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Purpose: This study investigated microbiome and metabolome differences between ulcerated tissues and normal skin from the lower
limbs of participants with leprosy.

Patients and Methods: Ulcerated tissues and surrounding normal skin were collected from the lower limbs of 28 participants with
leprosy who had been cured. The 16S ribosomal DNA sequencing analysis of the samples was conducted with the Illumina NovaSeq
platform to analyze the community structure and diversity of microorganisms on the skin surface, followed by non-targeted
metabolomic analysis with LC-MS technology. Next, differential metabolites were statistically screened, followed by metabolic
pathway analysis. The Spearman method was used to analyze the correlation between differential microbiota and differential
metabolites.

Results: Compared to normal skin, ulcerated tissues showed a decrease in microbial a diversity (species richness, homogeneity, and
sequencing depth), without significant differences (observed species, Chaol, Shannon, Simpson, and Pielou’s evenness index; P >
0.05). Conversely, Jaccard distance demonstrated that sample fB-diversity exhibited a certain degree of clustering (P < 0.05), with
significant differences between the two groups. The results of LEfSe analysis revealed that compared to the normal skin, the ulcerated
tissues had significantly decreased microbial abundance of Flavobacteriaceae, Flavobacteriales, Lachnospiraceae, Lachnospirales,
Enterobacterales, Acinetobacter, and Moraxellaceae, which might be associated with the ulcerative state. The Spearman correlation
analysis suggested a strong correlation between skin metabolome and skin microbiome.

Conclusion: For participants with leprosy sequelae, skin microecology and metabolites are disturbed and species diversity and
homogeneity are reduced in lower-limb ulcers, and the types of skin metabolites are dependent on the microbiota.
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Introduction

Leprosy is a disabling infectious disease that predominantly occurs in the skin and peripheral nerves and is transmitted by
contact with pathogenic bacteria through the respiratory tract and broken skin. Leprosy is attributed to infection with
Mycobacterium leprae (M. leprae)' and the more recently discovered Mycobacterium lepromatosis.> In addition, humans
and other animals such as armadillo and red squirrels can be influenced by other leprosy-like diseases resulting from
pathogens that are phylogenetically closely related to M. leprae and may be involved in the leprosy course. These
mycobacteria have been proposed to be classified as M. leprae-complexes.” The vast majority of people are not
susceptible to leprosy and even do not experience disease progression after exposure to pathogenic bacteria or recover
spontaneously after a single lesion occurs.* As a requisite cause of leprosy progression, M. leprae shares the same host

colonization strategy with other bacteria, such as Mycobacterium tuberculosis.” Accordingly, leprosy is a complex
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microecological disorder, and the microbiome on the skin surface may have a significant impact on the disease state.
Also, leprosy lesions may compromise the skin barrier and enable the survival of bacteria that are normally absent in
healthy skin.

The degree of host infection by M. leprae and the progression of the disease are determined by the ability of the
mycobacterium to form a safe environment for its replication during its early interactions with the host cells. The clinical
phenotype of leprosy is a result of the regulation of biological pathways by M. leprae. The progression of the disease is
influenced by the combination of the genetic diversity of genes associated with these biological pathways in the host, the
effect of pathogens on adult Schwann cell reprogramming, and interactions with innate and adaptive immunity.® Among
the theories about the causes of leprosy, one suggests that M. leprae can promote its own survival by regulating the lipid
metabolism of the host.” Therefore, analysis of leprosy-related metabolome may provide new information on disease
mechanisms.

Lower-limb ulcers are a symptom of leprosy, which appear during a specific course and occur in different patients due
to varying causes, including the occurrence of type I and II leprosy reactions, Lucio’s phenomenon, and neuropathy.®’
Leprosy can affect the tibial and common peroneal nerves of the lower limbs in patients, leading to sensory and motor
deficits in the innervated areas. Neuropathy places patients at risk for injuries and chronic ulcers from daily activities. '’
Moreover, the vascular and neurological lesions caused by leprosy may slow down the healing of ulcers. Since the causes
of ulcers vary from patient to patient, in addition to multidrug therapy, patient-specific therapeutic interventions are
needed to timely arrest disease progression and then avoid disability.'" Therefore, it is crucial to identify the specific
cause of lower-limb ulcers induced by leprosy for specific treatment and recurrence prevention.

The microbiome of leprosy has been studied in only two 16S ribosomal DNA (rDNA) sequencing studies conducted
in Brazil and India and never in China.'>'? The skin microbiome is strongly influenced by biogeography. Previous
studies have shown that there may also be subtle differences in pathogenic bacteria from region to region. Additionally,
metabolomic studies on leprosy have focused on serum metabolomics in patients with leprosy and urinary metabolomic
changes due to leprosy reactions.'*'> The skin metabolome was only explored in a study on polyunsaturated fatty acid,
which included eight patients, to validate the serum metabolome.'® Of note, skin can be most directly affected in patients
with leprosy. Leprosy is curable clinically with multi-drug therapy, while leprosy-induced ulcers are sequela character-
ized by slow healing and frequent recurrence. The current common surgical treatments for leprosy-induced ulcers include
debridement, skin transplantation, and even amputation. Unfortunately, the effect of these treatments is often
unsatisfactory.' "'

In this study, 16S rDNA sequencing and metabolomics were used to analyze 28 cured participants with leprosy-
induced ulcers of different types who had normal body mass index (BMI) and were distributed in all age and sex groups,
with the surrounding normal skin tissues of these participants as controls for omics association analysis. In this way, this
study investigated the pathological mechanisms of lower-limb ulcers in participants with leprosy sequelae to provide

promising diagnostic targets and therapeutic strategies.

Participants and Methods

Participants

Our study included 28 cured participants with leprosy-induced ulcers, and ulcerated tissues and surrounding normal skin
were obtained from the lower limbs of the participants for 16S rRNA and metabolomic analyses. Participants with
clinically confirmed leprosy were recruited from the dermatology department in Zhejiang Province. All participants met
the clinical diagnostic criteria for leprosy. The inclusion criteria were listed below: participants diagnosed with leprosy
based on the diagnostic criteria of Leprosy Diagnosis (WS291-2018); participants with lower-limb ulcers caused by
leprosy who had been cured; participants not treated with antibiotics, glucocorticoids, and immunosuppressants within 1
month; participants whose skin surface was not coated with cosmetics before sampling. 26 Participants received
debridement treatment, 20 of them received Skin-grafting surgery, and 18 of them used topical wound antiseptics and
growth factors.
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The exclusion criteria were as follows: participants combined with foot diseases (psoriasis, Tinea pedis, eczema, or
other skin diseases).

Finally, 28 participants were included, who suffered from no other skin diseases with an age of 38—-89 (66.32 + 9.42)
years and BMI of 23.34 + 1.51. The remaining information is depicted in Table 1.

Experimental Methods

Sampling

The samples were collected from participants without any topical medication within 12 h in a relatively clean room.
Samplers wore sterile gloves and lab coats to avoid any form of cross-infection. A sterile swab moistened with normal
saline was used to swab over the ulcer as well as the surrounding normal skin in an overturning motion, and the times of
swab for both ulcer and normal skin was two. After sampling was completed, the swabs were placed in a sterile
cryopreservation tube and stored at —80°C.

Isolation and Detection of DNA in Samples

Each swab was cut and vortexed in the collection tube. The swab sponge was pressed against the wall of the tube several times to
ensure the transfer of bacteria from the swab to the solution. Subsequently, the swabs were subjected to two temperature shocks in
a90°C water bath, which lasted for 20 min. The cetyltrimethylammonium bromide method was utilized for the extraction of total
microbiome DNA from samples of various sources. The quality of the extracted DNA was examined with agarose gel
electrophoresis, and the DNA was quantified with an ultraviolet spectrophotometer. The concentration of DNA samples ranged
from 0.4 to 32 ng/ul, and the quality of samples met the principle of Quality Control (QC) evaluation. The detailed DNA
concentrations of every single sample in a Supplementary Table.

Polymerase Chain Reaction (PCR) Amplification and Product Purification

The V3 to V4 regions of the 16S rDNA gene were selected as amplification and sequencing fragments for PCR amplification.
The primer sequences were: 341F (5’-CCTACGGGNGGCWGCAG-3’) and 805R (5’-GACTACHVGGGTATCTAATCC
-3°)."? PCR products were confirmed with 2% agarose gel electrophoresis, purified with AMPure XT beads (Beckman Coulter
Genomics, Danvers, MA, USA), and quantified with Qubit (Invitrogen, Carlsbad, California, USA).

Table | The Basic Information of Patients

Items N Percentage
Gender Male 21 75.00%
Female 7 25.00%
Disease course < 5 years 13 46.43%
> 5 years 15 53.57%
The area of the largest ulcer (cmz) <20 19 67.86%
> 20 9 32.14%
The number of ulcers | 15 53.57%
> | 13 46.43%
Site Planta pedis 22 78.57%
Non-planta pedis 6 21.43%
The type of leprosy LL 20 71.43%
Other 8 28.57%
Time after recovery > 20 years 21 75.00%
< 20 years 7 25.00%
Treatment Debridement 26 92.9%
Skin-grafting surgery 20 71.4%
Use of topical wound antiseptics and growth factors | 18 64.3%
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Library Preparation, Machine Sequencing, and Data Processing

Purified PCR products were evaluated with an Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA) and an Illumina
library quantification kit (Kapa Biosciences, Woburn, MA, USA). The machine sequencing libraries were serially diluted,
mixed in an appropriate ratio according to the amount required in sequencing, and denatured to single strands with NaOH
for machine sequencing. Double-end sequencing of 2x250 bp was performed with a NovaSeq 6000 sequencer and the
corresponding reagent NovaSeq 6000 SP. Length filtering and denoising were performed with DADA2 (qiime dada2
denoise-paired). Automatic Signature Verification (ASV) sequences and ASV abundance tables were obtained, and ASVs
with a total sequence count of only 1 were removed.

Extraction of Metabolites

The swabs were taken out and equilibrated to room temperature. The solvent extraction method was used to prepare the
samples for liquid chromatography—mass spectrometry (LC—MS) analysis. Each swab was transferred to a collection
tube, added with methanol, fully vortexed and mixed at room temperature, and stood for 10 min to extract metabolites
from the swabs. The extracts were placed at —20°C overnight and the proteins were precipitated. The samples were
centrifuged at 4000 g for 20 min, and the supernatant was transferred to a 96-well plate. Equivalent 10 puL of diluent
were collected from each sample and mixed to prepare quality control (QC) samples. All obtained metabolite samples
were stored at —80°C and used for machine sequencing.

Statistical Analysis

Among the basic data of participants, numerical variables were summarized as mean + standard deviation, and
categorical variables were expressed as the rate or composition ratio. The R software (v 3.4.4) was used for statistical
analysis and plotting. Differences in the microbiome were calculated with the analysis of similarity test, Wilcoxon rank
sum test, and linear discriminant analysis Effect Size (LEfSe) analysis. The #-test was utilized for analyzing differences in
specific species between groups. P < 0.05 was considered a statistically significant difference.

Regarding the metabolomic analysis, univariate analyses, including fold change analysis and #-test, were performed
for Benjamini—-Hochberg (BH) correction to obtain the g-value. The Variable Important for the Projection (VIP) values
were identified with multivariate statistical analyses, such as Partial Least-Squares Discriminant Analysis (PLS-DA).
These two values were utilized to screen for differentially expressed metabolic ions. The model parameters R2 and Q2
were also subjected to the permutation test, with the number of tests set as 200. Spearman correlation coefficient was
used to assess the correlation between microorganisms and metabolites.

Results

Analysis Results of Microorganism Species on the Skin Surface

The ulcer samples and corresponded normal skin were collected from 28 participants, and the representative images were
shown (Figure 1A). A total of 3981 ASVs were obtained after the raw data were denoised and filtered, and a Venn diagram was
drawn based on the abundance table of the obtained ASVs (Figure 1B). The ulcer and normal skin groups had both shared and
exclusive ASVs, indicating both homogeneity and heterogeneity of microbiota between ulcer and normal skin surfaces.

To visualize the species composition and dominant strain profile, column stacking diagrams were used to show the
species abundance in the samples at the phylum and genus levels (Figure 1C and D). At the phylum level, the main
dominant species in both groups were Pseudomonadota, Bacillota, and Actinomycetota. The proportion of the main
bacterial phyla was higher or lower in the normal skin and ulcer groups, without significant differences, consistent with
the results of a previous study on the skin microbiome.”® At the genus level, the main dominant species in both groups
were Uruburuella, Pseudoglutamicibacter, and Actinomyces, with higher or lower percentages in both groups. The
differences in the microbiota between the ulcer and normal skin groups were further analyzed, followed by significance
analysis. It was found that among the main differential genera at the genus level (Figure 1E), Prevotella and
Bifidobacterium were significantly increased but Acinetobacter, Lachnospiraceae NK4A136 group, Akkermansia,
Oribacterium, Muribaculaceae unclassified, Pedobacter, and Bacillota_unclassified were significantly decreased in the
ulcer group.
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Figure | Species analysis. (A) The representative images of the ulcers of patients. (B) Venn diagram of the ASV feature of the ulcer and normal skin groups; (C) column
stacking diagram of the distribution of major species at the phylum level; (D) column stacking diagram of the distribution of major species at the genus level; (E) Species with
significant differences between groups at the genus level, showing the top 10 species in terms of degree of difference.
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Analysis Results of Microorganism Community Structure

Results of a-Diversity Analysis

Five indexes were utilized to characterize a-diversity (Figure 2A—E), and dilution curves were plotted. As the sequencing
depth increased, the dilution curve tended to flatten out, indicating that the sequencing amount used in this study was
sufficient to reflect the species in the samples. The results revealed a decrease in microorganism o-diversity (species
richness, homogeneity, and sequencing depth) on ulcerated tissues compared to normal skin, without significant
differences (observed species, Chaol, Shannon, Simpson, and Pielou’s evenness index; P > 0.05). This finding indicated
that the species richness was slightly disturbed in ulcerated tissues.

B-Diversity Analysis Results

The Jaccard distance was used to analyze B-diversity in the two groups, and the figure of the Principal Coordinate
Analysis (PCoA) was drawn (Figure 2F). The two groups showed some degree of clustering of some samples, with
significant differences (P < 0.05, P = 0.002, R = 0.1002). The number of discrete points remained high, indicating that
the microbiota in the ulcer group changed only to some extent.

LEfSe Analysis Results of Differential Species Between the Two Groups

LEfSe analysis was performed on differential microbes between the two groups based on the Kruskal-Wallis rank sum
test to explore biomarkers for leprosy-related ulcers. With the linear discriminant analysis (LDA) threshold set as 3.0,
LDA scores greater than this threshold were considered statistically different. Cladogram (Figure 3A) and distribution
histograms (Figure 3B) were plotted.

The microbes with significant differences between the ulcerated tissue and normal skin included Enferobacterales,
Flavobacteriales, and Lachnospirales at the order level, Flavobacteriaceae, Lachnospiraceae, and Moraxellaceae at the
family level, and Acinetobacter at the genus level. The abundance of all these microbes was reduced in the ulcer group,
concordant with the decrease in a-diversity analyzed in the previous section.

Differential Analysis of the Metabolome

General Situation of the Metabolome

The principal component analysis displayed favorable clustering in the QC group, illustrating that the QC of this LC-MS
analysis was satisfactory. Differential metabolites were subjected to univariate analyses including fold change analysis
and r-test, and BH correction was performed to obtain the g-value. The results of the differential analysis were presented
as a volcano plot (Figure 4A).

VIP values were calculated to measure the influencing strength and explanatory power of expression pattern of each
metabolite for the classification and discrimination of samples in each group. Next, the PLS-DA model of the ulcer and
normal skin groups was constructed with VIP > 1.0 as the screening criterion (Figure 4B), and the obtained R2 and Q2
values were relatively high, illustrating that the model was relatively reliable. The model was free of overfitting as
determined by the permutation test (Figure 4C), suggesting that the model had an excellent predictive effect and could be
used for adjuvant metabolite screening.

Differential Metabolites

Differentially expressed metabolic ions were screened with the VIP values obtained from the multivariate statistical
analysis PLS-DA and the results of the fold change analysis: ratio > 1.5 or ratio <= 1/1.5 and P value < 0.05 in the fold
change analysis; VIP > 1 in the PLS-DA model.

Based on the above screening criteria, the metabolites with significant differences between the two groups were
lysophosphatidylcholine, lysophosphatidylinositol, HemiBMP, triglycerides, adenosine, leucine, 3-(2-furanyl)-2-prope-
nal, phenylalanine, pyroglutamic acid (PCA), arginine, urocanic acid (UCA), tetraethylene glycol, artemisinin, phospha-
tidic acid, 10-peroxy-docosahexaenoic acid, alanylhistidine, uridine, 3-(2 furanyl)-2-methyl-2-propenal, and
9-(4-hydroxyphenyl)-2-methoxy-1H-naphthalenylidene-1-one. The differential metabolites were specifically presented
in a heat map (Figure 5A).
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Analysis Results of Differential Metabolic Pathways
To further analyze the possible functional bias induced by these differential metabolites, a pathway enrichment analysis
was performed based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, and the results were
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presented as a bubble plot (Figure 5B). As the results exhibited, the differential metabolic pathways mainly included
glycerophospholipid metabolism, glycerolipid metabolism, histidine metabolism, arginine metabolism, biosynthesis and
degradation of leucine, isoleucine, and valine, metabolism of alanine, aspartate, and glutamate, monobactam biosynth-
esis, metabolism of glycine, serine, and threonine, cysteine and methionine metabolism, glutathione biosynthesis, amino
acid biosynthesis, and pyrimidine and purine metabolism.

In conclusion, amino acid and lipid metabolism on the surface of ulcers differ from those on the surface of normal skin.

Correlation Analysis Results of Microorganisms and Metabolome on the Skin Surface
To further characterize the influence of the skin microbiota on the skin metabolome, correlations between microorgan-
isms and metabolites were analyzed with Spearman correlation coefficients and presented as a clustering heat map
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(Figure 6A). The results demonstrated a strong correlation between the skin metabolome and the skin microbiome. For
example, both Lachnospirales and Muribaculaceae were positively correlated with amino acids and phospholipids. Then,
a network diagram was drawn to further identify the key metabolites and microbiota in the complex regulatory network
(Figure 6B). The results revealed that Succiniclasticum, Lachnospira, Terrisporobacter, and Succinogenes were the key

https: Clinical, Cosmetic and Investigational Dermatology 2023:16

3474

Dove!


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

Dove

Wang et al

__Clostridium_sensu_stricto_1
g__Terrisporobacter

’Jl: M :;;I ) : __Turicibacter I0.4
0.2

— I g__Firmicutes_unclassified
[ | g__Pyramidobacter
E __Catenibacterium 0
g__Dietzia

g__Lachnospiraceae_XPB1014_group  _,
g__Lachnospiraceae_AC2044_group 0.2
__Oxobacter
g__UCG-010_unclassified
__Xanthob _ur
g__Weissella
g__Pedobacter
g__Prevotella_7
__Acinetobacter
Selenomonas

g__Lunatimonas
g__Pedomicrobium
g_LD29
__Actinomadura
g__Crocinitomix
__Oribacterium
__Succinivibrionaceae_UCG-001
g__Kineothrix
__Shuttleworthia
g__Lachnospiraceae_NK3A20_group
__Succiniclasticum
g__Muribaculaceae_unclassified
g__Lachnospiraceae_NK4A136_group
g__Bifidobacterium
g__Ruminococcus]_gnavus_group
__Akkermansia
g__Brevibacillus
g__Clostridia_UCG-014_unclassified
g__Lentzea

¥
lfll.l

O
qwi",',l '

'J:

__Rodentibacter
g__Prevotellaceae_NK3B31_group
g__Dubosiella

[l g__Paenalcaligenes
En _Suocjnivibﬁo
| | g__Ruminococcus
g__Desulfovibrio
% g Anaerostipes
Pro3dsE2r 5585358 23§58
w 8 5 4 3 8 % 3 @8 6 3 & o 6 8 B NS T o 2T
® 3 < 9 0 ® 3 Q@ 1 ¥V VvV U ®» UV 3c L2y T I 1
=9 I 35 292 5 0 0z0O08 8 g v @I
o I £§ £ o 3 § ® = P o = a7 3 T 2 > 5
Sz25g 335 F2@ =»°°33383 3
g 2 3 & o = © o N °© < 3 < X
3 8 a 8 7 > N 3
® 5 o N o [N ) >
g3 s 3 + 2 g
3 8 g e =
3 El I3 o
g R g -
g $ s :
2 ° F
@ § 2
8 3
® T
T
-4
@
3
o
[
Tetraethylene glycol 3_(3_Furanyl)_2_methyl_2_propenal :.’
-
HemiBMP 60:15 3
Sysclil e Phenylalanine 3
y 39 Artemisetin
LQP ine g__Ri ]_gnavus, upQ
‘ _g__Shuttleworthia
LysoFC18:2 g_Te,,;spomgm, g,_/;gﬁooim\h'ignaceaeVUCG_om
g_Succiniclasticim \y
4 9_(4_Hydroxyphenyl)_2_methoxy_1H_phenalen_1_one
TG 66:21 g__Bifidobacterium \ LysoPI 16:0 relation
_ ‘LysoPC 16:0 3 2 Fi D 2 !
LysoPC 140  Uridine /. NN \, Pos
¥y50 . L_Leucine A
e Meg
g_. i A i Aspartate g_CIos(ridiumgensu_slricto_1 type
10_peroxy_docosahexaenoate [ ] \ genus
g__Lachnospiraceae_XPB1014_group T
Glyeyl_Histidine  pyroglutamic acid
g_ Prevotella_7
PA 36:4
Urocanic acid

Figure 6 Correlation analysis between metabolome and microbiome. (A) A heat map of correlation analysis between metabolome and microbiome. *P < 0.05, **P < 0.01.
The columns indicated microbial genera, and the rows represented differential metabolites. The darker the color, the stronger the correlation; (B) A network diagram
between metabolome and microbiome. Different nodes in the diagram marked different microbiota or metabolites. The shape of microbiota is circular, and the shape of
metabolites is triangular. The lines connecting the microbiota and metabolites represented correlation between them, where the solid line stood for positive correlation and
the dashed line suggested negative correlation.

Clinical, Cosmetic and Investigational Dermatology 2023:16 htps: 3475

Dove:


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

Wang et al Dove

microorganisms associated with relatively abundant metabolites. Phenylalanine and lysophosphatidic acid were the
metabolites associated with relatively abundant differential microorganisms.

Discussion

In this study, high-throughput sequencing and non-targeted LS-MS were used to analyze the microbiome and metabo-
lome of the lower-limb ulcers and unaffected normal skin of participants with leprosy sequelae. The sequencing results
unveiled a decrease in the homogeneity and abundance of skin microorganisms on the ulcers and certain differences in
the structure of the microbiota between ulcerated tissue and normal skin in participants with lower-limb ulcers caused by
leprosy. In addition, the abundance of Flavobacteriales, Lachnospirales, and Acinetobacter was markedly reduced in the
ulcers. Metabolomic profiling revealed relevant metabolic regulation, which primarily involved the metabolism of
glycerides, glycerophospholipids, and amino acids. Our integrative analysis elucidated possible functional associations
between microorganisms and metabolome in lower-limb ulcers of participants with leprosy sequelae. Furthermore, it was
observed that Lachnospirales might influence the recovery of skin lesions by regulating amino acid and glyceropho-
spholipid metabolism and exerting immunomodulatory effects.

It has been considered that leprosy was virtually eliminated around 2000. Nevertheless, the World Health
Organization reported that there still were 133802 new cases worldwide in 2021, suggesting the need to study
mechanisms underlying leprosy.'® Bayal et al conducted a study on the microbiome on the surface of skin lesions in
Indian patients with leprosy. The results unraveled a substantial increase in Methylobacterium and Pseudomonas and
a significant decrease in Staphylococcus in the lesioned skin of patients compared to the healthy population, as well as no
significant difference in the microbiological composition between the lesions and unaffected skin of patients."* In
a similar study conducted in Brazil, Silva et al observed that the abundance of Bacillota decreased and
Pseudomonadota was enriched in the skin of patients, accompanied by no single dominant taxon found at a lower
classification level, a substantial reduction in Staphylococcus and Streptococcus, the enrichment of Brevundimonas, and
overrepresentation of Micrococcus.'

Of note, inconsistencies were observed between the microbiome changes obtained in this study and the results of
these two studies, such as no significant changes in Staphylococcus in our study. This difference can be explained by four
factors. First, the microbiome on the surface of the lesions of patients with leprosy varies from region to region due to the
local environment or treatment strategy. Second, the control groups in the above two studies were healthy populations
rather than the normal skin from the selected patients, suggesting that normal healthy populations can be included as the
control in subsequent studies for further validation. Third, our study included participants with leprosy who had been
cured and developed lower-limb ulcers, whereas the above two studies included patients with leprosy who were not been
clinically cured. Fourth, the samples of our study were collected from ulcers, whilst the samples of the above two studies
were obtained from skin lesions (including erythema and nodules caused by leprosy).

Among metabolomic studies on patients with leprosy, one analyzed patient with episodes of leprosy reactions and
determined the urinary metabolomics of patients at various stages of the disease course. The results unraveled that the
urinary metabolome could be used to distinguish between endemic controls and untreated patients with mycobacteriosis.
Additionally, the urinary metabolic profile of patients who developed reversal reactions (RR; leprosy reaction) signifi-
cantly changed after the diagnosis of RR compared to that before the onset of RR.'> Al-Mubarak et al studied the serum
metabolites in patients with leprosy and observed that arachidonic acid, eicosapentaenoic acid, and docosahexaenoic acid
were elevated in the serum of patients with leprosy. Eicosapentaenoic acid and docosahexaenoic acid have anti-
inflammatory effects, whereas arachidonic acid exerts both pro- and anti-inflammatory effects. In patients with a high
bacteriological index, the level of several lipids was enhanced, which might be related to biological pathways involved in
immune regulation during leprosy.'* In contrast, our study reported a decrease in docosahexaenoic acid on the surface of
ulcers. This result suggests that metabolomes are highly specific and cannot be compared among samples of different
sources, but polyunsaturated fatty acid can obviously affect immunomodulation in leprosy.

The present study elucidated a marked reduction in the abundance of microbiota on the surface of ulcers. In
a longitudinal study of microorganisms associated with diabetic foot ulcers, the 16S rRNA sequencing results of wounds
displayed that the destabilization of the bacterial community was associated with faster healing and more positive clinical
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outcomes. This observation is counterintuitive because many studies of other parts of the body have demonstrated that
diseases are associated with the instability of the bacterial community. However, in patients with wounds, microorganism
instability may contribute to the effective clearance of bacteria in the wound by the immune system.?' According to this
theory, the decrease in the abundance of microbiota on the ulcer surface may be one of the reasons for the impaired
healing of leprosy-induced ulcers.

Symbiotic microorganisms in the skin can play a role in wound healing at all levels. For example, Staphylococcus
aureus can induce the production of Th17 cells, which facilitates the repair of sensory neurons through IL-17A.%
Additionally, during epidermal injury, the skin microbiota moves from the epithelial surface to the dermis of the injured
skin. In skin wounds, neutrophils accumulate around clusters of Gram-positive bacteria near the wound surface,
triggering type I interferon responses and thus promoting wound healing.>* In addition, Staphylococcus can promote
hair follicle regeneration by competing with host cells for oxygen and activating HIF-la signaling and glutamine
metabolism in keratinocytes.”> However, most of the existing related studies focus on Gram-positive bacteria, especially
Staphylococcus aureus. Intriguingly, the differential microorganisms identified in this study were mainly Gram-negative
bacteria whose interaction with skin is relatively barely studied.

Among the key microorganisms identified by the LEfSe analysis in our study, Flavobacteriaceae are found on the
skin surface of healthy humans, but its exact function is unknown.?* Although Flavobacteriaceae is a conditionally
pathogenic bacterium, it may also act as a probiotic in the intestinal microbiota. For instance, a certain type of
Flavobacteriaceae can alleviate atherosclerosis.”> Additionally, Flavobacteriaceae is a potential ancestral source of the
tigecycline resistance gene tet(X) which can be transferred between Acinetobacter and Enterobacteriaceae.*
Enterobacterales are pathogenic bacteria capable of causing skin infections. Lachnospiraceae are beneficial in the
intestine, but their role in the skin microbiota has not yet been characterized. A prior study identified Lachnospiraceae
in mouse skin and showed that topical exposure to antibiotics reduced the colonization of competing strains of
Staphylococcus such as Lachnospiraceae in mouse skin.>* Previous research demonstrated that the colonization of
Moraxellaceae was elevated on the skin surface of patients with psoriasis, indicating that Moraxellaceae is associated
with the pathophysiological state of the skin.?’ Acinetobacter in the skin microbiota protects against allergy and
inflammation. A former study revealed that in healthy participants, the relative abundance of Acinetobacter species
was associated with the expression of anti-inflammatory molecules in peripheral blood mononuclear cells, whilst this
association was lost in patients with atopic dermatitis.”®

The research by Chung et al unveiled that Akkermansia, a well-known biomarker of healthy intestinal microbiota, was
strongly positively correlated with Lachnospiraceae, such as NK4A136, Parasutterella, Bifidobacterium, and unclassified
Lachnospiraceae and that this cluster was associated with the ecological balance of the intestinal microbiota after
chemotherapy. Another study exhibited that clusters consisting of some members of Turicibacter and Muribaculaceae
were associated with ecological disorders.”” The microbiota mentioned in this study overlapped with those identified in
our study, such as Lachnospiraceae including NK4A4136, Bifidobacterium, Akkermansia, and Muribaculaceae, which
significantly changed on the ulcer surface in our study. This finding illustrates complex supportive or antagonistic
interactions among these microorganisms and that microbiome studies need to be conducted by focusing on the
correlations between microorganisms (holistic view) rather than a single microorganism.

In chronically infected wounds, many bacteria form biofilms that attach to the wound surface, grow, and
produce hard-to-remove extracellular polymers that repress wound healing. Microorganisms may be pathogenic by
collaborating or influencing the virulence of other microbes through competition and other methods, therefore
significantly affecting the severity and progression of wound infections. The differential microorganisms identified
in our study were not common pathogenic bacteria and might influence wound healing through their interactions.*’
M. leprae-infected cells exhibit increased glucose uptake, accompanied by the production of nicotinamide adenine
dinucleotide phosphate sodium salt via the pentose phosphate pathway and metabolic changes such as down-
regulation of mitochondrial activity,” indicating that leprosy is accompanied by changes in host cell metabolism.
Metabolites on the skin surface are present from a variety of sources, including metabolites from sweat,
metabolites from sebum, decomposition products of fibroin in the stratum corneum, and substances from the
decomposition of these host-produced metabolites by microorganisms on the skin surface. Therefore,
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transcriptomics and further analysis are required to further confirm whether the metabolite originates from host

metabolism or microorganism metabolism.*’

As a result, the use of high-throughput 16S rDNA sequencing
combined with metabolomics is more beneficial for elucidating the possible functional bias caused by changes
in the symbiotic microbiota.

Among the differential metabolites obtained from the ulcer group in this study, UCA and PCA were lowly expressed,
both of which are the decomposition products of filamentous proteins and the components of the natural moisturizing
factor in the stratum corneum and also act as cosmetic additives to increase the surface hydrophilicity of the skin. A prior
study elaborated that Peanut allergy was associated with reduced cis-UCA and PCA levels in the skin.** Both allantoic
acid and PCA were substantially decreased on the surface of ulcers, which characterized lesions similar to other skin
diseases. In addition, PCA has been reported to have immunomodulatory functions.*

Abnormal metabolism of glycerophospholipids has long been reported in other dermatological and infectious
diseases. Zeng et al found that glycerophospholipid metabolites, such as lysophosphatidic acid, lysophosphatidylcholine,
phosphatidic acid, phosphatidylinositol, and phosphatidylcholine, were significantly altered in the plasma of patients with
psoriasis.>* Another study unveiled that in patients with coronavirus disease-19, glycerophospholipid metabolism was
activated, which repressed the effect of cortisone.>”

In our study, Lachnospiraceae exhibited significant differences in its abundance between the two groups and
was also identified as a key strain by the LEfSe analysis. Moreover, this strain was also associated with multiple
metabolites in the microbiome and metabolome network maps. In a study by Zhang et al, Rg and Bp, bacteria in
the Lachnospiraceae family, acted as tumor suppressors and might contribute to the activation of the immune
system, which declined the level of glycerophospholipids. This result illustrates that Rg and Bp alter the tumor
metabolic microenvironment by decreasing glycerophospholipid levels. As reported, Rg and Bp are responsible for
the rapid degradation of lysoglycerophospholipids (LysoPA [0:0/18:1], LysoPC [17:0], and LysoPC [18:0]).>® The
role of Lachnospiraceae in regulating metabolism is also similar to the findings of our study.

Dermal adipocytes may promote macrophage infiltration and accelerate angiogenesis by releasing free fatty acids
to facilitate skin wound healing. Therefore, differences in lipid metabolites between ulcers and normal skin may
influence ulcer healing through these pathways.?” Infection and pro-inflammatory immune cell infiltration on the
ulcer surface are pivotal influencing factors for the development and maintenance of chronic wounds. Accordingly,
reduced anti-inflammatory metabolites and related metabolic dysregulation may modulate the alternative activation
of inflammatory macrophages, thereby leading to disunion in wounds. Additionally, arginine and glutamate meta-
bolism, which can produce collagen, are required for wound healing. In our study, all of these metabolites on the
ulcer surface substantially changed as compared to those on the normal skin surface, potentially affecting wound
healing.*®

The metabolome and microbiome are necessarily the result of certain factors. However, this “outcome” in turn feeds
back into disease progression. To further identify causality, more experimental designs are needed for the generation of
scientific conclusions. In addition, more information can be mined in subsequent studies by including more patient data
and comparing the patient data between groups according to disease duration, ulcer location, and other subgroups. For
example, we only collected samples from the lower lamb, but the distribution of ulcer could also be through arms, and so
on.*® As the environment of different types of skins could be significantly varied in the metabolome and microbiome, the
further study involved in a larger population of patients with different ulcer distributions is necessary, and might open the
new windows in leprosy researches.

Conclusion

This study provides potential data support for viable skin microbiome transplantation for leprosy. In addition, the
integrative analysis of metabolome and microbiome provides new insights into the mechanism of lower-limb ulcers
caused by leprosy and information on markers that can be used to monitor disease progression.
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