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Abstract The skin exposome is defined as the totality of environmental exposures over the life course that can
induce or modify various skin conditions. Here, we review the impact on the skin of solar exposure, air pollution, hor-
mones, nutrition and psychological factors. Photoageing, photocarcinogenesis and pigmentary changes are well-
established consequences of chronic exposure of the skin to solar radiation. Exposure to traffic-related air pollution
contributes to skin ageing. Particulate matter and nitrogen dioxide cause skin pigmentation/lentigines, while ozone
causes wrinkles and has an impact on atopic eczema. Human skin is a major target of hormones, and they exhibit a
wide range of biological activities on the skin. Hormones decline with advancing age influencing skin ageing. Nutrition
has an impact on numerous biochemical processes, including oxidation, inflammation and glycation, which may result
in clinical effects, including modification of the course of skin ageing and photoageing. Stress and lack of sleep are
known to contribute to a pro-inflammatory state, which, in turn, affects the integrity of extracellular matrix proteins, in
particular collagen. Hormone dysregulation, malnutrition and stress may contribute to inflammatory skin disorders,
such as atopic dermatitis, psoriasis, acne and rosacea.
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Section 1. Clinical and biological impact of solar ¢ Genetic background and the efficiency of the DNA repair

radiation on the skin machinery have a marked impact on skin sensitivity to the
acute and chronic effects of solar radiation.

Key points

» Photoageing, photocarcinogenesis and pigmentary disor- The solar spectrum
ders are well-established consequences of chronic exposure  The solar spectrum is composed of various wavelengths (Fig. 1).
of the skin to solar radiation. Longer wavelengths penetrate deeper into the skin than shorter

* Various skin conditions are induced or modified by solar  rays with each wavelength having both different and overlapping
exposure, and the impact may be negative or beneficial. effects. About 2-5% of solar radiation is ultraviolet (UV), 47% is

 Improvement of several skin conditions, such as psoria- visible light (VL), and 51% is infrared light (IR). Short wave-
sis, atopic dermatitis, vitiligo and localized scleroderma, length radiations in the UV range have higher energy and have
can be obtained from solar or artificial ultraviolet radia- been shown to be responsible for the majority of known photo-
tion (UVR) exposure, although photosensitive forms do  biological effects of the sun on the skin. UVB (315-280 nm)
exist. mostly affects the epidermis and can only penetrate to the
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Impact of the exposome on the skin

papillary dermis. Similarly, short-wave UVA (UVA2, 340—
315 nm) also mostly affects the epidermis, whereas long-wave
UVA (UVAL, 400-340 nm) penetrates deeply into the dermis.
Photoageing, photocarcinogenesis, photoimmunosuppres-
sion, photodermatoses and pigmentary disorders are well-docu-
mented consequences of chronic exposure of the skin to solar

radiation.!

Solar radiation and skin cancers

Ultraviolet light is an established carcinogen that is responsible
for more than 50% of all human malignancies. Of the three
major types of skin cancer, basal cell carcinomas (BCC) and
squamous cell carcinomas (SCC) rarely metastasize, whereas pri-
mary cutaneous malignant melanoma (MM) is often character-
ized by aggressive metastatic growth and poor prognosis. UVR
causes nearly 65% of MM and 90% of keratinocyte carcinomas.'
There is good evidence that both UVB and UVA promote mela-
noma development.” However, the potential role of VL and IRA
in skin cancer is unknown.

Photoageing

Sun-exposed skin (e.g. face and neck skin) has a prematurely
aged appearance compared to sun-protected areas (e.g. the
trunk, thigh or underarm) and is characterized by various clini-
cal features, including wrinkles, dullness, pigmentary changes,
laxity, roughness and telangiectasia. Exposure to solar radiation
causes cells to produce reactive oxygen species (ROS), which are
the primary cause of skin damage and photoageing (see recent
reviews™*). The epidermis of UV-exposed skin produces several
enzymes such as matrix metalloproteinases (MMPs), urokinase,
plasmin and heparanase, which degrade dermal collagen fibres
and elastic fibres in the dermis, and components of epidermal
basement membrane.’

In addition to UV radiations, IRA and VL also promote
skin ageing due to the formation of radical species. VL and
heat of natural sunlight (IR) play a role in modulating the
expression of MMPs and procollagen, and inflammatory cell
infiltration in human skin.® IRA radiation was shown to
induce MMP-1 upregulation, which was reduced by applying
a sunscreen supplemented with an antioxidant cocktail,

whereas sunscreen alone did not provide significant protec-
tion against IRA.” A recent in vivo pilot study has shown that
all spectral regions (UV, visible and near IR) cause free radi-
cal formation and hence could promote premature skin age-
ing, even in darker skin types.®

Impact of genetic background on sensitivity to solar
radiations

There is interindividual variation to the acute and chronic
effects of UVR exposure, and genetic background plays an
important role in skin sensitivity, which depends on photo-
type and constitutive pigmentation. Although the most obvi-
ous difference between dark and fair skins is the quantity of
melanin, the distribution of melanins that better protect the
DNA of the keratinocyte stem cells located in the basal layers
of the epidermis in dark skin individuals is even more
important.” The photoprotective effect of eumelanins mostly
found in black skin, compared to the pheomelanins of white
skin that produce radical species after UVR is critical in
terms of photoprotection. Finally, the difference between dark
and light skin in their ability to repair the DNA after expo-
sure to UV radiation also helps explain the different suscepti-
bilities to UVR."

Pigmentation and pigmentary disorders

More than 170 genes are involved in pigmentation regulation
in humans, and solar exposure plays a key role. Both UVB and
UVA contribute to acquired skin pigmentation (also called tan-
ning). Although UVR (mostly UVB) can directly stimulate mel-
anocytes, most of the impact of UVR on melanogenesis is
mediated by epidermal keratinocytes.'' It has now been
demonstrated that long-wave UVA (UVAI1) exposure induces
skin darkening to a similar extent in skin phototypes III to VI
and the pigmentation is associated with cellular changes in all
skin phototypes, including darker skin.'?

Shorter wavelengths of VL have a propigmenting role in skin
types III and higher."? Red light has no or weak effect on pig-
mentation, but blue-violet light is propigmenting at doses corre-
sponding to ‘physiological’ exposures (1h30 during summer).**
The shorter wavelengths of VL [blue-violet light, high energy
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Figure 1 The solar spectrum.
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visible (HEV)] have recently been shown to induce a hyperpig-
mentation through a specific blue light photoreceptor in mela-
nocytes called opsin 3, which activates sustainably the
melanogenesis pathway. '

The very low irradiance of blue light from screens would not
induce pigmentation.'® At 30 cm from a powerful TV screen,
the irradiance of blue light was measured as 30 pW/cm?,
whereas solar intensity at the ground level is approximatively
1000 W/m? and the irradiance of the blue part accounts for
approximatively 6 mW/cm?, i.e. 200 times higher than for a dig-
ital screen. At least 150 h of exposure to digital screens would be
required to achieve the minimal pigmentary dose. The irradiance
of the light has a profound impact on its biological effects, and
the duration for achieving the dose capable of inducing pigmen-
tation is significantly longer with devices than with sun expo-
sure. Thus, a recent study demonstrated that short-term
exposure to blue light emitted by electronic devices does not
worsen melasma.'”

Melasma is a common hyperpigmentary disorder previously
considered to be the main consequence of female hormone
stimulation on a predisposed genetic background. However,
there is increasing evidence that melasma is a photoageing
skin disorder.'® Thus, altered basal membrane, activation of
keratinocytes, but also elastosis, and increased vascularization
in the dermis of lesional skin induce the secretion of propig-
menting factors by fibroblasts and endothelial cells that stimu-
late melanocytes.

Broad-spectrum sunscreens against UVB, UVA and HEV offer
better protection against melasma relapses since most patients
have a worsening of their melasma lesions even when using
effective UVB and UVA protection during the summer."® Simi-
larly, combined protection to protect against VL is important
for cutaneous hyperchromias (sun spots) on the face.° Recently,
ambient light was shown to be sufficient to promote postinflam-
matory hyperpigmentation.”' Finally, UVA1 plus HEV irradia-
tion induces a greater hyperpigmentation in skin phototypes
IV-VI compared to pure HEV.** As these data show that solar
radiations from UVB to HEV impact acquired hyperpigmenta-
tion and pigmentary disorders, combined protection against
UVB, UVA and HEV is required for individuals of Fitzpatrick
phototype >III to delay sun-induced pigmentation and for indi-
viduals of Fitzpatrick phototypes I-VI with pigmentary disorders
(PIH, melasma, actinic facial lentigo).

Impact of solar radiation on dermatoses

Solar radiation can trigger or worsen several dermatoses (called
photodermatoses) that will not be covered in this review, but
instead we will focus on the impact of solar radiation on some of
the most common skin disorders.

Acne Ultraviolet radiation has a demonstrated anti-inflamma-
tory role in acne. Blue light has anti-inflammatory effects on
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keratinocytes by decreasing the cytokine-induced production of
IL-1a and ICAM-1. In addition, blue light demonstrated syner-
gistic effects with low-dose UVB light.”> Blue light can also be
beneficial as it has a phototoxic effect on the haem metabolism
of Cutibacterium acnes. However, UV can worsen the presence
of retentional lesions resulting from hyperkeratinization of the
pilosebaceous canal by modifying lipids and thickening the stra-
tum corneum (SC). Two studies in India (n = 309 and n = 402
subjects) reported worsening of acne in summer in 23% and
56% of patients, respectively, due to the sun exposure, heat,

marked humidity and sweating.***

Rosacea Rosacea is a chronic inflammatory disease, with a
genetic component, that has been shown to be particularly com-
mon among fair-skinned people of northern European or Celtic
origin. UV light is a well-known trigger causing worsening of
rosacea and, therefore, the daily use of sunscreens is recom-
mended.”® UVR stimulates the production of LL-37 and induces
oxidative stress in the skin. Furthermore, UV radiation stimu-
lates angiogenesis, which promotes telangiectasia. The pivotal
role of sunlight is supported by the distribution of erythema and
telangiectasia on the facial convexities. Sun-protected areas, such
as the supraorbital and submental areas, are typically spared.
However, epidemiologic studies demonstrate that only 17-31%
of rosacea patients report worsening of symptoms by sunlight,
and several photo-provocation studies in rosacea patients have
failed to show heightened skin sensitivity to the acute effects of
UV radiation.

Psoriasis Sun exposure usually improves psoriasis lesions, and
heliotherapy has been used to reduce the extent and severity of
psoriasis since antiquity. However, worsening of psoriasis after
sun exposure occurs in 5-10% of patients and is more frequently
observed on the hands and forearms, in individuals with skin
type I, older patients, and patients with a personal history of
polymorphic light eruption or familial history of photoder-
matoses. Furthermore, there is a risk of Koebner phenomenon

following sunburn.””

Atopic dermatitis Sun exposure usually improves atopic der-
matitis (AD) lesions but photosensitive AD exists and seems to
be more frequent in women than in men. Photosensitive AD is
characterized clinically by a photo-distributed rash in patients
who fulfil the criteria for AD. In a retrospective analysis of 17
patients with long-standing AD who suddenly developed photo-
sensitivity to UVA, the onset of photosensitivity was reported
during spring and summer and during exposure to artificial
UVR as part of the patients’ treatment regimen.*®

Beneficial effects of solar radiation

Although the most well-known positive effect of solar radiation
is the UVB-induced production of vitamin D in skin, solar
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radiations provide many other benefits. Tanning is often consid-
ered to be cosmetically desirable, and photoadaptation after
exposure to UVR may give some measure of protection by
reducing the risk of sunburn, with the caveat that photoadapta-
tion does not necessarily protect against DNA damage and the
development of skin cancer.”

The improvement of several skin conditions, such as psoriasis,
AD, vitiligo, mycosis fungoides or localized scleroderma, can be
obtained from solar or artificial UVR exposure.”® Blue light is
also very useful for treating seasonal depression. In mice, B-en-
dorphin is synthesized in skin after exposure to UV resulting in
elevated plasma levels that contribute to well-being, pain relief
and relaxation.”

Skin contains significant stores of nitrogen oxides, which can
be converted to nitric oxide (NO) by UVA radiation and exported
to the systemic circulation causing arterial vasodilatation and
reduced blood pressure.** In response to UVA and UVB radia-
tion, normal human keratinocytes secrete NO, which stimulates
pigmentation.” Furthermore, UVA-induced NO may also play
an antimicrobial role and act as a neurotransmitter.”* Upon UV
exposure, sensory nerves in the skin release neuropeptides, such
as substance P, which is important for vasodilation and healing.
Exposure of healthy skin to UVR directly upregulates antimicro-
bial peptides that may serve to protect the skin from risks due to
biophysical barrier compromise and immunosuppression caused
by UVR exposure.®® Additionally, melatonin, among other com-
pounds, has a regulatory effect on circadian clock genes, which
may help ensure the homeostasis of stem cells.>®

Deleterious and beneficial effects of solar radiation on the skin
are summarized in Table 1.

Conclusions

Solar radiation and skin have interplayed for thousands of years
and shaped the great variety of skin colours in humans. In addi-
tion to the visible consequences, the results of this genetic evolu-
tion strongly affect the response of the skin to the numerous
positive and negative impacts of solar radiation. Due to the
knowledge acquired over recent decades, we can now propose
adapted behaviours and sunscreens depending on skin type, liv-
ing location and habits, as well as potential skin disorders, in
order to benefit from the positive effects of the sun while being
protected from its harmful consequences.

Section 2. Clinical and biological impact of air
pollution on the skin

Key points
» Exposure to traffic-related air pollution contributes to skin
ageing based on epidemiological and mechanistic evidence.
» Exposure to traffic-related air pollution contributes to the
pathogenesis of atopic eczema based on many epidemiolog-
ical studies, but also on some mechanistic evidence.
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e Air pollution may be linked to acne.
e Air pollution and UV radiation negatively interact with each
other.

Impact of air pollution on skin ageing and pigmentation

Particulate matter and lentigines The relationship between air
pollution and skin ageing has recently been reviewed by Krut-
mann et al.’ In brief, a relationship between air pollution and
skin ageing was first shown in a cohort of elderly Caucasian
women.?” In this cross-sectional study, exposure to traffic-re-
lated air pollution, i.e. soot (such as diesel exhaust particles;
DEP) and fine particulate matter (PM, ), was found to be sig-
nificantly associated with lentigines (pigment spots) on the face.
These findings were later corroborated and extended in further
epidemiological studies, many of which were conducted in
China.*®*

One of these studies showed that indoor air pollution, specifi-
cally from heating and cooking with fossil fuels in rural areas of
China, was significantly associated with an increased risk of 5-
8% for severe facial wrinkles and of 74% for fine wrinkles on the
back of the hands, independent of age and other influences on
skin ageing.*' The combustion of coal and biomass indoors
emits a substantial amount of toxic pollutants including particu-
late matter (PM), polycyclic aromatic hydrocarbons (PAHs),
carbon monoxide, nitrogen oxides (NO,) and sulphur dioxide
(802).

To assess the impact of long-term exposure to chronic out-
door urban pollution on signs of facial ageing, two cohorts of
Chinese women (n = 204) of comparable ages living in a highly
polluted (Baoding) or less polluted city (Dalian) were analysed
by expert visual grading of wrinkles and skin texture, pigmenta-
tion disorders, and skin pores/skin redness, as well as referential
photographic Atlas.*” The increased severity of almost all facial
signs was mostly observed in the older group (40-45 years) of
women living in Baoding. Traffic-related air pollution and long-
term chronic exposure to pollution for at least 15 years were
found to be correlated to an increase in pigmentary disorders
(spread macules, simplex lentigines).***>

The precise mechanism through which PM/soot causes skin
ageing and, in particular, the formation of pigment spots, has
not yet been fully elucidated. In mechanistic studies with stan-
dardized mixtures of DEP to simulate traffic-related soot, topical
application of DEP ex vivo onto the surface of human skin mod-
els or in vivo onto the surface of healthy human skin caused an
oxidative stress response. Although not fully understood, it
appears that the oxidative stress response stimulates increased
synthesis of melanin and ultimately skin pigmentation via the
p53 signalling pathway.*® Therefore, DEP might induce skin pig-
mentation via a stress response, which was previously described
for UVB-induced skin pigmentation. This is consistent with pre-
ventive studies showing that application of topical antioxidants
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Table 1 Deleterious and beneficial effects of solar radiation on the skin

Action Effect on health References
Deleterious
Ultraviolet Photocarcinogenesis Skin cancer, e.g. basal cell carcinoma, squamous 1,2
radiation exposure cell carcinoma, melanoma
(VL? IRA?)
Ultraviolet Photoageing. Production of reactive oxygen species, Wrinkles, skin dullness 1,2,5-8
radiation exposure,  decrease of collagen production, increased
VL, IRA metalloproteinases
UVB, UVA, blue Melanogenesis Pigmentary disorders, e.g. melasma, 1,2,11-
light postinflammatory hyperpigmentation, actinic 14,18-22
lentigos
Ultraviolet Functional alteration and apoptosis of Langerhans cells  Photoimmunosuppression, viral reactivation
radiation exposure and lymphocytes
Ultraviolet Promotes inflammation and oxidative stress Photodermatoses, e.g. polymorphous light
radiation exposure, eruption, chronic actinic dermatitis and solar
VL urticaria
Ultraviolet Hyperkeratinization of the pilosebaceous canal Worsening retentional acne lesions
radiation exposure
Ultraviolet Oxidative stress and vasodilation Rosacea triggers 26
radiation exposure
Ultraviolet Photosensitivity Worsening of some psoriasis and atopic 28
radiation exposure dermatitis
Beneficial
uvB Mediates natural synthesis of vitamin D Multiple health benefits, especially healthy bones 1
Ultraviolet Tanning and photoadaptation Cosmetically desirable, some protection against 29
radiation exposure sunburn
Blue light Mediates B-endorphin production Seasonal depression, reduces stress, pain relief 31
UVR Phototherapy Improves, for example, psoriasis, atopic 30
dermatitis, vitiligo, cutaneous lymphoma,
localized scleroderma
UVA Induces nitric oxide production Lowers blood pressure 32
Ultraviolet Nitric oxide production Antimicrobial 35
radiation exposure
UVA Release of neuropeptides, e.g. substance P Vasodilation and healing 34
Daylight Inhibits melatonin production Regulates sleep 36

significantly reduced DEP-induced skin pigmentation ex vivo
and in vivo in human skin.*®

Nitrogen oxide and ozone In addition to PM/soot, nitrogen
dioxide (NO,) has been implicated to contribute to skin ageing
and pigment spots. A significant association was detectable
between exposure to NO, and facial pigment spots in both Cau-
casian and Han Chinese women.*’

Reports from the SALIA population-based cohort study
(806 women) showed exposure to increased ground-level
ozone (O3;) was associated with wrinkle formation on the
face.” This epidemiological observation seems reasonable in
view of the large body of published mechanistic studies
demonstrating that, as well as depleting antioxidants from the
SC, ozone exposure elicits a signalling response that cascades
down into the dermis resulting in elevated collagen-degrading
MMPs (reviewed in Fuks er al.*’). Five-year mean residential
exposure to O; was modelled from two elderly German

JEADV 2020, 34 (Suppl. 4), 4-25

population-based cohort studies, the SALIA study and the
BASE-II study, including a total of 2013 Caucasian men and
women.”” In contrast to NO, and PM/soot, epidemiological
evidence demonstrated an adverse role of ozone in coarse
wrinkle formation, but not with lentigines; these associations
were independent of other known environmental risk factors,
namely chronic UV exposure, and also of co-pollutants PM;,
and NO,.*

Based on these epidemiological and mechanistic studies, it is
now generally assumed that exposure to traffic-related air pollu-
tants, including soot/ DEP, PM, 5, NO, and ground-level O3,
causes skin ageing.

Impact of air pollution on dermatoses

Indoor and outdoor air pollutants and aeroallergens play a key
role in the aetiopathogenesis of the inflammatory response to
allergens and in clinical manifestations of allergic respiratory
and skin diseases, such as allergic rhinitis, asthma and AD.*®

© 2020 European Academy of Dermatology and Venereology
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Atopic dermatitis (eczema) Although several epidemiological
studies have assessed the association between air pollution and
the epidemiology of AD, the data are inadequate for a meaning-
ful meta-analysis.*® Recently, a systematic review of 57 environ-
mental epidemiological studies was performed to determine
whether an association exists between air pollution (particles,
NOy, SO,, O3 or general traffic exhaust emissions) and AD.° A
total of 23 out of 30 studies with small-scale exposure assessment
found a significant positive association between AD and traffic
exhaust-related emissions, especially from truck traffic.”® Fur-
thermore, there was a positive association between AD and air
pollution induced by truck traffic, particularly when exposure
was self-assessed in a small-scale analysis (five out of five stud-
ies), while a similar association was detected in only two out of
15 cross-sectional studies with a measured background assess-
ment.”® Air pollution and incidence of AD were investigated in
recent birth cohort studies in East Asia, in which exposure to
typical traffic exhaust air pollution during pregnancy led to
increased rates of AD in the children.’® In addition, an increase
in symptom intensity of existing AD was observed with greater
concentrations of particulate (PM,, PM, 5) and gaseous (NO,,
volatile organic compounds, O3, SO,) air pollutants in seven out
of 10, predominately East Asian, studies.”®

No evidence indicated that AD is impacted by ‘large-scale’
varying exposure to air pollutants such as PM;, or SO,, but
numerous data suggest that ‘small-scale’ varying exposure to
traffic exhaust pollution can influence the prevalence of AD. In
addition, traffic exhaust emissions have been shown to impact
the incidence (as assessed through maternal exposure during
pregnancy) and the symptoms of AD.”° Further research is
required to identify which particulates contribute to these
observed effects, and the potential mechanisms through which
air pollution-induced health effects are mediated.

As air pollution-induced health effects require the penetration
of pollutants into viable skin, skin barrier integrity is probably
involved. In support of this, a recent study found that topical
exposure of mouse skin to DEP increased the expression of the
neurotrophic factor artemin in keratinocytes, through a mecha-
nism involving the activation of AhR.’! In addition, artemin
induced the growth of nerve fibres (c-fibres) in the skin and
caused pruritus.”’ These results suggest air pollutants penetrate
through the skin and activate AhR in keratinocytes at the basal
layer, leading to AD-like pathologies.

Acne In a time-series study in China over 2 years, high pollu-
tion levels of ambient PM, 5, PM,, and NO, were significantly
associated with increased numbers of outpatient visits for acne
vulgaris.”> However, mechanistic evidence of the effect of pollu-
tion on acne is lacking.”® > A study comparing facial skin of
subjects from Mexico City (exposed to pollution) with those
from Cuernavaca (less exposed to pollution) demonstrated that
polluted environmental conditions caused alteration in the
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sebum composition and increased the sebum excretion rate and
SC damage;** disturbances of the SC and increased sebum are
known to play a role in the pathology of acne.

Interaction between air pollution and UV exposure

Solar lentigines, as the name suggests, are mainly caused by
cumulative solar UV radiation. However, other environmental
factors, such as traffic-related air pollution, may also contribute
to their formation.>”*° In urban environments, both UV radia-
tion and air pollution are ubiquitous. Although exposure to
either DEP or UV radiation, alone or in combination with other
agents, has been identified as essential risk factors for skin age-
ing, there is a paucity of epidemiological evidence that UV radia-
tion and high air pollution levels act additively.

An analysis of 799 Caucasian women in Germany revealed
that facial lentigines are the consequence of an interplay
between UV radiation and traffic-related air pollution.’® In
an urban environment, the UV index (based on the hour of
day with maximal UVR intensity) was associated with more
facial lentigines, whereas UVB from the whole daylight period
was not associated with more facial lentigines because of its
negative interaction with PM. In fact, a positive association
between UVB from the whole daylight period and lentigines
was only visible at low exposure levels of PM, while UVB
exposure was associated with less facial pigment spots if PM
levels were high.’® This interaction was most likely due to a
shielding effect of photochemical smog produced by UV radi-
ation and NO,.”’
UVB and traffic-related air pollution has recently been

Similarly, a negative interaction between

observed for the occurrence of BCC.*®

Ultraviolet radiation may interact with air pollution either at
the level of the troposphere or in skin.>*®' However, although
certain PAH environmental pollutants, e.g. benzopyrene, may be
degraded by UVB, the resulting intermediates may also be tox-
ic.” Hence, UVB can be beneficial for degrading toxic chemicals
but in doing so it may lead to the production of other harmful
compounds.

In human—hamster hybrid cells, the combination of UVA and
DEP extracts induced significant cytotoxic and genotoxic dam-
age through the photoactive production of singlet oxygen, which
was not observed with either UVA or DEP extracts alone.> Fur-
thermore, in vitro data have demonstrated that PAH and PM
can aggravate UVAl-induced skin damage.®'

Conclusions

The dramatic global increases in the prevalence of allergic and
other inflammatory diseases, such as AD, over recent decades
have been widely attributed to industrialization and urbaniza-
tion at the population level and quantifiable exposures, such as
pollution, at the individual level. Consequently, air pollution is
one of the best-studied exposome factors. Further research is
now needed to explore the relationship between specific
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environmental exposures to understand how they interact
together to affect skin ageing and other skin conditions.

Section 3. Clinical and biological impact of
hormones on the skin

Key points
* Human skin is a major target of hormones.
 Endocrine-disrupting chemicals induce skin disorders.
» Hormones decline with advancing age, influencing skin age-
ing.
* Hormone-associated exposome factors influence various
dermatoses, including acne and rosacea.

Human skin as a target of hormones

The human skin is a major target of hormones. Hormones affect
its development and function through interaction with high-
affinity receptors, such as several receptors for peptide hormones
and neurotransmitters, steroid and thyroid hormones (Fig. 2).
They exhibit a wide range of biological activities on the skin,
with distinct effects caused by growth hormone/insulin-like

EPIDERMAL
KERATINOCYTES

TSHR, CRH-R1, MC-R1,
u-opiate-R, melatonin-R1,
VPAC-2, 5-HTR, IGF-IR, EGFR,
GHR, GR, AR, PR, THR, ER-B,
RAR, RXR, VDR, PPAR-c, -8, -y

SEBOCYTES

CRH-R1, -2, MC-R1, -5,
u-opiate-R, VPAC-2, NYR,
CGRPR, GHR, LXR, AhR,
AR, ER-B, -a., RAR, RXR,
PPAR-a, -8, -y

DERMAL PAPILLA CELLS
TSHR, melatonin-R1, 5-HTR,
GHR, GR, AR, ER-B

NERVES
VPAC-2,
PER-2, GHR

growth factor 1 (IGF-1), neuropeptides, sex steroids, glucocorti-
coids, retinoids, vitamin D, peroxisome proliferator-activated
receptor ligands, eicosanoids, melatonin and serotonin.®” The
pathways are regulated in most cases by different skin cell popu-
lations in a coordinated way indicating the endocrine autonomy
of the skin. In addition to the classical hormones, certain vita-
mins exhibit properties of skin hormones.

Endocrine-disrupting chemicals and human skin

Hormone-like effective compounds, e.g. hydrocarbons, aryl
hydrocarbon receptor (AhR)-upregulating agents, compounds of
plastics and dioxins, especially lipid-soluble compounds among
them, are defined as endocrine-disrupting chemicals (EDCs).
EDCs can be classified according to their origin, including natural
and artificial hormones (e.g. phytoestrogens), drugs with hor-
monal side-effects, industrial and household chemicals, and side
products of industrial and household processes. EDCs are exoge-
nous and environmental compounds that have the ability to dis-
rupt the production and actions of hormones through direct or
indirect interaction with hormone receptors, thus acting as ago-
nists or antagonists. They perturb the endocrine system and can

MELANOCYTES

TSHR, CRH-R1, MC-R1, -2,
u-opiate-R, melatonin-R1, 5-HTR,
GHR, ER-B, RXR-a., VDR

FOLLICULAR
KERATINOCYTES

TSHR, CRH-R1, MC-R1,
u-opiate-R, melatonin-R1,
VPAC-2, GHR, AR,

ER-B, RAR, RXR, VDR, PPAR-y

DERMAL FIBROBLASTS
PTHR/PTHIPR, TSH,
CRH-R1, MC-R1,
melatonin-R1, 5-HTR, GHR,
AR, THR, ER-B, -a., RXR-a

SWEAT GLAND CELLS
MC-R1, -5, u-opiate-R, VPAC-2,
GHR, AR, PPAR-y

ENDOTHELIAL CELLS
MC-R1, VPAC-2, PAR-2, GHR, AR,
ER-B, RAR, RXR, PPAR-y

Figure 2 Hormone receptors detected as being active in human skin cells. p-opiate-R, p-opiate receptors; 5-HTR, serotonin receptors
(5-hydroxytryptamine receptors); AR, androgen receptor; CGRPR, calcitonin gene-related peptide receptor; CRH-R1, -R2, corticotropin-
releasing hormone receptors types 1 and 2; ER-B, -a, oestrogen receptor types B and o; GHR, growth hormone receptor; GR, glucocorti-
coid receptor; IGF-IR, insulin/insulin-like growth factor | receptor; MC-R1,-R2, -R5, melanocortin receptor types 1, 2 and 5; melatonin-R1,
melatonin receptor type 1; NYR, neuropeptide Y receptor; PAR, proteinase-activated receptors; PPAR-a, -6 and -y, peroxisome prolifera-
tor activator receptors types o, & and y; PR, progesterone receptor; PTHR/PTHrPR, parathyroid hormone receptor/parathyroid hormone-
related peptide receptor; RAR, retinoic acid receptors; RXR, retinoid X receptors; RXR-a, retinoid X receptor type o; THR, thyroid hormone
receptors (isotypes a1 and b1); TSHR, thyroid-stimulating hormone receptor; VDR, vitamin D (calcitriol) receptor; VPAC-2, vasoactive
intestinal polypeptide receptor type 2.
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be carcinogenic, immunotoxic and hepatotoxic to human skin. In
addition, their effects on certain skin cell populations may induce
inflammatory and allergic skin diseases, chloracne, disorders of

. . . . . . 63,64
skin pigmentation, skin cancer and skin ageing.

Impact of hormones on the skin

The physiological decline in hormones occurring with age is one
of the major factors that play a role in skin ageing. In addition,
several age-associated diseases, such as diabetes, arterial hyper-
tension and malignancies, are reflected by skin changes.®®

IGF-1 In vitro testing in sebocytes and fibroblasts demonstrated
that IGF-1 is a key regulator of human skin ageing and declining
IGF-1 levels with age may play a significant role in the reduction
of skin surface lipids and thickness.®® In a single-centre study
with 21 healthy men over 60 years old with declining levels of
serum IGF-1 (<350 U/L), the men treated with human growth
hormone over 6 months experienced an 8.8% increase of muscle
mass, 14.4% reduction of fat tissue, 1.6% enhancement of bone
density and 7.1% increase of skin thickness.®”

Sexual hormones Several functions of the human skin appear
strongly dependent on biologically active sexual hormones,
namely androgens, oestrogens and progestins.®® Human skin is
not only the target of androgens, but sebocytes can also synthe-
size androgens in situ.®® Although human sebaceous glands can
produce testosterone by de novo synthesis from abundant serum
cholesterol, testosterone synthesized in cultured sebocytes is
derived mainly via a shortcut pathway by using circulating dehy-
droepiandrosterone (DHEA).”” DHEA has a weak androgenic
effect but is a precursor hormone that is further metabolized
into potent androgens and oestrogens.

Sexual hormones influence intrinsic skin ageing leading to
cellular senescence, telomere shortening and decreased prolifera-
tive cell capacity, chronic inflammation, mitochondrial DNA
single mutations and free radicals.®®

The menopause and andropause Menopause is defined as per-
manent irreversible cessation of menses due to a decline in ovar-
ian follicular activity and levels of 17B-oestradiol, progesterone
and DHEA. The resulting deficiency in 17B-oestradiol in post-
menopausal women decreases defence against oxidative stress
and is associated with skin dryness (diminished skin moisture),
atrophy (declining dermal collagen content leads to epidermal
thinning), fine wrinkling (decreased skin elasticity), impaired
wound healing, reduced vascularity and hot flashes.”' In Korean
women, the risk of facial wrinkling was found to increase signifi-
cantly with more full-term pregnancies and with increased num-
ber of years since menopause.”

In menopausal skin, a negative change of the quantitative
and qualitative sebum composition may affect the skin barrier
function by decreasing photoprotection, antimicrobial activity
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and the delivery of fat-soluble antioxidants to the skin sur-
face.”?

Proteomic analysis has identified new biomarkers for post-
menopausal skin.”* Compared with the SC of young skin, the SC
of postmenopausal skin has significantly increased levels of
calmodulin-like skin protein, desmoglein 1, plakoglobin and
heat shock protein 27, which might affect normal desquamation
and explain the thicker SC in older skin. Conversely, transglu-
taminase 3, apolipoprotein D and acid ceramidase levels were
significantly reduced in the SC of menopausal skin, probably
reflecting the general reduction in sweat secretion leading to dry
skin.”*

Dermatoses after menopause may include atrophic vulvo-
vaginitis, vulvar lichen sclerosus, dyaesthetic vulvodynia, hir-
sutism,  alopecia, menopausal  flushing, keratoderma
climactericum and vulvovaginal candidiasis.

Decline of both testicular and adrenal function with ageing
causes a decrease in androgen concentrations in men; DHEA
levels start declining sharply over the age of 40, whereas testos-
terone levels decline slowly at a later age. Androgens affect seba-
ceous gland growth and differentiation, hair growth, epidermal
barrier homeostasis and wound healing. Andropause is associ-

ated with thinning and hyperpigmentation of the skin.”

Neurohormones The hypothalamic—pituitary—adrenal (HPA)
axis responds to physiological stress by secreting corticotrophin-
releasing hormone (CRH), propiomelanocortin (POMC), a-me-
lanocyte-stimulating hormone and adrenocorticotrophic hor-
mone, as well as P-endorphin, mediating a release of
glucocorticoids from the adrenal cortex. They are involved in
thermoregulation, melanin synthesis, hair growth as well as in
various immunological and inflammatory reactions in response
to UV radiation and inflammatory stimuli.”® Chronic stress,
inflammation and disease with persistent stress-induced cate-
cholamine and glucocorticoid excess may result in diminished
keratinocyte and fibroblast function that underlies the ageing

process of the skin.”””®

Impact of hormones on dermatoses

Several acquired medical conditions have been associated with
the sebaceous gland including acne vulgaris, seborrhoea, sebor-
rhoea-acne-hirsutism-androgenetic alopecia syndrome, EDC-in-
duced acne, rosacea, psoriasis, androgenetic or cicatricial
alopecia, polycystic ovary, hyperandrogenism-insulin resistance-
acanthosis nigricans syndrome, synovitis-acne-pustulosis-hyper-
ostosis-osteitis, benign (sebaceous adenoma, sebaceoma) and

malignant (sebaceous gland carcinoma) tumours.”

Acne Although factors contributing to the formation of acne
include genetic predisposition, environmental factors also play a
marked role, including diet-induced metabolic syndrome. It has
been demonstrated that pi3k/Akt/FoxO1/mTOR signalling is
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involved in the interplay between androgens, insulin, IGF-1 and
a hyperglycaemic diet in acne. A rise in androgen levels can lead
to acne due to elevated lipogenesis/sebum synthesis in sebocytes,
changes in skin cell activity, inflammation and colonization of
the hair follicles by Propionibacterium acnes.*® Certain steroido-
genic enzymes, such as 11B-hydroxysteroid dehydrogenase, are
expressed in the sebaceous glands and upregulated in acne
lesions. Hydrocortisone stimulates human sebocyte prolifera-
tion, and glucocorticoids attenuate sebum production.81

Genetic studies indicate that regulation of the androgen
receptor is an important factor in severe acne. Further studies
are required to understand the effect of abnormal oestrogen
levels on the sebaceous gland and comedogenesis, considering
changes observed in acne during pregnancy and around the time
of menopause.®?

In women, non-classic adrenal hyperplasia is associated with
hyperandrogenic manifestations, such as severe acne refractory
to treatment, hirsutism, androgenic alopecia or seborrhoea, as
well as irregular menses and polycystic ovaries. Clinical determi-
nation of 17-hydroxyprogesterone, the immediate substrate for
21-hydroxylase, is used for biochemical diagnosis. Oral gluco-
corticoids and/or fludrocortisone reduce increased androgen
production in non-classical adrenal hyperplasia. Its treatment is
symptom-associated. Low-dose prednisolone (2.5-5 mg/day) or
low-dose dexamethasone (0.25-0.75 mg) can be administered
orally at bedtime.®’

Rosacea Rosacea is a chronic inflammatory disease of the skin,
whose pathophysiology has yet to be fully determined. Fluffy
oedema, slight perivascular lymphocytic infiltrate and dilation of
lymphatic vessels are clinical and histological characteristics
compatible with rosacea. These signs start as an actinic lym-
phatic vasculopathy, and rosacea has been considered as a UV-
induced dermatosis.**

On the other hand, hard facial oedema is common in rosacea
but often misdiagnosed. Neurogenic mediators contribute to
inflammation and immunosuppression following UV irradiation
of the skin. The interaction between peripheral nerves and the
immune system is mediated by different types of cutaneous
nerve fibres that release neuromediators and activate specific
receptors on target cells in the skin, such as keratinocytes, mast
cells, Langerhans cells, microvascular endothelial cells, fibrob-
lasts and infiltrating immune cells. Neuropeptides are capable of
mediating cutaneous neurogenic inflammation by induction of
vasodilation, plasma extravasation, and augmentation of cyto-
kine, chemokine and cellular adhesion molecule expression.
CRH is the most proximal element in the HPA axis, which coor-
dinates the response to systemic stress and in peripheral organs
modulates local immune and vascular functions, which together
with UV radiation may be responsible for telangiectasia.®”

Furthermore, CRH affects sebaceous lipogenesis.*® Rosacea
predominantly affects the centrofacial region that has a high
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density of seborrhoeic glands, such as cheeks, nose, chin and
forehead. Altered sebum composition in rosacea patients®
causes significantly decreased tolerogenic thymic stromal lym-
phopoietin levels and influx of inflammatory dendritic cells and
T cells with IL-17/interferon-y cytokine milieu, which may be
one of the main events during rosacea development.®®

Beneficial effects of hormones

Hormones produced and metabolically activated or deactivated
in human skin are probably important not only for skin func-
tions but also for functions of the entire human organism. The
skin is the site of vitamin D synthesis by UV B radiation provid-
ing beneficial effects on phosphor, calcium and bone metabo-
lism, cellular proliferation and differentiation and immunity.

Female and male hormone replacement therapy (HRT) with
exogenous systemic or topical oestradiol and DHEA can reverse
or improve the cutaneous changes that result from the meno-
pause and andropause.®* Improvement in skin function parame-
ters after 2-5 years HRT, compared to controls, includes
hydration and sebum secretion, epidermal barrier lipids, sweat
production, nail structure and skin texture, hair growth, skin
distensibility and hysteresis and skin thickness.”® However, it
appears that principally sun-protected skin benefits from topical
or systemic HRT rather than photoaged skin.”"**

Although the role of HRT has been widely debated over sev-
eral decades, it now appears that when HRT is administered
within 36 months of the last menstrual period in women aged
50-60 years old, proven benefits include the management of
menopausal symptoms, reduced risk of osteoporotic fractures
and improved quality of life, and it may be cardioprotective.”
Conversely, in older postmenopausal women, the increased risk
of developing an acute thrombotic event outweighs the benefits.

In men, population studies suggest that low serum levels of
endogenous testosterone are a risk factor for cardiovascular
events, but testosterone replacement therapy also increases the
risk of cardiovascular disease.”® There is a paucity of data on
male HRT with other sexual hormones.

Dehydroepiandrosterone exerts its effects by a metabolic trans-
formation into androgens and oestrogens via their specific nuclear
receptors. A pilot study in two groups of 20 postmenopausal
women showed that topical application of DHEA formulation
(1%) for 4 months increased the sebum secretion rate and
decreased skin atrophy compared to vehicle.””> In a randomized
controlled trial (RCT) of 60 women applying DHEA cream
(0.3%, 1% or 2%) vs. placebo, topical DHEA increased the
expression of several genes of the collagen family. The various
pan-genomic changes induced by DHEA suggest that DHEA
could exert an anti-ageing effect in the skin through stimulation
of collagen in the dermis while modulating keratinocyte differen-
tiation.”® Androgen receptor expression was markedly increased
by DHEA treatment and expression of heat shock protein 47 also
increased, potentially affecting procollagen biosynthesis.””
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Deleterious and beneficial effects of hormone levels on the
skin are summarized in Table 2.

Conclusions

Human skin is a major target of hormones, which can have an
impact on several dermatoses, among them acne and rosacea.
The physiological decline in hormones occurring with age plays
a major role in skin ageing, which can to some extent be pre-
vented and treated with HRT of oestradiol or DHEA.

Section 4. Clinical and biological impact of
nutrition on the skin

Key points
* Dietary patterns, foods, nutrients and compounds may
modify several biochemical processes, including oxidation,
inflammation and glycation.
o Alterations in these processes may result in clinical effects,
including modification of the course of skin ageing and

Table 2 Deleterious and Beneficial Effects of Hormones on the Skin

photoageing, as well as potential impacts on acne, rosacea,
AD and psoriasis.

e A large body of research, from animal and laboratory stud-
ies, short-term human intervention studies, long-term
human intervention studies and large population studies,
has identified biochemical, histologic and clinical effects of
diet and dietary compounds.

Impact of nutrient deficiencies and nutrient excess on the
skin
The impact of the human diet on skin health has been recognized
for centuries. Nutritional deficiencies such as scurvy and kwash-
iorkor certainly have significant effects on the skin. Cutaneous
manifestations in malnourished patients with anorexia nervosa
may include xerosis, lanugo-like body hair, telogen effluvium, acne,
hyperpigmentation, seborrhoeic dermatitis, interdigital intertrigo,
paronychia, acquired striae distensae and acral coldness”®.

Beyond classic nutrient deficiencies, however, nutrition has
wide-ranging impacts on skin processes and conditions. Obesity

Action Conditions References
Deleterious
Almost all hormones, Stimulates inflammation Acne, rosacea
depending on the levels
Oestrogen (with a genetic Hyperpigmentation Melasma
predisposition and exposure to
Ultraviolet radiation exposure)
IGF-1 in very high (clinically Increases sebogenesis, epithelial cell Acne, rosacea
irrelevant) concentrations proliferation and inflammation
Declining IGF-1 levels with Declining dermal collagen content, Wrinkles, epidermal thinning, skin dryness 66,67
age diminished skin moisture and consequently
inflammation
Declining sexual hormones: Cellular senescence, decreased proliferative Wrinkles, epidermal thinning, skin dryness, 65,68,71
androgens, oestrogens and cell capacity, chronic inflammation, impaired wound healing, reduced vascularity
progestins mitochondrial DNA mutations and free and hot flashes
radicals
Neurohormones, e.g. Diminished keratinocyte and fibroblast Rosacea, skin ageing, pigmentation, poor 76-78
corticotrophin-releasing function, inflammation, altered sebum thermoregulation
hormone, released during composition
chronic stress
Increased androgen levels, Sebaceous lipogenesis, inflammation, Acne 80
hydrocortisone Propionibacterium acnes colonization
Beneficial
Hormones metabolically Multiple functions in the skin and the entire Multiple health benefits 62
activated or deactivated in body
human skin
Calcitriol (vitamin D) Synthesized in the skin in the presence of Multiple health benefits, especially healthy
ultraviolet light bones
Oestradiol Hormone replacement therapy Improves the cutaneous changes due to the 89,90
menopause, reduction in osteoporosis,
improves quality of life, cardiovascular
benefits
Dehydroepiandrosterone Hormone replacement therapy Improves the cutaneous changes due to the 89,9597
menopause or andropause
Testosterone Hormone replacement therapy Improves the cutaneous changes due to the 94

andropause (pigmentation, thinning, wound
healing, hair growth)
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has been associated with system-wide metabolic dysfunction,
while caloric restriction is associated with a distinct metabolic
state, suggesting that adipose tissue signalling may be a potential
target for interventions to delay ageing.”’

Dietary factors may modify the process of skin ageing, affect
skin tumorigenesis or impact the clinical course of various skin
diseases including AD, psoriasis, acne and rosacea.

How dietary patterns and compounds modify biochemical
processes

A large body of research has demonstrated the effects of dietary
patterns, foods, nutrients and other dietary compounds on
specific biochemical processes.'® These processes, which include
oxidation, inflammation and glycation, result in clinical changes
to the skin structure and function. Other effects of dietary com-
pounds include impacts on endogenous DNA repair systems,
changes in hormone levels, systemic effects and changes to the
composition of the gut microbiome. There is increasing evidence
connecting skin conditions with the gastrointestinal microbiome
and the potential role played by dietary compounds across the

101
gut—skin axis.

Research approaches to study the impact of nutrition on
the skin

Population cohort studies and long-term human interventional
studies provide data on long-term effects. The field of nutri-
tional epidemiology tends to focus on the study of dietary pat-
terns, while interventional studies may examine the effects of
dietary patterns or individual nutrients. Short-term human
experimental studies help clarify the effects of single nutrients or
compounds, while animal and laboratory studies help delineate
the effects of diet on biochemical processes. Taken together, this
large body of research demonstrates that diet has significant
effects on the skin.

Impact of nutrition on skin ageing and photoageing
Skin ageing and photoageing provide a well-studied model to
demonstrate the relationship between diet, biochemical pro-
cesses and clinical effects. Several epidemiologic studies have
demonstrated that people who adhere to healthier eating pat-
terns exhibit less clinical signs of skin ageing. In 2753 elderly
Dutch individuals, better adherence to the Dutch healthy guide-
lines was significantly associated with fewer wrinkles in
women.'? Conversely, a dietary pattern dominated by red meat
and snacks was associated with more facial wrinkles. Another
study evaluated the estimated age of over 500 non-diabetic sub-
jects and compared this to glucose levels.'” Even after account-
ing for degree of sun damage, smoking, weight and other
factors, it was found that perceived age increased as blood glu-
cose levels increased.

A review of the pathogenesis of skin ageing provides some
potential explanations. Skin ageing and photoageing are due to a
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complex and intertwined number of biochemical processes,
including oxidation, inflammation and glycation, among others.
Importantly, dietary compounds have a significant impact on
each of these major processes.

Ultraviolet radiation exposure is a major factor in skin ageing
and produces a cascade of effects in the skin.'®* The accumula-
tion of DNA damage, oxidative stress and the production of free
radicals, and local immunosuppression all contribute to tumori-
genesis.'”> While endogenous antioxidants act to neutralize free
radicals, they must be constantly replenished by dietary sources.

Dietary antioxidants Studies have reported protective benefits
from nutrients including lycopene, beta-carotene, astaxanthin
and probiotics, as well as foods including tomatoes, green tea,
pomegranate, cocoa and other polyphenols.'**'?”

While dietary antioxidants (AOs) are critical in battling the
effects of oxidative stress, they must be the right dose, ideally
physiologic doses, such as that supplied via whole foods. Despite
promising laboratory and animal studies, multiple RCTs of
high-dose AO supplements including vitamins C and E, beta-
carotene and selenium have not shown efficacy in non-me-
lanoma skin cancer (NMSC) prevention.105 In fact, evidence
indicates that the dose of AOs is important as they could become
pro-oxidant at high doses. In one large study with median fol-
low-up of 7.5 years, women (but not men) consuming a supple-
ment, containing high doses of vitamin C, vitamin E, beta-
carotene, selenium and zinc, exhibited higher rates of skin can-

108
cer.

Dietary compounds  that
cesses Dietary compounds

impact inflammatory  pro-
are also known to impact
inflammatory processes. In one large analysis of over 1900
studies that evaluated the effects of foods and nutrients on
major biomarkers of inflammation, nutrients that increased
levels of IL-1B, IL-6, TNF-alpha or C-reactive protein, or
decreased levels of IL-4 or IL-10, were considered pro-in-
flammatory.'”® Using these results, researchers developed a
dietary inflammatory index, with foods and nutrients that
scored higher, acting to mitigate the damaging effects of
inflammation. Some phytochemicals may specifically inter-
rupt the inflammatory pathway that activates nuclear tran-
scription factor kappa-beta, including turmeric, cloves,
ginger, garlic and others."'® Other foods and nutrients have
demonstrated abilities to block the action of MMPs such as
collagenase, including plant extracts of green tea, white tea

and pomegranate.''" The natural flavonoid quercetin was
found to be a strong inhibitor of collagenase;''? quercetin is
such as onions and

naturally found in certain foods

cauliflower.

Dietary patterns that impact glycation Glycation and resultant
collagen damage also contribute significantly to the clinical signs
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of skin ageing. Glycation refers to the non-enzymatic bonding of
sugars to proteins, which results in the production of advanced
glycation end products (AGEs) and affects the cross-linking of
collagen fibres. This results in loss of skin elasticity, colloquially
known as sugar sag, as well as loss of elasticity within blood ves-
sel walls, predisposing to hypertension and cardiovascular dis-
ease.

Dietary patterns that promote hyperglycaemia are a major
contributor to the production of AGEs, and patients are advised
to limit added sugars and processed carbohydrates. However,
dietary advice must always be individualized. In a classic exam-
ple of how genetic variations and multiple other factors impact
an individual’s response to the same environmental factor,
researchers in Israel studied the effects of a standardized dose of
carbohydrates on blood glucose measurements. Using continu-
ous glucose monitoring in over 800 non-diabetic individuals,
researchers found a marked difference in blood glucose response
to the same exact dose of carbohydrates.'"”

The other contribution to the overall load of AGEs is via
ingestion of preformed AGEs. Research has demonstrated that

114 and

certain foods contain higher levels of preformed AGEs
that these may be absorbed from the gut. As a general rule,
meats and fats contain higher levels of AGEs, while fruits,
vegetables, grains and milk contain lower levels. The type of
cooking method also has a significant effect, as dry heat
methods such as roasting, broiling and grilling may increase
AGE formation by 10- to 100-fold. These methods do not
have the same degree of impact on fruits and vegeta-
bles. Moist cooking methods and cooking at lower tempera-

tures for shorter times are preferred.

Dietary compounds that support DNA repair mecha-
nisms Another avenue by which dietary compounds may
prove helpful is via their support of DNA repair mechanisms.
Given the constant threats posed by UV radiation and free
radical production, the skin has a complex system of built-in
repair mechanisms. Nutrients may help support DNA repair,
as in the case of nicotinamide which appears to work by pre-
venting the depletion of cellular NAD" levels which results
from the repair process, with a corresponding boost in cellu-
lar energy. In one RCT, patients at high risk of skin cancer
and taking nicotinamide had 23% lower rates of new NMSC

115
as compared to controls.

Impact of nutrition on dermatoses
Several dermatoses highlight other pathways by which nutrition
impacts clinical findings.

Acne Diet-induced metabolic changes, metabolic syndrome
and obesity play a role in some patients with acne.®> In acne,
dietary patterns that promote hyperglycaemia may trigger hor-
monal changes that trigger inflammatory pathways.*>''® An
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RCT of a low glycaemic index diet for 12 weeks resulted in a
greater decrease in total lesion counts, while serum studies indi-
cated an increase in IGF-binding protein and a reduction of the
free androgen index.''” Later studies of the same intervention
demonstrated decrease in skin sebum, androgen bioavailability
and by histology, decreased skin inflammation and sebaceous
gland size.''® Patients should be advised to balance total calorie
uptake and restrict refined carbohydrates, dairy protein supple-
ments, saturated fats, trans-fats and possibly dairy in some indi-

viduals.!'

Rosacea In rosacea, dietary compounds that affect specific
structures in the body may play a role. One area of study is the
effect of compounds on blood vessel function, an important fac-
tor in rosacea pathogenesis. Although research is limited,
patients surveyed by the National Rosacea Society frequently
identify certain foods as potential triggers.!'” These foods
include hot beverages and alcohol, which are known vasodila-
tors. Other foods include those that contain capsaicin, such as
spicy foods, and those that contain cinnamaldehyde, including
tomatoes, citrus and chocolate. Research has identified capsaicin
and cinnamaldehyde as triggers of transient receptor potential
channels, which when activated result in neurogenic vasodilata-

tion.'?°

Atopic dermatitis Another area of study is the role of dietary
measures that support the gut microbiome in inflammatory
dermatoses such as AD. Although the gut—skin axis is not
fully understood, emerging evidence indicates that the gut
and skin microbiome could be manipulated to treat AD. A
meta-analysis of six studies concluded that the use of synbi-
otics in adults and children over the age of 1 year may be
helpful in the treatment of AD.'®" Synbiotics are a combina-
tion of prebiotics, which promote the growth of beneficial
gut microbes, and probiotics, which are defined as live
microorganisms which when ingested provide benefit. These
are of interest as research has indicated that a healthier gut
microbiome may provide protective effects against allergic
and inflammatory disorders, and those with AD may have an
altered gut microbiota.'”’ Dietary measures that support the
gut microbiome include an emphasis on prebiotic foods, i.e.
those that are naturally rich in fibre. In terms of supplemen-
tation, many questions remain, as studies have shown a wide
difference in individual response as well as using differing
doses, duration and even composition of studied prebiotic
and probiotic supplements.

Psoriasis The importance of dietary modification in psoriasis
is well-known, given the risk of systemic comorbidities. A
large body of research has demonstrated that patients with
psoriasis are at higher risk for multiple comorbidities, includ-
ing obesity, diabetes, and

dyslipidaemia, hypertension
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cardiovascular disease.

While the pathogenesis behind this
link has not been fully elucidated, one area of study is the
link between skin inflammation and systemic inflammation.
Obesity may also play a role in promoting systemic inflam-
mation, and in fact, multiple RCTs have demonstrated that
weight loss in overweight or obese psoriasis patients may
improve both psoriasis severity scores and response to sys-
temic therapies. In evaluating over 55 studies, the authors
concluded that weight loss in overweight or obese psoriasis

patients is strongly recommended.'**

Beneficial and deleterious effects of nutrition on the skin
Beneficial and deleterious effects of dietary patterns, foods and
nutrients are illustrated in Table 3.

Conclusions
Dietary patterns, foods, nutrients and compounds impact many
biochemical processes and may beneficially or detrimentally

Table 3 Beneficial and deleterious effects of nutrition on the skin

modify the course of skin ageing, or impact various dermatoses,
including acne, rosacea, AD and psoriasis.

Section 5. Clinical and biological impact of
psychological factors on the skin

Key points
e Sleep deprivation and stress are known to contribute to a
pro-inflammatory state, which, in turn, affects the integrity
of extracellular matrix proteins, in particular collagen.

Several studies of prolonged sleep deprivation also suggest a
break in skin barrier function and mucous membranes indi-
cating that sleep loss can lead to skin damage and affect
healing processes.

Psychological stress can exacerbate or trigger several inflam-
matory, autoimmune and allergic skin diseases.
¢ Inflammatory skin disorders, such as AD, psoriasis, acne

and rosacea, may be affected by stress.

Dietary pattern, food, nutrient or compound Action Skin condition References
Beneficial
Fruit-dominant healthy diet Antioxidant, anti- Fewer wrinkles 102
inflammatory, low glycaemic
load
Phytochemical derivatives, including polyphenols (e.g. tea, cocoa, Antioxidant, anti-inflammatory  Photoageing and 106
grape, soy, pomegranate) and non-polyphenols (e.g. carotenoids, and immunomodulatory photocarcinogenesis
caffeine) effects
Carotenoids (e.g. tomatoes) Antioxidant Photoageing and 107
photocarcinogenesis
Dietary pattern emphasizing whole foods Antioxidant, anti-inflammatory = Non-melanoma skin 105
cancer
Plant extracts (e.g. white tea) Antioxidant and Ageing 111
anticollagenase
Spice-derived phytochemicals Anti-inflammatory Skin cancer, 110
inflammatory diseases
Synbiotics, fibre-rich (prebiotic) diet Promotes beneficial gut Atopic dermatitis, 101,120
microbes rosacea
Fish and omega-3 fatty acids Anti-inflammatory Atopic dermatitis, 123
psoriasis, acne
Nicotinamide, vitamin Bg (liver, meats, yeast, legumes, nuts, green Promotes DNA repair Non-melanoma skin 115
leafy vegetables, cereals, tea and coffee) cancer, actinic
keratosis
Deleterious
High-dose supplements (vitamin C, vitamin E, beta-carotene, Oxidant Skin cancer (in women) 105,108
selenium, zinc)
Sugar, high glycaemic load diet, excess food intake Hyperglycaemia and systemic  Acne, psoriasis, ageing 83,121,122
inflammation
Sugars and processed carbohydrates Hyperglycaemia More wrinkles and 102,103
‘sugar sag’
Diet rich in heat-processed meats and fats (preformed advanced Oxidant stress and Wound healing, ageing, 114
glycation end products) inflammation inflammatory
conditions
Hot beverages, alcohol, cinnamaldehyde, capsaicin Vasodilation Rosacea triggers 119,120
Dioxin-contaminated foods (meat and dairy products, fish and Organic pollutants affectinga  Skin cancer, chloracne 124

shellfish)

number of organs and
systems
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Sleep deprivation and stress in modern society

Sleep quality has declined over recent decades in many coun-
tries, especially in modern industrialized societies, with an
increase in sleep complaints and disturbances, e.g. snoring,
nightmares, bruxism, leg cramps, somnambulism, sleep paraly-
sis and excessive daytime somnolence. In particular, obstruc-
tive sleep apnoea (OSA) and insomnia are highly prevalent
among men and women, respectively, and both cause sleep
deprivation. Fortunately, there are several approaches to treat
them.

Stress and psychiatric problems contribute to sleep
deprivation

Sleep is one of the major components of health-related quality
of life."** Indeed, complaints about sleep are frequent among
individuals who are under stress. In addition, poor sleep may be
associated with psychiatric disorders. Psychosocial aspects can
influence sleep, and primary insomnia is related to anxiety and
depression. Sleep deprivation and stress is a vicious cycle since
stress causes an increase in levels of cortisol, which causes late
sleep onset.

Effect of sleep deprivation and stress on skin

The skin plays a fundamental role in the regulation of home-
ostasis, and its location between external and internal environ-
ments determines its structural and functional organization,
being vulnerable to several stressors.'*® The impact of psy-
chosocial stress on healthy skin and the varied roles of the
major cutaneous stress response pathways have been reviewed
by Hunter et al.'*’ As sleeping is critical for cellular growth
and renovation, sleep deprivation and poor sleep quality lead
to cellular dysfunction due to circadian rhythm disruption and
therefore have many effects on the body, inducing changes in
the skin.

Stress, an inherent factor in the lack of sleep, is known to con-
tribute to a pro-inflammatory state, which, in turn, affects the
integrity of collagen fibres through glucocorticoid-mediated
processes that alter its synthesis and degradation (see review by
Kahan et al.'*®). Sleep deprivation leads to hyperactivation of
the HPA axis, mostly by increasing the production of corticos-
terone and adrenocorticotropic hormone, which adversely affect
skin integrity.'*® Cortisol and pro-inflammatory cytokines, such
as IL-8 and TNF-a, impair the production of collagen and other
skin proteins, increase the activity of MMPs, and promote water
loss and DNA damage.'*®

The immune response can alter the normal sleep pattern,
while sleep loss can adversely affect the immune response related
to graft rejection. Using a skin allograft model in mice, it was
shown that numbers of total T cells, CD4 T cells and CD8 T cells
in the lymph nodes and spleen were higher after undisturbed
sleep than after prolonged sleep restriction, which was accompa-

nied by increased allograft rejection.'*°
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Impact of sleep deprivation and stress on skin ageing
There is a paucity of studies on the effect of psychological factors
on skin ageing. In one study on elderly, female hairless mice, lack
of sleep (72 h of paradoxical sleep deprivation or 15 days of
chronic sleep restriction) had no effect on DNA damage in the
skin."!

No clinical study has demonstrated a clear relationship
between sleep deprivation or stress on human skin function and
visible signs of ageing. However, it has been demonstrated that
women classified as good sleepers (sleep duration of 7-9 h
according to the Pittsburgh Sleep Quality Index questionnaire)
presented fewer signs of intrinsic skin ageing, a greater rate of
recovery from erythema after solar-simulating radiation and a
30% greater barrier recovery in comparison with those consid-

ered as poor sleepers with 5 h or less of sleep.'*

Impact of sleep deprivation on facial appearance

In an interventional crossover study, patients with severe OSA
were randomized to receive either continuous positive airway
pressure (CPAP) treatment or nasal dilator (placebo) for
1 month."*? Results from questionnaires, polysomnography and
facial photographs indicated that patients had a younger appear-
ance following 1 month of CPAP treatment compared to pla-
cebo.

Interestingly, in a recent study investigating the effect of sleep
deprivation on both objective and subjective measures of facial
appearance, in a between-subject design (raters were presented
with just one image of each subject either sleep deprived or well
rested), no significant differences in facial appearance and skin
colour were observed after one night of total sleep depriva-

tion.!%*

Impact of stress on dermatoses and comorbidities

Psychological stress can exacerbate or trigger several skin dis-
orders, and it is known to have a modulator effect on the
pathophysiology of several inflammatory, autoimmune and
allergic diseases."*® Chronic stress (psychological stress or med-
ical stress, for example, surgery or pregnancy) may play a role
in the increase of inflammatory cytokines associated with an
immunosuppressor status of increased risk of infectious dis-
eases. Stress leads to the activation of several signals in the
central nervous system. The neuroendocrine response results
in the release of adrenal steroid hormones, such as corticos-
terone, via the HPA axis, whereas the autonomous nervous
system response leads to the release of catecholamines, espe-
cially norepinephrine (NE), by the sympathetic nerve ter-
mini.’**"*” A growing body of research suggests neuropeptides
and neurotransmitters, released by nerves innervating the skin,
have important regulatory activities on antigen presentation,
mast cell function and endothelial cell biology, thereby influ-
encing cutaneous immunity.'*® The effects of stress in the skin
are represented by the activation of dendritic cells and
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neuromediator catecholamine release by cutaneous nerve end-
ings."*® A close relationship between the nervous system, stress
and inflammatory skin disorders, such as AD, acne and rosa-
cea, is widely accepted, and this neurophysiological modula-
tion may contribute to the exacerbation of other diseases, such
as psoriasis and vitiligo. A vicious cycle may arise as stress
might exacerbate the skin condition, which may in turn per-
petuate or increase psychological stress.

Psoriasis The relationship between psoriasis and stress is com-
plex. Chronic stress suppresses the negative feedback of the
HPA, leading to elevated levels of corticotropin-releasing hor-
mone (CRH) and glucocorticoids (GC), which play a role in the
aetiopathogenesis of inflammatory skin diseases, such as psoria-
sis.'* This scenario also might develop an imbalance of oxida-
tive free radicals followed by DNA damage.

Although the clinical significance has not been fully eluci-
dated, a Danish nationwide cohort study found that psoriasis
was associated with increased OSA and OSA was associated with
increased risk of psoriasis.'*' A study in male adult Balb/C mice
with or without psoriasis subjected to 48 h of selective paradoxi-
cal sleep deprivation showed that sleep deprivation plays an
important role in the exacerbation of psoriasis through modula-
tion of cytokine and stress-related hormone levels in the epider-
mal barrier. Thus, sleep loss should be considered a risk factor
for the development of psoriasis (for review, see Hirotsu

1 142

et al. *7). Interestingly, immunological activities and pro-inflam-

matory cytokines play a prominent role in both OSA and psoria-

io 143
S1S.

Acne Two large-scale epidemiological studies using self-admin-
istered questionnaires conducted in 3305 women in France'**
%> indicated that stress, lack of

sleep and menstruation aggravate acne.

and in 1236 patients in Korea

In recent years, the prevalence of adult female acne has
increased possibly due to the increased social pressure on
women in modern society leading to stress and sleep depriva-
tion."*® Acne is aggravated by stress and sleep deprivation, which
increases cortisol and inflammation. Immunohistochemical data
have shown that stress neuropeptides, such as the CRH system
and melanocortin-1 receptor, are key regulators of sebaceous
gland activity and are involved in the pathogenesis of acne."*’
CRH upregulates 3f-hydroxysteroid dehydrogenase at the
mRNA level in human SZ95 sebocytes, thus promoting lesional
steroidogenesis and subsequently androgen excess, which causes
acne.

A randomized comparative trial evaluating the effect of com-
bined oral contraceptive (COC) or azelaic acid (AA) on sleep
quality in adult female acne patients demonstrated that after 6-
month treatment, the AA group presented better subjective sleep
quality; the efficacy on treating acne was similar for both

148

groups. ~ In addition, higher levels of morning cortisol and
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lower levels of free testosterone were observed in the COC group
than the AA group. The authors suggested that sleep quality
improved in the AA group since treatment of the lesions
decreased discomfort, while improving facial appearance, quality
of life and, consequently, sleep.

Rosacea Rosacea is a chronic relapsing inflammatory skin dis-
ease thought to involve dysregulation of innate and adaptive
immune pathways as well as neurovascular changes.'*® Psycho-
logical stress is the second most common trigger reported by
rosacea patients and may exacerbate symptoms. Stress may be
implicated in the pathology of rosacea since it is known to acti-
vate both neuronal and inflammatory pathways.'”® Repeated
psychological stress can induce a chronic immune reaction and
elevation of cytokines, which may perpetuate inflammatory pro-
cesses.

Atopic dermatitis The onset, progression and severity of AD
are known to be influenced by stress, even if the precise immune
mechanisms involved are not fully understood. Psychological
stress can trigger the development of AD-like skin lesions in
mice, and this could be blocked by CRH-antagonist treat-
ment.'*! Chronic stress causing a blunted HPA axis response has
been reported to aggravate allergic diseases due to the lack of
immunosuppressive effects of low cortisol levels and enhanced
Th2 response.'>® Prenatal maternal distress has been predicted
to increase AD risk in offspring, possibly involving chronic
stress, abnormal steroid levels and ROS.'>?

There are a number of potential risk factors for sleep distur-
bance in AD patients, including the itch—scratch cycle, poor
sleep hygiene, circadian rhythm-induced modification of itch
and secondary effects of inflammatory cytokines on sleep regu-
lation.">* Sleep disturbance and itch both significantly impair
the quality of life of patients. The association between AD and
neuropsychiatric conditions has been widely studied, with an
increased risk of mental health disorders strongly influenced by
sleep disorders, and severe AD has been linked with increased
prevalence of both anxiety and sleep disorder.'> An observa-
tional case—control study found that patients with inflamma-
tory skin disorders (chronic AD, contact dermatitis and
psoriasis) had significantly more fatigue and higher odds of
insomnia compared to patients with non-inflammatory condi-

tions (basal cell or squamous cell skin cancers).'”®

Vitiligo and alopecia areata Vitiligo and alopecia areata are
both well-demonstrated autoimmune disorders with striking
similarities in pathogenesis at the level of both the innate and
adaptive immune systems. Genetic, immune and oxidative stress
factors have been implicated in both diseases, and possible trig-
gers include physical/emotional stress, infections and hormones.
Evidence is increasing regarding the role of neuropeptides, such
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Figure 3a and 3b The main impact on the skin (a) and the main effects (b) of the individual exposome factors of solar radiation, air pollution,
hormones, nutrition and psychological factors (stress and lack of sleep). The depth of penetration into the different layers of the skin is
dependent on the wavelength of solar radiations. UVB and UVA2 mostly impact the epidermis; UVA1 also affect the dermis, while VL and
IRA penetrate up to the hypodermis and thus could potentially impact all the compartments of the skin. UVB modulates the immune
response by acting on dendritic cells and lymphocytic infiltrates, inducing direct DNA damage on keratinocytes and melanocytes and stimu-
lating pigmentation. Short-wave UVA (UVA2) also mostly affects the epidermis, while long-wave UVA (UVA1) affects also fibroblasts and
endothelial cells, mostly by inducing oxidative stress. Visible light and short infrared (IRA) penetrate even deeper, reaching the reticular der-
mis and the hypodermis. In addition to the production of oxidative species, some of these wavelengths also induce biological effects
through the direct activation of specific sensors. Air pollution can be due to particulate matter, ozone and nitrogen dioxide. The impact of
these environmental factors on the skin is not yet fully understood. Soot, fine particulate matter and possibly nitrogen dioxide induce pig-
ment spots/melanin synthesis (potentially by acting on p53), while ozone promotes wrinkle formation (possibly through the activation of AhR
and oxidative stress formation). The skin is itself an endocrine organ. All its components are constantly regulated by hormones (epidermis,
dermis, but also sebaceous glands, hair follicles and vascularization). Hormones can affect cellular senescence, free radicals, sebum pro-
duction, and inflammation and participate in skin ageing and modulate skin dermatoses. Hormone-like effective compounds, defined as
endocrine-disrupting chemicals, can perturb the endocrine system. Nutrition has a wide-ranging impact on skin processes and conditions,
and may cause deleterious or beneficial effects. Quantitative or qualitative defects, ranging from obesity, caloric restriction, the ingestion of
pro-inflammatory nutrients, processed carbohydrates and advanced glycation end products (deleterious) to the ingestion of dietary antioxi-
dants, prebiotics and other dietary factors (beneficial), may modify the process of skin ageing, affect skin tumorigenesis or impact the clinical
course of multiple skin diseases. Stress contributes to a pro-inflammatory state that can induce the degradation of the extracellular matrix

or modulate the course of skin diseases such as atopic dermatitis, psoriasis, acne or rosacea. Stress is an inherent factor of lack of sleep.
Prolonged sleep deprivation can alter the healing processes of the skin and the immune response and promote matrix degradation.

as substance P, and crosstalk between the systemic HPA axis and

local HPA axis with cytokine production of the skin.'*”'*®

Conclusions and perspectives

Interest is growing in the psychological aspects of skin diseases.
As most skin conditions are readily visible, they can significantly
impair quality of life and can have severe detrimental psycholog-
ical effects even when not related to pain and discomfort. On the
other hand, skin reacts to psychological factors and they can
cause or aggravate certain skin conditions. However, psychologi-
cal factors are currently one of the least well-studied exposome
factors. Interventional studies are required to evaluate the
impact on the skin of sleep disorders and other psychological
disorders. Polysomnography, although expensive, is considered
the gold standard for objectively measuring sleep quality in the
laboratory setting in humans; it can be used with validated ques-
tionnaires to assess psychiatric disease symptoms, stress and
sleep quality.

Section 6. Summary of individual exposome
factors on the skin at the cellular level

Figure 3 illustrates the main impact on the skin (Fig. 3a) along
with the main effects (Fig. 3b) of the individual exposome fac-
tors of solar radiation, air pollution, hormones, nutrition and
psychological factors (stress and lack of sleep).
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