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Abstract: Dry skin is one of the indicators of a compromised skin barrier. An intact skin barrier is
not only important to reserve the hydration within the epidermal tissue but also to protect our skin
from environmental stressors and inhibit pathogen invasion; damage to the skin barrier may lead to
inflammatory skin diseases. Some microbial metabolites such as short chain fatty acids may inhibit or
destroy harmful bacteria and regulate the host immune system. The impact of the skin microbiome
and short chain fatty acids on skin barrier function was studied in two groups of 75 participants
each. The cohort was equally divided in dry and moist skin types, based on stratum corneum (SC)
functionality index (SCFI), reflecting the ratio of transepidermal water loss (TEWL). A dry group
represents a low SCFI and a moist group a high SCFI. Compared with the dry skin group, propionate
and Cutibacterium levels (previously known as Propionibacterium acnes) were significantly higher
(p < 0.001) in the moist group. Levels of Cutibacterium were negatively correlated with those of
Staphylococcus (p < 0.0001) in both dry and moist groups. The moist group also had a significantly
higher propionate concentration (p < 0.001). This study showed that the microbial community and
short chain fatty acid concentration may be considered as significant determinants of the SCFI of
the skin.

Keywords: Cutibacterium; diversity; dry; moist; short chain fatty acids; skin microbiome; Staphylococcus

1. Introduction

The skin is the largest organ in our body, with a surface area of around 1.8 m? or 25 m?
when the diverse “appendage openings” are included [1]. It functions as a first line of
defense system protecting our body from environmental stressors and pathogens. The
microbiome is represented by around 113 different genera which are unevenly distributed
on the surface of the skin [2]. More than a million bacteria cohabiting each 1 cm? of our
skin help to regulate the host immune system and strengthen our barrier function [34].
Moreover, unique populations of commensal bacteria reside in different parts of our body
according to the ecological status of the skin [5]. The stratum corneum (SC), the most outer
layer of the epidermis, carries the most important barrier function that protects not only the
skin but also the whole body from various diseases. It is already a known fact that our skin
becomes vulnerable to various diseases when its barrier function is compromised. Current
findings showed that aside from the disruption of the skin barrier, microbial dysbiosis
within the skin may also be a cause for atopic dermatitis, xerosis, acne vulgaris, eczema
and various other skin diseases [6]. Skin disorders such as atopic dermatitis, psoriasis and
different types of eczema are inflammatory diseases accompanied by a disrupted epidermal
barrier, low hydration, and high trans-epidermal water loss (TEWL), temperature and
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pH [7]. Unlike the hydrated skin, dry skin is the underlying cause of many skin problems.
It is known to disrupt the integrity of the SC through the impairment of SC cell maturation
and reduction in natural moisturizing factors and SC lipids, thereby increasing TEWL [8].
Furthermore, research has proven that the increase in numbers of Staphylococcus aureus
and decreased Staphylococcus epidermidis populations on the skin is associated with atopic
dermatitis or dry skin [9]. In a mouse model of atopic dermatitis dysbiosis appeared similar
to that reported for atopic dermatitis. Corynebacterium mastitidis, Staphylococcus aureus and
Corynebacterium bovis sequentially emerged during the onset of dermatitis. Antibiotics
specific for these bacteria minimized dysbiosis and prevented inflammation [10].

Recent developments have enabled a deeper scientific understanding of the skin
microbiome, and host cutaneous health has corroborated another insight for diagnosis
of skin conditions and novel treatment approaches such as skin microbiota modulation.
Considering the recognition of the microbiome and its important role in skin health, mod-
ulation of the skin microbiome and microbial metabolites using probiotics constitutes a
challenging and attractive research area [11]. For example, the skin microbiome and its in-
fluence on immune-regulatory functions regarding various skin disorders including atopic
dermatitis, has been well explained by previous studies [3]. Yet, specific active molecules
such as secondary microbial metabolites need further investigation. Di Marzio et al. [12]
reported on the essential role of ceramide in structuring and maintaining the water perme-
ability barrier function of the skin while monitoring the increase in ceramide after short-
term topical application of metabolic enzymes such as sphingomyelinase derived from
Streptococcus thermophilus. Understanding the key microbiota and microbial metabolites
influencing the skin health can serve as a scientific basis for dermabiotics (skin probiotics)
research. Furthermore, many skin diseases are derived from a broken barrier function
which is highly correlated with dry skin [13,14]. A healthy skin barrier is often indicated
through the higher ratio of transepidermal water loss (TEWL) which is known as the SC
functionality index (SCFI). For this study we therefore divided the participants in two
groups representing dry (low SCFI) and moist (high SCFI) skin types. We postulated that
differences in the barrier function of the skin may be the result of a modulation of both the
skin microbial community and short chain fatty acid (SCFA) concentration.

2. Materials and Methods
2.1. Study Participants and Sample Collection

This pilot study protocol was approved by the Korean Institutional Bioethics Com-
mittee (P01-201808-11-004) and all the procedures were carried out in the Boaz Medical
Hospital at Handong Global University. A total of 150 participants were ranged according
to their ages from 20 to 50 and were recruited by the Boaz Medical Hospital. Following
detailed information, a written consent was signed by all the participants before proceeding
with the experimental protocol. People who were suffering of visible skin problems such
as acne, inflammation, and redness on the face were excluded. Apart from sampling of
the skin microbiome, the participants were tested for their TEWL, hydration and pH. To
exclude external contaminations and transient bacteria, participants were asked to carefully
wipe off their forehead with a sterile cotton pad drenched in the same type of sterile mild
micellar cleansing water (containing 0.05 M NaCl and 0.1% Tween 20) and asked to wait
for 20 min. in a humidity and temperature-controlled room (40-50% humidity, 21-22 °C)
before the detection of skin parameters (TEWL, hydration, pH) and swab sampling of the
skin microbiome and metabolites.

2.2. TEWL, Hydration, pH Detection and Skin Microbiome Sampling

The forehead of each volunteer was grouped as either dry or moist skin type using
the GPSkin Barrier scanner (GPOWER Inc., Seoul, South Korea) which measures the
hydration and TEWL level of the skin. Dermalab® (CortexTechnology, Handund, Denmark)
transepidermal water loss (TEWL) and hydration probes were used to double check the
skin trans-epidermal water loss and hydration levels of the skin. Hanna Instruments Skin
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pH meter (Woonsocket, RI, USA) was used to check the skin pH as well. For the sampling
of the skin microbiome an ESwab™ (Copan Diagnostics, Brescia, Italy) was premoistened
in sterile 0.05 M NaCl and 0.1% Tween 20 and used to sample the forehead of each volunteer
for 30 s with the same pressure. The swab was released into the provided liquid amie
(solution in a vial to collect and preserve the swab until analysis) and stored at —80 °C
until further analysis.

2.3. Short Chain Fatty Acid Analysis

The short chain fatty acids (SCFA) were extracted using the extraction buffer contain-
ing ammonium sulfate and sodium dihydrogen phosphate and 8% meta-phosphoric acid in
aratio of (3.7:1), adjusted to pH 2.0, as suggested by Fiorini et al. [15]. Each skin sample con-
tained in liquid amie was mixed with the buffer in a 1:1 ratio and the SCFA were detected
using gas chromatography (GC, Agilent 7890, Santa Clara, CA, USA) inserted with the
headspace (oven temp. 75 °C, eq. time 10 min.). The INNOWAX 30 m x 0.23 mm column
(Agilent, Santa Clara, CA, USA) was used running from 100 °C to 180 °C in 25 °C/m at
27.1 psi with a constant flow rate of the helium carrier gas at 1 mL/min. detected through
a flame ionized detector (FID). A volatile fatty acid mixture (Supelco, 46975-U, Saint Louis,
MI, USA) was used to create a standard curve for the short chain fatty acids, and the
samples were detected using the FID.

2.4. Bacterial DNA Extraction

The bacterial DNA was extracted using the QIAmp DNA mini kit (Qiagen, Valencia,
CA, USA) with a few modifications. A total of 200 puL of the liquid amie, containing the skin
swab sample, was mixed with 0.3 g of 0.01 mm sterile zirconia beads with 500 uL of stool
lysis buffer (Qiagen, Valencia, CA, USA)) in a 2 mL bead-beating tube and homogenized for
3 min. using the TissueLyser II (Thermo Scientific, Waltham, MA, USA) to disintegrate the
bacterial cell walls. DNA extraction procedures were performed according to the QIAmp
DNA Mini Kit manufacturer’s instructions with slight modifications.

2.5. Library Preparation and Microbiome Analysis

The bacterial DNA was diluted with 10 mM of Tris-HCI pH 8.5 buffer to 5 ng/puL
prepared according to the Illumina 16S metagenomics sequencing library protocol. The 16S
rRNA V3- V4 region was amplified using the following amplicon primers: 16S Amplicon
PCR Forward Primer 5 TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT
ACG GGN GGC WGC AG'3 and 16S Amplicon PCR Reverse Primer 5'GTC TCG TGG
GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA CHV GGG TAT CTA ATC C'3 [16].
The amplified samples with linker primers were then barcoded using the dual indexing
method involving the Nextera XT kit (Illumina, San Diego, CA, USA). The final products
were normalized and pooled using PicoGreen, and the size of the libraries were verified
using the LabChip GX HT DNA High Sensitivity Kit (PerkinElmer, Waltham, MA, USA)
and performed on an Illumina Miseq platform. The barcode, linker, and primer sequences
were then removed from the original sequencing reads and replaced with sample names.

The removed reads were merged by their paired ends using FLASH v 1.2.11 [17].
The merged reads containing two or more ambiguous nucleotides, those with a low-
quality score (average score < 20), and reads shorter than 300 base pairs, were filtered
out. Potential chimeric sequences were detected using the Bellerophon method [18]. The
pre-processed reads from each sample were used to calculate the number of operational
taxonomic units (OTUs). The number of OTUs was determined by clustering the sequences
from each sample using a 97% sequence identity cut-off to Green Genes database and the
taxonomic profiling the alpha diversity (Shannon, Simpson, Chaol, Observed_OTU and
PD_whole_tree), and beta diversity (weighted and unweighted Unifrac PCoA plots) of
each group were analyzed and visualized using the macQIIME software (v.1.9.1) [19]. The
skin microbiome was analyzed using the same tool except that the taxonomic profiling
was retrained using the RDP Classifier. The R software (version 3.14) and pyloseq and
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ggplot2 packages were used to visualize the NMDS (non-metric multidimensional scaling)
dissimilarity plot based on the Bray-Curtis and LefSe analysis depending on the LDA Score
filter value of 5.

2.6. Statistical Analysis

The skin microbiome data were compared using an unpaired parametric t-test with
Welch correction or a one-way ANOVA was used to compare the differences between
different skin types and sexes using the GraphPad Prism 9.0 (GraphPad Software, San
Diego, CA, USA). All the graphs are presented as the mean value and standard deviation
(SD). The statistical analysis of the LDA score and PERMANOVA was performed using the
R software (version 3.14).

3. Results
3.1. TEWL and Hydration of Moist and Dry Skin

One hundred and fifty volunteers were checked for their skin hydration, trans-
epidermal water loss (TEWL), and pH and grouped into moist and dry skin depending on
their hydration to TEWL ratio provided by the GPSkin Barrier detector [15]. The measure-
ments of the TEWL and hydration were reconfirmed using the Dermalab probes. There
were 75 people in each of the dry and moist groups (Figure S1C). Most of the participants
were in their 20-30s (Figure S1B) and 56% of them were female (Figure S1A).

Both the moist and dry groups had the highest number of people in the healthy
pH range of 4.5-5.5 (Figure 1A). The TEWL and hydration levels were measured with
two different devices, the Dermalab combo probe (Figure 1B-D) and the GPSkin Barrier
detector (Figure 1E-G) [20]. The moist group showed a slight decrease in the TEWL;
however, it was not significant in any device (Figure 1B,E). Although no differences in the
hydration level were shown through detection by the Dermalab probe, a significantly higher
hydration score was measured by the GPSkin detector in the moist group (Figure 1C,F). The
moist group did not show significant differences in the decrease and increase in TEWL and
hydration levels, respectively, with the Dermalab probe, yet the ratio of hydration/TEWL
increased significantly. This suggests that the moist group had a lower TEWL even with
possibly similar hydration values as the dry group, indicating a more intact skin barrier
(Figure 1D). The results were confirmed by the total score in the GPSkin Barrier detector
(Figure 1G). Furthermore, compared with the male participants, there were more female
participants with moist skin (Figure S1D,E).

3.2. Differences in the Skin Microbiota Related to the Skin-Type and Sex

There was a clear difference in the microbiota of the moist and dry skins at both
the phylum and genus level. Among the four main skin phyla there was a significantly
higher relative abundance of Actinobacteria and lower numbers of Firmicutes in the
moist group compared with the dry group (Figure 2A). Moreover, relative to the dry
group, the moist group was associated with a significantly lower abundance of the genus
Staphylococcus (phylum Firmicutes) and comparatively high Cutibacterium levels (phylum
Actinobacteria) (Figure 2B). The moist group also had significantly higher Lactobacillus,
Lactobacillaceae, Anaerobacillus, Streptococcus, Rhizobium, Erythrobacteraceae, Comamonas and
Stenotrophomonas populations and significantly lower numbers of Enhydrobacter (Figure 2E).
The effect size of the microbial communities was shown through the LDA analysis in-
dicating that Cutibacterium acnes, Lactobacillales, and Agrobacterium were significantly
represented in the moist group compared with the significantly higher levels of Bacillales
and Staphylococcus spp. in the dry group (Figure S3A).
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Figure 1. Comparison of skin barrier based on TEWL, hydration and pH. (A) pH; (B) TEWL (trans-
epidermal water loss); (C) hydration level; (D) hydration/TEWL ratio; (E) barrier score; (F) hydration
score; (G) total score. (A—C) measurements provided by the Dermalab combo probes. (E-G) Provided

BARRIER SCORE
o
o
HYDRATION SCORE
TOTAL SCORE

score from the GPSkin Barrier detector. Data are presented with mean and standard deviation and
analyzed with unpaired parametric t-test with Welch correction compared with the dry group.
**p <0.01, ** p < 0.001.

When comparing sexes, the female group showed closer similarity to the moist group
with a significantly higher relative abundance of Actinobacteria while that of the Proteobac-
teria was significantly lower (Figure 2C). At the genus level, the female group was char-
acterized by a significantly higher abundance of Cutibacterium (Figure 2D), Anaerobacillus,
Lactobacillaceae, Streptococcus, Rhizobium, Comamonas and Stenotrophomonas and a signifi-
cantly lower representation of the family Enterobacteriaceae and the genus Enhydrobacter
compared with the male group (Figure 2F).

3.3. Differences in the Skin Microbiota Diversity According to Skin-Type and Sex

The moist group had a significantly higher richness (chaol, PD_whole_tree, ob-
served_OTUs) but no difference in the evenness (Shannon and Simpson diversity) of
the alpha diversity compared with the dry group (Figure 3A-E). Similar to the moist
group the female group had a significantly higher alpha diversity richness (Figure S2A—C)
compared with the male group and also a significantly higher evenness when compared
using the Shannon diversity index (Figure 52D).
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The beta-diversity of the microbiota associated with dry and moist skin was clearly
different through both the weighted and unweighted PCoA plots (Figure 3F,G). There
was a significant difference in the clustering of both the moist and dry groups through
the PC1 percent variation (28.31%, 50.86%) axis of unweighted and weighted PCA plots,
respectively (Figure 3F). Moreover, there was a noticeable difference between the moist and
dry skin groups in the multivariate PERMANOVA analysis of the Bray-Curtis dissimilarity
ordination (Figure S3B). The change in the beta-diversity was also calculated using the
sex category. Comparing females to males, a significant difference in the weighted beta-
diversity was illustrated by both the PC1 percent variation (50.86%) and PC2 percent
variation (20.07%) (Figure S2F). Moreover, the unweighted beta-diversity portrayed a
distinct difference in the clustering of both groups through the PC1 percent variation
(28.31%) (Figure S2G).

3.4. Differences in the Skin Microbiota Diversity According to Skin-Type within Each Sex Group

The difference between the sdex-specific moist and dry groups were also analyzed
since the female group had a higher moist population (56%) compared with the male
group (42%) (Figure S1D,E). Within the phylum, the abundance of the Actinobacteria
was significantly lower within the dry male group compared with the moist male group
and dry female group (Figure 4A). The dry male group also had a significantly higher
Firmicutes population compared to the moist male group (Figure 4A). At the more specified
genus and family levels, the male moist group showed a significantly higher abundance
of Cutibacterium and Stenotrophomonas and significantly lower Bacillus, Lactobacillaceae,
Ruminococcaceae, Agrobacterium, Comamonas, Strenophomonas and Enhydrobacter compared
with the male dry group (Figure 4B). When compared with the female dry group, the dry
male group had significantly higher levels of Enhydrobacter, Strenophomonas, Comamonas,
Erythrobaceraceae, Ruminococcaceae and Enterobacteriaceae and significantly lower levels of
Cutibacterium spp. (Figure 4B). In between the dry and moist group of the female population,
there was surprisingly no significant difference in Cutibacterium levels; however, the levels
of Staphylococcus were significantly lower while te hlevels of Anaerobacillus, Streptococcus,
Rhizobium, Erythrobacteraceae, Comamonas, Lactobacillaceae and Stenotrophomonas were higher
in the moist group compared with the dry group (Figure 4B).
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Figure 4. Comparison of the microbiota associated with moist and dry forehead skins with regard to gender differences.
(A) Phylum level. (B) Genus level. Data were analyzed with unpaired parametric ¢-test compared between skin types
within each sex * p < 0.05, ** p < 0.01 and compared between sex for each skin type # p < 0.05, # p < 0.01. M = moist, D = dry.

The alpha diversity of both the dry and moist communities differed significantly
within each sex group, with moist groups have an overall higher richness represented by
Chaol, PD_whole_tree and Observed OTU (Figure S4A-C). Moreover, compared with the
male dry group the female dry group showed significantly higher richness in the alpha
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diversity (Figure S54B,C). For the unweighted beta-diversity of the moist (Figure S4F) and
dry (Figure S4E) communities a significant sex difference as detected within each skin type.

3.5. Differences in the Skin Short Chain Fatty Acid (SCFA) Profile

SCFAs are important metabolic byproducts of bacterial fermentation in the large
intestine of the human host. It was therefore attempted to check for a possible correla-
tion between the amount of certain SCFA producing bacteria such as Cutibacterium and
Staphylococcus within the skin. A significantly higher propionate production can be de-
tected within the moist group when compared with the dry group (Figure 5B). In most of
the samples very low to zero levels of butyrate were found, while only insignificant acetate
or butyrate levels were detected in all groups (Figure 5). The propionate levels significantly
differed between the male moist and dry group and female moist and male moist group
(Figure 5H). Since Cutibacterium produces propionate [21] and some Staphylococcus species
have been reported to produce butyrate [22], we performed Pearson’s correlation to check
for a positive correlation between the respective samples; however, there was no significant
correlation between the two parameters for bacteria nor SCFA (Figure S5A).
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Figure 5. Comparison of sex influence on the short chain fatty acids (SCFAs) of dry and moist skins.
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(dry vs. moist and female vs. male) and one-way ANOVA was used to analyze the significance between the skin types
within each sex. * p < 0.05, *** p < 0.001.
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4. Discussion

The barrier integrity of the skin is the most important initial parameter for protection
of the skin against adverse environmental influences and the development of various
diseases. In addition, it acts as the “first line of defense” for maintaining the stability and
integrity of the human host [23,24]. The moisture level of the skin is usually detected by the
hydration level of the skin surface whereas its barrier integrity can be measured by TEWL
as an indication of the level of hydration within the skin [25-27]. The participants within
this study were grouped into moist and dry according to their transepidermal water loss
and hydration level initially detected with the GPSkin Barrier detector and confirmed with
the Dermalab combo probe. The moist group had a significantly higher hydration score
and a lower TEWL level represented by the SC functional index (hydration/TEWL ratio)
(Figure 1). These data indicate that although the hydration levels were not significantly
different the water loss on the surface of the skin was lower, suggesting a stronger barrier
integrity [28]. Various studies have shown that both the moisture level and barrier integrity
play a decisive role in preventing allergic diseases such as atopic dermatitis, psoriasis,
Netherton syndrome and xerosis, all of which are associated with dry, scaly skin and
a breached barrier [29-31]. Moreover, these allergic diseases, associated with dry skin
and weak barrier function, have been correlated with dysbiosis in the skin microbiome,
especially an overload of Staphylococcus [11,32-35]. Against this rationale, the microbial
communities of the dry (low SC functionality index) and moist (high SC functionality
index) skins of participants with healthy skins were detected during this study to determine
whether there were changes in the microbiome in a dry and weakened skin barrier even
without any subsequent skin problems.

Our data suggests a distinct microbiome for dry and moist skins; clustering by beta-
diversity showed microbial populations to be significantly different (Figure 3F,G). The
population of the genus Staphylococcus was significantly higher on the dry skin, whereas
significantly higher Cutibacterium and significantly lower Staphylococcus populations were
detected on the moist skin (Figure 2A,B). The breach of the barrier causes a greater water
loss in the skin creating a dry environment favored by Staphylococcus. Furthermore, the
moist group had a higher bacterial richness compared with the dry group (Figure 3A-C).
The positive correlation of moisture level with Cutibacterium and lower abundance of
Staphylococcus was shown in a study on the skin microbiome of rural and urban Chinese
populations [36]. Although diversity is still open to interpretation, depending on the shift
of the microbiome, a few studies have shown that its decrease within skin diseases and
can be correlated with an overload of a certain population such as Staphylococcus aureus in
atopic dermatitis compared with a healthy population [37,38]. Moreover, compared with
healthy skin, a lower diversity was also reported for dry and itchy skin [39]. Our study
showed similar results for the moist and dry groups within the different sexes (Figure 4 and
Figures 52-54). However, since there were more moist participants within the female group
(Figure S1) we divided the skin types within the sex to eliminate differences on this basis.
The male dry group had a significantly higher Bacillus and significantly lower Cutibacterium
population compared with all the moist groups and even the dry female group (Figure 4B).
This result differs from data generated by the skin study of the Chinese population in
which male participants had a significantly higher abundance of Cutibacterium compared
with the females when tested in the glabella [36]. A recent study on the skin microbiome
profile on 51 healthy Korean volunteers and in dependance of the sex and age, reported a
significantly high abundance of Staphylococcus and Corynebacterium in male participants
and Lactobacillus in female participants [40]. This was also true within our study except
for the abundance of Corynebacterium; rather there were significant levels of abundance of
Enhydrobacter and Enterobacteriaceae in the male group compared with the female group
(Figure 2F).

A few publications have reported on the sebum and hydration levels of the cheek and
forehead [41,42] or the sex specific difference of the skin [40,43,44] and their relationship
to the microbiome. However, as far as it is known, no publications have yet investigated
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the correlation of the skin microbiome and its overall SCFA profile. The SCFAs, especially
acetate, propionate, and butyrate, are the main metabolites produced by bacterial fermen-
tation in the human microbiome [45]. The SCFA have been known to play a crucial role in
ameliorating metabolic and inflammatory diseases in the gut microbiome [46,47]. A few
in vitro studies investigated the effects of SCFAs produced by Cutibacterium acnes (previ-
ously known as Propionibacterium acnes) and Staphylococcus epidermidis on the skin [22,48-50]
or by using the SCFA directly [51,52]. In our study, the levels of propionate were signif-
icantly higher in the moist group compared with the dry group (Figure 5B) which also
had significantly higher Cutibacterium levels (Figure 2B). These levels were also signifi-
cantly higher in the male moist group compared with both the male dry and female moist
groups (Figure 5H). This was not proportionate to the Cutibacterium levels in each group
since the female moist group had the highest Cutibacterium abundance compared with the
male moist group, yet the male moist group had a significantly higher propionate level
(Figure 5B). However, there was no significant correlation between the levels of propi-
onate and Cutibacterium abundance (Figure S5A). Nor was there any correlation between
the butyrate level and Staphylococcus abundance (Figure S5B). SCFAs have been shown
to have anti-inflammatory effects in monocytes whereas in keratinocytes and sebocytes
showed the opposite effect of increasing the inflammatory cytokine expression due to the
inhibition of histone acetylation and histone deacetylase (HDAC) which is responsible for
the decrease in inflammatory cytokines; this was also confirmed for propionate produced
by C. acnes [50,51]. It has been shown that propionate produced by C. acnes inhibit the
biofilm formation of some Staphylococcus species such as S. epidermidis and S. aureus to a
lesser degree [48]. Within our study, there was a significant negative correlation between
Cutibacterium and Staphylococcus (Figure S5C) and a slight, but not significant, negative
correlation between propionate and Staphylococcus (Figure S5D).

Most allergic skin diseases, including acne, have a strong correlation with the overload
of Staphylococcus, especially Staphylococcus aureus [53-55]. Dry skin, which is the hallmark
of a weakened barrier, usually leads to a higher skin pH and these factors combined
may favor the presence and growth of Staphylococcus species [2]; this was also shown by
our data in the dry groups of both sexes (Figure 4B). Moreover, Chng et al. [56] found
the presence of, e.g., Staphylococcus, in certain microbiomes to have a cross-modulating
effect with the host immune system which may trigger the severity of a certain disease.
Moisturizing the skin with emollients is known to reduce and prevent inflammatory
responses in allergic reactions and dry skin barrier disorders [57,58]. Hydration and barrier
integrity may play a role in creating a favorable environment to inhibit pathogen invasion
through the stabilization of the commensal microbiome. Furthermore, the postbiotic
materials of bacteria such as SCFAs may act as a good immune regulator in aiding host
defense against pathogens and or ameliorating inflammation and hyperpigmentation due
to UV damage [22,48,49]. Our study has showed a significant difference in diversity and
domination in the microbial communities of dry and moist forehead skins.

5. Conclusions

In our study we compared differences in the microbiome and short chain fatty acids
of moist and dry groups. Compared with the dry group significantly higher levels of
Cutibacterium, propionic acid, and alpha diversity and a lower abundance of Staphylococcus
were detected in the moist group. The PERMANOVA test showed a significant dissimilarity
between the two groups. The moist group was characterized by a higher abundance of
Cutibacterium, Agrobacterium, Rhizobiaceae and Lactobacillales, whereas relatively high
levels of Staphylococcus were found typical of the dry group. Significant differences in
the forehead skin microbiome and propionic acid levels appeared to be related to the SC
functionality index.
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Supplementary Materials: The following are available online: https://www.mdpi.com/article/10.3
390/microorganisms9112216/s1, Figure S1: Information on the 150 volunteers for the skin studies.
(A) Sex. (B) Age. (C) Skin barrier type. (D) Female skin barrier ratio. (E) Male skin barrier ratio.
Figure S2: Comparison of sex influence on the diversity of the forehead skin microbiota. (A) Chao 1.
(B) PD_whole_tree. (C) Observed_OTUs. (D) Shannon Diversity. (E) Simpson Diversity. (F) Weighted
PCoA plot and PC1 and PC2 percent variation. (G) Unweighted PCoA plot and PC1 and PC2
percent variation. (A-E) Alpha diversity. (F-G) Beta-diversity. Data were analyzed with unpaired
parametric t-test with Welch correction compared between sexes. * p < 0.05, ** p < 0.01, *** p < 0.001.
Figure S3: Effect of size and differences in microbial communities on dry and moist skins. (A) Linear
discriminant analysis (LDA) and effect Size (LefSe) analysis of microbial communities on dry and
moist forehead skins. Positive LDA scores (red bars) are enriched in the dry group and negative
LDA scores (blue bars) are enriched in the moist group. The microbial taxa and functions shown
in the Figure have a LDA score higher than 5. (B) Bray-Curtis based NMDS results for microbial
community groups of dry and moist skins (PERMANOVA, df:1, SS: 0.06199, MS:0.061990, F:5.3909,
p-value < 0.019). Figure S4: Comparison of sex influence on the diversity of the forehead skin
microbiota of dry and moist skin. (A) Chao 1. (B) PD_whole_tree. (C) Observed_OTUs. (D) Shannon
Diversity. (E) Simpson Diversity. (F) Dry group unweighted PCoA plot and PC1 and PC2 percent
variation. (G) Moist group unweighted PCoA plot and PC1 and PC2 percent variation. (A-E) alpha
diversity. (F-G) beta-diversity. Data were analyzed with unpaired parametric t-test with Welch
correction compared with dry group * p < 0.05, ** p < 0.01, *** p < 0.001 and between sex # p < 0.05.
Figure S5: Correlation between the two major bacterial genera and short chain fatty acids (SCFA)
of the forehead skin of a cohort of 150 Korean participants. (A) Propionate vs. Cutibacterium.
(B) Butyrate vs. Staphylococcus. (C) Staphylococcus vs. Cutibacterium. (D) Propionate vs. Staphylococcus.
Data were analyzed by calculating the Pearson’s correlation coefficient.
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