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Abstract

The skin microbiome undergoes constant exposure to solar radiation (SR), with
its effects on health well-documented. However, understanding SR's influence on
host-associated skin commensals remains nascent. This review surveys existing
knowledge on SR's impact on the skin microbiome and proposes innovative sun
protection methods that safeguard both skin integrity and microbiome balance. A
team of skin photodamage specialists conducted a comprehensive review of 122
articles sourced from PubMed and Research Gateway. Key terms included skin
microbiome, photoprotection, photodamage, skin cancer, ultraviolet radiation,
solar radiation, skin commensals, skin protection, and pre/probiotics. Experts of-
fered insights into novel sun protection products designed not only to shield the
skin but also to mitigate SR's effects on the skin microbiome. Existing literature
on SR's influence on the skin microbiome is limited. SR exposure can alter micro-
biome composition, potentially leading to dysbiosis, compromised skin barrier
function, and immune system activation. Current sun protection methods gener-
ally overlook microbiome considerations. Tailored sun protection products that
prioritize both skin and microbiome health may offer enhanced defense against
SR-induced skin conditions. By safeguarding both skin and microbiota, these
specialized products could mitigate dysbiosis risks associated with SR exposure,
bolstering skin defense mechanisms and reducing the likelihood of SR-mediated
skin issues.
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INTRODUCTION

The skin provides a physical, chemical, and immuno-
logical protective barrier between the body and the en-
vironment."? It hosts a community of a multitude of
commensal microbes named the microbiota which is the
collection of all genetic material of all its members.>* The
microbiota forms together with the skin the microbiome is
the first shield of the human body against external aggres-
sion and pathogens.>® The skin microbiome permanently
coevolves and a healthy microbiota helps keep the host's
health balanced by participating in the host's defense
against exposome factors during his entire life.”"*

The exposome comprises all external and internal fac-
tors to which the body is exposed, including solar radia-
tion (SR), chemicals, pollutants, tobacco smoke as well as
lifestyle factors, dietary habits, and infectious agents that a
body encounters throughout its lifetime, from conception
to death and that impact on its health.'*™’

A disturbed microbiome may be caused by exposome
factors that include medication such as antibiotics, antisep-
tics, diet, skincare routines, exercise, pollution, and climate
parameters as well as SR may result in dysbiosis or an un-
balancing of the skin homeostasis.*'*** As a result of dys-
biosis, inflammatory skin conditions and, potentially, skin
cancer (SC) including melanoma may be observed.>***
Moreover, exposome factors, are involved in skin photoa-
ging, hyperpigmentary skin disorders, and other photoder-
matoses, especially in exposed areas of the skin.?***

The commensal microbes differ greatly by site, and the
skin microbiome is regularly exposed to SR.** While both
the positive and negative impact of SR on our health are
well defined and understood, the understanding of the
role of SR on the microbial dynamics of host-associated
commensals of the skin microbiome is still in its infancy.*

Currently recommended means to protect from ex-
cessive SR include adequate clothing, wearing a hat, and
using sunscreens with high sun protection factors as well
as avoiding prolonged exposure during midday.*®*’

Sunscreens have been marketed for decades to primar-
ily protect the skin against SR-induced erythema that is
mostly due to UVB exposure. Today, most broad-spectrum
sunscreens provide protection against ultraviolet B (UVB)
radiation and ultraviolet A (UVA) radiation. But visible
and infrared light are also impacting the skin, especially
in skin photoaging and hyperpigmentation.*®*!

The present review provides an overview of what is
known about the impact of SR on the skin microbiome
and a perspective on innovative sun-protecting products
that not only protect the skin but are also able to limit the
negative impact of SR on the skin microbiome.

MATERIALS AND METHODS

A group of 10 dermatologists, scientists, and research-
ers specialized in skin photodamage and photoprotec-
tion reviewed 122 publications about the impact of SR,
and the skin microbiome published between 1987 and
2023 and available from the PubMed and Research Gate
databases.

Keywords alone or combined with each other included
skin microbiome, photoprotection, photodamage, skin
cancer, ultraviolet radiation (UVR), infrared light, visible
light, solar radiation, skin commensals, skin protection,
and pre- and probiotics During the second step, the experts
discussed the potential of innovative sun protection and
future strategies that may be able to leverage the skin mi-
crobiome to protect against the deleterious effects of SR.

RESULTS

While a rich literature is available about the impact of
SR on the skin and the role of sunscreens to protect the
body from SR, only little information is available about
the potential impact of SR on the human skin microbi-
ome, its consequences on the host's skin health and about
novel approaches to protect the skin from SR exposome
damage.*

Solar radiation, skin microbiome,
and immunity

UVR may directly or indirectly impact the skin microbi-
ome.*>* Shifts in the skin microbiome composition with
bacteria responding differently, especially to ultraviolet A
(UVA) and ultraviolet B (UVB) have been observed. >4
Figure 1 shows how sun exposure affects the diversity and
composition of the skin microbiota and how sunscreens
help to maintain healthy skin and its microbiome.
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FIGURE 1 Sun exposure affects the diversity and composition of the skin microbiota. Following UVR exposure occurs an increase in

Cyanobacteria spp., Fusobacteria spp, and decreased Lactobacillaceae spp. and Pseudomonadaceae spp. Lactobacillus spp., and Clostridium

sensu were the most discriminately higher genera in the healthy skin microbiome. Staphylococcus epidermidis was shown to be able to

generate electrons which deactivate ROS which otherwise cause cellular damage. Increase of Staphylococcus aureus in squamous cell

carcinoma and in actinic keratosis.

A study compared two groups of healthy volunteers ex-
posed to SR. One group, exposed to the sun in the summer,
was compared with a group wearing clothes throughout
the year including the summer period. The study com-
pared the seasonal effects on the skin microbiome before
and after summer. Three skin sites were sampled: the inner
forearm, dorsal forearm, and cheek. No significant differ-
ences in the diversity of the microbiome were observed
and no significant seasonal differences in high-abundance
species at any of the sampling sites were observed, in any
group. These findings suggest a certain stability of the skin
microbiome, even after several months of exposure to SR.
However, significant differences were observed in low-
abundance species in the unprotected areas of the inner
and outer arms in the group exposed to SR during the sum-
mer months. These changes in low-abundance species are
of interest requiring further research.*®

Willmott et al.*’ observed in a study published in 2023
a significant change in the microbial beta diversity after
4weeks of extensive exposure to sunlight at the forearm
of the subjects compared to baseline suggesting that sun
exposure affects the diversity and composition of the skin
microbiota. Moreover, the overall composition of the skin mi-
crobiome may be long-term altered following UVA and UVB
radiation at the back of the volunteers.** A general increase
in Cyanobacteria spp., Fusobacteria spp., Verrucomicrobia
spp., and Oxalobacteraceae spp., was observed. Conversely,
Lactobacillaceae spp. and Pseudomonadaceae spp. decreased
following UVR exposure. The latter decreased to a greater
extent following UVA exposure.

In parallel, several species developed mechanisms to
resist against this aggressor. These defense mechanisms

are not only the result of selective pressure but also of the
potential of UVR to damage DNA, increasing the muta-
tional rate of microbes.*® As a result, microbial species ex-
hibit a vast array of natural adaptations to protect against
UVR.**! For example, Staphylococcus epidermidis gener-
ated electrons deactivating ROS which otherwise cause
cellular damage.”* Micrococcus luteus which uses carot-
enoid pigments and a high endonuclease activity limited
the bactericidal effects of UVR.>>**

The process of the alteration of the skin microbiota by
UVR is not completely elucidated. The skin microbiota
may be altered by microbial photoproducts including py-
rimidine dimers and/or 6-4 photoproducts produced after
UVR exposure. UVR may trigger a pathogen/damage-
associated molecular pattern (PAMP/DAMP) response re-
sulting in various microbial signals comprising oleic acid,
LPS and/or porphyrins.”>® The latter affect the overall
immune signaling cascade, leading to inflammation, and
an altered immune response.

Moreover, an increased production of natural antimi-
crobial peptides (AMP) by microbes or AMP produced
by keratinocytes and controlled by microbes under ex-
posure UVR may contribute to an altered immune re-
sponse and a change of the microbial load by affecting
the microenvironment. Under UVR stress conditions,
the microbiome may trigger interleukin-1 and together
with directly induced microbial signals, influence skin
immunity by the release of various cytokines such as
that of Th17 pathway. As a result, the keratinocyte effec-
tor function may be influenced through the production
of interleukin-17, resulting in an altered AMP produc-
tion affecting the microbiome.**
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With UVR being able to suppress the body's immune re-
sponse to infectious microorganisms, it may also be able to
increase the risk of microbial infections or worsen existing
infections due to UVR-caused dysbiosis and altered skin
homeostasis. However, clinical evidence is still very low.”

Table 1 provides an overview of data generated
about the impact of solar radiation on the healthy skin
microbiome.

Solar radiation and modulation of the skin
microbiome response

Due to its capacity to adapt, to a certain extent, to expo-
some factors, the skin microbiota is able, to protect itself
and its host against external aggression.

The release of protease enzymes by commensal microbes
isinvolved in desquamation, renewal of the stratum corneum,
biofilm, and bacteriocins production, as well as quorum sens-
ing while sebum and free fatty acid production by the host
participate in the regulation of the skin pH.**"** Moreover,
the release of lipase enzymes helps in the lipidic film surface
breakdown process and urease enzymes participate in urea
degradation. Commensal microbes also compete for nutri-
ents and space and thus limit the invasion and reproduction
of non-commensal potentially detrimental microbes through
the release of antimicrobial peptides (AMPs).>%

A transcriptomic analysis in a mouse model revealed
a different gene regulation in the presence or absence of
the microbiota after UV exposure.*® In the absence of the
skin microbiota, UV exposure led to an increased release
of pro-inflammatory cytokines such as IL-1b, IL-6, and
IL-18rap. Conversely, in the presence of the microbiota,
immunosuppressive cytokines such as IL-10, IL-10ra, IL-
20rb, and IL-7r were more prevalent. These results confirm
that microbes or microbial products have immunoregula-
tory effects and may participate in the protection against
UV-induced skin neoplasia and modulate gene expression
in the skin. Moreover, they may be able to influence the
epidermal development and differentiation and wound
healing.>"%%%*% [n addition, certain skin-resident mi-
crobes and microbial products are capable to regulate
AMP expression induced by UVR, potentially through the
production of pro-inflammatory cytokines.®”*®

UVR, microbiome dysbiosis, and
skin cancer

Currently, evidence that UVR may cause skin cancer due
to skin microbiome dysbiosis is low.***

Nakatsuji et al.>' suggested that a specific strain of S. epi-
dermidis that produces 6-N-hydroxyaminopurine (6-HAP)

protects in a mouse model of photocarcinogenesis against
the development of keratinocyte carcinomas. Additionally,
the authors demonstrate that Intravenous injection of 6-
HAP in mice suppressed the growth of B16F10 melanoma
cells without evidence of systemic toxicity. This molecule
inhibited DNA polymerase activity and the proliferation of
tumor lines but not that of normal keratinocytes.

An animal study published in 2022 revealed a close
link between melanoma progression and dysbiosis of
the skin microbiome.”” A significant difference in mi-
crobiome diversity and richness between melanoma tis-
sue and healthy skin was observed. Lactobacillus spp.,
Clostridium sensu stricto 1, and Corynebacterium 1 were
the most discriminately higher genera in the healthy skin
microbiome, while Fusobacterium spp., Trueperella spp.,
Staphylococcus spp., Streptococcus spp., and Bacteroides
spp. were discriminately abundant in the skin microbi-
ome of melanoma lesions.

Kullander et al.”® reported that Staphylococcus aureus
(S. aureus) and squamous cell carcinoma (SCC) were as-
sociated with an almost five times higher colonization
rate with S. aureus in SCC lesions than in healthy skin.
However, the authors also stated that the study design did
not allow to determine whether the association implies
that S. aureus may influence carcinogenesis or if SCC has
an increased susceptibility to S. aureus. But, with AK le-
sions being considered precursors of SCC, an increased
colonization of S. aureus in AK may indicate a carcino-
genic process from AK to SCC.”%"?

Skin microbiome and photoprotection

Today, there is large evidence of acute and chronic skin
alteration caused by SR and especially by UVR and the
benefits that sunscreens offer to reduce and prevent such
damages.”® However, information still mostly focuses on
the protection of the skin as an organ, and data about the
protective effect of sunscreens that contain prebiotics or
probiotics that also protect the microbiota are sparse.’*”>

Probiotics and Postbiotics are recognized to help in
maintaining human health in supporting disease preven-
tion and management and, in the future, may potentially
play a beneficial role in photoprotection.”*”** Table 2
provides a summary of all studies that assessed the ben-
efit of pro and postbiotics as photoprotective ingredients.

UVR and the use of sun protective measures were
reported to impact the relative bacterial abundances of
the skin microbiome.'® The proximity of Micrococcus
luteus to Corynebacterium spp., Streptococcus spp., and
Staphylococcus spp. in the observed interaction network
associated with sunscreen was hypothesized to be an ex-
ample of how Micrococcus luteus may be able to influence
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nearby organisms or even the host skin and their abil-
ities to increase their resistance against UVR by sharing
metabolites.

In a recently published study, new insights into the
response of the skin microbiome to UVR, as well as the
potential protective effects of a sun-protecting sunscreen
on the microbiome of UV-irradiated skin of the volun-
teers’ back were given.*® The authors reported that the
alpha diversity of the skin microbes was more modified
by inter-individual differences and by the application of
sunscreens rather than by SR. After UVR, the abundance
of Lactobacillus crispatus was negatively impacted with-
out any sun protection, while the application of sunscreen
provided a protection against UVR. Moreover, the use of
sunscreen helped to maintain an interaction network with
Micrococcus genus. UVA and UVB impacted differently
on the survival rates of L. crispatus, Cutibacterium acnes,
and Staphylococcus epidermidis. These findings may help
for a better understanding of the complex interaction be-
tween the skin microbiome and UVR, highlighting the
importance of sun protection in maintaining a healthy
skin ecosystem to avoid dysbiosis that may damage the
skin. Significant interindividual differences in the micro-
bial composition were observed in each subject.

DISCUSSION

The skin microbiome is permanently exposed to external
aggressors including SR. Genetic predisposition plays a
significant role in determining individual susceptibility
to solar radiation-induced dysbiosis and skin conditions.
Impacting the host's microbiome results in modifications
of the microbiota composition and of the host immunity
including both innate and acquired immunity.”**>!%5

While evidence of the impact of SR on the skin as an
organ is abundant, to date there are only few data avail-
able about the impact of SR on the skin microbiome.
These data do yet not allow to confirm the hypothesis
that SR components impact not only directly the immune
responses of the body but also indirectly through modi-
fications of the skin microbiome.*> While the beneficial
and deleterious impact of SR components on inflamma-
tory skin diseases such as atopic dermatitis, psoriasis, and
acne has been well described the microbiota may also play
a role in the host's immune response during or following
exposure to SR.13’42’44’106_118

Investigating the global metabolic profile of the skin
regarding the microbiome and UVR, as well as together
with other environmental factors such as pollution or cli-
mate change, provided interesting and new insights into
the dynamics and interactions between the skin metab-
olome, microbiome, and UVR creating new axes for the

development of metabolite- or lipid-based claims to main-
tain skin health."*®

While, again, there is no direct evidence that UVR
has a deleterious impact on the skin microbiome and
through this impact causes or worsens existing skin con-
ditions, there is evidence that UVR destroys substances
such as porphyrins which are absorbed in the long UVA
range and especially in the visible range and which are
produced by several microorganisms including the skin
commensal Cutibacterium acnes and Pseudomona aeru-
ginosa. Thus, UVR may impact on the skin microbiome
composition leading to dysbiosis and an altered skin
barrier."?>'*!

Sun protective means exist to shield the body, and es-
pecially the skin, against UVR. These products were devel-
oped to protect the skin as an organ in itself but without
considering their effect on its commensal inhabitants.
Therefore, protecting the exposed areas of the skin and
its commensal inhabitants may help to further protect
the host and maintain a balanced skin microbiome. Novel
sun-protecting products containing pre and probiotics
and other beneficial ingredients may potentially help to
protect the skin microbiota from SR damages and help to
limit the exposome-induced immunosuppression of the
hOSt.74’76_80

In addition to topical sunscreens, the use of oral pho-
toprotective supplements rich in antioxidants such as
Polypodium leucotomos extract and green tea may play a
crucial role in mitigating the dysbiosis induced by solar
radiation exposure, thus maintaining a healthier skin
microbiome.'**

In 2021, Souak et al.”* reported that the skin micro-
biota may be a source of compounds with indirect pho-
toprotective properties and several commensal bacteria
are able to block UV radiation or absorb its deleterious
impact, while others have anti-inflammatory and anti-
oxidative properties. Clinical investigations have sup-
ported the concept that probiotics may be beneficial in
preventing or reversing the negative impact of UVR on
the body.” Other work supported this idea of potential
benefits of novel therapeutic strategies using pro- and
pre-biotics to modulate the skin response to UVR in-
cluding not only the protection of the host but also to
enhance the therapeutic effects of UVR in inflammatory
skin conditions.'*

While this concept seems appealing, currently only
sparse information is available that shows that modulat-
ing the skin microbiota in supplying such care helps to
reduce immunosuppression and strengthen the skin mi-
crobiome against SR.

In conclusion, safeguarding both the skin and its mi-
crobiota can help reduce the risk of dysbiosis caused by
solar radiation (SR), thereby supporting skin defense
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mechanisms and lowering the likelihood of SR-related
skin conditions. Furthermore, the incorporation of topi-
cal sunscreens with film-forming properties as a vehicle
not only offers effective sun protection but also enhances
the skin barrier, potentially aiding in the preservation of a
healthy microbiome by reducing the penetration of harm-
ful UV radiation and environmental stressors. Among our
recommendations, it is imperative to conduct more stud-
ies to comprehend the influence of solar radiation and
its individual component wavebands on the skin micro-
biome. Also, more studies about the potential long-term
consequences of solar radiation exposure on the skin
microbiome and the implications for chronic skin condi-
tions and aging. Additionally, there is a need for further
investigations assessing the impact of sunscreens on the
skin microbiome. Moreover, more high-quality clinical
studies are needed to explore the use of oral and topical
pro- and postbiotics and other therapeutic interventions
targeting the skin microbiome to mitigate the effects
of SR. Additional research is necessary to validate this
emerging concept of microbiota protection against solar
radiation.
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