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Abstract

:

Featured Application


The preliminary study showed that paraprobiotics-containing moisturizers could improve skin hydration and positively alter the skin microbiome in healthy adults. The findings might support the development of paraprobiotics-based cosmetics to improve skin health.




Abstract


The skin is a physical barrier to protect the human body and is rich in microbial niches. Skin is damaged due to several factors, including poor nutrition and exposure to harsh environments resulting in dryness, acidic skin, and infections. Studies have shown that probiotics and their derivatives could protect the skin. Skin care products with probiotic components are the latest approach to developing cosmetic products with health benefits. The current study aimed to examine the moisturizing effect of paraprobiotics (moist heat-inactivated Bifidobacterium lactis (B. lactis), Lactobacillus plantarum (L. plantarum))-containing moisturizer (APM) and its influences on the skin microbiome of healthy subjects. Fifty healthy subjects were randomly divided into treatment (n = 25) and control (n = 25) groups. The APM or placebo (without paraprobiotics; PM) was applied on the skin of the right forehand of subjects, and the changes in transepidermal water loss (TEWL) and stratum corneum moisture (SCM) levels every 1 h for 4 h and after 4 weeks of treatment were observed. Skin swab samples were collected before and after the treatments (4 weeks) and subjected to microbiome analysis through next-generation sequencing technology. The results indicated that the APM treatment significantly reduced the TEWL and increased the SCM values compared to the respective baseline values and controls. The sequencing study showed significant changes in Cutibacterium (p = 0.0431), Corynebacterium (p = 0.0431), and Acinetobacter (p = 0.0431) in the treatment group. The changes in phylum were not statistically significant. Still, based on the relative frequency, the abundance of phylum Proteobacteria and Firmicutes and Cyanobacterial was decreased, and the abundance of Planctomycetes, Chloroflexi, Verrucomicrobia, and Gemmatimonadetes was increased after treatment. Additionally, the APM treatment suppressed C. tuberculostearicum in healthy subjects. The results suggested that APM could improve skin hydration and skin-beneficial microbial composition. The study has limitations such as a small sample size and treatment period, so further extensive studies are required to confirm the findings of the current study, which could aid in developing paraprobiotics-based skin care formulations.
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1. Introduction


Skin is the first line of defense against external intruders and serves as a haven for various bacteria. Skin bacteria’s degree of richness and diversity is varied and related to distinct skin locations and their physiological properties [1]. Some skin parts have higher microbial diversity than the gut and dental cavities. Within the community investigated, individual variation differed widely, while the temporal stability of the assessed skin microbial populations was reasonably consistent [2,3]. They were considered commensals (non-pathogenic permanent inhabitants) or transients (temporary residents) [4,5]. Most skin pathogens are opportunistic, i.e., living on the skin as commensals; in their favorable conditions, including microbial dysbiosis or microbial imbalance, antibiotic use, and host immune status, they become pathogens [6].



Skin functionality was severely affected by reduced skin moisture, age-related dermal and epidermal junction modification, degeneration of vital skin structural protein, microbial alteration, and fragility resulting in fine lines and wrinkles, uneven skin tone, and dryness [7]. Consequently, maintaining the balance of the skin microbiome with the dermal and epidermal is essential for skin health [8].



In recent years, skin disorders have received much attention. People have been concerned about skin aging, wrinkles, pigmentation, and dryness [9]. Researchers are focusing on developing skin care products such as an anti-aging facial moisturizer with a neutral skin pH (4.5–5.5) and other active ingredients, such as Astragalus membranaceus root extract, ursolic acid, and tetrahexyldecyl ascorbate, rhamnose, silanetriol, and other natural extracts, to prevent the skin from UV-A radiation and improve skin thickness [10,11].



Cosmetics with chemicals and herbal extracts may be toxic or cause side effects and are less effective for skin health [12]. Nowadays, micro-ecological skincare is preferable, and using probiotics to improve skin health is a choice of several studies [9,13]. Parameters such as moisture retention, transepidermal water loss (TEWL), elasticity, and wrinkles are the determinants of the efficacy of orally ingested probiotics in maintaining healthy skin by reducing the roughness and dryness on the skin [14,15,16].



Probiotics are reported for their role in preventing, treating, and managing skin aging and diseases [17,18,19]. Lactobacillus spp. and Bifidobacterium spp. are the most used probiotics to treat skin diseases [17,20]. Furthermore, research on topical probiotics in skincare and dermatological therapy is still in its infancy. Further investigation is warranted to establish their security, effectiveness, and mode of action in various skin conditions [13].



The paraprobiotics (non-viable cells; intact or broken) and postbiotics (non-viable bacterial products or metabolic byproducts of probiotics) have attracted attention from the food and pharmacological industries recently [21]. Several questions, including the bioactive components of postbiotics, the processes through which they confer health benefits [22,23], and the immunological aspects of postbiotics, still need to be answered completely [21]. However, many researchers have accelerated their research, implementing postbiotics to identify its benefits in areas including the food industry, pharmaceutics, and cosmetics.



Recently, Kim et al. reported that the L. plantarum K8 strain isolated from kimchi could improve skin moisture by regulating the expression of hyaluronic acid synthase-2 and aquaporin-3 in HaCaT cells. The results showed that paraprobiotics of L. plantarum K8 might be used in moisturizing cosmetic products [24].



The studies on paraprobiotics are very limited, and the proficiency of paraprobiotics in skin care products has not been elucidated in detail. Studies on human subjects are necessary to confirm the activity of the paraprobiotics-containing moisturizing product. Thus, the study’s objective was to analyze the impact of paraprobiotics (Bifidobacterium lactis (B. lactis) and Lactobacillus plantarum (L. plantarum)-containing moisturizer on the skin hydration and skin microbiome of healthy subjects.




2. Materials and Methods


2.1. Preparation of Moisturizer


L. plantarum and B. lactis were purchased from LactoMason Co., Ltd., Gyeongsangnam-do, Republic of Korea, as a freeze-dried powder. The probiotic powders were autoclaved (121 °C for 15 min) and used to prepare the moisturizer. The formulations comprised autoclaved L. plantarum and B. lactis cells (1 × 1010 CFU each), xanthan gum (1% w/w), and water. First, xanthan gum was dispersed into water and stirred until the dispersion was complete. Then, the autoclaved probiotics were combined into the mixture (APM). The placebo formulation was prepared without autoclaved probiotics (PM).




2.2. Study Design and Analysis


Fifty healthy subjects, either men or women, were included in the study. The inclusion and exclusion criteria of the subjects are as follows. Inclusion criteria: (1) Aged between 20–60 years old; (2) No history of skin diseases, tattoos, or scars; (3) No history of cosmetics allergy; (4) No psychiatric illness; (5) No hospitalization during the past 6 months before the study; (6) No history of immune-related diseases; (7) No antibiotic use during the past 14 days before the study. Exclusion criteria: (1) Pregnancy or breastfeeding mother. The subjects were asked to stop using other moisturizing cosmetics for 3 days before the study. The subjects were randomly allocated into two groups (Placebo (P); n = 25 and treatment (T); n = 25). Each group received either APM or PM.



Skin hydration was measured using MoistureMeterSC (Delfin Technologies Ltd., Kuopio, Finland) and VapoMeter® (Delfin Technologies Ltd., Kuopio, Finland). There were two courses of study, namely short-term and long-term studies. For the short-term study, subjects’ skin moisture was measured and recorded at 0 h (baseline) and then measured again every hour after the moisturizer application for 4 h. For the long-term study, the subjects were asked to apply their respective moisturizers twice a day on their skin for 4 weeks. The changes in their skin were assessed after 4 weeks.



The study protocol was approved by the ethical committee of the Faculty Pharmacy, Chiang Mai University (Approval no. 11/2563 dated 28 February 2020).




2.3. Next-Generation Sequencing


Due to the insufficient quality and quantity of skin metagenomes, we sequenced only 10 samples (Control; n = 5; treatment; n = 5) to determine the microbiome in the present study. The baseline and after four weeks of treatment samples were denoted as pre- and post-samples of control (Cpre and Cpost) and treatments (Tpre and Tpost). The samples codes are denoted as SK11-1-Cpre/post, SK12-1-Cpre/post, SK16-1-Cpre/post, SK19-1-Cpre/post, SK9-1-Cpre/post for the control group, and SK10-1-Tpre/post, SK14-1-Tpre/post, SK2-1-Tpre/post, SK6-1-Tpre/post, SK8-1-Tpre/post for the treatment group.



The sequencing of metagenomics isolated from the skin swab was performed as detailed in our previous study. In short, the 16S rRNA gene was amplified using 16S V3-V4 primers and sparQ HiFi PCR master mix (Quantabio, Beverly, MA, USA). Subsequently, the 16S amplicon was purified using sparQ PureMag Beads (Quantabio, Beverly, MA, USA). The amplicon was indexed using Nextera XT index primer and amplified. Then, the amplicon was cleaned, pooled, and diluted to the final loading concentration (4 pM). Cluster generation and 250-bp paired-end read sequencing were performed on an Illumina MiSeq at Omics Sciences and Bioinformatics Center (Chulalongkorn University, Bangkok, Thailand).




2.4. Microbiome Analyses


The paired-end data for each sample were obtained as forward reads and reverse reads in two separate fastq files, which were paired using QIIME2.0™ using 16S rRNA workflow. Phylogenetic diversity (PD) was annotated from the rarefaction curve. The Shannon diversity index was calculated for the control and treatment samples. A separate comparison between post-samples of control and treatment groups was performed to estimate species diversity.



The Shannon diversity index was used to calculate the significant differences between the groups by implementing the Kruskal–Wallis (pairwise) test. The relation between samples was identified using PCoA and visualized in QIIME 2 View. Herein, the first three main coordinates were used to create PCoA plots and labeled according to their variance. The taxonomy (phylum to species) was assigned to the samples. The intra (Cpro vs. Cpost; Tpro vs. Tpost) and inter-group comparisons (Cpro vs. Tpro; Cpost vs. Tpost) were also performed.




2.5. Statistical Analysis


All the statistical analysis was performed using STATA/IC 14.0 (StataCorp L.L.C., College Station, TX, USA). The demographic parameters such as gender, age, and BMI were assessed by implementing the exact Fisher test, rank-sum, and t-test with a statistical significance of p ≤ 0.05.



The differences in TEWL and SCM were calculated by paired t-test and Wilcoxon’s sign rank test and expressed as the mean differences. Additionally, the linear regression analysis was performed to obtain the coefficients for the TEWL and SCM at the 4th h and 4th weeks (p ≤ 0.05). Significant changes in the microbiome at the phylum, genus, and species in the control and treatment groups were analyzed using Wilcoxon’s sign rank and rank-sum tests (p ≤ 0.05). Power analysis was performed to confirm the validity of the statistical analysis.





3. Results


3.1. Demographic Parameters


The gender, age, and body mass index (BMI) of the study subjects were tabulated (Table 1). Fisher’s exact, Wilcoxon rank-sum, and t-tests were employed to confirm the indifference in the recruited subjects. There were no statistically significant differences (p ≥ 0.05) among the subjects in the treatment and placebo groups (Table 1).




3.2. Skin Moisture


The transepidermal water loss (TEWL) was slightly reduced in the placebo from the first hour to the fourth hour and in the fourth week. The stratum corneum moisture (SCM) values were flexible during analysis in the placebo group. The changes in TEWL and SCM values were not statistically significant in the placebo. The treatment group showed a statistically significant reduction in TEWL values and increased SCM values compared to the respective baseline values (Table 2). The TEWL and SCM values between the placebo and treatment groups significantly differed. The TEWL value was significantly reduced, and SCM values were high in the treatment group compared to the placebo (p ≤ 0.05) (Table 3).



The reduction in TEWL in the treatment group was −2.494 mg(water)/m2/hour after four hours of APM application on the skin (Table 4), and an increase in the SCM was 13.190 Au in the treatment group after four hours of APM application on the skin (Table 5). The changes were significant compared to the placebo group (p < 0.0001) (Table 4 and Table 5). Similarly, the reduction in TEWL in the treatment group was −1.251 mg(water)/m2/hour after four weeks of treatment (p = 0.010) (Table 6), and an increase in the SCM was 4.615 Au in the treatment group after four hours of APM application on the skin (p = 0.041) (Table 7). The changes were significant compared to the placebo group (Table 6 and Table 7).




3.3. Microbiome Analysis


The total sequences read in QIIME2 were 1,109,656, 1,248,103, 1,045,814, and 372,775 for Cpre, Cpost, Tpre, and Tpost, respectively. After filtering, denoising, and merging the non-chimeric sequences, about 96,781, 73,948, 65,699, and 43,193 read were obtained for Cpre, Cpost, Tpre, and Tpost, respectively (Table S1; Supplementary File S1).



3.3.1. Rarefaction Curve Analysis


The skin microbial diversity of the control and treatment groups was assessed. The microbial richness was increased in Cpost and Tpost samples compared to their respective baseline samples (Figure 1A,B).



Microbial Richness


The diversity richness of the skin microbiome was estimated using the Shannon index. The Shannon index revealed that the microbial diversity richness was increased in the Cpost samples with a median value of 5.16 (lower quartile (LQ) = 3.37; upper quartile (UQ) = 6.11) compared to the Cpre samples (LQ = 3.59; Median = 4.00; UQ = 6.82) (Figure 1C). Likewise, the diversity richness was significantly increased in the Tpost sample with a median value of 7.91 (LQ = 3.35; UQ = 9.00) compared to the Tpre samples (LQ = 3.62; Median = 4.17; UQ = 5.51) (Figure 1D). The Kruskal–Wallis (pairwise) test identified the Shannon group significance of control (p = 0.92815) and treatment (p = 0.464702) groups. The results revealed that there could be a significant microbial difference in the treatment group compared to the control group.




Similarity and Variations in the Microbiome


The similarity and variations in the microbiome were performed using principal coordinate analysis (PCoA) with the representation of unweighted UniFrac distances between the groups. The two groups were completely separated from each other in 3D space.



PCoA plot axis 1, axis 2, and axis 3 explained the variances in the microbial abundances in the samples as 23.62%, 16.98%, and 14.04%. The microbial load of SK-11 (Cpre) and SK-9 (Cpost) samples were found in nearly the same place in the PCoA plot, indicating their similarity (Figure 1E). It is likely that the clusters are formed between the pre-and post-samples of SK-19, SK-16, and SK-12, indicating the existence of common species among them.



The PCoA plot for the treatment groups showed significant differences in the microbial abundances and diversity between Tpre and Tpost samples. PCoA plot axis 1, axis 2, and axis 3 explained the variances in microbial abundances in the samples as 25.42%, 19.10%, and 13.10%. SK-2Tpre sample was scattered near the Tpost samples of SK-2 and SK-8, which indicated the subsided microbial similarity between them. Overall, pre- and post-treatment samples were scattered, indicating the significant microbial differences between them (Figure 1F).





3.3.2. Taxonomy Assignment


The taxonomy of the skin microbiome from the control and treated samples are displayed (Figure 2A,B).



Estimation of the Phylum


The relative frequency (RF) of the phylum in control (Cpre and Cpost) (Figure 3A) and treatment (Tpre and Tpost) (Figure 4A) samples were computed and displayed. The phylum such as Proteobacteria (Cpre: RF = 56.40%; Cpost: RF = 58.63%), Firmicutes (Cpre: RF = 11.22%; Cpost: RF = 14.85%), Actinobacteriota (Cpre: RF = 27.59%; Cpost: RF = 18.74%), Cyanobacteria (Cpre: RF = 0.46%; Cpost: RF = 2.00%), Planctomycetota (Cpre: RF = 1.89%; Cpost: RF = 2.50%), Bacteroidota (Cpre: RF = 0.42%; Cpost: RF = 3.27%), and Verrucomicrobiota (Cpre: RF = 2.02%; Cpost: RF = 0.02%) was dominantly detected in the control group (Figure 3A).



Likely, the phylum, Proteobacteria (Tpre: RF = 63.74%; Tpost: RF = 51.71), Actinobacteriota (Tpre: RF = 25.18%; Tpost: RF = 9.74%), Cyanobacteria (Tpre: RF = 0.92%; Tpost: RF = 0.32%), Firmicutes (Tpre: RF = 6.60%; Tpost: RF = 7.65%), Acidobacteriota (Tpre: RF = 0.61%; Tpost: RF = 2.88%), Bacteroidota (Tpre: RF = 1.25%; Tpost: RF = 3.73%), Planctomycetota (Tpre: RF = 0.21%; Tpost: RF = 6.54%), Verrucomicrobiota (Tpre: RF = 1.17%; Tpost: RF = 2.33%), Desulfobacterota (Tpre: RF = 0%; Tpost: RF = 2.98%), Myxococcota (Tpre: RF = 0.09%; Tpost: RF = 0.48%), Chloroflexi (Tpre: RF = 0.01%; Tpost: RF = 7.25%), Armatimonadota (Tpre: RF = 0%; Tpost: RF = 0.76%), Gemmatimonadota (Tpre: RF = 0%; Tpost: RF = 0.55%), Spirochaetota (Tpre: RF = 0%; Tpost: RF = 1.57%), Patescibacteria (Tpre: RF = 0.03%; Tpost: RF = 0.88%), and Nitrospirota (Tpre: RF = 0%; Tpost: RF = 0.36%) was mainly detected in the treatment samples (Figure 4A).



The significant inter and intra-group differences in phylum were estimated in the control and treatment samples using the non-parametric Wilcoxon matched-paired signed-ranks test. The results indicated no significant differences in phylum within and between the groups (Tables S3 and S4). However, based on the RF, the phylum, such as Proteobacteria, Firmicutes, Cyanobacteria, Planctomycetota, and Bacteroidota, were increased in the Cpost samples. Also, Actinobacteriota and Verrucomicrobiota were decreased in the Cpost samples (Figure 3A and Table S2). Similarly, the phylum, such as Firmicutes, Acidobacteriota, Bacteroidota, Planctomycetota, Verrucomicrobiota, Myxococcota, Chloroflexi, Patescibacteria, was increased in the Tpost samples compared to the Tpre samples. Additionally, the Proteobacteria, Actinobacteriota, and Cyanobacteria were decreased in the Tpost samples compared to the Tpre samples. Likewise, Desulfobacterota, Armatimonadota, Gemmatimonadota, Spirochaetota, and Nitrospirota were detected only in the Tpost samples (Figure 4A and Table S3).




Estimation of the Genus


The RF of the genus was calculated for control and treatment samples and is displayed (Figure 3B and Figure 4B). The genus includes Staphylococcus, Escherichia-Shigella, Cutibacterium, Lactobacillus, Sphingomonas, Enhydrobacter, Micrococcus, Corynebacterium, Bacillus, Gemmata Stenotrophomonas, Kocuria, and Streptococcus were detected in the control group (Figure 3B).



The genus such as Ochrobactrum, Micrococcus, Enhydrobacter, Cutibacterium, Xanthomonas, Corynebacterium, Staphylococcus, Mycobacterium, Sphingomonas, Roseomonas, Paracoccus, Finegoldia, Kocuria, Microbacterium, Chryseobacterium, Haemophilus, Acinetobacter, Allorhizobium, Pla1_lineage, Streptomyces, JG30-KF-CM45, Pseudomonas, Neochlamydia, WD2101, Treponema, Stenotrophomonas, Pseudogracilibacillus, Bacillus, Ruminiclostridium, WPS-2, 67-14, Lysinibacillus, Paenibacillus, Aquisphaera, Bryobacter, IMCC26256, Nitrospira, Mesorhizobium, TK10, Legionella, SJA-28, SC-I-84, and Anaeromyxobacter genus was detected in the treatment group (Figure 4B).



Non-parametric statistical analysis was performed to predict the changes in the detected genus in the control and treatment samples. The Wilcoxon matched-paired signed-ranks test was implemented with the statistical significance of p ≤ 0.05. The statistical outcomes indicated no significant differences between the Cpre and Cpost samples. Cutibacterium (p-value = 0.0431), Corynebacterium (p-value = 0.0431), and Acinetobacter (p-value = 0.0431) showed significant changes in the Tpost samples compared to the Tpre samples (Table S3).



Streptomyces, JG30-KF-CM45, Neochlamydia, WD2101, Treponema, Pseudogracilibacillus, Ruminiclostridium, 67–14, Lysinibacillus, Aquisphaera, Bryobacter, IMCC26256, Nitrospira, Mesorhizobium, TK10, Legionella, SJA-28, SC-I-84, and Anaeromyxobacter were detected only in the Tpost samples (Figure 4B and Table S4).




Estimation of the Species


The relative frequency of species detected in the control and treatment samples was estimated (Figure 3C and Figure 4C). The non-parametric statistical analysis was performed using the Wilcoxon matched-paired signed-ranks test to identify the significant differences among the species (Tables S2 and S3). No significant changes were noted between the control and treatment samples at the species level. However, some species, such as Escherichia-Shigella sp. and Corynebacterium tuberculostearicum (C. tuberculostearicum), were slightly higher in the Cpost samples compared to the Cpre samples (Figure 3C). The predominant changes in RF of C. tuberculostearicum and Stenotrophomonas acidaminiphila were detected in the treatment groups (Figure 4C).







4. Discussion


4.1. Moisturizing Effects of APM


A significant decrease and increase in TEWL and SCM were observed in the treatment group. The mean change in the TEWL and SCM was higher in the treatment group than in the control group, indicating the effect of APM (Table 2 and Table 3).



Iglesia et al. reported that incorporating prebiotics and postbiotics into skin care products might positively impact the facial skin microbiome of healthy subjects [8]. Baldwin et al. reported that selenium-rich postbiotics thermal water and microbial biomass-containing moisturizers could improve barrier function and restore skin homeostasis and microbiome in people with atopic dermatitis [25].



Moreover, the cold creams contained the postbiotics obtained from Bacillus subtilis var. natto and Lactobacillus reuteri accelerated wound healing and helped repair the skin tissues compared to placebo cream in a rat model [26].



The skin care cream containing postbiotics (metabolites, enzymes, organic acids, and peptides) has improved elasticity and moisture in the skin, reduced skin pore size, and wrinkle depth in healthy human subjects significantly, without affecting the sebum production, cleanliness melanin level, and sensitivity [27].



The results of the current study indicated that the APM improved skin hydration (Table 2, Table 3, Table 4, Table 5, Table 6 and Table 7) without any adverse effects. Thus, the APM could be used as a moisturizer for healthy skin.




4.2. Changes in Skin Microbiome: Phylum


Grice et al. reported that Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes, Cyanobacteria, and Acidobacteria are the predominant skin microbiome [28], and the same was observed in the present study. In addition, the phylum Planctomycetota, Bacteroidota, and Verrucomicrobiota was detected in the control samples, and Acidobacteriota, Bacteroidota, Planctomycetota, Verrucomicrobiota, Desulfobacterota, Myxococcota, Chloroflexi, Armatimonadota, Gemmatimonadota, Spirochaetota, Patescibacteria, and Nitrospirota was identified in the treatment samples. The RF values showed the differences in phylum between the control and treatment samples. However, according to the power analysis (two-sample paired means test), statistically, the phylum level changes are not considered significant (Figure 3A and Figure 4A), possibly due to the smaller sample size.



Juge et al. observed that the abundance of Proteobacteria was higher in older women (54 to 69 years old) compared to younger women (21 to 31 years old) on their skin [29]. Compared to healthy skin, firmicutes are predominant in psoriatic lesions [30,31]. The abundance of Proteobacteria was less in Tpost samples and higher in Cpost samples compared to the respective pre-samples. The abundance of Firmicutes was increased in the Cpost samples, and its abundance was controlled in Tpost samples (Figure 3A and Figure 4A).



Burns et al. reported that when the skin is exposed to UV-A and UV-B, the skin’s microbiome might alter, which increases the phylum Cyanobacteria level on the skin [32]. The use of APM reduced the Cyanobacteria compared to the baseline values, indicating that APM might protect the skin against UV (Figure 4A).



Planctomycetes have been reported to produce antibiotics, recognized for their biomedical applications [33]. The abundance of Planctomycetes was increased after APM usage (Figure 4A), indicating that the prepared APM might help develop natural skin antibiotics to prevent other microbial growth.



Chloroflexi was found on the skin of the dominant hand of healthy Chinese people [34]. Chloroflexi load was increased in the Tpost samples (RF = 7.24%), indicating that APM could improve normal skin microbial flora (Figure 4A).



The abundance of Verrucomicrobia was higher in Tpost compared to Cpost samples (Figure 3A and Figure 4A). A lower abundance of Verrucomicrobia was reported in the psoriatic patients [35]. Appropriately, the result of the present study suggested that the APM might prevent the formation of skin lesions.



Somboonna et al. reported that Gemmatimonadetes, Planctomycetes, and Nitrospirae are more prevalent phylum in healthy teenagers [1]. The phylum Gemmatimonadota and Nitrospirota are newly developed in the Tpost samples (Figure 4A and Table S3), which indicates that the APM could improve the healthy skin microbiome.



Some of the predicted phylum Desulfobacterota, Myxococcota, Armatimonadota, Spirochaetota, and Patescibacteria and their role in skin health and diseases are not elucidated.




4.3. Changes in Skin Microbiome: Genus


The microbes belonging to Cutibacterium are the causative agent of “acne vulgaris”, which were uprooted after using APM (Figure 4B and Table S3). Similarly, Acinetobacter, associated with nosocomial infections [36], was uprooted after APM usage.



Corynebacterium had negative correlations with the number of UV spots and positive correlations with TEWL and caused pitted keratolysis, a common plantar infection confined to the thick stratum of corneum [37,38]. The abundance of Corynebacterium was reduced after APM usage (Figure 4B and Table S3). The results indicated that APM could help reduce the stratum corneum’s thickening and UV-induced skin complications.



In thymic epithelial malignancies, Sphingomonas has been found as a dominating genus. These genera comprise the thymoma-specific microbiota [39]. Sphingomonas abundance was reduced in the treatment samples (Figure 4B and Table S3) compared to the control (Figure 3B and Table S2). Haemophilus and Finegoldia are opportunistic pathogens [40,41,42]. Paracoccus was the major genus in leprosy patients [43]. These microbes were not detected after the APM treatment (Figure 4B and Table S3). The results indicated that the APM might reduce skin cancer-associated skin microbiota, inhibit opportunistic pathogens’ growth, and be used as an adjuvant moisturizing agent to manage leprosy.



The bacterial genus, Enhydrobacter, was found in older adults [38] and has been uprooted after APM treatment. The strains belonging to Xanthomonas and Staphylococcus are related to acne [44], slightly painful pimples, and boils on the skin [45] and vanished after APM treatment (Figure 4B and Table S3). The results indicated that APM could reduce the pathogenic skin microbiota associated with skin diseases. Similarly, the abundance of opportunistic pathogens (Roseomonas spp., Haemophilus spp., and Finegoldia spp.) in the skin was reduced or vanished after APM treatment in healthy subjects.



The genus Streptomyces is reported for its antibacterial, antifungal, and antiparasitic activity and has also been used to treat skin infections for millennia [46]. Bacillus, Paenibacillus, and Lysinibacillus have been reported for their antifungal, antibacterial, antitumor, and anti-mycoplastic activities [47,48,49]. These genes were detected in healthy subjects after APM treatment (Figure 4B and Table S3). The results showed that APM treatment could promote the development of healthy skin microbiota in healthy subjects.



Moreover, the abundance of some of the pathogenic and opportunistic pathogenic (Ochrobactrum spp., Mycobacterium spp., Treponema spp., and Stenotrophomonas spp.) [50,51,52,53] bacterial load was increased in Tpost samples (Figure 4B and Table S3). In addition, the genus Chryseobacterium, Allorhizobium, JG30-KF-CM45, Pseudomonas, Neochlamydia, WD2101, Pseudogracilibacillus, 67–14, Aquisphaera, Bryobacter, Mesorhizobium, TK10, Legionella, SJA-28, SC-I-84, and Anaeromyxobacter were detected in the Tpost samples. The significance of these bacterial genera and their association with skin health was unknown.




4.4. Changes in Skin Microbiome: Species


The Wilcoxon matched-paired signed ranks found no significant changes in bacterial species between the control and treatment samples. Thus, the control and treatment groups’ changes were differentiated based on the RF values for the possible discussion.



C. tuberculostearicum induced inflammation in human keratinocytes via TLR2 and activation of IκB kinase and downstream signaling through the canonical NF-κB pathway, which led to chronic skin inflammatory diseases and cutaneous oncology [54]. In the present study, the richness of C. tuberculostearicum was higher in control samples after four weeks compared to baseline (Cpre: RF = 0.80% vs. Cpost: RF = 3.98%), while C. tuberculostearicum was uprooted in the Tpost samples (Figure 3C and Figure 4C and Tables S2 and S3).



Escherichia-Shigella sp. bacteria are notoriously known to exhibit drug resistance and sometimes cause fatal nosocomial infections and were more abundant in the skin of bedridden older age participants [55]. Escherichia-Shigella sp. growth was increased in the Cpost (RF = 7.06%) samples compared to the Cpre (RF = 4.65%) samples (Figure 3C and Figure 4C and Tables S2 and S3). However, Escherichia-Shigella sp. was not detected in the treatment samples (Figure 4C and Table S3). The results showed that the APM treatment could prevent bacterial infections.




4.5. Limitations of the Study


The major limitation of the current study was the smaller sample size and short study period. Additionally, an increase in the abundance of pathogenic strains was detected in treated samples. Therefore, the current study results are preliminary data about how APM affects skin hydration and microbiota in healthy subjects. Further extensive studies are necessary to validate the results.





5. Conclusions


Four weeks of APM treatment significantly improved the TEWL and SCM in healthy subjects compared to the control and respective baseline values. APM treatment increased the abundance of commensal microbes belonging to the phylum Planctomycetes, Chloroflexi, Verrucomicrobia, Gemmatimonadetes, Planctomycetes, and Nitrospirae. The abundance of Proteobacteria and Firmicutes and Cyanobacterial growth was reduced after APM treatment. The beneficial bacterial genera were increased after APM treatment. Meanwhile, some of the pathogenic and opportunistic pathogenic bacteria were detected in the treatment group.



In conclusion, APM treatment improved the skin microbiota associated with skin aging, UV-induced skin damage, acne, skin lesions, and skin diseases. The current study primarily reported the effect of paraprobiotics (B. lactis and L. plantarum)-containing moisturizer on the skin microbiome in healthy Thai subjects. However, as detailed previously, the study has some limitations, so further detailed clinical studies are needed to confirm the beneficial effect of APM on skin hydration and skin microbiome, which could aid in the development of paraprobiotics-based skin care formulations to manage skin diseases.
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Figure 1. Refraction analysis for the pre-and post-samples of the control and treatment groups. The rarefaction curves of the phylogenetic diversity were computed and displayed for the control (A) and treatment (B) samples. Shannon H-index alpha diversity of the control (C) and treatment (D) samples. Comparison of similarity and dissimilarity for the control (E) and treatment (F) samples using PCoA represent unweighted unifrac distances. 
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Figure 2. Taxonomical assignment for the control and treatment samples. The comparison of phylum in the control (A) treatment (B) samples. 
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Figure 3. The graph shows the detected phylum (A), genus (B), and species (C) in the control group. 
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Figure 4. The graph shows the detected phylum (A), genus (B), and species (C) in the treatment group. * Statistically significant changes in the abundance of the respective genus. 
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Table 1. Grouping and demographic data.






Table 1. Grouping and demographic data.





	
Parameters

	
Placebo

	
Treatment

	
p-Value (Statistical Method)






	
Gender (%)

	
Male

	
12 ± 48

	
10 ± 40

	
0.776 (Exact Fisher)




	
Female

	
13 ± 52

	
15 ± 60




	
Age (years) (Mean ± SE)

	
26.92 ± 8.06

	
31.36 ± 12.26

	
0.0793 (Wilcoxon rank-sum)




	
BMI (kg/m2) (Mean ± SE)

	
21.53 ± 1.75

	
22.19 ± 3.46

	
0.3989 (t-test)








The p-value was at a 95% confidence interval. The proportion was analyzed using an exact probability test, and the continuous demographic data were analyzed using a t-test.
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Table 2. The changes in the studied parameters within the group at different times. The values are expressed as the mean ± SE.
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Group

	
Measurement Time

	
TEWL (mg (Water)/m2/h)

	
p-Value

	
SCM (Au)

	
p-Value






	
Placebo (n = 25)

	
Baseline

	
7.30 ± 0.43

	

	
34.07 ± 1.97

	




	
1st h

	
6.53 ± 0.49 *

	
0.1181

	
32.10 ± 2.37 a

	
0.4512




	
2nd h

	
6.86 ± 0.33 a

	
0.7672

	
36.32 ± 2.54 a

	
0.3745




	
3rd h

	
7.10 ± 0.32 a

	
0.9463

	
35.59 ± 2.43 b

	
0.2864




	
4th h

	
6.79 ± 0.39 a

	
0.6664

	
34.99 ± 2.23 b

	
0.5289




	
4th week

	
6.93 ± 0.36 *

	
0.4084

	
32.80 ± 1.60 b

	
0.5724




	
Treatment (n = 25)

	
Baseline

	
7.81± 0.36

	

	
30.18 ± 2.28

	




	
1st h

	
3.41± 0.50 *

	
<0.0001

	
54.83 ± 3.46 b

	
<0.0001 *




	
2nd h

	
3.46 ± 0.53 *

	
<0.0001

	
51.99 ± 3.57 b

	
<0.0001 *




	
3rd h

	
4.21± 0.57 *

	
<0.0001

	
48.42 ± 3.40 b

	
<0.0001 *




	
4th h

	
4.62 ± 0.47 *

	
<0.0001

	
44.24 ± 3.02 b

	
<0.0001 *




	
4th week

	
5.91± 0.35 *

	
<0.0001

	
35.96 ± 1.93 b

	
0.0007 *








TEWL: Transepidermal water loss; SCM: Stratum corneum moisture; The p-value was at a 95% confidence interval. a Wilcoxon’s sign rank compared with baseline. b Paired t-test compared with baseline. * The statistical significance of the p-value is ≤ 0.05.
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Table 3. The comparison of the changes in the studied parameters between the groups at different times is expressed as the mean difference.
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Parameters

	
Comparison Time

	
Placebo (n = 25)

	
Treatment (n = 25)

	
p-Value






	
TEWL

(mg(water)/m2/hour)

	
Baseline to 1st h

	
0.77 ± 0.47

	
4.40 ± 0.38

	




	
Baseline to 2nd h

	
0.44 ± 0.34

	
4.34 ± 0.46

	
<0.0001 *




	
Baseline to 3rd h

	
0.20 ± 0.31

	
3.60 ± 0.46

	
<0.0001 *




	
Baseline to 4th h

	
0.51 ± 0.42

	
3.18 ± 0.38

	
<0.0001 *




	
Baseline to 4th week

	
0.37 ± 0.44

	
1.90 ± 0.28

	
0.0054 *




	
SCM (Au)

	
1st h to Baseline

	
−1.96 ± 1.46

	
24.64 ± 2.53

	




	
2nd h to Baseline

	
2.25 ± 1.81

	
21.80 ± 2.07

	
<0.0001 *




	
3rd h to Baseline

	
1.52 ± 1.40

	
18.24 ± 2.53

	
<0.0001 *




	
4th h to Baseline

	
0.92 ± 1.45

	
14.05 ± 1.91

	
<0.0001 *




	
4th week to Baseline

	
−1.27 ± 2.22

	
5.77 ± 1.49

	
0.0114 *








TEWL: Transepidermal water loss; SCM: Stratum corneum moisture. p-value was obtained by independent t-test. * The statistical significance of the p-value is ≤ 0.05.
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Table 4. Linear regression analysis of changes in the transepidermal water loss (TEWL) after 4 h of treatment.
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	Parameters
	Coefficients
	Confidence Interval (95%)
	p-Value





	Treatment compared to placebo
	−2.494
	−3.605 to −1.383
	<0.0001



	Gender (Female compared to male)
	0.498
	−0.675 to 1.671
	0.397



	Age
	0.013
	−0.043 to 0.069
	0.643



	BMI
	−0.088
	−0.285 to 0.109
	0.373



	TEWL in placebo
	0.571
	0.293 to 0.849
	<0.0001



	Constant
	3.905
	−1.035 to 8.846
	0.118










[image: Table] 





Table 5. Linear regression analysis of changes in the stratum corneum moisture (SCM) after 4 h of treatment.
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	Parameters
	Coefficients
	Confidence Interval (95%)
	p-Value





	Treatment compared to placebo
	13.190
	7.931 to 18.449
	<0.0001



	Gender (Female compared to male)
	1.597
	−3.861 to 7.055
	0.558



	Age
	−0.051
	−0.317 to 0.215
	0.701



	BMI
	−0.234
	−1.172 to 0.705
	0.619



	SCM in placebo
	0.951
	0.709 to 1.193
	<0.0001



	Constant
	8.158
	−16.890 to 33.207
	0.515
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Table 6. Linear regression analysis of changes in the transepidermal water loss (TEWL) after 4 weeks of treatment.
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	Parameters
	Coefficients
	Confidence Interval (95%)
	p-Value





	Treatment compared to placebo
	−1.251
	−2.189 to −0.313
	0.010



	Gender (Female compared to male)
	−0.429
	−1.420 to 0.562
	0.388



	Age
	−0.003
	−0.050 to 0.045
	0.909



	BMI
	0.053
	−0.114 to 0.219
	0.528



	TEWL in placebo
	0.477
	0.243 to 0.711
	<0.0001



	Constant
	2.612
	−1.560 to 6.784
	0.214
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Table 7. Linear regression analysis of changes in the stratum corneum moisture (SCM) after 4 weeks of treatment.






Table 7. Linear regression analysis of changes in the stratum corneum moisture (SCM) after 4 weeks of treatment.





	Parameters
	Coefficients
	Confidence Interval (95%)
	p-Value





	Treatment compared to placebo
	4.615
	−0.198 to 9.032
	0.041



	Gender (Female compared to male)
	4.434
	−0.150 to 9.019
	0.058



	Age
	−0.037
	−0.261 to 0.186
	0.737



	BMI
	0.258
	−0.530 to 1.047
	0.513



	SCM in placebo
	0.467
	0.263 to 0.671
	<0.0001



	Constant
	10.030
	−11.010 to 31.070
	0.342
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