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Abstract: Lactococcus lactis subsp. lactis strain plasma (LC-plasma) is a bacterial strain that activates
plasmacytoid dendritic cells and induces viral resistance genes via the TLR9/MyD88 pathway. We
recently showed that oral administration of LC-plasma prevents skin infection by Staphylococcus
aureus, possibly by activating skin immunity. In this study, we conducted a double-blind clinical trial
to investigate the effect of oral administration of heat-killed LC-plasma on the skin microbiome, gene
expression in the skin, and the skin condition of healthy volunteers. Seventy healthy volunteers were
randomly assigned to receive either heat-killed LC-plasma or a placebo for eight weeks. Analysis
of the skin microbiome by next-generation sequencing suggested that the alpha-diversity of the
skin microbiome did not change during the test period in either group. However, the proportion
of species that changed significantly during the test period was 10-fold smaller in the LC-plasma
group than in the placebo group, suggesting that LC-plasma may maintain the skin microbiome.
Quantitative PCR analysis indicated that tight-junction genes, such as CLDN1 and CLDN12, and the
antimicrobial peptide gene BD3 were significantly up-regulated in the LC-plasma group but not in
the placebo group. Our results suggest that administration of LC-plasma helps to maintain the skin
microbiome and that it affects homeostasis-related genes.

Keywords: Lactococcus lactis subsp. lactis strain LC-plasma; immunity; plasmacytoid dendritic cells;
skin microbiome; tight junction; antimicrobial peptides; skin homeostasis

1. Introduction

Lactic acid bacteria (LAB) are widely accepted as beneficial microorganisms for human
health. Recent scientific studies have revealed that not only living cells but also dead cells
of LAB, termed paraprobiotics, have multiple beneficial effects [1,2]. Paraprobiotics have a
large advantage over probiotics in terms of commercial use. They come in a wide variety
of formulations, have a relatively long shelf-life and stable quality control, and are easy to
handle, transport, and store [3,4]. In addition, paraprobiotics have no risk of infection in the
human body. Many types of supplements, food, and beverages containing paraprobiotics
have been marketed in the past several years.

We have carried out a number of studies of the paraprobiotics strain Lactococcus lactis
subsp. lactis strain plasma (LC-plasma). Initially, we found that heat-killed LC-plasma
cells are directly engulfed by plasmacytoid dendritic cells (pDCs), which subsequently
activate B-cells, T-cells, and natural killer (NK) cells [5]. Subsequently, we showed that
the genomic DNA of LC-plasma activates pDCs via the TLR9-MyD88 pathway [6]. Our
bioinformatics analysis suggested that LAB strains containing a high copy number of CpG
motifs in the AT-rich (>40%) region of the genome show high pDC stimulatory activity and
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that LC-plasma is one of the strains that has the highest copy numbers of CpG motifs in this
region [7]. We have also performed human clinical trials, which showed that LC-plasma
increases the activity of pDCs in peripheral blood mononuclear cells (PBMCs) as well as
systemic and local immunity, reduces the risk of infection, and alleviates the symptoms of
the common cold or seasonal influenza [8–10]. Interestingly, our most recent non-clinical
study in mice suggested that long-term administration of LC-plasma maintained skin
thickness and a healthy coat of fur in the latter half of life [11].

Skin is the largest organ, covering approximately 1.5–2.0 m2, and it functions as a
physical barrier that protects the body from environmental threats, such as pathogen in-
fection, solar light, and dryness. The skin barrier is composed of several defense systems,
including skin immunity, tight junctions (TJs), and antimicrobial peptides (AMPs). Recent
evidence suggests that these defense systems are engaged in cross-talk with the commensal
microbiota on the skin surface [12]. Skin commensal microorganisms increase the produc-
tion of interleukin 1 (IL-1), which is involved in initiating and amplifying skin immune
systems. These commensal bacteria also modulate the function of local T cells and promote
both host defense and inflammatory diseases associated with high levels of IL-17A [13].

Antimicrobial peptides are small cationic peptides that are mainly produced by ep-
ithelial cells and have pleiotropic bactericidal effects. Staphylococcus epidermidis, one of the
major skin commensal bacteria, has been reported to increase the expression of β-defensin
genes [14]. Tight junctions provide a barrier to prevent the passage of both ions and
molecules through the paracellular pathway. Claudin and occludin have been identified as
major components of TJs. Disorders in TJs lead to skin diseases such as atopic dermatitis
and acne, which are associated with the overgrowth of Staphylococcus aureus and Propioni-
bacterium acnes, respectively. To date, however, knowledge about the effects of probiotics
and paraprobiotics on skin immunity, TJ genes, AMP genes, and cutaneous microbiota
remains limited.

To elucidate the oral administration effect of LC-plasma on skin defense systems, we
previously conducted a nonclinical study in which LC-plasma was found to activate the
pDCs of skin-draining lymph nodes and increase the production of IL-1α in dorsal skin.
Interestingly, the expression level of TJ genes (Cldn1 and Tjp1) and AMP genes (Defb1,
Defb2, Defb3, Defb4, and S100a8) were significantly higher in the LC-plasma group than in
the control group [15]. Furthermore, the skin extract of LC-plasma-treated mice showed
antibacterial activity against S. aureus and P. acnes [15]. Moreover, when the mouse skin was
challenged with a δ-toxin-producing strain of S. aureus, oral administration of LC-plasma
suppressed the growth of S. aureus and alleviated the skin inflammation caused by the
bacterial toxin [15]. Taken together, these findings strongly suggest that oral administration
of LC-plasma affects the skin defense systems and protects against external environmental
threats, such as bacterial infections.

The aim of this study was to evaluate the effect of LC-plasma on skin condition in hu-
mans via a double-blind clinical trial among healthy volunteers. The effects of LC-plasma
on the skin microbiome, which provides an important barrier to defend the skin against
microbial infection, were studied. We also studied the effects of oral administration of
LC-plasma on the expression level of immunity genes, TJ genes, and AMP genes in the
skin. Lastly, we evaluated the effect of LC-plasma on levels of hydration and pigmenta-
tion, which have been reported to be associated with the skin microbiome and probiotics
administration [16,17].

2. Materials and Methods
2.1. Subjects

The volunteers, recruited in December 2016, were healthy Japanese adults aged
30–60 years, and they did not meet the exclusion criteria (Table 1). Informed consent
was obtained from all candidates after they were provided the full details of the study, in
accordance with the Declaration of Helsinki (revised version of 2013). Individuals with a
serious disease (e.g., immune-mediated disease, hepatic disorder, renal disorder, cardiac
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disease, anemia, and anamnesis), a skin disorder (e.g., severe atopic symptoms), or an
allergy; those who were pregnant; and those routinely taking supplements containing
immune-simulating or immune-suppressing products were excluded. Individuals with a
skin disease requiring the application of medicine containing steroids or antibiotics to their
face, those with severe menopausal symptoms, and those who had continuously taken
medicines for skin condition improvement within the past 3 months were also excluded
from the trial. In total, 71 volunteers were selected on the basis of the results from a pre-
blood test (WBC, RBC, Hb, Ht, MCV, MCH, MCHC, Plt, neutrophil, eosinophil, basophil,
lymphocyte, total-cholesterol, TG, LDL-cholesterol, HDL-cholesterol, BUN, CRE, UA, AST,
ALT, γ-GT, LD, T-Bil, CK BS, HbA1c), a pDC activity test (CD86, HLA-DR), a skin moisture
content analysis, and a background questionnaire.

Table 1. Exclusion criteria in this study.

(1) Individuals who have diseases with medications.

(2) Individuals who have continuously received medications within one month before the examination.

(3) Individuals who have medical histories of serious disease of their liver, kidney, heart, lung, and blood.

(4) Individuals who have comorbidity or medication history in their digestive organs.

(5) Individuals whose systolic blood pressure is over 160 mmHg, or whose diastolic blood pressure is over 100 mmHg.

(6) Individuals who have sever skin disorder.

(7) Individuals who have severe anemia.

(8) Individuals who might be allergic to test foods, or who might be seriously allergic to other foods, or medicaments.

(9) Individuals who are pregnant, breastfeeding, or planning to be pregnant.

(10) Individuals who are alcoholic or have mental disorder.

(11) Individuals who will change their life style during the test period.

(12) Individuals who have skin disease and need the application of medicine containing steroids or antibiotics to their face.

(13) Individuals who have severe menopausal symptoms.

(14) Individuals who cannot stop eating foods containing lactic acid bacteria.

(15) Individuals who continuously took medicines for skin-condition-improvement within the last three month.

(16) Individuals who use cosmetics that have strong effects on skin moisture or wrinkles.

(17) Individuals who cannot keep from outdoor activities with the risk of getting sunburned during the test.

(18) Individuals who had a surgery in their face within the past 6 months.

(19) Individuals who are participating or participated in another clinical trial within the last 3 months.

(20) Individuals who and whose family work for a company manufacturing or selling healthy foods, functional foods,
and cosmetics.

(21) Individuals who have smoking habitat.

(22) Individuals who are judged unsuitable for this study by the investigator for other reasons.

Eligible subjects received their treatment pack consisting of one capsule per day to
be consumed each day for 8 weeks. During the test period, subjects were prohibited from
changing their lifestyle, including diet and cosmetics, and from using medicines, herbs,
and functional foods, unless absolutely necessary. Subjects were prohibited from receiving
food or medicine containing LAB. Subjects were asked to avoid sunburn and overseas trips.
All eligible subjects were requested to keep a web-diary every day to assess compliance
with capsule ingestion and compliance with instructions and to record the use of any
concomitant medication.
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2.2. Study Design

The study was designed on the basis of our previous study, in which we observed
the effect of LC-plasma on immune activity [8]. A randomized, controlled, double-blind
trial was conducted in which eligible subjects were randomized and allocated to two
groups: a placebo group (36 adults) and the LC-plasma group (35 adults) using a stratified
randomization method using an in-house R script. Gender, age (>40 or <40 years), pDC
activity (CD86), and skin moisture content were used as stratification factors. The values
of CD86 were determined as was previously described [9]. Subjects in the placebo group
consumed silica-coated hard capsules containing 200 mg of non-genetically-engineered
cornstarch, and those in the LC-plasma group consumed identical-looking capsules con-
taining 50 mg (1 × 1011 cells) of heat-killed and spray-dried LC-plasma and 150 mg of
non-genetically-engineered cornstarch for 8 weeks from January to March 2017. Neither
the investigators nor the participants could differentiate between the placebo capsules
and the LC-plasma capsules. Allocation was pre-assigned on the basis of randomization
numbers and was concealed from the subjects and researchers. Furthermore, the capsule
codes were not revealed until all analyses were complete and the data set was secured.
The study was conducted at Medical Corporation Wakei-kai Medics Hongo Clinic (Tokyo,
Japan), and the protocol was approved by the clinical research ethics committee of DeNA
Life Science Inc (Tokyo, Japan).

The minimum sample size was determined on the basis of CD86 as a marker of
pDC activity, because pDC is thought to be a direct target of LC-plasma. Our previous
study reported a standard deviation for CD86 of 20%, with a difference in pre- and post-
administration mean values of 15%. Considering these parameters, we estimated that a
sample size of 29 subjects in each arm would be required to achieve at least 80% power
(β ≥ 0.8) with statistical significance (α ≤ 0.05) in a paired t-test. The study was registered
through the University Hospital Medical Information Network as UMIN 000025566.

2.3. Study Outcomes

The primary efficacy outcome measure was the composition of the skin microbiome
based on 16S rDNA analysis. Secondary outcome measures were transcripts from skin-
immunity-related genes, AMP genes, and skin homeostasis-related genes; TEWL; skin
moisture content; and skin color values.

2.4. Preparation of Total RNA from Hair-Root

Because epidermal keratinocytes lose the nucleus [18], it was possible to purify a little
amount of total RNA from skin stratum corneum. In addition, for ethical reasons, it is
difficult to obtain biopsy samples from healthy humans’ faces. Given these factors, we
isolated total RNA samples from scalp-hair root, as previously described [19]. In brief,
5–10 hairs were plucked from the scalp of each subject by using forceps. The hairs were
checked for the presence of sheaths. Hairs containing the bulb region were trimmed to
approximately 1.0 cm in length and immediately dipped into 1.0 mL of RNAlater (Thermo
Fishcer Science, Waltham, MA, USA) in a 1.5-mL microtube. Total RNA was extracted from
hair follicles by using an RNAqueous®-4PCR Kit (Thermo Fishcer Science, MA, USA), and
cDNA was prepared by using an iScript cDNA synthesis kit (BioRad, Hercules, CA, USA)
in accordance with the manufacturer’s protocol.

2.5. Quantitative PCR Analysis

Quantitative PCR (qPCR) was performed with SYBR Premix Ex Taq (TaKaRa Bio,
Kusatsu, Japan) and a LightCycler 480 (Roche, Basel, Switzerland). The relative expression
of each gene was determined in comparison with a reference gene, ACTB (β-actin), by
using a relative standard curve method. The primers used for the qPCR analysis are listed
in Table S1.
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2.6. Skin Moisture, TEWL, and Pigmentation Assessment

Before skin examination, each subject washed their face and then rested for 20 min
in a waiting room kept under mild environmental conditions (room temperature,
21 ± 1 ◦C; relative humidity, 50 ± 10%) in order to maintain consistent environmen-
tal and measurement conditions as far as possible. Skin moisture in the stratum corneum
was measured by using a Corneometer® CM825 instrument (Courage + Khazaka Electronic
GmbH, Cologne, Germany) at the left cheek bone area. The reported values were the
average of three measurements.

TEWL scores (g/h/m2) were obtained by using a Tewameter® TM300 instrument
(Courage + Khazaka Electric GmbH, Köln, Germany) at the left cheek bone area. Pigmenta-
tion of skin equivalents was assessed by comparing the change in L *, a *, and b * values
of CIE 1976 color space measured by a CM-2600d instrument (Konika minorta, Tokyo,
Japan). L * represents brightness, with the darkest black at L * = 0 and the brightest white at
L * = 100. a * represents the green–red component, with green in the negative direction and
red in the positive direction. b * represents the blue–yellow component, with blue in the
negative direction and yellow in the positive direction. The change in pigmentation was
determined by calculating the difference between the mean at 8 weeks (8 W) and the mean
at 0 weeks (0 W) for each skin equivalent.

2.7. Skin Microbiome Sample Collection, DNA Extraction, and Metagenomics Shotgun
Sequencing

Subjects were asked to collect skin microbiome samples from their cheek in the
morning before attending the clinic; samples were collected before breakfast by wiping
their faces using a sterilized cotton swab (Copan diagnostics, Murrieta, CA, USA) following
the manufacturer’s instructions. The swab was immediately placed into a 1.0 mL sterile
tube and kept at 4 ◦C. Samples were processed within 24 hours of collection.

The 16S rRNA gene was amplified by using an Ion 16S Metagenomics kit (Thermo
Fisher Scientific). DNA samples were extracted by using a QIAamp UCP Pathogen Mini
Kit. One nanogram of extracted genomic DNA was tagmented by using Ion Xpress Barcode
Adaptors. Indexed libraries were amplified by using an Ion PGM Hi-Q View OT2 kit. About
400-bp DNA sequences were determined by using an Ion PGM Hi-Q View Sequencing
Kit. All processes of DNA extraction, PCR amplification, next-generation sequencing,
and bioinformatics analysis except linear discriminant analysis effect size (LEfSe) were
performed by World Fusion, Co. Ltd. (Tokyo, Japan).

2.8. Bioinformatics Analysis

The determined 16S rDNA sequences were subjected to BLAST homology searching
against the NCBI 16S Microbial database by using Metagenome@KIN software (World
Fusion Co., Ltd., Tokyo, Japan). Microbial diversity was assessed by using the Simpson
index and the Shannon–Weiner index, which accounts for both the number of phylotypes
(richness) and the proportion of the total accounted for by each phylotype (evenness).
LEfSe analysis was performed by using Galaxy v. 1 [20].

2.9. Statistical Analysis

Comparisons of continuous variables before and after intake of placebo and LC-plasma
were performed by using a paired t-test. Non-paired t-tests were not used in this study
primarily because the composition of the skin microbiome and the baseline gene expression
levels had large variations among the healthy volunteers. If a significant (p < 0.05) or
marginally significant (p < 0.10) difference was observed in the placebo or the LC-plasma
group, the post-hoc test of delta value (0–8 W) was performed using the non-paired t-test.
Bonferroni’s method was used to allow for multiple comparisons, and a significant p value
was set at p < 0.05 / 2 = 0.025; marginal significance was set at p < 0.10 / 2 = 0.05. The
relative quantity of the skin microbiome affected by LC-plasma was evaluated using the
chi-square test. The results are expressed as means and standard deviations.
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3. Results
3.1. Subject Characteristics

The consolidated standards of reporting trials (CONSORT) flow diagram for the study
is shown in Figure 1. Eligible subjects were randomized and allocated to two groups:
the placebo group (36 adults) and the LC-plasma group (35 adults) by using a stratified
randomization method as described in the Materials and Methods section. One subject in
the placebo group declined to participate after allocation. During the intake period, two
subjects from the LC-plasma group were lost to follow-up due to personal commitments
on the sampling day. As a result, data from 35 volunteers in the placebo group and
33 in the LC-plasma group were included in the analysis. The baseline characteristics
of the participants are summarized in Table 2. No adverse events attributed to the test
supplement were observed during the test period.
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Table 2. Baseline characteristics (mean ± S.D.) of the study subjects.

Item Placebo LC-Plasma p Value *1

Number of subjects 35 33

Gender
Male 10 Male 9
Female 25 Female 26

Age 41.7 ± 8.6 40.2 ± 7.0 0.442

Weight (kg) 58.4 ± 10.9 56.2 ± 7.9 0.347

BMI *2 (kg/m2) 21.6 ± 2.9 21.1 ± 2.2 0.488

RBC *3 (×103/mL) 4.72 ± 0.39 4.63 ± 0.37 0.331

WBC *4 (×103/mL) 6.51 ± 1.82 6.13 ± 2.00 0.407

CD86 *5 (M.F.I.) *6 1378.7 ± 136.0 1402.3 ± 210.8 0.583

Skin moisture (A.U.) *7 50.7 ± 11.2 50.2 ± 14.0 0.871
* 1: p values calculated by Student’s t-test. * 2: body mass weight. * 3: red blood cell. * 4: white blood cell.
* 5: cluster of differentiation, * 6: mean fluorescence intensity. * 7: arbitrary units.
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3.2. Alpha Diversity of the Skin Microbiome

To evaluate the effect of LC-plasma on the skin microbiome of the cutaneous layer,
we collected samples from the cheek using a swab. The quality-filtered and non-chimeric
sequences for all samples were clustered into bins, termed operational taxonomic units
(OTUs). The microbiome data were classified into bacterial taxa, from phyla to species.
Indices of alpha diversity (Simpson and Shannon–Weiner indexes) were calculated for
each species and genus. The results are shown in Figure 2. The mean Simpson index for
species and genera was 0.84 and 0.79, respectively, in the placebo group, as compared with
0.79 and 0.74, respectively, in the LC-plasma group. These suggested that the microbiome
of the volunteers was highly diverse in both groups. No significant change in the alpha
diversity of species and genera was observed in either the placebo group or the LC-plasma
group after the test period. Similarly, no significant difference in the Shannon–Weiner index
was observed after the test period in either group.
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3.3. Change in the Relative Quantity of Microbiota

The relative quantity of the 10 most abundant genera and species were compared
between the placebo group and the LC-plasma group (Figure 3). The relative quantity of
major genera and species was similar between the two groups at the start of the study.
After the intake period, the relative quantity of two major genera and four major species
significantly or marginally changed in the placebo group. By contrast, the relative quantity
of major genera and species did not change in the LC-plasma group.

Next, we also performed a more detailed analysis to investigate the changes in the
relative quantity of each species and genus during the intake period. The results of species
analysis showed that 4.11% of microbiota comprising 11 species significantly changed, and
10.92% comprising 13 species marginally changed in amount during the test period in the
placebo group (Table S2). Only 0.35% comprising seven species and 0.27% comprising
three species changed in amount during the test period in the LC-plasma group.
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The results of the genus analysis suggested that 1.06% of microbiota comprising six
genera significantly changed, and 10.24% comprising five genera marginally changed, in
amount during the test period in the placebo group. Only 0.19% comprising five genera and
0.46% comprising four genera changed in amount during the test period in the LC-plasma
group (Table S3).

The chi-square test was used to compare the proportion of microbiota that significantly
or marginally changed during the test period between the placebo group and the LC-
plasma group (Figure 4). The results showed that the proportion of species and genera
that marginally changed (p < 0.10) during the test period were significantly higher in the
placebo group than that in the LC-plasma group. In addition, the proportion of species
that significantly (p < 0.05) changed during the test period was marginally higher in the
placebo group than in the LC-plasma group. No difference was observed in the proportion
of genera that significantly changed during the test period. Taken together, these findings
suggested that the microbiota composition was more robust in the LC-plasma group than
in the placebo group.
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Figure 4. Comparison of the proportion of species (A) and genus (B) that changed (filled squares) or
that did not change (open squares) during the test period. The sum of the relative composition of
microbiota that significantly (p < 0.05) or marginally (p < 0.10) changed during the test period was
compared between the placebo and the LC-plasma groups by Chi-square test. Data of each species
and genus are shown in Tables S2 and S3, respectively. † p < 0.10, ** p < 0.01.

3.4. LEfSe Analysis of Skin Micoroibota

We also performed LEfSe analysis to identify changes in bacterial features during
the test period between the 0 W and 8 W samples (Figure 5). In the placebo group,
seven genera (Figure 5A) and eight species (Figure 5C) were identified as the candidates
most likely to change during the test period. In the LC-plasma group, only two genera
(Figure 5B) and three species (Figure 5D) were identified as candidates.

These results also suggested that microbiota composition was more robust in the
LC-plasma group than in the placebo group.

3.5. Quantitative PCR Analysis of Skin Barrier-Related Genes

The relative expression levels of cytokine-encoding genes, TJ genes, and AMP genes
are summarized in Table 3. To assess the effects of LC-plasma on skin immunity, we
investigated the expression level of IL1A, IL17A, and TGFB1. No change was observed in
IL1A expression in either group during the test period. By contrast, TGFB1 was significantly
down-regulated in the LC-plasma group, but no repression was observed in the placebo
group during the test period. IL17A was not detected in either group.
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Figure 5. LEfSe results on the skin microbiome. Samples taken at 0 W and 8 W were compared in
the placebo group and in the LC-plasma group. The significance level for LEfSe was set as p < 0.05,
and only bacterial groups with an LDA score of >3 are displayed. (A) Comparison of genera in the
placebo group. (B) Comparison of genera in the LC-plasma group. (C) Comparison of species in the
placebo group. (D) Comparison of species in the LC-plasma group.

To assess the effect of LC-plasma on TJ-related genes, we investigated the expression
levels of claudin genes (CLDN1, CLDN4, CLDN6, CLDN12, and CLDN18), an occludin
gene (OCLN), and TJ -associated protein genes (ZO1, ZO2, and ZO3) by quantitative
PCR (qPCR). Among the five claudin genes, two (CLDN1 and CLDN12) were significantly
up-regulated in the LC-plasma group during the intake period. No significant increase
was observed in the placebo group. Among the TJ-associated protein genes, ZO1 was
significantly up-regulated in the LC-plasma group, whereas a marginal increase in ZO1
was observed in the placebo group. No difference was observed in the expression level of
ZO2 or OCLN1 in either group. CLDN6, CLDN18, and ZO3 were not detected.

To assess the effect of LC-plasma on AMP-encoding genes in general, we investigated
six typical AMP genes. Overall, BD3 was significantly up-regulated in the LC-plasma
group but not in the placebo group during the intake period, and BD1 was significantly
up-regulated in both groups. No other AMP genes were up-regulated during the intake
period.

Lastly, we performed post-hoc analysis of TGFB1, CLDN1, CLDN12, ZO1, ZO2, BD1,
and BD3. None of these genes showed a significant difference in expression change between
the placebo group and the LC-plasma group.
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Table 3. Relative expression of skin homeostasis-related genes.

Genes Group 0 W 8 W p Value
(0 W vs 8 W)

p Value
(Placebo vs

LC-Plasma) *1

Cytokine genes

IL1A
Placebo 1.31 ± 0.91 1.59 ± 1.46 0.26

N.T.LC-Plasma 1.16 ± 0.64 1.59 ± 1.77 0.16

TGFB1
Placebo 1.07 ± 0.44 1.01 ± 0.51 0.62

0.36LC-Plasma 0.95 ± 0.55 0.75 ± 0.27 0.03 *

TJ genes

CLDN1
Placebo 1.01 ± 0.32 1.02 ± 0.32 0.83

0.24LC-Plasma 0.91 ± 0.25 1.02 ± 0.28 0.05 *

CLDN4
Placebo 1.05 ± 0.54 1.66 ± 3.00 0.25

N.T.LC-Plasma 1.02 ± 0.36 1.02 ± 0.34 0.99

CLDN12
Placebo 3.10 ± 2.33 3.63 ± 1.85 0.23

0.67LC-Plasma 2.46 ± 1.95 3.24 ± 1.59 0.00 **

OCLN
Placebo 1.24 ± 0.59 1.26 ± 0.52 0.87

N.T.LC-Plasma 1.18 ± 0.42 1.31 ± 0.62 0.27

ZO1
Placebo 0.86 ± 0.39 1.04 ± 0.49 0.06 †

0.83LC-Plasma 0.72 ± 0.23 0.88 ± 0.44 0.03 *

ZO2
Placebo 1.12 ± 0.55 1.17 ± 0.48 0.23

N.T.LC-Plasma 1.03 ± 0.33 1.11 ± 0.46 0.00 **

AMP genes

BD1
Placebo 1.20 ± 0.67 1.55 ± 0.80 0.01 **

0.34LC-Plasma 1.08 ± 0.56 1.30 ± 0.57 0.02 *

BD2
Placebo 0.74 ± 2.26 0.79 ± 1.50 0.90

N.T.LC-Plasma 1.17 ± 1.89 1.57 ± 3.03 0.45

BD3
Placebo 1.07 ± 0.66 1.19 ± 0.70 0.28

0.78LC-Plasma 0.98 ± 0.49 1.14 ± 0.54 0.05 *

Data are shown as mean ± S.D. † p < 0.10, * p < 0.05, ** p < 0.01. *1: The change in each value during the test
period was compared between placebo and LC-plasma groups as post-hoc analysis.

3.6. Skin Condition Assessments

The results of pigmentation, TEWL, and skin moisture contents are summarized in
Table 4. The melanin index was significantly decreased in both groups over the intake
period. The L * index was marginally increased in the LC-plasma group, but not in the
placebo group. The a * and the Hb indexes significantly decreased in the LC-plasma group,
but not in the placebo group. The b * index was marginally decreased in the placebo group.
No change was observed in HbSO2, TEWL, or skin moisture content in either group during
the test period. We also performed post-hoc analysis of the indexes of melanin, Hb, L *,
a *, and b *. No index showed a significant difference between the placebo group and the
LC-plasma group.

Table 4. Changes in skin indices. (Mean ± S.D.)

Indices Group 0 W 8 W p Value
(0 W vs 8 W)

p Value
(Placebo vs

LC-Plasma) *1

Melanin
Placebo 0.90 ± 0.20 0.88 ± 0.18 0.04 *

0.92LC-Plasma 0.96 ± 0.19 0.93 ± 0.19 0.02 *

Hb
Placebo 1.01 ± 0.28 0.97 ± 0.22 0.20

0.32LC-Plasma 1.03 ± 0.23 0.95 ± 0.25 0.00 **

HbSO2
Placebo 58.04 ± 5.52 56.92 ± 7.15 0.58

N.T.LC-Plasma 57.77 ± 7.21 58.40 ± 11.23 0.86

L*
Placebo 64.79 ± 2.89 64.93 ± 2.51 0.51

0.47LC-Plasma 64.46 ± 3.46 64.81 ± 2.93 0.08 †

a*
Placebo 7.00 ± 1.71 6.64 ± 1.29 0.06 †

0.46LC-Plasma 7.38 ± 1.46 6.83 ± 1.44 0.00 **
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Table 4. Cont.

Indices Group 0 W 8 W p Value
(0 W vs 8 W)

p Value
(Placebo vs

LC-Plasma) *1

b*
Placebo 16.52 ± 2.55 16.22 ± 2.44 0.08 †

0.57LC-Plasma 17.20 ± 2.28 17.03 ± 2.33 0.29
TEWL

(gm−2h−1)
Placebo 15.66 ± 5.60 15.99 ± 5.81 0.60

N.T.LC-Plasma 17.87 ± 5.95 18.71 ± 6.12 0.33
Skin Moisture

(A.U.) *2
Placebo 47.95 ± 12.69 49.90 ± 12.25 0.20

N.T.LC-Plasma 48.22 ± 15.43 50.33 ± 15.48 0.25

Data are shown as mean ± S.D. † p < 0.10, * p < 0.05, ** p < 0.01. * 1: The change in each value during the test period was compared between
the Placebo and LC-plasma groups as a post-hoc analysis. * 2: Arbitrary unit.

4. Discussion

In this study, we aimed to confirm the effects of LC-plasma in healthy humans. We
primarily investigated the effects of LC-plasma on the skin microbiome that was not
previously investigated in non-clinical experiments [11]. We studied facial skin microbiota,
because the face is one of the most common loci where the composition of microbiota is
related to disease or discomfort such as acne vulgaris.

The comparison of alpha diversity suggested that the intake of LC-plasma does not
affect the Shannon–Weiner or Simpson indices. The comparison of the 10 most abundant
genera and species suggested that 8 genera and 7 species were common between the
placebo group and the LC-plasma group (Figure 2). These results were coincident with a
previous report suggesting that the diversity of skin microbiome of an individual did not
change for 2 years, which means the skin microbiome is qualitatively stable [21].

However, we found that the intake of LC-plasma affected the quantitative level of
each microbiota during the test period. The relative quantities of two major genera and
four major species were changed in the placebo group, while none of the relative quantities
of major genera and species were significantly changed in the LC-plasma group. In
addition, more detailed analysis of each genus and species showed that the total relative
abundance of microorganisms that marginally changed quantitatively during the test
period was significantly higher in the placebo group than that in the LC-plasma group.
A similar tendency was observed in the significantly changed microorganisms. Lee et al.
showed that the composition of the facial skin microbiome is affected by cosmetics, sebum,
and hydration levels [22]. Our data suggested that the facial skin microbiome fluctuates
quantitatively, probably due to environmental changes, and that the administration of
LC-plasma may enhance the robustness of skin microbiota against daily external changes
such as cosmetics. However, more analysis is necessary to confirm this, since the size of
the subjects may not be large enough to detect the quantitative change of minor species.

The importance of robustness in the quantity of each microbiota has not yet been
explored. Interestingly, we observed that the ratio of S. aureus to S. epidermidis was de-
creased only in the LC-plasma group (Table S2). Post-hoc analysis also suggested that
this ratio was significantly higher in the placebo group than in the LC-plasma group
(p = 0.021). S. epidermidis and S. hominis have been shown to secrete antimicrobial peptides
that kill S. aureus, and transplantation of these species onto the skin of patients with atopic
dermatitis leads to decreased colonization by S. aureus [23]. It has been also reported that
butyric acid from S. epidermidis down-regulates the ultraviolet-induced pro-inflammatory
IL-6 cytokine [24] and that the electricity produced by S. epidermidis caused significant
growth attenuation and cell lysis of P. acnes [25]. Thus, robustness in the quantity of each
microbiota might support microbe–microbe interactions between Staphylococcus species
that are beneficial to the host.

In the LEfSe analysis, more genera and species were identified as the candidates
most likely to explain differences between 0 W and 8 W in the placebo group than in the
LC-plasma group. Most of these candidates accounted for less than 0.1% of total microbiota
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and are not listed in Tables S2 and S3; however, several have been reported to be more
abundant in the mucus membrane of head tissues, including Dolosigranulum in sinus [26],
Cloacibacterium in laryngeal [27], and Cedecea in nasal membranes [28]. In addition, such
microbiota have also been reported as important markers of disease or lifestyle, such
as chronic rhinosinusitis, smoking, and adenoid hypertrophy. Cupriavidus has also been
reported as a marker of cutaneous psoriasis [29]. It is possible that studies of the nasal,
sinus, or psoriasis microbiome may reveal more significant effects of LC-plasma.

We also investigated the effect of LC-plasma on the expression of skin genes. The
analysis of immunity genes suggested that TGFB1 expression was down-regulated in
the LC-plasma group, but not in the placebo group. TGF-βs are known to exert a wide
range of biological effects on keratinocytes, such as growth inhibition and synthesis of
plasminogen activator [30,31]. We also observed that the expression of two of four claudin
genes and one of two ZO genes was up-regulated in the LC-plasma group but not in the
placebo group. Claudins, a multigene family with at least 27 members in humans and mice,
are the main components of TJs [32], which, as mentioned above, create the paracellular
barrier [33,34]. CLDN1 is the most abundant claudin in humans and is thought to be a
key gene in human skin disease, especially atopic dermatitis [35,36]. The level of CLDN1
is significantly lower in individuals with atopic dermatitis than in healthy adults. ZO1
is a member of the membrane-associated guanylate kinase homolog (MAGUK) protein
family and is thought to be involved in the proper organization of proteins within the TJ
plaque [37]. CLDN12, which is also reported to be involved in TJ formation [38,39], showed
the highest expression levels in this study. AMP genes were also up-regulated in this
study, as well as in our previous study in mice [15]. Six AMP genes were previously up-
regulated by LC-plasma in mice. In humans, BD3 was up-regulated in the LC-plasma group
(Table 3), and BD2 was in the low-value layer of the LC-plasma group (data not shown).

The results of pigmentation suggested that LC-plasma may affect the brightness and
redness of the cheek. Redness (a *) was positively and strongly correlated with the Hb
value (r2 = 0.68, p < 0.01, data not shown), as reported in other studies [40,41]. Fukuda et al.
also suggested that skin redness is negatively correlated with blood flow rate [41]. It is
possible that oral administration of LC-plasma affects the blood flow rate and increase the
redness of the skin surface. Interestingly, a recent study suggested that the skin microbiome
is influenced by skin pigmentation [42].

The mutual relationship between skin microbial dynamics and host gene expression
remains poorly characterized. Our results suggested that the stability of the skin micro-
biome might be related to the expression of skin homeostasis-related genes. However, more
analyses are necessary to clarify these issues because no difference in gene expression levels
was observed between the placebo and LC-plasma groups. It is possible that studies on
volunteers with diagnosed skin conditions might be useful to observe a greater difference
in the skin microbiome and gene expression. In addition, more non-clinical studies are
necessary to reveal the mechanism between the skin microbiome and host gene expression.

The main limitation of this study is that patients with skin diseases were not inves-
tigated. In the future, studies of patients with skin disorders caused by or associated
with bacterial overgrowth, such as AD and acne vulgaris, will be performed. We are also
planning studies on another anatomical part of the skin. In addition, studies regarding the
effect of LC-plasma on the gut microbiome will be useful to clarify whether LC-plasma
affects skin conditions via the skin–gut axis, an area that recently has been gaining at-
tention [43,44]. In conclusion, our results suggest that oral administration of LC-plasma
influences both the robustness of the skin microbiome and the expression of skin defense
genes among healthy adults.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9102029/s1, Table S1: Primer sequences used for quantitative PCR, Table S2:
Relative composition of bacterial species that were significantly or marginally changed during the
intake period, Table S3: Relative composition of bacterial genus that were significantly or marginally
changed during the intake period.

https://www.mdpi.com/article/10.3390/microorganisms9102029/s1
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Microorganisms 2021, 9, 2029 14 of 16

Author Contributions: Conceptualization, T.F. (Toshio Fujii); methodology, T.F. (Toshio Fujii), T.F.
(Takashi Fujitomo), R.T. and Y.K.; formal analysis, T.F. (Toshio Fujii), T.F. (Takashi Fujitomo) and
R.T.; investigation, T.F. (Toshio Fujii), R.T. and Y.K.; data curation, T.F. (Toshio Fujii), T.F. (Takashi
Fujitomo), R.T. and R.K.; writing—original draft preparation, T.F. (Toshio Fujii); writing—review and
editing, T.F. (Takashi Fujitomo), R.T., R.K., Y.K. and O.K.; project administration, O.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was funded by Kirin Co. Ltd.

Data Availability Statement: Data is contained within the article.

Acknowledgments: We especially thank Yuumi Nakamura, Department of Dermatology, Chiba
University Graduate School of Medicine, Noriko Sawai, DeNA Life Science Inc., and Takeshi Kokubo,
Kirin Holdings Co. ltd, for their useful discussions and suggestions. We also thank Yasuyuki
Tomita, Kirin Holdings Co., ltd. for bioinformatics assistance. We thank Akiko Hashimoto for
technical assistance.

Conflicts of Interest: T.F. (Toshio Fujii), R.T, Y.K. and O.K. are employees of Kirin Co. Ltd. The
authors declare no conflict of interest associated with this study.

References
1. Shigwedha, N.; Sichel, L.; Jia, L.; Al-Shura, A.N.; Zhang, L. Probiotics, Paraprobiotics, and Probiotical Cell Fragments (PCFs) as

Crisis Management Tools for Important Health Problems. AASCIT J. Med. 2015, 1, 1–9.
2. Deshpande, G.; Athalye-Jape, G.; Patole, S. Para-probiotics for Preterm Neonates-The Next Frontier. Nutrients 2018, 10, 871.

[CrossRef] [PubMed]
3. Siciliano, R.A.; Reale, A.; Mazzeo, M.F.; Morandi, S.; Silvetti, T.; Brasca, M. Paraprobiotics: A New Perspective for Functional

Foods and Nutraceuticals. Nutrients 2021, 13, 1225. [CrossRef] [PubMed]
4. Akter, S.; Park, J.H.; Jung, H.K. Potential Health-Promoting Benefits of Paraprobiotics, Inactivated Probiotic Cells. J. Microbiol.

Biotechnol. 2020, 30, 477–481. [CrossRef] [PubMed]
5. Kanauchi, O.; Andoh, A.; AbuBakar, S.; Yamamoto, N. Probiotics and Paraprobiotics in Viral Infection: Clinical Application and

Effects on the Innate and Acquired Immune Systems. Curr. Pharm. Des. 2018, 24, 710–717. [CrossRef]
6. Jounai, K.; Ikado, K.; Sugimura, T.; Ano, Y.; Braun, J.; Fujiwara, D. Spherical lactic acid bacteria activate plasmacytoid dendritic

cells immunomodulatory function via TLR9-dependent crosstalk with myeloid dendritic cells. PLoS ONE 2012, 7, e32588.
[CrossRef]

7. Horie, A.; Tomita, Y.; Ohshio, K.; Fujiwara, D.; Fujii, T. Characterization of genomic DNA of lactic acid bacteria for activation of
plasmacytoid dendritic cells. BMC Microbiol. 2019, 19, 88. [CrossRef]

8. Sugimura, T.; Jounai, K.; Ohshio, K.; Tanaka, T.; Suwa, M.; Fujiwara, D. Immunomodulatory effect of Lactococcus lactis JCM5805
on human plasmacytoid dendritic cells. Clin. Immunol. 2013, 149, 509–518. [CrossRef]

9. Fujii, T.; Jounai, K.; Horie, A.; Takahashi, H.; Suzuki, H.; Ohshio, K.; Fujiwara, D.; Yamamoto, N. Effects of heat-killed Lactococcus
lactis subsp. lactis JCM 5805 on mucosal and systemic immune parameters, and antiviral reactions to influenza virus in healthy
adults; a randomized controlled double-blind study. J. Funct. Foods 2017, 35, 513–521. [CrossRef]

10. Sugimura, T.; Takahashi, H.; Jounai, K.; Ohshio, K.; Kanayama, M.; Tazumi, K.; Tanihata, Y.; Miura, Y.; Fujiwara, D.;
Yamamoto, N. Effects of oral intake of plasmacytoid dendritic cells-stimulative lactic acid bacterial strain on pathogenesis
of influenza-like illness and immunological response to influenza virus. Br. J. Nutr. 2015, 114, 727–733. [CrossRef] [PubMed]

11. Sugimura, T.; Jounai, K.; Ohshio, K.; Suzuki, H.; Kirisako, T.; Sugihara, Y.; Fujiwara, D. Long-term administration of pDC-
Stimulative Lactococcus lactis strain decelerates senescence and prolongs the lifespan of mice. Int. Immunopharmacol. 2018, 58,
166–172. [CrossRef]

12. Chen, Y.E.; Fischbach, M.A.; Belkaid, Y. Skin microbiota-host interactions. Nature 2018, 553, 427–436. [CrossRef] [PubMed]
13. Naik, S.; Bouladoux, N.; Wilhelm, C.; Molloy, M.J.; Salcedo, R.; Kastenmuller, W.; Deming, C.; Quinones, M.; Koo, L.; Conlan, S.;

et al. Compartmentalized control of skin immunity by resident commensals. Science 2012, 337, 1115–1119. [CrossRef] [PubMed]
14. Simanski, M.; Erkens, A.-S.; Rademacher, F.; Harder, J. Staphylococcus epidermidis-induced Interleukin-1 Beta and Human Beta-

defensin-2 Expression in Human Keratinocytes is Regulated by the Host Molecule A20 (TNFAIP3). Acta Derm. Venereol. 2019, 99,
181–187. [CrossRef]

15. Tsuji, R.; Fujii, T.; Nakamura, Y.; Yazawa, K.; Kanauchi, O. Staphylococcus aureus Epicutaneous Infection Is Suppressed by
Lactococcus lactis Strain Plasma via Interleukin 17A Elicitation. J. Infect. Dis. 2019, 220, 892–901. [CrossRef] [PubMed]

16. Mukherjee, S.; Mitra, R.; Maitra, A.; Gupta, S.; Kumaran, S.; Chakrabortty, A.; Majumder, P.P. Sebum and Hydration Levels in
Specific Regions of Human Face Significantly Predict the Nature and Diversity of Facial Skin Microbiome. Sci. Rep. 2016, 6, 36062.
[CrossRef]

17. Patra, V.; Sérézal, I.G.; Wolf, P. Potential of Skin Microbiome, Pro- and/or Pre-Biotics to Affect Local Cutaneous Responses to UV
Exposure. Nutrients 2020, 12, 1795. [CrossRef]

http://doi.org/10.3390/nu10070871
http://www.ncbi.nlm.nih.gov/pubmed/29976885
http://doi.org/10.3390/nu13041225
http://www.ncbi.nlm.nih.gov/pubmed/33917707
http://doi.org/10.4014/jmb.1911.11019
http://www.ncbi.nlm.nih.gov/pubmed/31986247
http://doi.org/10.2174/1381612824666180116163411
http://doi.org/10.1371/journal.pone.0032588
http://doi.org/10.1186/s12866-019-1458-y
http://doi.org/10.1016/j.clim.2013.10.007
http://doi.org/10.1016/j.jff.2017.06.011
http://doi.org/10.1017/S0007114515002408
http://www.ncbi.nlm.nih.gov/pubmed/26234407
http://doi.org/10.1016/j.intimp.2018.03.024
http://doi.org/10.1038/nature25177
http://www.ncbi.nlm.nih.gov/pubmed/29364286
http://doi.org/10.1126/science.1225152
http://www.ncbi.nlm.nih.gov/pubmed/22837383
http://doi.org/10.2340/00015555-3073
http://doi.org/10.1093/infdis/jiz204
http://www.ncbi.nlm.nih.gov/pubmed/31107940
http://doi.org/10.1038/srep36062
http://doi.org/10.3390/nu12061795


Microorganisms 2021, 9, 2029 15 of 16

18. Rogerson, C.; Bergamaschi, D.; O’Shaughnessy, R.F.L. Uncovering mechanisms of nuclear degradation in keratinocytes:
A paradigm for nuclear degradation in other tissues. Nucleus 2018, 9, 56–64. [CrossRef]

19. Maekawa, M.; Yamada, K.; Toyoshima, M.; Ohnishi, T.; Iwayama, Y.; Shimamoto, C.; Toyota, T.; Nozaki, Y.; Balan, S.;
Matsuzaki, H.; et al. Utility of Scalp Hair Follicles as a Novel Source of Biomarker Genes for Psychiatric Illnesses. Biol.
Psychiatry 2015, 78, 116–125. [CrossRef]

20. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery
and explanation. Genome Biol. 2011, 12, R60. [CrossRef]

21. Oh, J.; Byrd, A.L.; Park, M.; Program, N.C.S.; Kong, H.H.; Segre, J.A. Temporal Stability of the Human Skin Microbiome. Cell
2016, 165, 854–866. [CrossRef] [PubMed]

22. Lee, H.J.; Jeong, S.E.; Lee, S.; Kim, S.; Han, H.; Jeon, C.O. Effects of cosmetics on the skin microbiome of facial cheeks with
different hydration levels. MicrobiologyOpen 2018, 7, e00557. [CrossRef] [PubMed]

23. Nakatsuji, T.; Chen, T.H.; Narala, S.; Chun, K.A.; Two, A.M.; Yun, T.; Shafiq, F.; Kotol, P.F.; Bouslimani, A.; Melnik, A.V.; et al.
Antimicrobials from human skin commensal bacteria protect against Staphylococcus aureus and are deficient in atopic dermatitis.
Sci. Transl. Med. 2017, 9, eaah4680. [CrossRef]

24. Keshari, S.; Balasubramaniam, A.; Myagmardoloonjin, B.; Herr, D.R.; Negari, I.P.; Huang, C.-M. Butyric Acid from Probiotic
Staphylococcus epidermidis in the Skin Microbiome Down-Regulates the Ultraviolet-Induced Pro-Inflammatory IL-6 Cytokine via
Short-Chain Fatty Acid Receptor. Int. J. Mol. Sci. 2019, 20, 4477. [CrossRef] [PubMed]

25. Marito, S.; Keshari, S.; Traisaeng, S.; My, D.T.T.; Balasubramaniam, A.; Adi, P.; Hsieh, M.-F.; Herr, D.R.; Huang, C.-M. Electricity-
producing Staphylococcus epidermidis counteracts Cutibacterium acnes. Sci. Rep. 2021, 11, 12001. [CrossRef]

26. De Boeck, I.; Wittouck, S.; Martens, K.; Claes, J.; Jorissen, M.; Steelant, B.; van den Broek, M.F.L.; Seys, S.F.; Hellings, P.W.;
Vanderveken, O.M.; et al. Anterior Nares Diversity and Pathobionts Represent Sinus Microbiome in Chronic Rhinosinusitis.
mSphere 2019, 4, e00532-19. [CrossRef]

27. Jetté, M.E.; Dill-McFarland, K.A.; Hanshew, A.S.; Suen, G.; Thibeault, S.L. The human laryngeal microbiome: Effects of cigarette
smoke and reflux. Sci. Rep. 2016, 6, 35882. [CrossRef]

28. Marazzato, M.; Zicari, A.M.; Aleandri, M.; Conte, A.L.; Longhi, C.; Vitanza, L.; Bolognino, V.; Zagaglia, C.; De Castro, G.;
Brindisi, G.; et al. 16S Metagenomics Reveals Dysbiosis of Nasal Core Microbiota in Children With Chronic Nasal Inflammation:
Role of Adenoid Hypertrophy and Allergic Rhinitis. Front. Cell. Infect. Microbiol. 2020, 10, 458. [CrossRef]

29. Alekseyenko, A.V.; Perez-Perez, G.I.; De Souza, A.; Strober, B.; Gao, Z.; Bihan, M.; Li, K.; Methé, B.A.; Blaser, M.J. Community
differentiation of the cutaneous microbiota in psoriasis. Microbiome 2013, 1, 31. [CrossRef]

30. Hashimoto, K. Regulation of keratinocyte function by growth factors. J. Dermatol. Sci. 2000, 24 (Suppl. S1), S46–S50. [CrossRef]
31. Liarte, S.; Bernabé-García, Á.; Nicolás, F.J. Role of TGF-β in Skin Chronic Wounds: A Keratinocyte Perspective. Cells 2020, 9, 306.

[CrossRef] [PubMed]
32. Pummi, K.; Malminen, M.; Aho, H.; Karvonen, S.-L.; Peltonen, J.; Peltonen, S. Epidermal Tight Junctions: ZO-1 and Occludin are

Expressed in Mature, Developing, and Affected Skin and In Vitro Differentiating Keratinocytes. J. Investig. Dermatol. 2001, 117,
1050–1058. [CrossRef] [PubMed]

33. van Kilsdonk, J.W.J.; Jansen, P.A.M.; van den Bogaard, E.H.; Bos, C.; Bergers, M.; Zeeuwen, P.L.J.M.; Schalkwijk, J. The Effects of
Human Beta-Defensins on Skin Cells In Vitro. Dermatology 2017, 233, 155–163. [CrossRef] [PubMed]

34. Casal, D.; Iria, I.; Ramalho, J.S.; Alves, S.; Mota-Silva, E.; Mascarenhas-Lemos, L.; Pontinha, C.; Guadalupe-Cabral, M.;
Ferreira-Silva, J.; Ferraz-Oliveira, M.; et al. BD-2 and BD-3 increase skin flap survival in a model of ischemia and Pseudomonas
aeruginosa infection. Sci. Rep. 2019, 9, 7854. [CrossRef] [PubMed]

35. De Benedetto, A.; Rafaels, N.M.; McGirt, L.Y.; Ivanov, A.I.; Georas, S.N.; Cheadle, C.; Berger, A.E.; Zhang, K.; Vidyasagar, S.;
Yoshida, T.; et al. Tight junction defects in patients with atopic dermatitis. J. Allergy Clin. Immunol. 2011, 127, 773–786. [CrossRef]
[PubMed]

36. Boguniewicz, M.; Leung, D.Y.M. Atopic dermatitis: A disease of altered skin barrier and immune dysregulation. Immunol. Rev.
2011, 242, 233–246. [CrossRef] [PubMed]

37. Lynn, K.S.; Peterson, R.J.; Koval, M. Ruffles and spikes: Control of tight junction morphology and permeability by claudins.
Biochim. Et Biophys. Acta-Biomembr. 2020, 1862, 183339. [CrossRef]

38. Fujita, H.; Sugimoto, K.; Inatomi, S.; Maeda, T.; Osanai, M.; Uchiyama, Y.; Yamamoto, Y.; Wada, T.; Kojima, T.; Yokozaki, H.; et al.
Tight junction proteins claudin-2 and -12 are critical for vitamin D-dependent Ca2+ absorption between enterocytes. Mol. Biol.
Cell 2008, 19, 1912–1921. [CrossRef]

39. Gröne, J.; Weber, B.; Staub, E.; Heinze, M.; Klaman, I.; Pilarsky, C.; Hermann, K.; Castanos-Velez, E.; Röpcke, S.; Mann, B.; et al.
Differential expression of genes encoding tight junction proteins in colorectal cancer: Frequent dysregulation of claudin-1, -8 and
-12. Int. J. Colorectal Dis. 2007, 22, 651–659. [CrossRef]

40. Ishii, Y.; Okada, Y.; Matsuoka, S.; Adachi, T.; Yui, K.; Fujita, Y.; Ichihashi, M. Effect of beauty drink containing vitamin C, glucosyul
hesperidin, artichoke leaf extract, olive leaf estract, niacin, L-cystine and pineapple extract on skin condition in Japanese women.
a randomized, placebo-controlled, double-blind, parallel group trial. Pharmacometrics 2016, 91, 77–84.

41. Fukuda, Y.; Soga, H.; Satoh, H.; Kitahara, T.; Yoshizuka, N.; Takema, Y. Spectroscopic characterization of color polymorphism in
the orbital skin. J. Soc. Cosmet. Jpn. 2005, 39, 195–200. [CrossRef]

http://doi.org/10.1080/19491034.2017.1412027
http://doi.org/10.1016/j.biopsych.2014.07.025
http://doi.org/10.1186/gb-2011-12-6-r60
http://doi.org/10.1016/j.cell.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27153496
http://doi.org/10.1002/mbo3.557
http://www.ncbi.nlm.nih.gov/pubmed/29193830
http://doi.org/10.1126/scitranslmed.aah4680
http://doi.org/10.3390/ijms20184477
http://www.ncbi.nlm.nih.gov/pubmed/31514281
http://doi.org/10.1038/s41598-021-91398-7
http://doi.org/10.1128/mSphere.00532-19
http://doi.org/10.1038/srep35882
http://doi.org/10.3389/fcimb.2020.00458
http://doi.org/10.1186/2049-2618-1-31
http://doi.org/10.1016/S0923-1811(00)00141-9
http://doi.org/10.3390/cells9020306
http://www.ncbi.nlm.nih.gov/pubmed/32012802
http://doi.org/10.1046/j.0022-202x.2001.01493.x
http://www.ncbi.nlm.nih.gov/pubmed/11710912
http://doi.org/10.1159/000477346
http://www.ncbi.nlm.nih.gov/pubmed/28689201
http://doi.org/10.1038/s41598-019-44153-y
http://www.ncbi.nlm.nih.gov/pubmed/31133641
http://doi.org/10.1016/j.jaci.2010.10.018
http://www.ncbi.nlm.nih.gov/pubmed/21163515
http://doi.org/10.1111/j.1600-065X.2011.01027.x
http://www.ncbi.nlm.nih.gov/pubmed/21682749
http://doi.org/10.1016/j.bbamem.2020.183339
http://doi.org/10.1091/mbc.e07-09-0973
http://doi.org/10.1007/s00384-006-0197-3
http://doi.org/10.5107/sccj.39.3_195


Microorganisms 2021, 9, 2029 16 of 16

42. Si, J.; Lee, S.; Park, J.M.; Sung, J.; Ko, G. Genetic associations and shared environmental effects on the skin microbiome of Korean
twins. BMC Genom. 2015, 16, 992. [CrossRef] [PubMed]

43. Lee, S.Y.; Lee, E.; Park, Y.M.; Hong, S.J. Microbiome in the Gut-Skin Axis in Atopic Dermatitis. Allergy Asthma Immunol. Res. 2018,
10, 354–362. [CrossRef] [PubMed]

44. Salem, I.; Ramser, A.; Isham, N.; Ghannoum, M.A. The Gut Microbiome as a Major Regulator of the Gut-Skin Axis. Front.
Microbiol. 2018, 9, 1459. [CrossRef] [PubMed]

http://doi.org/10.1186/s12864-015-2131-y
http://www.ncbi.nlm.nih.gov/pubmed/26596276
http://doi.org/10.4168/aair.2018.10.4.354
http://www.ncbi.nlm.nih.gov/pubmed/29949831
http://doi.org/10.3389/fmicb.2018.01459
http://www.ncbi.nlm.nih.gov/pubmed/30042740

	Introduction 
	Materials and Methods 
	Subjects 
	Study Design 
	Study Outcomes 
	Preparation of Total RNA from Hair-Root 
	Quantitative PCR Analysis 
	Skin Moisture, TEWL, and Pigmentation Assessment 
	Skin Microbiome Sample Collection, DNA Extraction, and Metagenomics Shotgun Sequencing 
	Bioinformatics Analysis 
	Statistical Analysis 

	Results 
	Subject Characteristics 
	Alpha Diversity of the Skin Microbiome 
	Change in the Relative Quantity of Microbiota 
	LEfSe Analysis of Skin Micoroibota 
	Quantitative PCR Analysis of Skin Barrier-Related Genes 
	Skin Condition Assessments 

	Discussion 
	References

