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Background

Radiation-induced skin injury (RISI) is still the most common and severe side effect of radiotherapy. The role of the skin’s microbial barrier in the pathogenesis and progression of RISI needs to be fully investigated.



Methods

This study aimed to explore the alterations in and functions of the skin microbiota in RISI. We applied the unculturable approach to characterize the cutaneous microbiomes of a radiation-induced animal model by sequencing the V1–V3 regions of the 16S ribosomal RNA (rRNA) gene. Combined with the downloaded clinical data of patients, a comprehensive analysis was performed to identify potential radioprotective species and metabolic pathways.



Results

There were no significant differences in the alpha diversity indices (Sobs, Shannon, Simpson, Ace, and Chao) between the acute radiation injury and control groups. Phylum-level analysis of the RISI microbiomes exhibited significant predominance of Firmicutes (mean abundance = 67%, corrected p = 0.0035). The high abundance of Firmicutes was significantly associated with rapid healing of RISI (average relative abundance = 52%; Kruskal–Wallis: p = 5.7E−4). Among its members, Streptococcus, Staphylococcus, Acetivibrio ethanolgignens group, Peptostreptococcus, Anaerofilum, and UCG-002 [linear discriminant analysis (LDA) > 3, p < 0.05] were identified as the core genera of Firmicutes. In addition, Lachnosiraceae and Lactobacillus occupied an important position in the interaction network (r > 0.6, p < 0.05). The differential metabolic pathways of RISI were mainly associated with carbohydrate metabolism (butanoate and propanoate metabolism), amino acid metabolism (tryptophan and histidine metabolism), energy metabolism, and lipid metabolism (fatty acid degradation and biosynthesis).



Conclusion

This study provides new insights into the potential mechanism and skin microbial changes in the progression of RISI. The overwhelming predominance of members of Firmicutes, including Streptococcaceae, Staphylococcaceae, Lachnospiraceae, and Lactobacillus, is potentially related to rapid healing of RISI. The microbiota–metabolite axis plays a critical role in RISI and provides promising therapeutic targets for the treatment of adverse side effects.
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Introduction

Radiation-induced skin injury (RISI) is defined as cutaneous and includes deep tissue damage (Akh et al., 2022). It usually occurs following nuclear accidents, occupational exposure, and radiation therapy (Drozdovitch et al., 2022). According to research statistics, nearly 50% of patients with cancer receive radiotherapy, and 95% of them develop varying degrees of skin damage impacted by their age, physical condition, skin type, and the location of the tumor (Steinert et al., 2003). RISI is an irreversible and progressive condition that seriously deteriorates patients’ quality of life, even leading to the termination of therapy. On the whole, RISI is of two types: acute and chronic. Acute RISI includes dry and wet desquamation, skin necrosis, ulcers, and bleeding. Chronic RISI covers chronic ulcers, radiation-induced keratosis, telangiectasias, fibrosis, and skin cancer. RISI is a common and dose-limiting reaction. Following a cumulative radiation dose exceeding 10 Gy, the exposed skin often develops an intense local inflammatory reaction within 2 days to 1 week. The reaction peaks at 48 h, then subsides, only to be followed by a second phase of intense erythema with edema and vesiculation beginning 1 week after exposure and lasting up to 1 month. Erosions, pustule, and ulcerations may also develop with secondary infection. The mechanism of RISI is mainly related to skin cell senescence, fibrosis, vascular injury, radiation-induced reactive oxygen species (ROS) damage, and other signaling pathways (Wei et al., 2021; Yadav et al., 2022). Multiple therapeutic methods such as physical therapy, external dressing, and surgery have not been fully successful in the treatment of RISI and the prevention of damage to the adjacent tissue (Rosenthal et al., 2019).

As the largest organ of the human body, the skin structure forms a protective barrier against external invasion (Persinal-Medina et al., 2022). It is well known that the skin barrier functions as a microbial barrier, physical barrier, chemical barrier, and an immune barrier. Based on their integral collaboration, these barriers maintain the metabolic and immune homeostasis of the human skin (Celebi Sozener et al., 2022). As the outermost barrier against the external environment, the unique ecosystem constituted by colonizing microbiota has gradually been found to play an important role in the occurrence and progression of various inflammatory skin diseases. Factors affecting skin microbial colonization include lifestyle, systemic host factors, and environmental factors such as ionizing radiation damage (Luna, 2020). Although the skin microbiota has been intensely investigated regarding its significance in several diseases (atopic dermatitis, psoriasis, diabetic foot, and burns) in the past few years, research has been mainly based on the culture method (Alam et al., 2022; Durand et al., 2022). The role of skin microbiomes in the pathogenesis and prognosis of RISI remains to be fully studied, and the use of the unculturable approach helps provide a holistic view of the entire community (Wensel et al., 2022).

Our study provides insights into the alterations of the microbial barrier in RISI and identifies the core bacteria that may serve as potential targets for protection from and treatment of RISI.



Materials and methods


Ethics statement

The protocols for experiments involving animals were approved by the Animal Experimentation Ethics Committee at China National Nuclear Corporation 416 Hospital (Chengdu, China; reference no. SYXK2020-196).



Animal model construction

A total of 29 male Sprague–Dawley rats (7–8 weeks old) were purchased from the Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). These animals were housed in a pathogen-free environment at the facilities of the Medical College of Soochow and provided standard chow and water ad libitum.

Before irradiation, we collected skin samples from the gluteal region of 29 rats, which represents the control site. Subsequently, irradiated skin samples from the same site were taken as the treatment group.

For irradiation, the rats were anesthetized with an intraperitoneal injection of 10% chloral hydrate (10 mg/kg), and the hair on the gluteal region was shaved. The animals were immobilized using an adhesive tape on a plastic plate to minimize their motion during irradiation. A 3-cm-thick piece of lead was used to shield the animals and localize the radiation field (4 cm × 4.5 cm). The rats received a 40-Gy dose of radiation to the treatment area at a rate of 500 cGy/min using a 6-MeV electron beam accelerator (Clinac 2100EX; Varian Medical Systems, Palo Alto, CA, USA) for the construction of an acute skin radiation damage model. After irradiation, the exposed skin showed erythema and high temperature at around 10 days. After about 2 weeks, a large area of wet desquamation and superficial ulcers were formed, and the skin samples were collected at the same time.



Sample collection

Defatted cotton swabs were pre-moistened in ST solution (0.15 M NaCl with 0.1% Tween-20). Thereafter, an area of 4 cm × 4.5 cm in the irradiated gluteal region was rubbed for 30 s for sample collection. A similar gluteal region before irradiation, which represents the control site, was swabbed to collect specimens from healthy subjects. Two to three swabs were saved per sample. After sampling, the cotton swab head was cut into a sterilized frozen tube, quickly frozen with liquid nitrogen, and stored at −80°C.



DNA extraction and 16S rRNA gene sequencing

Skin sample preparation and 16S ribosomal RNA (rRNA) sequencing were conducted as previously described (Ellison et al., 2021; Olesen et al., 2022). Genomic DNA was extracted using Wizard® Genomic DNA Purification Kit (Promega, Madison, WI, USA) according to the manufacturer’s protocol. Purified genomic DNA was quantified with a TBS-380 fluorometer (Turner BioSystems Inc., Sunnyvale, CA, USA). High-quality DNA [optical density (OD)260/280 = 1.8–2.0, >20 μg] was used for further analysis. The genome was sequenced using a combination of the PacBio RS II Single-Molecule Real-Time (SMRT) (PacBio, Menlo Park, CA, USA) and Illumina (San Diego, CA, USA) sequencing platforms. The Illumina data were used to evaluate the complexity of the genome. For Illumina sequencing, at least 1 μg genomic DNA was used for each strain to construct the sequencing library. The complete genome sequence was assembled using both the PacBio and Illumina reads. The original imaging data were converted into sequencing data via base calling, defined as the raw data or raw reads and saved as FASTQ files. These FASTQ files are the original data provided for users, which included the read sequences and quality information. A statistic of quality information was applied for quality trimming, by which low-quality data can be removed to obtain clean data. The reads were then assembled into a contig using Unicycler. The last circular step was checked and manually finished, generating a complete genome with seamless chromosomes and plasmids. Finally, error correction of the PacBio assembly results was performed using the Illumina reads with Pilon.



Patient clinical data

Patient clinical data were from NCBI under accession no. PRJNA665254 (http://www.ncbi.nlm.nih.gov/bioproject/665254). Patients were included if they were newly diagnosed with grade 2 RISI. The exclusion criterion was systemic topical application of corticosteroids and antibiotics (Ramadan et al., 2021). The clinical characteristics of patients including age, sex, cancer type, and concomitant diseases are shown in Table 1.


Table 1 | Clinicopathological characteristics of patients with radiation-induced dermatitis (RID).





Bioinformatics analysis

The paired-end (PE) reads obtained with MiSeq sequencing were first spliced according to the overlap relationship, and the sequence quality was controlled and filtered at the same time. After distinguishing the samples, operational taxonomic unit (OTU) clustering analysis and species taxonomic analysis were carried out.

Non-repetitive sequences were extracted from optimized sequences to reduce the number of redundant computations (http://drive5.com/usearch/manual/dereplication.html). Single sequences without repetitions were removed, while the non-repetitive sequences (excluding single sequences) were clustered into OTUs according to 97% similarity, with the chimera removed in the clustering process to obtain the representative sequences of the OTUs.

Taxonomic analysis of the OTU representative sequences with 97% similarity was performed using the RDP classifier Bayesian algorithm. The community species composition of each sample was calculated at eight taxonomic levels: domain, kingdom, phylum, class, order, family, genus, and species. SILVA (http://www.arb-silva.de) and RDP (http://rdp.cme.msu.edu/) were used to compare databases.

Bacterial diversity was estimated using QIIME 2 for the entire dataset without subsampling (Callahan et al., 2016), and the alpha diversity was determined using two approaches: richness (number of observed species and Chao1 index) and evenness (Shannon diversity index) of communities. Unpaired Wilcoxon rank-sum test was used to assess the statistical significance between two groups. Principal coordinates analysis (PCoA) based on unweighted UniFrac distance matrix was used to calculate the similarities or differences of the community composition between two groups.

Based on the community abundance data in the sample, the Wilcoxon rank-sum test was used to detect species with significant differential abundance. The non-parametric factorial Kruskal–Wallis rank-sum test was used to determine the characteristics of the significant abundance differences and the group differences. Finally, linear discriminant analysis (LDA) effect size (LEfSe) was used to estimate the effect of the abundance of each component (species) (Segata et al., 2011).

Network analysis was conducted to obtain the coexistence relationship of species in the environment. The top 50 species based on the total abundance at the genus level were selected, and the Spearman’s correlation coefficients of these species were calculated. The size of the node represented species abundance, while the thickness of the line represented the correlation coefficient.

To predict the functional profile of cutaneous microbiota, the Greengenes database (v.13.8) at a 97% identity used a closed-reference script for OTU picking in QIIME (McDonald et al., 2012). The functional potential of cutaneous microbiomes was predicted using PICRUSt (http://picrust.github.io/picrust/) (Langille et al., 2013).



Statistical analysis

Analyses of bacterial diversity, species differences, LEfSe, and PICRUSt were all performed and visualized using R software. A p < 0.05 or a false discovery rate (FDR) < 0.05 was considered as the statistical significance cutoff in all tests.




Results


Optimization of the 16S rRNA sequence

In total, the PE reads of 58 samples were input into QIIME 2 for merging, quality control and filtering, and correcting the direction of the sequences. The results revealed an optimized number of sequences of 3,842,947, optimized number of sequence bases of 1,614,133,683, and an average length of 420 bp.



Species annotation and evaluation

According to the optimized sequence, the 16S rRNA reads were taxonomically assigned to 1 domain, 1 kingdom, 42 phyla, 108 classes, 254 orders, 424 families, 914 genera, 1,699 species, and 9,614 OTUs. There were no significant differences in the alpha diversity indices (Sobs, Shannon, Simpson, Ace, and Chao) between the acute radiation injury and control groups (Q > 0.05) (Figures 1A, C). In addition, the structure and composition of the bacterial communities significantly distinguished the classification of cutaneous microbiomes into RISI and healthy skin. PCoA based on unweighted UniFrac metrics sorted the samples into two particular clusters (R = 0.4138, p = 0.001) (Figure 1B).




Figure 1 | Diversity analysis of cutaneous microbiomes. (A) Alpha diversity bar charts between the radiation-induced skin injury (RISI) group and healthy controls (CON). (B) Beta diversity estimation. Principal coordinates analysis (PCoA) of RISI and CON based on unweighted UniFrac distance matrices. (C) Box plot of the comparison of the alpha diversity indices. ns: not sinificant.





Composition differences between RISI and normal skin

In general, acute radiation injury-induced skin microbiome alterations showed remarkable differences in certain bacterial taxa at several classification levels compared with the healthy control. Phylum-level analyses of the RISI microbiomes exhibited alternately significant predominance of Firmicutes (mean abundance = 67%, corrected p = 0.0035) (Figures 2A, B, E). In contrast, the proportions of Proteobacteria (mean abundance = 19%, corrected p = 0.0029), Bacteroidetes (mean abundance = 6%, corrected p = 0.02), and Actinobacteria (mean abundance = 5%, corrected p = 0.0029) decreased significantly in RISI. In addition, Verrucomicrobia (mean abundance = 0.1%) showed a relatively constant proportion. Family-level analyses revealed that the abundances of Streptococcaceae (mean abundance = 26%, corrected p = 4.435E−5) (Figures 2C, D) and Staphylococcaceae (mean abundance = 17%, corrected p = 0.0004) significantly increased in RISI. In contrast, the proportions of Burkholderiaceae (mean abundance = 16%, corrected p = 0.0058), and Nocardiaceae (mean abundance = 4%, corrected p = 0.0007) significantly decreased in RISI.




Figure 2 | Species composition analysis. (A) Phylum-level analysis of the skin microbiota. Bar charts illustrate the relative proportions of dominant phyla across all study groups. (B) Pie chart illustrating the proportions of species at the phylum level in healthy skin. (C) Community heatmap. (D) Family-level analysis of the skin microbiota using bar charts. (E) Pie chart illustrating the proportions of species at the phylum level in radiation-induced skin injury (RISI).





Differential species analysis of RISI

LEfSe was used to discover high-dimensional biomarkers and determine their genomic characteristics (Figures 3A, B). LDA can estimate the effect of abundance of each component (species) on the difference effect. Phylum-level analyses of the RISI microbiomes revealed the significant effect of Firmicutes (LDA = 5.223, p = 2.42E−5) on RISI, while order-level analyses revealed that Lactobacillales (LDA = 5.07, p = 7.79E−06) and Staphylococcales (LDA = 4.89, p = 2.75E−06) were the significant orders. We did a further analysis to determine the core species that play key roles in Firmicutes. The results identified Streptococcus (genus of Streptococcaceae; LDA = 5.10, p = 1.0E−07), Staphylococcus (genus of Staphylococcaceae; LDA = 4.89, p = 1.0E−06), Acetivibrio ethanolgignens group (genus of Lachnosiraceae; LDA = 3.51, p = 0.02), Peptostreptococcus (genus of Peptostreptococcaceae; LDA = 3.35, p = 0.04), Anaerofilum (genus of Ruminococcaceae; LDA = 3.48, p = 0.04), and UCG-002 (genus of Oscillospiraceae; LDA = 2.59, p = 0.03) as the core genera of Firmicutes. In addition, Ralstonia (genus of Burkholderiaceae) was significantly decreased in RISI (LDA = 4.98, p = 8.50E−04) (Figure 3C).




Figure 3 | Results of linear discriminant analysis (LDA) effect size (LEfSe). (A) Hierarchical tree map of multilevel species. (B) LDA histogram showing the microbial groups that play significant roles in several groups. The LDA scores obtained by linear regression analysis showed that the higher the score, the greater the effect of species abundance on the difference. (C) Relative abundance of the most predominant genera in cutaneous microbiomes of radiation-induced skin injury (RISI) and healthy controls.





Interaction network analysis

As expected, the members of Firmicutes had the closest interaction with other species in the network. Among these, multiple members of Lachnospiraceae, such as unclassified_f_Lachnospiraceae, norank_f_Lachnospiraceae, Lachnoclostridium, Blautia, and Lachnospiraceae_NK4A136_group, were found positively correlated with other Firmicutes species (r > 0.6, p < 0.05) (Figure 4B). Additionally, Streptococcaceae and Staphylococcus showed a close correlation with each other (r = 0.79, p = 2.45E−13) (Figure 4B). Lactobacillus also occupied an important position in this network, and the average correlation coefficient between Lactobacillus and the members of Lachnospiraceae was greater than 0.9 (Figure 4A). Moreover, Hydrotalea and Ralstonia showed a significant correlation with each other (r = 0.74, p = 2.8E−11), but were negatively correlated with members of Firmicutes.




Figure 4 | Interaction network and correlation analysis. (A) Interaction network of the top 50 species in total abundance. The size of the nodes represents the abundance of species, while different colors represent different species. The color of the connecting lines represents positive and negative correlations: red lines denote positive correlation, while green lines indicate negative correlation. The thickness of the line represents the magnitude of the correlation coefficient. (B) Correlation coefficient heatmap. Both the x- and y-axes indicate the species, with red denoting positive correlation and green indicating negative correlation.





Function prediction of cutaneous microbiomes

The overall function of cutaneous microbiomes may be related to the pathogenesis of RISI, providing a number of potential targets for its prevention and treatment. The differential metabolic pathways were mainly associated with carbohydrate metabolism [butanoate, glyoxylate, dicarboxylate, and propanoate metabolism and citrate cycle—tricarboxylic acid (TCA) cycle], amino acid metabolism (phenylalanine, tryptophan, and histidine metabolism), energy metabolism (oxidative phosphorylation, sulfur metabolism, and carbon fixation pathways in prokaryotes), and lipid metabolism (fatty acid degradation and biosynthesis). In addition, membrane transport [ATP-binding cassette (ABC) transporters], nucleotide metabolism (purine metabolism), endocrine system [peroxisome proliferator-activated receptor (PPAR) signaling pathway], and cell motility (bacterial chemotaxis) may contribute to the progression of RISI (Figures 5A–C).




Figure 5 | Differentially abundant metabolic pathways between radiation-induced skin injury (RISI) and healthy controls. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways at level 2. (B) KEGG pathways at level 3. (C) Clusters of Orthologous Genes (COG) function.





Alterations in clinical patients

According to the patient data from BioProject 665254, the adverse effects of undergoing radiotherapy can lead to significant changes in the skin microbiomes (Figure 6). Overall, radiotherapy induced a significant reduction in bacterial diversity (Shannon and Chao: p < 0.001) (Figure 6C). The microbiome associated with the rapid healing of RISI (2–4 weeks) was significantly related to the predominance of Firmicutes (average relative abundance = 52%; Kruskal–Wallis: p = 5.7E−4) (Figure 6A). In contrast, the microbiota of chronic ulcers was clearly dominated by Proteobacteria and the low abundance of Firmicutes (average relative abundance = 74% and 18%, respectively; Kruskal–Wallis: p = 8.3E−4). LEfSe revealed the significant enrichment of Klebsiella (LDA = 3.27, p = 0.0078), Pseudomonas (LDA = 3.45, p = 6.23E-04), and Staphylococcus (LDA = 3.69, p = 0.0004) in RISI compared with healthy subjects (Figure 6E).




Figure 6 | Alterations in patients with radiotherapy-induced dermatitis. (A) Changes in the microbial structure of patients with radiation-induced dermatitis (RID) with different prognosis. (B) Heatmap of the correlation coefficients. (C) Change of species diversity. (D) Differential metabolic pathways. (E) Linear discriminant analysis effect size (LEfSe) in patients with radiation-induced skin injury (RISI) compared with healthy subjects. *p < 0.05; **p < 0.01; ***p < 0.001.



The differential metabolic pathways were mainly associated with epidermal integrity, alteration in pH, lipid metabolism (fatty acid metabolism), amino acid metabolism, histidine metabolism, membrane transport (ABC transporters), Hedgehog signaling pathway, nitrogen metabolism, and peptidases (Figure 6D).




Discussion

With the wide application of radiological instruments and radioactive materials in medicine and industry, radiation-induced injury is still a serious concern in nuclear safety (Rios et al., 2020; Ashack et al., 2020). RISI, the most common type of injury, has progressed to some form of radio lesions, including erythema, desquamation, ulceration, and cutaneous tumor. According to statistics, almost 50% of patients eventually died of skin wound events from the Chernobyl nuclear accident (Steinert et al., 2003). RISI can seriously affect the quality of life of patients. It represents a challenge for clinicians and is regarded as an additional burden in the healthcare expenditure (Yao et al., 2021; Xie et al., 2021; Hao et al., 2022). However, the exact pathogenic molecular mechanism of RISI is still unclear.

The skin microbiota itself is a barrier against environmental invasion (radiation, climate, or pollution) and infection by multiple pathogenic microbes (Uberoi et al., 2021; Harris-Tryon and Grice, 2022). The culture-based approaches used in the clinic have not been able to determine the integral role of the entire community. Therefore, the application of culture-independent techniques, such as metagenomics and 16S rRNA, to characterize microbial communities provides important new insights into the diversity of the microbial world and its role in dermatological health (Yadav et al., 2022; Liu et al., 2022).

Disruption to the structural integrity of skin microbes is often associated with the progress of disease (Byrd et al., 2017). It has been reported that the alpha diversity was significantly reduced in dermatological disorders such as atopic dermatitis and psoriasis (Ramadan et al., 2019; Elsherbiny et al., 2020). In our animal study, the differences in the alpha diversity indices were not significant between the acute radiation injury and control groups. Subsequent data analysis of clinical patients found that radiotherapy induced a significant reduction in the bacterial diversity (Shannon and Chao: p < 0.001). This result was due to a large proportion of the clinical cohort comprising patients with chronic ulcers and lesions with delayed healing whose microbiome structure has been severely damaged. This is similar to the results showing that radiotherapy can significantly reduce the diversity of the digestive tract microbiome (Kumpitsch et al., 2020). The pathophysiology mechanism of RISI was mainly associated with epidermal disturbances, fibrosis, vascular injury, ROS damage, and immune disorder, leading to the lack of oxygen and nutrients in the skin. These factors explain the radiation-induced reduction in microbial diversity. In addition, the injury recovery process can be accelerated by activating the aryl hydrocarbon receptor (AhR) in keratinocytes and restoring the skin microbiome on the wound (Uberoi et al., 2021; Marvasi et al., 2022). This reflects the protective role of cutaneous microbiota in the maintenance of the epidermis.

Taxonomic analysis of the skin microbiota associated with acute radiation injury highlighted the high prevalence of Firmicutes. The results of clinical patients revealed that rapid healing of RISI (2–4 weeks) was significantly accompanied by the predominance of Firmicutes (abundance = 52.2%). In contrast, chronic ulcers were significantly related to the low abundance of Firmicutes (18.36%). It has been reported that Firmicutes can mediate intestinal radioprotection in mice by alleviating the effects of DNA damage. The expression levels of the DNA damage-related markers (gH2AX, p53, and 53BP1) were reduced in the Firmicutes- and short-chain fatty acid (SCFA)-treated groups compared with the controls. We speculated that the predominance of Firmicutes is a stress response of the skin flora to resist external radiation injury. Several members of the Firmicutes phylum are probiotics that can resist dehydration and extreme environments (Wozniak et al., 2022). When bacteria (Lactobacillus and Lachnospira) ferment carbohydrates, they produce metabolites, including vitamins and SCFAs such as butyrate and lactate (Li et al., 2022). Butyrate helps prevent inflammation and maintains the intestinal epithelial stability. Lactobacillus and its lysate reduce the pro-inflammatory cytokines interleukin 6 (IL-6) and IL-8 and enhance the levels of laminin A/B in the human epidermis, suggesting a positive impact on the skin barrier (Khmaladze et al., 2019). Therefore, we regard Firmicutes as the core phylum of early radiation protection.

LEfSe identified several species that have a significant impact on RISI. Streptococcus is a genus of Streptococcaceae belonging to the order Lactobacillales. According to relevant reports, Streptococcus salivarius K12 can alleviate radiation-induced oral mucositis in mice by decreasing the abundance of oral anaerobes, inhibiting NI1060 in Pasteurella and downregulating the expression of nitrate reductase (Wang et al., 2021). Staphylococcus is a member of the healthy skin microbiota, but it can also cause disease (Williams et al., 2021). Although Staphylococcus was significantly enriched in RISI microbiomes, it was overrepresented in patients with rapidly healed RISI. This is consistent with the results of our animal experiments in which the stress of acute radiation injury induced a high abundance of Staphylococcus. There is increasing evidence that Staphylococcus epidermidis downregulates the pro-inflammatory cytokine IL-6 via its metabolite butyric acid and the SCFA receptor (Keshari et al., 2019). Peptides and other metabolites produced by S. epidermidis might also contribute to normal defense on the surface of human skin (Cogen et al., 2010; Oliveira et al., 2021). Additionally, previous studies have reported that Staphylococcus aureus infection is associated with limited exacerbation and short hospital stay (Armbruster et al., 2016). One of the interesting findings is the significant positive association between Streptococcus and Staphylococcus in RISI (r = 0.79, p = 2.45E−13). Notably, Klebsiella was considered as a core species that was significantly overrepresented in RISI patients with chronic ulcer and diabetes. However, both of Streptococcus (r = −0.66, p < 0.05) and Staphylococcus (r = −0.89, p < 0.05) were significantly negatively correlated with Klebsiella. These observations matched the protective roles of probiotics by secreting antimicrobials and metabolites that resist pathogenic microbial invasion and maintain epidermal integrity (Kazemi et al., 2022). It must be pointed out that several risk factors can influence the incidence and severity of RISI. These risk factors may be intrinsic, including age, ethnicity, gender, malnutrition, location and stage of the tumor, and concomitant diseases such as systemic inflammation and diabetes mellitus. In our study, some of the included clinical patients had systemic diseases such as diabetes, which affected the process of RISI development and healing and the skin microbiota.

In the univariate network analysis, Lachnospiraceae and Lactobacillus occupied important positions and were positively correlated with multiple members of Firmicutes. Lachnospiraceae is known for its ability to synthesize SCFAs through the fermentation of dietary carbohydrates (Hexun et al., 2022). SCFAs are crucial substrates of the skin microbiota and epithelium cells that could maintain the acid–base balance, inhibit the growth of harmful pathogens, and regulate the immune system and inflammatory responses (Arpaia et al., 2013; Agus et al., 2021). Lactobacillus can ferment carbohydrates to lactic acid, which can also be regarded as a type of SCFA. By investigating the gut microbiome of mice that survived a high dose of radiation, Lachnospiraceae and Enterococcaceae were found to be the most enriched bacteria in these elite survivors (Guo et al., 2020). After bacterial reconstitution, the grouped mice received a high-dose radiation. Mice inoculated with Lachnospiraceae showed the greatest improvement in survival rate and clinical score, while those given Lactobacillus rhamnosus showed a 40%–60% increase in the survival rate.

The differential metabolic pathways of RISI were mainly associated with carbohydrate metabolism (butanoate and propanoate metabolism), amino acid metabolism (tryptophan and histidine metabolism), energy metabolism, endocrine system (PPAR signaling pathway), and lipid metabolism (fatty acid degradation and biosynthesis). An untargeted metabolomics study revealed that tryptophan metabolism selectively increased in the elite survivors affected by radiation (Guo et al., 2020). It was also found that tryptophan metabolites, including I3A and KYNA, significantly increased the survival rates and decreased the clinical scores of radiation-treated mice. Butyrate and propionate mediate radioprotection by alleviating the levels of the DNA damage-related proteins and reducing the ROS levels by 50%–60% (Guo et al., 2020; Liu et al., 2021). Interestingly, a report illustrated the effect of ionizing radiation on skin lipid metabolism. The function of adipose tissue has traditionally been understood as energy storage, physical buffering, temperature regulation, and thermal insulation (Wrba et al., 2022). Xiao et al. revealed that radiation modulates the skin lipid mass and profiles and downregulates multiple lipid metabolism pathways, including PPAR signaling. Rats fed with a high-fat diet with increased fat accumulation were found resistant to RISI (Xiao et al., 2020). It has been shown that PPAR alpha (PPARα) activation can significantly ameliorate RISI (Liu et al., 2022). PPARα is a member of the PPAR nuclear hormone receptor superfamily, which can be activated by a variety of ligands including fatty acids (Bougarne et al., 2018; Takada and Makishima, 2020). It has been reported that SCFAs can induce the expression of PPARα in a time- and concentration-dependent manner in the intestinal epithelial cell line (Higashimura et al., 2015). This is a potential molecular mechanism of radiation protection mediated by cutaneous microbiomes, which influence skin metabolism through their metabolite fatty acids and SCFAs.

This study has some limitations. Firstly, we focused solely on the unculturable approach. In further mechanism research, the culturable approach should also be combined to isolate the probiotics and causative agents in order to define their virulence characteristics, including the antimicrobial resistance patterns. In addition, there is still a lack of microbiome characterization at different sampling times. Moreover, microbial communities in the human skin are distinct and significantly less diverse than those in animal models. To better understand the mechanism of RISI, we combined the results from animal models and human data to identify some common changes. This study provides data on potential core microbes and metabolic pathways for further mechanism research and treatment development. However, further functional validation is required to elucidate their roles in RISI.



Conclusion

We have investigated the alterations and functions of cutaneous microbiomes mediated by RISI. Our study provides new insights into the potential mechanism and microbial changes in the progression of RISI. The overwhelming predominance of members of Firmicutes, such as Streptococcaceae, Staphylococcaceae, Lachnospiraceae, and Lactobacillus, potentially help promote rapid healing in RISI. The microbiota–metabolite axis plays a critical role in RISI and provides promising therapeutic targets for the treatment of adverse side effects.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Ethics statement

The animal study was reviewed and approved by the Animal Experimentation Ethics Committee at China National Nuclear Corporation 416 Hospital. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

BH designed and carried out the bioinformatics analyses and animal experiment and drafted the manuscript. LA, WS, and TY helped with drawing the figures and with the animal experiment. D-JY and HZ initiated the study. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by China National Nuclear Corporation Medical Department “Nuclear Medicine Technology Innovation” Project (ZHYLYB2021009) and the National Natural Science Foundation of China (32071238 and 82073477). The Fundamental ResearchFunds for the Central Universities andYoung Talent Program of China National Nuclear Corporation (CNNC2021136). TheScience and Technology Program of Suzhou (SKY2021007) , Discipline Construction of The Second Affiliated Hospital of Soochow University (XKTJ-TD202001).



Conflict of interest

BH, WS, and D-JY were employed by China National Nuclear Corporation 416 Hospital.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.1029592/full#supplementary-material



References

 Agus, A., Clément, K., and Sokol, H. (2021). Gut microbiota-derived metabolites as central regulators in metabolic disorders. Gut 70 (6), 1174–1182. doi: 10.1136/gutjnl-2020-323071

 Akh, L., Ishak, M., Harris, J., Glaros, T., Sasiene, Z., Mach, P., et al. (2022). -omics potential of in vitro skin models for radiation exposure. Cell. Mol. Life Sci. CMLS 79 (7), 390. doi: 10.1007/s00018-022-04394-z

 Alam, M., Xie, L., Yap, Y., Marques, F., and Robert, R. (2022). Manipulating microbiota to treat atopic dermatitis: Functions and therapies. Pathogens 11 (6), 642. doi: 10.3390/pathogens11060642

 Armbruster, C., Wolter, D., Mishra, M., Hayden, H., Radey, M., Merrihew, G., et al. (2016). Staphylococcus aureus protein a mediates interspecies interactions at the cell surface of pseudomonas aeruginosa. mBio 7 (3), e00538–16. doi: 10.1128/mBio.00538-16

 Arpaia, N., Campbell, C., Fan, X., Dikiy, S., van der Veeken, J., deRoos, P., et al. (2013). Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 504 (7480), 451–455. doi: 10.1038/nature12726

 Ashack, K., Kuritza, V., Visconti, M., and Ashack, L. (2020). Dermatologic sequelae associated with radiation therapy. Am. J. Clin. Dermatol. 21 (4), 541–555. doi: 10.1007/s40257-020-00519-x

 Bougarne, N., Weyers, B., Desmet, S., Deckers, J., Ray, D., Staels, B., et al. (2018). Molecular actions of PPARα in lipid metabolism and inflammation. Endocr. Rev. 39 (5), 760–802. doi: 10.1210/er.2018-00064

 Byrd, A., Deming, C., Cassidy, S., Harrison, O., Ng, W., Conlan, S., et al. (2017). Staphylococcus aureus and strain diversity underlying pediatric atopic dermatitis. Sci. Trans. Med. 9 (397), eaal4651. doi: 10.1126/scitranslmed.aal4651

 Callahan, B., McMurdie, P., Rosen, M., Han, A., Johnson, A., and Holmes, S. (2016). DADA2: High-resolution sample inference from illumina amplicon data. Nat. Methods 13 (7), 581–583. doi: 10.1038/nmeth.3869

 Celebi Sozener, Z., Ozdel Ozturk, B., Cerci, P., Turk, M., Gorgulu Akin, B., Akdis, M., et al. (2022). Epithelial barrier hypothesis: Effect of the external exposome on the microbiome and epithelial barriers in allergic disease. Allergy 77 (5), 1418–1449. doi: 10.1111/all.15240

 Cogen, A., Yamasaki, K., Sanchez, K., Dorschner, R., Lai, Y., MacLeod, D., et al. (2010). Selective antimicrobial action is provided by phenol-soluble modulins derived from staphylococcus epidermidis, a normal resident of the skin. J. Invest. Dermatol. 130 (1), 192–200. doi: 10.1038/jid.2009.243

 Drozdovitch, V., Chizhov, K., Chumak, V., Bakhanova, E., Trotsyuk, N., Bondarenko, P., et al. (2022). Reliability of questionnaire-based dose reconstruction: Human factor uncertainties in the radiation dosimetry of Chernobyl cleanup workers. Radiat. Res. 198 (2), 172–180. doi: 10.1667/RADE-21-00207.1

 Durand, B., Yahiaoui Martinez, A., Baud, D., François, P., Lavigne, J., and Dunyach-Remy, C. (2022). Comparative genomics analysis of two helcococcus kunzii strains co-isolated with staphylococcus aureus from diabetic foot ulcers. Genomics 114 (3), 110365. doi: 10.1016/j.ygeno.2022.110365

 Ellison, A., Wilcockson, D., and Cable, J. (2021). Circadian dynamics of the teleost skin immune-microbiome interface. Microbiome 9 (1), 222. doi: 10.1186/s40168-021-01160-4

 Elsherbiny, N., Rammadan, M., Hassan, E., Ali, M., El-Rehim, A., Abbas, W., et al. (2020). Autoimmune hepatitis: Shifts in gut microbiota and metabolic pathways among Egyptian patients. Microorganisms 8 (7), 1011. doi: 10.3390/microorganisms8071011

 Guo, H., Chou, W., Lai, Y., Liang, K., Tam, J., Brickey, W., et al. (2020). Multi-omics analyses of radiation survivors identify radioprotective microbes and metabolites. Science 370 (6516), eaay9097. doi: 10.1126/science.aay9097

 Hao, J., Sun, M., Li, D., Zhang, T., Li, J., and Zhou, D. (2022). An IFI6-based hydrogel promotes the healing of radiation-induced skin injury through regulation of the HSF1 activity. J. Nanobiotechnol. 20 (1), 288. doi: 10.1186/s12951-022-01466-x

 Harris-Tryon, T., and Grice, E. (2022). Microbiota and maintenance of skin barrier function. Science 376 (6596), 940–945. doi: 10.1126/science.abo0693

 Hexun, Z., Miyake, T., Maekawa, T., Mori, H., Yasukawa, D., Ohno, M., et al. (2022). High abundance of lachnospiraceae in the human gut microbiome is related to high immunoscores in advanced colorectal cancer. Cancer Immunol. Immunother. CII. doi: 10.1007/s00262-022-03256-8

 Higashimura, Y., Naito, Y., Takagi, T., Uchiyama, K., Mizushima, K., and Yoshikawa, T. (2015). Propionate promotes fatty acid oxidation through the up-regulation of peroxisome proliferator-activated receptor α in intestinal epithelial cells. J. Nutr. Sci. Vitaminol. 61 (6), 511–515. doi: 10.3177/jnsv.61.511

 Kazemi, A., Ataellahi Eshkoor, P., Saeedi, P., and Halabian, R. (2022). Evaluation of antioxidant and antibacterial effects of lactobacilli metabolites- preconditioned bone marrow mesenchymal stem cells in skin lesions amelioration. Bioorg. Chem. 124, 105797. doi: 10.1016/j.bioorg.2022.105797

 Keshari, S., Balasubramaniam, A., Myagmardoloonjin, B., Herr, D., Negari, I., and Huang, C. (2019). Staphylococcus epidermidisButyric acid from probiotic in the skin microbiome down-regulates the ultraviolet-induced pro-inflammatory IL-6 cytokine via short-chain fatty acid receptor. Int. J. Mol. Sci. 20 (18), 4477. doi: 10.3390/ijms20184477

 Khmaladze, I., Butler, É., Fabre, S., and Gillbro, J. (2019). Lactobacillus reuteri DSM 17938-a comparative study on the effect of probiotics and lysates on human skin. Exp. Dermatol. 28 (7), 822–828. doi: 10.1111/exd.13950

 Kumpitsch, C., Moissl-Eichinger, C., Pock, J., Thurnher, D., and Wolf, A. (2020). Preliminary insights into the impact of primary radiochemotherapy on the salivary microbiome in head and neck squamous cell carcinoma. Sci. Rep. 10 (1), 16582. doi: 10.1038/s41598-020-73515-0

 Langille, M., Zaneveld, J., Caporaso, J., McDonald, D., Knights, D., Reyes, J., et al. (2013). Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31 (9), 814–821. doi: 10.1038/nbt.2676

 Li, J., Su, S., Xu, Z., Zhao, L., Fan, R., Guo, J., et al. (2022). Potential roles of gut microbiota and microbial metabolites in chronic inflammatory pain and the mechanisms of therapy drugs. Ther. Adv. Chronic Dis. 13, 20406223221091177. doi: 10.1177/20406223221091177

 Liu, S., Moon, C., Zheng, N., Huws, S., Zhao, S., and Wang, J. (2022). Opportunities and challenges of using metagenomic data to bring uncultured microbes into cultivation. Microbiome 10 (1), 76. doi: 10.1186/s40168-022-01272-5

 Liu, P., Wang, Y., Yang, G., Zhang, Q., Meng, L., Xin, Y., et al. (2021). The role of short-chain fatty acids in intestinal barrier function, inflammation, oxidative stress, and colonic carcinogenesis. Pharmacol. Res. 165, 105420. doi: 10.1016/j.phrs.2021.105420

 Liu, P., Yu, D., Sheng, W., Geng, F., Zhang, J., and Zhang, S. (2022). PPARα activation by fenofibrate ameliorates radiation-induced skin injury. J. Eur. Acad. Dermatol. Venereol. JEADV 36 (3), e207–e210. doi: 10.1111/jdv.17745

 Luna, P. (2020). Skin microbiome as years go by. Am. J. Clin. Dermatol. 21, 12–17. doi: 10.1007/s40257-020-00549-5

 Marvasi, M., Monici, M., Pantalone, D., and Cavalieri, D. (2022). Exploitation of skin microbiota in wound healing: Perspectives during space missions. Front. Bioeng. Biotechnol. 10, 873384. doi: 10.3389/fbioe.2022.873384

 McDonald, D., Price, M., Goodrich, J., Nawrocki, E., DeSantis, T., Probst, A., et al. (2012). An improved greengenes taxonomy with explicit ranks for ecological and evolutionary analyses of bacteria and archaea. ISME J. 6 (3), 610–618. doi: 10.1038/ismej.2011.139

 Olesen, C., Clausen, M., Agner, T., Asplund, M., Rasmussen, L., Yüksel, Y., et al. (2022). Altered maturation of the skin bacterial communities in infants with atopic dermatitis. Acta Dermato-Venereol. doi: 10.2340/actadv.v102.2275

 Oliveira, F., Rohde, H., Vilanova, M., and Cerca, N. (2021). Staphylococcus epidermidisFighting biofilm-associated infections: Can iron be the key to success? Front. Cell. Infect. Microbiol. 11, 798563. doi: 10.3389/fcimb.2021.798563

 Persinal-Medina, M., Llames, S., Chacón, M., Vázquez, N., Pevida, M., Alcalde, I., et al. (2022). Polymerizable skin hydrogel for full thickness wound healing. Int. J. Mol. Sci. 23 (9), 4837. doi: 10.3390/ijms23094837

 Ramadan, M., Hetta, H., Saleh, M., Ali, M., Ahmed, A., and Salah, M. (2021). Alterations in skin microbiome mediated by radiotherapy and their potential roles in the prognosis of radiotherapy-induced dermatitis: a pilot study. Sci. Rep. 11 (1), 5179. doi: 10.1038/s41598-021-84529-7

 Ramadan, M., Solyman, S., Yones, M., Abdallah, Y., Halaby, H., and Hanora, A. (2019). Skin microbiome differences in atopic dermatitis and healthy controls in Egyptian children and adults, and association with serum immunoglobulin e. Omics 23 (5), 247–260. doi: 10.1089/omi.2019.0011

 Rios, C., DiCarlo, A., and Marzella, L. (2020). Cutaneous radiation injuries: Models, assessment and treatments. Radiat. Res. 194 (3), 310–313. doi: 10.1667/RADE-20-00132.1

 Rosenthal, A., Israilevich, R., and Moy, R. (2019). Management of acute radiation dermatitis: A review of the literature and proposal for treatment algorithm. J. Am. Acad. Dermatol. 81 (2), 558–567. doi: 10.1016/j.jaad.2019.02.047

 Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12 (6), R60. doi: 10.1186/gb-2011-12-6-r60

 Steinert, M., Weiss, M., Gottlöber, P., Belyi, D., Gergel, O., Bebeshko, V., et al. (2003). Delayed effects of accidental cutaneous radiation exposure: fifteen years of follow-up after the Chernobyl accident. J. Am. Acad. Dermatol. 49 (3), 417–423. doi: 10.1067/S0190-9622(03)02088-7

 Takada, I., and Makishima, M. (2020). Peroxisome proliferator-activated receptor agonists and antagonists: a patent review (2014-present). Expert Opin. Ther. Pat. 30 (1), 1–13. doi: 10.1080/13543776.2020.1703952

 Uberoi, A., Bartow-McKenney, C., Zheng, Q., Flowers, L., Campbell, A., Knight, S., et al. (2021). Commensal microbiota regulates skin barrier function and repair via signaling through the aryl hydrocarbon receptor. Cell Host Microbe 29 (8), 1235–1248.e8. doi: 10.1016/j.chom.2021.05.011

 Wang, Y., Li, J., Zhang, H., Zheng, X., Wang, J., Jia, X., et al. (2021). Streptococcus salivariusProbiotic K12 alleviates radiation-induced oral mucositis in mice. Front. Immunol. 12, 684824. doi: 10.3389/fimmu.2021.684824

 Wei, J., Zhao, Q., Zhang, Y., Shi, W., Wang, H., Zheng, Z., et al. (2021). Sulforaphane-mediated Nrf2 activation prevents radiation-induced skin injury through inhibiting the oxidative-Stress-Activated DNA damage and NLRP3 inflammasome. Antioxidants 10 (11), 1850. doi: 10.3390/antiox10111850

 Wensel, C., Pluznick, J., Salzberg, S., and Sears, C. (2022). Next-generation sequencing: insights to advance clinical investigations of the microbiome. J. Clin. Invest. 132 (7), e154944. doi: 10.1172/JCI154944

 Williams, S., Frew, J., and Krueger, J. (2021). A systematic review and critical appraisal of metagenomic and culture studies in hidradenitis suppurativa. Exp. Dermatol. 30 (10), 1388–1397. doi: 10.1111/exd.14141

 Wozniak, H., Beckmann, T., Fröhlich, L., Soccorsi, T., Le Terrier, C., de Watteville, A., et al. (2022). The central and biodynamic role of gut microbiota in critically ill patients. Crit. Care 26 (1), 250. doi: 10.1186/s13054-022-04127-5

 Wrba, L., Halbgebauer, R., Roos, J., Huber-Lang, M., and Fischer-Posovszky, P. (2022). Adipose tissue: a neglected organ in the response to severe trauma? Cell. Mol. Life Sci. CMLS 79 (4), 207. doi: 10.1007/s00018-022-04234-0

 Xiao, Y., Mo, W., Jia, H., Yu, D., Qiu, Y., Jiao, Y., et al. (2020). Ionizing radiation induces cutaneous lipid remolding and skin adipocytes confer protection against radiation-induced skin injury. J. Dermatol. Sci. 97 (2), 152–160. doi: 10.1016/j.jdermsci.2020.01.009

 Xie, J., Zhao, M., Wang, C., Yong, Y., Gu, Z., and Zhao, Y. (2021). Rational design of nanomaterials for various radiation-induced diseases prevention and treatment. Adv. Healthc. Mater. 10 (6), e2001615. doi: 10.1002/adhm.202001615

 Yadav, K., Nimonkar, Y., Poddar, B., Kovale, L., Sagar, I., Shouche, Y., et al. (2022). Two-dimensional cell separation: a high-throughput approach to enhance the culturability of bacterial cells from environmental samples. Microbiol. Spectr. 10 (3), e0000722. doi: 10.1128/spectrum.00007-22

 Yadav, H., Sharma, R., and Singh, R. (2022). Immunotoxicity of radiofrequency radiation. Environ. pollut. 309, 119793. doi: 10.1016/j.envpol.2022.119793

 Yao, C., Zhou, Y., Wang, H., Deng, F., Chen, Y., Zhu, X., et al. (2021). Adipose-derived stem cells alleviate radiation-induced dermatitis by suppressing apoptosis and downregulating cathepsin f expression. Stem Cell Res. Ther. 12 (1), 447. doi: 10.1186/s13287-021-02516-1



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Huang, An, Su, Yan, Zhang and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-12-1029592-g005.jpg
A B

Heatmap of Pathway Level2 Heatmap of Pathway Level3

Global and overview maps
Carbohydrate metabolism

Amino acid metabolism

Energy metabolism

Wetabolism of cofactors and vitamins

thy
B o S¥eonda
tabolis

metabolites
i e sm in diverse environments
Biosynthesis of amino acids
ABC transportel
arbon metabolism
o-component system
Ribosome
Quorum sensin
Burine metabolism

Lipid metabolism Pyruvate metabolism
Nbcleotide metapolism | — e ——
Replication and repair Gxidative phosphorylation
Collular community - prokaryotes midine metabolism ;
Wietabolism of other amino acids i Afnino stigar ane ugleotide sugar metabolism
Biosynthesis of other secondary metabolites Slyoxylate anc dicarboxylaty métabolism
Folding, sorting and degradation e Sarins o theaa b metaboli
Giycanbiosynihesis and metanolism Elycine, serine and threonin metabolism
Metabolism of terpenoids and polyketides Bt et e e metabolism
Cell growth and death . Aminoa |-fo iosynthesis
Brug resistance: antimicrobial Fa ac?metahalls ”
ndocrine system 3rBon fixation pathways in prokaryotes
Infoctious aiseass: bacterial O o lon ppt ey In Prokaryotes;
Cell motility AlaRine, aspartate and glutamate metabolism
Cancer: overview Methane metabolism i
Ading,, tive di r B oIogde ecomation
iSurodegenerative disease
anspod and catasonem Eentose phosphate pathway “
D eaistante: aninaoplastic o Porphyrin and chlorgphyl metabolism
Emnsf'ﬁn?‘l’l:s?“;e‘a:dap"h' | i Ve |il\e1 |Tu and isoleucine degradati 5.
Endocrine and metabolic disease, fenyialanine, tyrosine and tryptophan
Cardiovascular disease 2 %aciu?ee jation “
Nervous system Citrdie eycie LCA cycle)
Immune system . acterial secretion System
¢ ecific types afty acid blosynthodis =
b B3 rdiabaliom
infectious disease: parasitic o
Immane disease - © s i mesbollsm o
Digestive system raAtion of romatc Compounds
Su stance dependence B! Jontion P 50
cretory system 2 .
Brerelony system EhenBlaiing motabolism .
Developmént and regeneration e BBy inesis
Cellular community - eukaryotes ; ¥?lnﬁ|e g! nthesis
o

Membrane transport
Translation

Sianaling mofeculés and nteracti fe bi : A
S8iorySysiem B ey ne3 & oA biosynthesis

CON RISI CON RISI

COG function classification

o
NA processing and modification
I B: Chromatin structure and dynamics
nergy production and conversion
 Gell cycle control, celldivsion, chromosome pariitioning
mino acid transport and metabolism
ucleotide transport and metabolism
Carbohydrate transport and metabolism |
 Coenzyme transport and metabolism
ipid transport and metabolism comom
I : Transation, ibosomal structure and biogenesis
K: Transcription
 Replication, recombination and repair
I M: Cell walllmembranelenvelope biogenesis e i
Cel motilty

- -
Posttranslational modifiation, protein tumover, chaperones
norganic on transport and metabolism S
Secondary metabolits biosynthesis,transport and catabolism
 Functon unknown
Signal transduction mechanisms
RisI Intracellular trafficking, secretion, and vesicular transport o T v r——r

Defense mechanisms

B W: Extracellular structures Function Class
Cytoskeleton

03 04 05 06 07 08 09 1
Relative Abundance

8000,000

Samples
|

°
°
°





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Exploring the alterations and function of skin microbiome mediated by ionizing radiation injury

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Ethics statement

          



          		

            Animal model construction

          



          		

            Sample collection

          



          		

            DNA extraction and 16S rRNA gene sequencing

          



          		

            Patient clinical data

          



          		

            Bioinformatics analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Optimization of the 16S rRNA sequence

          



          		

            Species annotation and evaluation

          



          		

            Composition differences between RISI and normal skin

          



          		

            Differential species analysis of RISI

          



          		

            Interaction network analysis

          



          		

            Function prediction of cutaneous microbiomes

          



          		

            Alterations in clinical patients

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-1029592-g001.jpg
mCoN
mRSI

Shannon index on OTU level
©

NNNAN

RERRRS A S
0OOOEELOOVVBLVVVBBLVVVBLVVVVLAKKAL:

Cc
2500

2000 |

1500

1000 |

500

PCoA on OTU level
R=0.4138, P=0.001000

Alpha diversity estimators

PC2(10.18%)

NNANNNNINANIN NN NN 04

06

E3 RISI
B8 Con






OEBPS/Images/fcimb-12-1029592-g003.jpg
M CON
M RISI

Cladogram

B LEfSe Bar

C Wilcoxon rank-sum test bar plot on Genus level
=con
=r
[Eop——.
e [— [P —
e — et e
P — e Pe—
J——y o = oronae
unosatten_1_xormavaciecaceas [ = 00omes
[ENRT——— oo

[ —
troen |

g
H
H

00000000800 -
g

Proporions() Ofrence between popartons()

S5 S0 45 40 36 30 25 20 15 10 05 00 05 10 15 20 25 30 35 40 45 80 S5
AR





OEBPS/Images/fcimb.2022.1029592_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

Exploring the alterations
and function of skin
microbiome mediated by
ionizing radiation injury





OEBPS/Images/fcimb-12-1029592-g006.jpg
Mean relative abundance

Phylum level analysis of cutaneous microbiota in patients

B Epsiionbacteracota
Tenericutes

™
Cyanonbacteria
1 Fusobacteria

M Bacteroidetes
Actinobacteria
Proteobacteria

M Firmicutes

Control RID  2weeks 3weeks 4weeks 5weeks 6weeks 7 weeks Chronic

Cc Shannon Index Chao Diversity D VitaminB6metabolism

Fattyacidmetabolism Stenotrophomonas

71 23604

DNAreplication Staphylococcus
1 2020 Mismatchrepair Streptococcus
o Caulobacter
5] — RibosomeBiogenesis sign Peaudomoarnias sign
Bacterialchemotaxis Control Kiebsiella contr
RID RID

Alloprevotella

2 ‘ . Peptidases
1404 Animo acid metabolism

Lipid metabolism Corynebacterium_1

3 10004 Purine metabolism Catenibacterium
Hedgehog signaling pathway Per
] ptoniphilus
2 660 Nitrogen metabolism .
ABC transporters Bacilus
1 T T 320 . . T T T
Control RID Control RID 2 0 2 4 = 2 0 2 4

LDA score (log10) LDA score





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-12-1029592-g004.jpg
A B

a_Staphylococeus

B s&'{?"

g__unclassified_| nom.k

gbaeinRls -r.nggg,

o_unclassified_k

.xt

o} Rummococeut:l%'ﬁues
norank nospi
o morankr_Butyriciceceac

Prias. bac
9 PrascglrsiRisesT

o_r scillospiraceas

nk £ _norank o cﬂs«u‘srmse*ﬂ

i pora:
9__norafkf Eubactarium. cspra-sum o

o_| Pr-vota!l.lca.l 1.5A| AT, gro

e
; o p_Firmicutes ool :;vr;;'r'=g"'r“‘35§h.m; i
p_Bacteroidota a T inclasanog £ 'ﬁa 1ﬂ=c o

@ p_unclassified_k__norank_d
p_Proteobacteria
® P_Actinobacteriota

@ p_Cyanobacteria n.%.’cl's.tgm

. o°Ryarotajea:

g_Rhodococcus





OEBPS/Images/table1.jpg
Characteristics RID cohort

(N=178)

Age (years) 49.42 + 8.79
Gender, n (%)

Male 35 (45)

Female 43 (55)
Site of RISI, n (%)

Chest 41 (53)

Sacrum 13 (17)

Pelvis 12 (15)

Leg 3(4)

Head 5(6)

Neck 4(5)
Systemic disease, 1 (%)

Diabetes 36 (46)

Hypertension 21 (27)
Clinical prognosis, n (%)

Rapidly recovery 33(42)

Delayed recovery 24(31)

Chronic ulcer 21(27)

RID, radiation-induced dermatitis; NA, not available.

Healthy cohort
(N =20)
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