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Abstract: Human skin aging is due to two types of aging processes, “intrinsic” (chronological) aging
and “extrinsic” (external factor mediated) aging. While inflammatory events, triggered mainly by sun
exposure, but also by pollutants, smoking and stress, are the principle cause of rapid extrinsic
aging, inflammation also plays a key role in intrinsic aging. Inflammatory events in the skin
lead to a reduction in collagen gene activity but an increase in activity of the genes for matrix
metalloproteinases. Inflammation also alters proliferation rates of cells in all skin layers, causes
thinning of the epidermis, a flattening of the dermo-epidermal junction, an increase in irregular
pigment production, and, finally, an increased incidence of skin cancer. While a large number of
inflammatory mediators, including IL-1, TNF-alpha and PGE-2, are responsible for many of these
damaging effects, this review will focus primarily on the role of PGE-2 in aging. Levels of this
hormone-like mediator increase quickly when skin is exposed to ultraviolet radiation (UVR), causing
changes in genes needed for normal skin structure and function. Further, PGE-2 levels in the skin
gradually increase with age, regardless of whether or not the skin is protected from UVR, and this
smoldering inflammation causes continuous damage to the dermal matrix. Finally, and perhaps
most importantly, PGE-2 is strongly linked to skin cancer. This review will focus on: (1) the role of
inflammation, and particularly the role of PGE-2, in accelerating skin aging, and (2) current research
on natural compounds that inhibit PGE-2 production and how these can be developed into topical
products to retard or even reverse the aging process, and to prevent skin cancer.

Keywords: prostaglandin E-2 (PGE-2); ultraviolet radiation; cytokines; inflammation; antioxidants;
curcumin; NF-kB; reactive oxygen species (ROS); NSAIDs; COX-2

1. Introduction: Overview of Intrinsic and Extrinsic Skin Aging

The visible signs of skin aging are the result of the combined effects of “intrinsic” (chronological)
aging, which is due to the passage of time and hereditary genetic influences, and to “extrinsic”
aging, which is due to environment factors, predominantly the exposure of skin to UV radiation
(photoaging) [1-3]. The clinical signs of intrinsic aging are fine wrinkles, thin and transparent
skin, a loss of subcutaneous fat, skin laxity, and dryness [4]. Extrinsic aging encompasses these
changes as well as prominent coarse wrinkling, increased and mottled hyperpigmentation, abnormal
elastin synthesis (elastosis) [5], significant loss in elasticity, skin roughness, and an increase in both
pre-cancerous actinic keratoses lesions and skin cancer [6]. Interestingly, hereditary genetic makeup is
thought to account for less than 3% of the visible and measurable changes in skin structure and function
that occur as we age [7]. Much of the chronological skin aging process that is referred to as intrinsic
aging is actually due to epigenetic changes in skin cells, and these changes are due, at least in part,
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to inflammation [2,8]. As time passes, the skin experiences a low level of chronic inflammation that
has often been referred to as “smoldering inflammation” or “inflammaging” [9]. This inflammation
causes fibroblasts to switch their gene expression pattern from a matrix building phenotype to a
matrix destroying one. The level of collagen synthesis decreases while the production of Matrix
Metalloproteinases (MMPs) as well as inflammatory cytokines and chemokines increases [5,10,11].
Thus, in regard to intrinsic aging, although there is a genetic component to the chronological aging
process, it is difficult to separate the long-term aging events that are due purely to genetic factors
from those that are caused by years of low level chronic inflammation resulting from oxidative stress,
dietary habits, smoking, alcohol consumption, and health [5,12].

Although intrinsic skin aging is unavoidable, the process is slow unless the skin is exposed to
UV radiation (UVR) from the sun. For those who spend a lot of time in the sun, the “extrinsic” skin
aging process is dramatically accelerated with noticeable photodamage occurring even at a young
age [1,13-15]. This photodamage is the result of both UVA and UVB radiation exposure. UVR can
increase the expression of several important matrix metalloproteinases, including MMP-1, MMP-3, and
MMP-9 (for a review see [16]). Not only does exposure of skin to UVR increase the levels of enzymes
(particularly MMP-3) that degrade collagen, but UVR lowers mRNA levels for both collagen I and
III [17]. In addition, recent studies have shown that UVA (but not UVB) exposure increases mRNA
and protein levels for the elastase, MMP-12 [18]. The degradation of elastin further contributes to
the visible and functional changes in photoaged skin [10]. Finally, mouse studies have shown that
UVR decreases the expression of hyaluronic synthases (HAS)-1,-2, and -3 [19]. UVR also increases
the expression for hyaluronidases 1 and 2, and it is likely that a combination of these events, coupled
with the short half-life of hyaluronic acid in the skin, accounts for the lower levels of hyaluronic acid
observed in the epidermis of chronologically and photoaged skin [20-22].

One well known cause of inflammation in both intrinsic and extrinsic aging is the production
of Reactive Oxygen Species (ROS) [7,12,23-26]. These include the hydroxyl free radical, superoxide
radical, nitric oxide radical, and the peroxyl radical [27]. In addition, other chemicals that can be rapidly
converted to free radicals and which trigger inflammation, include hydrogen peroxide, hypochlorous
acid, and singlet oxygen. In extrinsic aging, exposure of skin to both UVA and UVB radiation causes
a rapid increase in NADPH oxidase leading to an increase in ROS, which then activates signaling
pathways in keratinocytes in the epidermis and fibroblasts in the dermis, leading to the activation
of inflammatory genes [23,27,28]. The pathways activated include those that are downstream from
the binding and activation of surface receptors including, but not limited to, the EGF receptor [29,30],
PGE-2 receptor [31,32], the TNF-alpha receptor [33], and IL-1 receptor [34,35]. A cartoon that shows a
simplified overview of a very complex interplay of signaling pathways involved in the keratinocyte and
fibroblast response to UVR and to the ROS produced in response to UVR exposure is shown in Figure 1.
Evidence suggests that UVR can activate signaling pathways linked to surface receptors either by
causing receptor clustering [36,37], or by producing ROS, which then promote the phosphorylation and
activation of downstream signaling pathway intermediates such as ERK1/2 and p38 [30,38—-41]. For
example, studies have shown that the up-regulation of MMP-1 gene expression in human keratinocytes
exposed to UVA involves the activation of the NADH oxidase, Nox1 [23]. This enzyme increases
the ROS levels in the cell, and the rise in ROS results in the activation of the MAPK/AP-1 pathway.
Phosphorylation and activation of the ERK, JNK, and p38 kinases in this pathway lead to the activation
of the AP-1 transcription factor which then increases the activity of the MMP-1 gene [42]. Further
evidence that ROS are responsible for the signaling events that lead to MMP-1 gene activation comes
from studies showing that if antioxidant gene expression in UVR-treated cells is increased by the
Nrf2 transcription factor, ROS levels are reduced and MMP-1 gene expression is prevented [42].
Although UVR activates signaling pathways that typically lead to the activation of many genes, the
same signaling pathway can also cause gene repression. As mentioned, one of the most important
aging events in both intrinsic and extrinsic skin aging is a loss of collagen, caused by the destruction
of existing collagen and the suppression of new collagen synthesis [10,13,17]. UVR lowers collagen
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synthesis in fibroblasts through the same AP-1 signaling pathway that causes an up-regulation of
MMP genes. In this case, however, the AP-1 transcription factor that is activated by the MAPK/AP-1
signaling pathway, causes suppression of the collagen I and III genes by interfering with the assembly
of the transcriptional complex needed for collagen gene expression [43,44].

Receptor Activation by UVR and ROS
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Figure 1. Activation of three signaling pathways in keratinocytes by UVR (ultraviolet radiation) and
ROS (reactive oxygen species). UVR can activate surface receptors either directly, or indirectly by
increasing the level of ROS, which then leads to receptor activation.

Although not shown in Figure 1, another activator of ROS in skin cells is pollution. Airborne
particles less than 10 pm microns in diameter (PM10) can cause oxidative damage with ROS production.
The ROS activates signaling pathways in keratinocytes that result in the production of TNF-alpha, IL-1,
PGE-2, IL-6, IL-8 and MMPs [45].

Even without exposure to sunlight or pollutants, as we age, the level of ROS increases in skin
cells, caused in part, by genetically programmed cell death, the breakdown of mitochondria, and by
lower antioxidant defense capabilities [7]. This increased level of ROS then activates inflammatory
signaling pathways leading to a sustained state of chronic inflammation. Free radicals damage the lipid
component of cell membranes, damage enzymes, and damage DNA, which in aged skin has reduced
capacity for repair [2,12,24]. In addition, the increased damage that occurs in skin as we age, and which
includes cellular debris, macromolecule damage, Advanced Glycation Endproducts (AGE) [46], and
altered extracellular matrix components, activates a “protective” innate immune response that results
in the activation and migration of immune cells into the skin. These cells then produce additional
damaging ROS and inflammatory mediators [9,47]. Interestingly, this innate immune response seems
to become more active with age. Further, damaged mitochondria in aging skin cells activate the
pro-inflammatory Nlrp3 inflammasome, which causes an increase in cytokine production, particularly
the production of IL-1f3 [48]. Finally, as we age the number of senescent cells in the skin increases and
these cells produce inflammatory cytokines as well as MMPs [49-51].

As shown in Figure 1, there are three main signaling pathways stimulated by UVR and ROS
which are responsible for the activation of many inflammatory genes and genes involved in skin aging.
These are the MAP kinase pathway (and related kinases) [52-55], the NF-kB pathway [47,56,57], and
the NFAT pathway [58,59]. There is considerable overlap among the pathways in terms of controlling
gene activity, so that UVR, ROS, or a particular cytokine, like TNF-alpha, or IL-1, may activate more
than one pathway to increase the expression of inflammatory or matrix eroding genes [36,60].

The cytokines, chemokines, and hormones produced by and secreted from keratinocytes and
fibroblasts in the skin in response to UVR exposure, further enhance skin aging and inflammation
by binding to their specific receptors on adjacent cells in the skin. This binding activates signaling
pathways that lead to the further production of inflammatory mediators (a paracrine effect). In
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addition, cytokines such as IL-1, and TNF-alpha, as well as the prostaglandin, PGE-2, can bind to
and activate receptors on the same cells they were produced and secreted from (an autocrine effect).
Finally, cytokines such as TNF-alpha, and IL-1, as well as PGE-2 can up-regulate the synthesis of their
own receptors, thereby further enhancing the inflammatory response [61,62], thus intensifying the
damaging effects on the skin. Figure 2 shows some of the complex interaction between inflammatory
mediators and target cells in skin.

Inflammatory Mediators and Aging Responses In
Skin Cells
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Figure 2. Paracrine and autocrine effects of PGE-2, IL-1 and TNF-alpha in producing and secreting
inflammatory mediators from keratinocytes and fibroblasts in response to UVR and ROS. Certain
inflammatory mediators (IL-8, TNF-alpha) cause neutrophils and monocytes (not shown) to move
from the vasculature to enter the skin where they amplify the inflammatory response. Matrix
Metalloproteinases (MMPs) are produced and secreted from keratinocytes, fibroblasts and immune
cells migrating into the skin. The hormone, MSH (melanocyte stimulating hormone), and PGE-2
stimulate melanogenesis in melanocytes.

Table 1 lists many of the aging changes in skin structure and function that are caused, at least in
part, by inflammation [7,9,60,63,64].

Table 1. A partial list of intrinsic and extrinsic aging events that occur in keratinocytes, fibroblasts,
immune cells and melanocytes in response to inflammatory mediators produced in the skin.

Decreased expression of collagen genes I, III and VII, and particularly collagen-1.
Decreased levels of HA and other GAGs.
Increased activity of hyaluronidase-1.
Increased MMPs causing a loss of collagen and other matrix proteins.
Degeneration of the normal elastic fiber network.
Increased production of abnormal elastin organization (elastosis).
Reduction in lipid synthesis.

Loss in energy (ATP) production by mitochondria: increased ROS.
Increased influx of immune cells producing inflammatory mediators.
Slower keratinocyte and fibroblast cell turnover and cell replacement.

Decreased DNA repair of damaged skin cells.
Increased senescence of fibroblasts.
Increase in Actinic Keratoses and skin cancer.
Increase in melanogenesis (hyperpigmentation) and solar lentigines
Weak epidermal dermal junction.
Increased apoptosis of skin cells.
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2. The Role of PGE-2 in Skin Aging and Skin Cancer

2.1. Regulation of PGE-2 Production in Skin

PGE-2 plays a key role in the development of skin damage associated with both intrinsic
(chronological) and extrinsic aging (primarily photoaging). In regard to chronological aging, studies
on full thickness skin samples of sun protected skin taken from over 60 patients ranging in age from
18 to 75, showed that both PGES-1 (PGE Synthase-1) and COX-2 expression progressively increased in
dermal fibroblasts with age. This increase in PGES-1 and COX-2 correlated to difference in levels of
PGE-2 in the skin. Samples of buttock skin from elderly persons (>80 years old) had PGE-2 levels that
were almost twice as high as PGE-2 levels from young (21-30 years old) persons [65]. If fibroblasts
derived from young skin were treated with PGE-2, the level of type I procollagen decreased by
approximately 60%. Treatment of fibroblast cultures with the COX-2 inhibitor, diclofenac, PGE-2 levels
were inhibited by over 90% and procollagen mRNA and protein expression increased by two-fold [65].
Other studies have compared COX-2 enzyme expression in chronologically aged skin, photoaged skin,
and in young skin, and the results show that COX-2 levels are higher in chronologically aged skin and
photoaged skin than in young skin [66].

In regard to photoaging, of the two types of UVR that reach the earth’s surface to cause skin aging,
95% is UVA radiation (320-380 nm) while only 5% is UVB (290-320 nm). Of the two wavelengths
of UVR, UVB penetrates the skin to the upper part of the dermis while UVA can penetrate to the
lower reticular region of the dermis. Both UVA and UVB radiation stimulate the production of a
variety of inflammatory mediators from keratinocytes and fibroblasts, including PGE-2. Recent studies
on biopsies of skin from young and old individuals as well as those with photoaged skin showed
that COX-2 protein levels in keratinocytes and fibroblasts were higher in skin samples affected by
photoaging than in skin samples from non-photoaged skin of either younger or older patients [67].
As discussed above, UVR stimulates the production of inflammatory mediators in these skin cells
through an ROS mediated activation of the NF-kB, MAPK, or NFAT signaling pathways. A few of the
key inflammatory mediators produced by keratinocytes and fibroblasts in response to UVR include
the cytokines, TNF-alpha and Il-1, the chemokine IL-8, and the paracrine hormone, PGE-2. Many
studies over the past 15 years have examined the UVR-mediated cellular events that lead to increased
PGE-2 production in keratinocytes, and although there are some conflicting findings on what specific
signaling pathways are activated by UVR, there is considerable data to suggest the following sequence
of events. The increase in PGE-2 production in keratinocytes by UVR is due, in large part, to the
increased expression of the COX-2 gene. Increased transcription of this gene is due to the activation
of signaling pathways by ROS. The ROS produced in keratinocytes by UVB radiation promotes the
auto-phosphorylation of the EGF receptor and activation of the MAPK pathway (ERK1/2) [38,63,68].
Evidence also suggests that ROS can directly activate intracellular kinases involved in the MAPK
pathways, for example, ASK-1, without the need for activating the tyrosine kinase domain of a surface
receptor [40]. Once activated, the intracellular kinases can phosphorylate and activate transcription
factors, including c-fos and Jun, which together form the AP-1 transcription factor [69]. AP-1 binds to
a specific site on the COX-2 gene promoter, and in doing so, increases COX-2 gene transcription [70].
Similarly, ROS generated in keratinocytes by UVR can activate the NF-kB pathway, and because
there are two binding sites in the COX-2 gene promoter for the NF-kB transcription factor, activation
of this pathway also leads to increased COX-2 gene expression, and subsequently increased PGE-2
production [71]. UVR can also activate the COX-2 gene in keratinocytes through the NFAT pathway.
ROS produced by UVR causes an increase in intracellular free calcium, which then activates calcineurin,
a protein phosphatase. Once activated, calcineurin can dephosphorylate NFAT thereby allowing it to
translocate to the nucleus and bind to two NFAT binding sites on the COX-2 gene promotor, thereby
increasing gene transcription [72]. Interestingly, in studies where the NF-kB, AP-1, or CRE (a cAMP
sensitive site) sites on the COX-2 gene promoter were deleted, although NFAT increased COX-2
gene activity, the response was not as great as that measured when the other promoter sites were
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present. This finding suggests that maximal COX-2 gene activity is dependent on multiple signaling
pathways, including the NF-kB, MAPK and NFAT pathways [72]. UVR not only increases PGE-2 levels
in keratinocytes, but also increases PGE-2 levels in fibroblasts. In fibroblasts, as in keratinocytes, the
MAPK [17,73,74], NF-kB [17,73], and NFAT [75] signaling pathways are involved in regulating the
transcriptional activity of the COX-2 gene.

Although UVR increases PGE-2 levels in both keratinocyte and fibroblasts through increased ROS
levels, this is not the only mechanism for increasing PGE-2 levels. Inflammatory mediators produced
by keratinocytes and fibroblasts in response to UVR, can act in both a paracrine and autocrine manner
to further stimulate PGE-2 production. For example, as shown in Figure 2, IL-1, and PGE-2, secreted
from keratinocytes after UVR exposure can bind to their receptors on fibroblasts and activate signaling
pathways that increase COX-2 gene expression [76-78]. Further, PGE-2 and TNF-alpha can act in
an autocrine fashion to up-regulate PGE-2 production from keratinocytes [79-82]. Finally, even the
expression of the PGE-2 receptors, EP1, EP2, and EP4 is up-regulated by UVB radiation. These
expressed receptors then bind secreted PGE-2 and, in an autocrine fashion, stimulate the production of
even more PGE-2 [31,32,83].

In photoaging as well as in chronological aging, keratinocytes and fibroblasts are not the only cells
in the skin that produce PGE-2. Within hours of exposure of skin to UVR, neutrophils and monocytes
enter the skin and produce a variety of cytokines, chemokines, as well as ROS and PGE-2 [84-87].

While a majority of studies have examined the effect of UVR on the transcriptional regulation of
the COX-2 gene, other studies have explored the role UVR plays in up-regulating other steps in the
PGE-2 synthesis pathway. Since the PGE-2 synthesis pathway involves three principle steps: (1) the
release of arachidonic acid from phospholipids by the action of phospholipase A2, (2) the conversion
of arachidonic acid to PGH2 by the action of the cyclooxygenases, COX-1 and COX-2 enzymes, and (3)
the conversion of PGH2 to PGE-2 by the action of PGE synthase (PGES), increased production of PGE-2
in skin cells exposed to UVR could be due to increases in any one or more of the enzymes involved
in the synthesis pathway. The PGES gene can be induced by UVB radiation [83], by ROS produced
by NADPH oxidase [88,89], and by several inflammatory cytokines [86]. Interestingly, the PGES-1
gene is induced in human Alzheimer’s disease [90], and in arthritis [91], and evidence suggests that
the high levels of PGE-2 in both of these disease states is, at least, partly responsible for the clinical
condition. Further, recent studies have shown that the levels of both PGES-1 (PGE synthase 1) and
COX-2 are 3.4 and 2.7 fold higher in fibroblasts obtained from the dermis of elderly (>80 years old)
than in fibroblasts from younger patients (21-30 years old) [65]. Due to the important role that PGES-1
plays in producing high levels of PGE-2, developing novel drug inhibitors of this enzyme is now an
important pharmaceutical research focus [92,93]. Finally, both the expression of the phospholipase A2
gene as well as the activity of the enzyme can be increased dramatically by UVB [94,95], by NADH
oxidase pathways [96], by MAPK and NF-kB pathways activated by IL-beta, TNF-alpha, and EGF
receptors [97], and by cAMP signaling pathways [94,95,98,99].

In conclusion, PGE-2 in both photodamaged and chronologically aged skin is produced by
keratinocytes, fibroblasts and by infiltrating immune cells. The cytokines and PGE-2, produced by these
cells act through both paracrine and autocrine events, and use multiple signaling pathways to further
increase PGE-2 production. Increases in PGE-2 production are the result of UVR, ROS and cytokine
induced increases in gene expression and activity of COX-2, PGE synthases, and phospholipase A2.

2.2. PGE-2 Signals Through Four Receptors

Regardless of which step in the PGE-2 synthesis pathway is stimulated by an inflammatory
event, once produced, PGE-2 contributes to many of the skin aging process shown in Table 1. PGE-2
does this either directly, by altering gene expression in keratinocytes, fibroblasts, immune cells and
melanocytes, or indirectly by stimulating the production of other inflammatory mediators in the skin
such as IL-1 and TNF-alpha, which then activate signaling pathways that cause skin aging. PGE-2
exerts its effects on target cells by binding to and activating one (or more) of four PGE-2 receptors,
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classified as EP1-EP4 [100]. All four receptors are coupled to G proteins, and the type of G protein
subunit determines the intracellular signaling pathway that will respond to PGE-2 [101-103]. The EP1
receptor is linked to the Gq subunit, which controls the activation of phospholipase C. Activation of
this receptor leads to increased protein kinase C activity and increased expression of genes involved
in proliferation. The level of the EP1 receptor increases in keratinocytes after exposure of skin to
UVR, and several studies have shown that the EP1 receptor is involved in UVR induced skin tumor
promotion. Blocking EP1 receptor activity by pharmacological antagonists prevents UVR induced
tumor formation in animal models [104]. The EP2 receptor present on keratinocytes, is a low affinity
receptor coupled to the Gas subunit. Activation of this receptor leads to increased cAMP levels in target
cells and activation of cAMP regulated genes, some of which control keratinocyte proliferation [105].
The EP2 receptor is also linked to tumor promotion, since, in animal models, EP2 knockout mice were
resistant to chemically induced skin cancer [106]. The EP3 receptor is the most complex of the PGE-2
receptors because multiple variants of this receptor exist. It is also the most sensitive to PGE-2 of
all the receptors, having binding constants in the nanomolar range. This receptor is coupled to the
Gi subunit, and when activated, inhibits the production of cAMP, and thus antagonizes the action
of the EP1 receptor. As it can be activated by very low levels of PGE-2 in the skin, it can suppress
the activity of receptors with less affinity for PGE-2. Unlike EP1 and EP2, the EP3 receptor has been
shown to exert anti-proliferative effects on keratinocytes [107]. In vivo animal studies [108] and studies
with a PGE-2 sensitive T cell line [109] found that the stimulation of the EP3 receptor by PGE-2 leads
to increased expression of MMP-9, which plays a role in collagen destruction in both photoaging
and chronological aging. The EP4 receptor, like the EP2 receptor, was originally shown to couple
with Gas and stimulate adenylate cyclase, resulting in increased cAMP production. However, more
recent studies have shown that the EP4 receptor is also linked to Gai, anrd activation of this subunit
leads to the activation of phosphatidylinositol 3-kinase signaling [110]. The EP4 receptor mediates
both inflammatory and anti-inflammatory activities. For example, PGE-2 activation of this receptor
increases motility of macrophages but at the same time, reduces the production of inflammatory
cytokines by these cells [111]. However, EP4 has been shown to be a tumor promoting receptor in skin,
and in particular, can increase melanoma proliferation and metastasis [111]. Thus, with the possible
exception of the EP3 receptor, all PGE-2 receptors have been found to contribute to the development
and progression of skin cancer [100].

Although a detailed discussion of the signaling pathways used by PGE-2 and its receptors to alter
the expression of a wide array of genes in skin cells is beyond the scope of this review, Figure 3 shows
schematically many of the signaling pathways and gene targets for PGE-2. PGE-2 induced by UVR,
binds to and activates EP receptors on keratinocytes, fibroblasts, and immune cells, leading to:

e anincrease in MMP production by keratinocytes, fibroblasts and immune cells, which results in
the degradation of collagen and elastin [112-114],

e increased production of MCP-1 a chemokine involved in neutrophil and monocyte influx into the
skin, resulting in the production of ROS, MMPs, and other inflammatory mediators that damage
the dermal matrix [115-117],

e adecrease in collagen I and III and fibronectin mRNA and protein production [65,118],

e anincrease in cell senescence [49,119],

e increased scarring during wound healing [120],

e increased malignant transformation of not only skin cells, but cells in other tissues [121-125].
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Figure 3. Diagram showing the variety of PGE-2 signaling pathways and inflammatory mediators
produced in cells that express EP1-EP4 receptors. The EP1 receptor activates a Gq protein that activates
phospholipase C producing diacylglycerol (DG) and Inositol triphosphate (IP3). Diacylglycerol
activates protein kinase C (PKC). The EP2, and EP4 receptors are coupled to a Gs protein that activates
adenylate cyclase, leading to increase cAMP production. cAMP activates Kinase A, and this kinase can
activate other signaling pathways. EP3 (not shown) is coupled to a G protein that prevents an increase
in cAMP. EP4 also activates the PI3/AKT pathway levels to increase cAMP levels. In addition to effects
of PGE-2 in regulating genes that cause skin aging, evidence shows a role for EP1, EP2, and EP4, but
not EP3 in the development of skin cancer.

One of the most obvious changes in photoaged or chronologically aged skin is the loss of dermal
matrix proteins, including collagen I, III, elastin, and hyaluronic acid. The degradation of collagen
and elastin is the result of increased levels of MMPs in the skin, particularly MMP-1, MMP-3, and
MMP-9 [16]. UVR, as well as UVR-induced cytokines, IL-1 and TNF-alpha, and PGE-2, up-regulate
MMP gene expression in fibroblasts, keratinocytes [112], and in infiltrating neutrophils [84,126].
Further, as mentioned, UVR-induced PGE-2, produced by and secreted from keratinocytes and
fibroblasts, up-regulates the production of IL-1 and TNF-alpha, and both of these cytokines increase
the expression of MMP genes in fibroblasts and keratinocytes, leading to further damage to the
extracellular matrix (ECM) [13,127]. Finally, PGE-2, acting through the EP4 receptor, increases the
expression of MMP-9 in monocytes/macrophages that migrate into the skin after UVR exposure [114].

Although PGE-2 up-regulates the expression of MMP genes, it has the opposite effect on collagen
gene expression [128]. Studies on human fibroblasts have shown that PGE-2, produced and secreted
by these cells, in an autocrine response, binds to the EP4 receptor, and causes a down-regulation of
collagen I gene expression, while at the same time stimulating an increase production of both MMP-1
and MMP-3 [129]. Other studies have suggested a role for the EP2 receptor in the PGE-2 mediated
reduction in collagen synthesis in fibroblasts. This conclusion is based on the fact that levels of the EP2
receptor are lower in fibroblasts derived from keloid tissue, that produce high levels of collagen, than in
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fibroblasts from normal skin. Further, forskolin treatment of fibroblasts from either skin type, lowered
collagen synthesis, indicating that cAMP, the downstream regulator of the EP2 receptor, is involved in
the down-regulation [130] Although the signaling pathway used by PGE-2 to down-regulate collagen
I gene expression has not been elucidated, studies on lung fibroblasts showed that cAMP, functioning
through protein kinase A, phosphorylates and activates CREB (cyclic AMP response element binding
protein). This transcription factor then binds the CRE site in the promoter region of the collagen I gene,
and through this interaction, inhibits gene transcription [131].

Finally, not only does PGE-2 up-regulate MMP expression and down-regulate collagen gene
expression, but it has also been shown to down-regulate the expression of TIMP genes (Tissue Inhibitors
of MetalloProteinases) in fibroblasts [132] as well as epithelial cells [133].

In addition to a loss of collagen, elastin and other components of the extracellular matrix,
photoaged and chronologically aged skin shows a marked increase in the number of senescent
fibroblasts. These cells are still viable, but they will not proliferate, and their gene expression
pattern is altered. They have a reduced capacity to make collagen and TIMPs, but an increased
capacity to make and secrete MMPs. The role of PGE-2 in promoting cellular senescence and changes
in gene expression has been studied in cultured dermal fibroblasts that were “aged” in culture
through multiple cell divisions to a senescent phenotype, indicated by the expression of the senescent
marker, beta-galactosidase [134]. In senescent fibroblasts, COX-2 and PGE-2 levels were found to be
elevated, as was the level of MMP-1 expression. In contrast, the levels of TIMP-1 and procollagen
expression were decreased. Treatment of fibroblasts with the COX-2 inhibitor, NS-398, inhibited the
senescence-associated increases in COX-2, PGE-2 and MMP-1 as well as the senescence related decrease
in TIMP-1 and procollagen [135]. In other studies, treatment of human fibroblasts with inhibitors of
COX-2 or PGES-1, or with antagonists of EP receptors prevented senescence as shown by an absence
of proliferation arrest and an absence of beta galactosidase positive cells [49].

Another sign of skin aging, and particularly of photoaging, is the occurrence of hyperpigmentation.
Excess melanin production in localized areas of the skin, either caused by an increased number of
melanocytes in a given area, or caused by increased melanin production by a constant number
of melanocytes, leads to various hyperpigmentation conditions that increase with age [136-138].
Although there are a number of UVR-induced hormone-like factors, including MSH, ACTH, and
Endothelin-1, that can stimulate melanin production in melanocytes, PGE-2 is one of the most potent
stimulators of pigmentation in human melanocytes [139-142]. Thus, the increase in the synthesis of
PGE-2 and its secretion from keratinocytes and fibroblasts as a result of sun exposure, plays a significant
role in the formation of hyperpigmentation and solar lentiginese (“age spots”) [141,143]. Recent studies
have shown that PGE is also produced by melanocytes in response to UVR and in an autocrine response,
binds PGE-2 receptors on melanocytes and stimulates pigmentation [141]. PGE-2 not only increases
melanin production in melanocytes, but it increases dendrite formation and enhances melanosome
transfer from melanocytes to keratinocytes [144,145]. Finally, UVR activates the proteinase-activated
receptor-2 (PAR-2) on keratinocytes, and this activation results in two events. First, PAR-2 activation
allows keratinocytes to internalize melanosomes, and as the keratinocytes move to the skin’s surface,
they carry the ingested melanosomes with them. Once they reach the surface, the skin becomes
visibly pigmented. Secondly, not only does PAR-2 activation increase melanosome transfer, but PAR-2
stimulates PGE-2 production in keratinocytes, thereby further enhancing melanogenesis [146]. While
“sun worshipers” consider a “tan” a sign of health, it is, in fact, a sign of inflammation and skin damage,
and prolonged stimulation of melanocytes by UV radiation, as is found in tanning beds, invariably
leads to irregular hyperpigmentation and more seriously, can lead to transformation of melanocytes
into melanoma [147].

2.3. Effects of PGE-2 on Skin Cancer

Of all the aging effects that PGE-2 is linked to, its well-recognized role in skin cancer is perhaps the
most important event that occurs with increasing age and sun exposure. Further, PGE-2 not only has a



Cosmetics 2019, 6, 6 10 of 28

causative role in skin cancer, but is also linked to many different types of human cancers [148-152].
In fact, a search of PubMed with the key words “COX-2" (or “PGE-2") and “Cancer,” identifies well
over 1000 research articles that link PGE-2 with either the development or progression of a variety of
cancers including basal and squamous cell carcinoma and melanoma [153-156].

As mentioned, of the four EP receptors that PGE-2 binds to, evidence suggests that primarily
EP1 [104,122], but also EP2, and EP4, but not EP3, play a role in tumorigenesis (for review see [100]).
Much of the evidence for a role of PGE-2 in promoting skin cancer has been obtained from studies on
human skin cells and from studies with chemically and UV-light induced mouse skin cancer models.
A small sample of the overwhelming evidence that implicates a role for PGE-2 in the development of
skin cancer is as follows:

1. Increased COX-2 expression (as detected immunohistochemically) occurs in mouse skin
neoplasms that develop after chronic exposure to doses of UVB [157] or to chemically initiated
tumor promotion [158].

2. Treatment of mice either orally or topically with COX-2 inhibitors, indomethacin, diclofenac, or
with the selective COX-2 inhibitor, celecoxib, during UVB induced carcinogenesis, prevented
the development of tumors by 85%. Further, celecoxib caused regression of pre-existing
tumors [158-163].

3.  Irradiation of hairless mice with a UVA sunlamp, similar to those used in tanning beds, resulted
in skin cancers being present in 90% of the animals. The tumors were assessed to be squamous
cell carcinoma and COX-2 levels in these tumors was elevated. The tumor-bearing mice were then
divided into two groups and one group was fed a diet containing celecoxib. After 2.5 months,
those animals treated with celecoxib had 50% fewer tumors than the control group [124,158,160,
161,163,164].

4. In COX-2 deficient or COX-2 knockout transgenic mice, treatment with UVB or chemical
carcinogens, resulted in fewer tumors than were formed in normal mice, while the over-expression
of the COX-2 gene in transgenic mice enhanced UVB-induced tumor development [165-167].

5. Treatment of mice with a prostaglandin EP1 receptor antagonist, reduced the development of
tumors after UVB treatment [104]. In transgenic mice that over-expressed the EP1 receptor,
treatment with the chemical carcinogen, DMBA (7,12-dimethyl-benz[a]anthracene), produced a
nine fold increase in skin carcinomas compared to wild-type mice [125].

6. COX-2 expression is increased in UVB treated human skin and in human basal cell and squamous
cell carcinomas, as well as in actinic keratoses [121,165,168].

7. Inmelanoma patients, 93% to 95% of the tumors expressed COX-2, while no benign nevi were
positive for COX-2. Treatment of human melanoma cell cultures with a specific COX-2 inhibitor
prevented migration and invasion of melanoma cells suggesting that lowering PGE-2 may reduce
metastasis [121,169]. Further, there was a significant correlation between COX-2 expression and
disease-specific survival [169].

8.  The use of the COX-2 inhibitor, celecoxib, along with a PKC inhibitor, reduced melanoma
metastasis in mice injected with melanoma cells [170].

There is so much evidence for the role of COX-2/PGE-2 in causing and promoting cancer
cell growth that numerous cancer studies are now focused on the use of COX-2 inhibitors as
chemotherapeutic treatments and on the development of new COX-2 inhibitors for use in treating
a variety of cancers that are linked to high levels of PGE-2/COX-2. These cancers include
esophageal, colon, pancreatic, hepatocellular, lung, prostate, ovarian, breast as well as skin
cancers [100,148,149,158,168,171].

When one realizes that over 3 million Americans are diagnosed with skin cancer every year and
that one in five Americans will develop some form of skin cancer in their lifetime, it is clear that new
approaches are needed to reduce the incidence of this disease. Since it is estimated that over 90%
of skin cancers are associated with exposure to UV radiation [123,171], staying out of the sun is one
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excellent way to reduce the risk of developing skin cancer as we age. Given the large number of studies
that now show a causative role for PGE-2 in skin cancer [149,171], it seems likely that suppressing
the increase in PGE-2 that is caused both by chronological age and by external factors, primarily sun
exposure, should reduce the incidence of pre-cancerous skin lesions (actinic keratoses), basal cell and
squamous cell carcinoma, and finally, melanoma.

2.4. Effects Inhibition of PGE-2 Production by NSAIDs and Natural Compounds

Due to the diverse deleterious effects of PGE-2 on the structural integrity of the skin, as well as
its causative role in skin cancer, research efforts have focused on identifying drugs as well as natural
compounds that can block the expression and/or action of PGE-2. A few NSAIDS (non-steroidal
anti-inflammatory drugs) that block PGE-2 production and which have been on the market for many
years include the common COX-2 inhibitors, aspirin, Ibuprofen, ketoprofen, piroxicam, naproxen,
celecoxib, indomethacin and diclofenac. Of these, several have been formulated into topical products
to treat, primarily, joint or muscle pain. Topical products include those with ibuprofen, indomethacin,
ketoprofen, or diclofenac [159]. Due to the role of PGE-2 in sunburn, it is not surprising that
topical COX-2 inhibitors have been shown to be effective in reducing the intensity and duration
of a sunburn [159,172]. In addition, a topical formulation containing the COX inhibitor, diclofenac (it is
non-selective for COX-1 and COX-2), and sold under the trade name of Solaraze®, is now approved by
the FDA for the treatment of Actinic Keratoses, an approval which suggests that PGE-2 plays a key
role in the development of pre-cancerous, as well as cancerous skin lesions [159].

Although there are many COX inhibitors (either non-selective or selective for COX-2) on the
market, there is still considerable interest in identifying safer, natural compounds that can be used
topically to effectively block PGE-2 production, as well as block the production and/or action of
other inflammatory mediators that cause skin damage, skin cancer and skin aging. Further, because
basal levels of PGE-2 increase with age, unless topical products are developed that can suppress
this age-related increase, the skin will continue to be damaged as we get older, and the risk of
developing skin cancer will continue to increase. Our laboratory has focused on identifying natural
compounds that can be formulated topically for use in treating inflammatory skin problems. Our
screening program determines which natural compounds are effective in blocking a wide variety of
inflammatory cytokines, chemokines, and PGE-2 in human keratinocytes, fibroblasts and immune
cells. A summary of some of this previously unpublished screening data is shown in Table 2. As has
been reported by others [173,174], curcumin is perhaps the most potent natural compound available
for blocking a wide variety of inflammatory mediators, including PGE-2, and for protecting the skin
from photoaging [175,176]. As shown in Table 2, curcumin is able to completely suppress the UVR or
TPA mediated increase in PGE-2, IL-1, and TNF-alpha. While this data is from keratinocyte studies,
curcumin is just as effective in blocking inflammatory mediator production in human fibroblasts
and in monocytes. Curcumin effectively blocks the IL-1 mediated increase in PGE-2 even at 10 uM.
Similarly, the colorless derivative of curcumin, tetrahydrocurcumin is also effective in blocking the IL-1
induced increase in PGE-2 in fibroblasts (data not shown). As curcumin is an extremely potent natural
anti-inflammatory, anti-cancer, and anti-microbial compound, it has been called “Indian Gold” and has
been widely studied [173]. There are hundreds of research publications and reviews providing a wealth
of information on its anti-inflammatory effects and mechanism of action. In regard to its mechanism
of action, curcumin prevents the activation of transcription factors apparently by interfering with
the early steps in the signaling pathway, perhaps even by interfering with scaffolding events at the
membrane receptor [174,177,178]. Through this interference curcumin antagonizes many steps in the
inflammatory signaling pathway, including blocking AP-1 mediated transcription events, and blocking
the activation of nuclear factors NF-«kB, iNOS, and JNK [179,180].
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Table 2. Anti-inflammatory effects of natural phenolic compounds. Human keratinocyte cells were
seeded into 12 well culture dishes and allowed to attach overnight. For irradiation experiments cultures
irradiated with 50 mJ of UVB radiation, and fresh medium added that contained either the compound
under investigation (100 uM) or the solvent for the compound used as vehicle control. After 24 h,
medium was removed and assayed by commercial ELISA assay kits for either PGE-2, TNF-alpha,
or IL-1. For experiments with TPA cells were treated with TPA (phorbol 12-myristate 13-acetate, 20
ng/mL), or 0.2% DMSO as a control After 24 h medium was removed and assayed by ELISA for PGE-2,
TNEF-alpha or IL-1.

% Inhibition of Inflammatory Mediator Production
in UVR or TPA Treated Keratinocytes

Mediator — PGE-2 TNF-alpha IL-1

Compound (100 pM) Structure |
Curcumin/Tetrahydrocurc 100 100 100
Quercetin 96 100 88
Luteolin 69 95 32
Myricetin 5 95 90
Dihydroeugenol 95 65 94
Kaempherol 100 100 89
Caffeic Acid 31 86 82

HO. O
Epigallocatechin Gallate \QEJ""'O 42 100 83

It is interesting to note, from Table 2, the difference in anti-inflammatory activity between quercetin
and myricetin. These compounds are almost identical in structure with the exception of two extra
hydroxyl groups in the structure of myricetin. However, with just this structural change, myricetin has
no ability to block PGE-2 production in human skin keratinocytes treated with UVR, while quercetin
almost completely blocks the stimulation of PGE-2 in keratinocytes. The table also shows that many
compounds with the ability to block PGE-2 production, are also effective in blocking the production
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and/or action of two other inflammatory mediators, IL-1 and TNF-alpha, that also damage skin and
accelerate the aging process. One likely reason that many of these compounds are effective in blocking
the production of more than one inflammatory mediator is that the genes responsive to all three
of these cytokines are regulated, at least in part, through an NF-kB regulatory site in the promoter
region of the gene. By blocking the activation of NF-kB, these natural compounds may prevent the
activation of many genes that require a functional NF-kB transcription factor to bind to their promoter
regions [33]. The promoter region of the COX-2 gene has several response elements that can regulate
the activity of the gene, as shown in Figure 4. Other genes that also have NF-kB regulatory elements in
their promoter region include the IL-1, IL-12, TNF-alpha, PGES, and MCP-1 genes [86,115].

Transcriptional Regulatory Sites In the Promoter Region of the
COX-2 Gene

- e e e (oo

| NF-xB | | AP-2 | | NF-xB | | AP-2 ||C/EBP | |NFAT || NFAT| | CRE |

Natural Anti-Inflammatories that

Block COX-2 Gene Expression Many natural anti-inflammatories inhibit
* Curcumin the COX-2 by blocking the signaling
* Caffeic Acid pathway leading to NF-kB activation.
* Quercetin
« Resveratrol Other NFkB regulated genes include: IL-

« Apigenin 1, 1L-12, IL-6, IL-8, TNF-alpha, PTGES

« Epigallocatechin-3-gallate (EGCG) (prostaglandin synthase), MCP-1, MMP-

« Luteolin 1,3,9, and EGFR.

* Salidroside
* Anthocyanins

Figure 4. The promoter region of the COX-2 gene showing the binding sites for the transcription
factors, NF-kB, NFAT, AP-2 binding site, the c/EBP site, and the CRE site that binds the cyclic AMP
response element binding protein (CREB) transcription factor. The NF-kB sites play a significant role in
the up-regulation of the COX-2 gene since this transcription factor can be activated through several
signaling pathways including those used by IL-1 and TNF-alpha.

There are many natural compounds that have now been studied for their ability to inhibit the
production of PGE-2 as well as other inflammatory mediators in human skin cells. Many of these are
polyphenolic compounds with pronounced antioxidant activity, and it is likely that they exert their
anti-inflammatory effects by blocking ROS production, which prevents the activation of ROS-induced
signaling pathways [181-183].

Over 100 natural compounds have been shown to have some ability to block the production of
PGE-2, many by inhibiting COX-2 gene expression, and others by acting as a COX-2 inhibitor [184-188].
As discussed previously, the PGE-2 synthesis pathway involves three steps: (1) release of arachidonic
acid from phospholipids by the action of phospholipase A2, (2) the conversion of arachidonic acid to
PGH2 by COX-1 and COX-2, and (3) the conversion of PGH2 to PGE-2 by PGE synthase (PGES).
Pro-inflammatory events can increase the expression of the enzymes that control each of these
steps. Exposure of keratinocytes, fibroblasts or immune cells to such stimuli as UVB radiation,
IL-1, ROS, or Lipopolysaccharide (LPS) can result in increased COX-2 gene expression, as well as
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increased activity of the genes for PGES and PLA2 [83,95]. By blocking the signaling pathway that
leads to activation of transcription factors, particularly NF-kB that regulates these genes, natural
anti-inflammatory compounds can block not only COX-2 expression, but expression of PGES [83]
and/or cPLA2 [96,189]. A few examples of some natural compounds that block PGE-2 production, as
well as other inflammatory mediators, are discussed below:

Parthenolide, a sesquiterpene lactone found in the commonly used herb, Feverfew, has been
shown to block NF-kB regulated genes and inhibits the expression of MMP-1 [190,191]. In addition,
by blocking NF-kB activation, parthenolide can inhibit COX-2 gene expression [192]. There is also
evidence from the UVB mouse model, that oral treatment of irradiated mice with parthenolide
can reduce the number of papillomas induced by UVB treatment [193].

Resveratrol, a polyphenol found in red wine, has considerable anti-inflammatory activity,
and can block the increase in COX-2 and PGE-2 levels induced by UVR, as well as by
pollutants [194]. Resveratrol can also block the increase in COX-2 in mice treated with chemical
carcinogens [195,196]. It has been shown to block MMP-1 expression [194,197], and NF-kB
activation [198]. In addition, the analogue of resveratrol, pterostilbene, can inhibit COX-2 in
mouse skin and prevent tumor formation in DMBA-treated mice by inhibiting both NF-kB and
MAPK signaling pathways [199,200].

Green tea, and more specifically, Epigallocatechin-3-gallate (EGCG) from green tea, has been
widely studied for its antioxidant, anti-inflammatory, anti-cancer, and anti-aging properties, but
the data is conflicting and the overall benefits of EGCG are not clear. In human studies, topical
application of EGCG before UV irradiation decreased the UVR induction of ROS and inhibited the
infiltration of monocytes into the skin [201]. However, oral supplements containing green tea were
ineffective in protecting skin from UVR damage [188]. Studies with human keratinocytes treated
with airborne pollutants (PM10), showed that EGCG blocked the pollutant induced increase in
NADH oxidases, IL-1, TNF-alpha, IL-8, and MMP-1 [202]. In other studies, EGCG reduced the
UVR-induced increase in COX-2 in human keratinocytes, but had the opposite effect on human
fibroblast cultures, where it increased the expression of both COX-2 and MMP-1 [203]. In studies
with skin equivalent cell culture models, EGCG was found to decrease MMP-1 expression and
increase TIMP-1, although the effect was not pronounced [204]. Finally, in studies with human
fibroblast cell cultures, EGCG exerted a pronounced down-regulation (40% reduction) in collagen
I synthesis [205]. These contradictory findings suggest that EGCG may not be an appropriate
ingredient to use in topical products designed to address photoaged or chronically aged skin.
Aloe Vera extracts are found in many topical products that make marketing claims for helping to
reduce inflammation and discomfort from sunburns and inflammatory skin problems. However,
there are actually very few scientific studies that have assessed the ability of aloe to suppress
inflammatory mediator production in skin. Aloe Vera contains two polyphenolic compounds,
Aloin and Aloe-emodin, that are thought to account for the anti-inflammatory effects of the
plant. In studies with mouse macrophage cultures induced by LPS (lipopolysaccharide) to
produce inflammatory mediators, Aloe-emodin, but not Aloin was found to block COX-2 mRNA
expression [206]. In vivo studies using the hairless mouse model showed that a topical Aloe Vera
gel extract could reduce the level of MMPs expressed in skin in response to UVB treatment. The
effect of this extract on COX-2 levels in UVB-treated skin was not examined in this study [207].
Other natural compounds that are found in dietary supplements as well as in skin care products,
and which have been shown to block either cytokine mediated or UVB-induced COX-2 expression
in fibroblasts and /or keratinocytes are: apigenin [186,208], licochalcone [209], salidroside [210],
eupafolin [211], CoQ10 [212], delphinidin (from grapes, cranberries) [213], quercetin [187], orange
peel extract [214], ferulic acid [215], and luteolin [216].

Since the production of inflammatory mediators such as PGE-2, TNF-alpha and IL-1, either

produced in the skin from sun exposure, or increased in the skin due to natural aging (smoldering
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inflammation), causes a variety of aging events including suppressing collagen synthesis, while
concurrently increasing the production of MMPs, it seems likely that the daily topical use of
formulations containing one or more of these natural anti-inflammatory compounds would help
retard the skin aging process. In addition, it is also possible that the same natural compounds that
block the expression of inflammatory genes, might directly stimulate genes involved in matrix building,
such as collagen I, elastin, and hyaluronic acid synthase. For example, since the collagen I (COL1A1)
gene promoter contains a region that NF-kB interacts with (but not an NF-kB consensus sequence)
to inhibit gene activity [217], natural compounds that can block the activation of NF-kB, should be
able to help maintain the transcriptional activity of the collagen gene and therefore further retard
the skin aging process. Evidence that this is indeed the case has been presented in a clinical study
that tested the effect of topically administered 4-hexyl-1,3-phenylenediol, an NF-kB inhibitor on
photo-damaged skin. After eight weeks of use, patients being treated with the NF-kB inhibitor showed
significant improvement in crow’s feet fine lines, cheek wrinkles, age spots, mottled pigmentation
and radiance [218]. A role for NF-kB in contributing to chronological aging has been demonstrated in
studies with fibroblasts obtained from donors over the age of 50. These cells showed increased basal
NF-kB activity, consistent with a slow increase in inflammation that occurs in aging skin. Treatment
of these fibroblasts with 4-hexyl-1,3-phenylenediol, increased the expression of extracellular matrix
(ECM) genes [218].

Although it would seem reasonable to assume that compounds that can inhibit signaling pathways
that activate inflammatory genes should be able to increase the expression of beneficial genes, like the
collagen gene in skin cells, unfortunately, this is not always the case. As discussed above, while EGCG
(epigallocatechin-3-gallate) has some anti-inflammatory activity, it also decreases the level of type I
collagen [205], and stimulates MMP-1 expression [203]. Quercetin, which blocks the production of
many inflammatory mediators by inhibiting NF-kB, causes a decrease in mRNA levels for collagen I
and III [219]. However, even if many natural anti-inflammatory compounds do not directly stimulate
collagen gene activity, many block the expression of MMPs, and this alone will help prevent damage
to the dermal matrix.

2.5. Developing Effective Topical Products to Block PGE-2 in Skin

Although many natural compounds, including curcumin and resveratrol, have anti-inflammatory
activities that would be excellent for reducing skin inflammation and for either arresting, retarding, or
even reversing the aging process, whether or not these, or other natural compounds, will prove to be
effective when formulated into topical products depends on the compound meeting seven criteria:

e Anti-inflammatory compounds should block the production and/or action of PGE-2 as well as
other skin aging inflammatory mediators, such as IL-1 and TNF-alpha.

e Compounds must have a molecular weight less than 500 Daltons, which is the upper limit for
penetration through the stratum corneum.

e  For skin penetration, compounds should have a logP (partition coefficient) value between 1 and 3.

e Compounds must be formulated at a high enough concentration to provide bioactivity when
applied topically.

e  Compounds must be chemically stable when formulated into topical products.

e  Formulations should deliver compounds into the skin at a rate that provides benefits (e.g., blocking
MMPs) for many hours after a single application.

e  Compounds should be colorless and odorless.

Of the criteria listed above, two deserve additional comment. In regard to the size limitation for
topically delivered compounds, a seminal paper published over 18 years ago showed convincingly that
chemical compounds with a molecular weight under 500 Daltons could penetrate transcutaneously,
but that compounds larger than this are unable to penetrate through the fairly impermeable stratum
corneum [220]. This observation has proven to be correct throughout the years, and for this reason,
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topical drugs are based on small molecules. Given this inflexible rule, any natural compound that
shows excellent anti-inflammatory properties will only be effective topically if its size is under 500
Daltons. In addition to the size restriction for effective skin penetration, natural anti-inflammatory
compounds should, ideally, have a logP value between 1 and 3 [221,222]. The partition coefficient, logP,
refers to the relative solubility of a particular compound in water and octanol. As octanol and water are
immiscible, the distribution of a compound between these two phases is a good approximation of the
partitioning between the cytosol and lipid membranes of living systems. Since the stratum corneum
has a high content of lipids, any compound that is more soluble in octanol than water (LogP > 1)
can penetrate the stratum corneum more easily than a water soluble compound. However, if the
LogpP is too high, the compound is so non-polar that it cannot move into the deeper, more aqueous
regions of the skin. A good example of compound that is not a good choice for topical development is
CoQ10. This antioxidant has a logP of 19.4 which makes it a poor candidate for topical formulation
development. On the other hand, curcumin, with a molecular weight of 368 g/mol and a logP of 3.2 is
much more likely to penetrate through the stratum corneum and enter the lower layers of the skin.
Unfortunately, its bright yellow color and relative instability in water based formulations reduces its
usefulness in topical products.

When all seven of these criteria are taken into consideration, many natural anti-inflammatory
compounds are not ideal candidates for development into topical formulations. Many of the most
potent natural anti-inflammatory compounds, such as curcumin, with its bright yellow stains the skin
with an undesirable color. Many other natural compounds are unstable when formulated into a lotion
or cream and break down in days or weeks. Some natural compounds are either near the upper limit
of size that can penetrate through the stratum corneum (CoQ10, EGCG) or have a partition coefficient
value that is not ideal for skin penetration (CoQ10:logP = 20; alpha tocopherol; logP = 10). Even though
many compounds do not meet the criteria, others like ferulic acid and tetrahydrocurcumin do satisfy
the criteria, and have been incorporated into topical formulations [223].

Even though a compound satisfies the seven criteria listed above, the only way to show that a
“natural anti-inflammatory” will be effective when applied topically is to actually build the formulation
and test it clinically. The steps to building an effective topical product involve: (1) determining the
optimum amount of “bioactive” to add to the formulation, (2) determining the solubility and stability
of the anti-inflammatory compound in acceptable formulation solvents, (3) preparing prototype
formulations that are physically stable and which maintain biological activity of the compound,
(4) testing the prototype formulation by Franz cell percutaneous absorption analysis to determine the
rate and amount of compound that can penetrate into human skin [224,225], and finally (5) testing the
formulation clinically. If one assumes that a formulation can be engineered to deliver 2% to 5% of a
finite applied dose of across the stratum corneum and down to the cells in the epidermis and dermis,
then only 1/20th of whatever anti-inflammatory active is in the product is ever going to get past the
stratum corneum and down into the dermis or even the lower part of the epidermis. Therefore, for
example, if cell culture studies show that an active completely blocks PGE-2 production in fibroblasts
in culture when used at 0.01%, then in theory, to be effective when applied topically, the formulation
should contain 20 times this amount of active, or 0.2%. However, there is another variable that must be
considered. In cell culture studies the candidate “active” being studied has nowhere to go but remain
in the culture medium for 24 h and during this time it will slowly move across cell membranes into
the cell where it can block inflammatory signaling pathways. When applied to the skin, however,
the compound is going to diffuse freely throughout the epidermis and dermis and will only have a
limited opportunity to be taken up by the cells in the skin. Therefore, for “bioactives” that must either
interact with a target cell’s membrane receptors or must pass across the surface membrane and enter
the target cell (fibroblast or keratinocytes) to exert their effects, the concentration of the natural active
in the final formulation will likely have to be increased by another 10 fold, making the concentration
2% in the final product. By following these formulations guidelines, it is possible to develop topical
products that deliver enough of the natural anti-inflammatory compound into the skin to arrest both
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“inflammaging” events as well as inflammation from sun exposure, and by doing so reduce the skin
aging process and risk of skin cancer.

3. Conclusions

The role of inflammation in skin damage and skin aging is well-known, and it is clear that
blocking both the chronic inflammation caused by sun exposure, as well as the increasing level of
“smoldering inflammation” that occurs naturally with age, will help reduce the visible signs of aging.
Of the inflammatory mediators known to damage and age skin, one of the worst is PGE-2. There are
many natural compounds that can block the production of PGE-2 in skin cells, and some of these have
already been incorporated into topical products. Given the extent of skin damage and aging caused by
PGE-2 and the fact that the levels of this prostaglandin increase with age, even in sun-protected skin,
it seems logical that skin care (and sun care) products should be developed with ingredients that can
prevent an increase in PGE-2 in the skin. If products can be developed that contain natural compounds
to block PGE-2 production in the skin, one can then ask two questions:

1. If consumers in their teens start using products that lower PGE-2 levels, will their skin look
noticeably younger as they age, even if they continue to spend time in the sun, and

2. If, at an early age, consumers start using skin care and sun care products that block PGE-2, will
they ever get skin cancer or even develop actinic keratosis, even in their later years, and even if
they spend time outdoors?

It is interesting to speculate that the visible aging process as well as the incidence of skin cancer
will drop dramatically simply from the daily use of products that block the production and/or action
of PGE-2.
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