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Abstract 

Background  Although the pathology of multiple chemical sensitivity (MCS) is unknown, the central nervous system 
is reportedly involved. The gut microbiota is important in modifying central nervous system diseases. However, 
the relationship　between the gut microbiota and MCS remains unclear. This study aimed to identify gut microbiota 
variations associated with MCS using shotgun metagenomic sequencing of fecal samples.

Methods  We prospectively recruited 30 consecutive Japanese female patients with MCS and analyzed their gut 
microbiomes using shotgun metagenomic sequencing. The data were compared with metagenomic data obtained 
from 24 age- and sex-matched Japanese healthy controls (HC).

Results  We observed no significant difference in alpha and beta diversity of the gut microbiota between the MCS 
patients and HC. Focusing on the important changes in the literatures, at the genus level, Streptococcus, Veillonella, 
and Akkermansia were significantly more abundant in MCS patients than in HC (p < 0.01, p < 0.01, p = 0.01, respec-
tively, fold change = 4.03, 1.53, 2.86, respectively). At the species level, Akkermansia muciniphila was significantly more 
abundant (p = 0.02, fold change = 3.3) and Faecalibacterium prausnitzii significantly less abundant in MCS patients 
than in HC (p = 0.03, fold change = 0.53). Functional analysis revealed that xylene and dioxin degradation pathways 
were significantly enriched (p < 0.01, p = 0.01, respectively, fold change = 1.54, 1.46, respectively), whereas pathways 
involved in amino acid metabolism and synthesis were significantly depleted in MCS (p < 0.01, fold change = 0.96). 
Pathways related to antimicrobial resistance, including the two-component system and cationic antimicrobial peptide 
resistance, were also significantly enriched in MCS (p < 0.01, p < 0.01, respectively, fold change = 1.1, 1.2, respectively).

Conclusions  The gut microbiota of patients with MCS shows dysbiosis and alterations in bacterial functions related 
to exogenous chemicals and amino acid metabolism and synthesis. These findings may contribute to the further 
development of treatment for MCS.

Trial registration  This study was registered with the University Hospital Medical Information Clinical Trials Registry 
as UMIN000031031. The date of first trial registration: 28/01/2018.
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Background
Multiple chemical sensitivity (MCS) is a disease with 
multi-organ manifestations caused by trace amounts of 
nonspecific chemicals and environmental factors. Symp-
toms may be induced by environmental factors other 
than chemical substances, a phenomenon termed “idi-
opathic environmental intolerance” by the World Health 
Organization in 1996 [1, 2].

Although the pathology of MCS is unknown, “central 
sensitization” has been suggested as a disease mechanism 
of MCS. Central sensitization is a condition in which the 
central nervous system is overexcited by chronic stimu-
lation from the peripheral nerves, i.e., signals from the 
peripheral nerves to the central nervous system are not 
inhibited and amplified centrally [3]. The brain and gut 
environment, including the gut microbiota, are closely 
related via the autonomic nervous system and humoral 
factors (hormones, cytokines, short-chain fatty acids 
etc.). This bidirectional relationship is referred to as the 
"gut–brain axis” [4]. The association between the central 
nervous system and the gut microbiota has been studied 
in some diseases, such as multiple sclerosis and autism 
[5, 6]. Some patients with MCS are comorbid with irrita-
ble bowel syndrome and clinically complain of gastroin-
testinal symptoms [7]. However, there is no report on gut 
microbiome analysis in MCS.

In a previous study, we clarified the relationship 
between MCS and birth by caesarean section [8]. Neo-
nates born by cesarean section have alterations in their 
gut microbiota due to a lack of exposure to the micro-
biota in the birth canal. These gut microbiota alterations 
influence certain central nervous system disorders via 
gut–brain interaction [9]. In this study, we aimed to iden-
tify gut microbiota variations associated with MCS using 
shotgun metagenomic sequencing of fecal samples.

Methods
Study design
This was a prospective study of Japanese patients with 
MCS performed between February 2018 and March 
2018. Thirty consecutive Japanese female patients 
with MCS visiting Sagamihara National Hospital were 
included in the study. Inclusion criterion were: 1) aged 
19 or more, 2) female patients with MCS. Exclusion cri-
terion were 1) receiving treatment with antibiotics and/
or proton pump inhibitors (PPIs) within the last six 
months, 2) BMI ≥ 30  kg/m2, 3) having inflammatory 

bowel disease, type 2 diabetes, liver cirrhosis, or colorec-
tal cancer. The exclusion criteria were intended to avoid 
including gut microbiota alterations due to factors other 
than MCS [10–17].

Fecal DNA metagenomic sequencing data of 104 
healthy controls (HC) were obtained from research con-
ducted in Japan between 2010 and 2013 [18]. From these 
data, data from 24 age- and sex-matched female HC were 
selected for comparison with the cases in this study.

The ethics committee of the National Hospital Organi-
zation approved the study protocol (No. 27 in 2017). The 
study participants’ informed consents were obtained 
when they were registered. This study was registered with 
the University Hospital Medical Information Clinical Tri-
als Registry as UMIN000031031 (The date of first trial 
registration: 28/01/2018).

Fecal sample collection
Fresh feces were collected and stored under anaerobic 
conditions in an AnaeroPack™ (Mitsubishi Gas Chemi-
cal Co. Inc., Tokyo, Japan) at 4 °C. Within 36 h of sample 
collection, the feces were frozen in liquid nitrogen and 
stored at –80 °C until analysis.

Fecal DNA isolation and metagenomic sequencing
Fecal DNA samples were prepared as described previ-
ously [19]. In brief, DNA was isolated from the feces 
with an enzymatic lysis method using lysozyme (Sigma-
Aldrich Co. Llc., Tokyo, Japan) and achromopepti-
dase (FUJIFILM Wako Pure Chemical Corporation, 
Osaka, Japan). The DNA was purified by treatment with 
RNase A (FUJIFILM Wako Pure Chemical Corpora-
tion), followed by precipitation with a 20% PEG solution 
(PEG6000 in 2.5 M NaCl). The DNA was pelleted by cen-
trifugation, rinsed with 75% ethanol, and dissolved in TE 
buffer. The fecal DNA samples were sequenced using the 
MiSeq (Illumina, Inc. San Diego, CA, USA) sequencing 
system according to the manufacturer’s instructions. In 
brief, after quality filtering, the reads were mapped to a 
human genome (hg19) and phiX bacteriophage genomes 
were removed. The high-quality reads were used for fur-
ther analysis.

Mapping of the metagenomic reads to reference genomes
For microbial genome/species assignment of the 
metagenomic reads, 500,000 high-quality metagenomic 
reads per individual were mapped to reference genomes 
using Bowtie2 (v2.2.1), with a 95% identity threshold, 
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as described previously [18]. To improve the efficiency 
and accuracy of taxonomic assignment of the metagen-
omic sequences and reduce excess computing loads, we 
used an in-house developed reference genome database 
including 2,788 complete and 22,317 draft genomes 
available from GenBank/EBI/DDBJ, comprising a total 
of 6,149 genomes representing 2,373 clusters at the spe-
cies level of Bacteria and Archaea [18]. The number of 
multi-hit reads that mapped to multiple genomes with 
identical scores was normalized by the proportion to the 
number of reads uniquely mapped to the genomes. The 
relative abundance of each genome was calculated by 
normalizing the number of reads mapped to the genome 
by the total number of reads mapped. NCBI taxonomy 
information was used for taxonomic assignment of phy-
lum, genus, and species for each genome. Genomes that 
were not assigned to a particular taxonomic rank were 
assigned to the higher rank classification and designated 
“unclassified higher rank.”

Assembly of metagenomic sequences and gene prediction
For each individual, the filter-passed MiSeq reads were 
assembled using MEGAHIT (v1.2.4). Prodigal (v2.6.3) 
was used to predict protein-coding genes (≥ 100  bp) in 
contigs (≥ 500  bp) and singletons (≥ 300  bp). Finally, 
6,150,821 non-redundant genes were identified in the 
30 MCS samples by clustering the predicted genes using 
CD-HIT [20] with a 95% nucleotide identity and 90% 
length coverage cut-off. The Good’s coverage index of the 
data used was 0.79, indicating that most genes were cov-
ered [21].

Functional assignment of non‑redundant genes
The non-redundant genes were functionally assigned by 
alignments against the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database (release 2019–10-07) using 
DIAMOND (e-value ≤ 1.0e − 5) [22] to obtain KEGG 
orthologies (KOs). Genes with a best hit to eukaryotic 
genes were excluded from further analysis.

Quantification of the annotated genes
Per individual, 500,000 metagenomic reads were mapped 
to the Japanese gut microbiome and integrated gene cata-
log merged reference gene set [18, 23] using Bowtie2 with 
a 95% identity cut-off. The number of reads that mapped 
equally to multiple genes was normalized by the pro-
portion of the number of reads uniquely mapped to the 
genes. The proportions of KOs were calculated from the 
number of reads mapped to them. Wilcoxon’s rank sum 
tests were used to determine the statistical significance of 
differences between the two groups.

Assessment and selective criteria of MCS (cases)
The most widely used instrument for evaluating MCS in 
adult populations is the Quick Environmental Exposure 
and Sensitivity Inventory (QEESI), a validated ques-
tionnaire that is both sensitive (92%) and specific (95%) 
for MCS [24–28]. Researchers from various countries, 
including the United States, Japan, and Germany, have 
used the QEESI to assess MCS. The Japanese version 
of QEESI has been validated [24]. To strictly select 
patients with MCS, the QEESI as well as the physician’s 
diagnosis was used. The QEESI consists of five sections: 
I Chemical Exposures, II Other exposures, III Symp-
toms, IV Masking Index, and V Impact of sensitivities. 
Each section other than Masking Index is scored on a 
0–100 scale. Moreover, a risk criteria classification is 
included in I Chemical Exposures, III Symptoms, and 
IV Masking Index. A section I total score ≥ 40 and sec-
tion III total score ≥ 40 was defined as “very suggestive” 
and these scores were used as cut-offs to select patients 
with MCS. For more detail, refer to the Supplementary 
Materials in Additional file 1.

Statistical analysis
Demographic variables, such as the age and body mass 
index, were analyzed using t-tests or Mann–Whitney U 
tests based on normality test using SPSS v.21.0 software 
(IBM Corp, Armonk, NY, USA). Specifically, the t-test 
was used to compare age, and the Mann–Whitney U test 
was used to compare BMI. For the overall comparison 
of microbial compositions between MCS and HC, alpha 
diversity was evaluated based on the number of spe-
cies and the Shannon index for each sample group. The 
results were analyzed using Mann–Whitney U tests. Beta 
diversity was evaluated using principal coordinate (PCo) 
analysis based on the Bray–Curtis distance. Permuta-
tional multivariate analysis of variance (PERMANOVA) 
was used to assess the associations of age and BMI with 
the gut microbiota structure using the adonis function 
in the Vegan package in R. Differences in the abundance 

Table 1  Patient characteristics

HC healthy controls, MCS multiple chemical sensitivity

HC MCS p-value

n 24 30 —

Sex (male/female) 0/24 0/30 —

Age (years)
mean ± SD

41.7 ± 12.8 48.1 ± 11.6 0.06

Body mass index,
median (IQR)

21.5
(20.6–22.9)

22.6
(21.8–23.3)

0.17

Disease duration
(years), median (IQR)

— 1.75
(1.08–2.77)

—
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of each phylum/genus/species and functional pathways 
of the gut microbiome between MCS and HC were ana-
lyzed using Mann–Whitney U tests. A p value < 0.05 was 
considered statistically significant.

Results
Study participant characteristics
We recruited 30 female patients with MCS (mean age, 
48.1 ± 11.6 years). Metagenomic gut microbiome data of 
the patients with MCS were newly collected in this study 
and compared with published metagenomic data of gut 

microbiomes from 24 age- and sex-matched HC (mean 
age 41.7 ± 12.8 years; Table 1).

Differences in overall gut microbiota diversity 
between MCS patients and HC
We analyzed the number of species (≥ 0.1 relative abun-
dance) and the Shannon index estimated from the map-
ping of the metagenomic reads to the reference genomes. 
The results revealed no statistical difference between 
the MCS and HC groups using Mann–Whitney U tests 
(Fig.  1a), suggesting that the alpha diversity of the gut 

Fig. 1  Alpha and beta diversity in patients with multiple chemical sensitivity (MCS, n = 30) and healthy controls (HC, n = 24). a Dot plots showing 
alpha diversity as evaluated based on the number of species and the Shannon index for each sample group. b Principal coordinates (PCo) analysis 
based on Bray–Curtis distance revealing the beta diversity in MCS patients and HC
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microbiota was similar between the two groups. We then 
compared the beta diversity of the gut microbiota based 
on the Bray–Curtis distance/dissimilarity at the genus 
level. The results also showed no significant difference 
in the beta diversity of the gut microbiota between MCS 
patients and HC (PERMANOVA, R2 = 0.025, p = 0.227; 
Fig.  1b). Overall, we observed no substantial difference 
in alpha and beta diversity of the gut microbiota between 
the MCS patients and HC.

MCS‑associated microbiota alterations at the phylum/
genus/species levels
We next explored bacterial taxa showing a significant 
change in relative abundance between MCS patients and 
HC. At the phylum level, Actinobacteria were signifi-
cantly decreased in abundance (p < 0.01), whereas Ver-
rucomicrobia were significantly increased in abundance 
(p < 0.01) in MCS compared with HC samples (Fig. 2). We 
further explored genera showing significant changes in 
relative abundance (≥ 0.1% average relative abundance) in 
MCS patients compared with HC. Seven genera, includ-
ing Dialister, Streptococcus, Veillonella, Akkermansia, 
Actinomyces, Lactobacillus, and Erysipelatoclostridium, 
were more abundant, whereas Meganomonas and Unclas-
sified Erysipelotrichaceae were less abundant in MCS 
patients than HC (Fig. 3). Species-level analysis identified 
44 species, including Akkermansia muciniphila, Faecali-
bacterium prausnitzii, and Streptococcus thermophilus, 
showing significantly altered relative abundance between 
the two groups (≥ 0.1% average relative abundance; Fig. 4 
and Figure S1 in Additional file 1), which included spe-
cies belonging to the genera showing significant changes 
in relative abundance.

Functional characterization of the MCS gut microbiota 
based on metagenomic data
Metagenomic reads were mapped to genes to character-
ize the gut microbiota functions that were significantly 
altered by MCS. Based on KEGG database analysis, we 
identified a total of 5,928 KOs in the metagenomic data of 
the two groups. In the KEGG analysis, all 5,928 detected 
KOs were used to aggregate pathways prior to statistical 
analysis. Among them, 567 KOs showed a significant dif-
ference in abundance between the two groups, including 
301 KOs significantly enriched and 266 KOs significantly 
depleted in MSC (Mann–Whitney U test, p < 0.05). The 
top 10 KOs significantly enriched and depleted in MCS 
ranked by p-value are shown in Figure S2 (see Additional 
file  1). Analysis of KEGG level II functional categories 
based on the KOs revealed that six categories were sig-
nificantly enriched (including drug resistance and signal 
transduction) and 10 significantly depleted (including 

amino acid metabolism, endocrine and metabolic dis-
ease, and nervous system) in MCS compared with HC 
(p < 0.05; Figure S3, in Additional file 1). Pathway analy-
sis based on the KOs revealed that 74 pathways were sig-
nificantly altered in MCS (p < 0.05), including 26 enriched 
and 48 depleted pathways (Tables  2  and  3). Among the 
top 10 pathways with a significant difference ranked 
by p-value, xylene and dioxin degradation pathways 
[PATH:ko00622 and ko00621] and pathways related to 
antimicrobial resistance, including the two-component 
system [PATH:ko02020], antimicrobial resistance genes 
[BR:ko01504], and cationic antimicrobial peptide resist-
ance [PATH:ko01503], were significantly enriched in 
MCS compared with HC. Pathways involved in amino 
acid metabolism and amino acid synthesis, including gly-
cine, serine, and threonine metabolism [PATH:ko00260], 
amino acid-related enzymes [BR:ko01007], and arginine 
biosynthesis [PATH:ko00220], were significantly depleted 
in MCS compared with HC (Fig. 5).

Fig. 2  Relative abundances of significantly different phyla. Relative 
abundances of phyla that differed significantly between multiple 
chemical sensitivity (MCS, n = 30) patients and healthy controls (HC, 
n = 24)
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Discussion
We conducted a metagenomic analysis to identify differ-
ences in the gut microbiota of patients with MCS based 
on gut microbiome sequencing data from 30 Japanese 
female patients with MCS and 24 age- and sex-matched 
HC. The MCS patients showed no less gut microbiome 
diversity than the HC; however, they exhibited significant 
differences in the bacterial abundance at the phylum, 
genus, and species levels compared with the HC. Fur-
thermore, the MCS patients showed significantly differ-
ent microbiota.

At the phylum level, Verrucomicrobia was significantly 
more abundant in MCS patients than in the HC. Verru-
comicrobia includes Akkermansia [29], and we consider 
the significant abundance of Verrucomicrobia to be a 
result of increased Akkermansia.

At the genus level, Akkermansia, Streptococcus, Dialis-
ter, Lactobacillus, and Veillonella were more abundant in 
MCS patients than in HC. Akkermancia has anti-diabetic 
effects [30] and has been touted as the next generation of 
beneficial bacteria [31]; however, in a rat model of mater-
nal separation stress, Akkermansia was increased in the 
early stage of stress, and the increase in Akkermansia 
was correlated with behavioral disorders [32]. Moreo-
ver, Akkermansia has a negative effect on the intestinal 
tract when timed with antimicrobial agents [33]. When 
dietary fiber is deficient, A. muciniphila feeds on mucous 
glycoproteins secreted by the host, resulting in marked 
decreases in the mucous layer and intestinal barrier 
function [34]. The disruption of the intestinal barrier 
function may cause food intolerances in MCS patients. 
A diet rich in unsaturated fatty acids and oral PPIs lead 

Fig. 3  Relative abundances of significantly different genera. Relative abundances of genera that differed significantly between multiple chemical 
sensitivity (MCS, n = 30) patients and healthy controls (HC, n = 24). a Seven genera were enriched in MCS. b Two genera were depleted in MCS
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to an increase in Streptococcus [35, 36]. Streptococcus is 
associated with the worsening of functional dyspepsia 
symptoms, such as postprandial bloating and postpran-
dial epigastric pain [37]. Therefore, Streptococcus may 
be involved in the gastrointestinal symptoms of MCS 
patients. Dialister is significantly less abundant in the 
microbiota of people living in rural areas than in those 
living in urban areas [38], which may explain why MCS 
is more common in developed countries than in develop-
ing countries. Lactobacillus and Veillonella are increased 
in Japanese patients with irritable bowel syndrome [39]. 

As Japanese people generally have low levels of lactose-
degrading enzymes, lactose readily reaches the large 
intestine, where many Lactobacillus species reside [40]. 
Therefore, the increase in Lactobacillus may be associ-
ated with gastrointestinal symptoms in MCS patients. 
In addition to Lactobacillus, Veillonella are reported to 
generate acetic and propionic acid. High concentrations 
of acetic and propionic acids may be related to abdominal 
manifestations [39].

At the species level, F. prausnitzii was significantly less 
abundant in the MCS microbiota than in that of HC. A 

Fig. 4  Relative abundances of significantly different species. Relative abundances of species that differed significantly between multiple chemical 
sensitivity (MCS, n = 30) patients and healthy controls (HC, n = 24) with a focus on the species discussed in this paper. a Species enriched in MCS. b 
Species depleted in MCS
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previous study reported that a decrease in F. prausnitzii 
lead to a decrease in regulatory T cells due to a decrease 
in butyrate acidity, which triggers the activation of Th17 
lymphocytes and causes tissue damage. This system 
occurs not only in the digestive tract, but also in brain tis-
sue [41, 42]. Therefore, the decrease in F. prausnitzii may 
be associated with the brain inflammation often observed 
in MCS. A low-fat diet increases the genera Blautia and 
Faecalibacterium, which are the key sources of energy 
for enterocytes and produce short-chain fatty acids with 
anti-inflammatory properties [43]. Blautia sp. were sig-
nificantly lower in the MCS group than in the HC group, 
suggesting that the anti-inflammatory effect on the intes-
tines may be reduced in these patients. In a Japanese 
study, people with a small visceral fat area had a high 
Blautia occupancy rate in the microbiota [44]. Further-
more, visceral fat has been associated with an abnormal 
brain network structure and an increased risk of cognitive 
decline [45]. In the future, it will be necessary to exam-
ine the visceral fat area and cognitive function of patients 
with MCS. S. thermophilus and Streptococcus salivarius 

were significantly more abundant in MCS patients than 
in HC. S. thermophilus are lactic acid bacteria that pro-
duce a large amount of lactic acid from lactose in milk. 
S. thermophilus is closely related to S. salivarius. Lactose 
intolerance and difficulty in digesting milk components 
in MCS patients may be associated with the increase in 
these bacterial species.

Based on gene and pathway analyses, we success-
fully elucidated novel functional aspects of the MCS 
gut metagenome. Xylene and dioxin degradation path-
ways were enriched in MCS. Volatile aromatic hydro-
carbons such as benzene, toluene, ethylbenzene, and 
xylene are highly toxic and easily diffuse into the envi-
ronment because of their volatility and water solubility. 
Shrimp (Litopenaeus vannamei) fed cottonseed protein 
concentrate had significantly fewer pathways for dioxin 
and xylene degradation than shrimp fed fish meal [46]. 
Although it is not clear whether MCS patients are more 
exposed or susceptible to xylenes or dioxins, the objec-
tive finding of an association between the gut microbiota 
and volatile aromatic hydrocarbons is important for die-
tary guidance for patients with MCS.

Pathways related to antimicrobial resistance were sig-
nificantly enriched in MCS patients compared with HC. 
Bacteria have various signaling mechanisms, includ-
ing the two-component system, that are not present in 
humans and allow bacteria to respond quickly to envi-
ronmental changes [47]. The two-component system 
is also involved in antimicrobial resistance [48]. In this 
study, patients using antimicrobials or PPIs within the 
last six months were excluded. A gut microbiota altered 
by PPI use can be restored by discontinuing PPI use for 
two weeks [49]. Recent studies have indicated that the 
abundance of antibiotics resistance genes in the micro-
biome is positively correlated not only with the use of 
antimicrobial agents, but also with that of certain non-
antimicrobial agents [50, 51]. We were unable to assess 
the relationship between non-antimicrobial agent use 
and increased bacterial resistance.

Pathways involved in amino acid metabolism and syn-
thesis were depleted in MCS patients compared with 
HC. All of the 20 α-amino acids that make up proteins 
except glycine have mirror isomers termed l-amino 
and d-amino acids. With few exceptions, proteins are 
composed of l-amino acids, and only trace amounts 
of d-amino acids are detected in numerous organ-
isms. However, bacteria produce a wide variety of 
d-amino acids, which have been shown to affect their 
hosts, including humans. Metabolism of d-amino acids 
derived from intestinal bacteria regulates host intesti-
nal immunity [52, 53]. Further investigation of the func-
tion of amino acid metabolism in the gut microbiota is 
warranted.

Table 2  Pathways significantly enriched in MCS

MCS multiple chemical sensitivity, HC healthy controls

Definition Pathway ID p-value

Thyroid hormone synthesis ko04918 0.00023872

Two-component system ko02020 0.00123756

Antimicrobial resistance genes ko01504 0.0015079

Endocytosis ko04144 0.00151049

Xylene degradation ko00622 0.00195105

Cationic antimicrobial peptide resistance ko01503 0.00406715

Arachidonic acid metabolism ko00590 0.00543367

Two-component system ko02022 0.00719206

Glycan metabolism 0.00847242

Dioxin degradation ko00621 0.01358711

MicroRNAs in cancer ko05206 0.01358711

Huntington disease ko05016 0.01660993

Chromosome and associated proteins ko03036 0.02019539

Steroid biosynthesis ko00100 0.02218133

Prokaryotic defense system ko02048 0.02222404

Cholesterol metabolism ko04979 0.02330197

Human T-cell leukemia virus 1 infection ko05166 0.02330197

Neuroactive ligand-receptor interaction ko04080 0.02330197

beta-Lactam resistance ko01501 0.02330197

Glycosyltransferases ko01003 0.03216668

Sulfur metabolism ko00920 0.03363934

Protein kinases ko01001 0.03363934

Cardiac muscle contraction ko04260 0.04494874

Non-alcoholic fatty liver disease ko04932 0.04494874

Parkinson disease ko05012 0.04494874

Mannose type O-glycan biosynthesis ko00515 0.04758114
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Table 3  Pathways significantly depleted in MCS

MCS multiple chemical sensitivity, HC healthy controls

Definition Pathway ID p-value

Glycine, serine and threonine metabolism ko00260 0.00003892

Inositol phosphate metabolism ko00562 0.0005803

Aminoacyl-tRNA biosynthesis ko00970 0.00062303

Insect hormone biosynthesis ko00981 0.00071718

Selenocompound metabolism ko00450 0.00132236

Amino acid related enzymes ko01007 0.00160922

Arginine biosynthesis ko00220 0.00171663

RNA polymerase ko03020 0.00183047

Valine, leucine and isoleucine biosynthesis ko00290 0.00195105

Histidine metabolism ko00340 0.00195105

C5-Branched dibasic acid metabolism ko00660 0.00361257

Vitamin B6 metabolism ko00750 0.00383386

Global maps only 0.00457197

Thiamine metabolism ko00730 0.00680488

Cysteine and methionine metabolism ko00270 0.00994852

Autophagy—yeast ko04138 0.01048819

Exosome ko04147 0.01291053

Nitrogen metabolism ko00910 0.01291053

Prenyltransferases ko01006 0.01291053

Ubiquitin system ko04121 0.01293742

Ribosome ko03011 0.01429422

Ribosome ko03010 0.01429422

Terpenoid backbone biosynthesis ko00900 0.01660993

Steroid degradation ko00984 0.01661341

Isoquinoline alkaloid biosynthesis ko00950 0.01745052

Purine metabolism ko00230 0.02019539

One carbon pool by folate ko00670 0.02019539

Carbon fixation in photosynthetic organisms ko00710 0.02019539

GABAergic synapse ko04727 0.02019539

Glutamatergic synapse ko04724 0.02222404

Translation factors ko03012 0.02330197

Messenger RNA biogenesis ko03019 0.02330197

Protein processing 0.02442413

Arabinogalactan biosynthesis—Mycobacterium ko00572 0.02442413

Valine, leucine, and isoleucine degradation ko00280 0.02807024

Cofactor metabolism 0.02807024

Pantothenate and CoA biosynthesis ko00770 0.03074865

Cell cycle—Caulobacter ko04112 0.03074865

Tryptophan metabolism ko00380 0.03216668

Proteasome ko03051 0.03363934

Novobiocin biosynthesis ko00401 0.03516819

Glyoxylate and dicarboxylate metabolism ko00630 0.03675485

D-Arginine and D-ornithine metabolism ko00472 0.03675485

Fatty acid degradation ko00071 0.03840094

Tropane, piperidine and pyridine alkaloid biosynthesis ko00960 0.04010811

Propanoate metabolism ko00640 0.04187801

Insulin resistance ko04931 0.04187801

Proteoglycans in cancer ko05205 0.04758114
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This study has some limitations. First, the small sam-
ple size, single center, and the fact that the study was lim-
ited to Japanese women make it difficult to generalize the 
results of this study. However, as we eliminated ethnic-
ity- and sex-related differences in the gut microbiota, we 
could focus on disease-specific microbiota changes. Sec-
ond, the numbers of cases and controls differed because 
we used published data as a control group, selecting for 
age- and sex-matched subjects. Third, since there are no 
objective diagnostic criteria and biomarkers for MCS, 
disease uniformity could not be ensured. However, con-
sidering that the results of this study may contribute to 
the development of objective diagnostic criteria and 
treatment development, we carried out the study using 

globally accepted diagnostic criteria for MCS. Fourth, as 
we did not conduct a systematic survey of the patients’ 
diets, we were unable to analyze the relationship between 
diet and the microbiota. Fifth, the absolute number of 
gut microbiota was not evaluated, and the HC and MCS 
groups were compared in terms of relative abundance. 
Finally, due to the cross-sectional nature of the study, we 
cannot show a causal relationship between the onset of 
chemical sensitivity and changes in the gut microbiome.

In conclusion, the gut microbiota of patients with MCS 
shows dysbiosis and different bacterial functions related 
to exogenous chemicals and amino acid metabolism and 
synthesis. These findings may contribute to the further 
development of treatment for MCS.

Fig. 5  Relative abundances of top 10 significantly different functional pathways ranked by p-value. Relative abundances of top 10 functional 
pathways that significantly differed between multiple chemical sensitivity (MCS, n = 30) patients and healthy controls (HC, n = 24). a Pathways 
enriched in MCS. b Pathways depleted in MCS



Page 11 of 12Watai et al. BMC Microbiology           (2024) 24:84 	

Abbreviations
HC	� Healthy control
KEGG	� Kyoto Encyclopedia of Genes and Genomes
KOs	� Kyoto Encyclopedia of Genes and Genomes orthologies
MCS	� Multiple chemical sensitivity
PERMANOVA	� Permutational multivariate analysis of variance
PPI	� Proton pump inhibitor
QEESI	� Quick Environmental Exposure and Sensitivity Inventory

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12866-​024-​03239-y.

Additional file 1. Supplementary text and figures.

Acknowledgements
None.

Authors’ contributions
KW and WS contributed equally to this work. KW, MT, HH, YK, YF, and KS 
developed the study concept and design; KW, MI, KN, YN, YH, RK, and WS 
were responsible for data acquisition; KW, WS, RK, and MH conducted the 
statistical analyses; KW, TN, KT, and MK contributed to the interpretation of 
the data; KW and WS wrote the manuscript; WS and MH participated in the 
critical revision of the manuscript. All authors read and approved the final 
manuscript.

Funding
This study was supported by a Grant-in-Aid for Evidence-Based Medicine 
Research from the National Hospital Organization, Japan (no. 2015-EBM-02). 
The funder had no role in the study design, the collection, analysis, and 
interpretation of data, the writing of the report, or the decision to submit the 
article for publication.

Availability of data and materials
All fecal metagenomic data were deposited in DNA Data Bank of Japan (DDBJ) 
with accession number DRA016817. https://​ddbj.​nig.​ac.​jp/​search (Direct web 
link) https://​ddbj.​nig.​ac.​jp/​search/​en?​query=%​22DRA​016817%​22.

Declarations

Ethics approval and consent to participate
The ethics committee of the Sagamihara National Hospital approved the 
study protocol (No. 27 in 2017), which was in accordance with the Declaration 
of Helsinki. The study participants provided written informed consent when 
they were registered.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Center for Immunology and Allergy, Shonan Kamakura General Hospital, 
1370‑1 Okamoto, Kamakura, Kanagawa 247‑8533, Japan. 2 Clinical Research 
Center for Allergy and Rheumatology, NHO Sagamihara National Hospital, 
Sagamihara, Kanagawa, Japan. 3 Laboratory for Microbiome Sciences, RIKEN 
Center for Integrative Medical Sciences, Yokohama, Kanagawa, Japan. 4 Gradu-
ate School of Advanced Science and Engineering, Waseda University, Tokyo, 
Japan. 5 H.U. Group Research Institute G.K., Akiruno, Tokyo, Japan. 

Received: 3 January 2023   Accepted: 26 February 2024

References
	1.	 American Academy of Allergy, Asthma and Immunology (AAAAI) Board 

of Directors. Idiopathic environmental intolerances. J Allergy Clin Immu-
nol. 1999;103(1 Pt 1):36–40.

	2.	 College of Occupational and Environmental Medicine. ACOEM position 
statement. Multiple chemical sensitivities: idiopathic environmental 
intolerance. J Occup Environ Med. 1999;41(11):940–2.

	3.	 Yunus MB. Fibromyalgia and overlapping disorders: the unifying 
concept of central sensitivity syndromes. Semin Arthritis Rheum. 
2007;36(6):339–56.

	4.	 Sharon G, Sampson TR, Geschwind DH, Mazmanian SK. The central nerv-
ous system and the gut microbiome. Cell. 2016;167:915–32.

	5.	 Jangi S, Gandhi R, Cox LM, Li N, von Glehn F, Yan R, et al. Alterations of the 
human gut microbiome in multiple sclerosis. Nat Commun. 2016;7:12015.

	6.	 Ma B, Liang J, Dai M, Wang J, Luo J, Zhang Z, et al. Altered gut microbiota 
in Chinese children with autism spectrum disorders. Front Cell Infect 
Microbiol. 2019;9:40.

	7.	 Dantoft TM, Nordin S, Andersson L, Petersen MW, Skovbjerg S, Jørgensen 
T. Multiple chemical sensitivity described in the Danish general popula-
tion: cohort characteristics and the importance of screening for func-
tional somatic syndrome comorbidity-The DanFunD study. PLoS One. 
2021;16(2):e0246461.

	8.	 Watai K, Fukutomi Y, Hayashi H, Kamide Y, Sekiya K, Taniguchi M. Epide-
miological association between multiple chemical sensitivity and birth 
by caesarean section: a nationwide case-control study. Environ Health. 
2018;17(1):30547814.

	9.	 Galazzo G, van Best N, Bervoets L, Dapaah IOO, Savelkoul PH, Hornef MW, 
et al. Development of the microbiota and associations with birth mode, 
diet, and atopic disorders in a longitudinal analysis of stool samples, 
collected from infancy through early childhood. Gastroenterology. 
2020;158(6):1584–96.

	10.	 Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Con-
treras M, Magris M, et al. Human gut microbiome viewed across age and 
geography. Nature. 2012;486(7402):222–7.

	11.	 Clemente JC, Ursell LK, Parfrey LW, Knight R. The impact of the gut micro-
biota on human health: an integrative view. Cell. 2012;148(6):1258–70.

	12.	 Imhann F, Bonder MJ, Vila AV, Fu J, Mujagic Z, Vork L, et al. Proton pump 
inhibitors affect the gut microbiome. Gut. 2016;65(5):740–8.

	13.	 Lin CY, Cheng HT, Kuo CJ, Lee YS, Sung CM, Keidan M, et al. Proton 
pump inhibitor-induced gut dysbiosis increases mortality rates 
for patients with Clostridioides difficile infection. Microbiol Spectr. 
2022;10(4):e0048622.

	14.	 Nishino K, Nishida A, Inoue R, Kawada Y, Ohno M, Sakai S, et al. Analysis 
of endoscopic brush samples identified mucosa-associated dysbiosis in 
inflammatory bowel disease. J Gastroenterol. 2018;53(1):95–106.

	15.	 Hashimoto Y, Hamaguchi M, Kaji A, Sakai R, Osaka T, Inoue R, et al. Intake 
of sucrose affects gut dysbiosis in patients with type 2 diabetes. J Diabe-
tes Investig. 2020;11(6):1623–34.

	16.	 Jiang H, Peng Y, Zhang W, Chen Y, Jiang Q, Zhou Y. Gut microbiome-
targeted therapies in liver cirrhosis: a protocol for systematic review and 
meta-analysis. Syst Rev. 2022;11(1):181.

	17.	 Yachida S, Mizutani S, Shiroma H, Shiba S, Nakajima T, Sakamoto T, et al. 
Metagenomic and metabolomic analyses reveal distinct stage-specific 
phenotypes of the gut microbiota in colorectal cancer. Nat Med. 
2019;25(6):968–76.

	18.	 Nishijima S, Suda W, Oshima K, Kim SW, Hirose Y, Morita H, et al. The gut 
microbiome of healthy Japanese and its microbial and functional unique-
ness. DNA Res. 2016;23(2):125–33.

	19.	 Kim SW, Suda W, Kim S, Oshima K, Fukuda S, Ohno H, et al. Robust-
ness of gut microbiota of healthy adults in response to probiotic 
intervention revealed by high-throughput pyrosequencing. DNA Res. 
2013;20(3):241–53.

	20.	 Li W, Godzik A. Cd-hit: a fast program for clustering and compar-
ing large sets of protein or nucleotide sequences. Bioinformatics. 
2006;22(13):1658–9.

	21.	 Good IJ. The population frequencies of species and the estimation of 
population parameters. Biometrika. 1953;40:237–64.

https://doi.org/10.1186/s12866-024-03239-y
https://doi.org/10.1186/s12866-024-03239-y
https://ddbj.nig.ac.jp/search
https://ddbj.nig.ac.jp/search/en?query=%22DRA016817%22


Page 12 of 12Watai et al. BMC Microbiology           (2024) 24:84 

	22.	 Kanehisa M, Sato Y, Furumichi M, Morishima K, Tanabe M. New approach 
for understanding genome variations in KEGG. Nucleic Acids Res. 
2019;47(D1):D590–5.

	23.	 Li J, Jia H, Cai X, Zhong H, Ffeng Q, Sunagawa S, et al. An integrated cata-
log of reference genes in the human gut microbiome. Nat Biotechnol. 
2014;32(8):834–41.

	24.	 Hojo S, Kumano H, Yoshino H, Kakuta K, Ishikawa S. Application of Quick 
Environment Exposure Sensitivity Inventory (QEESI) for Japanese popula-
tion: study of reliability and validity of the questionnaire. Toxicol Ind 
Health. 2003;19(2–6):41–9.

	25.	 Miller CS, Prihoda TJ. A controlled comparison of symptoms and 
chemical intolerances reported by Gulf War veterans, implant recipi-
ents and persons with multiple chemical sensitivity. Toxicol Ind Health. 
1999;15(3–4):386–97.

	26.	 Miller CS, Prihoda TJ. The Environmental Exposure and Sensitivity 
Inventory (EESI): a standardized approach for measuring chemical 
intolerances for research and clinical applications. Toxicol Ind Health. 
1999;15(3–4):370–85.

	27.	 Schnakenberg E, Fabig KR, Stanulla M, Strobl N, Lustig M, Fabig N, et al. 
A cross-sectional study of self-reported chemical-related sensitivity is 
associated with gene variants of drug-metabolizing enzymes. Environ 
Health. 2007;6:6.

	28.	 Skovbjerg S, Berg ND, Elberling J, Christensen KB. Evaluation of the quick 
environmental exposure and sensitivity inventory in a Danish population. 
J Environ Public Health. 2012;2012:304314.

	29.	 Derrien M, Vaughan EE, Plugge CM, de Vos WM. Akkermansia muciniphila 
gen nov, sp nov, a human intestinal mucin-degrading bacterium. Int J 
Syst Evol Microbiol. 2004;54(5):1469–76.

	30.	 Shin NR, Lee JC, Lee HY, Kim MS, Whon TW, Lee MS, et al. An increase 
in the Akkermansia spp population induced by metformin treat-
ment improves glucose homeostasis in diet-induced obese mice. Gut. 
2014;63(5):727–35.

	31.	 Cani PD, de Vos WM. Next-generation beneficial microbes: the case of 
Akkermansia muciniphila. Front Microbiol. 2017;8:1765.

	32.	 Murakami T, Kamada K, Mizushima K, Higashimura Y, Katada K, Uchiyama 
K, et al. Changes in intestinal motility and gut microbiota composition in 
a rat stress model. Digestion. 2017;95(1):55–60.

	33.	 Wang K, Wu W, Wang Q, Yang L, Bian X, Jiang X, et al. The negative effect 
of Akkermansia muciniphila-mediated post-antibiotic reconstitution of 
the gut microbiota on the development of colitis-associated colorectal 
cancer in mice. Front Microbiol. 2022;13:932047.

	34.	 Desai MS, Seekatz AM, Koropatkin NM, Kamada N, Hickey CA, Wolter 
M, et al. A dietary fiber-deprived gut microbiota degrades the 
colonic mucus barrier and enhances pathogen susceptibility. Cell. 
2016;167(5):1339-53.e21.

	35.	 Dong TS, Gupta A. Influence of early life, diet, and the environment on 
the microbiome. Clin Gastroenterol Hepatol. 2019;17(2):231–42.

	36.	 Naito Y, Kashiwagi K, Takagi T, Andoh A, Inoue R. Intestinal dysbiosis 
secondary to proton-pump inhibitor use. Digestion. 2018;97(2):195–204.

	37.	 Fukui A, Takagi T, Naito Y, Inoue R, Kashiwagi S, Mizushima K, et al. Higher 
levels of Streptococcus in upper gastrointestinal mucosa associated 
with symptoms in patients with functional dyspepsia. Digestion. 
2020;101(1):38–45.

	38.	 Park SH, Kim KA, Ahn YT, Jeong JJ, Huh CS, Kim DH. Comparative analysis 
of gut microbiota in elderly people of urbanized towns and longevity 
villages. BMC Microbiol. 2015;15:49.

	39.	 Tana C, Umesaki Y, Imaoka A, Handa T, Kanazawa M, Fukudo S. Altered 
profiles of intestinal microbiota and organic acids may be the origin 
of symptoms in irritable bowel syndrome. Neurogastroenterol Motil. 
2010;22(5):512–9, e114-515.

	40.	 Kato K, Ishida S, Tanaka M, Mitsuyama E, Xiao JZ, Odamaki T. Associa-
tion between functional lactase variants and a high abundance of 
Bifidobacterium in the gut of healthy Japanese people. PLoS One. 
2018;13(10):e0206189.

	41.	 Miyake S, Kim S, Suda W, Oshima K, Nakamura M, Matsuoka T, et al. 
Dysbiosis in the gut microbiota of patients with multiple sclerosis, with a 
striking depletion of species belonging to Clostridia XIVa and IV clusters. 
PLoS One. 2015;10(9):e0137429.

	42.	 Leylabadlo HE, Ghotaslou R, Feizabadi MM, Farajnia S, Moaddab SY, Gan-
barov K, et al. The critical role of Faecalibacterium prausnitzii in human 
health: an overview. Microb Pathog. 2020;149:104344.

	43.	 Wan Y, Wang F, Yuan J, Li J, Jiang D, Zhang J, et al. Effects of dietary fat 
on gut microbiota and faecal metabolites, and their relationship with 
cardiometabolic risk factors: a 6-month randomised controlled-feeding 
trial. Gut. 2019;68(8):1417–29.

	44.	 Ozato N, Saito S, Yamaguchi T, Katashima M, Tokuda I, Sawada K, et al. 
Blautia genus associated with visceral fat accumulation in adults 20–76 
years of age. NPJ Biofilms Microbiomes. 2019;5(1):28.

	45.	 Zsido RG, Heinrich M, Slavich GM, Beyer F, Masouleh SK, Kratzsch J, 
et al. Association of estradiol and visceral fat with structural brain 
networks and memory performance in adults. JAMA Netw Open. 
2019;2(6):e196126.

	46.	 Wang H, Hu X, Zheng Y, Chen J, Tan B, Shi L, et al. Effects of replacing 
fish meal with cottonseed protein concentrate on the growth, immune 
responses, digestive ability and intestinal microbial flora in litopenaeus 
vannamei. Fish Shellfish Immunol. 2022;128:91–100.

	47.	 Stock AM, Robinson VL, Goudreau PN. Two-component signal transduc-
tion. Annu Rev Biochem. 2000;69:183–215.

	48.	 Lingzhi L, Haojie G, Dan G, Hongmei M, Yang L, Mengdie J, et al. The role 
of two-component regulatory system in β-lactam antibiotics resistance. 
Microbiol Res. 2018;215:126–9.

	49.	 Nagata N, Nishijima S, Miyoshi-Akiyama T, Kojima Y, Kimura M, Aoki 
R, et al. Population-level metagenomics uncovers distinct effects of 
multiple medications on the human gut microbiome. Gastroenterology. 
2022;163(4):1038–52.

	50.	 Vila AV, Collij V, Sanna S, Sinha T, Imhann F, Bourgonje AR, et al. Impact of 
commonly used drugs on the composition and metabolic function of 
the gut microbiota. Nat Commun. 2020;11(1):362.

	51.	 Maier L, Pruteanu M, Kuhn M, Zeller G, Telzerow A, Anderson EE, et al. 
Extensive impact of non-antibiotic drugs on human gut bacteria. Nature. 
2018;555(7698):623–8.

	52.	 Sasabe J, Miyoshi Y, Rakoff-Nahoum S, Zhang T, Mita M, Davis BM, et al. 
Interplay between microbial d-amino acids and host D-amino acid 
oxidase modifies murine mucosal defence and gut microbiota. Nat 
Microbiol. 2016;1(10):16125.

	53.	 Suzuki M, Sujino T, Chiba S, Harada Y, Goto M, Takahashi R, et al. Host-
microbe cross-talk governs amino acid chirality to regulate survival and 
differentiation of B cells. Sci AdV. 2021;7(10):33658193.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Metagenomic gut microbiome analysis of Japanese patients with multiple chemical sensitivityidiopathic environmental intolerance
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 
	Trial registration 

	Background
	Methods
	Study design
	Fecal sample collection
	Fecal DNA isolation and metagenomic sequencing
	Mapping of the metagenomic reads to reference genomes
	Assembly of metagenomic sequences and gene prediction
	Functional assignment of non-redundant genes
	Quantification of the annotated genes
	Assessment and selective criteria of MCS (cases)
	Statistical analysis

	Results
	Study participant characteristics
	Differences in overall gut microbiota diversity between MCS patients and HC
	MCS-associated microbiota alterations at the phylumgenusspecies levels
	Functional characterization of the MCS gut microbiota based on metagenomic data

	Discussion
	Acknowledgements
	References


