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Purpose: Personalized approaches in dermatology are designed to match the specific requirements based on the individual genetic
makeup. One major factor accounting for the differences in skin phenotypes is single nucleotide polymorphism (SNP) within several
genes with diverse roles that extend beyond skin tone and pigmentation. Therefore, the cellular sensitivities to the environmental stress
and damage linked to extrinsic aging could also underlie the individual characteristics of the skin and dictate the unique skin care
requirements. This study aimed to identify the likely biomarkers and molecular signatures expressed in skin cells of different ethnic
backgrounds, which could aid further the design of personalized skin products based on specific demands.

Methods: Using data mining and in-silico modeling, the association of SNP-affected genes with three major skin types of European,
Asian and African origin was analyzed and compared within the structure-function gene interaction networks. Cultured dermal
fibroblasts were subsequently subjected to ultraviolet radiation and oxidative stress and analyzed for DNA damage and senescent
markers. The protective applications of two cosmetic ingredients, Resveratrol and Quercetin, were validated in both cellular and in-
silico models.

Results: Each skin type was characterized by the presence of SNPs in the genes controlling facultative and constitutive pigmentation,
which could also underlie the major differences in responses to photodamage, such as oxidative stress, inflammation, and barrier
homeostasis. Skin-type-specific dermal fibroblasts cultured in-vitro demonstrated distinctive sensitivities to ultraviolet radiation and
oxidative stress, which could be modulated further by the bioactive compounds with the predicted capacities to interact with some of
the genes in the in-silico models.

Conclusion: Evaluation of the SNP-affected gene networks and likely sensitivities of skin cells, defined as low threshold levels to
extrinsic stress factors, can provide a valuable tool for the design and formulation of personalized skin products that match more
accurately diverse ethnic backgrounds.
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Introduction

Individual characteristics of the skin are governed by genetic signatures that are increasingly recognized as a basis of
personalized skincare.! Variation of skin pigmentation in populations worldwide is attributed to the expression and
activity of more than 125 genes involved in the synthesis of melanin, which correlates with the level of protection
against ultraviolet radiation (UVR) and photo-damage.” Lighter skin types are more prone to increased production of
reactive oxygen species (ROS), loss of elastic fibers and thinning of the epidermis, which is considered a sign of
extrinsic aging induced by the environment. The defensive capacities of the skin, such as the ability to counteract ROS
and sustain the barrier function, are moreover significantly reduced in aged skin. The major factors responsible for this
decline are associated with processes of DNA repair, cell proliferation, mitochondrial activity and metabolic functions
of the cells. This process, referred to as genetically programmed or intrinsic aging, occurs in all skin types and can be
accelerated by lifestyle and environmental factors such as UVR exposure. It is believed that oxidative stress, caused by

Clinical, Cosmetic and Investigational Dermatology 2022:15 2221-2243 2221
Received: 26 July 2022 © 2022 Markiewicz and Idowu. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at htps://www.dovepress.
A com/terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creati org/licenses/by-nc/3.0/). By

Accepted: 13 October 2022
Published: 19 October 2022

accessing the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly
attributed. For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-9812-6928
http://orcid.org/0000-0003-2986-506X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Markiewicz and Idowu Dove

an imbalance between the production of ROS and their sufficient detoxification through antioxidants plays a major role
in skin aging.** Recent studies have uncovered several gene clusters affected by single nucleotide polymorphism (SNP)
and associated with specific traits and aging patterns of the European skin.'! More detailed studies are necessary to
address the gene networks behind the phenotypes evident in darker skin types on diverse ethnic backgrounds, for
example, highlighting the hyper-pigmentation and weakened barrier function as predominant traits linked to environ-
mental stress and skin damage. SNP is caused by deleting or replacing a nucleotide, resulting in altered alleles in the
gene’s locus.® SNPs occur throughout both coding and non-coding fragments of the entire genome; an estimated ~25%
alters gene product function and could have clinical impacts.”® SNPs have been also identified in several of the genes
responsible for the maintenance of structural, biochemical and metabolic properties of the skin, estimated to be at
a frequency higher than 10% within a population.'*'" It is likely that the genetic variants and multiple combinations of
them can translate into significant differences between skin phenotypes. One major and best-characterized trait of
human skin is pigmentation, with several genes responsible for melanogenesis and UVR protection also involved in
oxidative stress, DNA damage and repair, and inflammation.'>'> These factors also play important roles in dermal
fibroblast physiology and secretory activity and are the major contributors to skin aging including extrinsic aging
caused by UVR and oxidative stress within the dermis.'® It is therefore likely that the degree of pigmentation is closely
linked to not only the sun sensitivity and the protection of genome integrity but also the factors involved in the
accumulation of macromolecular damage and aging characteristics. Such patterns could moreover vary between
individuals and ethnic groups.' The differences in both skin pigmentation and the sensitivities to environmental stress,
including genotoxic stress affecting both the epidermis and dermis, can translate to the broad patterns of damage
between individual skin types, ranging from the loss of tensile strength and wrinkles, dry and rough skin, to the
alterations in pigmentation.

In this study, we identify a group of 37 biomarkers affected by the SNPs and discuss their likely biological activities
within a pattern of gene network based on data mining and in-silico modeling algorithms. The genes are clustered within
three major groups of ethnic origin; European, Asian and African and contain the factors not only responsible for
constitutive and facultative pigmentation but also a range of biological activities that could define likely patterns linked to
skin phenotypes, sensitivities to the environmental stress and the mechanisms of defense. Such patterns are centered
around DNA damage response, oxidative stress and inflammation, and remodeling of the extracellular matrix (ECM) and
barrier, which are linked directly or indirectly to melanogenic factors and emphasized in each skin type. Subsequent in-
vitro analysis of dermal fibroblasts from the skin of European, Asian and African origin reveals important differences in
the cellular responses to UVR and oxidative stress. The cells were exposed to a single dose of UVR or H,O, and
analyzed for the accumulation of enlarged nuclei and changes in cellular densities based on the images stained with
fluorescent intercalating agent DAPI. Further measurements involved the relative expression levels of proliferation
marker Ki67, as well as the DNA damage marker YH2AX and senescence marker cyclin-dependent kinase (CDK)
inhibitor p16™**? from the corresponding signal intensity of immunofluorescence images. The level of oxidative stress
was validated by quantification of intracellular ROS production and total antioxidant capacity of the cells based on the
fluorescent and colorimetric probes. The assays were also performed after pre-treatment of the cells with natural
bioactive compounds and cosmetic ingredients, Resveratrol and Quercetin, to evaluate their protective effect against
cellular damage and oxidative stress. Based on the cell growth and the markers of DNA damage, oxidative stress and
senescence, Asian fibroblasts are the most sensitive to UVR exposure. Exposure to oxidative stress alone causes the most
significant production of intracellular ROS in European fibroblasts; in contrast, whilst African fibroblasts have robust
antioxidant capacities to reduce ROS, they accumulate DNA damage in a pro-oxidant environment. Treatment of the
cells with Resveratrol and Quercetin during UVR exposure has noticeably different effects on the oxidative stress
response and cell protection against damage, which appears to be most beneficial in Asian fibroblasts. In-silico models of
the interaction networks between the compounds and the genes affected by SNPs reveal the likely effect on the clusters
of oxidative stress and inflammatory factors that are emphasized mostly in Asian and European skin types. An additional
comparison of the Resveratrol and Quercetin targets could also suggest the differences in the mechanisms of action
centered around pigmentation and the enhanced interactions between the factors involved in inflammation and barrier
permeability.
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Based on these data and in agreement with the current trends, we propose that SNP sampling and database modeling
through next-generation platform technologies such as artificial intelligence (AI) combined with in-vitro cellular assays
will provide a practical reference for the design of novel solutions in personalized skincare. This approach can now be
advanced and expanded to incorporate both the individual genetic makeup and skin ethnicity for a more accurate impact
on dermatology and the discovery screening of novel active ingredients for cosmetic applications.

Materials and Methods

Study Design

The study combined the applications of in-silico screening and gene network analysis with the in-vitro cellular assays
utilizing a quantitative analytical approach. The data were collected computationally as well as experimentally based on
image analysis combined with quantification of fluorescence and immunofluorescence signal, particle size, and molecular
colorimetric assays. Variation between three different cellular populations in response to each external factor was
statistically validated using one-way ANOVA with post-hoc Tukey HSD test.

Construction of the in-silico Gene Interactive Models
For the gene interactive models, a literature search and data mining were performed and the genes harboring the SNPs,
together with the skin types the genes originated from, were organized in a database.

The gene networks associated with the European, Asian and African skin types were subsequently constructed
computationally. The analysis of the interactions between the biomarkers was performed using Hexis Lab Pro.X® in-
silico screening platform based on deep learning algorithms. The models were subsequently used to build interactive
networks with Resveratrol and Quercetin based on data mining. Hexis Lab Pro.X® enabled validation and prototyping of
bio-based factors; the genes were systematically screened against the integrated databases for known and predicted
bioactivities using machine learning. The platform was used to identify biological targets, mine biomedical literature and
access the polypharmacology and interactions between the genes across biological networks.

Dermal Fibroblasts Cultures

Human dermal fibroblasts (HDF) of European and African skin type origin were purchased from PromoCell (adult,
C-12302). Adult dermal fibroblasts of Asian origin were obtained from the Asian Skin Biobank (ASB) at the Skin
Research Institute of Singapore (SRIS). The cell cultures were established at young passages in Dulbecco’s Modified
Eagle’s Medium (DMEM) with 10% Fetal Bovine Serum (FBS, ThermoFisher) and maintained in a 5% CO,, 95%
humidified incubator at 37°C. For cell subculture, the cells were treated with Trypsin-EDTA buffer (Gibco) and the
cultures were seeded at the same initial density of 6000 cells/cm® area. For UVR treatment, the cells were exposed to
a germicidal lamp (Philips TUV G30T8 30 W bulb) providing predominantly 254-nm light, for 2 minutes and maintained
for 72 hours before analysis. UV dose (mJ/cm?) was calculated from lamp specification 125 uW/cm? at distance 1m
X exposure time in seconds, 125 uW/cm2 x 120 sec at 0.75 m distance = 20 mJ/cm>. For H,O, treatment, the cells were
incubated with 250 uM H,O, for 24 hours, followed by incubation in fresh media for 72 hours. For the treatment with
Resveratrol and Quercetin, the cells were pre-incubated with 0.1% compound (concentrated stock dissolved at 10% in
DMSO) for 24 hours before UV irradiation. The 0.1% compound concentration was selected after a dose-response
validation, ranging from 1% to 0.01% where the toxic high concentrations (particularly Quercetin) and the low non-
effective concentrations were discarded. The assay samples included control cells alongside the UVR, H,0O, and
Resveratrol/Quercetin-treated cells, in triplicates.

Immunofluorescence and Image Analysis

HDF cultures growing on glass coverslips at the same initial cell density of 6000 cells/cm” were fixed in 4%
formaldehyde/phosphate-buffered saline (PBS) for 15 minutes at room temperature (RT), permeabilized with 0.5%
TRITON X-100 for 5 minutes and washed 3 x PBS. For immunostaining, the samples were incubated with primary
antibodies diluted in the blocking buffer (PBS + 1% FBS) at 4°C overnight; washed for 30x10 minutes in PBS;
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incubated with secondary antibodies diluted in the blocking buffer (PBS+1% FBS) at RT for 1 hour; washed for 30x10
minutes in PBS and mounted in the ProLong Gold Antifade Mountant with DAPI (ThermoFisher). The primary
antibodies were anti-Ki67 (D3B5, Cell Signaling, 1:500), anti-yH2AX (20E3, Cell Signaling, 1:500), anti-p16™k4
(E6NS8P, Cell Signaling, 1:500). Secondary antibodies were FITC anti-rabbit (Jackson ImmunoResearch; 1:1000). The
fluorescent images were captured using Leica DM IL LED and photographed using CCD DFC3000G Camera and LAS
X 3.6.0.20104 software (Leica Microsystems) with lens magnification 10x and 20x. For the measurements of nuclear
size and cell densities, three consecutive images of DAPI-stained nuclei were used for each sample to analyze the size
and number of the nuclei using ImagelJ software. The cell nuclei from control and test samples were counted manually
from each micrograph, and the numbers were recorded. The nuclear size, in microns, was measured in ImageJ as
particle size, based on the numbers of image pixels corresponding to microns on the scale bar, with 20 pixels
corresponding to 10 microns on the 1047x781 pixels micrograph. The total numbers of cell nuclei obtained per
given sample were plotted against the values of nuclear sizes in this sample. The population of enlarged nuclei was
subsequently defined as nuclei with a size >20 microns. The percentage of enlarged cell nuclei in control, UVR- and
UVR compound-treated samples was calculated based on 100 cells for each treatment. For the measurements of cell
densities in the UVR- and UVR + compound-treated samples, the percentage of counted nuclei was calculated in
relation to the numbers of nuclei in the control. For each UVR- and UVR + compound-treated sample, the number of
Ki67-positive nuclei was recorded and calculated as a percentage of the total number of nuclei in the sample. To

quantify the expression levels of YH2AX and pl16™*

, the relative signal intensity was measured for control and
treated samples in ImageJ, adjusted to the equal number of cells, with the signal in the control sample equalized to 1.
All figures were assembled using GraphPad Prism 9 and PowerPoint software. For statistical analysis, the data
comparing variation between skin types for each applied factor were validated using one-way Analysis Of Variance
(ANOVA) with post-hoc Tukey HSD test, n = 3, experimental replicates. The graphs represent Mean + SEM, with

statistically significant outputs * p < 0.05, ** p < 0.01, *** p < 0.001.

Intracellular ROS Production Assay

For the measurements of intracellular ROS production, HDFs were seeded onto 96 well plates at the density of 2x10° per
well and analyzed 72 hours post-treatment. The media was removed, replaced with PBS and the cells incubated for 30
minutes with a 10 uM 2°7’-dichlorofluorescein diacetate (DCF-DA) probe (Abcam). Conversion into fluorescent DCF was
induced by further incubation of the cells in DMEM/10% FBS in a CO, incubator for 15 minutes. The cells were fixed with
4% formaldehyde/PBS, washed with PBS and relative fluorescence intensity was recorded in a microplate reader
(SpectraMax iD5 Microplate Reader, Molecular Devices) at Ex/Em 485/535 nm and adjusted to an equal number of
cells. For statistical analysis, the data comparing variation between skin types for each applied factor were validated using
one-way Analysis Of Variance (ANOVA) with post-hoc Tukey HSD test, n = 3, experimental replicates. The graphs
represent Mean + SEM, with statistically significant outputs *p < 0.05, **p < 0.01, ***p < 0.001.

Total Antioxidant Capacity Assay

The total antioxidant capacity of the HDF cultures was measured according to the manufacturer’s protocol (Abcam,
ab65329). Briefly, the cells were washed with cold PBS, homogenized in 100 pL of ddH,0, incubated for 10 minutes on
ice and centrifuged. Trolox standard (1mM) was prepared for several dilutions containing 0—200 nmol Trolox/well. The
cell supernatants and Trolox standards were transferred to new wells and incubated with 100 uL Cu®" Working Solution
for 90 minutes at room temperature in dark. The colorimetric output was measured in a microplate reader (SpectraMax
iD5 Microplate Reader, Molecular Devices) at OD 570 nm and adjusted to an equal number of cells. Sample total
antioxidant capacity (TAC) was calculated as TAC = (Ts/Sn)*D, where Ts = TAC amount in the sample well calculated
from a standard curve (nmol), Sn = sample volume added in the sample wells (uL), D = sample dilution factor. For
statistical analysis, the data comparing variation between skin types for each applied factor were validated using one-way
Analysis Of Variance (ANOVA) with post-hoc Tukey HSD test, n = 3, experimental replicates. The graphs represent
Mean + SEM, with statistically significant outputs *p < 0.05, **p < 0.01, ***p < 0.001.
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Results
Single Nucleotide Polymorphism in the Context of Skin Ethnicity

Single nucleotide polymorphism (SNP) is present in several genes involved in the maintenance of skin structure and
biological activity. The SNPs can be located both within coding and non-coding regions of the gene and often affect its
activity; with the skin types also likely to have different combinations of the modified genes. The biomarkers could
additionally interact differently with the genes involved in the melanogenesis pathway in each skin type, creating patterns
of structural features and physiology linked to subtle changes in pigmentation. To expand on this further, we performed
a literature search of the genes affected by SNPs uncovered in genome-wide association studies (GWAS) across three
different ethnic skin types: European, Asian and African (Figure 1 and Table 1).

Genes affected by the SNPs in European skin are predominantly linked to melanogenesis and variation of pigmenta-
tion: androgen receptor, AR and attractin, ATRN;'® agouti-signaling protein, ASIP;*!'7?? dopachrome tautomerase,
DCT;'® GATA binding protein 3, GATA3;*'” HECT and RLD domain containing E3 ubiquitin protein ligase 2;
HERC2;® interferon regulatory factor 4, IRF4;’ ligand for the receptor-type protein-tyrosine kinase KIT, KITLG;*
melanocortin 1 receptor, MCIR;”'® microphthalmia-associated transcription factor, MITF;'! solute carrier family 24
member 5, SLC24A5%! and tyrosinase-related protein 1, TYRP1.'"*? Lighter skin reflectance is frequently accompanied
by sensitivity to the sun and decreased tanning abilities linked to ASIP, HERC2, IRF4, MCIR and TYRP1.”'%2? Other
SNPs could predispose to changes in pigmentation, ie, MC1R and ASIP to freckles;'®** basonculin-2, BNC2 to pigment
spots;'? KITLG and human leukocyte antigen, HLA to solar lentigines.”*** SNPs in melanogenic genes such as MITF or
TYRPI could have an additional impact on vitamin D deficiency.!' European skin also harbors SNPs in the genes
involved in redox homeostasis: superoxide dismutase 2, SOD2' and acetyl-coenzyme A synthetase 2, ACSS2;*
hydration: aquaporin-3, AQP3 and skin elasticity: matrix metalloproteinase 1, MMP1.!

Asian skin harbors SNPs in the genes regulating constitutive pigmentation, including AR, ectodysplasin A, EDA;"
DCT;'"® MC1R;*® major facilitator superfamily domain-containing 12, MFSD12;?” oculocutaneous albinism II, OCA2%®
and SLC24A5,” usually resulting in lighter skin appearance. Some of the factors associated with darker phenotypes in
Asian skin are the fixed alleles of the melanogenic genes involved in UVR response such as damage-specific DNA
binding protein 1, DDB1 and MFSDI12.?” Skin color variation is also associated with SNPs in the genes linked to
hyperpigmentation, for example, BNC2 resulting in facial pigmented spots.>® A significant cluster of the genes is likely
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Figure | Network of the genes affected by the SNPs across three different ethnic skin types based on published data.
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Table | Summary of the Genes Affected by SNPs in European, Asian and African Skin

Types
Biomarker European Asian African
ACSS2 rs910873%
ADAMI7 rs4278906'°
ADAMTS20 rs2201464'° rs2220868'°
AHR rs2066853%°
AQP3 rs17553719'
AR rs1337076'° rs1337076'°
ASIP rs4911414® rs6058017%7
rs2424984'7
rs1015362%2
ATRN rs235549'°
BNC2 rs62543565'° rs10733310%°
BRCAI rs2236762'°
COLIA2 rs11979919%°
CYP2CI9 CYP2C19%2%*
DCT rs7990565'8 rs9584234'8
DDBI rsl1230664%7 rsl 123066477
rs7120594%
EDA rs5980856'° rs5980856'°
FCNI rs1 11036313 rsl 11036313
FLG rs71625200%
GATA3 rs376397°
HERC2 rs129138328 rs4932620%
rs12915877%
HLA rs486416%
HMG20 rs7178572% rs7246261%
ICAMI rs2814323'
ILIO rs1800890%2
IRF4 rs122035927
ITGAE rs2272606%
KITLG rs128212562° rs128212562°
rs64274238
MCIR rs1805009° rs8854792°
rs885479'°
MFSDI2 rsl2332856% rs6510760%
rs6510760%
(Continued)
2226 https: Clinical, Cosmetic and Investigational Dermatology 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Markiewicz and Idowu

Table | (Continued).

Biomarker European Asian African
MITF rs17006281""
MMPI rs1799750'
OCA2 rs1800414%8
SLC24A5 rs1426654%! rs1426654%° rs1426654%
SOD2 rsl 141718
TCHH rs2496253%
TLR6 rs5743810°
TNF rs1800610°'
TYRPI rs1408799%2
rs2150097"!

centered around the innate immune responses and inflammatory processes, involving intercellular adhesion molecule 1,
ICAMI1 and tumor necrosis factor, TNF;31 interleukin 10, ILlO;32 integrin alpha E, ITGAE and Toll-like receptor 6,
TLR6.>* SNPs are also present in the genes involved in xenobiotic metabolism and oxidative stress: aryl hydrocarbon
receptor, AHR;*° cytochrome P450 family 2 subfamily C member 19; CYP2C19;** and high mobility group 20B,
HMG20.% Additional cluster is comprised of the biomarkers regulating the structure and barrier function of the
epidermis: filaggrin, FLG and trichohyalin, TCHH;>® skin barrier permeability and trans-epidermal water loss
(TEWL), disintegrin and metalloproteinase domain-containing protein 17, ADAM17'3 and ficolin-1, FCN1°® as well
as ECM integrity, ADAM metallopeptidase with thrombospondin type 1 motif 20, ADAMTS20' and collagen type 1
alpha 2 chain, COL1A2.%

High melanin index in African skin is linked to the fixed alleles within the genes responsible for constitutive
pigmentation and UVR responses: DDB1, HERC2, HMG20, MF SD12;*” ASIP*” and KITLG.*® Skin color variation is
also determined by other specific SNPs in EDA,"> KITLG,>® DDBI1, HERC2 and SLC24A5,*" resulting in lighter
pigmentation. SNPs are additionally present in the genes involved in epidermal homeostasis, barrier permeability and
hydration: BRCA1 DNA repair associated; BRCA1'> and FCN1°° as well as remodeling of the ECM, ADAMTS20."?

Skin Biomarkers Affected by Gene Polymorphism Assemble into a Structure-Function

Interaction Network

The genes harboring SNPs could be aligned with biological functions relevant to multiple cellular activities and skin
homeostasis based on published data (Table 2). We have subsequently captured the molecular hierarchy of the genes
through in-silico modeling and interactive network based on the structure-function and protein—protein interactions
machine learning (ML) algorithms (Figure 2).

Most of the analyzed genes form defined clusters corresponding to their biological activity whilst engaged in multi-
target molecular interactions or synergistic processes related to pigmentation, DNA repair, inflammation and immunity,
oxidative stress, ECM remodeling and barrier maintenance. The most prominent gene-enriched or central clusters with
a predominant number of potential binding interactions are responsible for the control of pigmentation as well as
oxidative stress and inflammation. The main cluster of pigmentation genes is comprised of ASIP, BNC2, MCIR, MITF,
OCA2, SLC24A5 and TYRPI. The genes in this cluster are involved in the regulation of pigmentation through
transcriptional and enzymatic control of the melanin synthesis pathway and melanosome structure and
maturation.'>**** This cluster aligns closely with other biomarkers including ATRN, DCT, IRF4 and KITLG, which
are involved in the control of melanogenesis, proliferation and survival of melanocytes, and melanin
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Table 2 Gene Function Relevant to Cellular Homeostasis and Skin Health

Gene Biological Function

ACSS2 Protection against oxidative stress, signal transduction, glucose metabolism®’

ADAMI7 Epidermal barrier integrity, inflammation, TEWL*

ADAMTS20 Remodeling of ECM, processing of proteoglycans such as versican®*

AHR Sensor of environmental pollution, xenobiotic metabolism, inflammation®'

AQP3 Maintenance of skin barrier, water permeability and retention®

AR Transcriptional control of androgen response elements, inflammation®?

ASIP Regulation of pigmentation, an antagonist of melanocortins®’

ATRN Melanocortin receptor signaling, inflammatory responses and chemotaxis*®

BNC2 Control of transcription, regulation of pigmentation40

BRCAI Maintenance of genomic stability, protection against hyper-proliferation®®

COLIA2 Structural protein, mechanical strength and elasticity in the dermis'®

CYP2CI19 Control of oxidative stress and xenobiotic metabolism®

DCT Control of the composition and rate of polymerization of melanin®

DDBI UVR response and DNA repair, genomic stability and cell cycle control®”

EDA Maintenance of cellular interactions and permeability of the epidermis®

FCNI Innate immunity, complement activation, binding to elastic fibers proteins®®

FLG Mechanical support in cornified envelope, skin barrier and hydration®’

GATA3 Inflammation, epidermal barrier and differentiation of keratinocytes*’

HERC2 Regulation of pigmentation, protection of genome integrity, DNA damage'*

HLA Innate and adaptive immune responses, cytotoxic defense mechanisms®®

HMG20B Control of cell cycle, cytokinesis and chromosome segregation’®

ICAMI Cell adhesion mediating localized inflammation, immune responses®

IL-10 Anti-inflammatory, limiting the immune responses and tissue damage®'

IRF4 T cell-mediated skin immunity, sun sensitivity, pigmentation®’

ITGAE T cell-mediated immune and inflammatory responses in the epidermis52

KITLG Control of skin pigmentation, proliferation and survival of melanocytes®*

MCIR Melanin synthesis, UVR responses, protection of genomic stability*'

MFSDI12 Stimulation of cell proliferation and activity of melanocytes’'

MITF Responses to UVR, pigmentation, protection against oxidative stress'?

MMPI Collagen fragmentation, control of elasticity in dermis®®

OCA2 Melanosome maturation, trafficking of small molecules, regulation of pH*

SLC24A5 Sodium/calcium ion exchange, melanosome maturation, pigmentation*?

SOD2 Antioxidant capacity, mitochondrial activity, control of oxidative stress®

(Continued)
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Table 2 (Continued).

Gene Biological Function

TCHH Cross-linked complexes with keratins, the mechanical strength of epidermis58
TLR6 Cutaneous innate and adaptive immune responses, induction of cytokines53
TNF Key cytokine involved in inflammation, response to UVB radiation®*

TYRPI Melanin synthesis pathway, preservation of melanosome structure*

polymerization.”**>*’ Within the melanogenic genes cluster, several, including ASIP, ATRN, IRF4 and MITF are
directly involved in cellular responses to UVR, sun sensitivity, DNA repair and inflammation.'****>*” The genes, except
for SLC4AS and KITGL, are predominantly affected by the SNPs in the European and Asian skin.

The genes involved in facultative pigmentation, melanin polymerization and sun sensitivity, including ASIP, DCT,
IRF4, KITLG, MCIR and MITF, interact with the biomarkers associated with immune responses and inflammation:
ADAMI17, GATA3, ICAMI, IL10, ITGAE, TLR6 and TNE.**>* These genes, except for GATA3, have the SNPs
identified in Asian skin. The cluster is also involved in multiple interactions with the factors implicated in skin barrier
function: AQP3, EDA, FLG and TCHH;>>® antioxidant capacities and oxidative stress: ACSS2 and SOD2;>%-6°
xenobiotic metabolism: AHR, AR and CYP2C19°°% as well as ECM remodeling: ADAMTS20, COL1A2 and
MMP1.'¢-6%5 SNPs in these genes have been identified predominantly in European and Asian skin, with an emphasis
on oxidative stress and ECM remodeling attributed to European skin.

A small cluster of the DNA damage and repair genes, BRCA1, DDBI and HERC2,'*%*%" which interact with the
markers of pigmentation and xenobiotic metabolism, could also be identified through this analysis. This specific group of
genes bears the SNPs identified in African skin. Finally, several biomarkers, such as FCN1, HLA1, HMG20B and

MFSDI12, involved in immunity and inflammation, genome integrity and pigmentation,®®”’

were not gathered in this
network, indicative of the potential novel interactions that should be investigated further (Figure 2 and Table 2).

This analysis indicated that the three examined major skin types could differ in the patterns of the genes modified by
the SNPs. The biomarkers form distinctive clusters, which are also involved in the major interactions with the

melanogenic factors responsible for skin pigmentation. This points to the functional association between skin color
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Figure 2 An interactive in-silico network of the biomarkers affected by the SNPs based on the structure-function and protein-protein binding algorithms.
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and its structure and physiology that dictates homeostatic responses to the environment at the molecular and cellular
levels.

Dermal Fibroblasts of Different Skin Type Origin Demonstrate Distinct Responses to
UVR and Oxidative Stress

Skin color is directly associated with not only the ability to regulate pigmentation, ie, tanning, in response to the
environment but also with the individual sensitivities to UVR and UVR-induced damage. It is therefore likely that
different skin types would be characterized by diverse cellular responses to several extrinsic factors, including genotoxic
stress.

To expand on this further, we cultured dermal fibroblasts isolated from the European, Asian and African skin types,
corresponding, respectively, to the phototypes I-11, II-III and IV-V on the Fitzpatrick scale, and analyzed the response of
the cells to UVR and oxidative stress. The cells were cultured at the same initial density in monolayers, irradiated with
a single dose of 0 mJ/cm? (control) and 20 mJ/cm? UVR and the cultures were maintained for an additional 72 hours.
Since the UVR causes DNA damage, cell cycle arrest and growth inhibition,”* in the initial approach, we measured the
size of the nuclei from the images of the cultures stained with fluorescent probe DAPI, with particular focus on enlarged,
>20 microns in diameter nuclei. An enlarged cell nucleus is an indicator of the increase in cellular size and appearance of
cell cycle-arrested senescent cells in the culture.”® In control cultures, the percentage of enlarged nuclei was initially
higher in both Asian and African fibroblasts compared to the European fibroblasts, as a general characteristic of the cells.
The proportion of enlarged nuclei in the UVR-treated cultures was 10% in the European, 25% in Asian and 21% in
African fibroblasts, with a respective increase of 4%, 7% and 2% compared to untreated control (Figure 3A). Distribution
analysis of the nuclear size versus cell numbers revealed that these changes were also accompanied by significant
differences in cell densities in the UV-irradiated cultures. Whilst Asian fibroblasts responded to UVR with a significant
reduction in cell densities, the decrease in the densities was less pronounced in European and African fibroblasts
(Figure 3B and C). Differences in cell densities were closely associated with the expression of proliferation marker
Ki67, with 7.5% of Aftrican fibroblasts and 21-28% of European and Asian fibroblasts counted as Ki67 positive in the
UVR-treated cultures, indicative of likely prolonged cell cycle and delayed contact inhibition in the latter (Figure 3C).
Changes in cellular growth were also reflected in the expression levels of DNA damage marker YH2AX and cyclin-
dependent kinase (CDK) inhibitor pl6™%** Both proteins have been implicated as the markers of persistent DNA
damage response and cell senescence.”*”> Expression of both yH2AX and p16™5** was significantly increased in UV-
irradiated European and Asian fibroblasts but remained low in the African fibroblasts (Figure 3D and E, UVR, left panel).
The expression of both markers was accompanied by an increase in intracellular ROS production, which was most
pronounced in Asian fibroblasts and lowest in African fibroblasts (Figure 3F, UVR, left panel). The differences in the
levels of ROS were not reflected in the non-enzymatic, total antioxidant capacities (TAC) of the cells, which remained
constant across all three cell types (Figure 3G, UVR, left panel).

Exposure to UVR is a major trigger for oxidative stress, resulting in ROS production and macromolecular damage. To
gain more insight into the possible differences in the patterns of the UVR effect versus the effect of oxidative stress alone, the
fibroblasts were treated with 0 uM H,0O, (control) and 250 uM H,O, for 24 hours, and the cultures were maintained for the

6™K4 with the levels

additional 72 hours. Treatment with H,O, also triggered the increase in expression of YH2AX and pl
of both proteins significantly higher compared to the effect of UVR. Interestingly, expression of yYH2AX was visibly
increased in the African fibroblasts, indicative of persistent DNA lesions induced by oxidative stress (Figure 3D and E,
H,0,, right panel). Similar to UVR, H,O, treatment also resulted in intracellular ROS production, which remained at similar
levels in Asian and African fibroblasts. In contrast, the ROS level induced by H,O, was —3-fold higher in the European
fibroblasts (Figure 3F, H,0,, right panel). Oxidative stress induced by H,O, also triggered an increase in TAC across all cell
types, which was —3-4-fold higher compared to TAC measured in the UV-irradiated cells. Consistent with the intracellular
ROS levels, TAC was lowest in the European fibroblasts and highest in the African fibroblasts, likely reflecting the strongest
capacity to neutralize internal ROS (Figure 3G, H,0,, right panel). These data demonstrated that UVR-induced damage had

the most pronounced effect on dermal fibroblasts of Asian skin type origin, causing inhibition of cell growth and the
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Figure 3 Effect of the genotoxic stress on dermal fibroblasts of European, Asian and African origin. (A—G) The cells were irradiated with 20 mJ/cm? UVR and processed for
analysis after 72 hours. (A) Percentage of the enlarged nuclei (>20 uM diameter) in control and UV-irradiated cultures; (B) distribution of the nuclear size versus cell
numbers after UVR treatment; (C) cell density relative to the untreated control and the percentage of Kié7-positive nuclei; (D and E), left panel) expression of YH2AX and
p16™ % ((F), left panel) Levels of intracellular ROS; ((G), left panel) total antioxidant capacity of the cells; (D-G) the cells were treated with 250 uM H,O, for 24 hours,
cultured in fresh media and processed for analysis after 72 hours; (D and E), right panel) expression of YH2AX and p16™*; ((F), right panel) levels of intracellular ROS;
((G), right panel) total antioxidant capacity of the cells. Relative signal intensity: the control signal is equal to |. Scale bar- 25um. Error bars are Mean + SEM, n=3
(experimental replicates), with statistically significant outputs *p < 0.05, **p < 0.01, ***p < 0.001 in one-way ANOVA with post-hoc Tukey HSD test.

expression of senescence and oxidative stress markers. In contrast, African fibroblasts were relatively most resistant to the
effects of UVR; however, they did accumulate increased levels of DNA damage upon treatment with H,O,. This type of
damage nevertheless occurred in the absence of increased ROS production, which also correlated with the high antioxidant
capacities of the African fibroblasts. The sensitivity to oxidative stress triggered by H,O,, based on intracellular ROS and
TAC levels, was highest in the European fibroblasts, indicative of a relatively weak capacity to neutralize ROS.

Diverse Effects of Photo-Protective and Antioxidant Cosmetic Ingredients on Ethnic
Skin Fibroblasts

To validate the effects of UVR and oxidative stress on the skin fibroblasts further, we applied two natural compounds,
Resveratrol and Quercetin, which are also used in cosmetic formulations as protective and anti-aging ingredients. Similar
to the previous approach, the fibroblasts were cultured at the same initial density in monolayers, pre-treated for 24 hours
with 0% (control) and 0.1% compound, irradiated with a single dose of 0 mJ/cm? (control) and 20 mJ/cm?® UVR and the
cultures were analyzed after 72 hours. Resveratrol is a stilbene compound with a strong UVR absorbance capacity that
can offer a photo-protection.’® The proportion of enlarged nuclei in the Resveratrol/UV-irradiated cultures compared to
UVR-control decreased from 10% to 7% in European and from 25% to 9.5% in Asian fibroblasts, whilst the African
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Figure 4 Protective capacities of Resveratrol and Quercetin against UVR-induced damage in dermal fibroblasts of European, Asian and African origin. The cells were pre-
treated with 0.1% Resveratrol or 0.1% Quercetin for 24 hours, irradiated with 20 mj/cm? UVR and processed for analysis after 72 hours; (A and D) percentage of the
enlarged nuclei (>20 pM diameter) in UVR control and the irradiated cultures with a compound; (B and E) distribution of the nuclear size versus cell numbers after UVR
treatment; (C and F) cell density relative to the UVR control and the percentage of Kié7-positive nuclei (G) levels of intracellular ROS; (H) total antioxidant capacity of the
cells. Relative signal intensity: the control signal is equal to |. Scale bar- 25um. Error bars are Mean + SEM, n=3 (experimental replicates), with statistically significant outputs
*p < 0.05, ¥*p < 0.0, **p < 0.001 in one-way ANOVA with post-hoc Tukey HSD test.

fibroblasts remained largely unaffected (Figure 4A). Distribution analysis of the nuclear size versus cell numbers and
expression of Ki67 revealed that the presence of Resveratrol did slow down the growth of the UV-irradiated African
fibroblasts. This was consistent with a —=50% reduction in cell densities despite the presence of Ki67-positive cells,
indicative of a likely prolonged cell cycle and delayed contact inhibition (Figure 4B and C).
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To expand on these observations further, we next performed the analysis in the presence of Quercetin. Quercetin is
a flavonoid with a powerful antioxidant and anti-inflammatory capacity, which has been also implicated in anti-aging
applications as a senolytic ingredient.”” The proportion of enlarged nuclei in the Quercetin/UV-irradiated cultures
compared to UVR-control decreased from 25% to 7% in Asian and from 21% to 15% in African fibroblasts, whilst in
the European fibroblasts it remained constant (Figure 4D). Distribution analysis of the nuclear size versus cell numbers
revealed that a reduction in the numbers of cells with enlarged nuclei was associated with a decrease in cell densities,
suggesting that Quercetin could stimulate their removal. Ki67 expression was strongly enhanced by Quercetin in
European fibroblasts whilst having a moderate effect on cycling Asian and African fibroblasts (Figure 4E and F).

The presence of Resveratrol during UV irradiation also prevented intracellular ROS production in the European and
Asian fibroblasts; it had a minimal effect on African fibroblasts where the level of ROS was already low (Figures 3F and
4G, Resveratrol, left panel). The presence of Quercetin during UV irradiation also inhibited intracellular ROS production,
which was most pronounced in Asian fibroblasts (Figure 4G, Quercetin, right panel). UV irradiation in the presence of
Resveratrol was accompanied by only a small increase in TAC of the cells, from —40 nM Trolox power in UVR control
to =60 nM Trolox power in the Resveratrol pre-treated cultures (Figures 3G and 4H, Resveratrol, left panel). Quercetin,
on the other hand, had a simultaneous strong antioxidant effect on the cells, increasing TAC levels across all three cell
types; however, the values were significantly higher in European and Asian fibroblasts (—190 nM Trolox power)
compared to African fibroblasts (—100 nM Trolox power, Figure 4H, Quercetin, right panel).

These data demonstrated that Resveratrol protected skin dermal fibroblasts from UVR-induced damage, which was
the most significant in Asian and European fibroblasts. Inhibition of the intracellular ROS production was not associated
with substantial enhancement of the cellular TAC; rather it was likely a direct UVR-protective effect of Resveratrol,
which had the weakest impact in African fibroblasts. Quercetin could have a possible senolytic effect targeting the
senescent cells whilst enhancing the antioxidant defense in the tissue. The two mechanisms would overlap most strongly

in Asian fibroblasts.

The Bioactive Compounds Demonstrate Subtle Differences in the in-silico Skin Gene

Target Interactive Networks

The in-vitro analysis revealed that both Resveratrol and Quercetin had protective effects on skin fibroblasts during UV
irradiation; however, the impact of both compounds was slightly different across skin types suggesting the possible
differences in the mechanisms of action. To expand on this observation further, we performed an in-silico analysis of the
known interactions between Resveratrol and Quercetin with the SNP-affected skin gene targets based on data mining and
Hexis Lab Pro.X® in-silico platform utilizing deep learning algorithms (Figure 5). Both compounds demonstrated the
interactions with five biomarkers, SOD2, IL10, AHR, BRCA1 and FLG, indicative of the strong activation of the
antioxidant and anti-inflammatory axis. The antioxidant and anti-inflammatory mechanisms of Resveratrol and Quercetin
were also indicated by inhibiting interactions with five other biomarkers: TNF, ICAM1, MMP1, AR and CYP2C19. All
biomarkers, except for BRCA1, are linked with Asian and European skin types, which also strongly responded to the
protective effects of Resveratrol and Quercetin against UVR in the in-vitro assays.

Resveratrol had additional interaction sites with two melanogenic genes, DCT and MITF, indicative of their inhibition
(Figure 5A). In the skin, both biomarkers are involved in responses to UVR and control of pigmentation; dermal
fibroblasts isolated from darkly pigmented, ie, African skin could have a decreased sensitivity to Resveratrol.

The interactive target gene network for Quercetin indicated an enhanced activity towards oxidative stress and
inflammation. The axis modulated by Quercetin involves GATA3 which forms additional links with TNF, ICAMI1,
AHR as well as AHR and BRCA1 through up-regulated COL1A2. Enhanced interactions are also present between the
inflammatory and epidermal barrier integrity factors involving ADAM17, TNF, IL10 and MMP1 (Figure 5B). The anti-
inflammatory and antioxidant capacity of Quercetin could be responsible for a strong protective effect on Asian
fibroblasts during UVR exposure.

Clinical, Cosmetic and Investigational Dermatology 2022:15 https: 2233

Dove:


https://www.dovepress.com
https://www.dovepress.com

Markiewicz and ldowu Dove

A B

Resveratrol Quercetin

Figure 5 Interactive in-silico network of skin biomarkers with (A) Resveratrol, (B) Quercetin. The model has been assembled based on data mining and machine learning
(ML) algorithms. The biomarkers activated by the compounds are highlighted in green, and the inhibited biomarkers are highlighted in red.

Discussion

In this study, we highlighted a panel of the genes affected by small nucleotide polymorphisms (SNPs) in three major skin
types. In-silico analysis of the interactive network between the biomarkers revealed further functional clusters and
synergistic patterns with relevance to the biological activities of the skin. Presently, the most established approaches in
personalized skincare are focused on the validation of genetic variations such as SNPs between individuals within
a specific ethnic group. Similar analysis across different ethnic groups could uncover further complex patterns with
significant potential toward a more stratified characterization of human skin. Although many SNPs studied so far do not
always result in the altered expression of the corresponding genes, this argues for a more validated approach correlating
such measurements linked to a particular trait and searching for a mechanistic association between interacting genes. Any
specific trait that is determined by the combination of several genes forming functional clusters or networks would
involve alterations in one gene triggering downstream responses in other activities, for example, reciprocal interactions
between melanogenesis and UVR-induced DNA repair or maintenance of skin barrier and control of inflammation.

Whilst the SNPs will not contribute entirely to the different skin types, they are likely to affect both the individual
signatures and the traits prevalent within given skin ethnicity. One characteristic associated with genotype—phenotype
correlations could be significant compartmentalization affecting the distribution of specific traits across skin ethnicity.
Based on the genes involved, these characteristics would likely concentrate around pigmentation in European skin;
pigmentation, inflammation, barrier and oxidative stress in Asian skin and epidermal integrity and barrier homeostasis in
African skin. These diverse patterns could reflect the specific sensitivity and protection requirements of each skin type;
uncovering these requirements would also facilitate a better design and application of effective skin products.

To gain an insight into these patterns, we cultured dermal fibroblasts obtained from European, Asian and African skin
and challenged them with extrinsic factors, UVR and H,O,, known to induce DNA damage and oxidative stress. Both
these factors also play a central role in signal transduction linked to skin pigmentation, inflammation and barrier
homeostasis. European fibroblasts responded to UVR by increased expression of DNA damage marker yYH2AX and
senescence marker, cyclin-dependent kinase (CDK) inhibitor p16™**, This was accompanied by intracellular production
of ROS, which could be reduced in the presence of Resveratrol without significant changes to the total antioxidant
capacity (TAC) of the cells. TAC of European fibroblasts was enhanced most profoundly by Quercetin; the cells also
demonstrated very high sensitivity to oxidative stress induced by H,O,. These results suggest that European fibroblasts
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could be particularly prone to damage caused by free radicals in an oxidative environment; such an environment could be
also more pronounced in lightly pigmented skin that is weakly protected by melanin. The cells would also benefit from
strong antioxidants such as Quercetin or molecules with a photo-protective capacity due to UVR absorbance such as
Resveratrol.

Asian fibroblasts were characterized by pronounced sensitivity to UVR. UVR responses were associated with an
increased percentage of the cells with enlarged nuclei, reduced cell densities and expression of YH2AX and p16™ 4,
suggesting induction of senescent phenotypes. Asian fibroblasts also responded to UVR by significant production of
intracellular ROS, which could be reduced by both Resveratrol and Quercetin. Both ingredients were also capable of
reducing the percentage of the cells with enlarged nuclei and increasing cell densities. Compared to European fibroblasts,
Asian fibroblasts produced less ROS and had higher TAC values when challenged with H,O,. These data suggest that
Asian fibroblasts could be particularly prone to damage caused directly by UVR but show stronger defenses in a purely
pro-oxidant environment. Resveratrol and Quercetin analyzed in this study could be particularly beneficial to Asian
fibroblasts for anti-aging and rejuvenating potential.

African fibroblasts demonstrated the most prominent resistance to UVR-induced cellular damage. It was evidenced by

the preservation of high cell densities and significantly low levels of YH2AX, p16™ 4

and intracellular ROS expression.
The levels of ROS remained unaffected or slightly higher in the presence of Resveratrol and Quercetin. Response of
African fibroblasts to Quercetin also involved a moderate increase in TAC together with a significant reduction in cell
densities, suggestive of potential clearance of UVR-damaged cells. One additional striking phenotype of African
fibroblasts was a low production of intracellular ROS and high TAC when the cells were challenged with H,O,,
indicative of efficient mobilization of antioxidant defenses in a pro-oxidant environment. However, treatment of
African fibroblasts with H,O, also resulted in unusually high levels of YH2AX expression. These results suggest that
African fibroblasts could have efficient mechanisms for counteracting the oxidative stress and damage caused by UVR
but are more susceptible to DNA lesions in a pro-oxidant environment. Whilst the protective effect of Resveratrol and
Quercetin might be less beneficial for African fibroblasts, other active ingredients able to shield from such damage could
be identified in the future. Unraveling the molecular differences in biological pathways, such as those associated with
DNA damage or oxidative stress, can also offer a better insight into a range of traits responsible for the individual
characteristics of the skin.

Phenotypic Traits Related to the Skin Ethnicity
Pigmentation
Variation of skin color is determined by the quantity of melanin and the proportion of eumelanin to pheomelanin in the
epidermis.”® Melanin contributes to natural protection against UVR, which manifests as light absorption and dissipation
as well as re-distribution or de novo synthesis of the pigment in tanning responses.””* In lightly pigmented skin,
particularly of the European type, UVR can penetrate the epidermis and dermis coupled with diminished capacity to
repair DNA damage.®' Decreased ability to tan frequently leads to increased sun sensitivity in European skin, due to
a decrease in density and activity of melanocytes.”” Relatively higher content of melanin in Asian and African skin
typically correlates with better sun protection; however, all skin types demonstrate a considerable degree of constitutive
pigmentation variation on the individual level **%3

Within the Fitzpatrick skin type classification, which was originally developed to evaluate the susceptibility of the
skin to erythema after exposure to UV radiation, degree of pigmentation and sun sensitivity would correspond to type I—
IV for European skin, type II-III for East Asian skin, type III-V for South Asian skin and type V-VI for African
skin.®**> Whereas types I to IV on the Fitzpatrick scale describe lighter skin more accurately, types V and VI have
relatively limited capacity to categorize darker pigmentation in skin types that do not burn easily, mostly representing an
Asian and African heritage.®¢

Skin characterization based on genetic biomarkers combined with melanin index could offer a better representation of
all skin types. The pigmentation genes bearing SNPs and responsible for skin tone and color are mostly present in the
European skin type. Both constitutive and facultative pigmentation are affected by the SNPs in major genes including
ASIP, DCT, IRF4, KITLG, MCIR, MITF and TYRPI1, predominantly resulting in lighter skin reflectance, decreased
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tanning abilities and increased sun sensitivity. Lighter skin appearance in both Asian and African skin is controlled by the
genes of constitutive pigmentation, including EDA and SLC24A5. Constitutive pigmentation is also responsible for high
melanin index and darker skin appearance, with the fixed alleles of the genes involved in UVR response, DDB1 and
MFSD12, present in both Asian and African skin.

Elasticity

Photodamage resulting from prolonged sun exposure is frequently linked to the significant loss of elasticity and deep
wrinkles characterizing European skin.®” These changes arise from decreased synthesis and fragmentation of collagen,
elastin and hyaluronic acid leading to the impaired organization of the epidermis.*®* In comparison to European skin,
Asian skin types are relatively resistant to wrinkles, with the decline in skin elasticity most likely due to an increase in
cross-linked collagen and advanced glycation end products (AGE).””®' One of the most prominent features of African
skin is the increased elasticity and relative resistance to wrinkles due to abundant collagen and relatively thicker dermis
compared to European skin.”® African skin is also resistant to degradation of collagen through photo-damage, contains
a higher amount of tropoelastin, fibrillin and fibulin, and has enhanced profiles of growth factors responsible for cell
migration and proliferation of cells in the papillary dermis.”*** Genes involved in the control of skin elasticity and
remodeling of ECM are present in European skin, including MMP1, as well as Asian skin, including ADAMTS20 and
COL1A2. SNPs in MMP1 and COL1A2 could be responsible for alterations of collagen remodeling or susceptibility for
modifications such as glycation. Changes in the activity of ADAMTS20, which also harbors SNP in African skin, could
have an additional effect on the processing of proteoglycans in the dermis.

Skin Barrier
European skin is characterized by a relatively thin epidermis that undergoes further degeneration with time.”> The thinner
epidermis, with a more fragile system of barrier corneocytes and lipids, is also characteristic of East Asian skin.”®"
Consequently, the skin is more sensitive to environmental pollutants causing inflammation and an increase in oxidative
stress.”®”” This can further facilitate enhanced microbial invasion with subsequent colonization of sebaceous glands and acne.”
South Asian skin has relatively low levels of surface-free fatty acids and increased accumulation of sebum.”®"'°° This
in turn can lead to increased sensitivity to allergens, activation of immune cells, overproduction of cytokines and skin
inflammation.'®" African skin is characterized by a relatively thicker epidermis and an abundance of the outermost layer
of lipids.”*'% Because of this, skin hydration is likely enhanced and TEWL decreased in African skin.'**'%* However,
significantly increased TEWL has been also recorded as a likely thermoregulatory mechanism in both African and South
Asian skin.'® Despite a higher amount of lipids and enhanced barrier, African skin appears to contain decreased levels of
the cornified envelope proteins such as filaggrin in the epidermis.'®> This could render the epidermis more susceptible to
xerosis in cold temperatures and low humidity, which can deplete the natural lipid layer.'"’® The biomarkers with SNPs
involved in the control of the structure and barrier function are predominant in Asian skin, including FLG, TCHH,
ADAM17 and FCNI1. SNPs in the genes involved in barrier permeability, hydration and immunity are also present in the
European skin, including AQP3, and African skin, including BRCA1 and FCNI.

Hyper-Pigmentation
Hyper-pigmentation induced by UVR, such as solar lentigines, is frequently present in European skin and characterized
by an increase in the density and activity of melanocytes.'®” Hyper-pigmentation caused by excess synthesis or local re-
distribution of melanin in the epidermis is one of the major problems evident in Asian skin. Uneven pigmentation in East
Asian skin is accompanied by increased sensitivity to air pollution and a predisposition to acne.'”'% Hyper-
pigmentation present in South Asian skin is frequently linked to sun damage, inflammatory conditions, acne and
injuries.'' %!

The genes harboring SNPs that could predispose to changes in pigmentation are characteristic of European skin,
including MCI1R, ASIP, BNC2, KITLG and HLA as well as Asian skin, including BNC2 and the genes of xenobiotic

metabolism and oxidative stress AHR, CYP2C19 and HMG20.
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Inflammation

Inflammation is often present in European skin as a consequence of excess UVR exposure, resulting in sunburns, solar
lentigines or tumorigenesis.''? Inflammation in Asian skin types is frequently accompanied by hyperactive melanocytes
and hyperpigmentation problems. Accumulation of pigmented cells and melanin in the dermis is also detected in
hormone-induced melasma and post-inflammatory hyperpigmentation.''"!'* Inflammation associated with acne breakout
and post-injury in Asian skin is a frequent cause of thinning of the dermis and the formation of scars in the affected
area.''* A cluster of the innate immune responses and inflammation genes affected by the SNPs involves ICAM1, TNF,
IL10, ITGAE and TLR6, which have been detected in Asian skin.

Compartmentalization of Aging Patterns Across Skin Ethnicity

Skin aging is influenced by genetic factors that are responsible for individual variation in appearance, both intrinsic and
extrinsic aging factors combine to drive a progressive deterioration of the skin over time. Extrinsic skin aging is driven
by gene expression and signal transduction pathways upon exposure to environmental stress. Cumulative molecular
damage caused by UVR is linked to altered expression of the factors involved in remodeling of the elastic fibers in the
dermis and is responsible for faster-aging phenotypes predominantly in European skin. In contrast, Asian and African
skin demonstrate greater elasticity accounting for fewer wrinkles with age, most likely because of the presence of thicker
dermis containing more collagen and elastin. Aging is associated with an increase in oxidative stress caused by altered
expression of ROS scavenging factors and antioxidant enzymes relevant in response to air pollution and in detoxification
of the skin, which could be affecting more the European and Asian skin. Dermal fibroblasts originated from the skin of
European and Asian heritage and analyzed in this study demonstrated a marked sensitivity to UVR, which was
significantly higher compared to the fibroblasts from African skin. The UVR sensitivity was associated with the
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accumulation of the cells with enlarged nuclei, inhibition of cell growth, expression of YH2AX and pl
intracellular production of ROS. Such responses, in particular the levels of ROS, were moreover more pronounced in
Asian than in European fibroblasts. It is likely that the accumulation of the senescent cells with persistent DNA damage
and ROS production caused by UVR has a more deteriorating effect on collagen and elastic fibers in European than
Asian skin. European fibroblasts also responded to oxidative stress, induced by H,O, exposure, by significantly higher
production of ROS. Asian fibroblasts could have a better capacity to neutralize ROS caused by oxidative stress, given the
relatively high total antioxidant capacity detected in this study. Pre-treatment of the cells with Resveratrol, the natural
compound with photoprotective and antioxidant capacities, during UVR exposure had a beneficial effect on both
European and Asian fibroblasts in terms of inhibition of cell senescence and ROS production. In contrast, the presence
of Quercetin during UVR exposure increased cellular TAC to significantly higher levels compared to Resveratrol. Both
ROS production and accumulation of senescent cells were inhibited most efficiently by Quercetin in Asian fibroblasts.

One aspect of skin aging caused by photo-damage is its association with constitutive pigmentation and tanning
responses, which are thought to have direct protective effects against photo-damage caused by UVR. Darker pigmenta-
tion is frequently linked to fixed gene polymorphism across skin types of Asian and African origin, likely such genes as
dominant traits could also contribute to guiding the photo-aging patterns in persons of mixed ethnic backgrounds. Due to
naturally higher melanin content, which can be increased further upon sun exposure, aging of darker skin is frequently
accompanied by hyperpigmentation caused by age spots, solar lentigines or melasma. Hyperpigmentation linked to
inflammation is prevalent in Asian skin. Premature aging of East Asian skin could be also associated with hyperpig-
mentation coupled with increased sensitivity and inflammation triggered by environmental pollutants. Secretion of the
inflammatory molecules has been moreover described as part of the skin aging process. The presence of H,O, in the
cellular environment is a long-established factor causing inflammation; Asian fibroblasts responded to both UVR and
H,0, treatment with a significant increase in the expression of p16™***, Accumulation of senescent cells in the dermis
could be one factor responsible for the establishment of a pro-inflammatory environment triggering hyperpigmentation in
Asian skin.

Skin aging is also accompanied by loss of hydration; whilst increased TEWL has been associated with an impaired
barrier in European skin, decreased hydration and xerosis can be also one of the major problems of African skin, most
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likely linked to the factors regulating water-binding rather than the thickness of the epidermis. Changes in the barrier
homeostasis are also frequently linked to inflammation and increased sensitivity to pro-inflammatory factors exasperating
skin hydration further. Dermal fibroblasts from African skin analyzed in this study were relatively resistant to UVR and
ROS production induced by H,O,. The cells did however respond to H,O, treatment with a significant accumulation of
persistent DNA lesions as determined by YH2AX expression. This could suggest a likely increased sensitivity to
genotoxic stress linked to inflammation, which could also translate to sensitivity and cell renewal in the epidermis.

Given these patterns, the discoveries made through in-silico analysis combined with cellular assays could guide
a better understanding of the genetic traits, sensitivities to environmental factors and aging differences across all skin
types. Making such connections can be translated into the more rapid development of effective anti-aging therapeutic
products.

Applications of Al Technologies to Genetic Traits for the Design of Personalized

Cosmetic Products

The SNP-based DNA analysis offers a unique and novel approach to personalized skincare. The development of
genetically guided, individual skincare products relies on innovation defining specific traits to achieve optimal long-
term skin health. The approaches involving genetic tests could enable subsequent comparison with the information
available in future databases. Assembly of a personal profile based on genetic signatures can highlight the complex bio-
molecular networks and specific requirements to enhance individual characteristics and ameliorate undesirable problems.

The future of skin analysis for cosmetic and therapeutic interventions will ultimately be dependent on rapid methods
for collecting data for larger cohort studies and validating in-silico models. Such screening methods likely require a more
accurate analysis and prediction using Machine Learning (ML) and Artificial Intelligence (AI) platform technologies. In
this study, we applied the data mining and Hexis Lab Pro.X™ in-silico platform to analyze the interactions of two
cosmetic ingredients, Resveratrol and Quercetin, with the molecular targets of the skin cell. This approach allowed us to
visualize and interpret the likely axes of the biomarkers affected by the compounds. The interactive networks demon-
strated the strong antioxidant and anti-inflammatory capacities of the compounds and allowed the identification of
specific gene clusters enhanced through additional reciprocal connections. The biomarkers were mostly associated with
European and Asian skin types and the strong capacity of Resveratrol and Quercetin to reduce oxidative stress could be
validated in the in-vitro cellular assays.

The approach based on in-silico analyses can facilitate the search for new personalized skincare cosmetic ingredients.
The Al algorithms can be applied to the biomarker characteristics for better resolution of their dynamic interactions with
particular emphasis on skin ethnicity. Such application could also capture specific changes that can occur as a result of
environmental damage and might represent an adaptive response to stress that constitutes one of the targets for

rejuvenation potential.

Conclusion

In this study, we investigated the molecular bases and cellular characteristics behind the likely differences between ethnic
skin types, with a view to contributing to the emerging theme of personalized skincare and the ways to advance its
applications. Using the in-silico approach, we constructed networks of the genes that are described in the literature as
affected by single nucleotide polymorphism (SNP) and uncovered clusters across both skin types and functional
categories. Since the genes are involved in defined activities in the skin, playing roles in oxidative stress and inflamma-
tion, UVR responses, DNA damage and repair, pigmentation, ECM and barrier, it indicates that the cells present in
different skin types would have diverse characteristics and responses triggered by some of these factors. Using skin
dermal fibroblasts from the skin of European, Asian and African origin, we uncovered a number of signatures manifested
in response to UVR and oxidative stress. Two active ingredients used in cosmetic products, Resveratrol and Quercetin,
affect in a specific manner some of the genes identified in our networks; both ingredients also have a slightly different
effect on three types of fibroblasts included in this study. The findings are discussed in the broader context of known
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characteristics and aging patterns of human skin, with the proposal that uncovering genetic traits and specific sensitivities
to environmental stress factors could contribute to applications in cosmetic science.
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