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Abstract

ated challenges to alleviate ME/CFS.

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a heterogeneous disorder with elusive causes,

but most likely because of clinical and other biological factors. As a vital environmental factor, the gut microbiome

is increasingly emphasized in various refractory diseases including ME/CFS. The present study is aimed to enhance our
understanding of the relationship between the gut microbiome and ME/CFS through data analysis of various clinical
studies. We conducted a literature search in four databases (PubMed, Cochrane Library, Web of Science, and Google
Scholar) until May 31, 2023. Our analysis encompassed 11 clinical studies with 553 ME/CFS patients and 480 healthy
controls. A comparative analysis of meta data revealed a significant decrease in a-diversity and a noticeable change

in B-diversity in the gut microbiome of ME/CFS patients compared to healthy controls. The notable ratio of Firmicutes
and Bacteroides was 2.3 times decreased, and also, there was a significant reduction in the production of micro-

bial metabolites such as acetate, butyrate, isobutyrate, and some amino acids (alanine, serine, and hypoxanthine)
observed in ME/CFS patients. The lack of comparison under similar conditions with various standardized analytical
methods has impeded the optimal calculation of results in ME/CFS patients and healthy controls. This review provides
a comprehensive overview of the recent advancements in understanding the role of the gut microbiome in ME/CFS
patients. Additionally, we have also discussed the potentials of using microbiome-related interventions and associ-
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Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CES) is a representative heterogeneous disease, with
a prevalence of 0.89% worldwide and 0.77% in Korea [1,
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2]. Individuals with ME/CFS suffer from unexplained
severe fatigue lasting over six months, with key symp-
toms of excessive post-exertional malaise (PEM), unre-
freshing sleep, and cognitive problems or orthostatic
intolerance [3]. Epidemiological data from the Centers
for Disease Control and Prevention (CDC) estimate,
there are 0.84 to 2.5 million ME/CES patients in the US,
with approximately 25% homebound or bedridden [4].
While the underlying etiology of ME/CFS remains
identified, but many debilitating circumstances trigger
this disease including viral infection, immune dysfunc-
tion, neuroendocrine imbalance, genetic predisposition,
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psychological factors, and more [5, 6]. However, the true
cause of ME/CFS pathophysiology has not been estab-
lished yet, which has raised the difficulty to understand
the disease objectives and determine the appropriate
diagnosis and therapeutics [7]. Recently, the extensive
research on chronic metabolic diseases, psychiatric dis-
orders, and ME/CFS has revealed the potential involve-
ment of gut microbiomes’ abnormal functionality in
these disorders [8, 9]. Researchers have attempted to
discover meaningful clues about ME/CES through the
human gut microbiome and its metabolites [10, 11]. In
the clinic, a significant number of ME/CES patients,
ranging from 38% [12] to 42% [13], also experience irri-
table bowel syndrome (IBS), and over 70% of ME/CES
patients report various gastrointestinal disturbances [14],
suggesting a potential link between disrupted gut micro-
biome and ME/CES pathophysiology.

The perturbed gut microbiome is known to influence
the brain function through the dysregulated gut-brain
axis [15, 16]. Gut microbiome imbalance is associated
with increased gut permeability leading to exacerbate
the inflammation gradually in multiple organ systems,
including the brain [17]. Many studies have also reported
a link between gut microbiome dysbiosis and depression
[18]. In light of the recent understanding of ME/CEFS as
a multisystem neuroimmune disease, the variation in
gut microbiome derived metabolites might contribute
to ME/CES [19]. However, numerous essential questions
remain unanswered, including whether ME/CEFS patients
consistently show alterations in their gut microbiome
and its related metabolites, and if so, how these altera-
tions interact with ME/CES progression?

To address these questions, we conducted a compre-
hensive analysis based on recent clinical reports compar-
ing alterations in the gut microbiome and its associated
metabolites in ME/CES patients to healthy controls.

Methods

Protocol registration

The current study protocol was registered on PROS-
PERO (International Prospective Register of Sys-
tematic Reviews) with the registered number of
CRD42023445298. The protocol is available at the follow-
ing link: [https://www.crd.york.ac.uk/prospero/display_
record.php?ID=CRD42023445298].

Literature searching strategy

The systematic review was performed in adherence to the
guidelines provided by the PRISMA framework [20]. The
relevant literature was surveyed through four well-known
databases of biomedical literature until the data of 31st
May 2023, including PubMed (www.ncbi.nlm.nih.gov/
pubmed), Cochrane library (www.cochranelibrary.com),
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Web of Science (www.webofscience.com), and Google
Scholar (scholar.google.com) with the combinations of
the following key terms: (“microbiota OR microbiome”
combined with “chronic fatigue syndrome OR myalgic
encephalomyelitis”; title/abstract).

Inclusion and exclusion criteria

We selected clinical literature with healthy control
groups based on their inclusion of gut microbiome-asso-
ciated analysis directly related to ME/CFS. Exclusions
comprised reviews, non-clinical studies, studies lacking
control groups, those focusing on the oral microbiome
without relevance to ME/CFS, repetitive studies, those
without available full texts, and non-English papers.

Review process and data extraction

Two authors (J.-H. Wang and Y. Choi) conducted the
search and selection of eligible articles based on the
aforementioned criteria. Manual screening was employed
to remove any duplicate papers. The selected articles pro-
vided data on various parameters including the number
of participants, average age, race/ethnicity, publication
year, country, sample type, method of microbiome deter-
mination, instruments used, bioinformatics tools applied,
diagnostic criteria of ME/CES, fatigue assessment, gas-
trointestinal complications, a and B diversity, micro-
bial metabolites, and bacterial abundance. Information
was extracted from the text, figures, and supplementary
materials of each included paper. In cases where only
graphical data were available, the Web-Plot-Digitizer app
(version 4.6) was utilized to extract relevant parameters
from the graphs (https://apps.automeris.io/wpd/).

Assessments of study quality, publication bias,

and heterogeneity of outcome

The quality assessment of each study was conducted
using the six domains of the Cochrane Collaboration’s
tool, which include random sequence generation (selec-
tion bias), allocation concealment (selection bias), blind-
ing of participants and personnel (performance bias),
blinding of outcome assessment (detection bias), incom-
plete outcome data (attrition bias), selective reporting
(reporting bias). The risk of bias for each domain was
evaluated and categorized as ‘low; ‘unclear; or ‘high! The
comprehensive assessment results are shown in Addi-
tional file 2: Figure S1. We also assessed the potential
for publication bias in a meta-analysis using funnel plots
and Egger’s test (Additional file 3: Figure S2). In assessing
the heterogeneity of studies, the I? value was utilized to
describe the probability of total variation across studies,
stemming from heterogeneity rather than mere chance
or random error [21]. An 2 value of 50% indicates con-
siderable heterogeneity resulting from actual differences
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in study populations, protocols, interventions, and
outcomes.

Statistical analysis

In the present study, the meta-analysis including forest
plots was conducted for data of gut microbiome « diver-
sity using RevMan 5.4 statistical software from Cochrane
(Oxford, UK). Results were expressed as standardized
mean difference (SMD) with 95% confidence intervals
(CI). Based on the assessment of heterogeneity using I*
statistics, we applied a random-effects model for cases
with 50% or higher heterogeneity. Statistical significance
was defined by p-values less than 0.05.

Results

Descriptions of included studies

From four electronic databases, we identified a total of
104 studies; 73 from PubMed, eight from Cochrane, one
from Web of Science, and 22 from Google Scholar. Out
of these, 93 studies were excluded for various reasons,
as follows: eight duplicates, 26 unrelated to ME/CEFS,
one erratum, one lacked full text, 39 review articles, 15
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non-clinical studies, two without a healthy control, and
one focused only on the oral microbiome (Fig. 1). Eventu-
ally, we selected 11 clinical studies (listed in Additional
file 1: Table S1 and labeled as I to XI) that met the inclu-
sion and exclusion criteria for the present review. The
selected studies were conducted in six countries (63.6%
in USA) across four continents, and were published
within the past decade (Table 1).

Characteristics of the participants

A total 1,033 participants (23.4% of male and 76.6%
of female) consisting of 480 healthy (46.5%) and 553
ME/CES (53.5%) subjects were enrolled in 11 studies
from six countries, the average age of all subjects was
around 44.5 years old (healthy control 43.9+6.8, ME/
CFS 45.0+6.7). The average body mass index (BMI) of
all participants was below 25, as not notably differently
between healthy control (24.5+1.8) or ME/CFS sta-
tus (24.3+2.2), respectively. In the 11 studies reviewed,
three case criteria for ME/CFS diagnosis were employed:
six using Fukuda criteria and one using Canadian Con-
sensus Criteria (CCC) exclusively, while two studies as a

Articles excluded (n = 36)

* No relation with ME/CFS (n = 26)

* Repetition (n = 8)

e Erratum (n=1)
* No full text available (n = 1)

Articles excluded (n = 54)

* Review (n = 39)

* Non-clinical studies (n = 15)

Articles excluded (n = 3)

* No control (n =2)

=
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Fig. 1 Assessment of the clinical research to be included in this study for further analysis of Gut microbiome during ME/CFS
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Table 1 Summary of characteristics of included 11 studies
Items ME/CFS Healthy control Total

Number of participants (%) 553 (100%) (52+42)

480 (100%) (45+28) 1033 (100%)

(Mean£SD) (48+35)
Male 124 (22.4%) 118 (24.6%) 242 (23.4%)
Female 429 (77.6%) 362 (75.4%) 791 (76.6%)
Age (Mean +SD)? 450+6.7 4394638 445469
BMI (kg/mz) 243+2.2 245+1.8 244419
Diagnostic criteria, N. of study Percentage
Fukuda 9 N/A 69.2%
Canadian 3 N/A 23.1%
ICC 1 N/A 17.7%
Participants with Gl disorder
IBS (4 studies) 177/273 (64.8%) 10/280 (3.6%) 187/553
(33.8%)
GID (4 studies) 34/98 (34.7%) 17/87 (19.5%) 51/185
(27.6%)
N/A (3) 182 113 295
Gut microbiome detection methods (Number of study, %)
16 5/18 s rRNA (7, 63.6%) Shotgun (3, 27.3%) Culture (1, 9.1%)
Instruments, Number of study (%)
lllumina MiSeq lllumina HiSeq Roche 454 MALDI-TOF MS
5 (45.5%); 3(27.3%) 2 (18.2%) 1(9.1%)
Gut microbiota analysis tools, N. of study (%)
QIIME 1/2 R Mothur MBT RDP Classifier
5 (45.4%) 2 (18.2%) 2 (18.2%) 1(9.1%) 1(9.1%)
Publication Year, Number of study (%)
2013-2020 (7 studies, 63.6%) 2021-2023 May (4 studies, 36.4%)
Continents, Number of study (%)
North America Europe Oceania Asia
7 (63.6%) 2(18.2%) 1(9.1%) 1(9.1%)

ME/CFS Myalgic encephalomyelitis/chronic fatigue syndrome, N/A Not available, IBS irritable bowel syndrome, CCC Canadian consensus criteria, ICC international
consensus criteria, GID gastrointestinal disturbances, QIIME Quantitative insights into microbial ecology, MBT MALDI Biotyper, RDP Ribosomal database project, MALDI-

TOF MS Matrix-assisted laser desorption ionization-time of flight mass spectrometry

2 Only 1 study use median of age was excluded

combination of Fukuda and CCC, and one study employ-
ing a combination of the Fukuda and the International
Consensus Criteria (ICC), respectively. In terms of gas-
trointestinal complications, 58.3% of ME/CFES patients
experienced gastrointestinal dysfunction in contrast to
only 9.2% of healthy subjects (Table 1).

All 11 selected studies analyzed the gut microbiome
using Next-Generation Sequencing (NGS, 10 studies) or
in vitro anaerobic culture method (one study), all focused
on fecal samples. However, only five studies performed
comparative analyses of gut microbial metabolites in
urine, serum/plasma or feces. All selected studies were
conducted in six countries across four continents, and
published within the past decade (Table 1). In addition,
eight out of the 11 selected studies mentioned that sub-
jects who had taken any type of antibiotics in the prior
two or four weeks were excluded.

Diminished gut microbiome a-diversity in ME/CFS patients
Among 11 studies, seven reported the a-diversity of gut
microbiome, with a significant reduction in 3 studies,
and no significant difference in 4 studies, incorporating
various evaluation methods such as Shannon, Chao 1,
observed species, and Pielou’s index (Fig. 2A). One of
these studies mentioned only the lack of substantial dif-
ference without reporting the quantitative information.
Therefore, we conducted a meta-analysis of a-diversity
values from six studies. Considering *=51% hetero-
geneity (P>0.07), we applied a random-effects model
to calculate the standardized mean difference (SMD).
The result indicated a significant 34% decrease in
a-diversity of gut microbiome in ME/CFS patients
compared to healthy controls (P <0.00001, Fig. 2B).
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A) B) o-diversity C) B-diversity
u Participants Diversity Author Year ME/CFS HC Std. Mean Difference
ME/CFS HC o B Mean SD Mean SD Weight IV, Random, 95% CI IV, Random 95% CI Methods MS/CFS vs HC P-value

I 106 91 I| E Guo 2023 047 0.06 050 0.04 208% 046 [-075,0.18] — PERMANOVA pseudo-fratio = 3.02 <0.01
I 149 79 [1][*] Xiong2023 544 295 618 29.1 214% -025 [0.53,0.02] o | BCD BCD index ratio=1.11 <0.01
m 35 70 [<] Lupo 2021 2156 780 2214 608 147% 0.9 [022,0.59] N CCA N/A <0.01
v 48 52 [<][ ] Kitami2020 43 04 45 04 152% -046 [-0.86,-0.06] — .

v 49 39 E| |:| Mandarano 2018 23 12 28 12 141% -041 [084,00] —mW

VI 50 50 :l Nagy-Szakal 2017 BCD BCD index ratio=1.07 <0.001
VI 34 25 [ ][] Amstrong2017
VI 1 1 [«][ ] ciloteaux 2016*

x 49 30 [1] Giloteaux 2016° 53 09 59 09 138% -066 [-1.09,-023] ——— WUD &UUD N/A >0.05
X 10 10 [ ][] shukla2015

XI 43 36 :l Frémont 2013 DFA N/A <0.05

Total (95% 100% 034 [-0.53,-0.13]
Significant decrease [ ] significant diff Heterogeneit .'E'au2=0C.I)03; Chi?=10.11, & =5 (P =0.07; P=51% P‘“_“”*:_&
Nodifference [ ][] wa Test for overall effect: Z=3.20 (P < 0.00001) 1 05 0 05 1

Fig. 2 Alterations of a- and -diversity of gut microbiome in ME/CFS patients A Outline of gut microbiome a- and B-diversity change from the 11
selected studies, denoted by Roman numerals | to XI. B Forest plots summarizing alpha-diversity of gut microbiome using the random-effects
meta-analysis model. C List of gut microbiome B-diversity in gut microbiome of ME/CFS patients versus healthy controls. C confidence interval,
df degrees of freedom; 2, I-square heterogeneity statistic, ME/CFS Myalgic encephalomyelitis/chronic fatigue syndrome, HC healthy control, N/A
non-available, CCA Canonical correspondence analysis, BCD Bray—curtis dissimilarity, WUD Weighted UniFrac distance, UUD Unweighted UniFrac
distance; DFA Discriminant function analysis. *P <0.05 and **P <0.01 ME/CFS patients compared to the healthy controls

Alterations of gut microbiome B-diversity in ME/CFS
patients

Among 11 studies, six studies reported the B-diversity
of gut microbiome (Fig. 2A). Expect for one study that
showed no noticeable alteration in the B-diversity of
the gut microbiome (P >0.05), the remaining five stud-
ies consistently indicated a significant dissimilarity in
the overall structure of the gut microbiome in ME/CES
patients compared to healthy controls (P<0.05, 0.01 or
0.001, Fig. 2A, C).

Taxonomic changes in gut microbiome of ME/CFS patients
All 11 studies compared the taxonomic changes in
the gut microbiome, by utilizing 16 s rRNA sequenc-
ing (six studies), whole-genome shotgun metagenomic
sequencing (three studies), 18 s rRNA sequencing (one
study), or anaerobic culture (one study), respectively.
We herein summarized the alterations of gut microbi-
ome in terms of three levels of taxonomic classification,
from 10 studies except anaerobic culture-derived data
(Fig. 3A-C).

The detailed alterations of gut microbiome by three
levels of taxonomic classification from the 10 stud-
ies were summarized. At the phylum level, ME/CES
patients showed a significant increase in Bacteroi-
detes, along with noticeable reductions in Firmicutes
compared to healthy controls (P<0.01, Fig. 3A). Inter-
estingly, some potentially beneficial genera such as Bifi-
dobacterium, Roseburia, and Faecalibacterium display a
notable decrease in CFS patients compared to healthy
controls (P<0.05 or P<0.01, Fig. 3C). While Firmi-
cutes are notably reduced, certain genera belonging to
Firmicutes, such as Phascolarctobacterium, Blautia,

Coprobacillus, Oscillospira, Lactococus, Anaerotruncus,
are increased significantly (P<0.05 or P<0.01, Fig. 3B).

Regarding species-level differences, only one study (II,
Additional file 1: Table S1) provided the complete raw
data on detected gut microbiome species (64 + 14 spe-
cies in 78 healthy controls and 58 + 16 species in 146 ME/
CES patients). Additionally, 4 studies showed a signifi-
cant increase of some opportunistic pathogenic bacterial
species among ME/CES patients, including Erysipela-
toclostridium ramosum, Enterocloster citroniae, Hunga-
tella hathewayi, Eggerthella lenta, etc. Conversely, some
lactic acid bacteria and other beneficial species notably
decreased in ME/CFS patients, such as Faecalibacterium
prausnitzii, Bifidobacterium angulatum, Lactobacillus
ruminis, Roseburia intestinalis etc. (Fig. 3C).

Alteration of potential gut microbiome related metabolites
in ME/CFS patients

A total five studies have reported potential differences
in metabolites between ME/CEFS patients and healthy
controls, using feces (four studies), serum/plasma
(three studies), and/or urine (one study). Particularly,
both short-chain fatty acids (SCFA, like butyrate, ace-
tate) and branched SCFA such as isobutyrate were sig-
nificantly reduced in fecal, blood, or urine of ME/CFS
patients. Remarkably, an extensive reduction of serum
a-tocopherol (Vitamin E, P<0.05), a typical antioxidant
vitamin that can be potentially metabolized by certain
gut microbes, was observed in ME/CES patients com-
pared to healthy controls. Besides, the notable differences
in other metabolites, mainly including amino acids and
lipid molecules directly or indirectly influenced by gut
microbiome also observed (Fig. 4).
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Gut Microbial Taxonomic Comparison
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Haemophilus parainfuenzae [VI]

Fig. 3 Remarkable Taxonomic Changes in the Gut Microbiome of ME/CFS Patients We listed significant differences (P<0.05) in the relative
abundance of the gut microbiome between ME/CFS and healthy control, including taxonomic classifications at the phylum A, genus B, and species
C levels. Detailed reference information is available in Additional file 1: Table S1. **P<0.01 ME/CFS patients compared to the healthy controls

Discussion
Recently, increasing studies have stressed the importance
of gut microbiome in various clinical conditions, includ-
ing irritable bowel syndrome [22], and psychiatric dis-
orders [23]. It’s worth noting that typical symptoms in
ME/CES, such as digestive disorders, depression, cogni-
tive issues, and even fatigue itself, are also deemed to be
closely associated with gut microbiome dysbiosis [19, 24,
25]. To uncover clues of the pathogenesis of ME/CEFS, we
herein comprehensively analyzed the latest clinical data
concerning the gut microbiome and related metabolites.
Although the number of included studies were less
than expected, we ultimately selected 11 studies that met
our study criteria, encompassing 553 individuals with
ME/CES and 480 healthy controls. In the basic analyses
of dissimilarities among different ecosystems, the com-
parisons of a-diversity and p-diversity are commonly
employed [26]. From six available studies (436 ME/CFS
patients and 370 healthy controls), we observed a signifi-
cant reduction of the a-diversity of the gut microbiome
in ME/CES patients compared to the healthy controls
(Fig. 2A, B). Although it’s not definitive, many scien-
tists believe that the healthy individual typically harbors
approximately 500 to 1000 difference species of micro-
biome within the human gut [27]. Our data revealed

a reduction of around 34% of gut microbiome species
number in ME/CES patients compared with healthy con-
trols (P<0.00001). In general, healthy individuals harbor
a greater variety of different microbiome species in gut,
and this diversity contributes significantly to the overall
health of the host [28]. However, it is noteworthy that
reduced o-diversity has been commonly observed not
only in ME/CES but also in many other pathological con-
ditions and diseases, such as obesity, diabetes, inflamma-
tory bowel diseases (IBD), and mental health disorders
[29-33]. Moreover, aging is associated with changes in
the gut microbiome and a reduction in gut microbial
a-diversity is evidently observed in older individuals [34,
35]. Nevertheless, our study showed that the participants
with ME/CES and healthy controls were recruited within
similar average ages and ranges (ME/CFS: 45.0+ 6.7 years
old and healthy controls: 43.9 + 6.8 years old).

On the other hand, in contrast to a-diversity, the
B-diversity indicates the extent of the difference in the
composition of gut microbial species between two
groups [36]. When we analyzed the B-diversity from six
available studies, except one study with no significant dif-
ference (P>0.05), five studies consistently confirmed a
notable distinction in the structural similarity of the gut
microbiome between ME/CFS and healthy individuals
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Fig. 4 Microbial metabolites alteration in ME/CFS patients A summary of the noteworthy alterations in microbiome-related metabolites in ME/
CFS patients’feces, serum/plasma and urine compared to healthy control. ME/CFS: Myalgic Encephalomyelitis/Chronic Fatigue Syndrome. *P < 0.05

and **P<0.01 ME/CFS patients compared to the healthy controls

(P<0.05, 0.01 or 0.001, Fig. 2A, C). Similar to a-diversity,
the obvious dissimilarity of the gut microbial communi-
ties (B-diversity) is also not exclusive to ME/CEFS but is
also observed in conditions such as IBD, metabolic dis-
eases, autoimmune diseases, neurological disorders [37—
40]. The further studies, however, are required, to directly
compare the B-diversity of gut microbiome between ME/
CES and other similar diseases, like fibromyalgia, long
COVID, and autoimmune diseases, in the future. In gen-
eral, the significant reduction in species diversity and
substantial alteration in the composition of gut microbi-
ome can impact host metabolism, consequently resulting
in a series of changes in metabolites [41]. One research
revealed that a significant change in gut microbiome
a-diversity was observed in short-term ME/CEFS patients,
while obvious metabolic and clinical aberrations in long-
term ME/CFS patients [11].

When we conducted an analysis of the overall changes
in gut microbiome taxonomy and related metabolites
from three sources, significant changes in the rela-
tive abundance of gut microbiome phyla, genera, and
species were observed (Fig. 3). Simultaneously, nota-
ble alterations were found in the related metabolites,
including 11 in feces, 10 in serum/plasma, and seven
in urine (Fig. 4). Among these alterations, a significant

decline in serum butyrate levels were found in ME/CES
patients [19]. We also observed a decrease in butyrate-
producing bacteria among ME/CEFS patients, which has
been confirmed by several studies involving genus/spe-
cies like Ruminococcus, Faecalibacterium prausnitzii,
and Eubacterium rectale [11, 13, 19, 42]. Moreover,
the abundance of these species were negatively corre-
lated with the severity of fatigue symptoms in ME/CFS
patients [19]. Besides, noticeable decreases in other
bacteria-produced metabolites, which serve as energy
sources (such as acetate and isovalerate) and exhibit
antimicrobial properties (such as lactate and benzo-
ate), were observed in the ME/CFS patients as well [43].
These changes were positively correlated with Clostrid-
ium, but negatively correlated with Bacteroides. [43].
In addition, gut microbiome-derived sphingolipids
have been demonstrated to alter host lipid metabolism
[44]. Specifically, Bacteroides spp. with serine palmi-
toyltransferase (SPT) gene have the ability to produce
sphingolipids [44]. Therefore, this could partially elu-
cidate the elevated levels of serum lipid profile and
high Bacteroidetes were appeared simultaneously in
long-term ME/CES patients [11]. Numerous studies
revealed the potential role of vitamin E in improving
mental health, particularly cognitive function [45, 46].
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Whereas, certain gut microbes, like Bacteroides and
Clostridium, are considered to possess the potential
ability to metabolize vitamin E in the intestinal tract
[47, 48]. Hence, we suggest that the cognitive issues
observed in ME/CFS patients may be associated to spe-
cific changes in the gut microbiome and a significant
reduction in vitamin E levels. Tryptophan, serving as
a precursor for serotonin, can be degraded by certain
gut microbiome through various pathways, leading
to the influence of serotonin levels and brain function
[49] and even pathophysiology of ME/CES [50]. There-
fore, we suggest that exploring the alterations in gut
microbiome composition and function could elucidate
how tryptophan metabolism impacts serotonin levels,
potentially contributing to several symptoms of ME/
CFS, such as depression, unrefreshing sleep, as well as
other pathological conditions. Regrettably, none of the
11 studies included in the current review conducted
any analysis related to tryptophan metabolites.
Recently, the proposed causality or association
between alterations in the gut microbiome and ME/
CES has become an intriguing subject for investiga-
tion [51]. A clinical analysis showed that patients with
severe ME/CES have excessive antibodies against flagel-
lins, especially as a pathogen-associated molecular pat-
tern (PAMP) from lachnospiraceae, compared to the
healthy controls [42]. These findings suggested that the
commensal microbiome may be directly involved in the
pathogenic process of ME/CES. Regarding the thera-
peutic aspect, a clinical trial demonstrated the efficacy
of probiotics (lactobacillus casei strain Shirota and bifi-
dobacterium infantis 35,624) administration in reduc-
ing anxiety and inflammatory biomarkers in ME/CES
patients [52]. An increasing number of clinicians believe
that manipulating gut microbiome through fecal micro-
biome transplantation (FMT) might be an effective
therapeutic for certain diseases including ME/CES [53].
In fact, FMT using standardized live fecal microbiome
(Rebyota®, Ferring Pharmaceuticals Inc., USA) has been
initially approved by the U.S. Food and Drug Administra-
tion (FDA) to treat Clostridium difficile infection (CDI)
in 2022 [54]. Besides, an oral standardized microbiome
capsule (Vowst' ", Seres Therapeutics, USA) also received
FDA approval in April 2023 [55]. However, FMT failed
to ameliorate the symptoms and health-related quality
of life (QOL) in ME/CEFS patients from a randomized,
double-blinded, placebo-controlled clinical study [56].
These negative outcomes might be related to that con-
clusive evidence concerning whether the gut microbiome
is one of the etiological agent for ME/CEFS has not been
established to date. Hence, the application of human fecal
microbiome transplantation (FMT) into a germ-free or
antibiotics-treated animal models could be considered a
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valuable approach for investigating the potential etiology
and pathogenesis of ME/CES.

As a well-known knowledge of female-dominant preva-
lence in ME/CES [57], the current study indicated that
83% of the participants diagnosed with ME/CES are
female (Table 1). Actually, dissimilarity in the gut micro-
biome has been found between genders owing to genetic
factors, hormonal influences and physiological vari-
ances [58]. However, the limitation of the present review
is that none of the studies analyzed the gut microbiome
differences as sex-specific. Regarding the methodology,
16 s rRNA sequencing has been the major technique
for gut microbiome in the included ME/CES studies.
Nonetheless, we have observed an increasing number of
researches switching to whole-genome shotgun sequenc-
ing to acquire more valuable information, driven in part
by reduction in sequencing costs. Thus, variable meth-
ods and sequencing platform in the selected studies may
hinder to draw firm conclusions. In addition, the gut
microbiome generally includes not only bacteria but also
archaea, fungi, viruses, protozoa, etc. However, the cur-
rent review only focuses on gut bacteria due to the very
few studies on ME/CES that have explored aspects other
than bacteria. Eventually, it is also a limitation that three
out of 11 included studies did not mention the subjects’
condition of antibiotics use.

Conclusions and future perspectives

In conclusion, our findings confirm a significant reduc-
tion in the gut microbiome species (a-diversity) among
ME/CES patients compared to healthy individuals.
Moreover, the overall similarity in the structure of the
gut microbiome (B-diversity) showed a notable differ-
ence between ME/CES patients and healthy subjects.
Although observable changes in certain gut microbi-
ome and associated metabolites, particularly vitamin E,
short chain fatty acids, have been partially identified, the
precise mechanisms linking between ME/CFS and gut
microbiome remain elusive thus far. Therefore, further
research is essential to validate the causality and specific-
ity of gut microbiome in ME/CES. These investigations
will offer valuable insights into the etiology, mechanism,
diagnosis, treatment, prevention, and prognosis of ME/
CES.
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