and
increased the antioxidant capacity of plasma by 30%. The beneficial effect of P. leucotomos extract is probably due to its
antioxidant and anti-ROS properties

Red orange extract was able to neutralize UVB-induced response efficiently in HaCaT human keratinocytes and, in
particular, some of the events associated with inflammation and apoptosis, such as NF-kB and AP-1 translocation and
procaspase-3 cleavage. This activity is probably due to a blockage of events related to cell oxidative stress, showing that
red orange extract may be useful for the photoprotection of the skin

Human skin has specific bonding sites for resveratrol, which has a potential to delay, or even arrest, the normal course
of skin aging by blocking apoptotic events and mitochondrial disfunctions in keratinocytes. Studies with the HaCaT
human keratinocyte lineage have shown trans-resveratrol to be able to inhibit hydrogen peroxide production. In
humans, in addition to providing a protective effect against UVA radiation, trans-resveratrol even improves clinical
signs of aging when used in association with 3-cyclodextrin excipient

Rhubarb extract (R. rhaponticum L.) showed antiradical characteristics and antioxidant properties against lipid
peroxidation in vitro; the extract also reduced tirosinase activity. In addition, it inhibited the production of IL-1c,
TNF-a, and a-MSH, and the activity of tyrosine kinase in human melanocytes subjected to UV radiation

UV-irradiated mice were treated orally with a blend of sea buckthorn fruit extract, blueberry extract and collagen. Oral
ingestion of SFB reduced formation of wrinkles and helped to maintain skin thickness. SFC-treated mice showed
inhibited TEWL and increased skin moisture content. SFB application reduced MMP-1 and -9 expressions, and regulated
SOD activity levels

Protection against harmful effects of UVB was evaluated for lutein extracted from yellow silk cocoons, in comparison
with plant-derived lutein, in primary human keratinocytes or lineage CCD 1102 KERTT. Silk lutein was not cytotoxic for
keratinocytes, and also protected the cells that received treatment prior to UVB iradiation, reducing the cytotoxicity and
the levels of cell apoptosis

Soybean extract, rich in isoflavones, inhibited UVB-induced cell death in HaCaT human keratinocytes, as well as p38,
JNK and ERK1/2 phosphorylation. In mice, topic application prior to UV irradiation was shown to diminish epidermal
thickness and COX-2 and PCNA expression, and also to increase catalase concentration

Tannase, an enzyme produced by fungi, yeasts and bacteria, hydrolyzes catechin gallates (EGCG and ECG) from green tea
and enhance its potential application for elimination of radicals, such as hydrogen superoxide and peroxide. A
formulation containing tannase-converted green tea extract was used to inhibit UV-induced oxidative damage in mice
epidermis. Formulation acted by preventing glutathione reduction and controlling hydrogen peroxide levels. Mice
treated with FTGE displayed a significant reduction in the levels of thiobarbituric acid reactive substances by lipid
peroxidation, in comparison with non-UVB-irradiated controls, which indicates that this formulation is effective in
protecting the skin against photoaging

Tectroside or lactone inhibits UVB-induced production of proinflammatory cytokines (IL-6 and IL-8) in HaCaT human
keratinocyte cultures, in a dose-dependent manner. It also inhibits COX-2 expression and JNK phosphorylation. These
results suggest that this compound has the potential to protect the skin against UVB-induced inflammation

Vitamin C or ascorbic acid reduces effects of aging, such as deep and superficial wrinkles, and increases skin elasticity,
firmness, roughness, and hydration. Evaluation of ascorbic acid and its derivatives, AA 2-phosphate e AAS 2-glucoside,
on UVB-induced cytotoxicity in HaCaT human keratinocytes showed that, unlike its derivatives, ascorbic acid was
unable to inhibit cytotoxicity

One of the forms of vitamin E, a-tocopherol, is widely known for its antioxidant potential. The inhibitory role of
a-tocopherol in the regulation of IL-8 and AP-1 production in human keratinocyte exposed to UVA was assessed and
shown to inhibit significantly the activity of NADPH oxidase, which would be responsible for the activation of IL-8 and
AP-1; a-tocopherol also inhibited malondialdehyde-thiobarbituric acid formation in cells exposed to UVA radiation

V. vinifera shoot extract shows a higher in vitro antioxidant capability than vitamin C or E. An aquous V. vinifera L. tendril
extract, applied in human keratinocytes (NCTC 2544) was able to increase the concentration of reduced glutathione and
the activity of trans plasma membrane oxido reductase, in a time- and dose-dependent fashion, which demonstrates
that the extract has a relevant antioxidant activity

Increased intake of lutein improved the health of the skin when supplemented orally or applied topically (zeaxanthin
and lutein), as assessed on the basis of the following five physiological parameters: skin surface lipids, skin hydration,
photoprotective activity, skin elasticity, and lipid peroxidation. Oral or topical administration improved such
measurements significantly: oral administration resulted in better protection against changes in lipid peroxidation and
in photoprotective activity following UV irradiation. Nevertheless, combined oral and topic administration provide a
higher degree of protection. Other studies have also demonstrated the protective effect of this combination against
epidermal hyperproliferation and inflammation after UVB exposure in mice

Sgarbossa et al.
(2012)
Zaid et al. (2007)

Rodriguez-Yanes
etal. (2012)

Cimino et al. (2007)

Bastianetto et al.
(2010), Baur and
Sinclair (2006), Chen
et al. (2006),
Moyano-Mendez
etal. (2013)

Silveira et al. (2013)

Hwang et al. (2012)

Pongcharoen et al.
(2013)

Chiu et al. (2009)

Hong et al. (2012)

Kim et al. (2013)

Haftek et al. (2008),
Raschke et al. (2004),
Yasuda et al. (2004)

Wau et al. (2008)

Cornacchione et al.
(2007), Fraternale
etal. (2011)

Evans and Johnson
(2010), Gonzélez

et al. (2003), Palombo
etal. (2007)

2 Active ingredients with placebo/vehicle controlled studies in vivo in man. AKT, protein kinase B; AP-1, activator protein 1; Bad, Bcl-2-associated death promoter; Bax,
Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; c-fos, cellular oncogene fos; c-jun, cellular oncogene jun; CaMKs, calmodulin-dependent protein kinases; CGRP,
calcitonin gene-related peptide; COX-2, ciclooxigenase-2; ECG, epicatechin-3-gallate; EGCG, epigallocatechin-3-gallate; ERK, extracellular-signal-regulated kinases; FTGE,
tannase-converted green tea extract; GSP, grape seed proanthocyanidins; IL, interleukin; iNOS, inducible nitric oxide synthase; JNK, c-Jun NH2-terminal kinase; MAPK,
mitogen-activated protein kinases; MEK, mitogen-activated protein kinase kinase; MMP, matrix metalloproteinases; NF-kB, nuclear factor kappa B; Nrf2, NF-E2-related
factor 2; p21, cyclin-dependent kinase inhibitor 1; p53, protein 53; p65, transcription factor p65; PARP-1, Poly [ADP-ribose] polymerase 1; PCNA, proliferating cell nuclear
antigen; POMX, polyphenol-rich pomegranate fruit extract; ROS, reactive oxygen species; SEK, stress-activated protein kinase/extracellular signal-regulated kinase; Ser,
serine; SFB, sea buckthorn fruit blend; SOD, superoxide dismutase; TEWL, transepidermal water loss; TIMP, tissue inhibitors of metalloproteinases; TNF-c, tumor necrosis

factor o; UV, ultraviolet.
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person (Rizzo and Maibach, 2012; Squassina et al., 2010). If this
movement is to become feasible for skin treatment, it would be
highly useful to have an extensive portfolio of active ingredients
capable of acting on cells, pathways or specific molecules, in
addition to refined skin diagnoses. Lists of potential candidates
for epidermal aging treatment were organized according to this
innovative concept. Mechanisms of action were discussed for
key ingredients, evidencing the importance of in depth scientific
assessment for specific compounds before their use, consider-
ing not just individual needs, but also specific biological and
physicochemical properties, compatibility with intended formu-
lation, as well as the availability of robust pre-clinical and clinical
trials.

Another scientific trend is related to a holistic approach for
the treatment of skin aging. If the skin is to be viewed as a
complex biological system, emergence and advance of research
involving different skin layers or cell types are essential for the
development of more complete and comprehensive therapies. In
this sense, it is important to note that our review was focused on
active ingredients available for topic applications, but new oppor-
tunities have been described for dietary supplements. Distinct
possible applications of ingredients in the treatment of pheno-
types like aging gave origin to new terminologies that has been
more and more diffused in the market, including cosmeceuticals
(topically applied products capable of making changes in the skin
status that are not considered drugs, nor cosmetics, that dec-
orate the skin), nutraceuticals (any substance that is a food or
part of a food that provides medical or health benefits, includ-
ing the prevention and treatment of disease), and nutricosmetics
(a new concept formed by the intersection of cosmeceuticals and
nutraceuticals and referring to oral supplementation of nutri-
ents formulated and marketed specifically for beauty purposes)
(Anunciato and da Rocha Filho, 2012). This nomenclature is not
aligned across legal regulations in different countries but, inde-
pendently of the adopted term, it points to a trend that involves
the development of interdisciplinary activities focused on health
and well-being promotion (Anunciato and da Rocha Filho, 2012;
Vranesic-Bender, 2010). A good example of that is the use of probi-
otics for improvements in the photoprotection capacity of the skin
(Guéniche et al., 2009). Supplementation with the oral probiotic
bacteria Lactobacillus johnsonii (La1l) maintains cutaneous immune
homeostasis after UV exposure, evidenced through substantial
experimental protocols, including randomized, double-blind and
placebo controlled clinical trials (Guéniche et al., 2006, 2008;
Peguet-Navarro et al., 2008; Yang et al., 2011). If combined with
nutriotinal doses of carotenoids, Lal intake reduced early UV-
induced skin damage, suggesting a beneficial influence on skin
photoaging (Bouilly-Gauthier et al., 2010). Cutaneous carotenoids
can be enriched in the skin by nutrition and topically applied
antioxidants, indicated for the prevention of cell damage, pre-
mature skin aging, and skin cancer (Meinke et al., 2013). Indeed,
anti-aging substances derived from food includes different cate-
gories of ingredients, but special attention has been dedicated to
those with antioxidant properties, such as coenzyme Q10, phy-
toestrogens, probiotics and omega-3 fatty acids (Vranesic-Bender,
2010).

This work addresses the issues specifically associated with epi-
dermal aging and was conducted with the intention of providing
a comprehensive list of therapeutic approaches to complement
those that are currently in use and chiefly concerned with the
dermis. This scientific scenario is undergoing rapid expansion
with opportunities for future developments. Growing advances in
research in the fields of molecular biology and skin stem cells are
examples of the next steps to be taken by cosmetology and derma-
tology (Fuand Sun, 2009). For many of actives considered here, well
controlled and executed efficacy and safety studies in man are few

or none. The integrity of interpretation of these therapeutic and/or
preventive actions will - in the end - rest on such information.
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