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Psoriasis is a chronic inflammatory skin disease that affects millions of people
worldwide. There is still no effective approach for the clinical treatment of psoriasis.
This is largely due to the lack of understanding of the pathological mechanism.
Here, we comprehensively characterized the skin microbiome and plasma metabolome
alterations of psoriasis patients. We observed that some pathogenic bacteria,
including Vibrio, were significantly increased in psoriasis patients. The metabolomics
results showed alterations in some metabolic pathways, especially pathways for lipid
metabolism. In addition, microbiome-specific metabolites, including bile acids and
kynurenine, were significantly changed. Correlation analysis revealed the interplay
between the skin microbiota and plasma metabolites, especially between Vibrio
and several lipids. Our results provide new evidence for the interplay between
the skin microbiome and plasma metabolites, which is dramatically disrupted in
psoriasis patients. This study also revealed the mechanism underlying the pathogenesis
of psoriasis.

Keywords: psoriasis, skin microbiome, plasma metabolome, lipid metabolism, inflammation

INTRODUCTION

Psoriasis is one of the most common skin disorders worldwide, with approximately 2% of people
affected (Boehncke and Schon, 2015). It affects not only the skin but also other organs. The
molecular mechanism of psoriasis is not clear, which makes the discovery of new therapeutic drugs
difficult. Most patients have to suffer from the disease for their whole life (Dubertret et al., 20065
Nestle et al., 2009).

The causes of psoriasis remain largely unknown but are reported to be related to many factors,
including environmental factors, genetic factors, and immunologic factors (Nestle et al., 2009).
In addition, the progression and even relapse after clinical treatment are all influenced by these
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factors, which act together and form the specific metabolic
characteristics of psoriasis. Glucose metabolism, amino acid
metabolism, and lipid metabolism have been shown to be
significantly changed in psoriasis patients (Zeng et al., 2017;
Zhu and Thompson, 2019). The roles of metabolic regulation
of cell proliferation and apoptosis are considered to be key to
unregulated keratinocyte pathogenesis in psoriasis (Luo et al.,
2020; Pohla et al., 2020). In addition, it is well known that
the chronic inflammatory features of psoriasis, the associated
characteristics of metabolic syndrome with psoriasis, and even
the diet-related pathogenesis mechanism of psoriasis all indicate
the importance of metabolism in the disease (Wolters, 2005;
Gisondi et al.,, 2018). These reports suggest that alterations in
global metabolism may contribute to the specific phenotype of
psoriasis patients. However, additional information is still needed
to answer these questions.

Microorganisms, which are located in many sites in our
body, play very important roles in system homeostasis. Most
studies have focused on the gut microbiome. The abundance
and composition of the gut microbiome can vary under different
conditions and are related to many human diseases (Chavez-
Talavera et al., 2017). Increasing evidence has suggested that the
activity of the microbiota is critical, especially in modulating
tissue metabolism (Liu et al., 2017; He et al., 2020). In recent
years, the role of the microbiome in maintaining healthy skin
status and regulating skin-related diseases has been reported
(Zeeuwen et al., 2013; Dréno et al, 2016; Byrd et al., 2018).
For psoriasis, the role of the gut microbiome in disease
pathogenesis and progression has been reported. In addition,
the gut microbiota can be a potential biomarker of the disease
(Thio, 2018; Myers et al., 2019). However, the organization of the
skin microbiome and its potential function in regulating global
metabolism in psoriasis patients remain unclear.

In this study, we collected skin microbiome samples and
plasma samples from patients with severe plaque psoriasis and
from healthy controls. We performed 16S sequencing of the
skin microbiome and plasma metabolomic analysis. Our results
revealed alterations in the skin microbiota in psoriasis patients,
including the accumulation of species of Gammaproteobacteria.
Functional prediction revealed changes in metabolic pathways.
In addition, our metabolomic data showed very obvious changes
in systemic metabolism in psoriasis patients. Furthermore, we
established a novel correlation map of the skin microbiome and
plasma metabolites. These results highlighted the role of the skin
microbiome in regulating global metabolism and provided new
insights regarding the pathological view of psoriasis.

MATERIALS AND METHODS

Patient Information

A total of 32 patients diagnosed with severe plaque psoriasis
were recruited at the General Hospital of Ningxia Medical
University (Ningxia Province, China) for this study from
December 2018 to May 2019. At the same time, 29 healthy
volunteers were recruited. The average age of the patients
was 38.16 years, with a range of 17-74 years. For healthy

controls, the average age was 35.53 years, with a range of 23-
54 years. The severity of psoriasis was quantified by using the
Psoriasis Area and Severity Index (PASI) score (38.96 + 2.64,
mean = SE), the Psoriasis Global Assessment score (4.41 % 0.13,
mean £ SE), and the body surface area score (24.85 £ 2.82,
mean £ SE). Patients who met the following criteria at the
same time were included: patients with severe plaque psoriasis
(PASI score >12) (Mrowietz et al, 2011), patients with at
least half a year of disease duration, and patients who had
previously received at least one course of systemic treatment
without obvious improvement. The exclusion criteria were
as follows: volunteers with severe liver or kidney damage,
mental illness, hematopoietic dysfunction, or other serious
organic disease; patients who received immunosuppressive
treatment or high doses of glucocorticoids or retinoid treatment
in the previous 2 months; and all participants, including
healthy controls and psoriasis patients, who had used any
skin care product or lotion in the previous week. None of
the healthy volunteers had a history of any immune diseases,
and none of them had any skin disorders. All samples and
clinical information were obtained under the condition of
informed consent. This study was conducted with the approval
of the institutional review board of the General Hospital
of Ningxia Medical University and in accordance with the
Declaration of Helsinki.

Sample Collection

Skin microbiome samples were collected according to a
previous report (Oh et al., 2014). Briefly, a swab was rinsed
with phosphate-buffered saline, and a defined skin area of
approximately 2 x 2 cm? was swabbed at least 20 times to
maximize the amount of microbiome DNA collected. All samples
were stored at —80°C until extraction.

The plasma samples were collected on the same day after
overnight fasting with a heparin sodium anticoagulant tube. The
samples were then centrifuged at 3,000 rpm for 10 min at room
temperature. The supernatants were collected and aliquoted into
different tubes and stored at —80°C.

Microbiome DNA Extraction and 16S

Sequencing

Genomic DNA from skin microbiome samples was extracted by
using the Mobio Powersoil DNA Isolation Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. The
V3 and V4 regions of the 16S rRNA genes were amplified by
using Phusion® High-Fidelity PCR Master Mix with GC Buffer
(New England Biolabs, MA, United States) and the primers 341F
and 806R. After purification of the polymerase chain reaction
product by using AMPure XP magnetic beads (Beckman Coulter,
IN, United States), the samples were analyzed by the Illumina
NovaSeq 6000 platform (Illumina, CA, United States) through a
paired-end sequencing strategy.

16S Sequencing Data Analysis
After Illumina sequencing, barcode and primer sequences
were removed. Specific tags were generated by FLASH
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software’ according to the overlap information of the
reads. Then, we applied Trimmomatic software (v0.33) to
remove the low-quality tags and obtained clean tags. Clean
tags were further filtered to exclude the chimeric sequences
by using UCHIME software (v4.2). Next, the remaining
sequences with an identity >97% were classified as operational
taxonomic units (OTUs) by using Uparse software’. Taxonomic
information was annotated by searching against the SSU
rRNA database’. OTUs were then assigned to different
phylogenetic levels (kingdom, phylum, class, order, family,
genus, and species). Alpha diversity and beta diversity were
analyzed by QIIME software (v1.9.1) based on the effective
tags. The relative abundance and the difference in diversity
were compared by Student ¢-test and the Wilcoxon rank-sum
test. Furthermore, linear discriminant analysis coupled with
effect size (LEfSe) was applied to identify microorganisms that
can be used to discriminate psoriasis patients from people
with no psoriasis.

Liquid Chromatography-Mass
Spectrometry Metabolomic Data

Collection

A 100-pL plasma sample from each patient was mixed
with 300 pL of methanol containing 1 pg/mL 2-chloro-L-
phenylalanine (Hengbai Biotech, Shanghai, China) as the internal
standard. After brief sonication in ice water for 10 min, all
the samples were placed at —40°C for 1 h and centrifuged
at 10,000 rpm for 15 min at 4°C. Then, the samples were
resuspended in 100 LL of 50% acetonitrile. For quality control
(QC) sample preparation, a mixture containing an equal volume
(10 L) of each plasma extract was prepared.

For liquid chromatography-mass spectrometry (LC-MS)
metabolomic data collection, all plasma samples were analyzed
by a 1290 UHPLC instrument (Agilent Technologies, CA,
United States) coupled with a Thermo Q Exactive Focus (Thermo
Fisher Scientific, MA, United States) by Biotree Ltd. (Shanghai,
China), according to previously reported methods with minor
modifications (He et al., 2020). Briefly, mobile phase A in
positive ion mode was 0.1% formic acid in water, and in
negative ion mode, it was 5 mmol/L ammonium acetate in
water. Mobile phase B was acetonitrile. The elution gradient
was set as follows: 1% B at 1 min, 99% B at 8 min, 99%
B at 10 min, 1% B at 10.1 min, and 1% B at 12 min.
The flow rate was set to 0.5 mL/min. The Q Exactive mass
spectrometer was run at a spray voltage of 4.0 kV in positive
mode and —3.6 kV in negative mode. Other ESI source
conditions were as follows: sheath gas flow rate of 45 Arb,
Aux gas flow rate of 15 Arb, and capillary temperature of
400°C. All MS1 and MS2 data were obtained under the
control of Xcalibur (Thermo Fisher Scientific). A UPLC HSS T3
column (Waters, MA, United States) was used for all analyses.
Organic reagents, including methanol, acetonitrile, and formic

http://ccb.jhu.edu/software/ FLASH/, v1.2.7

2http://www.drive5.com/uparse/, v7.0.1001

3www.Arb-silva.de

acid (HPLC grade), were purchased from CNW Technologies
(Dusseldorf, Germany).

Gas Chromatography-MS Data
Collection

The extracted plasma samples were resuspended in 30 pL
of methoxyamine hydrochloride (20 mg/mL in pyridine) and
incubated at 80°C for 30 min. After derivatization with 40 mL
of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1%
trimethylsilyldiethylamine (Sigma, Darmstadt, Germany) at
70°C for 1.5 h, the samples were cooled down gradually to
room temperature. For QC sample preparation, a mixture
containing an equal volume (10 L) of each plasma extract was
prepared. An additional 5 L of saturated fatty acid methyl esters
(Dr. Ehrenstorfer GmbH, Augsburg, Germany) dissolved in
chloroform was added to the QC samples for gas chromatography
(GC)-MS analysis.

Gas chromatography-time of flight (TOF)-MS analysis was
carried out by using an Agilent 7890 gas chromatograph
(Agilent Technologies) coupled with a Pegasus HT TOF mass
spectrometer (LECO, Michigan, United States). In this analysis,
a DB-5MS capillary column (30 m x 250 pm X 0.25 pm,
Agilent Technologies) was used. The carrier gas was helium, the
front inlet purge flow was set as 3 mL/min, and the gas flow
rate was 1 mL/min. The temperature gradient was set as 50°C
for 1 min, increased to 310°C at a rate of 20°C/min, and then
maintained for 6 min. The front injection temperature, transfer
line temperature, and ion source temperature were 280, 280,
and 250°C, respectively. The energy was —70 eV in electron
impact mode. The MS data were acquired in full-scan mode with
an m/z range of 50-500 at a rate of 12.5 spectra per second
after a solvent delay of 4.85 min. A 1-pL sample was injected
for this analysis.

LC-MS and GC-MS Metabolomic Data
Analyses

ProteoWizard software was used to transform the original LC-
MS data to mzXML format. The data were processed by XCMS.
GC-MS raw data were processed by Chroma TOF software. After
peak identification, peak alignment, peak extraction, retention
time (RT) correction, and peak integration, a three-dimensional
data matrix was obtained. To make the metabolomics data
reproducible and reliable, peaks with relative standard deviations
greater than 30% in the QC samples were filtered out. The
remaining peaks were identified by comparison of RT and
mass to charge ratio (m/z) indexes in a library containing
spectral information from the online database of HMDB*, Kyoto
Encyclopedia of Genes and Genomes (KEGG)®, and the in-house
library. The GC-MS data were matched with the LECO-Fiehn
Rtx5 database. Peak intensity was quantified by using the area
under the curve. The data matrix was further processed by
removing the peaks with missing values in more than 50%
of the samples and substituting the remaining missing values

4www.hmdb.ca

*www.genome.jp/kegg
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with half of the minimum value. Then, a new data matrix was
generated by normalizing the data to the peak intensity of the
internal standard.

Statistical Analysis

Statistical analysis was performed by using Microsoft Excel
(Microsoft Inc., Redmond, WA, United States) and R software
version 3.5.1 (R Foundation for Statistical Computing, Vienna,
Austria). The differential abundance of bacterial taxa at different
levels (phylum, class, order, family, and genus) between psoriasis
patients and healthy controls was calculated by the Wilcoxon
rank-sum test and Metastat. The differences in alpha diversity
indexes were determined by Student ¢-test. The beta diversity
difference between psoriasis patients and the control group was
analyzed by analysis of similarity (ANOSIM). To understand the
difference in the metabolomic profile between psoriasis patients
and healthy people, multivariate statistical analyses, including
principal component analysis (PCA) and orthogonal projections
to latent structure-discriminant analysis (OPLS-DA), were
carried out. Small molecules with a VIP (variable importance
in projection) >1 in OPLS-DA and p < 0.05 by Student
t-test were considered significantly altered metabolites. Spearman
correlation was carried out to determine the relationship between
the skin microbiota and plasma metabolites.

RESULTS

Altered Skin Microbiota Composition in

Psoriasis Patients

We recruited 32 severe plaque psoriasis patients (PASI > 12) and
29 healthy controls to identify the psoriasis-related microbiota.
After QC, the DNA sample amounts from only 26 patients and
10 controls were sufficient for 16S sequencing.

Overall, we obtained 83,998 effective tags and 7,887 OTUs
according to 97% similarity. After taxonomic assignment against
the Silval32 database, 7,606 OTUs were annotated at different
phylogenetic levels (Supplementary Table 1). According to the
species accumulation curve, the sequencing data and samples
were sufficient for taxon identification. However, there were no
significant differences between control individuals and psoriasis
patients in terms of number of species on skin (Supplementary
Figure 1A). In addition, the alpha diversity indexes, including
the total observed species, Shannon index, ACE index, Simpson
index, and Chaol index, of the skin of psoriasis patients were
not significantly different from those of the control group
(Supplementary Figures 1B-F). To identify the microbes that
were altered in psoriasis patients, we then conducted Student
t test at the genus level (Figure 1A). The average abundance
of Lactobacillus, which is widely distributed in the human
gut and skin and plays a role as a lactic acid producer, was
increased in psoriasis patients. This may suggest a potential
positive role of Lactobacillus in regulating skin cell proliferation,
which is consistent with a previous report that Lactobacillus
was capable of enhancing skin repair after UV damage (Im
et al.,, 2018). Moreover, the abundances of Thermomonas and
Luteimonas, which are pathogenic members of Proteobacteria

(phylum)_Gammaproteobacteria (class), were also increased,
suggesting that the skin of psoriasis patients was a pathogenic
environment. To further analyze the alterations in the microbiota
in psoriasis patients, we applied Metastat, another widely used
statistical analysis tool, to screen for significantly changed
organisms (Figure 1B). Similarly, the change in the Lactobacillus
abundance was also identified as an important alteration. In
addition, another member of Gammaproteobacteria, Vibrio, was
identified as being significantly elevated in psoriasis patients.
Together, these data suggest an elevation in the abundance
of pathogenic bacteria, especially Gammaproteobacteria, in
psoriasis patients.

To further examine the alterations associated with psoriasis,
we conducted LEfSe analysis. The main differences were the
increase in abundance of undefined_Cyanobacteria (class
unidentified_Cyanobacteria and order Cyanobacteria) in
psoriasis patients (Figure 2A). Some differences were also
observed at a lower taxonomic level. Psoriasis patients showed
a loss in the abundance of the genus Citrobacter (Figure 2B).
Taken together, these data indicate alterations in the commensal
gut microbiome composition in psoriasis patients, suggesting
dysregulation of the microbial community.

Functional Prediction of the Skin

Microbiome of Psoriasis Patients

To further determine the functional impact of skin gut
microbiota alterations in psoriasis, we predicted the KEGG
pathways based on the 16S sequencing data by using PICRUSt
software (Langille et al., 2013). Metabolic pathways ranked
as the most abundant pathways predicted, accounting for
approximately 50% of the pathways (Figure 3A). Among these
pathways, carbohydrate metabolism and the metabolism of
other amino acids were obviously decreased (Supplementary
Figure 2). In contrast, pyrimidine and purine metabolism
(nucleotide metabolism); glycolysis/gluconeogenesis, oxidative
phosphorylation, and methane metabolism (energy metabolism);
the metabolism of cofactors and vitamins; and the biosynthesis
of other secondary metabolites showed an increase in psoriasis
patients compared with healthy controls (Figure 3B and
Supplementary Figure 2).

Plasma Metabolic Profiling of Psoriasis

Patients

Microbiota alterations have been reported to be correlated with
tissue metabolism in many studies (Liu et al, 2017; Olson
et al., 2018). In addition, our data showed that skin microbiota-
mediated small molecule metabolism was impacted by psoriasis
(Figure 3). We thus investigated the metabolic alterations in
psoriasis patients by applying GC and ultrahigh-pressure LC
coupled with MS. In general, a total of 3,562 features and
716 metabolites were obtained (Supplementary Table 2). PCA
showed very obvious separation of metabolic profiles between
psoriasis patients and healthy controls, demonstrating different
metabolic activities (Figure 4A). After statistical analysis, we
obtained 117 significantly altered metabolites (VIP >1 and
p < 0.05) (Figure 4B). Among them, we found several
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FIGURE 1 | Skin microbiota alterations in psoriasis patients. (A) Significantly altered skin microbiota in psoriasis patients compared with healthy controls analyzed by
Student’s t-test at the genus level. (B) Heatmap shows the significantly altered skin microbiota at the genus level in psoriasis patients compared with healthy controls
analyzed by Metastat.
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FIGURE 2 | Linear discriminant analysis (LDA) effect size. (A) Cladogram of LEfSe of the skin microbiome from 16S sequencing results. Red and green circles
represent the differences of the most abundant microbiome class. The diameter of each circle is proportional to the relative abundance of the taxon. (B) Histogram of
the LDA scores for differentially abundant microbes in psoriasis patients and healthy controls. Red, enriched in psoriasis patients; green, enriched in healthy controls.
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microbiome-generated metabolites that were also significantly
changed. These included taurochenodeoxycholic acid (TCDCA),
deoxycholic acid glycine conjugate (GDCA), chenodeoxycholic
acid glycine conjugate, and L-kynurenine (Chavez-Talavera et al.,
2017; Agus et al., 2018; He et al., 2020). To uncover the metabolic
pathway alterations, we conducted KEGG pathway analysis of
the differentially expressed metabolites by using Metaboanalyst®
(Figure 4C). Branched-chain amino acid metabolism (valine,
leucine, and isoleucine biosynthesis), which was reported to
be closely related to microbiota metabolic activity (Liu et al.,
2017), was significantly altered. In addition, the metabolism of
a-linolenic acid and linoleic acid, which reflect the inflammation
status of tissues (Sergeant et al., 2016), was also significantly
altered.

Novel Interplay Between the Skin
Microbiota and Plasma Metabolism

Many articles have reported the correlation of the gut microbiota
and blood metabolism (Liu et al., 2017; He et al., 2020), whereas
little is known about the relationship of the skin microbiota
and blood metabolism. In this study, we carried out Spearman
correlation analysis of the annotated skin microbiota at the genus
level and the identified plasma metabolites. The association of the
skin microbiota and plasma metabolites was different between

Swww.metaboanalyst.ca

healthy controls and psoriasis patients (Figures 5A,B), suggesting
that the alteration of plasma metabolites was closely related to the
skin microbiome. Interestingly, most of the associations between
Lactobacillus and plasma metabolites and the associations
between Enterococcus and plasma metabolites in healthy controls
(Figure 5A) disappeared in psoriasis patients (Figure 5B).
In addition, new correlations between Vibrio, Ferruginibacter,
Romboutsia, and plasma metabolites were established in psoriasis
patients (Figure 5B). The metabolites that showed a significant
positive association with specific skin bacteria in both healthy
controls and psoriasis patients were itaconic acid, crotonic
acid, and heptadecanoic acid, which are involved in lipid
metabolism (Figures 5A,B). Notably, some plasma metabolites
were negatively associated with the skin microbiota in psoriasis
patients. In addition to several lipids, xanthine, D-ribose 5-
phosphate, and uric acid participate in nucleotide metabolism
(Figure 5B). These results suggest a role of the skin microbiota in
influencing lipid and nucleotide metabolism in psoriasis patients.

To determine a global relationship between the skin
microbiota and plasma metabolism, we then conducted
Spearman correlation analysis by using all the samples from
healthy controls and systemic lupus erythematosus (SLE)
patients. The correlations were shown in a Cytoscape network
(Figure 5C), further suggesting a fundamental relationship of the
skin microbiota and plasma metabolism. Interestingly, receiver
operating characteristic (ROC) curve analysis revealed that many
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skin microbiota-associated plasma metabolites are potential
biomarkers for SLE classification (Supplementary Figure 3).

DISCUSSION

Previous studies investigated the changes in the blood
metabolome and gut microbiome that occur in psoriasis.
However, it is not sufficient to understand the pathogenesis
of psoriasis, as the disease primarily occurs on the skin.
Here, we analyzed skin microbiota alterations in psoriasis
patients by using 16S sequencing and plasma metabolomic
changes by applying an LC-MS metabolomics approach.
According to our results, the plasma metabolic homeostasis
of psoriasis patients was disrupted and was correlated with
alterations in the skin microbiome. We further identified
some skin microbes at the genus level, such as Enterococcus
and Vibrio, which are critical for plasma metabolism in
psoriasis patients. In addition, we also identified some skin
microbiota—associated plasma metabolites that are potential
biomarkers for strongly discriminating healthy controls from
psoriasis patients.

In our untargeted metabolomic study, many plasma
metabolites were significantly changed in psoriasis patients.
Pathway analysis revealed enrichment in both amino acid
metabolism and lipid metabolism pathways (Figure 4). The
valine, leucine, and isoleucine biosynthesis pathway, which is

a branched-chain amino acid metabolism pathway mediated
by the microbiota, has been reported to be related to many
diseases (Liu et al., 2017, 2020). In addition, several lipid
metabolism pathways were also enriched, including biosynthesis
of unsaturated fatty acids, glycerolipid metabolism, linoleic acid
metabolism, and a-linolenic acid metabolism. Glycerolipids
that play a very important role in membrane mobility and
provide building blocks for membrane biogenesis have also
been reported previously as potential diagnostic biomarkers
in psoriasis patients (Zeng et al, 2017). Furthermore, the
alteration in linoleic acid and o-linolenic acid metabolism
reflects the inflammation status of psoriasis (Boehncke, 2018).
In addition, the microbiota-mediated metabolism of bile
acids (TCDA, TCDCA, and GDCA) is well known for its
role in lipid metabolism, and L-kynurenine is well known
for its role in inflammation regulation (Vitek and Haluzik,
2016; Cervenka et al., 2017). Altogether, the metabolomic
results indicate the role of the microbiota in the regulation
of lipid metabolism and the inflammatory response in
psoriasis patients.

Psoriasis is a chronic inflammatory skin disorder. Increasing
evidence has suggested the role of the skin microbiome
in the pathogenesis of diseases (Grice, 2014; Picardo and
Ottaviani, 2014; Li et al., 2019). In our study, some skin
microbes were significantly altered in psoriasis patients
compared with healthy people, which is consistent with
previous research (Chang et al., 2018). Among them, the
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bacteria Thermomonas and Luteimonas from the pathogenic
Proteobacteria (phylum) and Gammaproteobacteria (class)
were significantly increased, suggesting the pathological role
of these bacteria in psoriasis. Vibrio, the most strongly and
significantly increased bacterial taxon (Figure 1B), is well
known for its role as the cholera pathogen (Conner et al,
2016). Because the species of Vibrio mainly live in seawater
or brackish water (Vasagar et al, 2018), people should be
very careful when consuming seafoods or when exposed
to seawater. These results indicate that the accumulation
of the pathogenic microbiota is a possible reason for the
pathogenesis of psoriasis. This conclusion was also confirmed
by functional analysis of the skin microbiota. Skin microbiome-
mediated nucleotide metabolism and amino acid metabolism
activities were elevated in psoriasis patients compared with
healthy controls (Figure 3B), as small-molecule metabolism
pathways are critical for providing building blocks for skin
cell proliferation.

The interaction between skin microorganisms and blood
metabolism has rarely been investigated. In this article, we
analyzed the Spearman correlation of significantly altered
skin microbes and significantly changed plasma metabolites
(Figure 5). The results highlighted the role of the skin microbiota
in the regulation of plasma metabolism, especially the role of
the pathogens Enterococcus and Vibrio. These data also suggest
the role of the skin microbiome in skin homeostasis, which is
critical for the maintenance of the immunological barrier of skin
(Belkaid and Tamoutounour, 2016).

In summary, our study integrating skin microbiome 16S
sequencing and plasma metabolomic data reveals alterations in
global metabolic homeostasis status and the association of the
skin microbiota with psoriasis. Considering the impact of many
factors, including race, ethnicity, lifestyle, and environmental
factors, on the skin microbiome and global metabolome, more
studies are needed to address the role of the skin microbiome
in the pathogenesis of psoriasis. In addition, additional studies
are needed to understand the key skin microbes involved in
the pathogenesis of psoriasis, especially through an effect on
global metabolism. Our data provide the underlying mechanism
of skin microbiome-mediated regulation of blood metabolism
in patients with psoriasis. The results will be helpful for
understanding the pathological mechanism of psoriasis.
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labeled with red font.

Supplementary Figure 3 | ROC curve of the metabolites significantly associated
with the skin microbiota. Biomarker analysis of the metabolites significantly
correlated with the skin microbiota in Figure 5 shows the high AUCs. Only the
metabolites with AUC value >0.8 are shown.

Supplementary Table 1 | The relative abundance of the annotated skin
microbiota measured by 16S sequencing.

Supplementary Table 2 | The relative abundance of the identified plasma
metabolites measured by the LC-MS metabolomic approach.

Frontiers in Microbiology | www.frontiersin.org

March 2021 | Volume 12 | Article 643449


https://www.frontiersin.org/articles/10.3389/fmicb.2021.643449/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.643449/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Chen et al.

Microbiota Metabolites Interplay in Psoriasis

REFERENCES

Agus, A., Planchais, J., and Sokol, H. (2018). Gut microbiota regulation of
tryptophan metabolism in health and disease. Cell Host Microbe 23, 716-724.
doi: 10.1016/j.chom.2018.05.003

Belkaid, Y., and Tamoutounour, S. (2016). The influence of skin microorganisms
on cutaneous immunity. Nat. Rev. Immunol. 16, 353-366. doi: 10.1038/nri.
2016.48

Boehncke, W. H. (2018). Systemic inflammation and cardiovascular comorbidity
in psoriasis patients: causes and consequences. Front. Immunol. 9:579. doi:
10.3389/fimmu.2018.00579

Boehncke, W. H., and Schén, M. P. (2015). Psoriasis. Lancet 386, 983-994. doi:
10.1016/S0140-6736(14)61909-7

Byrd, A. L., Belkaid, Y., and Segre, J. A. (2018). The human skin microbiome. Nat.
Rev. Microbiol. 16, 143-155. doi: 10.1038/nrmicro.2017.157

Cervenka, I, Agudelo, L. Z., and Ruas, J. L. (2017). Kynurenines: tryptophan’s
metabolites in exercise, inflammation, and mental health. Science 357:eaaf9794.
doi: 10.1126/science.aaf9794

Chang, H. W., Yan, D., Singh, R, Liu, J., Lu, X, Ucmak, D., et al. (2018).
Alteration of the cutaneous microbiome in psoriasis and potential role in Th17
polarization. Microbiome 6:154. doi: 10.1186/s40168-018-0533- 1

Chévez-Talavera, O., Tailleux, A., Lefebvre, P., and Staels, B. (2017). Bile
acid control of metabolism and inflammation in obesity, type 2 diabetes,
dyslipidemia, and nonalcoholic fatty liver disease. Gastroenterology 152,
1679.e3-1694.€3. doi: 10.1053/j.gastr0.2017.01.055

Conner, J. G., Teschler, J. K., Jones, C. J., and Yildiz, F. H. (2016). Staying
alive: Vibrio cholerae’s cycle of environmental survival, transmission, and
dissemination. Microbiol. Spectr. 4:10.1128/microbiolspec. VMBF-0015-2015.
doi: 10.1128/microbiolspec. VMBF-0015-2015

Dréno, B., Araviiskaia, E., Berardesca, E., Gontijo, G., Sanchez Viera, M., Xiang,
L.F., etal. (2016). Microbiome in healthy skin, update for dermatologists. J. Eur.
Acad. Dermatol. Venereol. 30,2038-2047. doi: 10.1111/jdv.13965

Dubertret, L., Mrowietz, U., Ranki, A., van de Kerkhof, P. C., Chimenti, S., Lotti,
T., et al. (2006). European patient perspectives on the impact of psoriasis: the
EUROPSO patient membership survey. Br. J. Dermatol. 155, 729-736. doi:
10.1111/j.1365-2133.2006.07405.x

Gisondi, P., Fostini, A. C., Fossa, L, Girolomoni, G., and Targher, G. (2018).
Psoriasis and the metabolic syndrome. Clin. Dermatol. 36, 21-28. doi: 10.1016/
j.clindermatol.2017.09.005

Grice, E. A. (2014). The skin microbiome: potential for novel diagnostic and
therapeutic approaches to cutaneous disease. Semin. Cutan. Med. Surg. 33,
98-103. doi: 10.12788/j.sder.0087

He, J., Chan, T., Hong, X., Zheng, F., Zhu, C,, Yin, L., et al. (2020). Microbiome
and metabolome analyses reveal the disruption of lipid metabolism in systemic
lupus erythematosus. Front. Immunol. 11:1703. doi: 10.3389/fimmu.2020.
01703

Im, A. R, Lee, B,, Kang, D. ], and Chae, S. (2018). Skin moisturizing and
antiphotodamage effects of tyndallized Lactobacillus acidophilus IDCC 3302.
J. Med. Food 21, 1016-1023. doi: 10.1089/jmf.2017.4100

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

Li, C. X, You, Z. X,, Lin, Y. X,, Liu, H. Y., and Su, J. (2019). Skin microbiome
differences relate to the grade of acne vulgaris. J. Dermatol. 46, 787-790. doi:
10.1111/1346-8138.14952

Liu, R., Hong, J., Xu, X,, Feng, Q., Zhang, D., Gu, Y., et al. (2017). Gut microbiome
and serum metabolome alterations in obesity and after weight-loss intervention.
Nat. Med. 23, 859-868. doi: 10.1038/nm.4358

Liu, Y., Wang, Y., Ni, Y., Cheung, C. K. Y., Lam, K. S. L., Wang, Y., et al
(2020). Gut microbiome fermentation determines the efficacy of exercise for

diabetes prevention. Cell Metab. 31, 77.e5-91.e5. doi: 10.1016/j.cmet.2019.
11.001

Luo, Y., Hara, T., Kawashima, A., Ishido, Y., Suzuki, S., Ishii, N., et al. (2020).
Pathological role of excessive DNA as a trigger of keratinocyte proliferation in
psoriasis. Clin. Exp. Immunol. 202, 1-10. doi: 10.1111/cei.13455

Mrowietz, U., Kragballe, K., Reich, K., Spuls, P., Griffiths, C. E., Nast, A,, et al.
(2011). Definition of treatment goals for moderate to severe psoriasis: a
European consensus. Arch. Dermatol. Res. 303, 1-10. doi: 10.1007/s00403-010-
1080-1

Myers, B., Brownstone, N., Reddy, V., Chan, S., Thibodeaux, Q., Truong, A., et al.
(2019). The gut microbiome in psoriasis and psoriatic arthritis. Best Pract. Res.
Clin. Rheumatol. 33:101494. doi: 10.1016/j.berh.2020.101494

Nestle, F. O., Kaplan, D. H., and Barker, J. (2009). Psoriasis. N. Engl. ]. Med. 361,
496-509. doi: 10.1056/NEJMra0804595

Oh, J., Byrd, A. L., Deming, C., Conlan, S., Kong, H. H., and Segre, J. A. (2014).
Biogeography and individuality shape function in the human skin metagenome.
Nature 514, 59-64. doi: 10.1038/nature13786

Olson, C. A, Vuong, H. E,, Yano, J. M., Liang, Q. Y., Nusbaum, D. J., and
Hsiao, E. Y. (2018). The gut microbiota mediates the anti-seizure effects of the
ketogenic diet. Cell 173, 1728.e13-1741.e13. doi: 10.1016/j.cell.2018.04.027

Picardo, M., and Ottaviani, M. (2014). Skin microbiome and skin disease: the
example of rosacea. J. Clin. Gastroenterol. 48(Suppl. 1), S85-586. doi: 10.1097/
MCG.0000000000000241

Pohla, L., Ottas, A., Kaldvee, B., Abram, K., Soomets, U., Zilmer, M., et al. (2020).
Hyperproliferation is the main driver of metabolomic changes in psoriasis
lesional skin. Sci. Rep. 10:3081. doi: 10.1038/s41598-020-59996-z

Sergeant, S., Rahbar, E., and Chilton, F. H. (2016). Gamma-linolenic acid,
Dihommo-gamma linolenic, Eicosanoids and Inflammatory Processes. Eur. J.
Pharmacol. 785, 77-86. doi: 10.1016/j.ejphar.2016.04.020

Thio, H. B. (2018). The microbiome in psoriasis and psoriatic arthritis: the skin
perspective. J. Rheumatol. Suppl. 94, 30-31.

Vasagar, B., Jain, V., Germinario, A., Watson, H. J., Ouzts, M., Presutti, R. ],
et al. (2018). Approach to aquatic skin infections. Prim Care 45, 555-566.
doi: 10.1016/j.pop.2018.05.010

Vitek, L., and Haluzik, M. (2016). The role of bile acids in metabolic regulation.
J. Endocrinol. 228, R85-R96. doi: 10.1530/JOE-15-0469

Wolters, M. (2005). Diet and psoriasis: experimental data and clinical evidence. Br.
J. Dermatol. 153, 706-714. doi: 10.1111/j.1365-2133.2005.06781.x

Zeeuwen, P. L., Kleerebezem, M., Timmerman, H. M., and Schalkwijk, J. (2013).
Microbiome and skin diseases. Curr. Opin. Allergy Clin. Immunol. 13, 514-520.
doi: 10.1097/ACIL.0b013e328364ebeb

Zeng, C., Wen, B., Hou, G., Lei, L., Mei, Z,, Jia, X., et al. (2017). Lipidomics profiling
reveals the role of glycerophospholipid metabolism in psoriasis. Gigascience 6,
1-11. doi: 10.1093/gigascience/gix087

Zhu, J., and Thompson, C. B. (2019). Metabolic regulation of cell growth and
proliferation. Nat. Rev. Mol. Cell Biol. 20, 436-450. doi: 10.1038/s41580-019-
0123-5

Conflict of Interest: JH and TC are employed by the company Shanghai Biotree
Biomedical Biotechnology co., LTD.

The remaining authors declare that this study was conducted in the absence of any
commercial or financial relationships.

Copyright © 2021 Chen, He, Li, Zou, Si, Guo, Yu, Li, Wang, Chan and Shi. 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.

Frontiers in Microbiology | www.frontiersin.org

March 2021 | Volume 12 | Article 643449


https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1038/nri.2016.48
https://doi.org/10.1038/nri.2016.48
https://doi.org/10.3389/fimmu.2018.00579
https://doi.org/10.3389/fimmu.2018.00579
https://doi.org/10.1016/S0140-6736(14)61909-7
https://doi.org/10.1016/S0140-6736(14)61909-7
https://doi.org/10.1038/nrmicro.2017.157
https://doi.org/10.1126/science.aaf9794
https://doi.org/10.1186/s40168-018-0533-1
https://doi.org/10.1053/j.gastro.2017.01.055
https://doi.org/10.1128/microbiolspec.VMBF-0015-2015
https://doi.org/10.1111/jdv.13965
https://doi.org/10.1111/j.1365-2133.2006.07405.x
https://doi.org/10.1111/j.1365-2133.2006.07405.x
https://doi.org/10.1016/j.clindermatol.2017.09.005
https://doi.org/10.1016/j.clindermatol.2017.09.005
https://doi.org/10.12788/j.sder.0087
https://doi.org/10.3389/fimmu.2020.01703
https://doi.org/10.3389/fimmu.2020.01703
https://doi.org/10.1089/jmf.2017.4100
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1111/1346-8138.14952
https://doi.org/10.1111/1346-8138.14952
https://doi.org/10.1038/nm.4358
https://doi.org/10.1016/j.cmet.2019.11.001
https://doi.org/10.1016/j.cmet.2019.11.001
https://doi.org/10.1111/cei.13455
https://doi.org/10.1007/s00403-010-1080-1
https://doi.org/10.1007/s00403-010-1080-1
https://doi.org/10.1016/j.berh.2020.101494
https://doi.org/10.1056/NEJMra0804595
https://doi.org/10.1038/nature13786
https://doi.org/10.1016/j.cell.2018.04.027
https://doi.org/10.1097/MCG.0000000000000241
https://doi.org/10.1097/MCG.0000000000000241
https://doi.org/10.1038/s41598-020-59996-z
https://doi.org/10.1016/j.ejphar.2016.04.020
https://doi.org/10.1016/j.pop.2018.05.010
https://doi.org/10.1530/JOE-15-0469
https://doi.org/10.1111/j.1365-2133.2005.06781.x
https://doi.org/10.1097/ACI.0b013e328364ebeb
https://doi.org/10.1093/gigascience/gix087
https://doi.org/10.1038/s41580-019-0123-5
https://doi.org/10.1038/s41580-019-0123-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Microbiome and Metabolome Analyses Reveal Novel Interplay Between the Skin Microbiota and Plasma Metabolites in Psoriasis
	Introduction
	Materials and Methods
	Patient Information
	Sample Collection
	Microbiome DNA Extraction and 16S Sequencing
	16S Sequencing Data Analysis
	Liquid Chromatography–Mass Spectrometry Metabolomic Data Collection
	Gas Chromatography–MS Data Collection
	LC-MS and GC-MS Metabolomic Data Analyses
	Statistical Analysis

	Results
	Altered Skin Microbiota Composition in Psoriasis Patients
	Functional Prediction of the Skin Microbiome of Psoriasis Patients
	Plasma Metabolic Profiling of Psoriasis Patients
	Novel Interplay Between the Skin Microbiota and Plasma Metabolism

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


