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Abstract: Higher demands on skin care cosmetic products for strong performance drive
intense research to understand the mechanisms of skin aging and design strategies to improve
overall skin health. Today we know that our needs and influencers of skin health and skin
aging change throughout our life journey due to both extrinsic factors, such as environmental
factors and lifestyle factors, as well as our intrinsic factors. Furthermore, we need to consider
our microflora, a collection of micro-organisms such as bacteria, viruses, and fungi, which is
a living ecosystem in our gut and on our skin, that can have a major impact on our health.
Here, we are viewing a holistic approach to understand the collective effect of the key
influencers of skin health and skin aging both reviewing how each of them impact the skin,
but more importantly to identify molecular conjunction pathways of these different factors in
order to get a better understanding of the integrated “genome-microbiome-exposome” effect.
For this purpose and in order to translate molecularly the impact of the key influencers of
skin health and skin aging, we built a digital model based on system biology using different
bioinformatics tools. This model is considering both the positive and negative impact of our
genome (genes, age/gender), exposome: external (sun, pollution, climate) and lifestyle
factors (sleep, stress, exercise, nutrition, skin care routine), as well as the role of our skin
microbiome, and allowed us in a first application to evaluate the effect of the genome in the
synthesis of collagen in the skin and the determination of a suitable target for boosting pro-
collagen synthesis. In conclusion, we have, through our digital holistic approach, defined the
skin interactome concept, as an advanced tool to better understand the molecular genesis of
skin aging and further develop a strategy to balance the influence of the exposome and
microbiome to protect, prevent, and delay the appearance of skin aging signs and preserve
good skin health condition. In addition, this model will aid in identifying and optimizing skin
treatment options based on external triggers, as well as helping to design optimal treatments
modulating the intrinsic pathways.

Keywords: system biology, interactomics, skin homeostasis, molecular translation, holistic

beauty, cosmetics

Introduction

Our very first barrier between our body and our surroundings is embodied by the
skin, which serves a wealth of purposes, ranging from protection to environmental
threats, prevention of percutaneous water loss, temperature maintenance, sensory
perception, and immune surveillance.' Beyond mere protection, skin health and
appearance play crucial roles for self-esteem and social interactions.”
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In the last decades the study of skin ageing led to
a split into two identified components, more a less over-
lapping depending of the individual: an intrinsic compo-
nent and an extrinsic one. Intrinsic aging stands for the
“normal” decay of the skin, associated mostly with chron-
ological age and resulting in thinner skin, wrinkle forma-
tion, and a rougher skin surface.** In 2015, Trojan et al's®
study aimed at disentangling extrinsic from intrinsic bio-
logical phenomena on facial skin aging, using both clinical
and biophysical methods, concluding that chronological
age is a surrogate marker for intrinsic aging. Extrinsic
aging, stemming from extensive exposition to the sun or
pollutants, overlaps intrinsic skin aging and further aggra-
vates features such as skin firmness, wrinkles, ptosis, and
yellowing, to name a few.

However, for a better understanding of the interplay
of the human skin with the environment and the subse-
quent development of the signs of aging and unhealthy
skin, a comprehensive knowledge of the totality of life-
long environmental exposure is needed and can be
defined as the “exposome”. The term was coined by
Wild® in 2005, and its definition was notably refined
by Miller and Jones® in 2014, “as the cumulative mea-
sure of environmental influences and the associated bio-
logical response throughout the lifespan, including
exposure from the environment, diet, behavior, and
endogenous processes. Krutmann et al’ reviewed the
impact of exposome in skin aging, proposing that the
principal influencing variables were UV radiation, air
pollution, tobacco smoke, nutrition, and cosmetic
products.

The impact of exposome effect on chronic disease
was quantified in 2016 by Rapoport,®, who estimated the
effect to 80%, while the genome-wide-associated dis-
eases did not exceed 20%.’

Our microbiota, a collection of micro-organisms, is
a living ecosystem both inside (gut) and outside (skin) of
our body. Typically located at the interface of our inner
and outer barrier of the body, where its main role is to
maintain health.lo’ﬂ Its impact in gut health and disease is
widely accepted, but we are just starting to understand the
role of cutaneous microbiota and its influence on skin
health and aging. So far, it has been shown that cutaneous
microbiota is involved in regulating host inflammation,
skin barrier, wound healing, and the premature skin

12714 45 well as, in dysbiotic conditions,

aging process
linked to various skin ailments.'>'® Clearly, there is

a strong téte-a-téte between our gut and the skin, where

healthy gut also contributes to beautiful skin appearance
t00.'” A recent study showed an interesting inverse rela-
tion, where UVB light skin exposure is impacting the
human intestinal microbiome.'® This novel study opens
a new vision between two barrier organ bidirectional
interactions.

Altogether, our skin health and ageing process is the
resulting contribution of the molecular interactions between
our wider genome, our microbiome, and the exposome
(Figure 1). In this article, we define and review individually
how key influencing factors impact the skin and explore
(GME)
through a digital model based on system biology, aiming,

a ‘“‘genome-microbiome-exposome” approach
at molecular level, determining the integrated impact of
either the joint GME factors. The ultimate goal being to
create a digital holistic tool, to better understand the mole-
cular genesis of clinical signs of aging and further develop
a strategy to balance the influence of the exposome and
microbiome to protect, prevent, and delay the appearance of
signs of aging and preserve good skin health condition.

Genome

Internal Factors

Genetics

Ethnic Skin

Physical and biological phenotypes of the skin aging pro-
cesses manifest differently between diverse ethnic
populations.'® Chinese women exhibit notably lower pore
size and density across all the age groups compared to
other ethnicities.”® Highly pigmented skin individuals have
aberrant epidermal architecture, with stalagmite-like struc-
tures at the dermo-epidermal junctions, correlating with an
enlarged pore size compared to individuals from other
ethnicities.?*'

Research shows that wrinkles appears at early stages
in Caucasian, compared to other ethnic groups. In fact,
Chinese women exhibit a prevalence of pigmented spot
and a delayed appearance of wrinkles by 10 years, when
compared with French women®? (Figure 2). Highly pig-
mented skin individuals have smaller collagen fiber bun-
dles but

Caucasian skin individuals.?

larger nucleated fibroblasts compared to
Compared to Caucasian
skin, Asian and dark skin tone have much thicker and
structurally more compact dermis. This could be one of
the reasons why Asians and dark skin tone individuals
have lower incidence of facial rhytids.** Furthermore,

stratum corneum of darker skin types exhibits a higher
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Figure | Holistic Beauty Wheel. Schematic map of the biological, environmental, and lifestyle factors influencing skin health and skin aging.

lipid content and more cornified cell layers compared to
the lighter skin.?® Studies have also highlighted ethnic
differences in the elastin fiber network and in TGF-B
signaling in African American and Caucasian skin.
African Americans have less UV dependent damage in
elastin than Caucasian subjects.”® Galzote et al*’ have
studied Asian populations and found declined skin elasti-
city, epidermal cell turnover, and an increase in collagen
cross-links with progress in age, which, in turn, increased
the collagen cross-links and are widely associated with
advanced glycation end products (AGE), one of the
major factors inhibiting skin repair and cell turnover.””**
The

Caucasians skin to darker skin color are both the quantities

most striking dissimilarities when comparing
of melanin and proportions.?’ Higher skin melanin content
provides a stronger advantage against UV rays, photo
aging, and cancer. At the same time, darker skin is more
prone to be sensitive to hypopigmentation, making uneven

skin a typical sign of photoaging on dark skin tone

people.*°

Uneven pigmentation is more frequent and
appears ecarlier in Japanese women than in French
women.>' Autophagy is another key contributor to the
ethnic skin color diversity. It has been documented that
keratinocytes derived from Caucasian skin exhibit higher
autophagic activity than those derived from African
American skin.*> With age, both Caucasian and Asian
skin becomes darker, but Caucasian skin tone tends be
redder while the Asian one tends to be more yellow.
Skin redness is due to changes in the microvasculature of
the dermis, mostly at the cheekbone area.>>~* One inter-
esting study was conducted between different ethnic
groups to define skin barrier properties. By measuring
the trans epidermal water loss (TEWL), it has been
demonstrated that Caucasian skin had strong barrier prop-
erties, followed by African, Chinese, and finally Indians.*
Yamashita et al*® studied the differences in conditions of
ethnic skin to characterize its susceptibility to oxidative
stress. The findings show variations of susceptibility to
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Normal mode

Caucasian
Age: 65

Chinese
Age: 65

Wrinkle mode

Melanin mode

Figure 2 Representative images of Caucasian and Chinese skin. Representative images of 65 years old Caucasian and Chinese facial skin (Crow's Feet) captured with the
Antera 3D camera. Starting from the left: normal mode showing images as perceived by the naked eye, wrinkle mode where depressions are highlighted with dark colours
(the darker the deeper the wrinkle) and melanin mode where higher concentrations of melanin are rendered in darker orange color. Deeper wrinkles, yet less pigment

spots, are observed in Caucasian skin compared to Chinese skin.

oxidation (melanin content and catalase activity in the
skin) contributed to better skin conditions in Japanese
subjects compared to French subjects.

Age and Gender
Hormones and gender specific factors may also play an
important role in skin morphology and aging process, respec-
tively. Hand male skin has a thicker dermis than females but
has a thinner hypodermis, thus suggesting the influence of
gender-related hormones.>’>° One interesting study invol-
ving whole genome screening of sun-protected skin areas
show an overlap of just 39 genes, thus pointing out how the
process of aging may differ between males and females.*”
There is an interesting hypothesis of accelerated skin
aging process associated to excessive levels of iron and
ferritin in menopausal women. Females can lose excess
iron both as part of the menstrual cycle and desquamation.
Post-menopause, the skin stores the excess of iron ions under
ferritin form. Such accumulation of iron exacerbates the
amount of reactive oxygen species, possibly accelerating
the female skin aging.*® Skin aging related progressive
decline of skin thickness was associated with the loss of

dermal skin.*!' Brincat et al*!

, reported a steady depletion of
collagen content and a reduced skin thickness following
menopause, with yearly reductions of 2.1% and 1.1%,

respectively. These observations were concomitant with the

depletion of estrogens, whose beneficial effects on maintain-
ing a youthful skin have been described.** A clinical study
aimed at showing the efficacy of a formulation containing
0.01% of estradiol reported an increased number of fibro-
blasts following 24 weeks of treatment.** Furthermore, it has
been demonstrated that treatment with hormone replacement
therapy (HRT) led to significantly improved skin thickness
and collagen content vs control***® Other studies demon-
strate that both the skin collagen content and the skin thick-
ness increased in postmenopausal women under HRT
compared to controls.*” An investigation in a Japanese cohort
reported a yearly decline in skin elasticity as measured with
a cutometer, though a treatment with HRT for a duration of
a year enabled a substantial recovery of 5.2%.” A study
performed on 3,875 postmenopausal women confirmed that
oral intake of estrogen has significantly improved skin hydra-

tion on the studied panel.**

Thus, estrogen deprivation leads
to skin dryness, therefore restoring skin moisture with topical
moisturizers should be part of the daily skin care regime in

women before even entering the menopause phase.

Exposome

External Factors

Sun

The sun's impact on skin health is quite diverse. Sunlight
is composed of different wavelengths, penetrating the skin

submit your manuscript

1024

Dove

Clinical, Cosmetic and Investigational Dermatology 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Khmaladze et al

at various levels. Here we discuss UVR (ultraviolet radia-
tion) and VL (visible light), including BL (blue light) and
IRR (infra-red radiation).

Ultraviolet (UV)

Ultraviolet radiation is the primary factor of extrinsic skin
aging, which accounts for approximately 80% of facial
aging.*>>* UV radiation is a combination of radiations at
different energy; UVA (320400 nm), UVB (290-320
nm), and UVC (100-290 nm). Among them, UVA rays
reach the skin deepest layers and induce undesirable
changes in the dermis, which are usually followed by
early signs of photoaging and in some cases photo-
carcinogenesis.5 1-53 UVC, on the other hand, are blocked
thanks to the protective ozone layer.”> UVA is the major
portion of the UV making it to the earth’s surface, while
UVB contribution is less than 5%.%* UVA radiation does
affect the oxidative status of skin components, which is
well studied for its contribution to photoaging processes.>
UVA radiation induces changes in the dermal layer of the
skin through the generation of ROS, as shown using
reconstructed skin models.’®>” Interestingly, the epidermis
is not significantly affected. Because UVB hardly reach
the dermis, fibroblasts are more affected by UVA and to
a higher extent than cells in the epidermis.”’® Using
a reconstructed human epidermis (RHE) model, it was
shown that UVA induces MMP-1 production in the fibro-
blasts independent of the epidermis, whereas UVB-
induced MMP-1 production requires the epidermis.’”**°
Additionally, UVA act on genes linked to the skin protec-
tive capabilities against oxidation and further promotes
photo-aging, such as heme oxygenase-1 and superoxide
dismutase-2.°"** Moreover, UVA induces changes in the
biological marker expression like ferritin, tenascin and
lysozyme, which are described to be associated with
photoaging and solar elastosis.’*®>%* Repetitive, sub
erythemal UVA exposure on the skin induces a strong
increase® in the pigmentation, which is particularly
important in Asia, where the major signs of skin photoa-
ging are observed.®®®” In contrast to UVA, UVB is
directly absorbed by the epidermal cells leading to char-
acteristic DNA mutations, and the damaged DNA products
subsequently can activate skin melanogenesis, and enable
the skin to reinforce its protection against radiation.®®
UVB deleterious effects can further lead to apoptosis of
keratinocytes and generate “sunburn” cells.” In vivo stu-
dies highlighted the use of sunscreen could prevent DNA
damage, therefore protects the skin risk from melanoma

and squamous cell carcinoma.’® This in fact proves the
UV radiation induced destructive events on the DNA
strands. Moreover, chronic and sub-erythemal inflamma-
tion is a major component of the aging process,’”' also
called “inflamm-aging” that can initiate or significantly
impact the evolution of age-related diseases and skin
aging.7>73

Visible Light (VL)

Visible light accounts for about 50% of solar light and its
wavelength ranges between 390-700 nm. It has been
shown that IR in combination with VIS led to the over-
expression of MMP-9, with a reduced synthesis of type
I pro-collagen following exposure to sunlight.’*

Blue Light (BL)

Blue light is a range of the visible light spectrum.
Interestingly, a recent study showed a direct impact of
blue light on circadian rhythm. Blue light disrupts the
circadian rhythm and creates damage in skin cells and
eventually accelerates aging.”> Although of weaker energy
(760 nm—1 mm), infrared radiation's (IR) contribution to
the earth’s temperature is substantial and, therefore, its
impact on skin needs must be considered further.”® As
a result, more and more studies confirm the deleterious
effect on IR on the skin: stimulating the expression of
MMP-1 in vitro.”’

Pollution

Among the several types of pollutants (air, water, soil,
noise, radioactive, and thermal), air pollution is the major
one, which affects all the living organisms. The common
pollutants are particulate matter (PM), volatile organic
compounds (VOC), ozone, nitrogen, and sulfur dioxide,
both their concentrations and composition of these pollu-
tants vary in countries’® across the world (WHO). Skin is
the direct target organ and mostly affected by all these
pollutants, in addition to the lungs.””®*® On Chinese
women, chronic exposure to severe outdoor urban pollu-
tion in an aggravating factor of facial aging signs®® as
pollutants are damaging the skin and accelerate premature
aging primarily via oxidative stress, then skin barrier dys-
functions, inflammation, and apoptosis.®' Topical skincare
product may help to prevent and reduce the damaging
effects of air pollutant on exposed skin, thus supporting
the maintenance of an optimal skin health condition.
Particulate matter (PM) is amongst the most common air
pollution components. Recently it has been shown that
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PM10 induced dermal fibroblasts have significantly
increased the expression of pro-inflammatory genes/pro-
teins, cytochrome P450 (CYP1A1l, CYPIB1) and MMPs,
as well as a significantly reduced expression of Coll-1-a,
TGF-B, and elastin (ELN) mRNA. The incidence of hyper-
pigmentation disorders, especially melasma (chloasma
faciei), is increased in people living in heavily polluted
geographic regions like in India and South East Asia.®
After entering the skin, pollutants can induce ROS that
stimulates the expression of MMPs leading to premature
skin aging, especially in the hyperpigmentation skin phe-
notype. In China, the use of coal, as a solid fuel, generates
high indoor air pollution exposure and an increase risk of
aging skin.®> An interesting comparative clinical study
was performed on subjects in more and less polluted
areas of Mexico. An increased level of sebum secretion,
but with a lower concentration of both squalene and vita-
min E, lactic acid and a higher erythematous index on the
face were observed in people residing in the more polluted
areas compared to less polluted places, thus driving more
atopic dry skin, urticaria, and red dermographism and
being some the main characteristics of skin from people
living in highly polluted areas.®* Epidemiological studies
showed both facilitate the development of new skin dis-
eases and exacerbate the existing one, as increased PM
levels modulate oxidation and pro-inflammatory cytokines
in the skin.®

A lifestyle pollutant — cigarette smoking, is well-
known to generate not only systemic health complications
but also cause premature aging of the skin. Smoking
increases oxidative DNA modifications, interferes with
the dynamic of telomeres and with the activity of
human telomerase reverse transcriptase (hTERT). This

was shown by Lotfi et al,*®

where he described a higher
percentage of negative hTERT in the skin of smokers, but
a higher percentage of positive hTERT expression was
observed among non-smokers, despite non-significant
levels. Thus, the potential effects on telomerase activity
of smoking could possibly contribute to skin aging pro-
cesses. Other studies have shown long-term smoking
association to cutaneous microvascular dysfunctions®’
and marked changes in the skin temperature and oxygen
content on the face.*® Moreover, systematic review and
meta-analysis studies associate smoking with an
increased risk of basal and squamous cell carcinomas
(BCC and SCC) of the skin.®* A clinic-based case control
study confirmed

WOl’Ilel’l.90

such association, particularly in

These results clearly demonstrate an important impact
of pollution on skin quality, potentially on microbiome, as
microbiome-related skin conditions are exacerbated, with
premature aging and risks for disease development.
Therefore, antioxidant, anti-inflammatory, and/or anti-
seborrheic treatments may be good preventive options as
anti-pollution cosmetic products together with ultraviolet
(UVA/UVB) protection.

Climate

When discussing climate impact on skin health, it is
important to define a dermatological impact of season
variations and global climate change, often in
a connection to geographical zone.

Seasonal variations have a big impact on skin appear-
ance and texture. Especially during the winter in northern
countries, the risk of skin concerns, such as dermatitis, is
increasing due to low temperature and humidity.”’ In an
earlier study, skin seasonal fluctuation from Shanghainese
female volunteers was monitored over two 6-month inter-
vals. It turned out that biophysics parameters (eg, oiliness,
moisture) and color-related parameters were the most
affected, while topographic features (eg, Ptosis, wrinkles)
remained constant.”> Seasonal variations various skin
parameters have been reported in several cities in Asia.
Generally, pigmentation and wrinkles were reduced in the
winter compared to the summer, while other features such
as skin barrier and moisture, for instance, worsened.?’
Another interesting study in Korean females showed the
seasons induce changes in skin hydration, sebum content,
scaliness, brightness, and skin elasticity.”

Climate change seems to be evolving at a record pace
because of the impact of human and non-human-related
activities on the environment. Despite the extensive
research on how climate change could alter health sys-
tems, so far very few studies have been carried out to
explore the consequences on skin health.”* The skin is
the barrier between the rest of the body and its environ-
ment; thus, it is expected that cutaneous alterations may
occur in a response to climate change. Drier environmental
conditions increase the permeability of the epidermis,”
with lower humidity that stimulates the production of
epidermal inflammatory mediators and promotes hyper-
proliferative response.”®?” Moreover, cold temperatures
and dry conditions have been linked to a higher rate of
irritations.”’ Furthermore, it has been outlined that sebum
levels are generally higher in younger patients and during
warmer months.”® Daily skin exposure to a low-humidity
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environment induces a lower water content in the stratum
corneum and accentuates fine wrinkles related to skin
dryness.”

Thus, a climate conscious skin care product develop-
ment considering seasonal variations and global climate
change specific to the geographical zone is another impor-
tant consideration for consumers.

Lifestyle Factors

Sleep

Sleep is important for growth and renewal of multiple
physiological systems, including the skin. One interesting
study conducted on 60 healthy Caucasian women showed
chronic poor sleep (duration < 5 hours) quality was asso-
ciated with a reduced skin barrier function, an increase of
facial signs of aging, and a lower satisfaction with attrac-
tiveness and appearance, compared to good sleep (duration
7-9 hours).'® Moreover, acute lack of sleep impacts skin
barrier, hydration, elasticity, pores, translucency, bright-
ness, and blood flow.'°!

Although the actual sleep is controlled by the central
nervous system, melatonin and cortisol are hormones
that play a huge part in determining our circadian
rhythms and the quality of sleep in general. Since skin
aging mechanisms are not fully understood, new
aspects of skin healthiness such as melatonin are intro-
duced. Melatonin secretion is light-dependent of circa-
dian rhythm and its receptors are expressed in the most
skin cells, including keratinocytes, melanocytes, and

] .
1'% summarized

fibroblasts.'®? Recently, Rusanova et a
a wide range of protective effects of melatonin such as
strong anti-inflammatory, antioxidative activity, mito-
chondrial protection, photoprotection, and anti-wrinkle
/skin damage. Thus, melatonin is considered as one of
the effective active agents for skin health to boost skin
defense and protection systems to prevent it from exter-

nal aggression.

Exercise

During exercise, oxygen and nutrient rich blood are deliv-
ered across the body through the highly regulated integra-
tion of central and peripheral hemodynamic factors.'®
Interestingly, it was found that exercise until exhaustion
changes the skin content of NADH, modifies NADH turn-
over at rest, during ischemia, and reperfusion in the most
superficial living skin cells.'®

Intense exercise leads to sweat, which helps the skin to

keep clear, as when we are sweating, the pores flush out

toxins that need to be washed properly afterwards, as they
can lead to irritation and blemishes.'”® An earlier study
showed that
affects the skin physiological properties of the facial

exercise-induced sweating significantly
region such as SC hydration, sebum secretion, and surface
pH.'""7 Exercise also helps to maintain cortisol at healthy
levels, as spiked cortisol levels can induce several types of
skin damage, such as breakouts or increase of collagen
break down, resulting in an acceleration of wrinkles for-
mation and skin sagging. Working out triggers collagen
production to help maintain healthy skin. Crane et al'®®
showed that exercise induces IL-15, a novel regulator of
mitochondrial function in aging skin. It is well known that
regular exercise has multi-system anti-aging effects,

. . -1
including skin'®’

and muscles. The more strong, firm
muscle tone is associated to the healthier looking skin,
because of better support.

Thus, besides developing novel anti-aging targets in
the skin, more effort should be devoted to educating con-
sumers that exercise contributes greatly to healthier look-

ing skin when combined with a skin care routine.

Nutrition

Already the ancient Greeks such as Hippocrates and
Dioscorides, author of Materia medica, had a good under-
standing that diet is relevant for overall health. Ancient
literature for example described oat properties as being
both anti-inflammatory and anti-itching, which today is
still widely used and refined due to its high content of
micronutrients with multifaceted health benefits.''® Today
we are still discovering novel insights on how the nutri-
tional intake can influence our health and specifically our
skin health, down at the molecular level.

Vitamins, Minerals, and Antioxidants

Some of the most studied micronutrients with beneficial
effects on skin health, both from oral and topical applica-
tions, are essential vitamins and antioxidants. Vitamin C is
broadly used as a supplement and has multiple benefits on
our overall health, associated with maintenance of our
immune system as well as protecting DNA, proteins, and

111 . . .
Vitamin C also has simi-

lipids from oxidative damage.
lar benefits in the skin, both as an antioxidant driving
photoprotection and reducing skin pigmentation, but also
in terms of affecting synthesis and improving the stability
of collagen protein in the skin. Other essential vitamins
with specific skin benefits are Vitamin E (tocopherol)

which can work synergistically with Vitamin C in terms
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of photoprotection,'"!

and Vitamin B3 (nicotinamide) in
restoring cellular energy, repairing damaged DNA, and
reducing the immunosuppressive effects of sun-induced
UV rays.

Vitamin A active compounds (retinol, retinyl esters,
retinaldehyde, retinoic acid) are widely used for skin
health purposes due to their multifunctional beneficial
roles in relation to acne treatment, pigmentations and
regulation of matrix proteins such as collagens. Through
our diet we get a supply of dietary retinyl esters (RE) and
carotenoids, found in fruits and vegetables. In the skin, RE
is converted to the bioactive form of retinoic acid (RA),
which can modulate an extensive gene machinery in var-
ious skin layers, and thus exhibit a strong activity on the

skin !

Carotenoids
B-carotene, an endogenous photoprotector, is known for its

111 and

efficacy to prevent UV-induced erythema formation
dietary supplementation can further enrich B-carotene skin
concentration.

The ketocarotenoid astaxanthin is naturally produced
by plants, bacteria, and microalgae. Haematococcus plu-
vialis, a chlorophyte alga, is certainly the one having the
highest capacity for astaxanthin accumulation and there-
fore has served as the principal source for dietary supple-
ments, cosmetics, and food.''> Multiple studies have
shown various skin health benefits of oral supplementation
of astaxanthin through different mechanisms, such as pre-
vention of oxidative stress, inhibition of inflammatory
mediators, as well as suppression of hyperpigmentation
and wrinkle formation.'"?

Healthy skin is also dependent on a constant supply of
minerals such as Zinc, Copper, and Selenium. These
minerals can act as enzymatic cofactors for glutathione
peroxidases and superoxide dismutase (SOD) and can
thus support in eliminating free radicals and thereby pre-

venting oxidative stress indirectly.''*

Polyphenols

Polyphenols are the major secondary pants metabolites,
formed with at least one phenolic unit. Accordingly, sim-
ple phenols are named phenolic acids, intermediate
ones are flavonoids and anthocyanins, and high molecular
weight polyphenols are stilbenes, coumarins, and
tannins.''> Polyphenols are found in many different plants
and berries and the composition and proportion of poly-

phenols may vary depending on plant family and

extraction procedure.''>''® Phenolic compounds can ben-
efit skin health through many different mechanisms such
as activation of specific cellular pathways, antioxidants,
and acting as prebiotics that can influence the skin

microbiome.''>!!7

Fatty Acids and Ceramides

Human stratum corneum structure and skin barrier integ-
rity results in a original composition made of 50% cera-
mides, 25% cholesterol, and 15% free fatty acids.
Ceramides are involved in several biological processes
and lipid raft-mimicking mixtures and studies have
shown that reduced levels of ceramides are shown
in skin barrier altered diseases such as atopic dermatitis
and psoriasis, while being identified as a hallmark of skin
aging.118 Ceramides used for therapeutic purposes have
traditionally been obtained from bovine or biotechnologi-
cal sources. However, lately skin-like ceramides have also
been isolated from edible plants, such as rice, sweet
potato, and wheat. Some of the plant derived ceramides,
such as glycosyl ceramides from wheat, have been
shown to clinically improve skin hydration and symptoms
of aging as well as skin barrier repair through oral
supplementation.'®!'® Polyunsaturated fatty acid (PUFA)
are essential fatty acids such as linoleic acid, arachidonic
acid (®-6), and in particular W-linoleic acid (®-3) that are
of critical importance for skin health, due to their potential
applications in disease prevention, but also treatment of
the most common inflammatory skin diseases, such as
atopic dry skin acne and psoriasis. The benefits of PUFA
seem to involve multiple mechanism of actions both via
receptors regulating signaling processes that influence pat-
terns of gene expression via eg PPARy as well as more
direct changes in cell membrane fatty acid composition.
Whereas Omega-3 is often sourced from fish oil, Omega-6
can be found in the plant kingdom in sources such as

safflower oil, flaxseed oil, and soybeans.lzo

Emotional Balance/Stress
Skin Health

In the previous sections of the article, we extensively
reviewed the contribution of factors upon the skin, many
of them leading to changes visible to the naked eye. These
perceivable skin features can, in turn, be used to make an
assessment about our peers in terms of attractiveness,
although not consciously, and an evolutionary psycholo-
gist would argue that it could ultimately serve the purpose
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121 We did show that the cues

for age and health perception can vary according to the

of finding a “healthy” mate.

ethnic skin background, by showing similarities and dis-

122 and

similarities between Russia, Indian, and China,
would be very much due to a combination of external
factors, such as climate, pollution, genetic, but also distinct
cultural background.

More recently, we aimed at showing the dichotomy
between perceived age and perceived health in a Chinese
cohort using a Machine learning approach. Some skin
features were specific to age perception (eg, eye bags,
eye lid sagging, wrinkles), while others were rather related
to health perception, such as pigmented spots, acne, scars,

or skin hydration.'*

Mental and Body Health
Beside maintaining an outer skin health,

a protective role and skin nourishments, cosmetics and

through

beauty routines also help to improve one’s appearance,
resulting in positive effects in one's self-perception, con-
fidence, and perception by others.'**'*> The feel good
factor boosts our self-esteem and improves our perfor-
mance, which favorably affects what others think of us,
and how they behave towards us. Recently an original
hypothesis discussed the contribution of impaired epider-
mis on both local inflammation and, more interestingly,
body with
a formulation aiming at improving the skin led to

overall cytokines levels. Treatment
a concomitant reduction of content of cytokines in the
body.'**'?” Thus, an innovative strategy to prevent or
address systemic “inflamma-aging” could be the use of
relevant topical preparation, therefore enforcing the benefit
in maintaining good skin health to balance the overall
inflammatory status of the inner body.

It is well known that there is a significant association
health,

a negative effect on many dermatological diseases.

between stress and individuals’ including

128
Unfortunately, there is a lack of data that impact stress
on disease-free skin. One interesting study was done on
a small group on female students, with timepoints such as
intense stress (exams) and control period (after holidays).
In summary, psychological stress induced disturbance on
the epidermal barrier function both through a disruption of
the barrier function as well as a delay on the barrier
recovery, in healthy individuals.'*’

Another cross-sectional study between psychological
stress and skin symptoms was done among 529 medical
students. Results showed that older age, female gender,

and being during exam weeks were associated with the
highest perceived stress levels associated with oily, waxy
patches or flakes on scalp, dry/sore rash, warts, pimples,
and hands

skin, rash,

130

itchy itchy among other
symptoms.

A possible explanation of how stress affects skin con-
ditions was shown on an AD model, where an acute stress
triggers a fast release of stress hormones, which further
activates the immune system, primarily through Thl cells,
that

stimulate inflammation and the associated cellular immune

producing pro-inflammatory cytokines
response. In addition, under chronic stress, the skin
increase of basal cortisol levels reduces it's capacity to
respond to acute stress, as the immune system is shifting
from a cellular to a humoral response. And, finally, the
keratinocytes, through their receptors for neurotransmitters
and stresses, hormones actively contribute to the psycho-

neuroimmunological pathways. "'

Gut-Brain-Skin Axis — Skin Benefits of

Oral Pre- and Probiotics

The human skin is the host tissue for microbial commu-
nities, living in a symbiotic relationship and through
advanced signaling that is relevant for our immune system.
A wealth of investigations have outlined the inter-
commensal

connection of the skin

17,132

and gut
populations, with a recent reporting that Body Mass
Index influenced both skin and gut microbiomes, but not
the oral one.'”* The gut microbiome ability to mitigate
UV-induced deleterious effects, thus preventing photoa-
ging, has been shown.'** It is therefore attractive to eval-
uate the potential beneficial role of oral probiotic
supplements in relation to UV protection and skin aging
benefits. Indeed, ingestion of Lactobacillus plantarum
has shown the inhibition of MMP-1 expression in fibro-
blasts, showing a potential preventative benefit on UV-
induced photoaging in mice.'*> This anti-aging benefit
was also observed in vivo, where oral supplementation of
the specific L. plantarum strain HY7714 led to improved
skin moisture and biomechanical properties.'*® A building
block of the probiotic strain Lactobacillus, Lipoteichoic
acid, has demonstrated anti-inflammation efficacy."*” Over
80 years ago, dermatologists John H. Stokes and Donald
M. Pillsbury proposed a gut link to emotional imbalance
and skin conditions such as acne. Based on their theories,
stress and anxiety alters gut microflora, leading to
increased intestinal and

permeability consequently
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contributing to systemic inflammation in acne susceptible
individuals."*® To cut off this viscous cycle, it was sug-
gested that both probiotics and antimicrobials may play

a role at the gut level.'*’

Beauty Routine

Usage of cosmetic products is well documented, with early
records among various old civilizations. Egyptian men and
women used makeup, eyeliner and eyeshadows in dark
colors, to enhance their appearance.'*® Along centuries,
knowledge and standards for their fabrication have
evolved, with new galenic removal of questionable ingre-
dients that could be toxic if not lethal, etc. Today, product
safety and efficacy are ensured through various regulations
across the world, and the EU Cosmetic regulations is the
most stringent.

In recent times, skin health and beauty have been
perceived as an indicator of one’s health, which has
resulted in an increasing demand for more and more
advanced skincare products. UV protectants are amongst
the most efficacious products to prevent photo-aging,
hyperpigmentation, and skin cancer.'*' Even though not
being recognized as a term, cosmeceuticals refers to cos-
metics that deliver a physiological skin benefit through
either pure chemicals or natural active ingredients.'#* !4
These are being used in anti-aging, barrier function
improvement, anti-inflammatories, UV/pollution protec-
tion, and moisturization.

As mentioned earlier (under mental body health), it has
been recently demonstrated that topical emollients are able
to reduce epidermal circulating levels of proinflammatory
cytokines, as a new approach to prevent and mitigate
certain inflammation-associated chronic disorders in aged

humans.'%°

Skincare Regimen

Overall, daily use of several skincare products becomes
extremely important for skin health, and the backbone for
such a beauty routine is designed around a multi-step
skincare regimen. Well-known in Asia and notably in
Korea, a multi-step regimen is getting further attention
for the complementary effects of each step as well as an
expected stronger clinical efficacy. However, most of the
clinical studies are focusing on active/a formulation,
vs either placebo or baseline. So far very few clinical
studies have been comprehensively designed and pub-
lished to demonstrate the additional boosting effect of
a multistep regimen. The ones published are mainly

related to dermatological issues such as acne, xerosis,
and pruritus or one acne-prone skin.,'*”'*® Relevant skin
care regimen can target the previously identified signs of
unhealthy perceived skin after 1-month product usage.'*’
Sticking to a skin care regimen over a period of 6 months
can prove beneficial, in comparison to shorter length of
use. As outlined by Figure 3, the average decrease of the
crow’s wrinkle depth among the female volunteers (n=20)

was incremental and observed until 6 months.

Microbiome

Our microbiota, a living ecosystem of skin outer barrier,
plays an important role in maintaining health.ﬂ Skin
microbiome is largely affected by genome (age and gen-
der, genetics)'® and exposome (external and lifestyle fac-
tors). In aging skin, significant alteration of skin surface
physiology including pH, lipid composition, and sebum
secretion, is occurring.'>*'>® These physiological changes
may impact skin microbiome composition as well.'>*!>
Shibagaki et al's'>® study showed that the old aged group
exhibited a trend for a higher alpha diversity (species
richness) compared to a young group for all tested sites,
although the most striking differences were observed on
the cheek and forehead. The study also implies differences
in beta diversity due to age (changed bacterial commu-
nities), on the scalp and forearms areas, being more
diverse over time."* Recent AD (atopic dermatitis) study
suggested that both pediatric and adult AD are under
childhood-
associated skin bacteria (such as Streptococcus) are

influences of various microbes, where
replaced, at puberty, by adult-associated commensals
(Propionibacterium and Corynebacterium) and in relation
to increase sebum production. Unique porphyrin and
chlorophyll metabolism for both Propionibacterium and
Corynebacterium may provide relevant options for skin
health additional protection in adults.'>’

Others showed that the effect of UV on immune func-
tion and cell response is modulated by skin microbiome by
creating anti-inflammatory environment.'>® This is in line
with other investigations showing that microbial derived
metabolites, resulting in an UV-induced immunomodula-
tion, would have a protecting effect against skin
neoplasia.'**'* In addition to this, we showed that lactic
acid secreting Lactobacillus reuteri DSM 17,938 in both
live (probiotic) or lysate (postbiotic) format could protect
skin from UVB induced inflammatory damage by suppres-
sing pro-inflammatory IL-6 and IL-8 cytokines.'®' In

another investigation, reconstructed Human Pigmented
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A Crow's feet wrinkles
1 MONTH 2 MONTHS 6 MONTHS
-7.2%
-11.4%
-15.2%
*

Figure 3 Example of anti-wrinkle benefits of multi-step regimen over 6 months. (A) Mean Crow’s feet wrinkle depth percentage reduction on the tested panel using
a 4-step skin care regimen, as measured by the Antera 3D. Consistent and incremental efficacy could be observed over a period of 6 months. *Significance vs baseline
(Repeated measures ANOVA with Dunnett post-hoc, P<0.05). (B) Representative image of one volunteer crow’s feet area at baseline and following 6 months of using the
4-step skin care regimen. The depression in the skin are depicted in lighter colours at 6 months, showing a reduced depth of the wrinkles.

Epidermis models inoculated with Staphylococcus epider-
mis were shown to mitigate UV mediated (2 MED) inflam-
inhibiting NFKB
translocation, reducing sunburns, reducing melanosome
2

mation and oxidative stress by
transfer, and modulation of B-defensin 2 expression.'®

Blue light (BL) has been found to have a positive
impact on skin health by modulating microbiome and is
currently used as light-based therapies for targeting acne.
Porphyrins that are naturally produced within sebaceous
follicles by Cutibacterium acnes (C.A.) can absorb
light.'®> Wavelengths of 415 nm within the BL spectrum
are the most effectively absorbed, that lead to photoexcita-
tion of porphyrins and subsequent release of singlet oxy-
gen and reactive free radicals that exert bactericidal effects
on C.4."%* Light-based acne treatments may be potentially
effective in acne improvement by reducing acne inflam-

mation lesions'®
4,166

and reducing pathogenic bacterial
loa

Studies also suggested that the exposome may impact
our skin microbiome.'” Several Asian studies were
reviewed, and a direct link has been observed between an
increase in prevalence of acne and high levels of airborne

pollutants.'®® Elevated levels of pollutants were associated
with an increased acne-related outpatient visiting dermatol-
ogy clinic in Beijing, shown by a time-series study.'®’
Another comprehensive study performed in two different
cities in China, one of them being substantially more pol-
luted than the other, reported differences in microbiome that
may be driven by polycyclic aromatic hydrocarbon (PAHs),
concomitant with increased acne and dandruff. Among the
impact on microbiota, we can cite an increase of Shannon
diversity index, a reduction of commensal bacteria to the
benefit of pathogenic oral bacterial detrimental to the skin,
a reduction of the metabolism of amino acids/vitamins in the

skin and a reduced microbial network integrity.170

Recently,
it was demonstrated that a continuous psychological stress
can impact skin microbiota, which is probably not surpris-
ing, since skin is one of the main neuroendocrine organs and
many cutaneous hormones and neurohormones can modu-
late bacterial physiology.'”" Briefly, the total numbers and
the relative abundance of  Corynebacterium,
Propionibacterium, and Staphylococcus were increased in
the stressed group vs the unstressed group. Moreover, lactic

acid producing bacteria such as Lactobacillus and
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Lactococcus increased with stress by 59% and 67%, respec-
tively. This increase indicated acidification of the surface of
the skin and therefore decreased skin pH compared to
unstressed skin.'”? There is a lack of data about the impact
of sleep quality upon skin microbiome, though recent data
showing its impact on gut microbiome diversity should
encourage skin scientists to carry out investigations with
regards to skin microbiome and sleep.'”?

Extensive skin care routines and unsuitable products
can trigger acne spots by modifying the skin microbiota,
particularly in zones rich in sebum, and consequently
trigger inflammation. But it is important to keep in mind
that not all C.acnes are harmful for the skin. A recent
study showed that certain C. acnes’s secrete RoxP, an
exogenous antioxidant that naturally occur in the skin,
which have a positive impact on the human host by mod-
ulating redox status.'”* Some investigations have pin-
pointed that the usage of personal care and make-up
product leads to changes in skin bacterial diversity, though
the implication is that these changes are not yet fully
understood and warrants further work.'”>'7¢

Thus, our skin is largely affected by microbiome, gen-
ome, and exposome, through a complex interaction between
these three components. To further illustrate the complexity
of this interplay, Figure 4 outlines reported relationships
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between the aforementioned factors upon microbiome and
skin features. Despite the current knowledge in the literature,
when it comes to the link between exposome, microbiome,
and the skin, there is an incredible number of gaps (eg,
Sleep, diet, cosmetics) that require additional investigations
that can capture these complex interactions.

The Need for a Molecular Translation of
the Holistic Concept: The Skin

Interactome Model

Based on reviewed articles and own observations, it is
undeniable that skin aging processes are affected by
numerous different factors that can also differ depending
on our ethnic heritages. Ethnic skin aging mechanism
diversity considering age and gender (genome), the impact
of microbial ecosystem (microbiome) and multiple exter-
nal and lifestyle factors (exposome) are some of the main
factors affecting skin aging reported in this review. In the
near future, in order to mitigate the negative impacts of
such factors, further development of the nascent holistic
approach will be important for the cosmetic field. In parti-
cular, a holistic approach is essential to understand how
the sum of each factors are affecting skin health and skin
aging on the individual level and how to further define the
appropriate recommendations, such as lifestyle changes,
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Figure 4 Reported relationships and interactions from the literature between exposome/lifestyle factors, microbiome, and underlying physiological changes.
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nutritional adjustments, adequate cosmetic formulations,
and personalized beauty routine, to mitigate the negative
impacts of such factors (Figure 5). It is undeniable that
factors influencing skin health and skin aging processes
are mostly acting through modification of molecular inter-
actions in skin cells and definitively alteration of their
homeostasis. Based on the complexity of the holistic
approach and the recent development in the interactomics
and system biology fields,'”” it appears evident and neces-
sary to have an adequate biological/mathematical model.
A model capable of identifying the molecular players
responsible for the skin aging processes in response to
the external stress factors exposed in this review, and
thus offering a valuable tool to discover and influence
new targets mitigating these aging processes, is essential
for this model to link the molecular network-based
Interactome map (Protein—Protein interaction) of the skin
cells and the factors that influence it (genome, micro-
biome, and exposome) offering a better understanding of
the mutual and simultaneous interactions between those
factors and their effects in the skin homeostasis. We define
this model as the “Skin Interactome”, a novel integrated
“genome—microbiome—exposome” (GME) approach that
will represent the core tool for the identification of the
key targets involved in the skin aging process and better
address the development of new active ingredients. In the
recent years, we have sequentially built this in silico
molecular network model for the skin. Starting by mining
literature data, using different public and commercial repo-

178,179

sitory databases we obtained a preliminary dataset

SUNLIGHT
BEAUTY ROUTINE
POLLUTION
NUTRITION
SLEEP

EXPOSOME

GENETICS

GENOME

containing general values for human tissues. After obtain-
ing the raw data, the initial database has been refined by
eliminating the proteins not expressed in the skin tissue
and identify their cellular and subcellular localization by
crossing the preliminary raw dataset with protein expres-
sion/localization values obtained from Human Protein
Atlas."®® The mode generated thus represents a full map
of the protein—protein interactions specific for the skin,
with data available to date (2017). In addition, it has
been connected in a subsequent step with GME factors,
through molecular and physical interaction and gene
expression modifications described in the literature. This
initial model allowed us in a first application to understand
how the genome influences the synthesis of collagen in the
skin.'®"'®2 By this approach, we extracted a sub-network
from skin interactome representing the collagen homeos-
tasis in the skin (Figure 6A) and allowing us to determine
suitable targets for boosting pro-collagen synthesis.
Between the candidate targets identified, the final target
was selected and used for the further selection of an
appropriate natural bioactive to stimulate the collagen
synthesis. In order to select the most efficient bioactive
ingredient, we used a methodology developed in house
during the last years, ie, the Network-Pharmacognosy
approach.'® This methodology resulted in an in-silico
screening based on chemogenomic data analysis using
a large dataset of natural compounds and their origin.
Merging the active chemical profile of natural substances
reported in the literature vs the selected target yielded
a novel, patentable plant extract that acts safely and

SKIN MICROBIOME
GUT MICROBIOME

HORMONES
GENDER & AGE

Figure 5 Skin interactome. Schematic view combining the various factors affecting skin health and skin aging in relation to the “genome-microbiome-exposome” (GME)

interfaces.
Abbreviations: G, genome; M, microbiome; E, exposome.
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Figure 6 Skin interactome approach applied to the generation of a CollagenlAl/Collagen4Al molecular network model (A) and example of application of Network
Pharmacognosy for the determination of the suitable natural plant extract in boosting pro-collagen production (B).

effectively on boosting pro-collagen expression (Figure understand at a molecular level, how different factors
6B).'8! This first application of the skin interactome affect each other and how they affect skin homeostasis.
model encourages us to continue using this tool to try to  An additional example of our ongoing work is represented
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Figure 7 Genome-microbiome-exposome key’s interaction and the effects in the collagens skin homeostasis through the mediation of ROS. The illustration shows nodes
(proteins) and their interactions obtained by literature data evaluation of an upstream Pi-Pi network for COLIAI, COLIA2, COL3AIl, COL4A2 in human cells and the
interaction with UV, ROS, Pollution (Diesel Particulate Matter), and Skin Microbiome.
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in Figure 5. This new network model, extracted from the
skin interactome, illustrate the influence of the UV/pollu-
tion (exposome) and ROS (genome), and the indirect
impact of skin microbiota on ROS driven downstream
mechanisms impacting the collagen homeostasis (Figure
7). Why ROS? As summarized earlier in this article, ROS
play a central role in extracellular matrix alterations lead-
ing to premature skin aging. ROS, produced from different
intra-cellular sources, the Fenton reaction, by several
enzymes, oxygenases, cyclooxygenases, oxidases, and by
UV radiation, trigger several downstream signaling path-
ways, like the activation of MAPK, and subsequent NF-kB
as well as AP-1. Activated NF-xB and AP-1 MMP gene
transcription reduce the production of new collagen which
results in decreased collagen content of the photoaged
skin.

This ongoing development of a new holistic model,
that also includes the microbiome, represent a first step
in understanding, in a more holistic way, the skin ageing
processes and their response to different factors like gen-
ome and exposome. In conclusion, the skin interactome
model will be essential for molecular understanding and
translation of new emerging holistic concepts in the cos-
metic field into new more efficient activites in connection
with change in habits.

Methods

References were found through a literature search first on
PubMed and with an additional review of relevant text-
books and textbook chapters. The main keyword used in
the search was “skin®, in combination with the following
words: health, aging, exposome, ROS, UV, pollution, cli-
mate, ethnicity, menopause, exercise, stress, skin care,
nutrition, microbiome, etc. Most of the articles were
reviewed for relevancy from mainly 2010 to 2020.

Genome-Microbiome-Exposome’s Model
The nodes (proteins) and their interactions were obtained
by literature data evaluating the upstream Pi-Pi network
for COL1A1, COL1A2, COL3Al, and COL4A2 in
cells and the interaction with UV, ROS,

(Diesel Matter), and Skin
Microbiome.'®*'®® A minimum number of three publica-

human's
Pollution Particulate
tions supporting the Pi-Pi interaction was used as
a confidence value; relationships with number of publica-
tions less than three were excluded. A preliminary network
(Mammal’s cells) was compared with the Human Protein
Atlas Database'® to identify the protein expressed in the

skin tissue. Protein results not expressed in the human skin
tissue were discarded. The final components of the pro-
tein—protein network including 41 nodes and their relative
interactions were charged in Cytoscape 3.7.1.

Six Months’ Clinical Study Data with Four
Steps Regimen

Twenty female volunteers aged 30-50 years were recruited
from the Bray area in Ireland. Prior to baseline measure-
ments, all volunteers went through a wash-out phase. After
20 minutes of acclimatization under controlled tempera-
ture and humidity (21°C£2°C, relative humidity 50%
+5%), volunteers went through a set of wrinkle depth
measurement with the Antera 3D (Miravex) at baseline,
1 month, 2 months, and 6 months later. Ethical approval
was granted by the Oriflame R&D Ethics Committee
(Bray, Ireland). All study procedures were explained in
detail, and written informed consent was obtained from all
volunteers. The study was conducted in conformance with
the most recent recommendations of the World Medical
Association (Declaration of Helsinki 1964, amended in
Fortaleza, Brazil, 2013). Repeated measures ANOVA
with Dunnett post-hoc was computed to establish signifi-
cant differences from baseline. The raw data (wrinkles
depth) collected as part of this clinical study are available
in Supplementary appendix 1A.
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