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Editorial on the Research Topic
Gut microbiota and gastrointestinal disorders

Observational outcomes of recent studies indicate the notion of the gut microbiota’s
contribution to the host’s physiological, immune, neurological, and metabolic health.
In dysbiotic conditions, gut microbes could contribute to the development of a wide
spectrum of diseases including metabolic syndrome, non-alcoholic fatty liver disease
(NAFLD), irritable bowel syndrome (IBS), and inflammatory bowel disease (IBD) (1, 2).
However, we are yet to fully understand the underlying mechanisms of the gut microbiota
affecting host metabolisms and this field of study is still in its infancy; therefore,
research is shifting toward cause-and-effect and multi-omics studies (3). Considering
the translational applications of microbiome research, recent studies have demonstrated
the great potential of gut microbiota manipulation in reducing the prevalence and
severity of gastrointestinal disorders (4). Our growing knowledge about the human
indigenous microbial species and the development of biotechnology and machine
learning techniques are opening new avenues for the progression of microbiome-
based therapeutics toward the application of precisely defined and targeted microbial
consortia (5).

In this regard, the special issue of “Gut Microbiota and Gastrointestinal Disorders”
appeared highly topical, wherein the aim was to provide novel insights on the central role
of the gut microbiota in gastrointestinal disorders and seek innovative therapeutic and
predictive applications of selected microbial species.

Considering the profound influence of the gut microbiota on the development
and progression of ulcerative colitis (UC), Hu et al. reviewed the genetic,
immunological, and microbial risk factors for UC pathogenesis. They enumerated
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potential microbiome-based approaches to restore and
preserve intestinal microbial homeostasis and subsequently
resolve UC. In another review, Wang et al. focused on
gastrointestinal microbial dysbiosis and its contribution to the
development of NAFLD, ranging from steatosis to non-alcoholic
steatohepatitis (NASH). In this study, the special association of
periodontopathic bacteria, mainly Porphyromonas gingivalis, to
the pathogenesis of NAFLD was highlighted through clinical
and basic research.

The significance of microbial species in the progression
and emission of gastrointestinal disorders has led to the
evaluation of longitudinal bio-psychological dynamics by
Tavakoli et al. during the treatment procedure of IBD patients.
Observational findings suggested a substantial decrease in
microbial diversity of Crohn’s disease (CD) patients compared
to UC patients. This, in principle, leads to the interdependence
of treatment strategy and microbial dynamic comparing CD
and UC patients. Although most studies associating the gut
microbiota with human health and disease have focused
on the analysis of bacterial and archaeal components, the
importance of the mycobiota, the microbiota’s fungal portion,
is now recognized. The analysis of the mucosa-associated
mycobiota in CD patients by Olaisen et al. revealed the
enrichment of Malassezia and the depletion of Saccharomyces,
along with a higher proportion of Candida albicans and
Malassezia restricta, compared to healthy controls. Notably,
the mycobiota structural differences between the inflamed and
proximal non-inflamed ileum within the same individual may
contribute to CD pathogenesis. Moreover, the identification
of intraindividual and interindividual differences in microbial
composition can be utilized as predictive biomarkers. Tian
et al. exhibited the abundance of Alistipes and Eubacterium and
the impoverishment of Roseburia species in patients suffering
from slow transit constipation. The enrichment of fatty acid
biosynthesis, butanoate metabolism, and methane metabolism
pathways along with microbial alteration might be potential
biomarkers for slow transit constipation. Another predicting
strategy was provided by Vincentis et al, evaluating the
clinical improvement of patients receiving rifaximin therapy.
Although inaccurate in predicting gut microbiota alterations,
their electronic multi-sensorial systems constituted of e-tongue
and e-nose, could effectively predict clinical improvement.

In the context of IBD research, a treatment strategy for
dextran sodium sulfate (DSS)-induced colitis was evaluated by
Nakajima et al. in C57BL/6 male mice. Nicotine administration
prior to the induction of DSS-induced colitis elevated
indole concentration in the distal colon and rectum while
short-chain fatty acid (SCFA) values presented insignificant
differences, compared to the control cohort. The high level
of indole concentration, as well as the increased proportion
of Clostridioides and Porphyromonas genera, were presented
as the underpinning mechanism of DSS-induced colitis
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suppression following nicotine administration. Similarly,
Zhou et al. reported the potential for a ginger extract
to attenuate the susceptibility to DSS-induced colitis by
preventing weight loss, colon shortening, inflammation,
and intestinal barrier dysfunction. Ginger administration
to mice models for 4 weeks following antibiotic exposure
increased bacterial diversity and the relative abundance of
Helicobacter species while decreasing the relative abundance of
Peptococcaceae rc4-4.

Another therapeutic approach for restoring the inherent
microbial composition is fecal microbiota transplantation
(FMT), which was proposed by Ishikawa et al. for UC
patients following triple-antibiotic ~therapy. This study
protocol presented a double-blinded, randomized, placebo-
controlled, parallel assignment trial that primarily should
evaluate the Total Mayo Score at 8 weeks after the FMT
procedure. Furthermore, the comparison of clinical features,
microbial structure, and metabolic profile, as well as post-
FMT 2-year follow-up constitute other endpoints of this
study protocol.

Yang et al. assessed the efficacy and safety of FMT
combined with biofeedback for mixed constipation. They
reported insignificant differences in side effects, yet the
combined therapy presented a substantial enrichment in
the proportion of probiotic species namely Prevotella and
Bifidobacterium. Considering FMT as a stopgap, yet effective and
safe, microbiome-based therapeutic strategy for the remission
of gut dysbiosis and gastrointestinal disorders, Savigamin
et al. presented four primary steps for initiating FMT in
developing countries including: 1. Finding a perfect stool donor;
2. Initiating a clinical trial; 3. Establishing a stool standard
for use in other research trials; 4. Establishing a clinical
center for the transplantation of fecal microbiota. They further
discussed and provided insightful suggestions for the first
two steps.

In conclusion, the studies published in this Research
Topic further shed light on the critical contribution of
the gut microbiota in the pathogenesis of gastrointestinal
disorders and its potential capacity in developing efficient
biomarkers and therapeutic strategies. In this field of study,
the knowledge gaps to be filled and the bottlenecks to be
surpassed include deciphering the contribution of hundreds
of as-yet-unknown metabolites and their related signaling
pathways to the hosts physiological and metabolic health
and disease.
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Background: Intestinal dysbiosis might play a pathogenetic role in subjects with
symptomatic uncomplicated diverticular disease (SUDD), but the effect of rifaximin
therapy has been scantly explored with regard to gut microbiota variations in patients
with SUDD.

Aims: To verify to which extent rifaximin treatment affects the gut microbiota and
whether an electronic multisensorial assessment of stools and breath has the potential
for detecting these changes.

Methods: Breath and stool samples were collected from consecutive patients with
SUDD before and after a 7 days’ therapy with rifaximin. Stool microbiota was assessed,
and the electronic multisensorial assessment was carried out by means of the BIONOTE
electronic (e-)tongue in stools and (e-)nose in breath.

Results: Forty-three subjects (female 60%, median age 66 years) were included, and
20 (47 %) reported clinical improvement after rifaximin therapy. Alpha and beta diversity of
stool microbiota did not significantly change after treatment, while a significant variation
of selected taxa was shown (i.e., Citrobacter, Coprococcus, Anaerotruncus, Blautia,
Eggerthella lenta, Dehalobacterium, SMB53, and Haemophilus parainfluenzae). Overall,
the electronic multisensorial system suboptimally mirrored microbiota changes, but it was
able to efficiently predict patients’ clinical improvement after rifaximin with accuracies
ranging from 0.81 to 0.98.
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Microbiota and E-Tongue/E-Nose in SUDD

Conclusions:

In patients with SUDD, rifaximin administration is associated with

significant variation of selected taxa. While inaccurate in predicting gut microbiota
change, an electronic multisensorial system, made up of e-tongue and e-nose, was able
to predict clinical improvement, thus potentially qualifying as an easy and cheap tool to
forecast subjects taking most likely benefit from rifaximin therapy.
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INTRODUCTION

Colonic diverticulosis is a complex multifactorial disorder, in
which dysbiosis could play a key role. It affects up to one
third of people over the age of 60 years and causes symptoms
including abdominal pain or bloating and changes in bowel
habit (condition termed symptomatic uncomplicated diverticular
disease—SUDD) in 20% of cases (1). Approximately 10-25% of
patients with SUDD may develop acute diverticulitis (2). The
fact that the small bowel diverticula are associated with bacterial
overgrowth and most complications of colonic diverticular
disease are bacterial in nature and may benefit from antibiotic
therapy or fecal stream diversion further supports the importance
of gut microbiota in diverticular disease pathogenesis (3). Fiber
deficiency, attributed to a Western diet, plays a crucial role,
considering that DNA sequencing confirms that fecal microbiota
composition is affected by consumption of supplemental fibers
(4). A low-fiber diet not only affects colonic motility but can
account for the microbiota composition bending toward a
prevalence of Bacteroides (5). Low-grade inflammation, altered
intestinal microbiota, visceral hypersensitivity, and an abnormal
colonic motility are likely to play a variable pathogenetic role (6).
The presence of inflammation and dysbiosis in SUDD validates
the responsiveness to anti-inflammatory medications like non-
absorbable enteral antibiotics such as rifaximin, a semisynthetic
antibiotic synthesized in 1982 from rifamycin (7). Rifaximin has
a broad spectrum of antibacterial action, is unlikely to induce
bacterial resistance (7), and decreases the metabolic activity of
the intestinal bacterial flora and the degradation of dietary fiber
(8). Rifaximin acts by binding to the beta subunit of bacterial
DNA-dependent RNA polymerase resulting in the inhibition
of bacterial RNA synthesis (9). It has in vitro bactericidal
and bacteriostatic activity against aerobic and anaerobic gram-
positive and gram-negative species, being also able to reduce
bacterial virulence and translocation and to inhibit bacterial
adherence to gut mucosa (10). In fact, cyclic administration
of rifaximin with dietary fiber supplementation outperforms
simple dietary fiber supplementation in reducing both symptoms
and complication frequency of SUDD (11). In conclusion,
the better comprehension of the inflammatory patterns and
the gut microbiota has increased the therapeutic options:
current evidence enhances the therapeutic role of rifaximin
(as well as mesalazine that acts directly on the gastrointestinal
epithelium) in the treatment of SUDD symptoms, and the
fiber supplementation is still recommended in SUDD by
much of the international guidelines even if its use is not
supported by the recent evidence. Unfortunately, the only

available study of rifaximin effects on gut microbiota refers
to only four women, being thus less than exploratory in
nature (12). Thus, we purposed to verify to which extent
rifaximin treatment affects the gut microbiota and whether
an electronic multisensorial assessment of stools and breath
has the potential for detecting these changes. Indeed, the
genetic study of microbiota is cumbersome and requires
both time and money. Instead, both a gas sensor array (e-
nose) and the liquid sensor array (e-tongue) qualify as very
simple and inexpensive methods for assessing, respectively,
the spectrum of volatile organic compounds and the electrical
impedance of a given liquid, which clearly reflect its physical
properties and chemical composition (13). Both e-nose and
e-tongue have displayed a wide spectrum of diagnostic and
classificatory properties in different conditions, e.g., in liver
diseases, chronic obstructive pulmonary disease, asthma, and
selected tumors for the e-nose (14-19), in ascites, pleural
effusion, urinary tract infections, and wound infections for e-
tongue (20-23). Thus, e-nose and e-tongue might be able to
catch the rifaximin-induced changes in gut microbiota, allowing
either to interpret or to monitor the response to rifaximin in
SUDD patients.

METHODS
Study Setting and Participants

In this prospective longitudinal study, consecutive subjects with
a diagnosis of SUDD were recruited at the Campus Bio-
Medico University Hospital of Rome (Italy) from January to
July 2017. Both design and size of this study are consistent
with the intention of performing a proof-of-concept study
testing the diagnostic properties of e-nose and e-tongue toward
genetically proved changes in gut microbioma induced by
rifaximin. SUDD was defined as the presence of abdominal
pain, bloating, and/or bowel habit changes that include
diarrhea, constipation, or a mixed bowel habit, in patients
with diverticulosis in the absence of macroscopic inflammation
and of any complications (stenosis, abscesses, fistula) (2, 24).
Subjects referring allergy to rifaximin; or taking medication
with a potential modifying role on microbiota (i.e., antibiotics,
prebiotics, probiotics, proton pump inhibitors) in the previous
month; or with active cancer, COPD exacerbation, end stage
of liver, or kidney disease; or suffering from inflammatory
bowel disease were excluded. Finally, considering the well-known
influence of diet on intestinal microbiota, only subjects following
a Mediterranean normocaloric omnivorous diet (2,000-2,100
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and 2,500-2,800 kcal/diet for women and men, respectively)
were included.

Since a reduction of potentially pathogenic components of
the intestinal microbiota was expected after rifaximin therapy in
at least the 70% of participants, the enrollment of 20 subjects
was considered adequate to guarantee a statistical power of 80%
assuming an alpha error of 0.05. Based on previous experience
with multisensorial systems (14, 15, 20-23), this sample size was
increased to at least 40 subjects in order to allow the investigation
of the discriminative and classificatory capacities of these systems
toward rifaximin-induced microbiome changes.

All the main socio-demographic and clinical variables
along with blood tests were collected for each participant.
Nutritional assessment was performed through the Mini
Nutritional Assessment (MNA) (25), abdominal symptoms
(i.e., pain and bloating) were scored as mild, moderate, or
severe, and bowel habits were assessed through the Bristol
Stool Scale. Eligible subjects were evaluated at baseline and,
then, were prescribed with a cycle of 7 days of rifaximin
800 mg/diet. A follow-up evaluation was performed after the
completion of the antibiotic therapy. Breath and fecal samples
were collected for each participant at baseline and at follow-
up for the multisensorial system analysis and for the gut
microbiota analysis. The study protocol was approved by the local
Ethical Committee (n 47/2016), and all participants signed an
informed consent.

Gut Microbiota Analysis

Fecal samples were collected by each subject in the same
morning of the outpatient visit. DNA was extracted from
200mg of stools using the QIAamp Fast DNA Stool Mini
Kit (Qiagen, Hilden, Germany), following the manufacturer’s
instructions. The 16S rRNA V3-V4 variable region (~460 bp)
was amplified by using the primer pairs described in the MiSeq
rRNA Amplicon Sequencing protocol (Illumina, San Diego, CA,
USA). The PCR reactions were set up using a 2x KAPA HiFi
HotStart ReadyMix (KAPA Biosystems Inc., Wilmington, MA,
USA) following the manufacturer’s protocol. AMPure XP beads
(Beckman Coulter Inc., Beverly, MA, USA) were employed to
clean DNA amplicons from primers and dimer primers. A unique
combination of Illumina Nextera adaptor-primers for each
sample was incorporated in amplicons by a second amplification
step. The final library was cleaned up and quantified using Quant-
iT™ PicoGreen® dsDNA Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Samples were pooled together before the
sequencing on an Illumina MiSeq™ platform according to the
manufacturer’s specifications to generate paired-end reads of 300
base-length. QIIME v1.9 software (26) was used to filter raw
reads for quality, read length, and chimera presence. Cleaned
sequences were then clustered into operational taxonomic units
(OTUs) with a 97% clustering threshold of pairwise identity.
OTUS representative sequences were aligned using PyNAST
v.0.1. software (27) against the Greengenes 13_08 database with
a 97% similarity for bacterial sequences. All raw sequences have
been archived in the NCBI database: PRINA731467 (https://
www.ncbi.nlm.nih.gov/bioproject).

Multisensorial System Analysis on Breath

and Fecal Samples

The multisensorial system was made up of the BIONOTE e-
Tongue for liquids and of the BIONOTE e-Nose for gases (13).
Breath collection was performed in the morning by means of
the Pneumopipe® (European Patent n 12425057.2), with all
participants who have been fasting and smoke-free for at least
8h. The breath samples were stored in adsorbent cartridges
(Tenax GR by Supelco) at —20°C after collection. Before analysis,
the VOC mixture was desorbed with a thermal procedure at
four different temperatures (50, 100, 150, and 200°C) and, then,
analyzed by the BIONOTE e-Nose (13). This instrument is
composed of eight transducers consisting of quartz crystals with
a resonance frequency of 20 MHz in thickness shear mode,
functionalized with a combination of anthocyanins extracted
from three different plant tissues: red rose, red cabbage, and
blue hortensia. Each VOC in the mixture binds to the different
anthocyanins in the measure cell, thus causing a frequency
shift of the respective quartz forming the reference value: this
frequency shift is acquired by the system as the sensor response.
The final dataset is composed of a fingerprint of 32 responses
for each sample, which derive from the registration of the
eight-sensor behavior at the four different temperatures of VOC
desorption from the cartridge.

Fecal samples were collected by each subject in the same
morning of the outpatient visit and stored at +4°C. Before the
analysis, feces were prepared for the analysis by diluting 50 mg
in 5 ml of distilled water and subsequently centrifuged at 10°C at
1,000 relative centrifugal forces for 10 min. The supernatant was
taken with a pipette and analyzed by the BIONOTE e-Tongue
(13). This instrument consists of voltammetric screen-printed
electrodes controlled by a high-stability electronic interface.
The sensor probe is made up of three electrodes: a silver
working, a platinum reference, and a gold counter electrode.
The applied input signal consists of a triangular waveform with
a working range from —1 to 1V with 500 input voltages and
500 corresponding output current values. The time duration of
the complete measurement process is of about 90 s, repeated five
times for reproducibility assessment. Data array is made up by
the characteristic fingerprints extracted by each voltammogram
registered for the measured samples. The setup of the parameters
for the acquisition, the number of samples, and the sampling
interval are controlled by a dedicated software interface.

Analytical Approach

Data were presented by means of descriptive statistics and
compared using non-parametric tests. Alpha diversity of the
gut microbiota was measured on the raw data by the Good’s
coverage, Chao-1, and Shannon indices, using the Wilcoxon
signed-rank test to assess differences after rifaximin therapy.
For further analyses, OTUs not seen in at least 20% of
the samples or with a relative abundance <1% in the total
dataset were removed. Principal component analysis (PCoA) on
unweighted and weighted UniFrac distance matrices was used
as ordination method to compare gut microbiota of subjects
pre- and post-rifaximin therapy by permutational multivariate

Frontiers in Medicine | www.frontiersin.org

10

July 2021 | Volume 8 | Article 655474


https://www.ncbi.nlm.nih.gov/bioproject
https://www.ncbi.nlm.nih.gov/bioproject
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

De Vincentis et al.

Microbiota and E-Tongue/E-Nose in SUDD

analysis of variance (PERMANOVA). In addition, the differential
abundance analysis of gut bacteria was conducted through the
negative binomial distribution on raw counts normalized by “size
factors,” taking into account the sequencing depth between the
samples. The differences in bacterial abundance were expressed
as log, fold change (log>FC). Analyses of gut microbiota changes
were stratified by gender and by presence of abdominal pain, and
linear mixed models were applied to verify the related impact in
the amount of alpha diversity change after rifaximin therapy.

The ability of e-tongue and e-nose to predict gut microbiota
changes or clinical improvement after rifaximin therapy was
verified using partial-least-squared discriminant analysis (PLS-
DA) with 10-fold cross-validation. Predictive capacities were
expressed with the root-mean-square-error cross validation
(RMSECV) to aggregate in a single measure of predictive
power the magnitudes of the machine errors in prediction of
continuous variables (e.g., Shannon and Chao-1 indices). Since
RMSECV expresses the prediction error in the same unit of the
original measurement, it cannot be compared between different
variables. To allow comparability, RMSECV% was computed
standardizing RMSECV by the 95% interval of the variable-
specific distribution. Conversely, for dichotomous outcomes (i.e.,
clinical improvement), overall accuracy, sensitivity, specificity,
and positive (PPV) and negative (NPV) predictive values
were computed. All the analyses were performed using R
version 4.0.2 (The R Foundation for Statistical Computing,
Vienna, Austria).

RESULTS

Pre-post Rifaximin Clinical and

Biochemical Characteristics

Forty-three subjects with SUDD were included in the study
(Table 1). The median age was 66 years, and 26 (60%) were
women, with a median BMI of 24.5 kg/m?. Sixteen subjects (37%)
were at risk of malnutrition, and no malnourished subjects were
identified. At baseline, all subjects complained about abdominal
bloating [mild: 29 (67%); moderate: 4 (9.3%); and severe: 10
(23%)] and 18 (42%) referred also abdominal pain [mild: 13
(72.2%); moderate: 5 (27.8%)]. According to the Bristol Stool
Scale, 12 participants (28%) had diarrheal stool, while only 2
(4.7%) were constipated.

After rifaximin therapy, no significant differences were
observed regarding the main inflammatory markers (leukocytes,
C-reactive protein, and erythrocyte sedimentation rate).
Conversely, patients reported a significant improvement of
symptoms in terms of abdominal pain (p = 0.05), bloating
(p = 0.003), and bowel habits (p = 0.011—Table 1). Overall, 20
subjects (47%) experienced a clinical improvement after therapy,
defined as relief of abdominal pain or any improvement of
abdominal bloating or normalization of bowel habits.

Influence of Rifaximin Therapy on Gut

Microbiota
Good’s coverage averaged 96% in baseline samples and 97% in
follow-up, indicating that most of the OTUs in the samples

TABLE 1 | Main clinical and biochemical characteristics of the study cohort at
baseline and after rifaximin therapy (follow-up).

Characteristic N =43
Age (years) 66 (61, 73)
Sex (female) 26 (60%)
BMI (kg/m?) 24.5(22.6, 27.4)
Malnutrition (MNA)

Well-nourished 27 (63%)

At risk of malnutrition 6 (37%)

Malnourished 0 (0%)
DICA classification

1 40 (93%)

2 3 (7%)

3 0 (0%)
Clinical improvement after 20 (47%)
rifaximin*

Baseline Follow-up** p

Hemoglobin (g/dl) 14.1 (12.8, 14.9) 14.1(13.2,14.9)  0.357
Leukocytes (/mm®) 6,000 (5,110, 7,165) 6,050 (4,930, 7,205) 0.947
Lymphocytes (/mmq) 1,970 (1,560, 2,315) 1,990 (1,500, 2,425) 0.476
C-reactive protein (mg/dl) 1.4 (0.5, 3.7) 0.5 (0.5, 3.0) 0.194
ESR (mm/h) 36 (26, 42) 33 (20, 43) 0.101
Bristol Stool Scale (linear) 5 (4, 6) 4 (3, 5) <0.001
Bristol Stool Scale 0.011
(categories)

1-2 (constipation) 2 (4.7%) 6 (14%)

3-5 (normal) 29 (67%) 35 (81%)

6-7 (diarrhea) 12 (28%) 2 (4.7%)
Abdominal pain (presence) 18 (42%) 10 (23%) 0.05
Abdominal pain (severity) 0.05

Absence 25 (58%) 33 (77%)

Mild 13 (30%) 10 (23%)

Moderate 5 (12%) 0 (0%)

Severe 0 (0%) 0 (0%)
Abdominal bloating 43 (100%) 43 (100%) 1
(presence)
Abdominal bloating 0.003
(severity)

Absence 0 (0%) 0 (0%)

Mild 29 (67 %) 42 (98%)

Moderate 4 (9.3%) 1(2.3%)

Severe 10 (23%) 0 (0%)

Continuous variables are expressed as median with interquartile range, while categorical
variables are displayed as numbers with percentages. p-values are from the Wilcoxon
signed-rank test for continuous variables or from McNemar’s or marginal homogeneity
test for categorical variables. *Clinical improvement defined as relief of abdominal pain
or any improvement of abdominal bloating or normalization of bowel habits with a Bristol
Stool Scale 3-5. **After a 1-week course of rifaximin 800 mg/die.

MNA, Mini  Nutritional Assessment; BMI, body mass index; ESR, erythrocyte
sedimentation rate; DICA classification, “Diverticular Inflammation and Complication
Assessment” classification.

were detected. Alpha diversity measures did not significantly
change after rifaximin therapy [Shannon index: baseline 4.5 (4.0-
4.8) vs. follow-up 4.1 (3.6-4.6), p 0.06; Chao-1 index: baseline
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FIGURE 1 | Change of alpha and beta diversity measures after rifaximin therapy in SUDD patients. Alpha diversity of the gut microbiota was measured on the raw
data by the Shannon and Chao-1 indices (upper panels). Beta diversity was assessed by principal component analysis (PCoA) on unweighted and weighted UniFrac
distance matrices (lower panels). The Wilcoxon signed-rank test and permutational multivariate analysis of variance (PERMANOVA) were applied to assess differences
in alpha and beta diversity measures after rifaximin therapy, respectively.

6,246.1 (3,796.5-8,239.8) vs. follow-up 5,615.7 (3,634.5-7,741), p
0.77; Figure 1, upper panels]. Similarly, the UniFrac PCoA plot
did not show a shift in the overall gut microbiota composition
from baseline to post-rifaximin treatment (PERMANOVA p
0.08 for unweighted and 0.06 for weighted analysis; Figure 1,
lower panels). Similar findings were observed after stratification
according to gender and to the presence of abdominal pain
(Supplementary Figure 1), and no difference was found in the
amount of alpha diversity change after rifaximin therapy across
gender (p for linear mixed model 0.40 and 0.92 for Shannon
and Chao-1 indices, respectively) and across patients with/out
abdominal pain (p for linear mixed model 0.26 and 0.42 for
Shannon and Chao-1 indices, respectively).

The relative abundance analysis revealed significant changes
in selected families and genera (Figure2). In particular,
after rifaximin therapy the gut microbiota was enriched in
Bacteroidaceae, Citrobacter, and Coprococcus and deficient in
Mogibacteriaceae, ~Christensenellaceae, Dehalobacteriaceae,
Pasteurellaceae, Anaerotruncus, Blautia, Eggerthella lenta,
Dehalobacterium, SMB53, and Haemophilus parainfluenzae
(p-adj < 0.05) at the family and genus levels, respectively
(Figure 2). Other selected families and genera showed
large logoFC (>2 or <-2), but without reaching statistical
significance: Peptostreptococcaceae, EtOHS8, Leuconostocaceae,
Eubacteriaceae, Clostridium, Bifidobacterium, and Klebsiella
(Figure 2). Subgroup analyses revealed a significant decrease of
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TABLE 2 | E-tongue and e-nose prediction of alpha measure variation in patients with SUDD undergoing rifaximin therapy.

E-tongue E-nose E-tongue + E-nose

RMSECV RMSECV %* RMSECV RMSECV %* RMSECV RMSECV %*
Prediction of Shannon index 0.88 22 0.95 24 0.80 20
Prediction of Shannon index change after rifaximin 0.62 20 0.78 25 0.50 16
Prediction of Chao-1 index 3,226 25 3,314 26 3,222 25
Prediction of Chao-1 index change after rifaximin 2,292 19 2,844 23 2,356 20

*RMSECV% represents the ratio between the root mean squared error in cross validation (RMSECV) and the 95% interval of the distribution of each index/index variation.

Pasteurellaceae, Clostridiaceae, Blautia, Veillonella dispar, and
Haemophilus parainfluenzae in men and of Christensenellaceae
in women. Parabacteroides were significantly increased in
men (Supplementary Figures 2A,B). Selected variations at the
phylum, family, and genus levels according to the presence of
abdominal pain have been also evidenced and are reported in
Supplementary Figures 2C,D.

Electronic Multisensorial System
Prediction of Gut Microbiota and of Clinical

Outcomes

Predictive performances of the electronic multisensorial system
toward alpha diversity measures of gut microbiota in pre—post
rifaximin samples are reported in Table 2. E-tongue and e-nose
predicted Shannon index and Shannon index variation after
rifaximin with a RMSECV% between 20 and 25 (RMSECV
0.62-0.95). A similar range of RMSECV% was observed for the
prediction of Chao-1 index and Chao-1 index variation after
rifaximin (19-26) with RMSECV between 2,292 and 3,314. The
integration of e-tongue and e-nose data only minimally improved
predictive performances (Table 2). The abilities of both e-tongue
and e-nose to predict the main phyla, families, and genera
variation were generally suboptimal, with exception made for a
few selected cases (Supplementary Table 1).

Conversely, the accuracy for the discrimination of pre/post
rifaximin samples was 0.81 (0.72-0.89) for e-tongue, 0.9 (0.81-
0.95) for e-nose, and 0.87 (0.78-0.93) for the integration of both
techniques (Table 3). Both e-tongue and e-nose evidenced good
to excellent capacities to predict clinical outcome after rifaximin
therapy. Two different potential predictors were tested to this
purpose, i.e., the sensors’ responses obtained from the analysis of
only pre-rifaximin samples, or the change in sensors’ responses
obtained from the analysis of both pre- and post-rifaximin
samples. Indeed, the analysis of only pre-rifaximin samples could
correctly predict the occurrence of clinical improvement after
treatment in 36/43 subjects with e-tongue [accuracy 0.84 (0.69-
0.93), sensitivity 0.91, specificity 0.75, PPV 0.81, NPV 0.88] and in
41/43 subjects with e-nose [accuracy 0.95 (0.84-0.99), sensitivity
1.00, specificity 0.90, PPV 0.92, NPV 1.00]. The integration
of both techniques did not lead to an improvement of the
predictive performances [accuracy 0.81 (0.67-0.92), sensitivity
0.87, specificity 0.75, PPV 0.80, NPV 0.83]. Similarly, the change
in sensors’ responses after rifaximin could efficiently predict
clinical improvement [accuracy 0.84 (0.69-0.93) for e-tongue;

accuracy 0.81 (0.67-0.92) for e-nose]. In this case, the integration
of both techniques could further increase the accuracy to 0.98
(0.88-1) (sensitivity 1.00, specificity 0.95, PPV 0.96, NPV 1.00).

DISCUSSION

In this study, we comprehensively explored the effects of
rifaximin on fecal microbiota in SUDD patients, correlating
them with clinical and laboratory data and assessing whether
sensor-based methods can gain insight into microbiota status
and its rifaximin-related changes. We showed that rifaximin
significantly affects the relative abundance of selected bacteria
and that an electronic multisensorial system (e-nose and e-
tongue) has the potential for predicting and discriminating
rifaximin-induced clinical response.

Several studies have demonstrated that rifaximin, a poorly
absorbed oral antibiotic with an activity against anaerobic, gram-
positive, and gram-negative bacteria, generates an “eubiotic”
effect, also promoting the growth of beneficial bacteria such
as Lactobacillus and Bifidobacteria (28, 29). Moreover, it has
been reported that rifaximin decreases the metabolic activity
of intestinal microbiota, increases fecal mass, and reduces
bacterial overgrowth (30), and its very low absorption rates
imply a low level of bacterial resistance onset (31). However,
the effects of rifaximin on the intestinal microbiota are largely
unknown. In fact, it seems to not affect the overall microbiome
composition (32) but to induce selective depletion of a few taxa
involved in the regulation of inflammation and mucosal barrier
functionality (33).

In the present study, after treatment of rifaximin, an increase
of Bacteroidaceae was observed in fecal microbiota of SUDD
patients; even if the impact of these bacteria on SUDD
pathogenesis is not known, in several studies using animal
models of colitis, Bacteroidaceae or their metabolites seem to
exert a protective role against inflammation (34, 35). Actually, a
significant increase of Bacteroidetes spp., which usually represent
a significant and stable part of the GI microbiota, plays an
important metabolic role with the production of succinic acid,
acetic acid, and in some cases propionic acid. Interestingly,
propionic acid is mainly produced by the fermentation of
indigested food by the microbiota in the colon, but can reach
the blood compartment and the adipose tissue, where it reduces
fatty acid levels in plasma via inhibition of lipolysis and induction
of lipogenesis in adipose tissue and suppression of fatty acid
production in liver (36). Moreover, after rifaximin treatment, we
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TABLE 3 | E-tongue and e-nose discrimination of pre/post-rifaximin sample and prediction of clinical improvement.

Discrimination of pre/post-rifaximin samples

E-tongue E-nose E-tongue + E-nose
Reference Reference Reference
Baseline Follow-up Baseline Follow-up Baseline Follow-up
Predicted Baseline 34 7 Predicted Baseline 39 5 Predicted Baseline 38 6
Follow-up 9 36 Follow-up 4 38 Follow-up 5 37
Accuracy Sensitivity  Specificity PPV NPV Accuracy Sensitivity  Specificity PPV NPV Accuracy Sensitivity  Specificity PPV NPV
0.81(0.72-0.89) 0.79 0.84 0.83 0.8 0.9 (0.87-0.95) 0.91 0.88 0.89 0.9 0.87 (0.78-0.93) 0.88 0.86 0.86 0.88
Prediction of clinical improvement by the analysis of only pre-rifaximin samples*
E-tongue E-nose E-tongue + E-nose
Reference Reference Reference
No Yes No Yes No Yes
Predicted No 21 5 Predicted No 23 2 Predicted No 20 5
Yes 2 15 Yes 0 18 Yes 3 15
Accuracy Sensitivity  Specificity PPV NPV Accuracy Sensitivity  Specificity PPV NPV Accuracy Sensitivity  Specificity PPV NPV
0.84 (0.69-0.93) 0.91 0.75 0.81 0.88  0.95(0.84-0.99) 1 0.9 0.92 1 0.81 (0.67-0.92) 0.87 0.75 0.8 0.83
Prediction of clinical improvement by the analysis of both pre- and post-rifaximin samples*
E-tongue E-nose E-tongue + E-nose
Reference Reference Reference
No Yes No Yes No Yes
Predicted No 21 5 Predicted No 19 4 Predicted No 23 1
Yes 2 15 Yes 4 16 Yes 0 19
Accuracy Sensitivity  Specificity PPV NPV Accuracy Sensitivity  Specificity PPV NPV Accuracy Sensitivity  Specificity PPV NPV
0.84 (0.69-0.93) 0.91 0.75 0.81 0.88 0.81(0.67-0.92) 0.83 0.8 0.83 0.8 0.98 (0.88-1) 1 0.95 0.96 1

*In both cases, partial-least-squared discriminant analyses were run to predict the same outcome, i.e., clinical improvement after rifaximin therapy. In the first model, only sensors’ responses obtained from the analysis of pre-rifaximin

samples were entered as predictor, whereas, in the second model, the change in sensors’ responses obtained from the analysis of both pre- and post-rifaximin samples was tested as potential predictor of clinical improvement.

PPV, positive predictive value;, NPV, negative predictive value.
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observed a significant reduction of Christensenellaceae, which
are usually present, in a large amount, in patients with a previous
history of diverticulitis, suggesting a possible role of this bacterial
family in the pathogenesis of SUDD (37). Moreover, after
rifaximin treatment a significant decrease of several microbial
species was also observed such as Eggerthella lenta, which is
an emerging pathogen responsible for bacteremia in several
pathological conditions, among which is diverticular disease (38).

Overall, we did not observe a significant variation of serum
inflammatory markers, and only less than half of the participants
reported a clinical improvement after rifaximin. This could be
likely due to the fact that the participants were not naive to
rifaximin. Furthermore, nearly two-thirds of enrolled subjects
had normal bowel habits or absence of abdominal pain or only
mild bloating at baseline. As such, the impact of rifaximin therapy
in this specific cohort of not-naive and pauci-symptomatic
subjects could have been less evident.

Both e-nose and e-tongue were able to distinguish patients
who ultimately will benefit from rifaximin from those who
will not. However, the integration of the two methods did not
improve the discrimination (prediction), as if the information
inherent to (in) each technique was in itself complete and could
not benefit from any integration. We remind that e-nose assesses
the pattern of VOCs, while e-tongue assesses the bioelectric
properties of a liquid, which reflects the chemical composition.
It is noteworthy that all the components of the liquid contribute
to shape its e-tongue pattern, whereas only volatile compounds
contribute to the e-nose pattern. Accordingly, it is not surprising
that adding information based on selected components (e-
nose) to that derived from the whole set of liquid components
(e-tongue) does not significantly improve the prognostic and
discriminatory properties of the latter. The same consideration
likely applies to the lack of improvement in the prediction of
alpha diversity measures of gut microbiota by integrating e-
nose and e-tongue. Unfortunately, the available literature does
not provide any example of integration of e-tongue and e-
nose, making our hypothesis worthy of validation in other
settings. Instead, the integration of the two methods significantly
improved the discrimination based on both baseline and post-
rifaximin data. This seemingly contradictory (variant) finding
is likely due to the distinctive effects of rifaximin on bacterial
phyla. Indeed, the observed changes in loads of individual phyla
might account for changing proportions of volatile compounds
after rifaximin, making thus a “repeated information,” the one
on volatile compounds collected by e-nose and, in their liquid
form, by e-tongue, more representative of the biological changes
underlying clinical changes. Finally, both e-nose and e-tongue
were weakly correlated with changes in the vast majority of
bacterial taxa, with only a few exceptions. Given, we found
relevant changes in 7 phyla, 34 families, and 37 genera; the
few significant correlations might be chance findings. However,
it is of interest that they pertain to bacteria with plausible
biological importance.

The present study has some limitations. First, the limited
sample size makes the obtained results exploratory in nature, thus
requiring confirmation in largest studies. Subgroup analyses did
not reveal differences in diversity measures according to gender

and to the presence of abdominal pain, and selected families and
genera were found increased or decreased across strata. However,
the reduced statistical power hampers sensible speculations on
gender- and symptom-specific findings, and a wider cohort
should be enrolled to highlight such subtle microbiological
differences at the family and genus levels. Secondly, the studied
cohort of SUDD subjects was not naive to rifaximin therapy,
and this might have smoothed the discriminative properties of
multisensory systems. However, the fact that these properties
were evident even in this “difficult” population testifies to the
potentialities of the proposed method. Then, we did not assess
intestinal permeability or inflammatory status, which might have
helped our understanding of observed changes in microbioma.
However, interpreting changes was out of the scope of our study,
which was designed to test whether e-nose and e-tongue could
assess rifaximin-induced changes in microbioma. Finally, the
lack of concomitant stool metabolomic data prevents a more
comprehensive understanding of the impact of the observed
microbiota changes after therapy.

However, strengths also are worthy of mention. This is the
first study characterizing the microbiota in SUDD subjects before
and after rifaximin, and, as such, its results should be regarded
with attention. In particular, the time by dose cumulative
exposition to rifaximin chosen for treatment corresponds to
the minimal one known to be clinically effective. Thus, the
multisensorial system showed discriminative properties in a
difficult experimental condition. It is likely that expanding
the research toward stronger therapeutic regimens will further
disclose the diagnostic potential of this method. Moreover,
it tests a very innovative approach based on different sensor
methods (electronic multisensorial system made up of e-nose
and e-tongue) in the search for an easy and inexpensive
method to surrogate microbiota genetic study. Finally, the e-
tongue method can be easily standardized, given its dependence
upon the operating electrical field, which guarantees for
its reproducibility.

In conclusion, the present study highlights specific rifaximin-
related changes in stool microbiota of SUDD patients in
the selected bacterial population. Moreover, it shows that
an electronic multisensorial system is able to efliciently
predict rifaximin-induced clinical response. These preliminary
results need to be confirmed and expanded in other SUDD
and not SUDD populations. If confirmed, they might
open the way to a fast and low-cost stool characterization
with many potential perspectives of use not only in
gastroenteric diseases.
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This study aims to assess the effectiveness and safety of fecal microbiota transplantation
(FMT) combined with biofeedback for patients with mixed constipation. Patients
who received biofeedback (biofeedback group, n = 40) and those who received
FMT combined with biofeedback (FMT combination group, n = 45) were enrolled.
Spontaneous bowel movements (SBMs) frequency, Bristol Stool Form Scale (BSFS),
and Patient Assessment of Constipation Symptoms (PAC-SYM) score were analyzed
to evaluate the effect of treatment. Gastrointestinal Quality of Life Index (GIQLI) scores of
patients were used to assess the quality of life, and the safety of FMT combination therapy
was evaluated by the presence of adverse events. The 16S rRNA gene sequencing was
performed on the fecal samples of 12 donors, feces of 31 patients before and after
receiving FMT combination treatment. Comparing the biofeedback group and the FMT
combination group 1 month after the treatment, significant differences were observed in
the mean value of SBM frequency, BSFS, and PAC-SYM scores, which were 2.15 4+ 1.05
vs. 3.61 £ 0.89 (p = 0.0031), 2.1 £ 0.9 vs. 2.5 + 1.2 (p = 0.008), and 2.4 + 0.5
vs. 2.2 £+ 0.6 (p = 0.0021), respectively. Meanwhile, FMT combination therapy had
long-term beneficial effects according to the data collected at six months and 12 months
after the treatment. With respect to the quality of life, GIQLI scores were higher in the
FMT combination group (103.6 4+ 15.1) compared with that in the biofeedback group
(88.7 & 10.1) one month after administration (o = 0.0042). In addition, there were no
significant differences between the two groups in adverse events, including abdominal
pain, diarrhea, dizziness, nausea, vomiting, and other side effects. Results of 16S rRNA
gene sequencing showing some well-known probiotics had significantly increased after
FMT combination treatment compared with pre-FMT samples, such as Prevotella and
Bifidobacterium. Findings of this study suggested that FMT combined with biofeedback
could be effective and safe for patients with mixed constipation.

Keywords: mixed constipation, fecal microbiota transplantation, biofeedback - BFB, spontaneous bowel
movements, 16S rRNA gene sequencing, gut microbiota diversity
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BACKGROUND

Chronic constipation is a common gastrointestinal disease with
an estimated prevalence of 5 to 20% worldwide based on the
Rome IV criteria (1, 2). Chronic constipation is characterized
by trouble defecating, reduced stool frequency, or perceived
incomplete evacuation of bowel movements (3). In the light of the
changes in gastrointestinal structure and function, constipation
can be categorized into slow-transit constipation (STC), outlet
obstructive constipation, and mixed constipation (STC and outlet
obstructive constipation) (4). Evidence showed that most patients
who suffered from STC had associated outlet obstruction, and
would develop to mixed constipation as the disease progresses
(5, 6). Fecal microbiota transplantation (FMT) has been proposed
as a therapeutic approach for functional gastrointestinal disease,
especially for recurrent Clostridium difficile infection (7, 8). Our
previous studies suggested that FMT was effective and safe for
STC (9), with 66.7 and 42.9% clinical improvement and remission
rates at our hospital, respectively (10). Meanwhile, we found
that FMT in combination with soluble dietary fiber (pectin) had
both short-term and long-term efficacy in treating STC (11).
In addition, biofeedback has been demonstrated as a safe and
effective treatment for mixed constipation secondary to slow
colonic transport (12), since biofeedback therapy works primarily
through strengthening pelvic floor muscles (13). In addition,
it was demonstrated that the FMT could improve the clinical
phenotype of constipation by affecting gastrointestinal motility
(14). Whether FMT combined with biofeedback could give more
benefits for the patients with mixed constipation aroused our
curiosity. This study aims to explore the clinical efficacy and
safety of FMT combined with biofeedback in mixed constipation.

MATERIALS AND METHODS

Patients and Data Collection

This single-center retrospective cohort study includes patients
who were treated with biofeedback or FMT combined with
biofeedback therapy for mixed constipation between June 2017
and June 2019 at the Tenth People’s Hospital Affiliated to
the Tongji University. The diagnosis of mixed constipation is
based on Rome IV diagnostic criteria (15). Patients with mixed
constipation were divided into two groups mainly based on their
willingness. The clinicians did not intervene in the grouping of
patients to minimize the selection bias. The flow diagram of this
study is shown in Supplementary Figure 1.

Patients were assessed for inclusion according to the following
criteria: (1) aged 18 to 70 years; (2) body mass index (BMI)
18 to 25 kg/m?. Patients were excluded if they met either of
the following criteria: (1) patients lacking data on spontaneous
bowel movements (SBMs) frequency, Bristol Stool Form Scale
(BSFS), Patient Assessment of Constipation Symptoms (PAC-
SYM) score, Gastrointestinal Quality of Life Index (GIQLI) score,
and adverse events in the electronic medical record; (2) patients
who had a history or evidence of the gastrointestinal organic
diseases or metabolic or endocrine diseases.

Following the aforementioned inclusion and exclusion
criteria, 40 patients in the biofeedback group and 45 patients in

the FMT combination group were recruited in this study. The
following data were retrospectively extracted from the electronic
medical records of the patients: clinical characteristics (age, sex),
underlying disease, and concomitant drugs.

Bristol Stool Form Scale (16) was used to measure the stool
form. PAC-SYM questionnaire (17) and GIQLI (18) were applied
to evaluate the constipation-related symptoms, and the quality of
life of patients in the past two wk, respectively. PAC-SYM consists
of 12 symptoms, which are grouped into the three subscales:
stool, abdominal, and rectal symptoms. For each item, scores
range from 0 (not at all) to 4 (all the time), with the higher
scores indicating a worse symptom. The GIQLI was assessed
using a 36-item questionnaire on the aspects of emotional, social,
and physical states and also gastrointestinal health. The score
for each item on the questionnaire is calculated using a 5-point
Likert scale, ranging from 0 (the least desirable) to 4 (the most
desirable), with a maximum score of 144. The reference value of
GIQLI for healthy people is 125.8 & 13.0.

This study was conducted with the approval from the Ethics
Committee of the Tenth People’s Hospital Affiliated to Tongji
University and in accordance with the ethical principles for the
medical research outlined in the Declaration of Helsinki 1964 as
modified by the subsequent revisions.

Donor Screening and Stool Processing
Potential donors were screened by strict criteria to minimize
risks of disease transmissions, according to Evaluation criteria
for FMT of the donor (T/SBIAORG 001-2020) issued by the
Shanghai Biopharmaceutics Industry Association (19). In this
study, 12 donors were enrolled through a series of questionnaires
and medical examinations, including but not limited to the
etiology detection of blood and stool, underlying disease,
medication history, defecation status, psychological state, sleep
quality, age, and BMI (10, 19). A total of 40 fresh feces were
donated by the 12 donors, producing 40 batches of the fecal
suspension, as we described previously (10). Quality control
of the donated feces referenced the diagnostic criteria for the
samples of facial microbiota transplantation (T/SBIAORG 002-
2020) (20). Each donor’s stool suspension provided the treatment
for one to eight recipients. Each fresh feces underwent 16S rRNA
gene sequencing.

Treatment

The way of administration of FMT was described as a previous
study (11). Briefly, vancomycin (500 mg, two times per day)
was given orally for three consecutive days. On the last day of
antibiotic treatment, bowel lavage with two liters of macrogol
solution was applied. The next day, fecal suspension (100 ml,
once per day) was infused within 10 min through a nasoduodenal
tube. The infusion was performed for 6 consecutive days. Patients
who were treated with biofeedback therapy learned gradually
to eliminate the inadequate sphincter contraction guided by
the therapist and by the visual and auditory feedback of the
electromyographic activity of the external anal sphincter during
simulated defecation (12). They received 20 treatment sessions
(five per week) across one month. After the discharge, the Kegel
exercise was performed twice a day for 30 min each time.
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Fecal DNA Extraction and 16S rRNA Gene

Sequencing

Fresh feces samples were collected by sterile collection tubes
before and two months after FMT, then stored at —80°C
until further analysis. Fecal DNA was extracted using the
QIAamp PowerFecal Pro DNA kit (Qiagen, Hilden, Germany)
following the instructions. The quantity and quality of
the DNAs were measured using the NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA), and agarose gel electrophoresis was
performed. PCR amplification of the bacterial 16S rDNA
genes V4 region was performed using the forward primer
515F (5-GTGCCAGCMGCCGCGGTAA—-3’) and the reverse
primer 806R (5-GGACTACHVGGGTWTCTAAT-3’). The PCR
reaction volumes were 50: 25 pl of Phusion High-Fidelity PCR
Master Mix with HF Buffer, 3 pul (10 uM) of each forward and
reverse primer, 10 ul of DNA template, and 6 pl of ddH,O.
The reactions were set up to perform the PCR amplification
using the following program: initial denaturation at —98°C for
30 sec, followed by 25 cycles consisting of denaturation at 98°C
for 15 sec, annealing at 58°C for 15 sec, and extension at 72°C
for 15 sec with a final extension at 72°C for one min. The PCR
amplicons were purified using an AMPure XP Beads (Beckman
Coulter, Indianapolis, IN) and quantified using the PicoGreen
dsDNA Assay Kit (Invitrogen, Carlsbad, California, USA). After
the quantification step, pair-end 2 x 150 bp sequencing was
performed using the Illumina HiSeq4000 platform.

Bioinformatics

After the quality control, the operational taxonomic unit (OTU)
was analyzed using Vsearch-1.11, sequences were grouped into
OTUs with a sequence identity similarity threshold of 97%.
An OTU table was further generated to record the community
composition of each sample at taxonomic ranks: kingdom,
phylum, class, order, family, and genus. Sequence data analyses
were mainly performed using the QIIME and R packages (v3.2.0).
Use QIIME to calculate OTU-level alpha diversity indices such
as Chaol, ACE, Shannon, and Simpson index. To compare
the richness and evenness of OTUs among samples, OTU level
ranked abundance curves were generated, dilution curves were
drawn, and Alpha diversity index between groups analyses
were carried out. Beta diversity analysis was performed by the
QIMME to measure the UniFrac distance metrics and visualized
via principal-component analysis (PCoA) to investigate the
compositional differences among the microbial habitats across
samples. To identify taxa with differing relative abundances
between the two groups, linear discriminant analysis (LDA)
effect size (LEfSe) analyses were performed. Microbial functions
were predicted by Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt).

Outcomes

The primary outcome was the frequency of bowel movements per
week. Secondary outcomes included the BSES, PAC-SYM score,
GIQLI score, and the presence of the main adverse events.

TABLE 1 | Clinical characteristics of patients in Biofeedback groups and FMT
combination group.

Biofeedback FMT p-Value
group (n = 40) combination
group
(n = 45)
Age 455+ 7.6 46.1 £ 7.1 >0.05
Sex (Male/Female) 14/26 14/31 >0.05
BMI (kg/m?) 2154 3.4 216427 >0.05
Underlying disease
Diabetes 6 (15%) 8 (17.8%) >0.05
Cardiovascular 5(12.5%) 7 (15.6%) >0.05
disease
Parkinson’s 2 (5%) 1(2.2%) >0.05
disease
Concomitant
laxative
Senna extract 19 (47.5%) 23 (61.1%) >0.05
Polyethylene 29 (72.5%) 19 (42.2%) 0.008
glycol-electrolyte
powder
Bisacodyl 11 (27.5%) 21 (46.7%) >0.05
Aole paidu capsule 14 (40%) 11 (24.4%) >0.05
Phenolphthalein 15 (37.5%) 5(11.1%) 0.005
tablets
Rhubarb 6 (15%) 10 (22.2%) >0.05

Statistical Analysis

Statistical analysis was performed to compare bowel movement
frequency, BSFS, PAC-SYM score, and GIQLI score between the
FMT combined with biofeedback (FMT combination) group and
biofeedback (biofeedback) group using t-test. To compare the
presence of adverse events, Fisher’s exact probability test was
used. The significance level was set as p < 0.05.

RESULTS

Baseline Characteristics of the Patients

A total of 40 patients administered with biofeedback and 45
patients administered with FMT combined with biofeedback
were included in this study. There were no significant differences
between the FMT combination group and the biofeedback group
with respect to age, sex, and BMI (Table 1). The mean disease
course of the FMT combination group and biofeedback group
was 7.2 + 3.1 and 7.4 £ 3.5 years, respectively. There were
no significant differences between the groups in the aspect
of complicated cardiovascular diseases, diabetes, or Parkinson’s
disease. Furthermore, there were no significant differences
between the groups with respect to the periodical oral dosing of
senna extract, bisacodyl, aole paidu capsule, and rhubarb used
for the treatment of constipation. However, polyethylene glycol-
electrolyte powder and phenolphthalein tablets were also used
significantly more in the biofeedback group as compared with
that used in the FMT combination group (p = 0.008 and p =
0.005, respectively, Table 1).
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FIGURE 1 | Changes in the frequency of bowel movement per week before and after treatment in the biofeedback group and the FMT combination group. The
number of bowel movements per week before administration and up to 12 months after treatment is indicated by the mean + SD. p < 0.01 according to the t-test are
indicated by **.

Effects of FMT Combined With
Biofeedback

The mean values of SBMs frequency within one wk before
treatment were 1.68 & 0.41 and 1.74 £ 0.44 in the biofeedback
group and the FMT combination group, respectively (p >
0.05). The frequency of SBMs (times per week) at one month
after treatment were 2.15 + 1.05 in the biofeedback group
and 3.61 £ 0.89 in the FMT combination group, respectively,
which were significantly different (p = 0.0031). Furthermore,
the mean values of SBMs frequency at 6 and 12 months
after treatment were 2.01 + 091 and 1.98 & 0.6 in the
biofeedback group. In comparison, the frequency of SBMs 6
and 12 months after FMT combined with biofeedback was 3.25
£ 1.1 and 2.71 £ 1.21 times per week (p = 0.0024 and p
= 0.0046, respectively, Figure 1). According to the exclusion
criteria, the number of patients in the biofeedback group
and the FMT combination group when 1/6/12 month(s) after
the corresponding therapy were 37 and 38/32 and 36/16 and
25, respectively.

Adverse Events in FMT Combined With
Biofeedback

Table 2 describes the adverse events between the biofeedback
group and the FMT combination group. The adverse events
included abdominal pain, abdominal distension, anal pain,
diarrhea, nausea, fever, palpitations, dizziness, allergies,
vomiting, and chest tightness. The results showed that there
was no significant difference in the adverse events between
the two groups. Abdominal pain (7.5 vs. 15.6%, p = 0.209),
abdominal distension (7.5 vs. 11.1%, p = 0.425), and anal
pain (7.5 vs. 8.9, p = 0.567) were the Top 3 frequency adverse

TABLE 2 | Adverse Events after treatment in the Biofeedback group and FMT
combination group.

Biofeedback FMT p-Value
group (n = 40) combination
group (n = 45)

Abdominal pain 3 (7.5%) 7 (15.6%) 0.209
Abdominal 3 (7.5%) 5(11.1%) 0.425
distension

Anal pain 3 (7.5%) 4 (8.9%) 0.567
Diarrhea 0 (0%) 4 (8.9%) 0.074
Nausea 1(2.5%) 3(6.7%) 0.354
Fever 0 (0%) 3(6.7%) 0.144
Palpitations 1(2.5%) 2 (4.4%) 0.545
Dizziness 1(2.5%) 2 (4.4%) 0.545
Allergies 0 (0%) 2 (4.4%) 0.277
Vomiting 0 (0%) 1(2.2%) 0.524
Chest tightness 0 (0%) 1(2.2%) 0.524

events both in the biofeedback groups and FMT combination
groups. In addition, diarrhea (n = 4), fever (n = 3), allergies
(n = 2), vomiting (n = 1), and chest tightness (n = 1) only
appeared in the FMT combination groups, but not in the
biofeedback group.

Secondary Outcomes of FMT Combined
With the Biofeedback

In addition, we also analyzed the secondary outcomes data of
patients, including BSFS, PAC-SYM score, GIQLI score at one,
six, and 12 months after the treatment. The mean values of
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TABLE 3 | The comparison of Bristol score between Biofeedback group and FMT
combination group before and after treatment.

TABLE 5 | The comparison of GIQLI score between Biofeedback group and FMT
combination group before and after treatment.

Bristol stool form scale GIQLI score
Before 1M 6M 12M Before 1M 6M 12M
administration administration
Biofeedback group 1.5+05 21+09 19+08 18405 Biofeedback group 80.5+7.8 88.7 £10.1 86.2 +£11.385.7 £10.8
FMT combination group 1.6 £05 25+12 24+£09 23+1.1 FMT combination group  85.4 +£13.2 103.6 £ 15.198.4 £ 13.295.6 £ 11.6
p-Value >0.05 0.008 0.0163 0.047 p-Value >0.05 0.0042 0.0035 0.0024

TABLE 4 | The comparison of PAC-SYM score between Biofeedback group and
FMT combination group before and after treatment.

PAC-SYM score

Before 1M 6M 12M
administration
Biofeedback group 28+04 24+£05 26+£04 25+04
FMT combination group 29405 22+06 24+£05 23+06
p-Value >0.05 0.0021 0.0023 0.001

BSES (average & SD) before the treatment were 1.5 £ 0.5 and
1.6 & 0.5 in the biofeedback group and the FMT combination
group, respectively (p> > 0.05). One month after treatment,
BSES were 2.1 & 0.9 in the biofeedback group and 2.5 4+ 1.2
in the FMT combination group (p = 0.008). BSFS at 6 and
12 months after treatment were 1.9 £ 0.8 and 1.8 £ 0.5 in
the biofeedback group, and 2.4 &+ 0.9 and 2.3 £ 1.1 in the
FMT combination group, which was significantly different (p
= 0.0163 and p = 0.047, respectively, Table 3). The PAC-SYM
score before the treatment were 2.8 & 0.4 and 2.9 & 0.5 in the
biofeedback group and the FMT combination group, respectively
(p > 0.05). The PAC-SYM score was 2.4 £ 0.5 in the biofeedback
group and 2.2 £ 0.6 in the FMT combination group at one
month after treatment (p = 0.0021). The PAC-SYM score at
six and 12 months after the treatment were 2.6 + 0.4 and
2.5 + 0.4 in the biofeedback group, and 2.4 £ 0.5 and 2.3
=+ 0.6 in the FMT combination group (p = 0.0023 and p =
0.001, respectively, Table 4). Combined with the results of SBMs,
these results indicated that the FMT combination therapy had
a better effect on mixed constipation as compared with the
biofeedback treatment. With respect to the quality of life, GIQLI
scores before the treatment were 80.5 £ 7.8 and 85.4 + 13.2
in the biofeedback group and the FMT combination group,
respectively (p > 0.05), while after the treatment, the GIQLI
scores were higher in the FMT combination group as compared
with that in the biofeedback group. As in Table 5, the GIQLI
scores at 1 month were 88.7 & 10.1 in the biofeedback group
and 103.6 £ 15.1 in the FMT combination group (p = 0.0042),
and GIQLI scores at 6 and 12 months were 86.2 £ 11.3 and
85.7 = 10.8 in the biofeedback group, and 98.4 &+ 13.2 and 95.6
=+ 11.6 in the FMT combination group (p = 0.0035 and p =
0.0024, respectively).

Gut Microbiota Diversity Elevated of
Patients Receiving FMT Combination

Treatment

To further investigate the role of the gut microbiota on the
patients of FMT combination treatment, feces of the donor and
feces of the patient before and 2 months after FMT underwent
16S rRNA gene sequencing. Figure2 showed the microbiota
composition at the genus level. Bacteroides, Prevotella, and
Faecalibacterium were the major components in the feces of the
donors (Figure 2). Figure 3 compared the alpha diversity (the
ACE, Chaol, Shannon, and Simpson) of feces of the donors and
pre- and post-FMT feces of the patients. We found that there
were no significant differences on ACE (p = 0.66, Figure 3A),
Chao (p = 0.47, Figure 3B), Shannon (p = 0.11, Figure 3C),
and Simpson (p = 0.071, Figure 3D) index between the donors
and patients with mixed constipation. After receiving FMT
combination therapy, ACE (p = 0.05, Figure 3A) and Chao
(p = 0.026, Figure 3B) were significantly higher in the post-
FMT samples as compared with that in the pre-FMT samples.
In addition, the patients after FMT combination therapy have
a higher ACE (p = 0.031), Shannon (p = 0.0081), and lower
Simpson (p = 0.012) as compared with the donors. For the
beta diversity, principal-component analysis (PCoA) of a non-
metric multidimensional scaling plot (on a Bray-Curtis distance
matrix) and an unweighted UniFrac distance revealed significant
qualitative differences in the gut microbial community structure
before and after FMT combination therapy (Figure 4).

Differences in Microbial Communities After

FMT

Cladograms were plotted by the LEfSe analysis, which
presented the most significant difference at the taxonomic
levels between pre- and post-FMT groups (Figure5A).
Figures 5B-F, respectively, showed the high- and low-
dimensional biomarkers at phylum, class, order, family,
and genus levels in the patients with post-FMT gut microbiota
as compared with that of the patients with pre-FMT. At the
phylum level, the abundance of Actinobacteria significantly
increased, while Lentisphaerae decreased (Figure 5B). At the
class level, Actinobacteria, Coriobacteriia increased, while
Lentisphaeria decreased (Figure5C). At the order level,
Bifidobacteriales, Coriobacteriales, and Actinobacteria increased,
while Victivallales decreased (Figure5D). At the family
level, Prevotellaceae, Bifidobacteriaceae, Coriobacteriaceae,
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structure. (B) Principal-component analysis of the fecal microbiota between pre- and post-FMT groups.

Barnesiellaceae, Actinobacteria, and Enterococcaceae
increased, while Bacteroidaceae, Victivallaceae decreased
(Figure 5E). At the genus level, Prevotella, Bifidobacterium,
Paraprevotella, Collinsella, Barnesiellaceae, Actinobacteria,
Slackia, Adlercreutzia, and Enterococcus increased, while
Bacteroides decreased (Figure 5F).

Figure 6A presents the Kyoto Encyclopedia of Genes and
Genomes (KEGG) annotation (Figure6B) and Clusters of
Orthologous Genes (COG) function (Figure 6B) predicted by
PICRUSt based on the sequencing data of microbiome from
all the patients. KEGG pathway (Figure 6C) and COG function
(Figure 6D) in the second-level classification comparisons were
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FIGURE 5 | The different composition of the gut microbiota between the patients with pre- and post-FMT. (A) The cladogram depicts the phylogenetic distribution of
microbial lineages in fecal samples taken before and after 2-month FMT combination treatment. (B=F) Key altered phylotypes of the gut microbiota after FMT
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performed to explore potential differences in the functional
composition of the microbiome between pre- and post-FMT
patients by the STAMP software based on the results of PICRUSt.
Genetic information processing (transcription and translation)
of the gut microbiota was more active after receiving the FMT
combination therapy (Figure 6C). Inorganic ion transport and
metabolism, coenzyme transport, and metabolism in the gut
microbiota of the patients with post-FMT were not as active as
that in the patients with pre-FMT.

DISCUSSION

Mixed constipation is a kind of chronic constipation with STC
and outlet obstruction, difficult to treat in clinical practice (21).
In this study, we aim to assess the efficacy and safety of FMT
combined with biofeedback on mixed constipation. Based on the

results in our study, FMT combination therapy possibly has a
superior long-term effect over the biofeedback treatment.

Fecal microbiota transplantation refers to the transplantation
of the functional flora from a healthy donor feces into the
intestine of the recipient, which aims to restore the diversity of
the intestinal flora and achieve the purpose of treating intestinal
and extra-intestinal diseases. In the late 1980s, Borody et al.
(22) performed FMT on four patients with chronic constipation
and demonstrated a significant improvement in the defecation
frequency, as well as immediate improvements in symptoms,
such as abdominal pain, early satiety, and nausea after FMT. A
prospective study reported that FMT might play its role through
the restoration and colonization of the donor microbiota in the
gut of the recipient up to one year after FMT (23). It has been
considered that the FMT could be a promising choice for patients
who are refractory to conventional therapeutic strategies.
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In our previous randomized controlled trial (RCT) study,
patients who underwent FMT had significantly improved
symptoms, including fecal properties and defecation frequency,
compared with the conventional treatment group (24).
Meanwhile, biofeedback therapy has been demonstrated to
be more effective with good long-term results as compared
with sham therapy, laxatives, or the anti-anxiety drug
diazepam for patients with constipation associated with a
rectal evacuation disorder (25-27). In this study, we found that
FMT combined with biofeedback had a sustained effect on mixed
constipation. After one year of follow-up, patients who received
FMT combination therapy showed relatively more frequent
defecation, milder constipation-related symptoms, and better
quality of life, compared with those who were treated with the
biofeedback only.

Microorganism residing in the gut is believed to have a
profound impact on the human physiology and nutrition, and
are of the essence for human life. It has been found that the
disruption of the homeostasis between the microbiota and the
host has a more vital role as compared with the host genetics
in the development of a range of diseases, such as inflammatory
bowel disease, obesity, and type two diabetes (28). Increasing
evidence uncovered that chronic constipation is associated
with striking changes in the gut flora (29). Although without
significance, we found that the patients with constipation had an
increased quantity and diversity of bacteria as compared with the
healthy donors, which has been reported in our previous study
(14) and other researches (30). The study by Mattea Miiller (31)
had verified that slow distal colonic transit and hard stools are
associated with an increased gut microbiota diversity. Although

lack of clear consensus, patients with constipation have a lower
abundance of Actinobacteria (32), including Bifidobacteria (32—
34) and Prevotella (35) in their feces as compared with the healthy
controls (29). Bifidobacterium is commonly used as a probiotic in
adults (36, 37) and children (38) with constipation. In this study,
the abundance of Prevotella, Bifidobacterium, and Actinobacteria
have increased significantly in the guts of the patients after
receiving FMT combination therapy. These results indicated
that the FMT could remodel the gut microbiota composition
of patients with mixed constipation, especially upregulate the
beneficial bacterium that mainly explained the efficacy of FMT.
Beyond that, some other significantly altered bacteria were also
found. For example, Bacteroides was the most significantly
downregulated community after an FMT combination therapy,
but interestingly, healthy donors also have a relatively high
abundance of Bacteroides (Figures 2, 5F). Previous studies give
conflicting results of Bacteroides abundance, some reported
higher (39, 40) and others reported lower (32) in the patients
with constipation. We speculated Bacterioides have the highest
abundance in gut microbiota that was susceptible to composition
change of other bacteria but have slight effects on constipation.
Regarding safety, FMT has been generally considered a
safe and well-tolerated treatment (41). In this study, there was
little difference in adverse events between FMT combination
groups and biofeedback groups. The adverse events in the FMT
combination group were mostly short-term and mild, which
were known to be associated with the delivery methods. We
noticed that the low-grade fever appeared in three patients of
the FMT combination group, but not in the biofeedback group.
The appearance of fever is probably because of the result of
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a temporary systemic immune response to the transplanted
bacteria, other researchers have also reported low-grade fever as
the side effect of FMT (42). Besides, the long-term immunologic
effects of FMT should also be concerned in the follow-up period
after an FMT. Importantly, we should pay extra attention to the
possible uncommon severe side effects following FMT, mainly
referring to the risk of the infection transmission. Food and Drug
Administration (FDA) have reported two cases of Extended
Spectrum Beta Lactamase-producing Escherichia coli (E. coli)
infection resulting in one death (43) and enteropathogenic E.
coli in two cases and Shigatoxin-producing E. coli in four cases
by donor stool (https://www.fda.gov/vaccines-blood-biologics/
safety-availability-biologics/safety-alert-regarding-use-fecal-
microbiota-transplantation-and-risk-serious-adverse-events-
likely). Rigorous donor screening and testing could be mandated
to minimize the risk of FMT. In recent years, management
practices of FMT (44) and evaluation criteria for donors (19)
have been issued in China, which were the safeguards of an FMT
clinical application. Considering that mixed constipation is a
kind of combination of STC and outlet obstructive constipation,
which severely impacts the quality of life of those affected,
findings of this study suggested that FMT combined with
biofeedback would be beneficial to the patients relieving their
symptoms and improving their quality of life.

The main limitation of this study is that it was in a
retrospective setting. Strictly randomized control was difficult
when patients were divided into two groups with a different
therapy, which might cause selection bias. Meanwhile, there
is a possibility that the diagnosis of chronic constipation and
the indication of the treatment may vary among prescribing
physicians. Thus, further cases are necessary for an in-
depth evaluation. Since the mechanism of an FMT efficacy is
comprehensive and 16S rRNA gene sequencing only explained
it at the microbiome level, metabolome should be applied to the
further probe into an FMT mechanism in the future study. At last,
each donor provided stool suspension for one to eight patients,
and the patients showed various degrees of efficacy. So, it was
difficult to define the more effective donors.

In conclusion, FMT combined with biofeedback showed
better effects and equal adverse events on mixed constipation,
compared with biofeedback treatment. It also alleviated the
constipation symptoms and improved the quality of life of the
patients. However, a large-scale prospective study is still to be
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Ulcerative Colitis (UC) is a chronic inflammatory bowel disease. The prolonged course of
UC and the lack of effective treatment management make it difficult to cure, affecting the
health and life safety of patients. Although UC has received more attention, the etiology
and pathogenesis of UC are still unclear. Therefore, it is urgent to establish an updated
and comprehensive understanding of UC and explore effective treatment strategies.
Notably, sufficient evidence shows that the intestinal microbiota plays an important role
in the pathogenesis of UC, and the treating method aimed at improving the balance of
the intestinal microbiota exhibits a therapeutic potential for UC. This article reviews the
relationship between the genetic, immunological and microbial risk factors with UC. At the
same time, the UC animal models related to intestinal microbiota dysbiosis induced by
chemical drugs were evaluated. Finally, the potential value of the therapeutic strategies
for restoring intestinal microbial homeostasis and treating UC were also investigated.
Comprehensively, this study may help to carry out preclinical research, treatment theory
and methods, and health management strategy of UC, and provide some theoretical
basis for TCM in the treatment of UC.

Keywords: ulcerative colitis, pathogenesis, intestinal microbiota, animal model, treatment strategy, fecal
microbiota transplantation, probiotic, traditional Chinese medicine

INTRODUCTION

Ulcerative Colitis (UC) is a chronic inflammatory bowel disease (IBD) that involves the rectum and
colonic mucosal layer, leading to superficial damage to the intestinal wall (1). Chronic diarrhea,
fecal blood or rectal bleeding are the main clinical manifestations of these patients. Approximately
15% of UC patients develop severe illnesses (2). More importantly, chronic UC is associated with
an increased risk of colorectal cancer. Yet the pathogenesis of UC has not been fully elucidated,
it is mainly related to genetic, immunological, microbial and other risk factors. The intestinal
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FIGURE 1 | The summary of themes in this review. FMT, Fecal microbiota transplantation; TCM, traditional Chinese medicine; DSS, dextran sulfate sodium; TNBS,
2,4,6-trinitrobenzene sulfonic acid; OXA, oxazolone.

microbiota is considered as a kind of “mysterious organization” At present, anti-inflammatory and immunosuppressive
in human body and has been proved to play an essential role  therapies are the important treating method for UC. 5-
in the pathogenesis of UC (3). In recent years, based on the  aminosalicylic acid (5-ASA), corticosteroids, and thiopurines
development of high-throughput sequencing technology, related ~ are commonly used drugs. However, steroid dependence and
significant progress has been made in this research field, which  side effects of thiopurine make long-term use of the drug
is helpful for understanding the microbiota on human mucosal  at high risk (7). Moreover, even with medication, 20-25%
surface (4). Under physiological conditions, the interactions  of patients eventually need surgery (8). As a consequence, it
between bacteria, fungi, and other members maintain a dynamic ~ is imminent to find effective and safe treatment strategies.
balance called intestinal microbial homeostasis. Once the  Of note, the therapeutic approaches aimed to improve
homeostasis is broken, the links between microbiota will change, =~ microbial dysbiosis has shown great potential for the
resulting in a decreasing microbial diversity and increasing  treatment of UC. Similarly, traditional Chinese medicine
opportunistic pathogens (5). These changes further induce an ~ (TCM), as an important part of complementary and alternative
abnormal immune response in the host intestine and eventually =~ medicines (CAMs), has been used in China for more than
led to UC (6). 2,000 years. At present, various scholars have begun to

pay attention to the therapeutic effect of TCM on UC,

and have made some progress in China (9, 10). Increasing
Abbreviations: UC, Ulcerative Colitis; IBD, Inflammatory bowel disease; evidence shows that the _eﬂicacy of TC?M H? the tljeatm‘ent
5-ASA, 5-aminosalicylic acid; TCM, Traditional Chinese medicine; CAMs, of UC dependents on its effect on intestinal microbiota

Complementary and alternative medicines; CD, Crohn’s disease; IL, Interleukin; (11,12).
TLR, Toll-like receptor; NF-kB, Nuclear factor kB; TNF-a, Tumor necrosis In this review, the essential components involved in
factor-a; Th, T helper type; CpG-DNA, Non-methylated bacterial DNA; MyD88, the pathogenesis of UC are ﬁI‘Sﬂy summarized, and the

Myeloid differentiation factor 88; IRAK, IL-1 receptor-related kinase; SCFAs, e . . . . . .
. ) ; . critical role of intestinal microbiota is further discussed.
Short-chain fatty acids; DSS, Dextran sulfate sodium; SYK, Spleen tyrosine

kinase; CARDY; Caspase recruitment domain family member 9; TNBS, 2,4,6- Secondly, the potential of UC animal models applied in
trinitrobenzene sulfonic acid; OXA, Oxazolone; SASP, Sulfasalazine; FMT, Fecal Studying the intestinal microbiota is also addressed and
microbiota transplantation; RCTs, Randomized controlled trials; DAI, Disease evaluated. At last, potential therapeutic strategies which exerting
activity index; IFN-y, Interferon-gamma; MAPK, Mitogen-activated protein a therapeutic role in UC by modulating the intestinal

kinase; Akt, Protein kinase B; MPO, Myeloperoxidase; IP10, gamma-induced icrobiot d d led h bl
protein 10; CXCR3, Chemokine (cys-x-cys motif) receptor 3; STAT3, Signal microbiota are €xposed and revealed as much as possible

transducer and activator of transcription 3. (Figure 1). This work is expected to theoretical support
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and inspiration for the drug selection and development for
treating UC.

THE RISK FACTORS WITH THE
OCCURRENCE OF UC

Genetic Factors

Although certain studies have shown that the heritable risk of
Crohn’s disease (CD) is greater than that of UC, the risk of the
disease in first-degree relatives of UC patients is still four times
greater than that of the general population, suggesting that the
risk of genetic factors remains a contributor to the occurrence
of UC (13, 14). The first genome-wide association studies based
on IBD identified IL23R, a gene encoding the pro-inflammatory
cytokine interleukin (IL)-23, whose abnormalities and mutations
are associated with the development of CD and UC (15). To date,
more than 240 risk loci have been identified to be associated with
IBD (16). It was interesting that only 4-7% of UC occurrence can
be explained through known risk loci, but genetic factors appear
to be more important for early IBD that develops in children
(17, 18).

The disease-associated loci of involving genes with different
functions, such as the innate and adaptive immune systems,
cytokine signaling, lymphocyte activation, and response function
to microbial molecules (17). For example, variants in CARD9,
a bridging protein involved in antifungal innate immunity,
enhance the host response to the fungus and increase the
production of inflammatory cytokines, and is also considered as
one of the genetic risk factors for CD and UC (19). Moreover,
the ADCY7 gene is expressed in hematopoietic cells and encodes
a protein, adenylate cyclase 7, which converts ATP to cAMP
to participate in the regulation of host innate and adaptive
immunity (20, 21). And it is reported that the missense variant
of ADCY?7 increases the risk of UC. For other IBD risk loci, a
complete description was given in the research article published
in 2017 (16).

So far, the genetic risk of CD has been well studied, and a large
number of studies have shown a strong genetic predisposition
for CD. For example, disorders of the NOD2 gene have been
identified as an essential causative factor for CD occurrence (22).
At the same time, researches on the genetic risk of UC and IBD
is continuing, which not only facilitates the development of the
pathogenesis of IBD and the differentiation of IBD subtypes but
also contributes to the updating of therapeutic targets and drugs
or programs for the disease.

Immunological Factors
Genetic, environmental and microbial factors have been
identified as risk factors of UC (22). However, UC is
ultimately linked with immune abnormalities, which indicated
immunological factors may be the central link (1). The human
immune system can be divided into innate immunity and
adaptive immunity according to functions, and the available
evidence points to the involvement of both innate and adaptive
immunity in the pathogenesis of UC (23).

The innate immune response is the first line of defense
against any attack, and the neutrophils, dendritic cells or

macrophages that mediate innate immunity has been confirmed
to be involved in the pathogenesis of UC. The earliest feature
of intestinal inflammation is the infiltration of neutrophils into
the mucosa and epithelium, and is present throughout the
period of active inflammation of the intestine. The tissue and
epithelial barrier disruption are caused by neutrophils with
oxidative and proteolytic damage, as well as promote the release
of pro-inflammatory cytokines to perpetuate inflammation (24).
Dendritic cells are also involved in the expression of Toll-
like receptors (TLRs) and the recognition of microbiota (25).
Increased activation and sensitivity of mature dendritic cells
and significantly higher the level of TLR2 and TLR4 expressed
by mucosal dendritic cells are observed in UC patients, which
lead to abnormal activation of signaling pathways such as
the nuclear factor kB (NF-kB) to promote the inflammatory
cascade (26). Macrophages can be polarized into classically
activated pro-inflammatory or alternatively activated anti-
inflammatory macrophages depending on the stimulus (27).
The pro-inflammatory macrophages are induced by pathogen-
associated molecular patterns and involved in the production
of pro-inflammatory cytokines such as tumor necrosis factor-o
(TNF-a), IL-1p and IL-6 to intensify inflammation (28). In
addition, the polarization of pro-inflammatory macrophages has
been found to promote the development of colitis. In conclusion,
excessive abnormalities in innate immunity and the occurrence of
inflammatory cascade aggravate the emergence and persistence
of local inflammation in the colon, which is closely associated
with the occurrence of UC.

After recognizing of antigens, the dendritic cells and
macrophages will present antigens to T cells and B cells,
leading to the activation of adaptive immunity (29). And the
abnormalities of adaptive immunity are another risk factor of
UC (30). UC is thought to be a disease mediated by T helper
type (Th) 2 cells, which are involved in the secretion of IL-4,
IL-5 and IL-13. Published studies have shown the increase in IL-
5 and IL-13 secretion in UC patients, with IL-13 affecting the
intestinal epithelium and disrupting tight junctions to cause an
inflammatory state (31, 32). In addition, abnormalities in Th9
and Th17 cells provide evidence for the involvement of adaptive
immunity in UC. Th9 cells are associated with the release of IL-
9, which can inhibit the repair of intestinal epithelial cells and
increase the concentration of TNF-a (33). Similarly, Th17 cells
are also involved in the release of pro-inflammatory cytokines
such as IL-17A, IL-17E IL-21 and IL-22, and increased Th17
cells expression has been observed in UC patients (34, 35). In
summary, current evidence suggests that both innate immunity
and adaptive immunity are critical in the pathogenesis of UC (1).

Microbial Factors

The Role of Intestinal Bacteria in the Pathogenesis of
uc

The intestinal microbiota mainly settles in the gastrointestinal
tract of humans, and bacteria occupy the primary advantage
in the composition (36). The intestinal bacteria are comprised
of three types: anaerobic bacteria, facultative anaerobic bacteria
and aerobic bacteria, with anaerobic bacteria being the
dominance (37). At the phylum level, the intestinal bacteria are
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mainly composed of Firmicutes, Bacteroides, Proteobacteria and
Actinobacteria (38). Under physiological conditions, intestinal
bacteria play an essential role in stimulating the absorption
of nutrients and minerals, breaking down protein compounds,
synthesizing amino acids and vitamins, promoting intestinal cell
renewal, and maintaining immune function (39).

Heredity, age, environment and dietary structure can
influence the composition of intestinal bacteria. For example, a
high-fat diet reduces the abundance of Bifidobacterium spp in
the intestinal tract of mice (40). Various types of studies have
shown that the abundance of Bacteroides in the elderly is greater
than that of the young (41). Other studies reported that the
intestinal bacteria’s amount and diversity of UC patients are
significantly decreased (42). At the same time, the changes in
flora composition were also found in the pathological state. At the
phylum level, the abundance of Bacteroidetes and Proteobacteria
increased, while the abundance of Firmicutes decreased (5). In
specific microbes, the number of beneficial bacteria such as
the Roseburia spp and lactobacillus in the intestine decreased,
while the number of destructive bacteria such as Escherichia coli,
Bacteroides fragilis, and Helicobacter increased (5, 43, 44). So far,
many experts believe that the dysbiosis of intestinal microbiota
can lead to the dysregulation of the immune response to bacterial
antigens, and ultimately leads to the occurrence of IBD (45, 46).

The intestinal epithelial barrier is mainly composed of
the intestinal epithelial cells, tight junctions (connecting the
epithelial cells), goblet cells, and mucus (secreted by goblet
cells). This barrier is the first defensing phase to ensure the
normal physiological function of the intestinal tract and prevent
pathogenic microbes from crossing the intestinal mucosa. As
an integral part of the barrier, intestinal mucus can limit the
direct contact between host and intestinal bacteria, promote
bacteria clearance, and inhibit inflammation and infection (47).
Furthermore, dysbiosis of intestinal microbiota can affect the
function of epithelial barrier. Firstly, the tight junction is
damaged, resulting in increased intestinal mucosa permeability
(48). Secondly, the dysbiosis of bacteria will significantly
impact intestinal mucus. For example, Akkermansia muciniphila
and Enterorhabdus mucosicola can degrade intestinal mucus
and proliferate in the mucus layer (42), Escherichia coli and
Gardnerella can form adherent biofilms on the surface of
intestinal epithelium, destroy intestinal mucus, and allow other
commensal bacteria to migrate to the mucosa (49). Muc2 protein,
secreted by goblet cells, is the primary source of mucus. This
protein is mediated by intestinal microbes to maintain the
balance of the mucus layer. However, loss of goblet cells and
Muc2 protein is a typical feature of epithelial barrier changes after
the dysbiosis of intestinal bacteria in UC patients (50).

When the epithelial barrier is disrupted, symbiotic bacteria
are allowed to flow in the epithelial layer. Invasion of pathogenic
bacteria and opportunistic pathogens activate the host’s
maladaptive immune response (51). TLR is a protein molecule
involved in nonspecific immunity, while lipopolysaccharide, a
component of the outer membrane of Gram-negative bacteria,
can bind to TLR4 (52). Similarly, peptidoglycan, lipoprotein,
and lipoteichoic acid in the bacterial cell wall can also bind
to TLR2/TLR6 complex. TLR9 responds to non-methylated

bacterial DNA (CpG-DNA) (53). After recognizing the
components of the bacterial cell wall, TLRs interact with
Myeloid differentiation factor 88 (MyD88), up-regulated the
activation signal of IL-1 receptor-related kinase (IRAK) of
related member, activated the NF-kB signaling pathway, released
pro-inflammatory cytokines, resulting in abnormal intestinal
inflammation and occurrence of UC (Figure 2) (54).

As well, dysbiosis of intestinal microbiota also affects the
regulation of bacterial metabolites (55). Short-chain fatty acids
(SCFAs) are produced by symbiotic bacteria that digest dietary
fiber in the intestine, including acetate, propionate, and butyrate,
etc. (56). SCFAs can maintain the balance of regulatory T cells
number to regulate intestinal inflammation (57). It is worth
noting that the disorder of SCFAs’ generation occurs in UC
patients, which is related to the significant reduction of butyrate-
producing bacteria (5). Therefore, the dysbiosis of intestinal
bacteria further leads to the disorder of its metabolites and
products, destroys normal immune response of the host intestine,
and is also an important factor leading to UC.

The Role of Intestinal Fungi in the Pathogenesis of UC
Fungi are also normal inhabitants of the human intestine. In
healthy individuals, the number of intestinal fungi only accounts
for 0.1% of intestinal microorganisms, among which the most
dominant fungi are Candida, Saccharomyces and Cladosporium
(4). The interaction between symbiotic fungi in the intestine
and the other microbial members remain balanced, but risk
factors can cause changes in the composition of fungi in the
human intestine. High-carbohydrate diets increase the number
of Candida albicans in the intestine, while high-protein diets are
the opposite. And meat-based diets promote the abundance of
Penicillium fungi (58, 59). An analysis showed different intestinal
fungal spectrums in UC patients and healthy people, and the
diversity of intestinal fungi in UC patients was significantly
reduced (60). In terms of its composition, intestinal fungi
of UC patients also changed. The abundance of Candida
albicans increased, and the abundance of Wickerhamomyces
fungi was positively correlated with the severity of UC patients
(61). Saccharomyces cerevisiae, a fungus that can stimulate the
release of IL-10 to inhibit intestinal inflammation, and its
abundance is absolutely decreased in the acute phase of intestinal
inflammation (62).

Intestinal fungi imbalance can reduce host immune tolerance
and activate abnormal immune responses. The main component
of the fungal cell wall, p-glucan, a-mannan and o-mannose,
can be identified by TLRs and C-type lectin receptors (Dectin-
1, Dectin-2, and Mincle) (63). Dectin-1 is a key molecule
involved in fungi immune response, and the polymorphism
of the Dectin-1 gene is closely related to the severity of UC.
Mice without Dectin-1 were more susceptible to dextran sulfate
sodium (DSS)-induced colitis (63). After recognition, spleen
tyrosine kinase (SYK) and caspase recruitment domain family
member 9 (CARDY) were activated, thereby activating the NF-
kB pathway, releasing pro-inflammatory cytokines, and inducing
inflammatory response (Figure 2) (64).

In addition, the DSS-induced mouse antifungal drug
experiment reported that antifungal drugs could aggravate the
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inflammation response in mice (65). The expression of tumor
necrosis TNF-a and IL-17A in the colon of UC patients is
positively correlated with Wickerhamomyces and Penicillium
fungi (61). These studies also provide evidence that intestinal
fungal dysbiosis is associated with the occurrence of UC.

Intestinal Microbial Homeostasis and UC

Intestinal microbiota is a complex and extensive system
composed of bacteria, fungi, archaea, viruses and protozoa, etc.
Interactions between the microbiome maintain homeostasis, help

host resist pathogen infection, and promote host immunity and
health (66).

The interaction between intestinal fungi and bacteria plays a
key role in maintaining intestinal microbial homeostasis. A study

found that after antibiotic treatment, the number of intestinal
fungi in mice increased as bacteria continued to decrease.
This change returned to the initial state after the antibiotics
stopped (67).

However, after the use of antifungal drugs, the decrease of
intestinal symbiotic fungi promotes the growth of pathogenic
bacteria in the intestinal tract, thereby aggravating intestinal
inflammation (68). Bacteria can limit the effective colonization
of fungi in the intestinal tract by producing antifungal
compounds and competing nutrients. This phenomenon reflects
the competitive relationship between bacteria and fungi due
to the limited intestinal resource. In fact, there is also a
synergistic relationship between them (69). Candida albicans
is the most common human infectious fungi, mainly affecting
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immunologically impaired individuals (70). In another study,
researchers found that the harmful effects of Candida albicans
depended on the presence of colistin-sensitive bacteria in the
intestine (71). At the same time, Candida albicans can form
mixed biofilms with other intestinal bacteria, which can surround
anaerobic bacteria to protect them from the effects of an
oxygenated environment (72).

Under different interactions, intestinal microbiota maintains
balance and stability in the intestine. Affected by risk factors, the
dysbiosis of intestinal bacteria and fungi leads to susceptibility
of the host to UC (73). The positive and negative correlations
between intestinal bacteria and fungi in UC patients are higher
than those in healthy individuals (62). Therefore, the disruption
of intestinal microbial homeostasis is tightly related to the
occurrence of UC. With the increase of relevant evidence, the
relationship between microbial homeostasis and the pathogenesis
of UC is increasingly obvious.

The Importance of the Intestinal
Microbiota in UC’s Occurrence

Abnormalities of the immune system are certainly important
for the pathogenesis of UC, which is also a major reason for
the appearance and persistence of local inflammation in UC
patients. However, except for the immune system, the mucus
and epithelial barriers are the first physical and chemical lines
of defense protecting the intestinal epithelium from pathogens
and antigens. Mucus barrier disorders in the colon are also
a possible cause of UC. Moreover, a recent study has shown
that the disorders of mucus barrier were not related to local
inflammation and immune response, but the response of goblet
cells to microbial alterations (74). In addition, defects in the
mucus barrier occur early in the onset of UC, further leads to
increased intestinal permeability and exposure to antigens, thus
activating abnormal immune responses (22, 23). This suggests
that it was necessary to consider other risk factors. Notably,
there is growing evidence that dysbiosis of intestinal microbiota
is associated with disruption of the intestinal barrier, increased
permeability, and increased antigen exposure.

Bacteria occupy the absolute advantage of intestinal
microbiota, but fungi, viruses, and archaea are also important
parts of the intestinal microbiota. Microbiota maintains a
dynamic balance through complex interactions and connections,
and the homeostasis is a key to maintaining host healthy.
The composition of intestinal microbiota and the interactions
between microorganisms are often altered by the risk factors
such as genes, eating habits, unhealthy lifestyles, and drug
abuse. For example, a long-term high-fat diet thins intestinal
mucus, increases intestinal permeability, and impairs the tight
junctions of intestinal epithelial cells, leading in intestinal
barrier dysfunction (75). Additionally, the intestinal barrier
function tends to deteriorate as the body matures (76). Increased
intestinal permeability and breakdown of the intestinal barrier
allow bacteria to readily pass past the epithelium and colonize
the mucosa, hence amplifying their effect on the intestine (77).
Although intestinal commensal microbiota contributes to the
regulation of intestinal epithelial and immune function in the

physiological state, risk factors such as diet, environment, and
age can also result in dysbiosis of the intestinal microbiota,
as revealed by decreased diversity and changes in specific
microbial species and abundance (3). Inequality within each
microbial community and changed interactions contribute to
overall microbial homeostasis imbalance (78). Reduced probiotic
bacteria and a rise in pathogenic and opportunistic pathogenic
bacteria are significant aspects of microbial homeostasis
imbalance in UC patients (79-81). The intestinal microbiota
can directly interact with the immune system of the body (82).
Certain Clostridium bacteria demonstrate pro-inflammatory
properties by penetrating and mucosalizing the intestinal
mucosa. Similarly, increasing bifidobacteria abundance has been
shown to stimulate Thl cell-mediated immune responses (83).
Additionally, TLRs identification of bacterial and fungal surface
components results in excessive activation of TLRs signaling
pathways, triggering innate and adaptive immunity and chronic
inflammation when the gut barrier is disrupted and pathogenic
bacteria colonize. The metabolites generated by intestinal
microbiota play a role in modulating host immune responses,
such as SCFAs and bile acids, which are critical for sustaining
anti-inflammatory effects and safeguarding intestinal barrier
function (84, 85). Likewise, a decrease in the absolute abundance
of SCFAs-producing bacteria is another unique symptom of
microbial dysregulation in UC patients. Thus, the combination
of reduced intestinal barrier function, microbial homeostasis
imbalance, and lack of beneficial microbial products results in
disruption of the intestinal epithelium and an abnormal immune
response, which is a significant contributor to the development
of UC.

The intestinal microbiota is a very complex and extensive
system. Although the mechanisms of bacteria and fungi in the
occurrence of UC are increasingly obvious, members such as
viruses and archaea are also related to UC. Therefore, more in-
depth studies are needed to explore the relationship between
the intestinal microbiota and UC. At the same time, drugs and
treatment methods focusing on restoring intestinal microbiota
homeostasis may be the key to the treatment of UC.

COMMON ANIMAL MODELS OF UC

Establishing an appropriate animal model helps to study
the pathogenesis of UC and investigate potential therapeutic
drugs. UC animal models can be established with chemical
drug induction, pathogen colonization, genetic engineering
modification, and adoptive cell transfer (86). Notably, due to
the limitations of modeling methods and prices, experimental
colitis induced by the chemical drugs has become the most
common animal model of UC (87). DSS, 2,4,6-trinitrobenzene
sulfonic acid (TNBS) and oxazolone (OXA) are three commonly
used chemical drugs. Therefore, it is necessary to review the
advantages and limitations of these three models to provide a
scientific basis for the reasonable selection of UC animal models.

DSS

DSS is normally used to induce experimental colitis by dissolving
it in water and provided ad libitum for several days to animals.
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It is generally believed that DSS can induce acute UC in SD rats
and Winstar rats at a concentration of 2-5% added to drinking
water for 5-9 days. At the same time, adding 3-5% of DSS in
drinking water for 5-8 days can induce acute UC in C57BL/6
mice and BALB/C mice (88). Multiple repeated drinking cycles
are required if model is necessary to induce chronic UC (89). DSS
can cause complete loss of intestinal epithelial cells to destroy
the epithelial barrier. The lamina propria and submucosa are
subsequently exposed to antigens and microbiota in the intestinal
lumen, which eventually induced inflammation (90). During the
administration of DSS, animals showed weight loss, thickening
of stool, bloody stool and diarrhea etc. (91). Histopathological
changes such as epithelial denuding, loss of mucin and goblet
cells, submucosal edema, hyperemia and erosions, infiltration
of inflammatory cells in the lamina propria and loss of crypt
structures could be observed (92, 93).

The DSS-induced UC model has the characteristics of
simple administration, easy control of drug dose and duration.
Moreover, researchers can design acute or chronic experimental
colitis by controlling the dose and duration of administration.
Meanwhile, due to the induction of severe intestinal ulcer in
animals, this model is also been interpreted as the animal
model closest to human UC (94). Similarly, DSS-induced model
also showed changes in the intestinal microbiota. The decrease
in microbial diversity and abundance of beneficial symbiotic
bacteria (Lactobacillus and Alistipes), and the increase of the
abundance of pathogenic bacteria (Oscillibacter, Streptococcus,
and Escherichia-Shigella) are similar to the changes of intestinal
microbiota in UC patients (87, 95), which makes it also has
advantages in studying the effects of drugs on the intestine
microbiota. However, DSS-induced UC model also has obvious
limitations. It is reported that DSS-induced inflammatory
response began to ease naturally after 7 days, and the changes in
the intestinal microbiota returned to normal levels after 21 days
(87, 95). Besides, the sensitivity of certain types of mice to DSS
is also different. After 5 days of acute administration, C57BL/6
mice induced colon inflammation, while BALB/C mice recovered
simultaneously (94). Since UC itself is a chronic disease, DSS-
induced model still lacks sufficient representation for UC.

TNBS

Rats were first used in TNBS-induced experimental colitis
modeling. 5-30 mg TNBS into 0.25ml of 50% ethanol, and the
colon ulcer and inflammation in rats were successfully induced
by intraluminal drip administration. The BALB/C and C57BL/6
mice are also used for colitis models by 0.3-5.0 mg of TNBS
mixed with 50% ethanol (96). In TNBS-induced animal model,
the use of ethanol is not only a solvent or carrier but also
can destroy epithelial barrier of animals. TNBS is a hapten
reagent that induces the immune response of T cells to tentacle
proteins and luminal antigens through acute oxidative stress,
resulting in intestinal wall necrosis (97). After administration
of TNBS, animals showed bloody diarrhea and weight loss.
Histopathological changes can be observed in intestinal wall
thickening, edema, bleeding, and ulcer (98). Chronic TNBS
colitis is manifested with diffuse necrosis of the intestinal wall,
involving the mucosa, submucosa and muscle layer. At the same

time, there are significant edema and immune cell infiltration in
submucosa (99).

The TNBS-induced colitis model has the advantages of
rapid disease development, localized colon injury and low cost.
Compared with DSS-induced UC model, animal inflammation
does not begin to relieve until the 15th day, which seems to be
more conducive to researchers to ensure the accuracy of their
research results (97). However, TNBS-induced animal model is
associated with the immune response mediated by Thl cells,
which is considered closer to the immunological changes of CD.
Moreover, the intestinal microbial changes in TNBS-induced
mice showed a decrease in a-diversity, possibly beneficial bacteria
decreased and harmful bacteria increased, similar to those in
patients with Crohn’s disease (100). Interestingly, some experts
believe that it causes intestinal ulcer in animals to be similar to
UC (101). Hence, it is still doubtful whether the TNBS-induced
colitis model can represent human UC.

OXA

OXA is also a hapten reagent that needs to be administered with
ethanol to induce colitis in animals (102). Before administration,
3% OXA (100-150 l) was dissolved in 40-50% ethanol to
sensitize the skin of mice and induce experimental colitis (103).
The sensitivity of different strains of mice to OXA is also
different. SJL/J] mice and C57BL/10 mice are highly susceptible
to OXA, but C57BL/10 mice are more resistant than SJL/] mice.
BALB/C mice are more suitable for inducing chronic colitis (104).
The OXA-induced mice have symptoms of diarrhea, bloody
stool, and weight loss. Histopathological changes are mainly
characterized by epithelial cell loss, inflammatory cell infiltration,
edema, and occasionally crypt abscess (105). As a kind of hapten
reagent, OXA-induced colitis in mice is closely related to Th2
cell-related immune response, which is similar to human UC
(91, 106). Compared with other animal models induced by
chemical drugs, The OXA-induced model is more suitable for
studying the pathology of UC. However, due to the high mortality
rate of OXA, it is rarely applied in practical research (94, 105).
In experimental animals, whether OXA can cause microbial
disorders similar to human UC still needs more research.

The Role of Microbiota in Different UC

Animal Models

As is well known, the application of drugs is the key to
successful modeling of chemically induced animal models.
However, intestinal microbiota has also been found to play a
role in different animal models. A study found that during
the induction of colonic inflammation in mice with DSS, an
increase in the proportion of cells expressing CD11c and TLR4
in the mesenteric lymph nodes of mice was consistent with an
increase in the number of Enterobacteriaceae and Akkermansia
on the colonic mucosa, implying that the response of the
immune system to microbial recognition and the induction
of inflammatory responses (107). Similarly, in TNBS and
OXA-induced inflammation models, the abundance of Sulfate-
reducing bacteria, which produce hydrogen sulfide that damages
the colon, causes epithelial damage and inflammation, and
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TABLE 1 | The difference of three types of commonly used drugs in treating UC.

5-ASA

Corticosteroids

Thiopurines

Applicable stage Mild to moderate UC patients

Mechanism of action Acting on the colonic epithelium,
exerting local mucosal

anti-inflammatory effects

Advantages Safety and Efficacy are proven

Limitations Some patients do not respond to
5-ASA treatment

Not suitable for the treatment of
moderate to severe UC patients

Mild to moderate UC patients who are
unresponsive or intolerant to 5-ASA

Steroid-dependent and
Steroid-refractory UC patients

treatment
Moderate to severe UC patients

Inhibition of gene expression in the nucleus
to suppress pro-inflammatory signaling
pathway activation and limit immune cell

As an immunosuppressant that
inhibits inflammatory gene
expression.

translocation to sites of inflammation

Available for UC patients who do not
respond to 5-ASA therapy

Long-term use will increase the risk of
steroid dependence and steroid refractory

Available as a maintenance
treatment option for UC patients
Obvious adverse events and
serious potential side effects

5-ASA, 5-aminosalicylic acid; UC, ulcerative colitis.

induces a Th17 cell-associated immune response, was increased
(108, 109).

All of these studies provide that microbiota is also vital in
UC animal models. However, there are existed those different
conclusions were from other experts. Gancarcikova et al. found
the absence of microbiota did not affect the inflammatory
effects of DSS when exposed antibiotic-treated germ-free mice
to DSS (110). Another study found that in the absence of
intestinal microbiota, the function of the intestinal barrier was
also impaired although intestinal inflammation was significantly
reduced in animals exposed to DSS (111). Obviously, the
intestinal microbiota is a very complex organization, and
different microorganisms play different roles. Therefore, further
studies on the specific effects of microbiota in animal models are
still necessary to resolve the current controversies, but this does
not affect the use of animal models as a tool for UC research in
subsequent studies.

Selection of Animal Models
The establishment of animal models is necessary to study the
pathogenesis and pathological changes of UC. So far, the DSS-
induced mice model has been most widely used. The intestinal
microbiota of mice showed similar diversity to humans at
the levels of Firmicutes, Bacteroidetes, and Proteobacteria. And
the DSS-induced model is considered to be similar to the
changes in the intestinal microbiota in UC patients. Therefore,
DSS may be the current advantageous animal model for
studying the relationship between intestinal microbiota and UC.
However, the DSS-induced model may still be a limited result of
obvious inflammation and rapid recovery of intestinal microbiota
disorder, which still needs to be improved and developed.
Notably, many researchers have begun to use germ-free mice
as an important tool to mimic the close relationship between
intestinal microbiota and host (112). Studies ranged from single
microorganisms to whole microbiota can be carried out in
germ-free mice (23). For example, the intestinal bacteria highly
coated with immunoglobulin A in IBD patients were isolated and
cultured, and then transplanted into germ-free mice, which were

eventually found to exhibit a high susceptibility to DSS-induced
colitis (113).Consequently, germ-free mice may be a promising
UC animal model, and the studies based on germ-free mice
are also more conducive to revealing the specific link between
intestinal microbiota and UC pathogenesis.

THE MEDICATION OF UC

The disease progression with outpatient medications can be
managed successfully in most UC patients (114). The choice
of specific medications should be evaluated according to the
severity of disease, with 5-ASA preferred for patients with mild
to moderate UC, and corticosteroids for patients who do not
respond to or are intolerant of 5-ASA medications (1, 115). For
patients with moderate to severe UC, systemic corticosteroids
are the first-line induction therapy. Thiopurines are indicated
for patients with steroid-refractory or steroid-dependent UC
(116, 117). Moreover, current guidelines also recommend
thiopurines as corticosteroid-free maintenance therapy (118).
The mechanism of action, advantages and limitations of each of
the three classes of drugs are different and compared (Table 1).

5-ASA
The use of 5-ASA dates back to 1941 when sulfasalazine (SASP)
was used for the treatment of UC. SASP is composed of 5-ASA
linked to sulfapyridine via a diazo bond, which can be cleaved by
bacteria in the colon. After colonic bacterial azoreductase enzyme
cleaves the diazo bond, 5-ASA achieves a high intraluminal
concentration in the colon, makes it the active moiety of SASP
(119, 120). To date, mesalazine and SASP are the main 5-ASA
drugs used in the treatment of UC.

5-ASA acts on the colonic epithelium and exerts local
mucosal anti-inflammatory effects by inhibiting cyclooxygenase
and lipoxygenase, which subsequently leads to a decrease in
prostaglandin and leukotriene production (121, 122). It has also
been reported that 5-ASA inhibits the activation of the NF-kB
signaling pathway, which promotes the transcription of pro-
inflammatory cytokines and is an important mechanism in the
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pathogenesis of UC (123). In addition, 5-ASA also inhibits the
function of active lymphocytes, macrophages, and natural killer
cells in the inflammatory process, which can scavenge the reactive
oxygen metabolites (122). In conclusion, the local mucosal anti-
inflammatory effect of 5-ASA is the main mechanism of action
for treating UC.

Both American Gastroenterology Association and European
Crohn’s and Colitis Organization recommend 5-ASA as the first-
line therapy for mild to moderate UC (116, 117). And the 5-ASA
compound is a pillar for patients with mild to moderate ulcerative
colitis, both as induction and maintenance therapy. Studies have
shown that one-third of mild to moderate UC patients achieved
clinical remission and half of the patients had mucosal healing
after 8 weeks of oral 5-ASA treatment (124). Moreover, up
to three-fifths of patients showed significant clinical remission
and endoscopic improvement with 5-ASA maintenance therapy,
which strongly supports the effectiveness of 5-ASA (125). In
terms of specific drug use, there was no significant difference
in efficacy between mesalazine and SASP, but patients with
SASP often experienced adverse events (124, 125). However, 5-
ASA still has a high safety profile compared to corticosteroids
and thiopurines, and long-term 5-ASA therapy may have a
preventive effect on colorectal cancer (126, 127). Notably,
several studies have demonstrated that 5-ASA (including SASP
and mesalazine) can restore the microbial diversity and the
abundance of beneficial bacteria and fungi, reduce the abundance
of pathogenic bacteria, and increase the production of SCFAs
in experimental colitis and UC patients, which implying that 5-
ASA also has the potential to modulate gut microbial homeostasis
(80, 128, 129). Unfortunately, 5-ASA is not available for all
UC patients. First, there are still some patients who do not
respond to or are intolerant of 5-ASA therapy, and such patients
usually dependent on corticosteroids. Second, for patients with
moderate to severe UC, guidelines suggest that 5-ASA should not
be used for induction or maintenance therapy (116, 117). Thus,
corticosteroids, thiopurines, and even advanced therapies are in
development after 5-ASA.

Corticosteroids
Corticosteroids are used in patients with mild to moderate
UC who are unresponsive or intolerant to 5-ASA therapy. In
addition, corticosteroids are the treatment of choice for patients
with moderate to severe UC. The first use of corticosteroids in
treating UC was reported in 1955, with the surgical resection
rate of the colon was significantly lower in UC patients treated
with cortisone than in the placebo group (130). After that,
the first generation of corticosteroids such as prednisone and
hydrocortisone began to be widely used in UC. Corticosteroids
act in the cell nucleus and ultimately play a role in regulating
the immune response by inhibiting gene expression during
transcription, down-regulating the production of transcription
factor NF-kB and the expression of pro-inflammatory cytokines,
and causing a decrease in the expression of adhesion molecules to
limit the transfer of immune-inflammatory cells to inflammatory
areas (131-133).

Since the immunosuppressive effects of first-generation
corticosteroids are non-specific, inevitably, other body parts

besides the intestinal inflammatory sites are also affected.
As a result, up to 90% of UC patients experienced adverse
effects after corticosteroid treatment (134), which led to the
creation and development of second-generation corticosteroids
such as beclomethasone dipropionate and budesonide.
Compared to first-generation corticosteroids, second-generation
corticosteroids can target the site of inflammation to exert
local anti-inflammatory effects, to potentially reduce systemic
corticosteroid concentrations (135). Similarly, the use of second-
generation corticosteroids has an overall better safety profile
and a reduced incidence of adverse events (136). However, all
corticosteroids are absorbed by the body to some extent, and
this leads to a continued occurrence of adverse events. In a study
evaluating the safety of budesonide MMX, a novel Multimatrix
formulation of budesonide, adverse events were reported in
31.8% of patients (137). In conclusion, as hormonal drugs, the
therapeutic risk of corticosteroids rises with increasing dose and
duration of exposure (138). In addition, steroid dependence is an
issue that has to be considered (139). Therefore, corticosteroids
are not recommended as the first choice for maintenance therapy,
and corticosteroid use should be tapered or discontinued after
clinical remission.

Thiopurines

The first application of thiopurine for UC was in 1962 (140).
To date, thiopurines are the most commonly used drug for
maintenance treatment of UC after 5-ASA (141). Thiopurines are
recommended for maintenance therapy without corticosteroids.
In addition, the use of thiopurines is necessary for patients with
moderate to severe UC who have developed steroid-refractory
or steroid-dependent. Thiopurine analogs include azathioprine,
mercaptopurine, and thioguanine, of which thioguanine is
considered an atypical thiopurine drug, and is used only
in those that have failed to respond to mercaptopurine and
azathioprine in a few countries and regions (121). As a type of
immunosuppressants, the mechanism of action of thiopurines
may be the incorporation of their pharmacologically active
metabolite, 6-thioguanine nucleotides, into DNA or RNA as false
purine analogs, which lead to DNA damage, cell cycle arrest
and apoptosis, and inhibition of nucleotide and protein synthesis
(142). Ultimately, the expression of inflammatory genes can be
inhibited (142).

Although thiopurines are thought to play a corticosteroid-
sparing role in the treatment of steroid-dependent UC
patients, it remains controversial in using thiopurines. Firstly,
thiopurines have significant toxic effects, including bone marrow
suppression, impaired red blood cell regeneration, and death in
rare cases (143). Secondly, the use of thiopurines may increase
the incidence of lymphoma and non-melanoma skin cancer in
patients (144). Therefore, the treatment of thiopurines needs to
be effective in a way that ensures a reduced risk of side effects,
which often requires a rigorous evaluation by the physician.

Potential Treatment Strategies of UC

Undoubtedly, 5-ASA, corticosteroids, and thiopurines have
controlled the course of UC, and even saved the lives of a large
number of UC patients. But the limitations of these drugs are
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also obvious and led to the search for more effective and safer
drugs, which is an important reason for the rapid development of
more advanced treatment strategies such as biologics and small
molecules products. In addition, the microbial dysbiosis often
occurs at the early stage in the occurrence of UC, suggesting
that the therapeutic strategy based on restoring the microbial
balance may be beneficial (145). Therefore, fecal microbiota
transplantation (FMT), probiotics, prebiotics and synbiotics have
become potential therapeutic approaches for UC and researched
in fronter. It is also mentioned that TCM has potential advantages
in the treatment of UC and should be paid more attention
to (146).

FMT

FMT, originally used in the treatment of Clostridium difficile
infection, is a method of regulating microbial dysbiosis by
transplanting healthy donors’ feces into patients (147). In 2013,
the U.S. Food and Drug Administration officially approved FMT
as a clinical treatment for recurrent or refractory Clostridium
difficile infection (148). Moreover, studies have shown that its
success rate is as high as 90%, which means that FMT can restore
healthy microbial ecology (149). Therefore, FMT is extended to
treat other microbial-related diseases, including UC.

To date, multiple randomized controlled trials (RCTs) have
explored the efficacy and safety of FMT in the treatment of
UC (Table 2). Among them, 5 RCTs showed that the clinical
remission rate of FMT in the treatment of UC was significantly
different from that of placebo or autologous fecal transplantation,
suggesting that FMT has therapeutic effect on UC (150, 152—
155). On the contrast, one study showed that there was no
significant difference in the efficacy between FMT and autologous
fecal transplantation (156). In addition, another study showed
that in UC patients, FMT had worse clinical remission outcomes
than 5-ASA, though both had the same clinical response rate
(151). These studies seem inconsistent in evaluating the efficacy
of EMT. It is worth noting that a meta-analysis involving four
FMT-related RCTs finally found that the overall clinical remission
rate of FMT group was 28%, which was significantly better
than of placebo group, providing some evidence to support
the effectiveness of FMT for UC (157). Regarding the different
results obtained from these RCTs, it seems biased in relation
to specific trials undertaken. For example, experts in a clinical
trial found that only one female patient responded to fecal
microbiota from male donors, implying that gender may have
an impact on the specific efficacy of FMT (151). Second, due to
the increased microbial diversity associated with multiple donors,
the treatment with multiple donors is more effective than that of
individual donor (154, 158). In addition, enema administration
is more effective than naso-duodenal tube administration (154).
In conclusion, the curative effect of FMT may be influenced
by various factors, and more strict and standardized research is
needed to explore more standardized strategies for FMT use.

In terms of safety evaluation, although 4 RCTs reported severe
adverse reactions in some patients during treatment, there was
no significant statistical difference between FMT and placebo
groups (152, 154-156). Furthermore, according to the assessment
from principal investigators, the occurrence of severe adverse

reactions was not related to FMT treatment. It is worth noting
that some experts pointed out that the risk of long-term use of
FMT infection transmission is still unclear. In theory, the risk
increases with the increase of multiple donors’ infusions times,
which indicates that the long-term safety of FMT still needs to be
studied and evaluated (154).

In addition to adequate evaluating the efficacy and safety,
it is also essential to study the effect of FMT interventions on
the microbiota of UC patients. Studies have shown that both
OUT diversity and Shannon diversity of intestinal microbiota
in UC patients after FMT are enhanced (159). Moreover, the
abundance of Bifidobacteriaceae and Coriobacteriaceae increased
at the phylum level (160). Bifidobacteriaceae has been used
as probiotics for the treatment of UC, and Coriobacteriaceae
plays a significant role in the transformation of bile salts
and steroids (161). Furthermore, as an important component
of SCFAs, butyrate can regulate intestinal homeostasis. After
FMT treatment, the abundance of butyrate-producing bacteria
increased significantly and SCFAs recovered (162). In short,
FMT can change the microbiota composition of patients, correct
microbial dysbiosis, and ultimately exert therapeutic effects for
UC by transplanting the microbiota from healthy people to
patients. Nevertheless, some problems needed to solved to make
FMT a regular treatment strategy for UC. Firstly, a large number
of studies are needed to critically evaluate the clinical efficacy and
safety of FMT for long-term use. Secondly, the selection of donor
sources, whether gender factors and donor diversity need to be
considered, and how to avoid the potential infection risks also
need to be explored in subsequent studies. Furthermore, there is
a lack of standard guidance on specific transplant modalities and
treatment periods. In summary, it is undeniable that FMT is a
promising treatment for UC. Focusing on FMT research will help
its development and maturity.

Probiotics, Prebiotics and Synbiotics
Probiotics are active microorganisms that have beneficial effects
on the host health at sufficient and accurate doses. A large
number of functional foods containing probiotics are safe to
eat and have some health effects, suggesting that probiotics
are usually safe. At the same time, plenty of studies began to
evaluate the therapeutic effects of probiotics on UC. So far,
some probiotic species have been proved to have therapeutic
potential for UC (Table 3). Among these probiotics, Escherichia
coli Nissle 1917 and VSL # 3, a probiotic mixture containing L.
paracasei, L. plantarum, L. acidophilus, L. delbrueckii, B. longum,
B. breve, B. infantis and Streptococcus thermophilus, are two
probiotic products that have been studied more. Studies have
shown that VSL # 3 has therapeutic effect on patients with mild
to moderate UC, whether for induction therapy or maintenance
therapy (174). Moreover, VSL # 3 also has the effect of preventing
disease progression (175). The European Society of Nutrition
and Metabolism also recommended VSL # 3 and Escherichia
coli Nissle 1917 as drug for the treatment of mild to moderate
UC, suggesting that probiotics do have therapeutic potential for
UC (176).

The mechanism of probiotics improving UC has not been
determined, but different probiotics may play a role in different
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TABLE 2 | The characteristics of some randomized controlled trials of FMT for treating UC.

Study N Control Delivery Primary end point Efficacy Safety
(FMT/Control)
Crothers et al. 12 (6/6) Sham colonoscopic Initial colonoscopy then enema A mayo score < 2 and an FMT group: two subjects, control None of the subjects
(150) infusion and sham and oral maintenance therapy endoscopic sub-score of < 1 at group: none. (95% Cl = experienced FMT-associated
capsules with frozen FMT Capsules. week 12. 0.38-infinity, p = 0.45) adverse events.
Schierova et al. 16 (8/8) 5-ASA Enema A Mayo score < 2, with no FMT group: 37.5%, control group: ~ No adverse events were
(151) subscore > 1 at week 12. 50.0% (P = 0.51) reported during the treatment
and 6 weeks after treatment.
Costello et al. 73 (38/35) Autologous FMT Initial colonoscopy then enema A total Mayo score of <2 FMT group: 32%, control group: Three serious adverse events in
(152) (range, 0-12) with an 9% (OR, 5.0, 95% Cl, 1.2-20.1, P the FMT group and two in the
endoscopic Mayo score of <1 =0.09) control group with no significant
(range, 0-3) at week 8. differences.
Sood et al. (153) 61 (31/30) Saline Colonoscopic infusion at weeks A mayo score <2, all FMT group: 87.1%, control group: ~ There were no serious adverse
0, 8, 16, 24, 32, 40 and 48. sub-scores < 1 at week 48. 66.7% (RR 2.2, 95% Cl 1.1-4.5; events in FMT group.
p =0.021)
Paramsothy et al. 81 (41/40) Isotonic saline Initial colonoscopy then enema A total Mayo score < 2, with all FMT group: 44%, control group: Mild adverse events: 78% in
(154) Mayo subscores < 1, and at 20% (RR 2.2,95% Cl 1.1-4.5; p the FMT group vs. 83% in the
least a 1-point reduction from =0.021) control group with no significant
baseline in the endoscopy difference.
subscore at week 8. Serious adverse events: two
patients in the FMT group vs.
one patient in the control group
which is not associated with the
individual donor or donor batch.
Moayyedi et al. 75 (38/37) Water Initial colonoscopy then enema A full Mayo score <3 and FMT group: 24%, control group: No difference in serious adverse
(155) complete healing of the mucosa 5% (p = 0.3). events between the FMT and
at flexible sigmoidoscopy at placebo groups.
week 7.
Rossen et al. 48 (23/25) Autologous FMT Naso-duodenal tube A SCCAI score of <2 in FMT group: 30.4%, control group: ~ Mild adverse events: 78.3% in
(156) combination with >1 point 20.0% (P = 0.51) the FMT group vs. 64.0% in the

improvement on the combined
Mayo endoscopic score of the
sigmoid and rectum at week 12.

control group (p = 0.28)

Serious adverse events: two
patients in the FMT group vs.
two patients in the control group.

FMT, fecal microbiota transplantation; SCCAI, Simple Clinical Colitis Activity Index.
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TABLE 3 | Probiotics with proven therapeutic potential for UC.

Probiotic Reference

Escherichia coli Nissle 1917 Kruis et al., Rembacken
et al., Kruis et al.,
(163-165).

Saccharomyces boulardii Guslandi et al., (166).

Bifidobacteria Ishikawa et al., Kato et al.,
(167, 168).
Lactobacillus GG Zocco et al., (169).

VSL # 3 (a probiotic mixture containing L. paracasei,
L. plantarum, L. acidophilus, and L. delbrueckii
subsp bulgaricus, B. longum, B. breve, B. infantis
and Streptococcus thermophilus

Lactobacillus reuteri ATCC 55730

Symprove (a probiotic mixture containing
Lactobacillus rhamnosus NCIMB 30174,
Lactobacillus plantarum NCIMB 30173,
Lactobacillus acidophilus NCIMB 30175 and
Enterococcus faecium NCIMB 30176)

Sood et al., Miele et al.,
Tursietal., (170, 171).

Oliva et al., (172).
Bjarnason et al., (173).

ways. VSL # 3 inhibits the activation of NF-«kB signaling
pathway, which is a key factor in the development and
persistence of chronic inflammation in UC (177). Another
probiotic mixture, Symprove is thought to improve UC by
restoring microbial homeostasis, increasing SCFAs production,
and restoring epithelial tight junctions (178). In summary,
the mechanism of action of probiotics depends on the strains
used, and the specificity of some probiotic properties means
that often multiple species of probiotics have better therapeutic
effects than single probiotics (179). At the same time, a specific
probiotic may not be suitable for all UC patients. Therefore, the
evaluation of the selection and utilization of probiotics still need
to be continued.

Probiotics have been widely studied and gradually applied.
Prebiotics are substrates that host probiotic bacteria can
selectively utilized and produce health benefits (180).
Consequently, prebiotics are used to increase the abundance
and activity of probiotics, prolong their lifespan, change
the composition of intestinal microbiota, and improve the
intestinal barrier function, which is also considered as a
mechanism for prebiotics to treat UC (181, 182). Lactulose,
inulin, fructooligosaccharide and malt are the most studied
prebiotics (183). Although the number of RCTs evaluating the
efficacy of prebiotics in the treatment of UC is limited, some
preclinical studies and clinical trials have shown their therapeutic
potential. Malt is effective for UC to alleviate clinical symptoms
and reduce clinical activity index in UC patients (184). Lactulose
can improve the quality of life of UC patients (185). Similarly,
preclinical studies have found that after treatment with fructans
and resveratrol, the abundance of probiotics Bifidobactrium
and Lactobacillus in IBD model rats increase, and starch can
induce beneficial changes in the microbiota composition by
promoting butyrate production and inhibiting the growth of
potentially harmful bacteria (186-188). This evidence supports
that prebiotics have the potential to treat UC. However, more
well-controlled and high-quality RCTs are urgently needed to
further evaluate the therapeutic effects and safety of prebiotics.

Given that both probiotics and prebiotics may have
therapeutic potential, the role of synbiotics is also being
evaluated. Considering that the probiotic intake can help the
host correct the dysbiosis of microbiota, the use of synbiotics,
a mixture of probiotics and prebiotics, seems reasonable and
prebiotics can also increase the abundance of probiotics and
restore the intestinal microbiota (189). Studies have shown
that the clinical efficacy of synbiotics in the treatment of UC is
significant. The combined application of bifidobacterial strains
and galactooligosaccharide improved the colonoscopy score
and inflammatory markers in UC patients (190). Similarly, a
comprehensive meta-analysis showed that synbiotics improved
colonoscopy score, clinical activity index and inflammation-
related indicators in UC patients (191). In addition, synbiotics
can also increase the abundance of probiotics in the intestinal
tract of UC patients, and these studies also provide evidence for
the treatment of UC by synbiotics.

Since the microbiota is mainly concentrated in the colon,
the therapeutic strategies aimed at restoring intestinal microbial
homeostasis have a more obvious effect on the colonic microbiota
(192). Therefore, probiotics, prebiotics, and synbiotics treatment
have more therapeutic value for UC patients than CD patients.
In addition, the therapeutic potential of probiotics, prebiotics
and synbiotics cannot be ignored in the urgent search for more
efficient and safer alternatives to UC. However, the evaluation
of their effectiveness and safety is remain inadequate. First, the
number of studies on probiotics, prebiotics and synbiotics seems
to be decreasing in recent years (Table 4). Second, researchers do
not always get positive reactions or conclusions in these RCTs.
Some studies have shown that there is no significant different
between the efficacy of probiotics and placebo. The underlying
reasons may be related to the selection of specific probiotic
strains, dosage and the duration of treatment, which also suggests
that there is a lack of standard protocol for the use of probiotics.
Fortunately, a meta-analysis showed that the use of probiotics
increased the risk of side effects compared with placebo, but
these symptoms were limited to gastrointestinal reactions and
abdominal pain (192). Therefore, the use of probiotics seems to
be safer than corticosteroids, thiopurines and other drugs. These
drugs always produce severe adverse effects and requires strict
follow-up RCTs to re-evaluation.

The Application of TCM in Treating UC

The Potential Effect of TCM on Intestinal Microbiota

Due to the complex active ingredients, unclear pharmacological
effects, and low oral availability of Chinese medicinals, it is
difficult to fully clarify its effective mechanism, which is a great
challenge to TCM. However, with intestinal microbiota becoming
an emerging field to understand the occurrence and development
of diseases in recent years, researchers begin to pay attention to
TCM. On this basis, it is found that the pharmacological effects
of TCM are related to the intestinal microbiota (12).

Most medicinals are oral. Low oral availability compounds
from medicinals can reach the colon, which is the most
concentrated part of the intestinal microbiota (197). Medicinals
will inevitably be exposed to intestinal microbiota, providing the
necessary conditions to affect the intestinal microbiota (198).
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TABLE 4 | The characteristics of some clinical trials of probiotics, prebiotics and synbiotics for treating UC.

Study N (Treatment/ Treatment Species Control Efficacy Safety
Control)
Chen et al. (193) 25 (12/13) Probiotic A probiotic product that contained L. casei  Dextrin The overall remission rate was -
Zhang, L. plantarum P-8 and B. animalis 91.67% for the probiotic group
subsp. lactis V9 vs. 69.23% for the placebo group
(P =0.034)

Bjarnason et al. 81 (40/41) Probiotic Symprove (contains Lactobacillus Water and flavoring The calprotectin levels were -

(173) rhamnosus NCIMB 30174, Lactobacillus significantly decreased following 4

plantarum NCIMB 30173, Lactobacillus weeks in the probiotic group (p =
acidophilus NCIMB 30175 and 0.011 and 0.001, t-test and
Enterococcus faecium NCIMB 30176 Wilcoxon’s, respectively)

Yilmaz et al. (194) 25 (15/10) Probiotic Kefir (Lactobacillus Bacteria) - No statistically significant No adverse events were
difference was found between reported.
weeks 1 and 2 in patients with UC
in terms of abdominal pain,
bloating, frequency of stools,
defecation consistency, and
feeling good.

Kamarli et al. 36 (18/18) Synbiotic A symbiotic which concluded six Placebo product which has The change in the CRP and -

(183) probiotics: Enterococcus faecium, the same taste and sedimentation values had a

Lactobacillus plantarum, Streptococcus appearance statistically significant decrease in
thermophilus, Bifidobacterium lactis, the synbiotic group (P = 0.003).
Lactobacillus acidophilus, Bifidobacterium The improvement in the clinical
longum and fructooligosaccharide. activity was significantly higher in
the synbiotic group (o < 0.05).
Yoshimatsu et al. 46 (23/23) Probiotic A tablet contains Streptococcus faecalis A placebo tablet which The relapse rates in the treatment -
(195) T-110, Clostridium butyricum TO-A and contains starch and placebo groups were 0.0%
Bacillus mesentericus TO-A vs. 17.4% at months (p = 0.036).
At 12 months, the remission rate
was 69.5% in the treatment group
and 56.6% in the placebo group
(o = 0.248).
Matsuoka et al. 192 (97/95) Probiotic Mil-Mil (a fermented milk product - Relapse-free survival was not Three mild adverse events

(196)

containing B. breve strain Yakult and
Lactobacillus acidophilus

significantly different between the
treatment and placebo groups (P
= 0.643)

occurred which could not be
ruled out whether is associated
with the probiotic.
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After TCM compounds enter the intestinal tract, the composition
and metabolism of the intestinal microbiota are regulated directly
and indirectly (12).

The intestinal microbiota participates in the transformation
of TCM compounds by expressing corresponding biological
enzymes to activate, inactivate, or reactivate TCM compounds
(199). Berberine is the primary pharmacological component
of hudng lidn (the dried rhizome of Coptis chinensis Franch.),
with low oral availability and maximum blood concentration in
human body. Interestingly, the berberine ethanol extracts
significantly reduced the abundance of Firmicutes and
Bacteroides in the feces of HFD mice (200). Meanwhile, the
diversity and total number of intestinal microbiotas treated
with berberine were also significantly reduced (201). The use of
TCM is often not only an herb blindly but also a combination of
medicinals with different effects through compatibility. Hudng
Qin Tang (Scutellaria Decoction), widely used in the treatment
of gastrointestinal diseases, has been found that its improvement
effect on UC is related to intestinal microbiota regulation (202).
In short, some medicinals with low oral availability can exert
sound effects in the treatment of various diseases, which is closely
related to intestinal microbiota.

The Preclinical Study of Application TCM in Animal Models
of UC

TCM is characterized by abundant resources and clinical
safety. Numbers of researchers have invested in TCM for
treating UC and made some progress (9, 10). The research
on animal experiments is essential in discovering suitable
therapeutic drugs and studying their possible mechanisms.
Consequently, recent animal studies have shown that TCM
may have a potential to be applied to UC patients. According
to the different TCM selected by the researchers in animal
experiments, we categorized the investigated medicinals into
three parts: compound extracted from Chinese medicinals
and single medicinal, couplet medicinal, and Chinese
medicinal formula.

Compound Extracted From Chinese Medicinals and Single
Medicinal. Although a single medicinal is rarely used in clinical
practice, relative studies can identify its unilateral effectiveness
in UC. The selection of specific medicinals, animal models, and
study results of these experiments are shown in Table 5. Under
the guidance of TCM theory, the particular efficacy of TCM and
pharmacological research will become the essential reference for
researchers to choose TCM. On this basis, choosing appropriate
TCM for animal experiments is more likely to find medicinals
with obvious therapeutic effects on UC.

Qing dai (the dried processed product of leaf or stem and
leaf of Strobilanthes cusia (Nees) Kuntze), gian cao (the dried
root and rhizome of Rubia cordifolia L.) and hudng qin (the
dried root of Scutellaria baicalensis Georgi) have the effect
of clearing heat, and its pharmacological effects with anti-
inflammatory and antibacterial have also been proved (210, 211).
In animal experiments, it was found that these medicinals have
an improvement effect on the general symptoms such as diarrhea,
bloody stool of animals and colon inflammation in experimental

colitis. At the same time, the disease activity index (DAI) score
and histopathological score also showed a downward trend.

The release of pro-inflammatory cytokines plays an essential
role during the development of UC (212). Compared with the
model group, the expressions of pro-inflammatory cytokines
such as IL-1f, IL-2, IL-6, IL-18, TNF-a and interferon-gamma
(IFN-y) decreased obviously after administration. The levels of
IL-4 and IL-10, considered to be anti-inflammatory cytokines,
increased after administration. The use of medicinals also
reduced the levels of pro-inflammatory cytokines in animals to
alleviate experimental colitis.

Abnormal activation of signaling pathways is often the key
to induce inflammation. The activation of NF-kB and mitogen-
activated protein kinase (MAPK) signaling pathways have been
found to be important factors leading to the occurrence and
development of UC (213). Similarly, medicinals also inhibit
the signaling pathways such as NF-kB and MAPK in animal
experiments. The phosphorylation of protein kinase B (Akt)
was increased in mice after the induction of DSS, while da xué
téng (the dried stem of Sargentodoxa cuneata (Oliv.) Rehder &
E.H.Wilson) reversed this alteration (10).

Chuan xin lidgn (the dried above-ground part of Andrographis
paniculata (Burm.f.) Nees) not only down-regulates the
expression of NF-kB p65 and p-IkBa, inhibits the activation
of NF-kB, but also down-regulates the phosphorylation of
MAPK subfamily-related kinases (extracellular signal-regulated
kinase, p38mapk, and c-Jun amino-terminal kinase), thereby
inhibiting the activation of MAPK signaling pathway to alleviate
DSS-induced UC (206). Besides, the application of ging dai
(203, 204), hudng qin (205), and shi hii (the fresh or dried stem of
Dendrobium nobile Lindl.) (209) also showed an inhibitory effect
on the NF-«B signaling pathway. Briefly, the inhibition of key
signaling pathways can improve or relieve UC, which also offers
a theoretical basis for the efficacy of TCM.

The pharmacological effects of medicinals in the human
body lie in their interaction with the intestinal microbiota. The
abnormal host immune response caused by the dysbiosis of
intestinal microbiota is considered to be the critical mechanism
for UC (46), so the essential role of intestinal microbiota in
the pathogenesis of UC has been attracted more and more
attention (214). Of course, we also found that some scholars
have focused their researches on intestinal microbiota with
TCM in treating UC. DSS-induced rats have a dysbiosis of the
intestinal microbiota, including a decrease in the diversity of the
microbiota, a reduction in the abundance of Firmicutes, and an
increase in the abundance of Bacteroidetes. After the treatment of
qing dai, the diversity of the rat’s bacteria and the balance between
the two microbiotas were restored. It is considered that ging
dai modulates its immune response by changing the intestinal
microbiota, finally reduce DSS-induced colitis (203).

Many animal experiments conducted on a single medicinal
show that TCM can treat experimental colitis by inhibiting
the activation of related inflammatory signal pathways and the
release of pro-inflammatory cytokines. Besides, some researchers
have noticed that it has a therapeutic effect on experimental
colitis by improving the intestinal microbiota, indicating that the
potential of TCM in the treatment of UC has been proved.
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TABLE 5 | Application of compound extracted from Chinese medicinal (or single medicinals) in animal models of UC.

Medicinals Compounds Animals Experimental Results (symptoms, cytokines and pathways) Results(Intestinal Microbiota) References
methods
ging dai (the dried Indirubin BALB/c mice DSS It inhibited the loss of bodyweight, reversed the elevation a-diversity was increased. At the (2083, 204)
processed product of Indigo SD rats of DAl store, alleviated crypt distortion and mucosal phylum level, Firmicutes and
leaf or stem and leaf of injury, and reduced inflammatory cell infiltration in the Actinobacteria were increased,
Strobilanthes cusia colon mucosa. Bacteroidetes was decreased. At
(Nees) Kuntze) TNF-a, IFN-y, IL-2, MPO were decreased. IL-4, IL-10 the family level, the abundance of
were increased. Few CD4+ T cells were observed in bifidobacteriaceae and
colon tissues. Ruminococcaceae was
The activation of NF-kB signaling was inhibited. increased.
huang gin (the dried Oroxindin C57BL/6 mice DSS QOroxindin suppressed massive macrophages infiltration - (205)
root of Scutellaria and attenuated pathological changes in colonic tissue.
baicalensis Georgi) The expression of IL-18, IL-18, caspase-1 and p-p65
were decreased, it suggested that Oroxindin inhibited
NLRP3 inflammasome formation and NF-«kB activation.
da xue téng (the dried Liriodendrin BALB/c mice DSS Liriodendrin improved DA, colon length and histological - (10)
vine stems of damage in colon of mice. MPO, IL-6, TNF-a, and IL-1B
Sargentodoxa cuneata were reduced.
(Oliv.) Rehder & It also suppressed the activation of Akt and NF-«kB
E.H.Wilson) pathways and up-regulated the expression of Erf.
chuan xin lian (the dried 3,14,19- BALB/c mice DSS It reduced body weight loss, colon length shortening, - (206)
above-ground part of triacetyl colon weight, the spleen index, and DA store, and
Andrographis andrographolide alleviated histological damage in the colon.
paniculata (Burm.f.) MPO, TNF-a, and IL-6 were decreased.
Nees) It could inhibit the activation of NF-kB and MAPK
pathways.
gian cao (the dried root Mollugin C57BL/6 mice DSS Mollugin decreased the DAl scores and histological - (207)
and rhizome of Rubia score.
cordifolia L.) IL-18 and TNF-a were decreased.
The level of TLR4 was decreased.
mu xiang (the dried root - SD rats TNBS Mu xiang ameliorated stomachache, diarrhea and - (208)
of Aucklandia costus hematochezia of rats. Body weight was increased.
Falc.) IL-1B, TNF-a, caspase-3, BAD were decreased. IL-6,
IL-10, p53 and Bcl-2 were upregulated.
The activity level of PI3K and Akt was increased.
shi hu (the fresh or Polysaccharides BALB/C mice DSS Polysaccharides of shi hti could improve clinical signs - (209)

dried stem of
Dendrobium nobile
Lindl.)

and symptoms, decrease mortality, alleviate colonic
pathological damage.

IL-1B, IL-6, IL-18, TNF-a, and IFN-y were decreased.
IL-10 was increased.

It could also suppress the activation of NLRP3
inflammasome and p-arrestini.

DA, disease activity index; TNF-a, tumor necrosis factor-«; IL, interleukin; MPO, myeloperoxidase; NF-«kB, nuclear factor kB; Akt, protein kinase B; TLR, Toll-like receptor; Bcl-2, apoptosis regulator Bcl-2; BAD, Bcl2-associated agonist

of cell death; PI3K, phosphatidylinositol 3-kinase; IFN-y, interferon-gamma.
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Couplet Medicinal. Couplet medicinal is a combination of two
medicinal that enhances curative effect or reduces toxicity
according to the principle of TCM treatment. It is also the basic
unit of Chinese medicinal formula (215). Researches on couplet
medicinals help to dispel the interactions between medicinals and
explain the mechanism behind them. The corresponding couplet
medicinals are shown in Table 6.

Hudng qin and hudng lidn is a combination commonly
used in the treatment of intestinal diseases. Baicalin and
berberine are two main chemical constituents extracted from
these medicinals. And the baicalin-berberine complex was found
in Hudng qin-hudng lidn decoction (218). After administration
of baicalin-berberine hybrid compound to DSS-induced mice,
the myeloperoxidase (MPO) activity in colon tissue and the
expression of pro-inflammatory cytokines (TNF-a, IL-1f, and
IL-6) were inhibited, and the development of inflammation was
prevented. Besides, the therapeutic effect of baicalin-berberine
complex was significantly better than that of baicalin and
berberine (215).

Another couplet medicinal, dang shén (the dried root of
Codonopsis pilosula (Franch.) Nannf.) and hudng qi (the dired
root of Astragalus mongholicus Bunge), is also commonly
used in the Chinese medicinal formula for treating UC. The
polysaccharides in this combination improved the symptoms of
experimental colitis mice and alleviated the intestinal mucosa
injury. At the same time, the diversity of intestinal microbiota
recovered with the increase of Bacteroidetes abundance as well
as the decrease of Firmicutes and Proteobacteria (216). Moreover,
the therapeutic effects of the polysaccharides of dang shén and
hudng qi on UC are better than that of a single polysaccharide.

In addition to enhancing the efficacy of medicinals, the couplet
medicinals can also reduce the toxicity of TCM. fu zi (the
processed lateral root of Aconitum carmichaelii Debeaux) and
gan jiang (the dried rhizome of Zingiber officinale Roscoe) are
commonly used to treat diarrhea (219). However, hypaconitine,
mesaconitine, and aconitine are the main toxic chemical
composition in fi zi (220). After the co-use of fii zi and gan jiang,
the dissolution of hypaconitine and mesaconitine significantly
reduced, indicating that the compatibility is beneficial to reduce
the toxicity of fii zi. Meanwhile, the combination can reduce the
release of pro-inflammatory cytokines by inhibiting the MAPK,
NF-kB, and signal transducer and activator of transcription 3
(STAT?3) signaling pathways in the DSS-induced colitis (217).

The use of couplet medicinals can often improve the
efficacy of TCM for experimental colitis. Besides, the reasonable
compatibility of some toxic medicinals can also reduce its
harmful effects, which also provides strong evidence for the
treatment of UC by TCM.

Chinese Medicinal Formula. Under the guidance of the TCM
theory, the Chinese medicinal formula is to combine different
single medicinal or couplet medicinals into a complete formula
with corresponding effects (221). The outstanding multi-target
synergistic effect of Chinese medicinal formula provides a certain
basis for its rationality (222). The selection of specific formulas
and study results are shown in Table 7. Each Chinese medicinal
formula usually comprises different medicinals, but we found
that hudng qin, hudng lidn, hudng qi, dang shén and qing

dai were widely used in these selected formulas in animal
experiments. In the DSS-induced colitis in rats or mice, the
general symptoms of the animals were improved compared with
the model groups. The DAI score and histopathological score
were decreased. Meanwhile, the decreased expression of various
pro-inflammatory cytokines also suggests the effect of Chinese
medicinal formulas in reducing UC.

The diversity of the constituent medicinals of a Chinese
medicinal formula determines the difference in its mechanism
of action. Ban Xia Xié Xin Tang (Pinellia Heart-Draining
Decoction) (221), Shén Ling Bdi Zhi San (Ginseng, Poria
and Atractylodes Macrocephalae Powder) (224), Jian Pi
Qing Chdng Tang (Spleen-Fortifying and Intestine-Clearing
Decoction) (222), San Hudng Shii Ai Tang (Scutellaria, Coptis,
Phellodendron bark and Mugwort Decoction) (228) and
Hudng Lidn Ji¢ Dii Tang (Coptis Toxin-Resolving Decoction)
(229) can inhibit the signal of NF-kB Pathways to reduce
colon inflammation. Qing Chdng Wen Zhong Tang (Intestine-
Clearing and Center-WarmingDecoction) is related to the
inflammation mediated by the interferon gamma-induced
protein 10(IP10)/Chemokine (cys-x-cys motif) receptor 3
(CXCR3) axis (208). Moreover, Sugqing Wdn is thought to be
involved in the up-regulation of anti-inflammatory cytokines
and down-regulation of pro-inflammatory and oxidative
factors (230).

The effect of Chinese medicinal formula on intestinal
microbiota has also been confirmed. The microbial dysbiosis
in UC patients includes the decreased diversity and microbiota
composition disorder (231). Da Hudng Mii Dan Tang (Rhubarb
and peony bark Decoction) (223), Ping Weéi San (Stomach-
Calming Powder) (225), Qing Chdng Hua Shi Tang (Intestine-
Clearing and Dampness-Removing Decoction) (226), San Hudng
Shii Ai Tang (228) and Ba weéi Xi léi San (232) all could
restore the diversity of the intestinal microbiota in DSS-
treated mice. Meanwhile, it was found that the intestinal
bacteria in DSS-treated mice also showed a recovery after
administration: the abundance of Firmicutes increased, the
amount of Bacteroides and Proteobacteria decreased, and the
amount of lactobacillus increased.

Intestinal bacteria are responsible for the biotransformation
of bile acids and the production of SCFAs in the intestinal
lumen. The dysbiosis of intestinal bacteria will be secondary to
the imbalance of the microbiota metabolites and products in
the development of UC (5). Interestingly, Qing Chdng Hua Shi
Tang restores the balance between BAs metabolism and SCFAs
production (226).

Single medicinal, couplet medicinal and Chinese
medicinal formula all can play an obvious therapeutic
effect on UC through animal experiments, which proves
the effectiveness of TCM. The inhibition of inflammatory
signaling pathways, the reduction of pro-inflammatory cytokines
expression, and the restoration of intestinal microbiota
disorders also indicate the critical mechanism of TCM in
treating UC.

The Clinical Application of TCM in Treating UC
The most common clinical manifestations of UC are mucus,
bloody stool, and diarrhea (1), which correspond to diseases such
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TABLE 6 | Application of couplet medicinals in animal models of UC.

Medicinals Compounds Animals Experimental Results (symptoms, cytokines and pathways) Results(Intestinal Microbiota) References
methods

huang gin (the dried Baicalin and BALB/c mice DSS It ameliorated the disease symptoms and prevented the - (215)

root of Scutellaria berberine colon damage of mice. Expression of MPO, IL-18, TNF-a

baicalensis Georgj) and hybrid and IL-6 were decreased. Level of SOD was increased.

huéng lian (the dried compound

rhizome of Coptis

chinensis Franch.)

dang shén (the dried Total C57BL/6 mice DSS It alleviated weight loss and DAI score of mice. The level of Firmicutes and (216)

root of Codonopsis polysaccharides The level of MLN coefficient, MDA, IL-18, TNF-a, IL-6 Proteobacteria was

pilosula (Franch.) of huang gi and were decreased. In contract, SOD, IL-10, IL-22 were down-regulated. Bacteroidetes

Nannf.) and huéng qf total increased. was up-regulated. Also,

(the dired root of polysaccharides production of butyrate and overall

Astragalus of dang shén microbiota structure were

mongholicus Bunge) improved.

fu zi (the processed - C57BL/6 mice DSS Fu zi and gan jiang significantly ameliorated the clinical - (217)

lateral root of Aconitum
carmichaelii Debeaux)
and gan jiang (the dried
rhizome of Zingiber
officinale Roscoe)

symptoms of body weight loss, colonic shortening,
increased DAl and splenomegaly, as well as histological
scores of UC mice.

IFN-y, TNF-a, IL-18, IL-6, IL-10 and IL-17A were
suppressed. The levels of MPO, iINOS and COX-2 mRNA
were suppressed too.

The activation of MAPK, NF-kB and STATS signaling
pathways were inhibited.

MPO, myeloperoxidase; IL, interleukin; TNF-«, tumor necrosis factor-a; SOD, superoxide dismutase; MLN, mesenteric lymph node; DAI, disease activity index; IFN-y, interferon-gamma, iNOS, inducible nitric oxide synthase; COX-2,
cyclooxygenase-2;, MAPK, mitogen-activated protein kinase; NF-«B, nuclear factor «B.
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TABLE 7 | Application of Chinese medicinal formulas in animal models of UC.

Formulas

Medicinals Animals

Experimental
methods

Results (symptoms, cytokines and pathways)

Results(Intestinal Microbiota)

References

Ban Xia Xie Xin Tang
(Pinellia Heart-Draining
Decoction)

Da Huang Md Dan
Tang (Rhubarb and
peony bark Decoction)

Shén Ling Bai Zht San
(Ginseng, Poria and
Atractylodes
Macrocephalae
Powder)

ban xia (the dried tuber of Pinellia C57BL/6
ternata (Thunb.) Makino), huang mice
gin (the dried root of Scutellaria

baicalensis Georgj), hudng lian (the

dried rhizome of Coptis chinensis

Franch.), gan jiang (the dried

rhizome of Zingiber officinale

Roscoe), rén shén (the dried root

and rhizome of Panax ginseng

C.A.Mey.), gan céo (the dried root

and rhizome of Glycyrrhiza

uralensis Fisch. ex DC.), da zao

(the dried ripe fruit of Ziziphus

Jjujuba Mill.)

da huéng (the dried root and C57BL/6
rhizome of Rheum palmatum L.), mice
mu dan pi (the dried velamen of

Paeonia x suffruticosa Andrews),

tao rén (the dried ripe seed of

Prunus persica (L.) Batsch), mang

xigo (Natrii Sulfas), dong gua zi (the

dried ripe seed of Benincasa

hispida (Thunb.) Cogn.)

rén shen, fu ling (the dried sclerotia ~ C57BL/6
of Poria cocos (Schw.) Wolf), bai mice
zhu (the dried rhizome of

Atractylodes macrocephala

Koidz.), shan yao (the dried

rhizome of Dioscorea oppositifolia

L.), bai bian dou (the dried ripe

seed of Lablab purpureus subsp.
purpureus), lidgn zi (the dried ripe

seed of Nelumbo nucifera Gaertn.),

yi yi rén (the dried ripe seed kernel

of Coix lacryma-jobi var. ma-yuen
(Rom.Caill.) Stapf), sha rén (the

dried ripe fruit of Wurfbainia villosa

(Lour.) Skornick. & A.D.Poulsen), jié

géng (the dried root of Platycodon
grandiflorus (Jacq.) A.DC.), gan

cao

DSS

DSS

DSS

It ameliorates body weight loss, DAl and histology score.

TNF-a, IL-1B, IL-17, IL-23, COX-2, p-p65, MPO and
8-Oxoguanine were decreased. IL-10, SOD activity and
Nrf2 expression were elevated.

Da Huang Mu Dan Tang rescued the
inflammation-related reduction of colon length,
ameliorated body weight loss and damaged tissue of
mice.

The level of IL-6, TNF-a, IFN-y, IL-10, IL-17A, IL-21,
IL-22 in colon was decreased.

The Th17/Treg balance was restored.

It could increase body weight and colon length of UC

mice, decrease the DAl score and improve colonic injury.

The production of IL-18, IL-18, and TNF-a was
decreased.

It also inhibited the MAPK and NF-kB signaling
pathways.

a-diversity of gut microbiota was
restored. Abundance

of Firmicutes and Actinobacteria
was increased. Proteobacteria
was decreased. The content of
SCFA in intestinal tract

was restored.

(221)

(229)

(224)

(Continued)
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TABLE 7 | Continued

Formulas Medicinals Animals Experimental Results (symptoms, cytokines and pathways) Results(Intestinal Microbiota) References
methods

Jian Pi Qing Chang huéang qi (the dired root of C57BL/6 DSS Jian Pi Qing Chang Tang increased body weight and - (222)
Tang (Spleen-Fortifying Astragalus mongholicus Bunge), mice colon length of UC mice and decreased DAI score.
and Intestine-Clearing dang shén (the dried root of TNF-a and IL-1B were decreased.
Decoction) Codonopsis pilosula (Franch.) It could inhibit the NF-kB/HIF-1a signaling pathway.

Nannf.), ma chi xian (the dried

above-ground part of Portulaca

oleracea L.), di yu (the dried root of

Sanguisorba officinalis L.), san qi

(the dried root and rhizome of

Panax notoginseng (Burkill)

F.H.Chen), bdi ji (the dried tuber of

Bletilla striata (Thunb.) Rchb.f.), mu

xiang (the dried root of Aucklandia

costus Falc.), huéng lian, gan cao
Ping Weéi San cang zhu (the dried rhizome of C57BL/6 DSS Ping Weéi San improved body weight, bloody feces and The abundance of microbiota in (225)
(Stomach-Calming Atractylodes lancea (Thunb.) DC.), mice diarrhea of UC mice. mice was restored. In the phylum
Powder) hou po (the dried bark of Magnolia MPO, IL-17A and IFN-y mRNA levels were decreased. level, Firmicutes was increased

officinalis Rehder & E.H.Wilson), and Bacteroidetes was

chén pi (the dried ripe pericarp of decreased. Besides, the

Citrus reticulata Blanco), gan céo, abundance of Lactobacillus was

shéng jiang (the fresh rhizome of restored. The level of LPS in

Zingiber officinale Roscoe), da zao serum was reduced.
Qing Chang Hua Shi huéng qi, bai shdo (the dried root C57BL/6 DSS It could improve weight loss, diarrhea, and rectal a-diversity of intestinal microbiota (226)
Tang (Intestine-Clearing  of Paeonia lactiflora Pall.), bai tou mice bleeding of DSS-treated mice. was improved. The level of
and weéng (the dried root of Pulsatilla Expression of IL-18, IL-6, TNF-a, NLRP3, caspasel, and Firmicutes was increased. In
Dampness-Removing chinensis (Bunge) Regel), bai zhi IL-18 were decreased, Muc2 and Reg3y were increased.  contrast, the level of
Decoction) (the dried root of Angelica dahurica Bacteroidetes was decreased.

(Hoffm.) Benth. & Hook.f. ex

Franch. & Sav.), huang qin, di yd
Qing Chang Wen huang lidn, pao jiang (the SD rats DSS Qing Chang Weén Zhong Tang improved weight loss, DAl - (227)
Zhong Tang processed product of root of score, and histological score of DSS-induced rats.
(Intestine-Clearing and Zingiber officinale Roscoe), ku Expression of IP10, CXCR3 and NF-kB p65 were
Center-Warming shén (the dried root of Sophora decreased.
Decoction) flavescens Aiton), qing dai, diydtan

(the processed product of root of

Sanguisorba officinalis L.), mu

xiang, san qi, gan cao

(Continued)
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TABLE 7 | Continued

Formulas Medicinals Animals Experimental Results (symptoms, cytokines and pathways) Results(Intestinal Microbiota) References
methods
San Huéng Shu Ai huéng lian, huéang qin, huéng bai BALB/C mice DSS San Huéng Shu Ai Tang restored weight loss, colon Species of intestinal flora were (228)
Tang (Scutellaria, (the dried bark of Phellodendron length of UC mice. DAl score wad decreased. restored. The abundance of
Coptis, phellodendron chinense C.K.Schneid.), ai ye (the IL-1B, IL-6, TNF-a, P-p65, MPO and MDA were reduced.  Lactobacillus sp. was increased.
bark and Mugwort dried leaf of Artemisia argyi H.Lév.
Decoction) & Vaniot)
Huang Lian Jie Du huéng lian, huang qin, huang bai, BABL/c mice DSS Huang Lian Jie Du Tang decreased DAI score, inhibited - (229)
Tang (Coptis zhi zi (the dried ripe fruit of weight loss and colon shortening of UC mice.
Toxin-Resolving Gardenia jasminoides J.Ellis) IL-1p and TNF-a were reduced, IL-10 was increased.
Decoction) It could suppress NF-«B signaling pathway, activating
Nrf2 signaling pathway, and enhancing intestinal barrier
function.
Suqging Wan jin yin hua (the dried bud of flower Kunming DSS Suging Wan decreased DAl score and attenuated - (230)
of Lonicera japonica Thunb.), lian mice symptoms of UC mice.
giao (the dried fruit of Forsythia TNF-a, IL-18, IL-6, MPO, and MDA were reduced.IL-4
suspensa (Thunb.) Vahl), pu géng and IL-10 were increased.
ying (the dried whole grass of
Taraxacum mongolicum Hand.
-Mazz.), di yu, tian hua fen (the
dried root of Trichosanthes kirilowii
Maxim.), bai zhi, shéng di (the fresh
or dried tuberous root of
Rehmannia glutinosa (Gaertn.)
DC.), shéng ma (the dried rhizome
of Actaea cimicifuga L.), huang qi,
dang gui (the dried root of Angelica
sinensis (Oliv.) Diels), ji néi jin
(Endothelium Corneum Gigeriae
Galli), xuan shén (the dried root of
Scrophularia ningpoensis Hemsl.),
gan cao
Ba weéi Xi léi Sén Xi gué shuang (Mirabilitum C57BL/6 DSS Ba wei Xi lei Sdn improved body weight loss and colon The level of Lactobacillus was (46)

Praeparatum), han shui shi mice
(Glauberitum), nit huang (Calculus

Bovis), zhén zha (Margarita), péng

sha (Borax), bing pian (Borneolum
Syntheticum), ndo sha (Sal

Ammoniacum), ging dai

length of DSS-treated mice.

The expression level of Th17-related cytokines IL-17A/F
and IL-22 was significantly reduced, resulting in the
restoration of Th17/Treg balance.

improved.

DA, disease activity index;, TNF-«, tumor necrosis factor-a; IL, interleukin; COX-2, cyclooxygenase-2; MPO, myeloperoxidase. SOD, superoxide dismutase; Nrf2, Nuclear factor E2-related factor 2; IFN-y, interferon-gamma,; MAPK,
mitogen-activated protein kinase; NF-«xB, nuclear factor kB; HIF-1a, Hypoxia-inducible factor-1a, Reg3y, regenerating gene 3y, IP10, Interferon gamma-induced protein 10; CXCR3, Chemokine (cys-x-cys motif) receptor 3;

MDA, malondialdehyde.
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as “dysentery;,” “chronic dysentery,” and “intestinal diarrhea” in
TCM (233). According to the consensus opinion of the TCM
diagnosis and treatment of UC issued by the Spleen and Stomach
Diseases Branch of the China Association of Chinese Medicine in
2017, it is believed that TCM should diagnose and treat UC with
“chronic dysentery” because that UC also has the characteristics
of recurring attacks and difficult to be cured.

According to the principle of pattern differentiation and
treatment and the latest consensus opinion, UC can be divided
into seven syndromes characterized by large intestinal damp-
heat, spleen deficiency and damp accumulation, intense heat
toxin, cold and heat in complexity, liver constraint and
spleen deficiency, spleen-kidney yang deficiency, and yin-blood
depletion. In clinical practice, intestinal damp-heat spleen
deficiency and damp accumulation are the two most common
syndromes in UC patients (234). Patients with intestinal damp-
heat syndrome can use the prescription Shdo Yao Tang (Peony
Decoction), while patients with spleen deficiency and damp
accumulation syndrome can use Shén Ling Bdi Zhu San for
treatment. Interestingly, syndrome differentiation determines
that the use of TCM is individualized. Doctors always
prescribe the appropriate formulas or medicinals according
to the symptoms and signs of patients. When conducting
animal experiments to evaluate the therapeutic effects of
TCM, researchers often choose medicinals and formulas with
afficacy of clearing heat, strengthening the spleen, and drying
dampness. Moreover, the main chemical constituents of these
medicinals have been proven to have antibacterial and anti-
inflammatory effects similar to antibiotics. Through the analysis
of medication rules of UC in TCM from 2000 to 2020, it
was found that medicinals such as hudng lidn, ku shén (the
dried root of Sophora flavescens Aiton), hudng qin, mii xiang
(the dried root of Aucklandia costus Falc.), and bdi zhii (the
dried rhizome of Atractylodes macrocephala Koidz.) are used
frequently (235).

The heat-clearing medicinals are the most widely used for
classification based on efficacy. Similar results were obtained by
analyzing the formulas related to the treatment of UC in the
Chinese patent database. Among these formulas, hudng lidn is
the most frequently used medicinal (236). Notably, the formula
Shdo Yao Tang and Shén Ling Bdi Zhii San mentioned in the
consensus opinion also contain medicinals such as hudng lidn,
hudng qin, and bdi zhii. Thus, it can be found that medicinals with
heat-clearing effects are critical among the specific medications
currently used in TCM to treat UC.

TCM has been widely used in the clinical treatment of UC in
China. In the retrospective study on 247 UC patients, TCM was
chosen in mild to moderate UC patients and used as an adjuvant
treatment for severe UC. It was finally found that TCM treatment
is indeed effective (237). At the same time, the application of
TCM showed the same therapeutic effect as that of mesalazine
with fewer adverse reactions (238, 239). Another medicinal, ging
dai, was found to alleviate moderate active UC significantly (240).
The results of a randomized controlled trial on the treatment of
UC by Jian Pi Qing Chédng Tang showed that it could improve
the clinical symptoms of patients with mild to moderate UC
and improve the quality of life (241). Undoubtedly, these studies
provide more evidence for the effectiveness of TCM in treating

UC. However, sufficient evidence-based medical evidence is
needed to support its effectiveness and safety for long-term use.
Moreover, given the typically low quality of existing TCM-related
randomized controlled trials, there remains an urgent need for
more rigorous randomized controlled trials to offer high-quality
evidence for the appropriate application of various TCM.

Potential and Deficiency of TCM
In a series of animal experiments, alleviation of animal
symptoms, reducing inflammation, and decreasing expression
of pro-inflammatory cytokines all suggest the therapeutic
potential of TCM on experimental colitis. Most researchers
focus on the critical inflammatory signal pathways affected by
TCM, including NF-kB and MAPK pathways, and study the
mechanism of action. Interestingly, some medicinals have also
shown significant regulatory effects on the intestinal microbiota,
including increasing the diversity and changing the composition
of the microbiota. Therefore, TCM can restore the intestinal
microbial homeostasis, reduce the damage of pathogenic bacteria
and opportunistic pathogens to the epithelial barrier, inhibit the
abnormal activation of key inflammatory signaling pathways, and
ultimately reduce the abnormal immune response of the host,
which may be the key mechanism of TCM in treating UC.
Moreover, medicinals with heat-clearing effects prioritized
treating UC in the animal experiment stage and specific clinical
practice. Heat-clearing medicinals have cold or cool properties in
nature according to the theory of TCM. Pharmacological studies
have shown that they have antibacterial and anti-inflammatory
effects. Notably, excessive and long-term use of heat-clearing
herbs can damage the “yang” of the stomach and spleen, resulting
in abdominal pain, and diarrhea and other gastrointestinal
symptoms. To a certain extent, it is still unclear whether the
irrational use of heat-clearing drugs in UC patients will further
destroy the intestinal microbial homeostasis and eventually
lead to the aggravation of UC. Consequently, more preclinical
studies and evidence-based clinical studies are needed to support
whether heat-clearing medicinals as critical drugs for treating
UC and establishing reasonable use specifications to obtain better
clinical benefits.

CONCLUSION

According to current evidence, the occurrence of UC is associated
with multiple risk factors such as heredity, immunity and
microorganisms. It is worth noting that more and more
studies have pointed out that the intestinal microbiota may
play a key role in the development of UC. Whats more,
the microbial disorders are also related to abnormal immune
system. Therefore, further study of intestinal microbiota may
be a prospective direction to elucidate the pathogenesis of
UC. Similarly, it is found that treatments aimed at correcting
the imbalance and restoring the homeostasis of intestinal
microbiota may be an essential strategy for the treatment
of UC. In many animal studies and clinical practices, FMT,
probiotics, prebiotics and synbiotics treatment have shown
great therapeutic potential for UC. At the same time, more
researches are needed to support their efficacy and safety, and
to explore more standardized approaches in their application.
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Likewise, TCM has obvious advantages in the treatment of
UC, and it has systematic and comprehensive advantages in
regulating intestinal microbiota and human body, and has
potential and practical value in the treatment of UC. In addition,
animal models are basic tools for studying the pathogenesis
of diseases and exploring therapeutic strategies. In the most
commonly used models, the DSS-induced UC model is closer
to the occurrence and development of UC, but the role
of microbiota in it seems unclear or even controversial. In
conclusion, it is necessary to study the roles of microbiota
in the pathogenesis of UC and the improvement of UC by
microbial therapy.
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Nicotine affects the gastrointestinal environment and modulates ulcerative colitis (UC).
However, the associations among nicotine, gut metabolites, and UC are still largely
unknown. We investigated whether orally administered nicotine affected gut metabolites
and dextran sodium sulfate (DSS)-induced colitis. C57BL/6 male mice were orally
administered nicotine solution in drinking water prior to inducing DSS-induced colitis.
Short-chain fatty acids (SCFAs) and indole in gut contents and fecal samples were
measured by GC-MS and hydroxylamine-based indole assays, respectively. Oral
administration of nicotine increased indole concentration in feces, but, in contrast, SCFA
values did not differ with nicotine administration. Indole levels were increased in the
distal colon and rectum but not in the cecum and proximal colon. DSS-induced colitis
was less severe clinically and histological changes were minimal in the rectum of orally
nicotine-administered mice compared to mice drinking only water. 16S rRNA microbiome
on the feces revealed an increasing in Clostridium and Porphyromonas in nicotine-
administered mice. In conclusion, nicotine administration was associated with increased
indole levels in the distal colon and rectum and attenuated DSS-induced colitis. Oral
administration of nicotine may play a potential role in indole upregulation and prevention
of UC.
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INTRODUCTION

That gut microbiota and its metabolites are involved in the immune response in the gut has been
suggested (1, 2). Alterations of microbiota and metabolites are closely linked to many conditions
including inflammatory bowel diseases (IBD) such as Crohn’s disease (CD) and ulcerative colitis
(UC). Dietary intake and cigarette smoking are major environmental factors that impact the gut
microbiota and their metabolites (3-5). Cigarette smoking is considered a risk factor for many
diseases such as lung cancer, heart diseases, and stroke. However, exceptionally, it has a protective
effect against UC (6).

Nicotine is the main compound in cigarette products. Studies of nicotine and UC have suggested
that nicotine has an anti-inflammatory effect in the gut (3, 7). However, why nicotine is protective
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against UC is still largely unknown, and the effect of nicotine on
gut metabolites remains elusive.

Short-chain fatty acids (SCFAs), including acetate, propionate,
and butyrate, are end-products of microbial fermentation and
influence host physiology (8). Previous studies demonstrated
that a soluble high fiber diet increased SCFA levels in the gut
and attenuated DSS-induced colitis in mice (9, 10). That SCFAs
provide energy to intestinal epithelial cells and affect the gut’s
immune system by inducing regulatory T (Tyeg) cells in the gut
were shown (11, 12). In addition, we previously demonstrated
that maternal SCFAs promoted the development of Tyeg cells
in offspring (13, 14). As SCFAs play many crucial roles in the
immune system, it is important to study whether nicotine is
involved in SCFA production and protects against colitis.

Indole is a gut bacterial metabolite derived from tryptophan
(Trp). Indole is the most abundant Trp metabolite and plays a
crucial role in the intestinal immune system (15, 16). Various
levels of Trp metabolites are associated with UC disease activity
(17). Additionally, indole compounds have been used for the
treatment for UC (18). Although indole plays a pivotal role
in the gut, it is not clear whether nicotine influences indole
production in the gut. In this study, we aimed to investigate
whether the oral administration of nicotine influenced gut
metabolites such as SCFAs and indole and also examined if
such administration had an influence on dextran sodium sulfate
(DSS)-induced colitis.

RESULTS

Oral Administration of Nicotine Increased
Fecal Indole Concentration and Attenuated
DSS-Induced Colitis

To address the effect of nicotine on gut metabolites, wild-
type (WT) mice were orally administered 20 jLg/ml of nicotine
solution dissolved in drinking water for 3 days, after which
levels of indole and SCFAs in feces were analyzed. Previous
studies demonstrated that low doses of oral nicotine prevented
DSS-induced colitis (19, 20). Indole concentrations in feces
were detected by the Hydroxylamine-based indole assay (HIA)
method (21). The mean level of indole in feces of WT mice
that were provided only deionized distilled water (DDW) was
1.16 mM and that in nicotine-administered mice was 1.77 mM
(Figure 1B), suggesting that oral administration of nicotine
significantly increased the fecal indole level. In contrast, fecal
levels of SCFAs, such as acetate, propionate, and butyrate, did
not differ between mice drinking only DDW and nicotine-
administered mice (Figures 1C-E). This result suggested that
oral administration of nicotine affected fecal levels of indole
but not SCFAs. DSS-induced colitis is considered to be a
mouse model of UC; thus, DSS was orally administered for 7
days to mice drinking only DDW and nicotine-administered
mice subsequent to the oral administration of nicotine to
examine the effect of nicotine on this mouse model of UC
(Figure 1A). DSS-induced colitis in mice orally administered
nicotine significantly decreased the percentage of body weight
loss on Day 7 (Figure 1F). The mean intestinal length of the

DDW group was significantly shorter than the mean intestinal
length of the nicotine group (Figure 1G). Furthermore, clinical
signs such as weight loss, stool consistency, and bleeding were
scored as the disease activity index (DAI). DAI scores in nicotine-
administered mice were significantly lower than in mice drinking
only water at Day 7 (Figure 1H). Histological analysis of the
rectum also showed that infiltration of lymphocytes and the
damage to crypts in nicotine-administered mice were less than
in mice drinking only DDW (Figure 1I).

Those results suggested that oral administration of nicotine
attenuated DSS-induced colitis and that increased indole values
might be associated with the protective effect of nicotine
administration on DSS-induced colitis.

Levels of Indole Were Increased in the

Distal Colon and Rectum

Next, we further analyzed levels of indole in the gut according
to oral administration of nicotine. WT mice were orally
administered DDW or nicotine solution dissolved in drinking
water to nicotine-administered mice for 3 days (Figure 2A).
Indole concentration in the cecum and the entire colon divided
into the proximal colon, distal colon, and rectum was analyzed
in both mice drinking only DDW and nicotine-administered
mice (Figure 2B). Indole levels in the cecum and proximal
colon did not differ between mice drinking only DDW and
nicotine-administered mice (Figures2C,D) but, interestingly,
indole levels in the distal colon and rectum were significantly
increased in nicotine-administered mice (Figures 2E,F). In the
mice drinking only DDW group, mean indole concentrations
in the cecum, proximal colon, distal colon, rectum, and feces
varied from 0.77, 0.68, 0.90, 1.22, and 1.16 mM, respectively
(Figures 1B, 2C-F). Indole concentration in the rectum was
almost twice as high as in the proximal colon in mice drinking
only DDW. In the rectum, mean indole concentrations in
mice drinking only DDW and nicotine-administered mice
were 1.21 and 1.61 mM, respectively (Figure 2F). Thus, indole
concentration was 1.5-fold higher in the rectum in the nicotine-
administered mice than in mice drinking only DDW.

The Abundance of Clostridium and
Porphyromonas Were Significantly
Increased in the Nicotine-Administered
Mice

Then, we analyzed the composition of the gut microbiota of feces
by 16S rRNA microbiome method to reveal the association of
nicotine, indole and the gut microbiota in mice drinking only
DDW and nicotine-administered mice (Figure 3A). Clostridium
and Porphyromonas were significantly increased (p < 0.05, a
Wilcoxon rank sum test) in the nicotine-administered mice
compared to DDW mice (Figure 3B).

Overall, production of indole was higher in the distal colon
and rectum than in the cecum and proximal colon. Thus,
oral administration of nicotine appeared to promote indole
production in the distal colon and rectum. The indole level in
the rectum and feces was associated with the severity of DSS-
induced colitis.
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FIGURE 1 | Twenty microgram/milliliter of orally administered nicotine increased indole concentration and attenuated DSS-induced colitis. (A) Schema of the
experiments in this figure. DDW or 20 j.g/ml of nicotine dissolved in drinking water was orally administered for 3 days. Fecal samples were collected at day 3. Then,
2.5% DSS was orally administered in drinking water for 7 days to mice drinking only DDW and nicotine-administered mice. DSS drinking water was switched to DDW
for the next 2 days. (B-E) Indole levels in feces from mice drinking only DDW and nicotine-administered mice were measured by the HIA method. N = 5 mice per
group. Data are shown as mean + SD. ***P < 0.001. Acetate (C), propionate (D), and butyrate (E) in feces of mice drinking only DDW and nicotine-administered mice
were measured by GC-MS. Concentrations of SCFAs were the average of two runs. N = 7 mice per group. ns; not significant. (F-I) Body weight (F) was measured
every day and colon length (G) was measured at Day 9. N = 5 mice per group. Data are presented as mean + SD. *P < 0.05. (H) The DAls of mice drinking only
DDW and nicotine-administered mice were scored in total for the following categories: weight loss, 0, no loss; 1, 5-10% loss; 2, 10-15% loss; 3, 15-20% loss; and 4,
20% weight loss; for stool consistency,: 0, normal; 1, mild loose stool; 2, moderate loose stool; and 3, diarrhea; for bleeding, 0, no blood; 1, presence of blood; and 2,
gross blood. N = 5 mice per group. Data are presented as mean + SD. *P < 0.05. (l) Histological analysis of representative sections of the rectum with H&E staining
from mice drinking only DDW and nicotine-administered mice after DSS-induced colitis. Black bars in lower right side indicated 200 um.

DISCUSSION

In this study, we revealed an association of indole with the
severity of DSS-induced colitis in mice orally administered
nicotine. We detected major metabolites, SCFAs, and indole
in gut contents and feces of orally administered nicotine
mice and showed that indole levels in the rectum and feces
were increased in nicotine-administered mice and that the
severity of DSS-induced colitis was attenuated. Indole is the
most abundant bacterial-derived Trp catabolite. It has been
reported that low levels of Trp metabolites are a risk factor
for and are associated with inflammatory bowel diseases (IBD)
(17). In fact, serum levels of Trp were lower in IBD patients
and Trp-deficient mice manifested severe colitis (17, 22). Trp
catabolites, including indole and indole derivatives, mediate
microbial signals (23). Indole contributed to epithelial barrier

function by increasing certain molecules involved in tight
junctions and adherence junctions (15, 16). It was reported that
indole concentration was decreased in germ-free (GF) mice;
however indole treatment enhanced associated molecules of tight
junctions and adherence junctions, and attenuated DSS-induced
colitis in GF mice (15). This indicated that upregulation of
indole resulted in strengthening of epithelial barrier function
and tight junctions in mice. In line with this result, we
demonstrated here that upregulated indole in the distal colon
and rectum through oral administration of nicotine strengthened
barrier function. We observed attenuated DSS-induced colitis
in the nicotine-administered mice (Figures 1F-H). Histological
analysis revealed that colonic damage, such as loss of crypts
and goblet cells and infiltration of inflammatory cells, was less
severe in the rectum of such mice (Figure 1I). In the rectum,
increased indole attenuated DSS-induced colitis, suggesting that
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FIGURE 2 | Indole levels in the distal colon and rectum were increased in nicotine- administered mice. (A) Schema of the experiments in this figure. DDW or 20 p.g/ml
of nicotine was orally administered in drinking water for 3 days. Then, mice were sacrificed and the gut contents from the cecum, proximal colon, distal colon, and
rectum were collected at day 3. (B) Schema of the colon divided into the cecum, proximal colon, distal colon, and rectum. (C-F) Gut contents of the cecum, proximal
colon, distal colon, and rectum from mice drinking only DDW and nicotine-administered mice were collected and indole concentrations in the cecum (B), proximal
colon (C), distal colon (D), and rectum (E) were measured by the HIA method. N = 5 mice, per group. Data are shown as mean + SD. **P < 0.01. ns, not significant.

increased indole by nicotine administration attenuated UC  as Clostridium and Porphyromonus contained tnaA gene are
through epithelial barrier function. As previously reported, oral ~ thought to be involved in producing indole (23, 32).

administration of 40 kDa DSS solution, such as used in this Cigarette smoking is a major risk factor for Crohn’s disease;
study, was associated with more severe colitis in the distal = however it is protective against the development and progression
colon and rectum than in the proximal colon (24). Upregulation ~ of UC (6, 33). UC is a chronic mucosal inflammation in the
of indole concentration in the distal colon and rectum may  gutand is sub-classified into the following three types: ulcerative
have a protective effect against colorectal damage by DSS-  proctitis, left-sided UC, and extensive UC (34). Colonic mucosal
induced colitis. inflammation of UC starts in the rectum and extends proximally

Trp metabolites including indole and indole derivatives  in a continuous fashion (35). Therefore, to protect against rectal
act as ligands of aryl hydrocarbon receptor (AhR). AhR is  inflammation is a crucial strategy for UC treatment. Notably, we
a transcriptional factor that regulate host immune system. demonstrated here that nicotine affected indole concentrations
For example, activation of AhR enhances Interleukin-22  in the distal colon and rectum rather than in the proximal
production in type 3 innate lymphoid cells, which contributes  colon. That orally administered nicotine increased indole in the
to epithelial barrier function (25, 26). Based on these studies,  rectum and attenuated DSS-induced colitis raised the therapeutic
AhR pathway may be involved in the attenuation of UC by  possibility of this strategy for UC patients although there might
nicotine administration. be a limitation to generalize the effect of nicotine.

The gut microbiota is closely linked to the gut metabolites. In conclusion, we propose that increased indole by oral
In this study, we showed increased the relative abundance  administration of nicotine has a potential role to protect the
of Clostridium and Porphyromonas by 16S rRNA microbiome  rectum, which is an important site for UC progression. Indole
method on fecal samples in the nicotine-administered mice.  is a key metabolite and nicotine might have functions to protect
Previous studies have also demonstrated that cigarette smoking  against UC through upregulation of indole. Further studies
and nicotine treatment affect the composition of the gut  should be required to clarify the mechanism by which nicotine
microbiota in human and mice (4, 27-30). The relative increased indole.
abundance of Bacteroides-Prevotella and the Clostridia family
Veillonellaceae were higher in current smokers (28, 31). In a MATERIALS AND METHODS
mice model, it has been reported that the relative abundance
of Clostridium clostridiforme was increased (29). According Mice
to the previous reports, indole is produced from Trp by  C57BL/6] male mice at 10 weeks old were purchased from Japan
tryptophanase encoded tnaA gene and some Clostridium and ~ SLC (Shizuoka, Japan). Mice were housed at the animal facility
Porphyromonas species contain the tnaA gene and produce  of Juntendo University (Tokyo, Japan) and fed a normal diet,
indole (23, 32). Increased Clostridium and Porphyromonas in ~ CRF-1 (Orietal Yeast, Tokyo, Japan). Five or seven mice were
nicotine-administered mice may contribute to promote the level ~ housed in each gauge under standard 12 h light/dark cycles, 22 +
of indole. Some species of Bacteroides and Prevotella, as well 2 degrees, and 50 % 5 percent humidity. All animal experiments
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FIGURE 3 | The abundance of Clostridium and Porphyromonas were significantly increased in the nicotine-administered mice. (A) The fecal samples from mice
drinking only DDW and nicotine-administered mice were analyzed for 16S rRNA microbiome at the genus level. The heatmap showing the relative abundances of 63
genus in the feces. The relative value for each bacterial genus is indicated by color intensity (legend indicated at the top left corner). N = 5 mice per group. (B) The
relative abundance of Clostridium and Porphyromonas of DDW and nicotine-administered mice. N = 5 mice per group. Data are presented as mean + SD. “P < 0.05,
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were approved by the Animal Experimentation Committee of
Juntendo University (No. 2021122).

Reagents

(-)-Nicotine hydrogen tartrate salt was purchased from Sigma
(St. Louis, MO, USA). Dextran sodium sulfate (M.W 36000-
50000) was purchased from MP Biomedicals (Santa Ana,
CA, USA).

Hydroxylamine-Based Indole Assay (HIA)
HIA was performed according to a previous paper describing
the determination of indole concentration (21). Briefly,

gut content samples were diluted with 70% ethanol to
100 mg/ml and disrupted by a Power Masher II (Nippi,
Tokyo, Japan). After centrifugation, supernatants were
filtered using a Millipore Ultrafree MC PLHCC centrifugal
filter (Merck Millipore, Billerica, MA, USA). Samples were
incubated for 15min at room temperature with 5M NaOH
(Wako, Osaka, Japan) and 50 pl of 0.3M hydroxylamine
hydrochloride (Wako) in a microtiter plate. Following
incubation, 125 pl of 2.5M H,;SO4 (Wako) was added and
incubated at room temperature for 30 min. The plates were
immediately read at 530 nm using optical density readings by a
microplate reader.
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Measurement of SCFA Concentration in

Feces

Hundred milligrams of fresh feces from C57BL/6 male mice
were homogenized in 400 pl H,O containing hexanoic acid
(methyl-d3) as an internal standard. Then 80 pl of 25% meta-
phosphoric acid was added to the homogenate and kept on ice
for 30 min. Thereafter, samples were centrifuged at 17,500 x g for
15min at 4°C. The supernatants were filtered using a Millipore
Ultrafree MC PLHCC centrifugal filter (Merck Millipore)
and analyzed by gas chromatography-mass spectrometry (GC-
MS). One microliter of the sample was injected with a split
mode (1:100) into a TRACE GC ULTRA gas chromatograph
equipped with a TSQ QUANTUM GC mass spectrometer
(ThermoFisher Scientific, Waltham, MA). A Nukol™ fused
silica capillary column (0.25mm ID x 30m, 0.25pm film
thickness; Supelco, Bellefonte, PA, USA) was used for separation.
Column temperature was programmed for 150°C for 2 min, then
increased to 200°C at a rate of 8°C/min and held at 200°C for
13 min. Helium was used as a carrier gas at a flow rate of 0.7
ml/min. Data were acquired by the electron impact ionization
mode at 70 eV.

Dextran Sulfate Sodium (DSS)-Induced
Colitis

C57BL/6] male mice at 10 weeks old were orally administered
nicotine [(-)-Nicotine hydrogen tartrate salt, Sigma] in drinking
water at 20 ug/ml for 3 days. Then, 2.5% DSS (M.W 36,000
50,000; MP Biomedicals) dissolved in sterile, distilled drinking
water was orally administered for 7 days. On day 7, 2.5% was
switched to regular drinking water for the next 2 days. Body
weight was measured every day. On day 9, mice were sacrificed
and colon lengths were measured.

Microbiome Analysis Based on 16S rRNA

Amplicon Sequencing

The fecal samples 3 days after DDW and nicotine administration
were diluted 10-fold in TE buffer were diluted 10-fold in TE
buffer (10mM Tris, 1mM EDTA [pH 8.0]) and frozen at
—80°C until use. Five hundred microliter of each diluted sample
was used for DNA extraction. After pretreatment in TE buffer
with 50 U of achromopeptidase (Wako) at 50°C for 30 min,
phenol: chloroform: isoamyl alcohol (25:24:1, v/v/v) was used for
DNA purification.

We performed an Illumina 16S metagenomic sequencing
protocol, which targeted the V3 to V4 region of bacterial and
archaeal 16S rRNA genes, for comprehensive analysis of the
fecal microbiota, following the manufacturer’s workflow of 16S
Metagenomic Sequencing Library Preparation, recommended
by Ilumina. We used 16S universal primers without adapter
sequences, 16S amplicon PCR forward primer (5'-TCGTCG
GCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNG
GCWGCAG-3') and 16S amplicon PCR reverse primer (5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGAC
TACHVGGGTATCTAATCC-3'). The PCR reaction mixture
consisted of two WL of DNA extract in a total volume of 25
WL containing 1x KAPA HiFi HotStart ReadyMix (KAPA

Biosystems, Boston, MA, USA) and 10 pmol of each primer.
Reaction mixtures were thermally cycled once at 95°C for 2 min;
then 25-30 times at 95°C for 30 s, 65°C for 30 s, and 72°C for 90's;
and then once at 72°C for 2 min. DNA fragments were analyzed
by electrophoresis in TAE buffer on a 1% agarose gel stained
with ethidium bromide. The PCR products were then purified
using AMPure beads (Beckman Coulter, Inc., CA), according
to the manufacturer’s protocol. PCR products were uniquely
indexed using a Nextera XT Index Kit (Illumina, San Diego,
CA, USA). NucleoMag NGS Cleanup and Size Select technology
(Macherey-Nagel, D, Germany) was used twice for cleanup
and size selection of NGS libraries, according to a protocol for
removing adapter dimers. Sequencing was performed using a
Miseq reagent kit v3 (600 Cycle) and a paired-end 2x 300-bp
cycle run on an Illumina MiSeq sequencing system (Illumina,
San Diego, CA, USA).

MiSeq-read 1 and 2 reads were stitched by FLASH (36). The
merged reads were filtered and trimmed by removing bases with
quality value (QV) scores of 20 or less and read lengths shorter
than 200 bases, and then converted from FASTQ to FASTA
format using FASTX toolkit ver. 0.0.14 (http://hannonlab.cshl.
edu/fastx_toolkit). Analyses of the trimmed sequencing reads
were performed using blastn by blast 2.5.0+, with an e710 e-
value cutoft (37). Taxonomic classification was performed using
MEGAN version 5 (38).

Histological Analysis

Entire colons were cut longitudinally and fixed in 10% formalin
and embedded in paraffin. 3-pum sections of the rectum were
stained with hematoxylin and eosin (H&E).

Statistical Analysis

Statistical analysis was performed using the Student’s ¢ test.
GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA) was
used for all statistical calculations. We performed a Wilcoxon
rank sum test against bacterial genus exhibiting increase or
decrease in relative abundance. A p-value of <0.05 was
considered statistically significant.
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Background: Intestinal microbial colonization in early life plays a crucial role in immune
development and mucosal homeostasis in later years. Antibiotic exposure in early life
increases the risk of inflammatory bowel disease (IBD). Ginger acts like a prebiotic and
has been used in traditional Chinese medicine for colitis. We investigated the protective
effect of ginger against dextran sulfate sodium (DSS)-induced colitis in mice exposed to
antibiotic in their early years.

Methods: A weaned mouse model exposed to azithromycin (AZT) for 2 weeks was
used to mimic antibiotic exposure in childhood among humans. A diet containing ginger
extract was administered to mice for 4 weeks after antibiotic exposure. The susceptibility
to DSS-induced colitis was evaluated in terms of weight loss, disease activity index (DAI)
score, colon length, colitis biomarkers, and intestinal barrier function. The gut microbiota
was analyzed in terms of 16S rRNA levels.

Results: Ginger extract prevented weight loss, colon shortening, inflammation, and
intestinal barrier dysfunction in mice exposed to antibiotics in early life. Ginger increased
the bacterial diversity and changed the abundance of bacterial belonging to family
Peptococcaceae and Helicobacter species to modulate microbiota structure and
composition adversely affected by early antibiotic exposure.

Conclusion: Ginger has a protective effect in potentially decreasing the susceptibility
to colitis in mice exposed to antibiotics early in life.

Keywords: ginger, antibiotic, childhood, colitis, microbiota

INTRODUCTION

Inflammatory bowel disease (IBD), mainly including ulcerative colitis (UC) and Crohn’s disease
(CD), is characterized by chronic intestinal inflammation. The incidence and prevalence of IBD
have increased worldwide in the recent decades, indicating its emergence as a global public health
challenge (1). The lack of adequate and appropriate treatment prompted the search for alternative
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GRAPHICAL ABSTRACT | Ginger extract decreases susceptibility to dextran sulfate sodium-induced colitis in mice following early antibiotic exposure.

therapeutic strategies. Although the etiology of IBD is not levels reduced the risk of colitis associated with antibiotic-
fully understood, current evidence indicates that a complex  induced gut dysbiosis in mice (13).
interaction among genetic susceptibility, environmental factors, Since early antibiotic exposure may increase the susceptibility
intestinal microbiota, and immune response is involved in the  to diseases later, it is meaningful to identify effective measures
pathogenesis of IBD (2). The role of intestinal microbiota in IBD  to prevent these changes. Ginger (Zingiber officinale) rhizomes
pathogenesis has recently been highlighted (3). are not only used as a food but are also a common traditional
Antibiotic exposure is one of the most common factors  Chinese medicine administered to treat various diseases. Recent
leading to intestinal microbiota dysbiosis. Antibiotic use  studies demonstrated that ginger and ginger extracts exhibit
accounts for a large proportion of children’s prescriptions. In  antiinflammatory effects and regulate intestinal microbiota (14,
the United States, about 44.5 million courses were prescribed  15). Novel ginger-derived nanoparticles have been shown to
to children under the age of 10 years, with the highest reduce and prevent acute colitis and colitis-associated cancer
prescription rate found in the first 2 years of life. Penicillins ~ and enhance intestinal repair (16, 17). Ginger exosome-like
and macrolides were the most common antibiotic categories  nanoparticles (ELNs) are preferentially taken up by specific
prescribed in children, whereas azithromycin (AZT), the typical ~ bacteria, resulting in changes in bacterial composition and
drug belonging to the family of macrolides, was the most localization, and also host physiology, notably enhancing gut
frequently prescribed antibiotic agent (4, 5). barrier function to alleviate colitis (18). These findings suggest
Early childhood is considered a dynamic phase of the the role of ginger in the modulation of microbiota and treatment
intestinal microbial ecosystem, which is easily shaped by of IBD. However, the anticolitis activity of ginger against
environmental factors. Disruption of microbiota by antibiotic  intestinal microbiota in early antibiotic exposure mice has yet to
exposure in this sensitive period may be associated with long-  be clearly established.
term adverse effects (6, 7). Epidemiological and experimental We hypothesized that early-life antibiotic exposure may have
studies have reported an association between early-life exposure  long-term effects in predisposing the host to IBD in later years
to antibiotics and an increased risk of asthma, obesity, and by altering intestinal microbiota. Administration of ginger after
impaired antibody response to vaccination (8-10). A strong  early antibiotic exposure may decrease the susceptibility to IBD.
association between antibiotic use and CD in childhood was  To test this hypothesis, we analyzed the impact of early-life
found in a prospective study (11). Peripartum antibiotics  antibiotic exposure on the risk of IBD in later years and tested
promoted gut dysbiosis, immune dysfunction, and IBD in  the regulatory effect of ginger using a juvenile mouse model
offspring in animal studies (12). Restoration of gut microbial  mimicking childhood antibiotic exposure in humans.
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MATERIALS AND METHODS

Chemicals and Materials

Dextran sulfate sodium (DSS, MW:36,000-50,000 Da) was
purchased from MP Biomedicals (CA, USA). AZT was purchased
from Aladdin Bio-Chem Technology Co., Ltd (Shanghai, China).
An AZT dose of 50 mg/kg was used in this study to ensure
therapeutic plasma levels in the mice; it is the highest dose
administered to mice in a multidose regimen (19). Ginger extract
(number 1708001W), which meets the quality criteria of granules
used in Chinese herbal medicine prescriptions (T-SZ-PC-0390-
003), was purchased from China Resources Sanjiu Medical and
Pharmaceutical Company (Shenzhen, China). All feeds used in
this study were purchased from Guangdong Medical Laboratory
Animal Center (Foshan, China). The feeds were sterilized with
Co60 (25 kGy) radiation. A standard AIN-93G diet was used as
a normal basic diet. Ginger diet was modified from AIN-93G
by replacing 10-g corn starch in the original formula with equal
amounts of ginger extract per 1kg (Table 1). Fecal occult blood
test kit was ordered from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). ELISA Kkits for assaying the contents
of tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1B),
interleukin-6 (IL-6), and interleukin-10 (IL-10) in the colon were
purchased from Dakewe Biotech Co., Ltd. (Shenzhen, China). All
other reagents used were of analytical grade. Antibodies against
zonula occludens 1 (ZO-1) (rabbit, AF5145), claudin-1 (rabbit,
AF0127), and B-actin (mouse, BF0198) were purchased from
Affinity Biosciences (OH, USA). CD-68 antibody (rat, ab53444)
was purchased from Abcam (Cambridge, England).

UPLC-QTOF-MS Analysis of Ginger Extract

The ginger extract was analyzed with ultra-performance liquid
chromatography-quadrupole time-of-flight mass spectrometry
(UPLC-QTOF-MS). The extract was separated on a HSS T3,
1.8um (2.1mm x100mm) column and eluted with mobile
phases of acetonitrile (A) and 0.25% formic acid in water
(B) in gradient mode. The proportion of acetonitrile varied
from 20 to 90% in 24 min (0-5min, 20-30% A; 5-8 min,
30-40% A; 8-10min, 40-45% A; 10-24 min, 45-90%) at a
flow rate of 0.3 ml-min~!, with each injection volume was

TABLE 1 | Composition of experimental diets (g).

Ingredient Normal diet (AIN-93G) Ginger diet
Corn starch 397.5 387.5
Casein 200 200
Dextrinized corn starch 132 132
Sucrose 100 100
Soybean oil 70 70
Fiber 50 50
AIN-93G-MX 35 35
AIN-93G-VM 10 10
Ginger 10
L-Cystine 3 3
Choline chloride 2.5 2.5

set to 5 ul. The MS data were acquired on an AB SCIEX
Triple TOF 5,600 (AB sciex Pte. Ltd., Singapore). The MS
parameters were as follows: interface, negative electrospray
ionization (ESI); gases one and two, nitrogen 55 psi; curtain
gas, nitrogen 40 psi; source temperature, 400C; ion spray
voltage, 5,500 V; declustering potential, 100V and collision
energy, 45eV. The Peakview (version 2.0, AB SCIEX) was
employed for the analyses. A representative chromatogram of
ginger is presented in Supplementary Figure S1. A total of 16
components were identified according to their retention times
(Supplementary Table S1).

Animals

Three-week-old C57BL/6 male mice were purchased from
Guangdong Medical Laboratory Animal Center (Guangzhou,
China). Mice were maintained under an automated 12-h light-
dark cycle at a controlled temperature of 22°C £ 2°C, and a
relative humidity of 50-60% with ad libitum access to a standard
dry diet and tap water. The study was approved by the Standards
for Animal Ethics in the Guangzhou Institute of Sport Science
(GZTKSGNX-2016-4) and performed in accordance with the
relevant experimental animal guidelines and regulations.

Experimental Design

Juvenile C57BL/6] male mice were randomly assigned to four
treatment groups (8-10 mice/group) immediately after weaning
(Figure 1). The control (CTR) group was vehicle-treated and the
model (MOD) group was given drinking water containing 2.5%
DSS only to induce colitis. The AZT group received 2.5% DSS
after the daily administration of AZT (50 mg/kg/day, dissolved
in drinking water) for 2 weeks. The ginger (GIN) group received
a ginger diet ad libitum for 4 weeks after 14 days of AZT exposure
and then treated with 2.5% DSS for 7 days to induce colitis. Fecal
samples were collected from model, AZT, and GIN groups before
the administration of DSS. The samples were stored at —80°C
for further analyses. Body weight, stool consistency, and stool
bleeding were recorded daily during DSS treatment period.

Evaluation of Disease Activity Index

Body weight, stool consistency, and stool bleeding were recorded
daily. Disease activity index (DAI) was determined by dividing
the combined scores of body weight loss, stool consistency, and

Weaning FC Sacrifice

2weeks 4weeks 1week

>
CTR group | Water 1 Normal diet | Water |
MOD group | Water 1 Normal diet | _DSs
AZT group | AZT 1 Normal diet | _DSS
GIN group | AZT 1 Ginger diet | _DSs

FIGURE 1 | Schematic diagram summarizing the timeline of experimental
procedures. Three-week-old C57BL/6 male mice were randomly assigned to
four groups (n = 8-10): control (CTR) group; model (MOD) group; AZT group;
and ginger (GIN) group. FC, fecal collection.
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stool bleeding, by three (Supplementary Table S2). Each score
was determined as follows: change in body weight loss (0: none,
1: 1-5%, 2: 5-10%, 3: 10-15%, 4: > 15%), stool consistency (0:
normal, 1-2:loose, 3-4: diarrhea), and stool bleeding (0: negative,
1: 4+, 2: ++, 3: + + +, 4: + + ++). Weight loss was calculated
as the percent difference between the original body weight (day
0) and the body weight on any particular day. Blood in stool
was detected using the fecal occult blood test kit according to the
manufacturer’s protocols. In addition, the colon length between
the caecum and proximal rectum was measured.

Histologic Examination

Paraffin-embedded tissue sections of the colon were stained
with H&E for light microscopic examination to assess colon
injury and inflammation. A modified combined scoring system
(Supplementary Table $3) including degree of inflammation
(scale of 0-3) and crypt damage (0-4), percentage of
inflammation (0-4), and depth of inflammation (0-3) was
used to assess colitis induced by DSS. The total score ranged
from 0 (normal) to 14 (severe colitis).

Electron Microscopy

Murine colon tissues were fixed in 3% glutaraldehyde, postfixed
in 2% osmium tetroxide, and embedded in epoxy resin. Sections
were stained with lead citrate and uranyl acetate and were viewed
and photographed with an electron microscope (Hitachi, Japan).

Immunohistochemical Staining
Paraffin-embedded colon sections were deparaffinized. After
unmasking antigens, colon sections were blocked with 5% bovine
serum albumin (BSA) and immunostained with anti-ZO-1
antibody or CD68 overnight at 4°C. Following immunostaining,
sections were washed three times with PBS and then incubated
with Alexa Fluor 488 (1:200, Beyotime, China) or Alexa Fluor
568 (1:200, Abcam, England) conjugated secondary antibody
for 2h at room temperature in the dark. Sections were
then mounted with a medium containing 4,6-diamidino-2-
phenylindole (DAPI) for nuclear counterstaining and observed
by fluorescence microscopy.

Western Blot Analysis

Colons were excised and washed thoroughly with PBS,
homogenized in RIPA buffer containing protease inhibitors,
incubated for 20min at 4°C, and centrifuged for 20min,
14,000 rpm at 4°C. Protein extracts were isolated from colon
tissue. Samples were separated on 10% acrylamide gels and
transferred onto polyvinylidenedifluoride (PVDF) membranes.
The membranes were blocked with 5% (w/v) BSA in Tris-
buffered saline/0.05% Tween-20 (TBST) at room temperature for
2h in a covered container and incubated overnight at 4°C with
primary antibodies in blocking buffer. The next day, membranes
were washed with TBST (3*10min) and incubated with a
secondary goat antimouse or goat antirabbit IgG horseradish
peroxidase (HRP) antibody (1: 10,000 dilution) diluted in 5%
(w/v) dry nonfat milk in TBST for 1h at room temperature.
Finally, membranes were washed with TBST (3*10min) and
detected via electrochemiluminescence (ECL). .

Enzyme-Linked Immunosorbent Assays

The levels of inflammatory cytokines (TNF-a, IL-1f8, IL-6,
and IL-10) in the mouse colon were determined with ELISA
kits. The intestinal tissues were homogenized on ice in NP40
lysis buffer (Beyotime Biotechnology, China). The homogenates
were quantified using the BCA assay (Beyotime Biotechnology,
China). Tissue homogenates were collected for the determination
of TNF-a, IL-1f, and IL-6 concentrations according to the
manufacturers’ instructions.

Fecal DNA Extraction and 16S rRNA Gene

Amplicon Analysis

Fecal samples from all mice were collected before the
administration of DSS and stored at —80°C. Bacterial DNA
was extracted from mouse fecal samples using a QIAamp
Fast DNA Stool Mini kit (Qiagen, California, USA) according
to the manufacturer’s protocols. Purity was determined and
concentration was calculated. The V3-V4 hypervariable region
of the bacterial 16S rRNA gene was amplified using the primers
338 F:5’- ACTCCTACGGGAGGCAGCAG-3’and 806 R:5'-
GGACTACHVGGGTWTCTAAT-3' Purified amplicons were
pooled in equimolar ratios and paired-end sequenced on an
Mlumina MiSeq platform according to the standard protocols.
The raw reads were deposited into the NCBI Sequence Read
Archive (SRA) database. Raw FASTQ files were demultiplexed,
quality-filtered using QIIME (version 1.91). Operational
taxonomic units (OTUs) were clustered with 97% similarity
cutoff using UPARSE, and chimeric sequences were identified
and removed using UCHIME. Phylogenetic affiliation of each
16S rRNA gene sequence was analyzed by RDP Classifier against
the Silva (SSU117/119)16S rRNA database using a confidence
threshold of 70%. All the raw Illumina paired-end read data
involved in this study were deposited in the NCBI SRA database
under the accession number PRJNA751929. Analysis was
performed at each taxonomical level (Phylum and Genus),
separately. The Shannon index and Chaol index were performed
to analyze the alpha diversity. The principal coordinate analysis
(PCoA) based on weighted UniFrac distance matrices was
visualized for the beta diversity analysis. The dominant bacterial
community difference between groups was detected using linear
discriminant analysis effect size (LEfSe).

Statistical Analyses

Statistical analysis was performed using SPSS 22.0 software.
Data are expressed as the mean =+ S.D. For parametric
variables, differences were analyzed via one-way ANOVA and
least significant differences (LSD) post hoc tests for multiple
group comparisons. For nonparametric variables, statistical
significance of differences among the groups was tested using the
nonparametric the Kruskal-Wallis test, followed by the Mann-
Whitney U test when p-value is <0.05. A p < 0.05 was defined as
statistically significant.
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RESULTS

Ginger Reduced the Susceptibility to
DSS-Induced Colitis in Mice With Early-Life
AZT Exposure

To estimate the long-term effect of early-life AZT exposure on
DSS-induced colitis in mice and the anticolitic effect of ginger,
we assessed body weight loss, DAI scores, and colon length and
performed histological analysis to determine susceptibility to
colitis in the mouse models.

Compared with the control group, mice with DSS-induced
colitis exhibited significant weight loss starting from day 5
until the end of DSS treatment period. Early-life AZT exposure
accelerated the loss of body weight from days 5 to 7 when
compared to the group treated with DSS only. However, ginger
diet attenuated the progression of DSS-induced body weight loss
in mice aggravated by early-life AZT exposure (Figure 2A).

Shortening of colon length in DSS-induced mice is one of the
biological markers of the assessment of colonic inflammation.
The colon length of the MOD group was shortened compared
with that of the control group. Further, AZT treatment in early
life exacerbated colonic shortening in DSS-induced colitis mice.
However, ginger prevented DSS-induced colonic shortening
aggravated by AZT exposure (Figures 2B,C).

The DAI scores of the MOD group were considerably
increased when compared to the control group, whereas
treatment with AZT in early life increased the DAI scores of
DSS-induced colitis mice. In accordance with the weight loss,
compared with the AZT group, mice treated with ginger after
AZT exposure showed a lower DAI score (Figure 2D).

Histological characteristics of the colons were subsequently
analyzed via H&E staining. DSS induced significant colon tissue
injury, as demonstrated by loss of goblet cells, neutrophil
infiltration, muscular layer thickening, goblet cell damage,
and crypt distortion. AZT treatment aggravated the colon
injury in DSS-induced colitis, as shown by severe transmural
inflammation characterized by severe crypt damage, goblet
cell loss and damage, superficial ulceration, and massive
inflammatory cell infiltration and thus a significantly higher
histological score than that of the model group. In turn,
ginger treatment preserved the extension of crypt damage
and ameliorated inflammatory reactions such as mucosal and
submucosal infiltration and thus resulted in a lower histological
score compared with the AZT group (Figures 2E,F).

These results indicate that early life AZT exposure promotes
the development of DSS-induced colitis in adult mice. Ginger
treatment decreased the susceptibility to DSS-induced colitis in
mice exposed to AZT in early life.

Ginger Improved Intestinal Barrier
Function in Mice With DSS-Induced Colitis

Exposed to AZT in Early Life

Intestinal epithelial tight junctions (TJs) play a key role
in protecting against inflammation, and disrupted TJs are
the primary cause of intestinal barrier dysfunction and
inflammation. To investigate the impact of early-life AZT

exposure and ginger on intestinal barrier function, we used
transmission electron microscopy and immunofluorescence to
analyze changes in the morphology of TJs and T] proteins in mice
with DSS-induced colitis.

In control mice, the TJs appeared as typical membrane
fusions with intact TJ structure and desmosomes. In contrast,
the TJ ultrastructure was altered after DSS treatment. T]s were
discontinuous with few membrane fusions apparent in colon
tissues, which indicated disruption in T] morphology. Compared
with the model group, the AZT-treated mice showed altered T7J
ultrastructure. The T] showed few electron-dense materials and
loss of desmosome. However, treatment with ginger restored
the TJ ultrastructure disrupted by early-life AZT exposure
(Figure 3A).

The distribution of tight junctional proteins, ZO-1 and
Claudin-1, which are the markers of TJ structure, was analyzed
via immunostaining and the Western blot. Compared with
control mice, the expression of colonic ZO-1 and claudin-1
was significantly decreased in MOD group mice and further
decreased in AZT group (Figures3B-E). Ginger treatment
upregulated the expression of T] proteins in mice exposed to AZT
in early life.

Ginger Inhibited Inflammatory Response in
DSS-Induced Colitis of Mice With
Early-Life AZT Exposure

Inflammatory bowel disease is characterized by infiltration of
immune cells and elevated levels of proinflammatory factors.
We first investigated the influence of early AZT exposure on
colonic macrophages, since they were easily activated after
disruption of intestinal epithelial barrier function. CD68 was
used as a marker of macrophages in the colon of mice in
this study. Immunofluorescence revealed increased infiltration
of macrophages in colonic lamina propria of mice treated with
DSS, and macrophages were further increased in AZT group.
Treatment with ginger inhibited the infiltration of macrophages
in DSS-induced colitis associated with early AZT exposure
(Figure 4A).

Colonic inflammatory cytokines, including TNF-a, IL-1p, IL-
6, and IL-10, were measured using ELISA kits. The colitis model
group expressed significantly higher levels of colonic TNF-a, IL-
1B, and IL-6, and lower levels of IL-10 compared with the control
group. The AZT group showed further increase of TNF-a, IL-
18, and IL-6 and a further decrease in IL-10 levels. Compared
with AZT group, the group treated with ginger extract showed
suppression of TNF-a and IL-1f levels and the expression of
IL-10 (Figures 4B-E).

Ginger Modulated Intestinal Microbiota
Dysbiosis Induced by Early-Life AZT

Exposure

Gut microbiota has emerged as an important factor in the
development and function of the immune system. As antibiotics
directly influence gut microbiota, we performed 16S rRNA gene
sequencing to determine the impact of early-life AZT exposure
and ginger on gut microbiota in later life. Fecal samples derived

Frontiers in Medicine | www.frontiersin.org

n

January 2022 | Volume 8 | Article 755969


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Zhou et al. Ginger and Colitis

A
= - CTR
% -= MOD
ga -« AZT
E -+ GIN
)

Ll

=

2

)

S
B

s dokk k - # .

- 81 —

£ °

|

=

B of

(= o v

Q2 5

S 4 ] ‘i&i‘ v

<)

O 34

2 : r : T
& W
D E
*kk # ILi };l

DAl score

A,
|.+.|..
’

' >

Histological score

e B
5 uin
n -

<

<

AA v
24 6
[T]
14 3
v
°
T 0 - —esiifiler- T
P:f,‘ o™ c* ‘&00 Pj:‘ o\

o

'2{;
g |
‘g
y

414

Sy |
i
Ay

FIGURE 2 | Ginger reduces the susceptibility to DSS-induced colitis in mice exposed to AZT in early life. (A) Body weight loss, (B) and (C) colon length, (D) DAI score
on day 6, (E) histological score, and (F) histological examination (magnification, x200): (a) CTR group; (b) MOD group; (c) AZT group; and (d) GIN group. Data are
represented as means + SD (n = 8-10). *p < 0.05 and **p < 0.01 vs. model group; #p < 0.05 vs. AZT group.
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FIGURE 3 | Ginger improves the intestinal barrier function of mice with DSS-induced colitis exposed to AZT in early life. (A) TJ morphology (magnification, x8000): (a)
CTR group; (b) MOD group; (c) AZT group; and (d) GIN group. Arrows, TJ; arrow heads, desmosome. (B) Representative images of immunofluorescence of ZO-1 in
colon sections. (C) Western blot analysis of claudin-1 and ZO-1 expression in colon tissue. (D) and (E) Relative levels of claudin-1 and ZO-1 (n = 4). **p < 0.01 vs.
MOD group; ###p < 0.01 vs. AZT group.
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from the model group, AZT group, and GIN group were collected
before DSS treatment. The control and model groups were
exposed to similar treatment, and the model group alone was
selected for the analysis.

Results showed that early-life AZT exposure significantly
decreased the alpha diversity of bacteria, and treatment with
ginger reversed it, based on Shannon index and Chaol index
(Figures 5A,B). Beta diversity represented by PCoA is shown
in Figure 5C. The results revealed that the gut microbiota in
the AZT group deviated from the baseline structure. Ginger
modulated the effect on dysbiosis although it failed to completely
restore the microbiota to normal status.

Further, early-life AZT exposure altered the composition of
the microbiota, and ginger modulated the dysbiosis. Changes
were observed at the levels of both phylum and genus. At the
phylum level, a total of seven phyla were identified, including
Bacteroidetes, Firmicutes, Verrucomicrobia, Actinobacteria,
Proteobacteria, Tenericutes, and TM7 (Figure 6A). At the
genus level, 27 genera (Supplementary Table S4) including
Akkermansia, Helicobacter, Peptococcus rc4-4, Lactobacillus,
and other genera were identified (Figure 6B). The relative
abundance of Proteobacteria decreased and the relative
abundance of Firmicutes and Verrucomicrobia increased
in the AZT group compared with the model group. The
changes in Firmicutes, Verrucomicrobia, and Proteobacteria
induced by early AZT exposure were reversed by ginger
treatment, although no statistically significant differences
were detected in Firmicutes and Verrucomicrobia (Figure 7B)
The changes in the main microbiota at the genus level
were captured using a heatmap of 27 key species with
varying degrees of abundance among the groups. Early
AZT exposure not only eliminated harmful bacteria, including
Staphylococcus, Desulfovibrio, and Streptococcus, but also
decreased the abundance of beneficial bacteria, including
Lactobacillus, Bifidobacterium, and Parabacteroides (Figure 7A).
However, the levels of most of these reduced genera could
not be restored to the normal level after ginger treatment.
Notably, the relative abundance of Helicobacter decreased
and the relative abundance of Peptococcaceae rc4-4 increased
significantly in the AZT group compared with the model
group. These changes induced by early AZT exposure were
reversed by ginger treatment (Figure7B). In addition, early
antibiotic exposure also increased the relative abundance of
Akkermansia, and ginger treatment had a modulatory effect
without statistical significance.

A schematic diagram of evolutionary clustering analysis
was generated taxonomically based on the LDA score to
identify key microbiota responsible for the differences among
groups. As shown in Supplementary Figures S2A,B, Bacteroidia,
Helicobacter, and Desulfovibrio were the major microbiota
in MOD group. Species belonging to Peptococcaceae and
Turicibacter were identified as major microbiota in the
AZT group. In GIN group, the predominant intestinal flora,
including Akkermansia muciniphila and Anaerostipes, especially
A. muciniphila, may play an important role in DSS-induced
colitis of mice exposed to AZT in early life.

DISCUSSION

Mice exposed to AZT early in life were highly susceptible
to DSS-induced colitis and were successfully treated with
ginger in this study. A mouse model mimicking childhood
antibiotic exposure in humans was used for the first time.
DSS treatment induced clinical symptoms and pathological
changes corresponding to those of human UC, including loss
of body weight, diarrhea, bloody feces, and shortening of the
colon. The measurement of body weight loss is a standard
method used to evaluate disease progression in DSS-induced
colitis. Weight loss and rectal bleeding are connected with
colon shortening. Early AZT exposure significantly exacerbated
DSS-induced colitis by decreasing weight loss, DAI scores,
and colonic shortening. Treatment with ginger ameliorated
these symptoms and histopathology effectively. In contrast,
administration of ginger after early AZT exposure reduced all of
the aforementioned inflammatory changes, suggesting that early
AZT exposure exacerbated the inflammatory condition induced
by DSS, which was ameliorated by treatment with ginger.

Intestinal epithelium constitutes a physical and functional
barrier separating lamina propria from luminal pathogens and
antigen exposure. It serves as a first line of defense for
the mucosal immune system. Compromised intestinal barrier
function is associated with the development of IBD. The TJ
proteins are crucial for the maintenance of epithelial barrier
integrity. ZO-1 and occludin represent T] proteins playing a
pivotal role in regulating paracellular permeability. In this study,
compared with the MOD group, the AZT group decreased
Z0O-1 and occludin membrane localization in the colon. A
previous study showed that ginger enhanced the expression of
Z0-1 and occludin in the TJ of colonic mucosa in mice with
colitis (20). Similarly, the expression of ZO-1 and occludin
was recovered after ginger treatment. These results indicate the
detrimental effects of early antibiotic exposure and the protective
role of ginger in DSS-induced disruption of the intestinal
epithelial barrier.

Disruption of intestinal epithelial barrier function may
lead to translocation of intestinal bacteria and entry of
gut-derived pathogens into portal circulation through the
highly permeable intestinal barrier. The consequences include
activated nonlymphoid cells, such as macrophages and increased
proinflammatory cytokines, including TNF-a, IL-6, and IL-
18. Macrophages are the key regulators of immune response
and critical for maintaining immunological homeostasis in the
intestine. A previous study demonstrated that antibiotic-induced
bacterial disturbances led to persistent changes in adaptive
immunity in the intestine by interfering with microbiota-
dependent regulation of intestinal macrophage function (21).
Here, we also found that early antibiotic exposure increased
infiltration of intestinal macrophages and proinflammatory
cytokines in DSS-induced colitis of mice in later years.
Consistent with previous studies (15, 20), ginger treatment after
antibiotic exposure reduced the levels of TNF-a, IL-6, and
IL-1B in the colon and decreased macrophage infiltration to
inhibit inflammation.
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FIGURE 5 | Ginger modulates the diversity and structure of gut microbiota induced by early AZT exposure. Comparison of alpha diversity based on (A) Shannon
index and (B) Chao1 index. (C) Multisample PCoA (n = 8-10).
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Gut microbiota are the key factors in IBD pathogenesis,
as colitis cannot be induced by DSS in germ-free animals
and many IBD susceptibility genes are associated with host-
microbe immune interactions (22). We then analyzed the
impact of early antibiotic exposure on gut microbiota as
a possible mechanism in aggravating colitis. The decline
in microbial diversity was shown in AZT group, and the
diversity was improved after ginger treatment. The PCoA
showed the differential composition of bacterial communities
in DSS and AZT groups. Ginger modulated the effect on
dysbiosis, but still failed to restore microbiota to normal
condition. The gut microbiota communities in all samples
were evaluated based on phylum and genus. In terms
of bacterial composition at the phylum level, early AZT
exposure increased the relative abundance of Firmicutes and
Verrucomicrobia and decreased the relative abundance of
Proteobacteria. Treatment with ginger reversed the changes in
Firmicutes, Proteobacteria, and Verrucomicrobia. At the genus
level, early AZT exposure not only killed harmful bacteria,
including Staphylococcus, Desulfovibrio, and Streptococcus, but
also decreased the abundance of beneficial bacteria, including
Lactobacillus and Bifidobacterium. The modulatory effect on
bacteria mentioned above was weak, but ginger treatment
reversed the increased abundance of Peptococcaceae rc4-4 and
the decreased abundance of Helicobacter significantly induced by
early AZT exposure.

Peptococcus, a type of intestinal sulfate-reducing bacteria
(SRB), (23) was more prevalent in mice exposed to AZT early,
but decreased significantly in the ginger-treated group. Although
little is known about Peptococcaceae, SRB have been found
to generate hydrogen sulfide (H2S), which is toxic to colonic
epithelial cells by inhibiting butyrate metabolism in colonocytes
and contributes to inflammation in experimental colitis (24).
Previous studies also showed that SRB reduced the mucus barrier
function and facilitated bacterial presence close to the colonic
epithelium, leading to inflammation (25). These findings suggest
that Peptococcaceae may be important for the development
of colitis.

Helicobacter pylori has been characterized as the primary
pathogenic factor in chronic gastritis and peptic ulcer. However,
the relative abundance of Helicobacter was increased significantly
in the AZT group but decreased in the ginger-treated group.
Interestingly, numerous studies have reported a lower level
of Helicobacter pylori infection rate in IBD patients than
in controls (26, 27). Animal experiments also confirmed
the inverse association between Helicobacter pylori and
IBD. H. pylori DNA significantly ameliorated colitis and
histopathological changes in a DSS-induced mouse colitis
model (28). Epidemiological and basic experimental studies
suggested that Helicobacter infection protects against IBD
by inducing systematic immune tolerance and suppressing
inflammatory responses (29). Further evidence indicates that
children and youth with developing immune systems may
benefit more than older individuals from immune tolerance
induced by Helicobacter (30, 31). These studies underscore
the need for caution in eradicating H. pylori, especially
for children.

Interestingly, we also found that the relative abundance
of Akkermansia in five of eight samples was increased after
early AZT exposure, though there was no statistical difference.
Mucin-degrading A. muciniphila is a commensal bacterium
dwelling in the mammalian gastrointestinal tract adhering to
the mucus layer and plays an essential role in maintaining gut
barrier function. The presence of Akkermansia has also been
reported in other antibiotic treatment models (32). Recent
studies about Akkermansia indicate divergent host outcomes
including improved metabolic phenotypes and enhanced
lifespan (33, 34). However, the enrichment of Akkermansia
has also been associated with increased susceptibility to
colitis (35). Akkermansia is sufficient for promoting intestinal
inflammation in both specific-pathogen-free and germ-free
IL10~/~ mice, representing models of spontaneous colitis
(36). These findings suggested that Akkermansia may exhibit
different or even contrasting physiological role in acute colitis
models. In our mouse model, early antibiotic exposure induced
a bloom of Akkermansia, which may have contributed to the
aggravation of colitis. In turn, ginger treatment decreases
the abundance of Akkermansia, indicating its modulation
effect on microbiota of mice exposed to antibiotics early
in life.

Therefore, early antibiotic exposure may lead to sustained
dysbiosis that increases the susceptibility to colitis later, and
ginger treatment modulates these changes effectively. This study
extends our understanding of the impact of early-life antibiotic
exposure with respect to microbial dysbiosis and colitis, and
interventions via ginger targeting gut microbiota to ameliorate
these changes.

However, this study still has certain limitations. First, the
main active component in ginger extract that contributes
to antiinflammatory effects and microbial regulation requires
further investigation. Second, the specific bacterial species
mediating susceptibility of murine colitis in mice exposed to AZT
early in life remains to be verified in the future.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the NCBI SRA
repository, accession number: PRINA751929.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal
Ethics Committee of Guangzhou Institute of Sport Science
(GZTKSGNX-2016-4). Written informed consent was obtained
from the owners for the participation of their animals in
this study.

AUTHOR CONTRIBUTIONS

XZho, XL, and QH conceived the research idea. XZho, XL,
QH, and HL performed the experiments. YY, LC, and MW
provided technical and material support. XZho and QH analyzed
the data. XZho prepared the manuscript. LZ, XE and HK

Frontiers in Medicine | www.frontiersin.org

81

January 2022 | Volume 8 | Article 755969


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Zhou et al.

Ginger and Colitis

revised the manuscript. LZ and XZha reviewed the manuscript.
All authors contributed to the article and approved the
final manuscript.

FUNDING

This work was supported by the National Key R&D Program of
China (2020YFC2003100 and 2020YFC2003101), the Key Project
of National Natural Science Foundation of China (81830117),
the National Natural Science Foundation of China (81774212
and 81760821), the Natural Science Foundation of Guangdong

REFERENCES

10.

11.

12.

13.

14.

. Ramos

. Ng SC, shi HY, Hamidi N, Underwood FE, Tang W, Benchimol EI, et al.

Kaplan: worldwide incidence and prevalence of inflammatory bowel disease
in the 21st century: a systematic review of population-based studies. Lancet.
(2017) 390:2769-78. doi: 10.1016/S0140-6736(17)32448-0

GP, Papadakis AK. Mechanisms of
inflammatory bowel diseases. Mayo Clin (2019)
65. doi: 10.1016/j.mayocp.2018.09.013

disease:

Proc. 94:155-

. Zhang M, Sun K, Wu Y, Yang Y, Tso P, Wu Z. Interactions between intestinal

microbiota and host immune response in inflammatory bowel disease. Front
Immunol. (2017) 8:942. doi: 10.3389/fimmu.2017.00942

. Hicks LA, Bartoces MG, Roberts RM, Suda KJ, Hunkler R], Taylor TJ, et al.

US outpatient antibiotic prescribing variation according to geography, patient
population, and provider specialty in 2011. Clin Infect Dis. (2015) 60:1308-
16. doi: 10.1093/cid/civ076

. Hersh AL, Shapiro DJ, Pavia AT, Shah SS. Antibiotic prescribing in

ambulatory pediatrics in the United States. Pediatrics. (2011) 128:1053-
61. doi: 10.1542/peds.2011-1337

. Roubaud-Baudron C, Ruiz VE, Swan AJ, Vallance BA, Ozkul C, Pei Z, et al.

Long-term effects of early-life antibiotic exposure on resistance to subsequent

bacterial infection. mBio. (2019) 10:02820-19. doi: 10.1128/mBio.

02820-19

. Neuman H, Forsythe P, Uzan A, Avni O, Koren O. Antibiotics in early

life: dysbiosis and the damage done. FEMS Microbiol Rev. (2018) 42:489-
99. doi: 10.1093/femsre/fuy018

. Ahmadizar F, Vijverberg SJH, Arets HGM, de Boer A, Turner S, Devereux G,

et al. Early life antibiotic use and the risk of asthma and asthma exacerbations
in children. Pediatr Allergy Immunol. (2017) 28:430-7. doi: 10.1111/pai.12725

. Bailey LC, Forrest CB, Zhang P, Richards TM, Livshits A, DeRusso PA.

Association of antibiotics in infancy with early childhood obesity. JAMA
Pediatr. (2014) 168:1063-9. doi: 10.1001/jamapediatrics.2014.1539

Lynn MA, Tumes DJ, Choo JM, Sribnaia A, Blake SJ, Leong L,
et al. Early-life antibiotic-driven dysbiosis leads to dysregulated
vaccine immune responses in mice. Cell Host Microbe. (2018)
23:653-660.e5. doi: 10.1016/j.chom.2018.04.009

Hviid A, Svanstrom H, Frisch M. Antibiotic use and inflammatory bowel
diseases in childhood. Gut. (2011) 60:49-54. doi: 10.1136/gut.2010.21
9683

Miyoshi ], Bobe AM, Miyoshi S, Huang Y, Hubert N, Delmont TO, et al.
Peripartum antibiotics promote gut dysbiosis, loss of immune tolerance, and
inflammatory bowel disease in genetically prone offspring. Cell Rep. (2017)
20:491-504. doi: 10.1016/j.celrep.2017.06.060

Miyoshi J, Miyoshi S, Delmont TO, Cham C, Lee S, Sakatani A,
et al. Early-life microbial restitution reduces colitis risk promoted by
antibiotic-induced gut dysbiosis in IL-10(-/-) mice. Gastroenterology.
(2021). doi: 10.1101/2020.03.11.987412

Guo S, Geng W, Chen S, Wang L, Rong X, Wang S, et al. Ginger
Alleviates DSS-induced ulcerative colitis severity by improving the
diversity and function of gut microbiota. Front Pharmacol. (2021)
12:632569. doi: 10.3389/fphar.2021.632569

Province, China (2019A1515010400), the Science and Technical
Plan of Guangzhou, Guangdong, China (201903010069), and
the Innovation Team and Talents Cultivation Program of
the National Administration of Traditional Chinese Medicine
(Number: ZYYCXTD-C-202001).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found

online at:

https://www.frontiersin.org/articles/10.3389/fmed.

2021.755969/full#supplementary-material

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Zhang E Ma N, Gao YE Sun LL, Zhang JG. Therapeutic effects

of 6-gingerol, 8-gingerol, and 10-gingerol on dextran sulfate sodium-
induced acute ulcerative colitis in rats. Phytother Res. (2017) 31:1427-
32. doi: 10.1002/ptr.5871

. Zhang M, Viennois E, Prasad M, Zhang Y, Wang L, Zhang Z, et al. Edible

ginger-derived nanoparticles: a novel therapeutic approach for the prevention
and treatment of inflammatory bowel disease and colitis-associated cancer.
Biomaterials. (2016) 101:321-40. doi: 10.1016/j.biomaterials.2016.06.018

. Zhang M, Xu C, Liu D, Han MK, Wang L, Merlin D. Oral delivery of

nanoparticles loaded with ginger active compound, 6-shogaol, attenuates
ulcerative colitis and promotes wound healing in a murine model of ulcerative
colitis. ] Crohns Colitis. (2018) 12:217-29. doi: 10.1093/ecco-jcc/jjx115

. Teng Y, Ren Y, Sayed M, Hu X, Lei C, Kumar A, et al. Plant-derived

exosomal MicroRNAs shape the gut microbiota. Cell Host Microbe. (2018)
24:637-652.€8. doi: 10.1016/j.chom.2018.10.001

. Girard D, Finegan SM, Dunne MW, Lame ME. Enhanced efficacy of single-

dose versus multi-dose azithromycin regimens in preclinical infection models.
J Antimicrob Chemother. (2005) 56:365-71. doi: 10.1093/jac/dki241

Kim MS, Kim JY. Ginger attenuates inflammation in a mouse model of
dextran sulfate sodium-induced colitis. Food Sci Biotechnol. (2018) 27:1493~
501. doi: 10.1007/s10068-018-0438-6

Scott NA, Andrusaite A, Andersen P, Lawson M, Alcon-Giner C, Leclaire
C, et al. Antibiotics induce sustained dysregulation of intestinal T cell
immunity by perturbing macrophage homeostasis. Sci Transl Med. (2018)
10:eaa04755. doi: 10.1126/scitranslmed.aa04755
McGovern  DP,  Kugathasan S, Cho JH.
inflammatory bowel diseases. Gastroenterology.
76.€2. doi: 10.1053/j.gastro.2015.08.001

Figliuolo VR, Dos SL, Abalo A, Nanini H, Santos A, Brittes NM,
et al. Sulfate-reducing bacteria stimulate gut immune responses and
contribute to inflammation in experimental colitis. Life Sci. (2017) 189:29-
38. doi: 10.1016/j.1fs.2017.09.014

Ijssennagger N, van der Meer R, van Mil SWC. Sulfide as a Mucus Barrier-
Breaker in Inflammatory Bowel Disease? Trends Mol Med. (2016) 22:190-
9. doi: 10.1016/j.molmed.2016.01.002

Bartels LE, Jepsen P, Christensen LA, Gerdes LU, Vilstrup H. Dahlerup JF.
Diagnosis of helicobacter pylori infection is associated with lower prevalence
and subsequent incidence of crohn’s disease. ] Crohns Colitis. (2016) 10:443-
8. doi: 10.1093/ecco-jcc/jjv229

Roka K, Roubani A, Stefanaki K, Panayotou I, Roma E, Chouliaras
G. The prevalence of Helicobacter pylori gastritis in newly diagnosed
children with inflammatory bowel disease. Helicobacter. (2014) 19:400-
5. doi: 10.1111/hel.12141

Genetics of
(2015)  149:1163—

Harris PR, Wright SW, Serrano C, Riera FE Duarte I, Torres
J, et al. Helicobacter pylori gastritis in children 1is associated
with a  regulatory T-cell response.  Gastroenterology.  (2008)

134:491-9. doi: 10.1053/j.gastro.2007.11.006

Serrano C, Wright SW, Bimczok D, Shaffer CL, Cover TL, Venegas A,
et al. Downregulated Th17 responses are associated with reduced gastritis
in Helicobacter pylori-infected children. Mucosal Immunol. (2013) 6:950-
9. doi: 10.1038/mi.2012.133

Frontiers in Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 755969


https://www.frontiersin.org/articles/10.3389/fmed.2021.755969/full#supplementary-material
https://doi.org/10.1016/S0140-6736(17)32448-0
https://doi.org/10.1016/j.mayocp.2018.09.013
https://doi.org/10.3389/fimmu.2017.00942
https://doi.org/10.1093/cid/civ076
https://doi.org/10.1542/peds.2011-1337
https://doi.org/10.1128/mBio.02820-19
https://doi.org/10.1093/femsre/fuy018
https://doi.org/10.1111/pai.12725
https://doi.org/10.1001/jamapediatrics.2014.1539
https://doi.org/10.1016/j.chom.2018.04.009
https://doi.org/10.1136/gut.2010.219683
https://doi.org/10.1016/j.celrep.2017.06.060
https://doi.org/10.1101/2020.03.11.987412
https://doi.org/10.3389/fphar.2021.632569
https://doi.org/10.1002/ptr.5871
https://doi.org/10.1016/j.biomaterials.2016.06.018
https://doi.org/10.1093/ecco-jcc/jjx115
https://doi.org/10.1016/j.chom.2018.10.001
https://doi.org/10.1093/jac/dki241
https://doi.org/10.1007/s10068-018-0438-6
https://doi.org/10.1126/scitranslmed.aao4755
https://doi.org/10.1053/j.gastro.2015.08.001
https://doi.org/10.1016/j.lfs.2017.09.014
https://doi.org/10.1016/j.molmed.2016.01.002
https://doi.org/10.1093/ecco-jcc/jjv229
https://doi.org/10.1111/hel.12141
https://doi.org/10.1053/j.gastro.2007.11.006
https://doi.org/10.1038/mi.2012.133
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Zhou et al.

Ginger and Colitis

29.

30.

31.

32.

33.

34,

35.

Nobel YR, Cox LM, Kirigin FE, Bokulich NA, Yamanishi S, Teitler I,
et al. Metabolic and metagenomic outcomes from early-life pulsed antibiotic
treatment. Nat Commun. (2015) 6:7486. doi: 10.1038/ncomms8486
Depommier C, Everard A, Druart C, Plovier H, Van Hul M, Vieira-Silva
S, et al. Supplementation with Akkermansia muciniphila in overweight and
obese human volunteers: a proof-of-concept exploratory study. Nat Med.
(2019) 25:1096-103. doi: 10.1038/s41591-019-0495-2

Barcena C, Valdes-Mas R, Mayoral P, Garabaya C, Durand S, Rodriguez F, et al.
Healthspan and lifespan extension by fecal microbiota transplantation into
progeroid mice. Nat Med. (2019) 25:1234-42. doi: 10.1038/s41591-019-0504-5
Ganesh BP, Klopfleisch R, Loh G, Blaut M.
Akkermansia muciniphila exacerbates gut inflammation in Salmonella
Typhimurium-infected ~ gnotobiotic =~ mice. =~ PLoS  ONE.  (2013)
8:¢74963. doi: 10.1371/journal.pone.0074963

Seregin SS, Golovchenko N, Schaf B, Chen J, Pudlo NA, Mitchell
J, et al. NLRP6 Protects I110(-/-) Mice from Colitis by Limiting
Colonization of  Akkermansia  muciniphila.  Cell Rep. (2017)
19:733-45. doi: 10.1016/j.celrep.2017.03.080

Yu Y, Zhu S, Li P, Min L, Zhang S. Helicobacter pylori infection and
inflammatory bowel disease: a crosstalk between upper and lower digestive
tract. Cell Death Dis. (2018) 9:961. doi: 10.1038/s41419-018-0982-2

Holmes DE, Giloteaux L, Williams KH, Wrighton KC, Wilkins MJ, Thompson
CA, et al. Enrichment of specific protozoan populations during in situ
bioremediation of uranium-contaminated groundwater. ISME J. (2013)
7:1286-98. doi: 10.1038/ismej.2013.20

Commensal

36. Luther J, Owyang SY, Takeuchi T, Cole TS, Zhang M, Liu M,
et al. Helicobacter pylori DNA decreases pro-inflammatory cytokine
production by dendritic cells and attenuates dextran sodium sulphate-
induced colitis. Gut. (2011) 60:1479-86. doi: 10.1136/gut.2010.22
0087

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

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

Copyright © 2022 Zhou, Liu, He, Wang, Lu, You, Chen, Cheng, Li, Fu, Kwan,
Zhou and Zhao. 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 Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 755969


https://doi.org/10.1038/ncomms8486
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1038/s41591-019-0504-5
https://doi.org/10.1371/journal.pone.0074963
https://doi.org/10.1016/j.celrep.2017.03.080~
https://doi.org/10.1038/s41419-018-0982-2
https://doi.org/10.1038/ismej.2013.20
https://doi.org/10.1136/gut.2010.220087
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/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

1' frontiers
in Medicine

OPINION
published: 12 January 2022
doi: 10.3389/fmed.2021.746230

OPEN ACCESS

Edited by:

Abbas Yadegar,

Shahid Beheshti University of Medical
Sciences, Iran

Reviewed by:
Chenyang Wang,
Nanjing University, China

*Correspondence:
Chatpol Samuthpongtorn
Jjamie15006@gmail.com

tORCID:

Chatuthanai Savigamin
orcid.org/0000-0002-7423-4147
Nuttida Mahakit
orcid.org/0000-0002-9068-2636
Chatpol Samuthpongtorn
orcid.org/0000-0002-4135-3617

Specialty section:

This article was submitted to
Gastroenterology,

a section of the journal
Frontiers in Medicine

Received: 23 July 2021
Accepted: 20 December 2021
Published: 12 January 2022

Citation:

Savigamin C, Mahakit N, Stithit S and
Samuthpongtorn C (2022) How to
Initiate Fecal Microbiota
Transplantation in Developing
Countries Using the Behavior
Economics Concept of “Choice
Architecture”. Front. Med. 8:746230.
doi: 10.3389/fmed.2021.746230

Check for
updates

How to Initiate Fecal Microbiota
Transplantation in Developing
Countries Using the Behavior
Economics Concept of “Choice
Architecture”

Chatuthanai Savigamin'f, Nuttida Mahakit??, Suchinda Stithit® and
Chatpol Samuthpongtorn

" Department of Parasitology, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand, ? Faculty of Medicine,
Chulalongkorn University, Bangkok, Thailand, ° Century Pharmaceuticals, Inc., Indianapolis, IN, United States

Keywords: fecal microbiota transplantation, gastrointestinal diseases, stool bank, behavior economics, choice
architecture, nudges

INTRODUCTION

Fecal Microbiota Transplantation (FMT) is a transfer of stool from a “healthy” donor to restore
eubiosis (healthy microbiome) in a recipient believed to harbor an altered colonic microbiome
(dysbiosis) resulting in disease development (1, 2). FMT is also referred to as stool transplantation,
fecal transplantation, fecal flora reconstitution, or fecal bacteriotherapy. Though it is mostly
employed in the treatment of Clostridioides difficile (formerly known as Clostridium difficle), FEMT is
now being investigated for its mechanism in the treatment of inflammatory bowel disease, irritable
bowel syndrome, hepatic encephalopathy, and other conditions (2). Recently FMT has gained
popularity in both the public media as well as peer-reviewed literature (1). However, one of the
challenges obstructing a successful FMT program is a negative perception regarding FMT from
both physicians and public citizens.

Nowadays, only Clostridioides difficile is approved for treatment using FMT. Fecal microbiota
transplantation has the potential to cure Clostridioides difficile through a direct pathway (short-
chain fatty acids and bile acids), nutrition competition, and bacteriophages that are unrelated
to the host and are transferred directly following fecal microbiota transplantation. As a result,
Clostridioides difficile can be cured through the use of a healthy donor who is not required to
be specific to each patient (Donor independent) (2). Gastroenterologists can choose any healthy
individual to donate stool. It is not necessary to have a program for donor recruitment for finding a
perfect stool donor. However, many other diseases, such as irritable bowel syndrome, inflammatory
bowel disease, and hepatic encephalopathy, require a specific, perfect donor. This is because FMT
contributes to the development and treatment of these disorders in an indirect pathway (through
bile acid and short-chain fatty acid metabolism) and is influenced by host-associated factors (Donor
dependent) (2). Consequently, if we want to develop FMT as a successful novel therapeutic
approach, we'll need a donor recruitment program to establish pools of perfect stool donor for
research and treatment.

One of the main challenges facing public citizens is that feces is a “Yucks Term.” Feces is
associated with a dirty and unpleasant image. It’s challenging to convince them that this is a novel
treatment. We believe social media platforms should rename “feces” to more attractive words.
This is what is referred to as “Punning.” For example, Nerlich and Koteyko (3) redefined FMT
as “vitalism,” which is synonymous with probiotic (4). Furthermore, some asserted that FMT was a
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supernatural power called “God’s probiotic” (5). Thus, FMT was
linked with the socially acceptable because they are familiar with
probiotics in medicine (4).

We applied the Nudge principle to promote a positive
perception regarding FMT to both physicians and public citizens.
The Nudge principle was invented by Richard H Thaler since
the early twentieth century, and he won a Nobel Prize in 2017
for his contribution in Nudge principle. Nudge is a behavior
intervention designed to change people’s behavior indirectly by
changing the environment and situation to allow for a better
choice and decision making (6). Nudge is a well-known principle
employed in the business, economics, and healthcare domains.
This principle is based on incentive, understanding mapping,
default choice, feedback, relative comparison, expansion of the
important outcome and structural complex choices (6). We
believe the Nudge principle could lead to a structure that
allows a successful establishment of FMT programs in the
developing countries.

DISCUSSION AND SUGGESTIONS

We propose four essential
microbiota transplantation.

steps for initiating fecal

1. Finding a perfect stool donor.

2. Initiating a clinical trial.

3. Establishing a stool standard for use in other research trials.
4. Establishing a clinical center for the transplantation of
fecal microbiota.

We focused on the first two steps in forming the fecal microbiota
transplantation in this paper. We established nine interventions
based on the Nudge principle which will be incorporated into
each step of initiation of fecal microbiota transplantation.

1. Finding perfect stool donors—numerous steps should
be taken to find perfect stool donors, such as completing a
questionnaire to select an appropriate donor, collecting blood
samples for further investigation, receiving stool specimens
and investigating the stool specimens for proper criteria to
be considered as a perfect donor (7). We propose that by
incorporating Nudge theories and our suggestion, we can
make these steps easier and more successful by nudging the
stool donors.

Intervention 1: Certification

Openbiome (the worlds largest non-profit stool bank) (8) as
well as Asia Microbiota bank (Asia’s largest stool bank) provide
financial reward as an incentive to motivate fecal microbiota
donors to continue their donation.

Apart from financial incentives, we propose a certificate of
merits be given to fecal microbiota donors. This certificate will
also indicate that the donor is healthy and passes the health
examination screening. Additionally, this certificate can be used
for a discount to future healthcare-related cost. This method was
count as an incentive in nudge principle.

Intervention 2: Complimentary Breakfast
Most people defecate in the morning; therefore, fecal microbiota
donation in the morning is usually preferred. A complimentary
breakfast serves as both an incentive and is part of a pleasant
environment prior to the donation. Additionally, it also triggers
a gastrocolic reflex stimulating the defecation.

Intervention 3: Elegant Home-Like Toilet
Defecation can be challenging in an unfamiliar environment.
Therefore, arranging a toilet that replicates an elegant home-like
environment would be helpful to facilitate ease in defecation of
fecal microbiota donors.

Intervention 4: Provide Essential

Information

Information should contain pros and cons of the fecal
microbiota donation along with the procedure in detail. Excessive
information and text should be avoided. The infographic should
attract attention and should be self-explanatory; the narration
should be concise and easy to understand; and the presented
data should be distinctive (9). We propose our infographic in
Figure 1. By using this method, we incorporated the principle of
understand mapping into our suggestion.

Intervention 5: Advertisement Imaging

If we want to make it easier to find perfect stool donors, one
of the most essential aspects is to shift the imaging of fecal
microbiota transplantation away from poop transfer and toward
more sophisticated imaging such as a natural probiotic cocktail,
God’s probiotic, etc. This shift in perception should help persuade
more stool donors to donate fecal microbiota.

Intervention 6: Online Community for Fecal

Microbiota Transplantation

Social networking has become an essential part in this modern
era. It can be a powerful tool to enhance the awareness of FMT
and expand the donor pool. Multiple channels such as a Facebook
page, an official Line group, or a webpage should be utilized
to capture a larger interest group of donors. We had known
from previous reports that people tend to conform to other
people, and these effects especially increase when the size of other
people increase. This online community should be a useful tool
in finding perfect donors when everybody is talking about fecal
donation. This type of intervention in nudge theories is called
feedback (6).

2. Initiating clinical trial: After finding perfect stool donors, we
must screen patients for a variety of diseases. Depending on our
treatment objective, we can use selected stool from the perfect
donor pool. In this section, we want to nudge the gastrointestinal
medical doctors or referring physicians to pay attention or use
this type of intervention. We suggest the following intervention
for those processes.

Intervention 7: Comparison Between Our
Country and Neighboring Countries

We propose using an infographic comparison between various
core domains of each FMT program. This information can
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be utilized to continuously improve the program performance.
However, given the difference in the culture and philosophy
of each country, certain interventions may not always yield
similar results. This intervention would nudge the GI doctors
and referring doctors to believe that this FMT program has been
widely used in their neighborhood. It will create the comparison
which should nudge the doctors to use more FMT and do more
research about them.

Intervention 8: Emphasize the Benefit of

Fecal Microbiota Transplantation

We propose emphasizing how FMT could impact people’s lives
in a positive way and how fecal microbiota donor could have
an enormous impact on helping others who suffer. For example,
people with severe refractory Clostridioides difficile infection have
a mortality rate of 43.2%. However, with FMT, the mortality
rate is reduced to 12.1%. FMT can substantially decrease the
requirement for colectomy in these patients from 31.8 to 7.6%
(9, 10). We should simplify the essence of this intervention to
nudge the doctors toward the belief that this FMT program is
interesting and worth doing research on and worth referring
patients to.

Because developing countries often lack resources and may
encounter difficulties initiating FMT for only Clostridioides
difficile infection, we should emphasize the impact and potential
of EMT as a therapeutic target for various diseases. For example,
FMT could be effective in curing inflammatory bowel disease,
irritable bowel syndrome, and hepatic encephalopathy (2).
Additionally, several studies have demonstrated that FMT may
be beneficial in the treatment of metabolic syndrome, obesity,
autism, Parkinson’s disease, multidrug-resistant organism
infections and autoimmune disorders (11-13). We should
emphasize that, while initiating FMT in developing countries
was challenging, if we succeed, we will have therapeutic targets
for not only gastrointestinal disease but also for significant
extra-gastrointestinal diseases that were the serious burden in
developing countries.
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Gut Metagenome as a Potential
Diagnostic and Predictive Biomarker
in Slow Transit Constipation

Hongliang Tian"?f, Chen Ye"?f, Bo Yang "', Jiaqu Cui"2, Zhijun Zheng"®, Chunyan Wu "3,
Shailan Zhou 2, Xiaogiong Lv "2, Nan Qin ", Huanlong Qin "2, Ning Li"? and Qiyi Chen "2

" Intestinal Microenvironment Treatment Center of General Surgery, Tenth People’s Hospital of Tongji University, Shanghai,
China, 2 Clinical Research Center for Digestive Diseases of Tongji University, Shanghai, China, ° Realbio Genomics Institute,
Shanghai, China

Slow transit constipation (STC) is one of the most frequent gastrointestinal diagnoses. In
this study, we conducted a quantitative metagenomics study in 118 Chinese individuals.
These participants were divided into the discovery cohort of 50 patients with STC and
40 healthy controls as well as a validation cohort of 16 patients and 12 healthy controls.
We found that the intestinal microbiome of patients with STC was significantly different
from that of healthy individuals at the phylum, genus, and species level. Patients with
STC had markedly higher levels of Alistipes and Eubacterium and lower abundance of
multiple species belonging to the Roseburia genus. Patients with STC gene expression
levels and the Kyoto Encyclopedia of Genes and Genomes (KEGG) orthology pathway
(such as fatty acid biosynthesis, butanoate metabolism, and methane metabolism
pathways) enrichment were also substantially different from those of healthy controls.
These microbiome and metabolite differences may be valuable biomarkers for STC. Our
findings suggest that alteration of the microbiome may lead to constipation by changing
the levels of microbial-derived metabolites in the gut. Above findings may help us in the
development of microbial drugs.

Keywords: slow transit constipation, gut microbiome, metagenomic analysis, pathogenesis, diagnostic, biomarker

INTRODUCTION

Chronic constipation is characterized by various symptoms such as straining, lumpy or hard
stool, sensation of incomplete evacuation, sensation of anorectal obstruction, and infrequent
defecation (<3 defecations/week) (1, 2). Slow transit constipation (STC) is the major category
of chronic constipation (3). The characteristics of STC include slower colonic transit and fewer
high-amplitude propagated contractions. It is a complex pathogenesis that involves the enteric
nervous system, the interstitial cells of Cajal, and colonic smooth muscle, but it is still incompletely
understood (4-7).

Decreased colonic motility is an important pathophysiological mechanism of STC. Recently,
several studies have suggested that gut microbiota may be involved in the etiology of constipation.
Disturbance of stool microbiota has been found in many patients with constipation (8, 9).
Furthermore, Vandeputte et al. found that stool consistency is associated with the richness and
composition of gut microbiota as well as enterotypes and bacterial growth rates (10). Recent
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TABLE 1 | Characteristics of patients with slow transit constipation (STC) and
healthy controls.

STC patients Healthy controls

(n = 66) (n =52)
Gender (M:F) 14:26 17:23
Age (y) 432 +26 452 £ 35
Weight (kg) 58.2 £3.2 59.7 £ 6.3
Height (cm) 166 + 5.2 164 +7.2
BMI 204+ 21 224 +1.6
Stools/day (week) 1.6+0.8 54+1.1
Stool consistency (1-7) 21+08 42+06
Medications history Dietary modification, None

laxatives (including

osmotic and stimulant

laxatives), and

biofeedback
Disease history (years) 6.1 +£3.8 None
Colonic transit test (hours) 83.4+ 126 None

advances in sequencing technology have profoundly affected
the field of microbiology. Quantitative metagenomics analysis
has been used successfully to study the pathogenesis of many
chronic diseases (11, 12). However, to date, no study has used
this approach to analyze STC.

In this study, to comprehensively catalog the gut microbiome
features of constipation, we conducted a quantitative
metagenomics study in 118 adults, including STC and
healthy controls.

METHODS

Study Participants

A total of 66 patients with STC and 52 healthy controls from
September 2015 to December 2019 were enrolled in this study
from the Shanghai Tenth People’s Hospital. Inclusion criteria:
Ages eligible for study: 18 years and older; body mass index: 18—
24 kg/m?; and STC as defined by patients with a colonic transit
test (CTT) of >48h (13, 14). This clinical trial was registered
at ClinicalTrials.gov (NCT02395484). The clinical diagnosis and
fecal samples of all the individuals were obtained from the
hospitals (Table 1).

Sample Collection and DNA Extraction

Fecal samples were collected from the recruited subjects
from these 118 participants. All the samples were then frozen
immediately and stored at —80°C until DNA extraction.
DNA was extracted from each stool sample using the
commercial QIAamp DNA Stool Mini Kit (Qiagen, Valencia,
California, USA).

Deoxyribonucleic Acid Library

Construction and Sequencing
The metagenomic DNA libraries were constructed with 2 pg
genome DNA according to the instruction of the manufacturer

(lumina, California, USA), with an average of 350 bp insert size.
The quality of all the libraries was evaluated using the Agilent
2100 Bioanalyzer with a DNA 1000 LabChip Kit.

lllumina Hiseq Sequencing

The Illumina Hiseq platform was employed to sequence the 118
samples, thereby obtaining a total of 1.6 Tbp sequencing data.
Mlumina raw reads were subjected to the following treatments:
(1) reads with more than 3 ambiguous N bases were removed;
(2) reads with less than 60% of high quality bases (Phred score
> 20) were deleted; and (3) 3’ end of reads were trimmed to
the first high quality base. The subsequent high quality reads
were further mapped to human genome by SOAPaligner (version
2.21) and any hit associated with the reads and their mated
reads was removed. After QC, trimming, and remove host
contaminate, 44.76 £ 0.86 million clean reads per sample on
average are reserved. Sample statistic information is given in
Supplementary Table S1.

De novo Assembly of the lllumina Short

Reads

SOAPdenovo (version 2.04), which is based on De Bruijn
graph construction, was employed to assemble short reads with
parameters “-M 3 -u -L 100 -d 1 -F.” k-mers, varying from
39 to 59 by 4, was tested for each sample (15). The resulting
scaffolds were cut into contigs at ambiguous Ns and only contigs
longer than 500 bp were saved. N50 was calculated for contigs
of different k-mers and only the contigs of largest N50 assembly
were attributed to a sample. All these contigs were applied for
gene prediction by Meta-Gene Marker (version 3.25).

Taxonomic and Gene Profiling

Microbial composition at each taxonomic level was calculated
using the MetaPhlAn2 program with default parameters.
The program is available at https://bitbucket.org/biobakery/
biobakery/wiki/humann2. Relative abundances of the genes were
calculated with the procedure introduced in Qin et al. (12).
When calculating the abundance of genes, the high quality reads
from each sample were aligned against the gene catalog by using
SOAPalign2.21 with parameters of “-r 2 -m 100 -x 1,000” and
only the both paired-end reads, which could be mapped to a same
gene, were accepted.

Gene Catalog, the Kyoto Encyclopedia of
Genes and Genomes Database Annotation,

and Pathway Profile

After removing redundancy by Collect DNA-HIT, genes were
also annotated by the KEGG database. The KEGG Orthology
(KO) profiling was calculated as the sum abundances of genes
with the same KO number. The abundances of the KEGG
pathway were calculated as the average abundances of all the KO
under the pathway (16).

Statistical Methods

Characteristics of participant between two groups were
compared by using the f-tests for continuous variables and
the chi-squared tests for categorical variables. The richness
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and the B-diversity of the microbiota dataset were analyzed
using Quantitative Insights Into Microbial Ecology (17). The
nonparametric Wilcoxon signed-rank test was employed to
analyze the statistical significance of the gene, the KO, Ortholog
Groups, enzyme, and different taxonomic (phylum, genus, and
species) levels between the STC and healthy control group. The
relative abundance of these features was subjected to statistical
analyses. For categorical metadata and enterotype comparisons,
samples were pooled into bins and significant features were
identified using the Fisher’s exact test with multiple testing
correction of p-values. Statistical analyses were performed using
SAS software (version 9.4; SAS Institute, Cary, North Carolina,
USA) and R software (version 3.6.3; R Foundation for Statistical
Computing, Vienna, Austria) (18).

RESULTS

Enrollment of the Patient

Phenotype information was obtained from patients with STC
and healthy controls during the discovery stage (90 samples)
and the validation stage (28 samples), as shown in Table 1.
The data obtained from these 118 samples are shown in
Supplementary Table S1.

Difference in Gut Microbiota Composition
Our analysis revealed that STC displayed significant differences
between two groups (Figure1l). At the phylum level, the
intestinal flora in patients with STC was enriched in Firmicutes,
Actinobacteria, and Verrucomicrobia and in healthy individuals
was enriched in Bacteroidetes, Euryarchaeota, Fusobacteria, and
Synergistetes (Supplementary Table S2). The genera enriched
in patients with STC included Alistipes, Parabacteroides,
Subdoligranulum, and Ruminococcus and the genera enriched in
healthy individuals were Bacteroides, Roseburia, Haemophilus,
and Klebsiella (Supplementary Table S3). At the species level,
patients with STC were enriched in Alistipes putredinis,
Parabacteroides merdae, Odoribacter splanchnicus, and
Eubacterium eligens and healthy individuals were enriched
in Roseburia intestinalis, Haemophilus parainfluenzae,
Megamonas  unclassified, and  Klebsiella = pneumoniae
(Supplementary Table S4). Therefore, the intestinal microbiome
of patients with STC is significantly different from that of healthy
individuals at the phylum, genus, and species level.

Detection of Enterotypes in Patients With
STC

Enterotype is a characteristic stratification of the intestinal
microbiome population. To determine whether the patients with
STC have a unique enterotype, we subjected 90 samples from
cohort 1 to enterotype analysis, as described previously (19).
The results showed that all the samples clustered into 1 of 3
enterotypes. The Bacteroides and Prevotella enterotypes were
identical to those reported earlier (6) and the third enterotype
was distinguished by high levels of Alistipes and Eubacterium
(Figure 2; Supplementary Figure S1). The heatmap of top 30
most abundant genera for each of these 3 enterotypes is shown
in Supplementary Figure S2.

Differences in Microbial Gene and Pathway

Expression Between Two Groups

The gut microbiota of patients with STC and healthy individuals
included in this study differed greatly, not only at the
phylum, genus, and species level, but also in terms of gene
expression. Genes corresponding to the 859 KO entries were
differentially expressed in these 2 groups: 609 genes were
enriched in patients with STC and 250 genes were enriched
in healthy controls (Supplementary Table S5). To determine
the functional impact of these differences, we performed a
pathway analysis and found that the most abundant KEGG
orthologs in both the groups were those associated with fatty
acid biosynthesis (Supplementary Figure S3). In the fatty acid
biosynthesis pathway, 3-oxoacyl-(acyl-carrier-protein) synthase
II [EC:2.3.1.179] (fabE KO09458), 3-hydroxyacyl-(acyl-carrier-
protein) dehydratase [EC:4.2.1.59] (fabZ, K02372), enoyl-
(acyl-carrier protein) reductase I [EC:1.3.1.9 1.3.1.10] (fabl,
K00208), and long-chain acyl-CoA synthetase [EC:6.2.1.3]
(K01897) were enriched in healthy controls, whereas acetyl-CoA
carboxylase/biotin carboxylase 1 [EC:6.4.1.2] (K11262) and fatty
acid synthase, bacteria type [EC:2.3.1] (K11533) were enriched in
patients with STC (Supplementary Figure S4).

In the butanoate metabolism (map00650) pathway, succinate
dehydrogenase/fumarate  reductase, flavoprotein  subunit
[EC:1.3.5.1] (K00239) was enriched in healthy controls,
while (R,R)-butanediol dehydrogenase/meso-butanediol
dehydrogenase/diacetyl reductase [EC:1.1.1.4 1.1.1.-1.1.1.303]
(K00004), succinate-semialdehyde dehydrogenase [EC:1.2.1.76]
(K18119), acetate CoA/acetoacetate CoA-transferase
alpha subunit [EC:2.8.3.8 2.8.3.9] (K01034), acetaldehyde
dehydrogenase (acetylating) [EC:1.2.1.10] (K00132), 4-
hydroxybutyrate dehydrogenase [EC:1.1.1.61]  (K00043),
4-hydroxybutyrate CoA-transferase [EC:2.8.3.-] (K18122),
4-hydroxybutyryl-CoA  dehydratase/vinylacetyl-CoA  delta-
isomerase [EC:4.2.1.120 5.3.3.3] (K14534), butyryl-CoA
dehydrogenase [EC:1.3.8.1] (K00248), enoyl-CoA hydratase
[EC:4.2.1.17] (K01692), glutaconate CoA-transferase, subunit A
[EC:2.8.3.12] (K01039), 3-hydroxybutyryl-CoA dehydrogenase
[EC:1.1.1.157]  (K00074), acetyl-CoA  C-acetyltransferase
[EC:2.3.1.9] (K00626), and hydroxymethylglutaryl-CoA lyase
[EC:4.1.3.4] (K01640) were enriched in patients with STC
(Supplementary Figure S5).

In the methane metabolism (map00680) pathway, acetyl-CoA
synthetase [EC:6.2.1.1] (K01895), phosphate acetyltransferase
[EC:2.3.1.8] (K00625), malate dehydrogenase [EC:1.1.1.37]
(K00024), and 2,3-bisphosphoglycerate-independent
phosphoglycerate mutase [EC:5.4.2.12] (K15633) were
enriched in healthy controls, whereas heterodisulfide reductase
subunit A [EC:1.8.98.1] (K03388), 3-hexulose-6-phosphate
synthase [EC:4.1.2.43] (K08093), (methyl-Co(III) methanol-
specific corrinoid protein):coenzyme M methyltransferase
[EC:2.1.1.246] (K14080), formylmethanofuran dehydrogenase
subunit A [EC:1.2.7.12] (K00200), anaerobic carbon
monoxide dehydrogenase, CODH/acetyl-CoA synthase (ACS)
complex subunit alpha [EC:1.2.7.4] (K00192), acetyl-CoA
decarbonylase/synthase, CODH/ACS complex subunit beta
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FIGURE 1 | Differences of phylogenetic abundance between patients with slow transit constipation (STC) and healthy controls. The phylotypes were increased (A) or
decreased (B) in patients with STC at the phylum, genus, and species levels. Red and blue indicate patients with STC and healthy controls, respectively. The
phylogenetic abundance of phyla that had mean values <1% and that of genera and species that were <0.01% was excluded. After exclusion, the Wilcoxon
rank-sum tests were applied to identify the differentially abundant phyla, genera, and species. Among these, the highest medians of the phylogenetic abundance in

[EC:2.3.1.169] (K00193), 2-phosphosulfolactate phosphatase
[EC:3.1.3.71] (K05979), and methanogen homoaconitase large
subunit [EC:4.2.1.114] (K16792) were enriched in patients with
STC (Supplementary Figure S6).

Construction of a Model for Classifying
Patients as Having STC Based on Intestinal

Microbiome Biomarkers

On the basis of the microbial and gene expression characteristics
identified as described above, we next sought to construct
a model for distinguishing patients with STC from healthy
individuals. First, we selected the 15 species with the most
advantageous receiver operating characteristic (ROC) curve
values from among the 59 species with differential abundance
between the two groups (Table2). The classification model
constructed using these species as biomarkers had an Area Under
Curve (AUC) of 88.65% in the discovery set and 78.65% in the
validation set (Figure 3). Next, we constructed a classification
model using the 10 differentially expressed KO markers with
the most advantageous ROC curve values among the 859
differentially expressed KO biomarkers. This model had an AUC
of 95.15% in the discovery set and 79.69% in the verification
set (Table 3). Thus, the model constructed using KO biomarkers

can adequately distinguish between patients with STC and
healthy individuals.

DISCUSSION

In this study, we studied the gut microbiome in patients with STC
using quantitative metagenomics. To the best of our knowledge,
this is largest metagenomics study performed to date analyzing
the characteristics of the gut microbiome in patients with STC.
Our results show that the gut microbial characteristics of patients
with STC differ from those of healthy controls, suggesting that
gut microbiome composition may contribute to the development
of STC.

We found that the intestinal flora of patients with constipation
is more diverse than that of healthy individuals. In addition,
we identified significant differences between the constipated
and control groups at the phylum, genus, and species
level. There was a statistically significant increase in the
abundance of Actinobacteria, Firmicutes, and Verrucomicrobia
and a statistically significant decrease in the abundance of
Bacteroidetes, Euryarchaeota, Fusobacteria, and Synergistetes
in the gut of patients with STC compared with the healthy
control group.
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FIGURE 2 | Sample clustering and classification for Enterotype analysis. According to the Jensen-Shannon distance of genus level, all the samples are clustered into
the 3 types by the method of Manimozhiyan. Each of these 3 clusters are identifiable by the variation in the levels of 1 of 3 genera: Bacteroides (cluster 1), Prevotella
(cluster 2), Alistipes and Ruminococcus (cluster 3). The histogram shows the distribution ratio of the control and STC groups in the 3 clusters.

TABLE 2 | The best 10 KEGG Ontology (KO) markers in the receiver operating characteristic (ROC) curve picked from the 859 differential KO markers.

KO marker Median (control) Median (STC) P-value FDR Enrichment in which group
K0oo87 0.000007 0.00001 0.0006 0.00004 STC
K00968 0.000006 0.00001 0.0006 0.002 STC
K03205 0.0003 0.0006 0.0006 0.0002 STC
K03696 0.0002 0.0002 0.0006 0.0002 STC
K07138 0.00009 0.0001 0.0006 0.000005 STC
K07444 0.0002 0.0002 0.0006 0.0001 Control
K07650 0.0000006 0.000001 0.004 0.027 STC
K11261 0.000001 0.000008 0.00005 0.00001 STC
K13787 0.000001 0.000003 0.00001 0.0005 STC
K17898 0.0000002 0.000001 0.000000001 0.0001 STC
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FIGURE 3 | The receiver operating characteristic (ROC) curves of the sequenced reference species markers and the KEEG Ontology (KO) markers. The classification
model constructed using 15 species as biomarkers had an AUC of 88.65% in the discovery set (A) and 78.65% (B) in the validation set. We constructed a
classification model using the 10 differentially expressed KO markers with the most advantageous ROC curve values among the 859 differentially expressed KO
biomarkers. This model had an AUC of 95.15% (C) in the discovery set and 79.69% (D) in the verification set.

However, the abundance of Roseburia intestinalis, a prominent
butyrate-producing Firmicute that is reported to be the primary
degrader of dietary fiber (20), was increased in the healthy
group compared with the STC group. This is the first study
to robustly demonstrate that Roseburia intestinalis abundance
is increased in the gut microbiome of patients with STC
compared with healthy controls using shotgun sequencing.

The altered abundances of this species are a cause or a
consequence of constipation that warrant further investigation.
In the recent years, the role of Roseburia intestinalis has been
revealed in more and more studies (21, 22). The administration
of Roseburia intestinalis contributes to restoration of the
gut microbiota, promoting colon repair, and the recovery of
gastrointestinal function.
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TABLE 3 | The best 15 species markers in the ROC curve picked from the 59 differential species markers.

Species marker Median (control) Median (STC) P-value FDR Enrichment in which group
Akkermansia_muciniphila 0 0.000001 0.0006 0.027 STC
Clostridium_hathewayi 0.000000006 0.000003 0.001 0.001 STC
Clostridium_symbiosum 0 0.000002 0.001 0.038 STC
Coprobacillus_sp_29_1 0 0 0.004 0.09 Control
CoprocoSTCus_catus 0.000002 0.00001 0.007 0.12 STC
Desulfovibrio_desulfuricans 0 0 0.007 0.12 control
Erysipelotrichaceae_bacterium_2_2_44A 0 0.0000001 0.0004 0.027 STC
Fusobacterium_periodonticum 0 0 0.04 0.34 Control
Gordonibacter_pamelaeae 0 0.0000007 0.0005 0.02 STC
Lachnospiraceae_bacterium_3_1_57FAA_CT1 0 0.00000003 0.00008 0.0099 STC
Oscillibacter_sp_KLE_1745 0 0 0.009 0.13 Control
Parabacteroides_merdae 0.00002 0.0001 0.002 0.05 STC
Roseburia_intestinalis 0.00004 0.000003 0.004 0.09 Control
Subdoligranulum_sp_4_3_54A2FAA 0 0 0.001 0.001 Control
Subdoligranulum_unclassified 0.00004 0.0001 0.0001 0.012 STC

The findings from this study may provide a rationale for
microbiome-based therapies and patient stratification in the
clinical management of constipation. The molecular Operational
Taxonomic Units markers identified the current cohort that
need to be validated in larger, independent studies. Although
the alterations that we noted in the microbiota could serve
as biomarkers for disease diagnosis or severity stratification,
animal experiments and in-vitro studies are needed to elucidate
whether these markers are cause of the disease or simply the
consequence of increased CTT leading to stool retention and
altered fermentation parameters (23, 24). Further investigation
into possible mechanisms, microbial-assisted diagnosis, and
therapeutics holds great potential for the effective management
of constipation.

We constructed classification algorithms (classifiers) to
identify patients with STC using 3 types of biomarkers. Each
of these 3 enterotypes are identifiable by the variation in the
levels of 1 of 3 genera: Bacteroides (enterotype 1), Prevotella
(enterotype 2), and the 3rd enterotypes were marked by Alistipes
and Eubacterium (Figure 2; Supplementary Figure S1). These
phylogenetic and functional differences among enterotypes, thus,
reflect different combinations of microbial trophic chains with
a probable impact on synergistic interrelations with the human
hosts. The robustness and predictability of the enterotypes in
different cohorts and at multiple phylogenetic and functional
levels indicate that they are the result of well-balanced, defined
microbial community compositions of which only a limited
number exist across individuals (25, 26).

The results showed that all the samples clustered into 1 of
3 enterotypes. The Bacteroides and Prevotella enterotypes were
identical to those reported earlier in other diseases (27-29) and
the 3rd enterotype was distinguished by high levels of Alistipes
and Eubacterium, which have never been reported, may be
unique to patients with STC, and were different from other types
of diseases.

Some strong correlations occur between host properties and
particular functions at the gene or module level (a module is
a part of a pathway that is functionally tightly interconnected);

we also attempted to identify bacterial biomarkers that may help
in the diagnosis of STC by generating 10 different metagenomic
shotgun markers. When using these biomarkers, we were able
to distinguish patients with STC from normal patients with a
moderate degree of certainty (AUC = 82.69). This is extremely
important for the diagnosis and classification of constipation
and serving the clinic through a cost-effective and time-saving
technique is one of the purposes of this study.

The large sample size used in this study allowed us to focus
on functional metagenomic data that are potentially related
to prognosis and could be important for identifying adjuvant
therapeutic targets that target functional pathways rather than
specific species. Our analysis suggested that there are differences
in the fatty acid biosynthesis, fatty acid degradation, butanoate
metabolism, and methane metabolism pathways between STC
and healthy microbiomes. Thus, modulating these metabolic
pathways could influence the development of STC and related
symptoms, providing new avenues for exploring the role of the
gut microbiome in STC (30).

The most enriched orthologs in patients with STC were
related to fatty acid, especially short-chain fatty acids (SCFAs),
that play an important role in colonic motility. The intestinal
microorganism ferment dietary fiber produces SCFAs, mainly
acetic acid, propionic acid, and butyric acid. In the intestine,
SCFAs not only act as nutrients for intestinal epithelial cells,
but also serve to regulate intestinal pH, cell proliferation and
differentiation, and gene expression (31, 32).

We also found that SCFAs have an important role in
other diseases. Tan et al. reported low SCFAs in Parkinson’s
disease were significantly associated with poorer cognition.
Lower butyrate levels correlated with worse postural instability-
gait disorder scores (33). Liu et al. indicated that altered
fecal microbiota might play vital roles in the pathogenesis of
pediatric myasthenia gravis by reducing SCFAs. The microbial
markers might serve as novel diagnostic methods for pediatric
myasthenia gravis (34). Therefore, the intestinal microbiota
in patients with STC may affect gut motility by altering
host metabolism.
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Metagenomics analysis showed that there was significant
difference in the methane metabolism pathway between the two
groups. This finding is particularly intriguing because one of
the main clinical symptoms of patients with constipation is
abdominal distension caused by excessive methane production.
Compared with the healthy control group, methane metabolism
pathways were significantly enriched in the STC group. Previous
studies have shown that methane negatively affects intestinal
motility, slowing colonic transit time (35, 36). This is the first
study to focus on the correlation between methane and STC at
the metagenomic level. On the basis of the above findings, we
believe that methane quantification could be used to diagnose
STC (37, 38).

There are several limitations of this study. First, we have
collected for testing is natural feces, which are different from
mucosal adherent bacteria. A cause-effect relationship between
microbiome and constipation needs to be evaluated, especially
for mucosal microbiome. Secondary, a thorough dietary survey
was not performed prior to stool collection. Diet is a strong
determinant of the microbial microenviroment. Constipated
individuals are reported to consume fewer calories as well as
lesser amount of protein and fat, but possibly increased amount
of fibers and all of the above factors would affect the colonic
microbiota and transit time. Thirdly, these diagnosis biomarkers
should be tested through a larger clinical sample size and
should be discussed to explore the application in future clinical
diagnosis and treatment of STC. Fourth, we review the pros and
cons of the current high-throughput methods. After isolating
whole-genomic DNAs from a fecal sample, the high-throughput
identification of 16S ribosomal DNA (rDNA) by Next Generation
Sequencing (NGS) alone generates enough information for
high-throughput identification of microbes constituting gut
microbiota. NGS methods are the best approaches. However, this
technology is far from becoming commonplace and affordable
because of the high cost and infrastructure required for the
analysis. In addition, this method cannot dynamically reflect
the changes and effects of the intestinal flora and is gradually
being replaced by metabolomics, transcriptomics, proteomics,
bacterial culture, and fluorescence in situ hybridization (FISH),
which facilitates the understanding the link between individual
bacterial cells and their metabolic functions. Our results provide
new avenues for the development of novel diagnostic tools
and potential treatments. Furthermore, our findings suggest
that alteration of the microbiome may lead to constipation by
changing the levels of microbial-derived metabolites in the gut
and that restoring balance to the disrupted microbiota could
help to improve the clinical phenotype. Further experimental or
preclinical studies are necessary to examine the role of the altered
microbiota in the pathogenesis of colonic motility changes.

CONCLUSION

In this study, we have reviewed the association of gut microbiome
composition with STC as well as its possible roles in the

development of this disease. We revealed a novel link between
the gut microbiome, host genome, and pathology of STC. This
study will be a platform model of the microbiome studies to
elucidate etiology of this disease, evidenced by the changes in
genes, pathways, and various taxonomic levels. Discovery of the
associated microbes of STC in the gut microbiome may help us
to seek more intestinal microbial agents for this disease.
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Background: Fecal microbiota transplantation (FMT) has been widely performed for
ulcerative colitis (UC) treatment at the clinical trial stage. Previous reports have used
multiple FMT methods to enhance the colonization of healthy donor microbiota in the
recipient’s intestines. FMT following triple antibiotic therapy with amoxicillin, fosfomycin,
and metronidazole (A-FMT) is not only effective but also requires only one FMT,
which improves dysbiosis caused by reduced Bacteroidetes diversity in patients with
UC. Alginate and its derivatives have the potential to induce the growth of intestinal
bacteria including Bacteroides members and produce short-chain fatty acids (SCFAs),
which are beneficial in regulating overactive autoimmunity. Our trial aims to investigate
whether post-intervention with alginate, which can improve the intestinal environment, will
enhance the therapeutic effect of A-FMT in UC and increase the long-term remission rate.

Methods and Analysis: This trial is a double-blinded, randomized, placebo-controlled,
parallel assignment trial. Patients with UC and fecal donation candidates will undergo
strict screening before being involved in the trial. Eligible patients are randomly divided
into two groups: one group will drink one bottle of alginate twice a day for 8 consecutive
weeks after A-FMT, while the other group will take a placebo instead of the alginate
drink. The primary endpoints are the changes in the Total Mayo Score at 8 weeks after
study initiation and A-FMT from baseline. The secondary endpoint is the comparison
of clinical features, microbiota, and metabolomic analysis before and after 8 weeks of
study food intake. Changes at 6, 12, 18, and 24 months after A-FMT will be assessed.
Finally, a subpopulation analysis of the relationship between patients and donors is an
exploratory endpoint.

Discussion: The FMT post-treatment used in this study is an oral alginate drink
that is easily accepted by patients. If the regimen achieves the desired results, it
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can further improve the A-FMT regimen and provide evidence for clinical practice

guidelines for UC.

Clinical Trial

Registration:
identifier: JRCTs031200108.

https://jrct.niph.go.jp/latest-detail/jRCTs031200103,

Keywords: ulcerative colitis, alginate, fecal microbiota transplantation (FMT), double-blind randomized controlled
trial, antibiotic-FMT, placebo-controlled clinical study

INTRODUCTION

Although advances in ulcerative colitis (UC) drug treatment
regimens have been made, 20-25% of patients choose a surgical
intervention due to resistance or intolerance to drug treatment,
which can cause pain and inconvenience to patients (1). To
date, the pathogenesis of UC is not completely understood, and
is only known to be the result of autoimmune processes and
genetic and environmental factors; however, patients with UC
commonly show decreased diversity and richness in the intestinal
microbiota, resulting in dysbiosis (2, 3). Dysbiosis is thought
to contribute to the development of aberrant immunological
responses in inflammatory bowel disease (IBD) (4).

Fecal microbiota transplantation (FMT) is a minimally
invasive therapeutic approach that involves transplanting
intestinal microbiota from healthy donors to restore the normal
intestinal microbiota functions in patients with disease-related
dysbiosis. The implementation of FMT to treat UC is rapidly
attracting the attention of the public (5, 6). Randomized clinical
trials have assessed the use of multiple FMT operations for
enhancing the colonization of the intestinal microbiota from
healthy donors (7-10). The clinical remission rate of patients
receiving FMT reached an average of 42.1% (11). However, the
methods outlined in the above reports are difficult to manage
and implement in actual clinical practice.

FMT following triple antibiotic therapy with amoxicillin,
fosfomycin, and metronidazole (A-FMT), a method used by
our team, is simple to operate because it only requires one
FMT via colonoscopy followed by administration of antibiotics
for 2 weeks. The combination antibiotic therapy consisting of
amoxicillin, fosfomycin, and metronidazole (AFM) was modified
for amoxicillin, tetracycline and metronidazole (ATM) therapy to
reduce the adverse events caused by tetracycline. The efficacy of
these combination antibiotic therapies (AFM, ATM) in treating
patients with UC was previously reported (12, 13). We employed
AFM as antibiotic pre-treatment to enhance reprogramming of
the host intestinal microbiota by increasing the donor microbe
colonization (14) and to achieve synergistic effects with FMT. We
previously reported that A-FMT contributed to the recovery of
the Bacteroidetes composition, which is associated with clinical
responses and UC severity (15). It has also been observed that
Bacteroidetes species components in clinical responders treated
with A-FMT remarkably resembled those of their donors (16).

Abbreviations: UC, ulcerative colitis; IBD, inflammatory bowel disease; FMT,
fecal microbiota transplantation; A-FMT, FMT following triple antibiotic therapy
AFM (amoxicillin, fosfomycin, and metronidazole); FCSA, short-chain fatty acids;
CDI, Clostridium difficile infection; HAMD, Hamilton Depression Scale; NPI,
Neuropsychiatric Inventory; PEG, polyethylene glycol.

These results indicate that A-FMT can effectively transplant the
Bacteroidetes cells which is lost as UC activity progress (17) in
fecal specimens from the donor to the intestinal environment of
the recipient, which is parallel to the clinical improvement of UC.
Furthermore, the high average clinical remission rate (43.8%) was
observed in patients at four weeks after administering A-FMT
comparing to previous reports with conventional FMT methods
(42.1%) (15, 18). Although A-FMT exhibited obvious advantages
compared to AFM monotherapy in our long-term clinical study,
the remission rate gradually declined to 18.2% within 24 months
(18). Wei et al. reported that intervention with pectin, a soluble
dietary fiber extracted from apples, after FMT can preserve
the diversity of the intestinal microbiota of patients with UC,
providing results similar to those of donors (19). We speculate
that FMT combined with post-interventions to maintain the
diversity of the intestinal microbiota may improve the efficacy of
FMT in UC treatment.

Alginic acid is a soluble dietary fiber polysaccharide that
is widely distributed in the cell walls of brown algae in
the form of alginate (20). Previous reports have found
that alginate oligosaccharides have various activities, such as
anti-inflammatory activity (21), antifungal activity (22) and
immunomodulatory activity (23). Besides, alginate not only
has a protective function on mucous membranes of the upper
gastrointestinal tract (24), but also ameliorated the symptoms of
experimental colitis and inflammatory responses (25). Mirshafiey
et al. have also verified that alginate can be used as a potential
treatment option for UC in both acute and chronic phase by rat
models (26, 27). Furthermore, alginate and its derivatives can
improve the growth of intestinal bacteria and can be fermented
by human gut bacteria to produce short-chain fatty acids
(SCFAs), which are beneficial to the intestine (28-30). A meta-
analysis showed that clinical improvements in IBD are associated
with the abundance of fecal microbiota and the enrichment of
SCFA-producing anaerobes (31). Therefore, the aims of our study
are to determine whether post-intervention with alginate can
increase the diversity of microbiota to enhance the therapeutic
effect of A-FMT in UC and delay the loss of microbiota diversity
to improve the long-term remission rate. To our knowledge,
this is the first randomized controlled study of the relationship
between alginate and UC therapy.

METHODS AND ANALYSIS

Study Design and Patients

This double-blinded randomized, placebo-controlled, parallel
assignment trial will be conducted at Juntendo University
Hospital (Tokyo, Japan). The study will be conducted until
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TABLE 1 | Exclusion criteria for patients with UC.

TABLE 2A | Donor exclusion criteria.

Informed consent not provided
Infectious enterocolitis
Receiving local therapy

Serious disease, such as liver disease, kidney disease, heart disease,
or other serious complications

Autoimmune disease

Pregnant women and all cases with the possibility of pregnancy
Allergic diseases

Antibiotic therapy in the past 3 months

Any other cases judged inappropriate by the responsible researcher

UC, Ulcerative colitis.

December 31, 2024 and is expected to involve 60 patients with
UC. Diagnosis of UC will be established based on standard
clinical, endoscopic, and histological findings (32) and both
hospitalized patients and outpatients will be included. To be
eligible, patients must be diagnosed with active UC and meet the
requirements of obtaining a Total Mayo Score of 3-10 (7, 9, 10)
and a Sum Endoscopic Mayo Score of 2 or above. All patients will
be over 20 years old and competent enough to provide informed
consent. There are no restrictions on gender.

To ensure the safety of patients, rigorous screening of patients
will be performed. If the patient has serious illness, pregnant
women, or has received local therapy, etc. will not be included
in our experiment. The detailed exclusion criteria for this study
are listed in Table 1.

Donors

To understand the health status of the donors and reduce
additional costs, we will conduct a preliminary medical inquiry
and physical examination of the donor candidates. As dysbiosis is
correlated with neuropsychiatric disorders including depression
and autism (gut-brain interaction) (33, 34), the Hamilton
Depression Scale (HAMD) and Neuropsychiatric Inventory
(NPI) will be used to assess psychiatric symptoms (Table 2A).
There are no restrictions on gender. In addition, to minimize
the risk of infection transmission, the donor candidates who
have passed the preliminary screening will undergo fecal and
blood tests. Donor candidates who test positive for any of the
items in Tables 2B, 2C will be excluded. Candidates who pass
the above rigorous screening will become eligible donors. Finally,
eligible donors will confirm whether they have diarrhea, fever,
or other uncomfortable symptoms when submitting stool, as
well as whether any cohabitants have diarrhea symptoms. The
donor candidates recommended by the patients themselves will
also need to pass all the screening processes mentioned above.
Approximately 150-200 g of fresh stool provided by the eligible
donors will be dissolved in 500 ml of sterile normal saline. The
sample will be processed to filter out crude fiber, and 100%
glycerol will be added to make the final glycerol concentration
10%. The sample will then be divided into 200-ml bottles
(Corning Co., Ltd., NY, USA). This procedure will be performed
under an anaerobic environment by replacing air with nitrogen

Medical interview (exclusions)

Age <18 or >70

BMI <18 or >25 or metabolic syndrome
Informed consent not provided

International travel to area with high risk of traveler’s diarrhea in the last 6
months

High-risk sex (unprotected sex outside of a monogamous relationship in
last 3 months, or men who have sex with men, sex for drugs or money)

Tattoo, body piercing, or acupuncture in the last 6 months

Needle stick accident in the last 6 months

Household members with active gastrointestinal infection

History of vaccination with a live attenuated virus in the last 3 months
Incarceration or a history of incarceration

Medical history (exclusions)

History of major gastrointestinal surgery

Family history of colorectal carcinoma

Active medical illness or symptoms

Antimicrobials (antibiotics, antivirals, antifungals), probiotics, or PPIs in the
last 3 months

Taking any medications
Acute diarrhea in the last 3 months

Irritable bowel syndrome, chronic constipation, Chronic diarrhea
Other intrinsic gastrointestinal illness: Inflammatory bowel disease, Colonic
polyps, Colon cancer

Autoimmune disease

Atopic disease (including atopic dermatitis)

Chronic fatigue syndrome

Psychiatric symptoms (exclusion)

Any psychiatric disorder assessed by HAMD or NPI

BMII, body mass index; PPIs, proton pump inhibitors; HAMD, Hamilton Depression Scale;
NPI, Neuropsychiatric inventor.

gas in a glove box (SANPLATEC Co., Ltd., Osaka, Japan). The
fecal suspension will be cryopreserved at —60°C in advance.

Interventional Methods

First, eligible patients with UC will receive a combination
antibiotic regimen called AFM comprising oral amoxicillin
(1,500 mg/day), fosfomycin (3,000 mg/day), and metronidazole
(750 mg/day). AFM will be administered to patients for 2 weeks
until 2 days before the FMT (15). The fecal suspension (200 ml)
will be thawed at 37°C using a water bath shaker on the day
of the FMT operation. After bowel lavage using a standard
polyethylene glycol (PEG) solution (Moviprep; EA Pharma,
Tokyo, Japan), the patients will undergo total colonoscopy.
A total of 200mL of fecal suspension will be transferred to
the patient’s cecum. After the procedure, patients will receive
scopolamine (10 mg) to slow intestinal transit and maintain
a right lateral position. If the patients drug dose for UC
treatment has been stable for at least 12 weeks before the pre-
registration, the patient will be permitted to continue ongoing
treatment. However, changes in the dosage of drugs or initiation
of new treatments will not be allowed during the intervention.
After the A-FMT regimen described above, the patients will
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TABLE 2B | Donor screening criteria: blood test.

Infections

Hepatitis A virus IgM, Hepatitis B virus surface antigen/antibody, Hepatitis
B virus core antibody, Hepatitis C virus antibody, Hepatitis E virus IgA

HIV type 1 and type 2 antibody and antigen
Human T-cell lymphotropic virus-1 antibody
Syphilis (RPR/TP)

Parasite-specific antibody screening test
Epstein Barr virus IgM

Cytomegalovirus antigen pp65 * RT-PCR
Tuberculosis (IFN-y)

COVID-19 antigen

Health condition

Complete blood count

Electrolytes (sodium, potassium, chlorine)
Renal function tests (blood urea nitrogen, creatinine)
Liver function tests (AST, ALT, ALP, y-GT)
Albumin

C-reactive protein

Ig, immunoglobulin; HIV, human immunodeficiency virus; IFN, interferon; RPR, rapid
plasma regain; TR, treponema pallidum; RT-PCR, reverse transcription-polymerase
chain reaction; AST, aspartate transaminase; ALT, alanine transaminase; ALF, alkaline
phosphatase; y-GT, gamma-glutamyltransferase; SARS-CoV-2, severe acute respiratory
syndrome corona virus 2.

TABLE 2C | Donor screening criteria: fecal test.

Fecal occult blood testing
Parasites, ova, cysts
Cryptosporidium

Giardia

Norovirus

Rotavirus

General bacterial culture for common enteric pathogens
Salmonella

Shigella

Yersinia

Campylobacter

Escherichia coli

Diarrheagenic Escherichia coli
Enterohemorrhagic Escherichia coli
Escherichia coli verotoxin

Clostridium difficile toxin/ Clostridium difficile-specific GDH

GDH, glutamate dehydrogenase.

be randomized into two groups for a double-blind FMT post-
treatment. One group will consume one bottle of alginate
drink twice a day for 8 consecutive weeks, while the other
group will take a placebo. The alginate drink is a mixed tea
drink provided by Kaigen Pharma Co., Ltd. (Osaka, Japan)
containing 4g of sodium alginate per bottle (150g) and has
been proven to be safe (https://www.h-food.or.jp/dbadm/media/
231cec6ad1478e2d429f733d93a7b272.pdf). The placebo uses the
same tea drink with the sodium alginate removed and does

not have a different appearance or taste. Patients can adjust
their medication during post-observation after the study food
intervention. To compare the effects of treatment, all patients
will undergo symptom checking and colonoscopy and have
blood and fecal samples tested at the times indicated in Table 3.
Colonoscopy founding at screening, A-FMT and 8 weeks after
study food intake should be taken video and judged by a
third-part expert to confirm the scope and severity of UC
lesions. Biopsy of inflammatory sites will be used to evaluate
the histological score. Blood samples will be used to test
routine blood biochemistry, and plasma components will be
separated by centrifugal force and cryopreserved at —60°C. Fecal
samples will be collected to determine the occult blood condition
and calprotectin levels and analyze the intestinal microbiota
and metabolites.

Outcomes

The primary endpoint is to compare the changes in the Total
Mayo Score at 8 weeks after study initiation and A-FMT from
baseline between alginate intake group and placebo intake group.
The secondary endpoints are the comparison of the following
items at 8 weeks after study initiation and A-FMT from baseline:

e The change in the Sum Endoscopic Mayo Score.

e Analysis of intestinal microbiota by 16S rRNA gene amplicon
sequencing and whole-genome sequencing.

e Metabolomic analysis: In addition to SCFAs in stool samples,
the amount of lipids, free fatty acids, bile acids, and
other clinical markers will also be measured by liquid
chromatography tandem mass spectrometry (35).

We will also do same analysis as (1), (2), and (3) at 6, 12, 18,
and 24 months after 8 weeks post-study initiation.

Subpopulation analysis of the relationship between
patients and donors is considered an exploratory
endpoint.

Clinical features will be judged by the Total Mayo Score, and
the mucosal appearance of the Mayo Score will be evaluated
by endoscopy. To evaluate the overall status of the intestine,
endoscopic findings will be evaluated using the Sum Endoscopic
Mayo Score, which refers to the sum of the scores of the
seven segments (appendicular region, cecum, ascending colon,
transverse colon, descending colon, sigmoid colon, and rectum).
Intestinal microbial analysis will assess changes in composition
and diversity. Metabolomic analysis will evaluate the metabolites
of microbiota and elucidate the mechanism of action of alginate
in the treatment of UC.

Adverse Events

Any adverse event caused by antibiotic (12), FMT therapy, study
food intake, blood sampling, and endoscopy should be recorded
in detail, including symptoms, time, duration, and follow-up
until complete resolution or termination of treatment. If there is
any serious adverse event that may lead to death, life-threatening,
or intolerability, the study will be terminated and treatment will
begin immediately.
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TABLE 3 | Protocol for sequential therapy of A-FMT with alginate drink or placebo.

o . Screening stage Duration of administration Post-
. Period ]
~ observation
Item .
~ Pre-registration Screening (within a AFM A-FMT Alginate drink or Placebo 6,12, 18, and
. .
N (within 2 months) month) 2 weeks 4 weeks after 8 weeks after 24 months
~ after
Informed consent o
Check of patient background o
Administration of study food ° °
Check of symptoms . . . . . .
Endoscopy . . .
Blood samples o o o o
Fecal samples . . . .

A-FMT, FMT following triple antibiotic therapy AFM (amoxicillin, fosfomycin, and metronidazole).

TABLE 4 | The baseline characteristics of the study participants.

Items All (n = 33)
Age 40.5+12.0
Sex (M/F) 22/11
Duration of disease (years) 7.3+54
Disease location

Proctitis 4
Left-sided colitis 14
Extensive colitis 15
Total Mayo score 712+19
Mild: 3-5 8
Moderate: 6-10 25
Sum endoscopic mayo score 6.5+4.2
Ongoing treatment

5-ASA 30
Corticosteroid 2
Azathioprine 4
Vedolizumab 1
Anti-TNF 3

5-ASA, 5-aminosalicylic acid; Anti-TNF, anti-tumor necrosis factor.

Progress and Estimated Study Period

This trial began on August 25, 2020. The first study participant
was enrolled on September 28, 2020. At present, 33 eligible
patients have been included in our study on December 8,
2021. We summarized the baseline characteristics of the 33
patients (Table 4). If the number of participants continues
to increase at this pace, this trial is expected to end in
October 2022.

Sample Size Estimation

In our previous clinical trials (15), ~40 eligible patients with
UC were collected in 1 year. Therefore, conservative estimates
predict that 60 patients can be collected over 3 years. Eligible
patients with UC will be randomized and assigned to two groups
with a ratio of 1:1 in a double-blinded fashion. The estimated

difference between each group in the Total Mayo Score as the
primary endpoint from baseline is —2, and the standard deviation
of each group is estimated to be ~2.5. If a two-sample ¢-test
is used to test the difference between groups, a power analysis
predicts that statistical significance with a power of ~86.1% can
be reached.

Statistical Analysis

Relationships between Total Mayo Scores and Sum Endoscopic
Mayo Scores will be assessed using a t-test. Furthermore, the
correlation between the relative abundance of Bacteroidetes
species using a Pearson’s correlation coefficient will be evaluated.
Differences will be considered significant at P < 0.05.

Randomization

Eligible patients will be randomized at a ratio of 1:1 using an
Interactive Web Response System (REDCap: Research Electronic
Data CAPture). The simple randomization is carried out by
the staff in charge of the clinical research and trial Center
of the Juntendo University Hospital to ensure concealment of
allocation. The medical staff, assistants and patients of our study
team did not know the condition of random allocation until the
experiment was completely finished.

DISCUSSION

FMT is a well-established treatment regimen for recurrent
Clostridium difficile infection (CDI). Clinical practice guidelines
clearly state that FMT can be used as a treatment option for
CDI (36, 37). However, using FMT for UC treatment remains in
the clinical trial stage. Since 2014, we have been committed to
studying how to enhance the therapeutic effect and operational
feasibility of FMT on UC in clinical trials. The proposed A-
FMT method has a significant effect on the treatment of UC
in our previous studies. We hope to combine acceptable and
convenient post-treatment methods based on A-FMT to further
enhance the effect and prolong the remission period, including
alginate supplements.

Alginate has the potential to increase the relative abundance of
some beneficial Bacteroidetes members, resulting in an improved
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intestinal environment (38-40). Therefore, we hypothesize that
the diversity of microbiota and the proportion of Bacteroidetes
in the group treated with A-FMT combined with alginate
will be higher than that in the placebo group. An increased
number of Bacteroidetes species can suppress the inflammatory
response through zwitterionic capsular polysaccharides, which
are bacterial products that modulate T cells to secrete the anti-
inflammatory interleukin-10 (41). It has also been reported that
alginate can be fermented by specific bacteria in feces, such
as Bacteroides ovatus, Bacteroides xylanisolvens, and Bacteroides
theaiotaomicron (30, 42), which can induce colonic regulatory T
cells and promote anti-inflammatory effects (28, 43). Therefore,
we believe that oral supplementation of alginate with exogenous
sources can contribute to the intestinal anti-inflammatory
response. Furthermore, we expect that the group treated with
A-FMT combined with alginate will demonstrate better results
in terms of clinical features and microbial analysis, and will
retain its advantage over the placebo arm after 2 years’ follow-up.
The metabolites produced by microbiota can shape the colonic
environment through a variety of activities, such as participating
in signaling, immune system modulation, and antibiotic activity
(44-46). However, it is not fully known how specific microbes
and the small molecules they modulate interact to cause or
control the inflammatory response. Therefore, in our study, a
wide range of metabolomic analyses other than SCFAs will be
included in the study.

Although this clinical study is limited to patients in single
center, our method can also be applied to patients in other
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Non-alcoholic Fatty Liver Disease:
The Central Role of Porphyromonas
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" Division of Internal Medicine, Department of Oral Medicine, Iwate Medical University, Morioka, Japan, ? Division of Molecular
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Gut microbiota play many important roles, such as the regulation of immunity and
barrier function in the intestine, and are crucial for maintaining homeostasis in living
organisms. The disruption in microbiota is called dysbiosis, which has been associated
with various chronic inflammatory conditions, food allergies, colorectal cancer, etc. The
gut microbiota is also affected by several other factors such as diet, antibiotics and
other medications, or bacterial and viral infections. Moreover, there are some reports
on the oral-gut-liver axis indicating that the disruption of oral microbiota affects the
intestinal biota. Non-alcoholic fatty liver disease (NAFLD) is one of the systemic diseases
caused due to the dysregulation of the oral-gut-liver axis. NAFLD is the most common
liver disease reported in the developed countries. It includes liver damage ranging from
simple steatosis to nonalcoholic steatohepatitis (NASH), cirrhosis, and cancer. Recently,
accumulating evidence supports an association between NAFLD and dysbiosis of oral
and gut microbiota. Periodontopathic bacteria, especially Porphyromonas gingivalis,
have been correlated with the pathogenesis and development of NAFLD based on
the clinical and basic research, and immunology. P gingivalis was detected in the
liver, and lipopolysaccharide from this bacteria has been shown to be involved in the
progression of NAFLD, thereby indicating a direct role of P gingivalis in NAFLD. Moreover,
P gingivalis induces dysbiosis of gut microbiota, which promotes the progression of
NAFLD, through disrupting both metabolic and immunologic pathways. Here, we review
the roles of microbial dysbiosis in NAFLD. Focusing on P gingivalis, we evaluate and
summarize the most recent advances in our understanding of the relationship between
oral-gut microbiome symbiosis and the pathogenesis and progression of non-alcoholic
fatty liver disease, as well as discuss novel strategies targeting both P gingivalis and
microbial dysbiosis.
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Wang et al. Oral/Gut Microbial Dysbiosis and NAFLD

INTRODUCTION also various extrahepatic organs throughout the body and is

linked to various systemic diseases, such as cardiovascular
Alteration of the normal microbial composition, known as  complications, kidney disease, and in particular the increase of
microbial dysbiosis, has been widely studied owing to its extrahepatic malignancies (8, 9) (Figure 1). Studies on NAFLD
pathologic impacts on the body. Numerous studies have provided  have been limited because of its unclear origin, pathogenesis, and
evidence that gut dysbiosis is closely related to systemic diseases  development, difficulties in early diagnosis, and a lack of effective
centered in various organs (1). Moreover, recent studies have  therapeutic options. In this review, we focus on the relationship
revealed that periodontal disease, which is a typical dysbiosis  between NAFLD and Porphyromonas gingivalis, which is a typical

disease of the oral cavity, also contributes to the pathogenesis  ral pathogenic bacteria in periodontal disease (10, 11).
of systemic diseases, such as metabolic syndrome, cardiovascular

disease, kidney disease, and brain disease, and may be related
to cancer (2, 3). The pathogenic mechanisms underlying the HUMAN-MICROORGANISM SYMBIOSIS
effect of microbial dysbiosis beyond its original location are
complicated, including direct effects of pathologic bacteria  In recent years, PCR, quantitative PCR, and metagenomic
translocated by the blood to a specific organ, and effects analyses have been used to investigate indigenous bacterial
of bacteria-derived endotoxins, metabolites, and inflammatory ~ populations more deeply than can conventional culture methods
immune-mediators (4-6). Specifically, dysbiosis of the oral  and microscopic observations, and have made great progress.
microbiota can be pathogenic to the internal organs via gut As a result, it has been found that there are more than
dysbiosis (7). 1,000 types of microorganisms in the human body, and that
Non-alcoholic fatty liver disease (NAFLD) is of interest they have, collectively, 3.3 million genes, far exceeding the
because, as is typical of metabolic diseases closely related to 25,000 genes in the human genome (12). The total amount of
metabolic syndromes such as obesity and type 2 diabetes, it ~ genomic information possessed by microorganisms in a certain
is also a systemic disorder affecting not only the liver but  environment is called a microbiome; Lederberg has written

osis

Risk factors

at/g\uCOSe i;‘take‘-.. ---------- i Gene ____________ /

~erobial OYsP!

excess

Non-alcoholic Fatty Liver Disease
(NAFLD)

Steatohepatitis
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FIGURE 1 | Risk factors, pathogenesis, and systemic impacts of non-alcoholic fatty liver disease (NAFLD). NAFLD is the most common chronic liver disease
worldwide, usually presenting as fatty hepatocytes (simple steatosis). Non-alcoholic steatohepatitis (NASH) is a severe type of NAFLD. It is usually characterized by
inflammation, cell damage, and apoptosis, and may include fibrosis. In turn, it can progress to cirrhosis or end-stage liver disease, i.e., hepatocellular carcinoma
(HCC). In addition to heredity, one of the most widely accepted risk factors for NAFLD is excessive fat/glucose intake. Recent studies indicate that microbial dysbiosis
takes an important role in the pathogenesis and the development of NAFLD. NAFLD leads not only to the development of hepatic diseases, but also connects with
and contributes to systemic diseases, such as metabolic syndrome and extrahepatic disorders. NASH, non-alcoholic steatohepatitis; HCC, hepatocellular carcinoma;
CDVs, cardiovascular diseases; CKD, chronic kidney disease, T2D, type 2 diabetes.
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Oral/Gut Microbial Dysbiosis and NAFLD

that “human beings are super-living organisms composed of
symbiotic microorganisms and human beings, and symbiotic
microorganisms are extremely important to human beings” (13).
Even sophisticated microbiota analysis can determine only the
bacterial biota, whereas microbiome analysis can determine
both the bacterial biota (number of bacteria, composition
ratio) and its component functions and metabolism. Bacteria,
fungi, and protozoa are among the microorganisms that are
present throughout the human body. Typical indigenous fungi
include Candida albicans, and protozoans include Trichomonas
and amoebas (14, 15). We focused on the bacteria that
predominate among these indigenous microorganisms; they are
present in healthy adults in or on the skin, nasopharynx, oral
cavity, stomach, intestinal tract, vagina, etc. The number varies
depending on the site, and the types vary from person to
person (16-18). These bacteria are usually balanced to form a
community (bacterial biota). Indigenous bacteria have beneficial
effects on living organisms, such as acting against invasion and
colonization by foreign pathogenic microorganisms, stimulating
the immune system, enhancing host resistance and immune
response, and synthesizing vitamins metabolites used by the
living host body (19, 20). In contrast, such bacteria can also
disadvantage the host by causing infectious disease in an
easily infected host (opportunistic infection), or via pathogenic
replacement, in which resident pathogenic microorganisms
become predominant following reduction of the normal biota
by antibacterial drugs. Moreover, resident bacteria that are not
pathogenic in their original location can become pathogenic
bacteria elsewhere (ectopic infection) (21). Indigenous bacteria
are constantly exposed to the host’s immune system, settle in the
host tissues, and exist in a symbiotic, non-pathogenic state. It is
thought that disruption of this interaction causes some infectious
diseases (22).

THE INTESTINAL BIOTA

Indigenous bacterial communities in the intestinal tract are
composed of various bacterial species, such as Firmicutes,
Bacteroidetes, and Actinobacteria (23). These are thought
to invade mainly through the oral cavity (24). To date,
there have been numerous reports of microbiome analyses
(Table 1).

Dysbiosis changes in the intestinal biota is closely related
pathological conditions, including intestinal-
related diseases and systemic diseases (25-28). For example,
inflammatory bowel diseases, including Crohn’s disease, have
been associated with increased mucosa-associated facultive
anaerobes, Enterobacteriaceae, Pasteurellaceae, Veillonellaceae,
Fusobacteriaceae, and decreased Faecalibacterium prausitzii,
Erysipelotrichales, Bacteroidales, and Clostridiales (26). In obese
mouse model, an increase in Firmicutes proportion and a
decrease in Bacteroidetes proportion have been confirmed (29).
Furthermore, the proportion of Akkermansia muciniphila, of the
Verrucomicrobia, was reduced in diabetic patients (30), and the
feces of children with autism spectrum disorders contained nine
unknown species of Clostridium (28).

to various

THE ORAL BIOTA

Previous reports suggest that the average adult has about 50-100
billion bacteria in the oral cavity, including as many as 500-700
bacterial species (31, 32). The oral biota varies across niches such
as dental plaque, tongue, saliva, and gingival sulcus, and therefore
exists as a wide variety of bacterial biota throughout the oral
cavity (Table 2).

While these oral bacteria play a role as indigenous bacteria,
some are thought to cause local infections such as tooth
decay, periodontal disease, and endodontic infections (34).

TABLE 1 | Reports of the human intestinal microbiome by human genome
analysis.

Published year Participants Country The first author PMID
2016 106 Japan Nishijima S 26951067
1,135 Netherlands  Zhernakova A 27126040
2017 59 USA Galloway-Pefa J 28245856
405 China JieZ 29018189
2018 106 China Ye Z 30077182
54 Nepal Jha A 30439937
2019 267 pairs Norway Iszatt N 30813950
2,170 USA Shama A 31046835
2020 147 Cameroun Lokmer A 32071424
1,475 China XuF 33032658
2021 758 USA Baniel A 33485388
65 USA Thapa S 33956889
TABLE 2 | Flora site and bacterial distribution in the human oral cavity?.
Bacterial group Bacterial distribution
Tooth surface Tongue Saliva Gingival
(plaque) crevice
Gram-Positive 28.2 44.8 46.2 28.8
facultative cocci
Streptococci 27.9 38.3 41.0 271
Staphylococci 0.3 6.5 4.0 1.7
Gram-Positive 12.6 4.2 13.0 7.4
anaerobic cocci
Gram-Negative 6.4 16.0 156.9 10.7
anaerobic cocci
Gram-Negative 0.4 3.4 1.2 0.4
facultative cocci
Gram-Positive 23.8 13.0 1.8 156.3
facultative rods
Gram-Positive 18.4 8.2 4.8 20.2
anaerobic rods
Gram-Negative NDP 3.2 2.3 1.2
facultative rods
Gram-Negative 10.4 8.2 4.8 16.1
anaerobic rods
Spirochetes ND ND ND 1.0

aModlified from Hamada and Slade (33).
PND, Not detected.
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In addition, recent oral microbiome analysis shows that
not only some pathogenic bacteria induce local disease, but
also an abnormal bacterial biota (dysbiosis), in which the
oral biota is disturbed by the growth of certain keystone
species, may be the cause of various oral diseases (35).
In addition, many studies have reported that dysbiosis of
the oral bacteria is associated with many systemic diseases,
such as aspiration pneumonia, bacterial endocarditis, preterm
birth, diabetes, Alzheimer’s disease, and atherosclerosis (36—
38). Oral streptococci, including Streptococcus anginosus and S.
intermedius, which are gram-positive facultative anaerobic cocci,
and Prevotella, Fusobacterium, and Bacteroides, which are gram-
negative obligate anaerobic cocci, are listed as the causative
bacteria of aspiration pneumonia (39). It has been reported
that bacterial endocarditis has a very high isolation frequency
of oral streptococci and these are considered a causative agent
(40). These are referred to as ectopic infections. In contrast, in
preterm birth, diabetes, Alzheimer’s disease, atherosclerosis, and
one of the autoimmune diseases, rheumatism, the involvement
of gram-negative obligate anaerobic bacilli, such as P. gingivalis
and Treponema denticola, which are classified as periodontal
pathogens, is strongly suspected; however, it is rare that the
causative organism is specifically detected in the lesion. Various
studies have been undertaken into the pathogenic mechanism of
these bacteria, but there are many unclear points (41-43).

MECHANISM BY WHICH ORAL BIOTA
INDUCES SYSTEMIC DISEASE

Separate mechanisms underlying systemic disease caused by oral
bacteria, differing from those involved in ectopic infection, have
been considered. Conventionally, inflammatory cytokines and
enzymes, present because of bacterial cell components in local
lesions of the oral cavity, are transferred from the bloodstream
to the whole body. More recently, it has been suggested that
oral dysbiosis induces systemic disease by inducing intestinal
dysbiosis, affecting the immune system, metabolic system, and
intestinal barrier function (44, 45). Concerning this induction
of intestinal dysbiosis by pre-existing oral dysbiosis, it has been
reported that oral administration of Fusobacterium nucleatum, a
gram-negative obligate anaerobic bacillus, significantly reduces
the activity of natural killer cells (46). Additionally, P. gingivalis,
whose proportion increases in periodontitis, may pass through
the acid stomach and reach the intestines (47). In mice
administered P. gingivalis orally, P. gingivalis does not colonize
or proliferate in the intestinal tract, but changes the intestinal
bacterial biota (48). The inside of the stomach is usually pH 1-
2, and P. gingivalis cannot grow there. However, reports that P.
gingivalis forms a biofilm and has a survival rate of 50% or more
at pH 3, suggest that it can pass through the stomach at pH 4-5
immediately after eating (49). Changes in the intestinal biota may
also decrease the expression of tight junction proteins involved
in intestinal barrier function, increase inflammatory cytokine
gene expression, and increase blood endotoxin levels because
of suppression of the small intestinal alkaline phosphatase gene
(50). As mentioned above, there are various reports on the

mechanisms by which the oral biota can induce systemic diseases;
further analysis is expected to contribute further details of these
relationships, aiding the elucidation of the currently unclear
etiology of systemic diseases.

FATTY LIVER AND NON-ALCOHOLIC
FATTY LIVER DISEASE

As blood circulation is the key pathway through which
pathogenic bacteria and their toxic metabolites can reach distant
locations across the whole body, it is reasonable that those organs
with abundant blood supply are more vulnerable to the above
substances, and more easily develop diseases related to oral and
gut microbial dysbiosis. Among them, the liver is the largest solid
internal organ and is unique in having two sources of blood
supply: 80% from the portal vein and 20% from the hepatic
artery. The liver plays critical roles in the body, such as regulating
metabolic processes, including synthesizing glucose and lipids,
maintaining homeostasis, and protecting against toxic substances
by means of considerable detoxification abilities (9, 51).

The liver has the potential to regenerate following tissue
damage, although chronic inflammatory damage or potent drug-
induced toxicity may lead to various pathologies, including
excessive fat accumulation (fatty liver), inflammation, fibrosis,
and cirrhosis, or even to end-stage liver disease, hepatocellular
carcinoma (HCC) (52, 53). Among these conditions, simple
steatosis of hepatocytes only rarely leads to clinical symptoms; it
is also difficult to make a diagnosis, as the only effective method
of determination so far is biopsy, which is invasive and thus
generally not acceptable to patients who are suspected of having
such a disease. However, fatty liver may be a precursor to all
of the other, more severe states of liver disease, even cancer
(54, 55). Understanding the mechanisms underlying the etiology
and pathology of fatty liver diseases therefore has definite clinical
significance in prevention, early prognosis, and treatment. It is
known that alcohol can lead to fatty liver (56), although fatty
liver has also been found in non-drinkers. The latter is therefore
called NAFLD.

NAFLD is currently regarded as the most common chronic
liver disease worldwide (9). Data have shown that approximately
one quarter of the world’s population is affected by it (57).
Approximately 25% of NAFLD patients develop a severe clinical
phenotype called non-alcoholic steatohepatitis (NASH), which
is characterized by inflammation, cell apoptosis, and fibrosis
(58). The prevalence of NAFLD and NASH in adults in the
United States ranges from 30-40% to 3-12%, respectively
(59). Furthermore, ~20% of NASH patients may progress to
cirrhosis (60), and NASH-associated cirrhosis increases the risk
of hepatocellular carcinoma (HCC) by 2.4-12.8% (61, 62). The
pathogenesis of NAFLD has not yet been completely elucidated.
A “two-hit” theory has been widely supported (63). Firstly, excess
food intake causes metabolic disorders such as insulin resistance,
which lead to excess fat accumulation, simple steatosis, in the
liver. Secondly, lipotoxicity causes oxidative stress, mitochondrial
dysfunction, and endoplasmic reticulum stress, which induces
cell injury, inflammation, and fibrosis. However, research over
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the last decade supports a new “multiple-hits” hypothesis. In
addition to various dietary components and genetic factors,
microbial dysbiosis is a crucial pathogenic factor and plays
important roles in the development of NAFLD (8, 58) (Figure 1).

GUT MICROBIAL DYSBIOSIS AND NAFLD:
THE GUT-LIVER AXIS

Risk factors such as long-term consumption of a high-fat
diet, antibacterial drug use, and intestinal inflammation, cause
alterations in gut microbial composition and functions (64-67).
As a result, the gut barrier function is impaired, facilitating the
entry of pathogenic bacteria, bacterial endotoxins, and other
inflammatory cells and mediators to the portal vein, and thereby
reaching the liver (62).

Numerous clinical and experimental studies have been
conducted to reveal the relationships between gut dysbiosis
and NAFLD, and the impact of gut dysbiosis on the etiology
and pathology of NAFLD (65, 68, 69). Firstly, gut microbial
alterations were detected in patients with NAFLD. For example,
in the gut of the patients with NASH or cirrhosis, there
was a decrease in health-related bacteria such as Bacteroidetes
and an increase of pathogenic bacteria Proteobacteria and
Enterobacteriaceae specie (70-72); The abnormal changes in
the abundance of some bacterial phyla, such as Bacteroides,
Prevotella, Proteobacteria, and Firmicutes, correlate with disease
severity (73-76).

Secondly, microbiome signature profiles and metabolomics
analysis have recently promoted wide discussion of the
pathologic roles of bacteria-derived metabolites and products
(77, 78). Such factors are known to contribute to hepatic
steatosis, insulin resistance, and fibrosis (79-81). For example,
the microbiome signature in NAFLD indicates that 3-(4-
hydroxyphenyl), a metabolic material from Firmicutes,
Bacteroidetes and Proteobacteria, is associated with liver
fibrosis (82, 83), and Glycocholate is positively associated with
advanced liver fibrosis (84). Moreover, metabolic studies have
clarified that microbiome-generated secondary bile acid triggers
NAFLD (85), and the gut microbiome of NAFLD patients shows
abnormalities in carbon and amino acid metabolism (86), choline
depletion, and increased production of certain short-chain fatty
acids and alcohols (71). This suggests that gut dysbiosis is related
to NAFLD by metabolic pathways.

Thirdly, endotoxemia resulted from increased gut
permeability is also associated with NAFLD pathogenesis,
indicating the effects of gut dysbiosis on immune system (55).
Bacteria-derived endotoxins such as lipopolysaccharide (LPS)
are closely related with intestinal immune function (73). Most
reports give function of LPS as stimulation of the Toll-like
receptor 4 (TLR4) (87, 88), which belongs to the Toll-like family
of receptors that is crucial in host defense against invading
pathogens (89). The localization of LPS has been confirmed in
the livers of NALFD patients (58, 90, 91). Blocking LPS receptors
is related to improved NAFLD in in-vivo studies (89, 92).
Recent clinical and animal studies provide evidence that elevated
concentrations of LPS and endotoxin-producing bacterial

strains are positively related to the progression of NAFLD, via
inflammation and oxidative stress, which finally leads to chronic
inflammation (93) and insulin resistance (88, 94). LPS also
triggers lipid peroxidation in the liver (95, 96). We will discuss
LPS in the later part of this review.

It should be noted that although the above evidence indicates
a promoter role for gut dysbiosis in the pathogenesis of NAFLD,
the bilateral relationship between the disease and gut dysbiosis
remains to be completely understood.

P. gingivalis AND NAFLD

Recently, interest has been shown in the pathogenic role of
oral, as well as gut, microbial dysbiosis. Chronic oral diseases
such as periodontal disease typically involve such dysbiosis.
Multiple reports from epidemiologic, in-vivo, and in-vitro studies
indicate that periodontal disease is closely associated with
NAFLD (93, 97). Oral pathologic bacteria related to oral diseases
include P. gingivalis, Treponema denticola, Prevotella intermedia,
Aggregatibacter actinomycetemcomitans, Tannerella forsythia,
and Campylobacter rectus. Among them, P. gingivalis is regarded
as a key pathogen leading to periodontitis and related systemic
diseases (3, 10, 98). In this review, we emphasize the relationship
between P. gingivalis and NAFLD, the effects of P. gingivalis
on the pathogenesis of NAFLD, the mechanism underlying its
pathogenic functions, and the therapeutic approaches targeting
P. gingivalis and microbial dysbiosis.

P. gingivalis-Associated NAFLD

A potential link between P. gingivalis and NAFLD has been
revealed. P. gingivalis and its DNA were detected in the
oral cavities or livers of NAFLD patients at higher frequency
than those of controls (99, 100). NASH patients with P.
gingivalis infection had more severe fibrosis than those without
infection (100). Furthermore, supportive data from various in-
vivo studies showed that P. gingivalis infection can stimulate
fat accumulation, increase the immune response, and result
in insulin resistance, indicating the impact of P. gingivalis in
NAFLD/NASH procession (97).

The spread of P. gingivalis to distant organs, such as the liver,
occurs through two possible pathways. One is direct release into
the blood circulation. During daily procedures such as brushing,
or dental treatment, P. gingivalis and bacteria-associated factors
such as LPS and cytokines spread into the blood via the
microulceration in the periodontal pocket, and are transported
to the liver through the hepatic artery. The indirect pathway
involves swallowing P. gingivalis, which can translocate to the
gastrointestinal tract and induce alteration of gut microbiota;
this in turn negatively affects the liver through the portal vein
system (93, 101). Therefore, the pathogenic action of the bacteria
is related to both these pathways: directly through the oral-liver
axis, and indirectly through the oral-gut-liver axis (Figure 2).

Direct Impacts of P. gingivalis in NAFLD:

Structure-Related Functions
P. gingivalis is a gram-negative, obligate anaerobic bacteria.
It is a common component of subgingival microbiomes that
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FIGURE 2 | P, gingivalis impacts NAFLD via both the oral-liver and oral-gut axes. With respect to the oral-liver axis, P. gingivalis and its virulence factors can reach the
liver directly via the blood circulation. Virulence factors such as fimbriae proteins, lipopolysaccharide (LPS) and gingipains elicit infammatory immune reactions and
activate intracellular signaling pathways by binding to the corresponding receptors. This results in inflammation, cell death, and dysfunctions, all of which are closely
related to glucose and lipid metabolic disorders, insulin resistance, and fibrosis, which contribute to the pathogenesis of NAFLD. Biofilm and outer membrane vesicles
(OMVs) play roles in the transfer of bacteria and virulence factors, such as gingipains, to the liver, the site of pathogenic action. P gingivalis also affects NAFLD via the
oral-gut-liver axis. It can enter the gastrointestinal tract via swallowing, where it can induce dysbiosis of the gut microbiota and enhance intestinal permeability. Thus,
both the pathogenic bacteria, and related toxic products and mediators, can reach the liver via the portal vein, and play a role in NAFLD. LPS, lipopolysaccharide;

TLR, Toll-like receptor; IL, interleukin; OMVs, outer membrane vesicles; CXCR, CXC-chemokine receptor; CR, complement receptor; cAMP, cyclic adenosine
monophosphate; PKA, protein kinase A; NF-kB, nuclear factor kappa B; TGF-g, transforming growth factor B; PAR, proteinase-activated receptor; JNK,
c-Jun-NH2-terminal kinase; IP, intestinal permeability; Gal, galectin; PI3K, phosphatidylinositol-3 kinase.

can colonize oral epithelial cells (102). P. gingivalis has unique
structural components, known as virulence factors. These include
some bacteria’s own structural components such as fimbriae and
LPS, and secretory components such as gingipains, and play
critical roles in the survival and spread of P. gingivalis through
cellular colonization, along with its pathogenic functions, such as
inducing host immune response and inflammatory reactions (98,
103).

P. gingivalis fimbriae are filamentous structures on the surface
of the bacterium that enable bacterial binding to host cells
and tissues, enhance bacterial motility and invasiveness, and
contribute to biofilm formation (104). There are two forms of P.
gingivalis fimbriae: FimA, and the less important minor fimbriae.
Studies of NAFLD patients showed that the invasive type IT FimA
constituted half of the total fimbriae detected (99). Type IV FimA,
however, is closely associated with advanced liver fibrosis (105).

The mechanism underlying the impact of FimA on host
cells is primarily related to the activation of adhesion and
immuno-inflammatory pathways via interactions with various
host receptors, which facilitates bacterial colonization and leads
to host cell inflammation (104, 106, 107). In addition, FimA

can also help the bacteria survive in the host cell over extended
periods by triggering the complement system to protect the
bacteria from host immune clearance (104).

FimA acts through three major types of receptor. Regarding
its inflammatory effects, FimA binds to Toll-like receptor
(TLR) 2, which activates the nuclear factor kappa B (NF-kB)
system to induce the production of various pro-inflammatory
cytokines (108). TLR2 has been shown to be associated with
the pathogenesis of NAFLD (109). FimA also triggers the innate
immune system by binding to complement receptor (CR) 3
and stimulating macrophages/monocytes (10). As a result, FimA
inhibits the production of interleukin (IL) (12), which is related
to bacterial clearance (110), thus enhancing P. gingivalis survival.
CR3 is expressed in the liver (111), and the activation level
of the complement system is related to NAFLD severity (112),
suggesting the involvement of P. gingivalis fimbriae in the
pathogenesis of NAFLD via immune response induction.

Furthermore, FimA activates CXC-chemokine receptor 4
(CXCR4) and TLR2 to induce cyclic adenosine monophosphate-
dependent protein kinase A signaling, which not only results
in disruption of phagocytosis by macrophages (113), but
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also inhibits host immune clearance of P. gingivalis (114).
Dysfunctions of both macrophages and CXCR4 have been
reported to be associated with NAFLD (115, 116).

Beyond FimA, P. gingivalis minor fimbriae can also induce
inflammatory reactions in macrophages (117), and are reported
to induce phosphorylation of FOXO1 (118), which plays a role
in both lipid and glucose metabolism (119), indicating that both
FimA and minor fimbriae in P. gingivalis may be factors leading
to liver injury by this species.

LPS is a component of the outer cell membranes of gram-
negative bacteria (120, 121). It critically contributes to the
pathogenicity of microbes, mainly through lipid A, which is
the biologically active region of LPS (122). LPS is structurally
different in different bacterial species due to variations of
fatty acid acyl chain composition of lipid A (10). P. gingivalis
LPS contains multiple forms of lipid A, and the structural
differences in lipid A may explain why P. gingivalis LPS can
initiate differential signaling pathways and immune responses
(10, 123). In addition to participating in biofilm formation
(124), P. gingivalis LPS plays an important role in triggering
host inflammatory responses via TLR activation; the specific
type of TLR activation by LPS depends on the variation in the
acylation of lipid A (10). However, it was recently reported that
the activation of TLR2 by P. gingivalis is via other molecules
on the surfaces of intact P. gingivalis cells rather than lipid A
(125). Activation of TLR2 leads to an increase in the production
of cytokines such as tumor necrosis factor o (TNF-a) and IL-
6 by macrophages (126), while activation of TLR4 elevates the
levels of IL-1f, IL-6, and IL-8 (127). In addition, NF-kB signaling
pathway has also been reported to act downstream of TLRs,
and to play a critical role in the inflammatory function of
P. gingivalis LPS, including the production of cytokines (123).
Several in-vivo and in-vitro studies have been performed to
clarify the effects of P. gingivalis LPS on NAFLD. Injection of P.
gingivalis LPS into the gingiva of animal models resulted in lipid
deposition and inflammation in the liver (128-130), and in-vitro
studies using HepG2 cells indicated that LPS may play a role in
intracellular lipid accumulation and inflammation via both NF-
kB and c-Jun-NH2-terminal kinase signaling (131). Moreover, P.
gingivalis LPS can accelerate the progression of mild fatty liver
to NASH (132), and studies using steatotic hepatocytes revealed
that this activity may be related to increased TLR2 expression,
inflammasome mRNA levels, and pro-inflammatory cytokines
(100). Moreover, recent evidence shows that P. gingivalis LPS
may contribute to hepatic fibrosis by activating hepatic stellate
cells (HSCs); the mechanism involves triggering TLR4 to increase
the production of galectin-3, which is critical for HSC activation
(132). In addition, P. gingivalis LPS is possibly implicated
in insulin resistance, either by stimulating the activation of
pro-inflammatory cytokines such as TNF-a and IL-6, which
play important roles in insulin resistance (133), or by directly
inhibiting glucose incorporation into smooth muscle cells (134).

Kuraji et al. reported that P. gingivalis LPS accumulated
predominantly in the liver, over other organs, and persisted in
the livers of HFD-induced steatotic mice longer than in normal
mouse liver. In addition, the diseased mice showed enhanced
sensitivity to LPS and delayed clearance of LPS from the liver,

indicating the potent role of P. gingivalis LPS in liver injury
and NAFLD. The mechanism is possibly related to increased
and activated hepatic macrophages (Kupffer cells) and TLR
signaling (93).

As noted elsewhere in this review, gut bacteria-derived LPS
also plays critical roles in the pathogenesis of NAFLD. The
different functions and mechanisms involved in gut bacteria-
derived LPS and P. gingivalis LPS have been investigated.
For example, P. gingivalis LPS can activate both TLR2 and
TLR4, whereas Escherichia coli LPS can only bind to TLR4
(135); although both LPS types activate TLR4, P. gingivalis LPS
stimulates different pathways from those affected by E. coli LPS
(136). Furthermore, P. gingivalis LPS shows a stronger ability to
escape recognition by the host innate defense system than E. coli
LPS (137), and P. gingivalis LPS induces more intracellular fat
accumulation in HepG2 cells than E. coli LPS (131). In contrast
to the substantial accumulated evidence that gut bacteria-derived
LPS contributes to NAFLD by inducing oxidative stress (138),
there is as yet little evidence (139) supporting direct oxidative
stress stimulation by P. gingivalis LPS in NAFLD, which should
be investigated further.

Gingipains are a family of secretory cysteine proteinases
that are known to be the main virulence factors related to
the pathogenicity of P. gingivalis. They consist of lysine and
arginine gingipains (140, 141). As with fimbriae and LPS,
gingipains also play roles in biofilm formation and produce
immune-inflammatory responses by activating various immune
cells (10, 142). Evidence shows that gingipains protect P.
gingivalis from the host defense system in the following
ways: they enhance the production of TNF-a by neutrophils
by activating the TLR2/phosphatidylinositol-3 kinase (PI3K)
pathway (143), thereby facilitating bacterial survival within host
cells; they inhibit pathogen clearance by negatively regulating
the production of neutrophil-derived molecules (144) and the
macrophage immune receptor CD14 (145); and they promote
the adaptability of P. gingivalis by triggering the complement
system, for example by modulating the C5a receptor (C5aR) and
its crosstalk with TLR2 signaling in macrophages (146).

Furthermore, gingipains may play a role in evading the
host adaptive immune system by regulating T-cell immunity
(147). Like LPS (148), they can induce the production by Th17
cells of the cell-specific cytokine, IL-17, by directly inducing
the expression of CD69 and CD25 on T-cells (149). T-cell
immunity, especially the Th17/IL-17 signaling pathway, plays
a role in protecting pathogens and promoting inflammation,
and was recently reported as important in the development
of NAFLD (150-153). Moreover, recent work highlights a
remarkable function of gingipains in NAFLD, revealing that
they contribute to liver fibrosis by activating HSCs via the
proteinase-activated receptor (PAR) 2 and TGF-f pathway (132).
It should also be noted that gingipains can inactivate PI3K,
protein kinase B (Akt), and Akt downstream proteins, including
glycogen synthase kinase 3 (GSK3) and mammalian target of
rapamycin (mTOR) (154). The PI3K/Akt signaling pathway plays
multiple roles in various cell functions, including cell survival
and glucose metabolism, and an in-vitro study has revealed that
P. gingivalis suppresses glycogen synthesis in HepG2 cells by
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inhibiting the insulin receptor substrate 1/Akt/GSK3p pathway
(155). This indicates that gingipains possibly participate in
glucose metabolism impairment/insulin resistance, which needs
to be investigated further.

Biofilms and outer membrane vesicles (OMVs) are two
important microorganism-produced structures responsible for
the survival, spread, and pathogenicity of microbes. Biofilms are
composed of water, bacterial cells, and extracellular polymeric
substances, which are responsible for microorganism protection
and resistance to clinical treatments, such as antibiotics (156-
158). P. gingivalis virulence factors, such as fimbriae, LPS,
and gingipains, have been reported to contribute to biofilm
formation, as mentioned previously, and the pathogenicity of
P. gingivalis is enhanced by biofilm (159, 160). In addition to
being a reservoir of pathogenic bacteria, biofilms also contribute
to inflammation in many diseases, including inflammatory
bowel disease and hepatobiliary carcinomas (161); however, the
pathogenic effect of P. gingivalis biofilm, such as direct reactions
of biofilm in NAFLD, remains unclear.

OMVs are small, spherical, bilayered membrane structures
that are constantly released from the bacterial surface during
growth. Each vesicle is composed of outer membrane proteins,
lipoproteins, LPS, and some periplasmic components (162,
163). Like other bacteria such as Francisella and Pseudomonas
putida, P. gingivalis can produce OMVs (164). P. gingivalis
OMVs can concentrate virulence factors such as gingipains
and LPS in the form of OMVs and discharge them to the
environment to participate in bacteria-associated disorders (165,
166). P. gingivalis OMVs play roles in biofilm formation
by binding to other periodontopathogens (167, 168), and
facilitate bacterial adhesion and invasion in host cells, adaption
to stress, and immune defense evasion (168). In addition
to contributing to the destruction of periodontal tissues, P.
gingivalis OMVs can migrate to the blood and play an important
role in the pathogenesis of various systemic diseases, such as
cardiovascular disease, rheumatoid arthritis, Alzheimer’s disease,
and carcinoma; the mechanism involved has been recently
reviewed by Zhang et al. (169). Although the direct impact
of P. gingivalis OMVs in NAFLD has not been completely
elucidated, P. gingivalis OMV's carrying gingipains can transfer to
the liver and impair hepatic glycogen synthesis in a mouse model;
they can also inhibit insulin-induced Akt/GSK-3f signaling in
a gingipain-dependent manner in HepG2 cells (170), indicating
a potential role of these gingipain-carrying OMVs in the
development of NAFLD through negative regulation of glucose
metabolism and insulin sensitivity.

In summary, these bacteria-associated structures play roles
in bacterial protection, as well as affecting the virulence of P.
gingivalis, by activating various risk factors for NAFLD, such as
fat accumulation, inflammation, insulin resistance/disturbance
of glucose metabolism, and fibrosis. The mechanism involves
immune cell-related inflammatory reactions and various
intracellular signaling pathways (Figure 2). The scope of this
review includes only the reported virulence mechanisms of
P. gingivalis in relation to the pathogenesis of NAFLD; the
functioning of these mechanisms beyond NAFLD and in other
diseases also requires consideration. Moreover, other virulence

factors, such as heat shock protein 60 (171), have been mentioned
in relation to liver diseases (172). However, the majority of in-
vitro studies have focused on circulating immune cells, while
few studies have investigated the role of P. gingivalis in hepatic
cells such as Kupffer cells and hepatocytes. Further studies are
needed to elucidate the roles of the pathogenic components of P.
gingivalis in NAFLD.

Indirect Impacts of P. gingivalis in NAFLD:

Bacteria-Derived Gut Dysbiosis

The effects of P. gingivalis on the modulation of gut microbiota
have been investigated in many studies. Both intravenous
injection and oral administration of the bacteria in a mouse
model produced alterations in the gut microbiota (50, 173, 174).
Clinical studies have detected remarkably higher proportions of
P. gingivalis in the guts of NAFLD patients than in those of non-
NAFLD controls 99; patients with chronic periodontitis tended
to have less diversity in their gut microbiomes (175); the major
changes in the gut microbiota of patients with liver cirrhosis
result from invasion by oral bacterial species (176). These results
indicate a possible relationship between the bacteria, gut, and
NAFLD (Figure 2). Studies involving oral administration of P.
gingivalis to mouse models show that, in contrast to the increased
blood endotoxin levels that are typical of gut dysbiosis/barrier
dysfunction and lead to systemic inflammation contributing
to liver injury, no P. gingivalis was detected in the blood
system (174), or outgrowth of the bacteria in the gut (80).
This strongly supports the speculation that oral P. gingivalis-
induced endotoxemia-related liver injury indirectly, by inducing
gut dysbiosis and barrier dysfunction.

However, despite the evidence that oral P. gingivalis can
survive in the acidic conditions induced by gastric juice (49),
enabling it to enter the gastrointestinal tract, and that dead
bacteria from the mouth may stimulate several gut pathogens,
upregulate bacterial virulence genes, and thereby increase
cytotoxicity (177), the mechanism underlying bacteria-induced
gut dysbiosis remains unclear. For example, P. gingivalis must
inhabit the host cells and trigger immune-inflammatory reactions
to initiate subsequent actions, and in-vitro studies have shown
that intestinal inflammation can be detected following oral
administration of P. gingivalis (50), but there is as yet no
evidence to show whether and how P. gingivalis can localize in
the gastrointestinal tract; in addition, the bilateral interactions
between oral bacteria and gut microbiota should be considered.
Furthermore, the lack of large-scale epidemiologic studies and
some inconsistent results in different animal models make it
difficult to define a clear mechanism underlying the effects of P.
gingivalis in NAFLD via modulation of gut microbiota (93).

On the other hand, P. gingivalis is not the only
periodontopathogen that can contribute to the pathogenesis of
NAFLD. A. actinomycetemcomitans can induce gut dysbiosis and
impairing glucose metabolism (178); the detection frequency of
T. denticola in the NAFLD patients was significantly higher than
that in the control subjects (99); in patients with liver cirrhosis,
more than half (54%) of the patient-enriched, taxonomically
assigned bacterial species were of oral origin (mostly veillonella
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and streptococci) (176, 179). Moreover, in comparison to
growing evidence that supports P. gingivalis as a cause of gut
dysbiosis, the precise mechanism through which P. gingivalis
exerts its effects has yet to be determined. Further studies are
needed to complete our knowledge of the roles of P. gingivalis in
NAFLD via the oral-gut-liver axis.

THERAPEUTIC STRATEGIES IN NAFLD:
TARGETING ORAL PATHOGENS AND
MICROBIAL DYSBIOSIS

Dietary factors have been accepted for over a decade as a critical
risk factor for NAFLD. Food intake control (caloric restriction)
and methods to increase energy consumption, such as physical
activity and sports, have therefore been the major treatment
options for NAFLD. Vitamin reagents, PPAR agonists, and other
treatments are in use or undergoing clinical trials (48). However,
most of them are symptomatic treatments, of uncertain efficacy,
especially in severe progressive forms such as NASH or HCC. The
newly established theory of bacteria-induced NAFLD provides
guidance for the prevention, prediction, and treatment of the
disease. Attenuating oral bacteria and improving gut dysbiosis
are the main therapeutic approaches being studied (Figure 3,
Table 3).

Treatment Based on Controlling Oral

Disease

Given the remarkable impacts of periodontal disease in
NAFLD, improving oral hygiene, and other approaches targeting
pathogenic oral bacteria, are regarded as effective treatment
strategies for bacteria-associated NAFLD. Administration of

TABLE 3 | Therapeutic approaches in NAFLD targeting oral pathogens and
oral/gut microbial dysbiosis.

Therapeutic approaches Targets

Oral care/dental treatment Oral pathogens & dysbiosis

Natural products Oral pathogens & dysbiosis, gut dysbiosis

Probiotics/gut symbionts Oral pathogens & dysbiosis, gut dysbiosis

Prebiotics Gut dysbiosis
Synbiotics Gut dysbiosis
FMT Gut dysbiosis

Abs, CR3 blockers Fimbriae of P gingivalis

Inhibitors Gingipains of P, gingivalis
RNA interference Biofilm/OMVs of P, gingivalis

Antimicrobial agent-induced
membrane vesicles

Biofilm/OMVs of P, gingivalis

Abs, antibodies; FMT, fecal microbiota transplantation.

Oral care/ dental treatment

~~

Oral Dysbiosis

Gut Dysbiosis

N

\'.\\6\0'(-\"::';\ /
3N 0\6\0“ \6\0(\‘ '
q?"s:\\
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Probiotics/ gut
symbionts

Natural products

/ Abs, CR3 blockers
~
l Fimbriae

LPS <« Natural products
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X RNA interference, etc.

NAFLD

FIGURE 3 | Therapeutic strategies in microbial dysbiosis-related NAFLD. Understanding the mechanism underlying microbial dysbiosis and its impacts on the
pathogenesis of NAFLD through the gut-liver, oral-liver, and oral-gut-liver axes may contribute to the development of new options for treatment of the disease. Some
very safe options, such as some probiotics, gut symbionts, and natural products,
microbiota, have received substantial attention. Additionally, treatments targeting the structures and virulence factors of P gingivalis offer new treatment options
specifically targeting bacteria. Abs, antibodies; FMT, fecal microbiota transplantation.

aimed at attenuating oral bacteria and correcting dysbiosis of the oral and gut
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broad-spectrum antibiotics can effectively protect against various
liver diseases, and some specific antibiotic treatments have
produced improvement in the clinical symptoms of NAFLD,
by means of eliminating harmful microbes, lowering circulating
endotoxin and transaminase levels, and preventing lipid
accumulation in the liver (180). Notably, despite their powerful
positive effects, long-term administration of antibiotics may
cause toxic side effects, eliciting antibiotic-resistant bacterial
strains and itself generating gut dysbiosis (181). There is
therefore increasing interest in the safety and specificity of
therapeutic approaches targeting pathogenic oral bacteria, such
as P. gingivalis.

One of the treatment modalities is the administration of
probiotics. Two lactic acid bacteria, Lactococcus lactis and
Lactobacillus reuteri, have millennia-long histories of use in
the fermentation of foods and are generally accepted as safe
for human consumption (“Generally Recognized As Safe,” or
GRAS, in US Federal Drug Administration terminology) (182).
It has been reported that L. lactis, together with one of its
derivatives, nisin, was effective in periodontal disease, with potent
antibacterial ability but low side effects. Its mechanism involves
modulation of the formation, composition, and survival of oral
bacterial biofilms (82). Moreover, L. lactis treatment reduced
hepatic fat accumulation and showed anti-inflammatory effects
in the liver, indicating its potential in the treatment of NAFLD
(82, 182). Furthermore, antibacterial effects on P. gingivalis and
other oral pathogens were seen not only from live L. reuteri cells
but also supernatants from cell-free cultures and heat-killed L.
reuteri (183), indicating a potent yet safe antibacterial activity of
this probiotic.

With regard to the therapeutic approaches specifically
targeting the structure of P. gingivalis, further methods for
inhibiting biofilm formation by modulating OMVs have been
investigated, in addition to the biofilm modulation approach
mentioned above. These include RNA interference technology,
antimicrobial agent-induced membrane vesicles, and some
natural products, which have all been reviewed recently (120).
Plant-derived products have attracted considerable attention in
chronic disease therapy, given their safety. Natural compounds
have been demonstrated to inhibit the growth and virulence
factor activity of bacteria (184-186). We have reported that
carnosic acid, extracted from rosemary plants, exerts potent
effects, inhibiting lipid accumulation in both the adipose tissue
and liver, improving glucose metabolism and liver functions
in the ob-ob obesity mouse model (187), and inhibiting lipid
accumulation in HepG2 cells (188). Moreover, our studies have
clarified that carnosic acid can protect normal hepatocytes from
H202-induced oxidative stress (189). Interestingly, carnosic acid
has been reported to have remarkable antibacterial activities
(190, 191). The mechanism is related to its inhibition of
biofilm information (192); carnosic acid can also protect against
LPS-induced liver injury (193), and is thus a potential new
therapeutic approach for treating NAFLD. In our laboratory, we
are currently investigating the roles of carnosic acid in NAFLD
associated with P. gingivalis inoculation in both mouse and
cell models.

Anti-fimbrial Ab has also been reported as effective in
inhibiting the adherence of P. gingivalis to its host cells
(194). Inhibition of or pre-immunity against potent virulence
factors of P. gingivalis, such as gingipains, was effective against
periodontitis and systemic diseases (195, 196). Moreover, as the
CR3 receptor plays an important role in the P. gingivalis fimbriae-
stimulated adhesion signal, as described above, CR3 attenuation
has been considered as an approach for treating periodontitis
and P. gingivalis-related systemic diseases (197). However, little
is known about the significance of the above materials for
the management of NAFLD associated with infection by oral
pathogenic bacteria such as P. gingivalis, which should be
investigated further.

Treatments Targeting Dysbiosis of

Microbiota

Since the gut microbiota is closely related to the pathogenesis of
NAFLD, various therapeutic approaches targeting gut microbiota
have been developed. They include antibiotics, probiotics,
prebiotics, synbiotics, and fecal microbiota transplantation,
which have recently been reviewed (76, 180). In particular,
dietary fiber is cited as useful: it may improve early-stage
NAFLD by reducing calorie absorption and correcting the
imbalance of gut microbiota (198); L. reuteri not only
improves the dysbiosis of oral microbiota by targeting biofilm,
but also shows the ability to correct gut dysbiosis and
protect the liver from inflammatory damage (199). Moreover,
a gut symbiont, Akkermansia muciniphila, and one of its
membrane proteins has produced anti-inflammatory activity and
improved gut permeability in animal models (30, 200, 201).
Furthermore, human studies have shown that administration
of A. muciniphila leads to decreased body weight, and the
markers associated with inflammation and liver dysfunction in
obese objects (202). However, it should be noted that while
microbiome-based therapeutic approaches are usually regarded
as safe, they cannot be considered risk-free, as they are still
bioactive. Therefore, large-scale studies are required to evaluate
their safety.

CONCLUSIONS

The close relationship between systemic disease and dysbiosis
of both the oral and gut microbiota has been supported by
substantial evidence from both basic and clinical studies. In this
review, we emphasize one of the most commonly diagnosed such
diseases, NAFLD, using it as a typical example of systemic disease,
and P. gingivalis, which is the major pathogen of periodontitis,
and typical of the pathogenic bacteria involved in systemic
diseases via the oral-liver and oral-gut-liver axes. We focused on
the structure-derived functions of P. gingivalis in the progression
of NAFLD, such as hepatic steatosis, inflammation, and fibrosis,
which cause conversion to NASH. NASH is associated with
the pathogenesis of HCC, and it is therefore reasonable to
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suppose that P. gingivalis may contribute to HCC by promoting
progression to NASH.

Currently, various therapeutic approaches are being
developed, targeting P. gingivalis and dysbiosis of both oral
and gut microbiota. Although most of these remain at the
fundamental experimental level, limited to small-scale studies
or experiencing difficulties in establishing ideal animal models,
improving our understanding of the connections between
NAFLD and oral/gut dysbiosis will definitely contribute
to achieving the reasonable future goal of treating the
disease successfully.
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Background: This study examines longitudinal bio-psychological dynamics and their
interplay in IBD patients undergoing conventional and biological therapies.

Methods: Fifty IBD participants (24 UC, 26 CD) in clinical remission were followed
for 12 months. Complete longitudinal datasets, biological samples, validated scores
of psychological status were collected monthly for analysis of association. Microbiome
analysis was performed to identify microbial dynamics and signatures. Patients were
grouped on disease phenotype (CD, UC) and mode of treatment (biological therapies,
non-biological treatment). General linear models, mixed models, cluster analysis, and
analyses of variance were used to examine the longitudinal trends of the variables and
their associations over time. Results were corrected for multiple testing.

Results: Results substantiated different interactions between biological therapy and
longitudinal trends of inflammatory biomarkers in remission CD and UC patients as well
as significant differences between CD and UC patients in their psychological measures
during clinical remission, with UC patients having inferior condition compared to CD. A
significant reduction in microbial diversity in CD patients compared to UC was identified.
Results characterized considerable differences in longitudinal microbial profile between
those taking and not taking biological treatment in UC patients, but not in CD patients.

Conclusion: A different trajectory of interdependence was identified between
psychological state, sleep, and microbial dynamics with mode of treatment when
compared between CD and UC patients. Further studies should investigate the causal
relationships between bio-psychological factors for improved treatment purposes.

Keywords: Crohn’s disease, ulcerative colitis, inflammatory bowel disease, gut microbiome, psychological state

INTRODUCTION

Study of chronic inflammatory diseases such as inflammatory bowel diseases (IBDs), generates
numerous challenges including assessing inflaimmatory pathways that might be common
between different chronic inflammatory disorders with either shared or disease-specific
mechanisms. One approach is to examine the relationship between major contributing
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factors over time to identify key drivers and their interplay.
Several chronic conditions including IBDs have arisen and
increased in incidence during the past century points to
powerful environmental influences, perhaps as a product of
industrialization and modernization (1, 2). The more recent
exploration of IBD genetics has shown genetic variances
selectively associated with IBD (3, 4), but also made clear
that no single or combination of genetic variation can fully
explain Crohn’s disease (CD) or ulcerative colitis (UC) (5, 6).
Since the early study of the IBDs, immunological mechanisms
were the dominant area of research. Further, microbiome and
genetic studies indeed supported the role of immune cells
(mainly type 1, type 2 and type 17T cells) and cytokines (7).
These findings were incentives to tackle and block principal
mediators in immune responses with the therapeutic aim to
control inflammation and potentially alter the natural history
of disease. It has long been proposed that gut bacteria play an
important role in the pathogenesis of IBD through their direct
interaction with the intestinal mucosa. IBDs are characterized by
immune dysregulation in genetically susceptible patients and it
seems that gut microbiota are the target of this inapt immune
response either due to loss of tolerance toward commensal
bacteria or secondary to an altered microbial diversity and/or
function (8, 9). Many subsequent studies present convincing
evidence confirming the involvement of the enteric bacteria
in pathogenesis of IBD. A range of bacteria is stated to have
aggressive or protective functions in intestinal inflammatory
disorders such as Crohn’s disease; for example, phlogistic effects
of adherent-invasive Escherichia coli (10) and protective effects
of Faecalibacterium prausnitzii (11). To examine the integrated
impact of gut microbiota in the pathogenesis of IBDs, it is
important to incorporate microbiome data with other data
related to immune modulation, genetics, psychological and
physiological factors.

IBDs are chronic debilitating disorders which may affect many
aspects of the sufferer’s life. They can add to the psychological
burden including high levels of perceived stress (12), negative
mood and depression (13), and anxiety compared to the healthy
population (14). The prevalence estimate of both depression and
anxiety were higher in IBD patients—even among patients in
remission—than in the general population (15-17).

These many factors suggest that disease mechanisms in
IBDs are multifaceted and gut inflammation is the product of
complex pathways in addition to known immune response
types, notwithstanding the direction of newer targeted
therapies (6, 18). Longitudinal assessments of biological
and psychological factors and understanding their temporal
trajectories in the course of the disease are essential to
clarifying vulnerabilities and individual differences in IBD
patients. Previous published studies were limited in the
number of risk factors examined or they lacked time series

Abbreviations: CD, Crohn’s disease; CRP, C-reactive protein; DASS, Depression
Anxiety Stress Scale; DMI, depression in medically ill; DS-NA, Type D personality
scale of negative affectivity; DS-SI, Type D personality scale of social inhibition;
FC, Fecal calprotectin; IBD, Inflammatory Bowel Disease; PSQI, Pittsburgh sleep
quality index.

analysis of such disease contributing factors (17, 19-21),
therefore this study has been designed to examine how
multiple contributing factors and their interrelationships
have influenced the disease’s course over time and how
different interactions are represented in IBD patients
who received biological treatment compared to those on
conventional treatment.

METHODS
Cohort Demographics

Patients with confirmed diagnoses of IBD who met all
the inclusion criteria and none of the exclusion criteria
(see  Supplementary Information) were recruited from
gastroenterology departments, IBD clinics and endoscopy
units based at two tertiary referral hospitals in Sydney, Australia,
between Oct 2015 and August 2017. Study participants were
in complete clinical remission based on their disease activity
indices; partial Mayo score for UC <2 (22), Crohn’s disease
activity index (CDAI) for CD <150 (23) and/or Harvey Bradshaw
Index for CD <5 (23-25) confirmed by their gastroenterologists,
and supported by endoscopic and histological results, if available.
Baseline data were collected, and longitudinal data accumulated
monthly. Data comprised scores related to symptoms of
psychological state including perceived stress (PSQ) (26, 27),
depression- anxiety and stress (DASS) (28, 29), depression in
medically ill (DMI) (30, 31), personality characteristics, i.e.,
negative affectivity (NA) and social inhibition (SI) traits (32),
wellbeing scores (33-35) and sleep quality (PSQI) (36) with
clinical course and disease activity as a measure of outcome.
To build the outcome, all variables including severe disease
symptom/s and flare events were considered through formalized
follow up assessments by study investigators. We studied the
longitudinal dynamics of multiple contributing factors to disease
activity from a cohort of 50 IBD patients (CD, n = 26; UC, n
= 24; Tables 1, 2). IBD participants were grouped in disease
types (CD or UC) and subdivided based on use or not of
biological treatments. Monthly blood and stool samples were
collected for assessment of serum C-reactive protein (CRP),
fecal calprotectin (FC) levels and microbiome dynamics. The
microbiome composition in each sample was determined
by sequencing the V4 region of the 16S rRNA gene and a
total of 3.3 million contigs were retained after quality control
and subsampling. To determine the links between the gut
microbiome and clinical components, we collected clinical data
including inflammatory biomarkers, clinical indices for disease
activity, and self-administered validated questionnaires to
quantify psychological state on a monthly basis for a period of 12
months while participants still met the inclusion criteria for the
study. Data related to routine medications, use of antibiotics and
probiotics and disease activity scores were registered at monthly
follow up visits. The end point was at 12 months follow-up or
at confirmation of the onset of relapse; in the latter case the last
assessment reflected the state at the time of disease relapse. The
study was approved by the Human Research Ethics Committee
of South Eastern Sydney Local Health District (Ref: 15/094
HREC/15/POWH 245—20 Aug).
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Sample Collection

Fecal samples were self-collected by participants and were
aliquoted and stored at —80°C together with original
collection pots for DNA extraction and quantifying of FC.
The concentration of FC was assessed by commercially available
enzyme-linked immunosorbent assay (ELISA; Calprotectin
Elisa Buhlmann Laboratories, SI00A8 and S100A9), according
to the manufacturer’s protocol. Twenty ml peripheral blood
samples were drawn and centrifuged (at 2,000g for 15min).
Serum samples were aliquoted and stored at —80°C to be
used for CRP quantitation by high sensitivity ELISA (37).
For microbiome assessment, stool samples were taken from
collections at months 1, 4, 8, and 12; where there were any
missing samples, the sample from the preceding available month
was used.

DNA Extraction and Amplification

Genomic DNA was extracted from 0.11 to 0.12 g of fecal material
of each sample using the Allprep Power Viral DNA/RNA Kit
(Qiagen) DNA extraction protocol. Briefly, the concentration
of the extracted DNAs was quantified by Nanodrop mass
spectrophotometry (38) and Qubit 2.0 fluorometer (Invitrogen)
according to the manufacturer’s instructions before dilution to
20 ng/pl. For DNA concentrations of <5 ng/pl (39 extractions),
SYBR-Green-based qPCR assay was performed to quantify
the absolute amount of a target sequence, to compare relative
amounts of a target sequence between samples and to analyse

TABLE 1 | Participants’ distribution in each group of diagnosis and treatment
options.

IBD phenotypes F M On-biologic therapy Non-biologic therapy Total

CD 12 14 10 16 26
uc 9 15 5 19 24
Total 21 29 15 35 50

An IBD cohort of 50 (CD, n = 26; UC, n = 24) were enrolled and followed up for the period
of 12 months. One UC participant withdrew after 2 months of follow up.

whether they were amplifiable (Supplementary Figure 1;
Supplementary Table1 qPCR plot and table). DNA was
submitted for sequencing at the Ramaciotti Center for
Genomics (Australia).

Library Preparation

Barcoding PCR for bacterial and archaeal 16S rRNA genes
was carried out using a mix of 10 pL of HotMasterMix
(5 PRIME), 0.2pM of each primer and 1 pL of DNA
template. Barcoded PCR primers based on 515F, and 806R
(39). Reactions were kept at 94°C for 3min for denaturing,
followed by 35 cycles of denaturation at 94°C for 45s,
annealing at 50°C for 1min and elongation at 72°C for
1 min 30s, ending with a final elongation at 72°C for 10 min
and final hold at 4°C. All PCRs were carried out in 25 pL
volumes. PCR concentrations were normalized and pooled
using SequalPrep™ Normalization Plate Kit (ThermoFisher)
according to the manufacturer’s instructions. The library
was purified using Axygen® AxyPrep™ Mag PCR Clean-
Up Kit (Fisher Biotec) as per the manufacturer’s instructions.
Concentration and quality of the pooled library were checked
with Qubit® and the library size on an Agilent 2,200
TapeStation instrument.

Community Analysis

Raw sequencing data were processed with the OTUreporter
pipeline (40), based on mothur v1.39.5 (41) and according
to the MiSeq SOP. Samples with a length between 228
and 278 bp were retained and those with homopolymers
longer than 8 bp were removed. Sequences were grouped
into OTUs based on 97% similarity using the OptiClust
algorithm. From each patient, quarterly microbiome samples
with matched FC concentrations were sub-selected for use in
downstream analysis.

Statistical Analysis

Following the power analysis estimation (80%) to detect
significant (two sided p-values < 0.05) correlations (42)
cluster analysis was used to examine whether categories of
respondents (IBD patients) share common characteristics within

TABLE 2 | Sample distribution in IBD groups.

IBD phenotypes Number of Number of Number of Number of Number of stool Number of stool Number of stool
samples—Blood serum serum samples—Stool samples samples/on- samples/non-
samples/on- samples/non- included in biologic biologic

biologic biologic microbial therapy therapy
therapy therapy analysis

CD 273 104* 169 273 98** 30" 68

uc 235 53 182 235 85 19 66

Total 508 157 351 508 183 49 134

One hundred eighty-eight samples from 50 IBD patients were included in the analysis. An additional 5 samples were removed from calculation at the sub-sampling level after sequencing
and filtering as they did not have a minimum of 10,000 sequences. *One CD participant was on biologic on 1st month and on non-biologic therapy for the rest of assessment period, so
added to 508 total samples in both groups of treatment for rest of assessment period. Samples from this participant were 1 (bio) + 10 (non-bio). **3 CD stool samples did not qualify
for microbiome results and were excluded (only 98 stool samples were included in the results therefore the numbers are 98 instead of 101 in this group). ***2 UC stool samples did not
qualify for microbiome results and were excluded (only 85 stool samples were included in the results instead of 87). ****5 stool samples (3 CD and 2 UC) were removed as non-qualified
therefore the total was 183 (49 + 134) instead of 188.

Frontiers in Medicine | www.frontiersin.org 124 July 2022 | Volume 9 | Article 788992


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Tavakoli et al.

LIMBO Study

A 1000 052
*
*

__ 750

2

[=2]

& *

£

©

2

S 500

o

[

[&]

©

[&]

Q

E 250

.

;

cD uc
IBD Class

FIGURE 1 | Non-parametric analysis quantifying F-calprotectin (A) and C-reactive protein (CRP) (B) at baseline and across diagnosis. Analysis did not show
significant differences in measures of both CRP and FC in CD and UC participants at baseline assessment.
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clusters at the baseline and maintain the same properties
over time (43). Utilizing SPSS 25 (SPSS Inc), general linear
models, non-parametric methods, time series analysis and
mixed model analysis were used to examine longitudinal
data related to psychological and biological measures, their
linear/quadratic trends and differences between two groups of
treatment options over time (44). Furthermore, a regression
analysis using panel data was conducted applying Stata
(Stata V16; Stata Statistical Software: Release 16. College
Station, TX: StataCorp LLC. 2019) to apply corrections for
multiple analysis. Microbial profile analysis was carried out
using the phyloseq (45) and microbiome (https://github.com/
microbiome/microbiome) R packages to import and graph
data, and vegan was used to perform differential abundance
testing (46-48). Wilcoxon signed-rank test, and Permutational
multivariate analysis of variance (PERMANOVA) test, were
applied to examine statistical significance of differences in
some bacteria abundances at family level and to evaluate
compositional differences between the CD and UC groups, and
within treatment modalities (49, 50). Bray Curtis dissimilarity
matrices were used as input for PERMANOVA to evaluate
compositional differences between the CD and UC and
treatment modalities. Analysis of Variance (ANOVA) was
used onto beta dispersion test output to validate significant
result obtained by PERMANOVA. Community and species
diversity were estimated using the Shannon diversity index (51)
while species richness estimates were generated using Chaol
(52). Pielou’s evenness index was used to examine species
evenness (53). Categorical variables were used in subgroup
analysis (alpha diversity, abundance testing with LEfSe) (54)
(detailed information on statistical methods can be found in
Supplementary Table 2).

RESULTS

Study participants from different ethnic groups and diverse
cultural backgrounds together provided 508 stool and 508
blood samples during the assessment period. To control for
sampling bias, we restricted our microbial and statistical
analysis of volatility to a subset of the cohort that had
sequence data from quarterly time points with matched FC
concentration which yielded 188 samples from 50 IBD patients
(an additional 5 samples were removed from calculation
at the sub-sampling level after sequencing and filtering
as they did not have a minimum of 10,000 sequences)
(Table 2).

Baseline Assessment

The entry disease remission data related to bio-psychological
state of all IBD patients were employed as a benchmark for
assessment of their longitudinal dynamics. Sample analysis
included 50 stool and 50 blood samples from CD (n = 26)
and UC (n = 24) individuals who were in clinical remission.
As expected, CD and UC participants had similar baseline
distributions of inflammatory biomarkers (Figure1) which
were strongly and positively associated with one another, but
none were significantly related to any of the psychological
measures and sleep quality at study entry. There was an
analogous baseline distribution for most psychological factors,
while there were significant differences in baseline scores
related to depression (DASS, Dep, p = 0.026) and negative
affectivity (DS-NA, p = 0.001) between CD and UC patients
at reference point with UC patients showing higher baseline
depression and negative affectivity scores compared to CD
patients (Supplementary Table 2). Baseline anxiety scores were
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FIGURE 2 | Phylum composition in baseline analysis (CD, UC). Phylum composition relative abundance for baseline analysis in all CD, UC participants. Only the top 5
phyla are shown. Numbers indicate the p-value from the Wilcoxon tests.

TABLE 3 | Grouped summary IBD class: detailed comparison of the baseline
phyla abundance in CD and UC participants.

IBD_ Class Phylum Mean SD n

CD Actinobacteria 8.01 7.72 25
CD Bacteroidetes 8.10 9.81 25
CD Firmicutes 75.7 13.5 25
CD Proteobacteria 4.22 7.35 24
CD Verrucomicrobia 4.03 8.23 23
uc Actinobacteria 12.3 9.59 24
uc Bacteroidetes 6.24 7.92 24
uc Firmicutes 774 11.8 24
uc Proteobacteria 2.55 6.15 23
uc Verrucomicrobia 2.25 5.78 17

Verrucomicrobia is absent in 2 CDs and 7 UCs.

significantly associated with sleep disturbances (p < 0.001, r?
= 0.52) and baseline stress scores were strongly related to
sleep duration (p < 0.001, ¥ = 0.46). Both outcomes suggest
strong relationships between anxiety and stress, and sleep —
Supplementary Table 2.

Treatment Modalities at Baseline

Both biologic and non-biologic treatment groups were similar in
most baseline psychological scores with the exception of higher
baseline stress scores (p = 0.004) and negative affectivity scores
(p = 0.004) in non-biological group. At baseline, UC patients had
higher mean psychological scores compared to CD patients in
both treatment groups (except for DS-SI score which was higher
in CD group who received biological treatment). These findings

TABLE 4 | Cluster membership based on similarities found within IBD participants.

Number of clusters Freq. of IBD patients in each cluster

(A) Based on their baseline psychological state.

1 9

2 22

3 18
Clusters Total

(B) Based on gender, IBD disease phenotype and treatment modalities
for consistency

Gender F M

1 5 4 9
2 9 13 22
3 7 11 18
IBD phenotype uc CD

1 3 6 9
2 13 9 22
3 9 9 18
Treatment modes On-biologic Non-biologic

1 8 1 9
2 12 10 22
3 15 3 18

overall were not surprising given the mandated clinical remission
at baseline—Supplementary Table 2.

Baseline Microbiome Assessment
Data showed no significant baseline differences in the Shannon
index (p = 0.67), Pielou’s evenness (p = 0.80) and Chaol (p
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= 0.429) between CD and UC patients. Comparison of the
baseline phyla abundance is shown in Figure 2. Results showed
a strong negative baseline relationship between sleep latency and
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FIGURE 3 | UC patients: strong negative relationship between microbial
evenness and depression scores (p < 0.001), meaning that lower microbial

evenness was strongly associated with higher depression scores in UC cohort.

Shannon index (p = 0.001, r2 = —0.425), Pielou’s evenness (p=
0.002, 7 = —0.401) and Chaol index (p < 0.001, r* = —0.455),
indicating that lower intestinal microbial diversity, richness, and
uneven microbial composition was associated with longer time to
fall asleep.

Detailed comparison of the baseline phyla abundance showed
that Verrucomicrobia was present in 23/25CD participants
(4.0% =+ 8.2), but only in 17/24 UC participants (2.3% =+
5.8). CD participants had more baseline abundance of some
disease associated bacteria when compared to UC including
Bacteroidetes (CD = 8.1% + 9.8, UC = 6.2% =+ 7.9) and
Proteobacteria (CD = 4.2% + 7.4, UC = 2.6% =+ 6.2), but UC
participants had more Firmicutes compared to CD at baseline
assessment (CD 75.7% =+ 13.5, UC 774% =+ 11.8).
Notwithstanding these data, none of the baseline differences were
statistically significant between the CD and UC (Wilcoxon test,
Figure 2; Table 3).

Longitudinal Assessment

We used cluster analysis to study the bio-psychological behavior
of IBD participants over time. Here clusters were identified
based on systematic relationships found in psycho-biological
and microbiome dynamics over time and across all study
participants. Three stable clusters were identified which persisted
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in their baseline group categories during follow-up. One  (psychobiological factors) with outcome variables (wellbeing
potential explanation is most participants remained in clinical  scores and inflammatory biomarkers) was applied. In CD
remission during the 12 months follow up period (Table4A).  patients, results suggested a statistically significant negative
The first cluster (No 1) was the youngest IBD cluster which  relationship between wellbeing scores with depressive scores
earned the highest anxiety, depression, and stress scores (p = 0.018) and positive relation with sleep quality (p =
over time and revealed worst sleep quality sores, higher  0.027) over time. Outcomes did not suggest any significant
measures related to depression in medically ill state during interdependence between longitudinal psychological scores,
follow up (Supplementary Tables 3,4). This cluster also had  sleep, mode of treatment and microbial indices in CD patients.
lowest number of IBD patients on biological therapy. Second In UC patients, longitudinal wellbeing scores retained a
cluster (No. 2) is the oldest cluster with higher number of  significant and positive relationship with sleep quality (p =
participants in this group (both male and female and mostly UC, ~ 0.040), and a significant and unexpectedly negative relationship
Table 4B—detailed information on cluster analysis is included in ~ with stress (DASS stress, p = 0.009). FC had a positive and

Supplementary Tables 20, 21). significant association with sleep quality (PSQI, p = 0.006) and
a strongly negative relationship with stress (DASS stress, p =
Cluster Memberships 0.023) (Supplementary Table 17). Assessment of longitudinal

Longitudinal bio-psychological data of all remission IBD  Psycho-microbial dynamics in UC cohort did not suggest any

patients (CD, n = 25; UC, n = 17) were analyzed (460 significant interdependence between longitudinal psychological
scores, sleep, and mode of treatment with microbial dynamics

in UC patients except for a strong negative association between
microbial diversity and depression (DASS depression, p =
0.011), and a negative association between microbial evenness
and depression (p < 0.001, Figure 3) but not with microbial
richness, Supplementary Table 19.

blood and 460 stool samples) using mixed models. Results
did not show significant shift in measures of inflammatory
biomarkers within IBD cohort which was expected due to
persisting remission. Results identified significant longitudinal
coeflicient of change in psychological scores (linear, quadratic or
both; Supplementary Table 2) including negative affectivity
showing greater magnitude of change in the remission
UC group and sleep quality showing larger magnitude of Longitudinal Microbiome Assessment

change in the remission CD group. Microbial diversity and  Analysis demonstrated a significant interplay between wellbeing
richness displayed larger magnitude of linear coefficient of  scores with Shannon index and with Pielous evenness but
change in the remission UC group. Further examination not with Chaol (SupplementaryTable7). To examine
of complete study cohort including independent variables  microbial composition shift over time, microbial dynamics
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FIGURE 5 | CD participants- microbial o diversity and treatment modalities. Measures of microbial a diversity between treatment options in CD group (Comprising
remission and relapse) including: (A) Shannon’s index (diversity); (B) Pielou’s evenness; and (C) Chao1 index (richness). Analysis did not show any significant
differences between the two groups over time.
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were explored in remission samples of IBD subtypes in
addition to changes in FC concentration longitudinally. CD
cohort in clinical remission showed greater microbiome
fluctuations mainly by trading off different microbial families
as well as in relative abundance of existing microbial profile
(Figures 4, 5).

Treatment Options

Longitudinal trends of psycho-biological factors and their
interactions with modes of treatment (biological vs. no
biological) were examined using mixed models of analysis. In
CD and UC cohorts such factors were similarly distributed
in both treatment groups over time (Supplementary Table 2).
At the baseline there were similar ecological indices between
the two treatment options in both disease classes which was
also suggested by previous study (55) (Shannon, p = 0.380;
Pielou’s, p = 0.246; Chaol, p = 0.934), although the age effect
was significant between the two groups for all three ecological
indices (56) (information related to sample demographics for
microbial analysis and output of PERMANOVA for both
biologics and bio-flare variables in CD and UC cohorts are in
Supplementary Table 9).

At the family level (Figure6A), the CD group showed
significant differences (Wilcoxon, p < 0.05) between the
treatment received (biologics vs. non-biologic) in the abundance
of Barnesiellaceae, Bifidobacteriaceae, unclassified Clostridia, and
Clostridiaceae (Figure 7). Results showed similar ecological index
values in samples from the two treatment options. Linear
discriminant analysis (LDA) with LEfSe was performed to
characterize the differences between two treatment options
in CD group (both in remission and during relapse). A
total of 12 microbial biomarkers (OTUs) characteristic of CD
under biological treatment, and 22 in CD with non-biological
treatments, were identified (Figure 8).

Samples in UC groups on biological and non-biologic
treatment modes (Figure 6B) were found to have significantly
different microbial communities based on Bray-Curtis
dissimilarity (PERMANOVA, p = 0.0031). Microbial family
composition in UC group and on two treatment modalities
showed a total of 12 families that were significantly different
(Wilcoxon, p < 0.05): Acidaminococcaceae, unclassified
Bacteroidales, Barnesiellaceae, Christensenellaceae, Clostridiales
vadinBB60  group,  Coriobacteriaceae,  Defluvitaleaceae,
Eggerthelaceae, Fusobacteriaceae, Muribaculaceae, Prevotellaceae,
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and Streptococcaceae (Figure9). Results identified significant  present with depressive or anxiety symptoms, despite
differences in microbial diversity (Shannon index, p = 0.041),  clinical remission, can therefore benefit from psychological
and evenness (Pielou’s evenness, p = 0.045) between the two  support (62).

treatment modes (Figure 10) (see Supplementary Table 22 for It is widely accepted that DSS-induced colitis in mice results
microbial dynamics across the three clusters). No differences  in anxiety-like behavior that increases with and can be controlled
were identified in richness (Chaol) in UC participants by managing the inflammation. The degree of the DDS-induced
(Figure 10) (57). LDA of UC group between two treatment  inflammation can also be regulated by manipulation of the gut
options identified 11 microbial biomarkers (OTUs) which were  microbiota prior to DDS initiation (i.e., administration of pre
more abundant in UC group with no-biological treatments and  and/or probiotics), which consequently prevents the behavioral
35 microbial biomarkers were identified in UC group under  deficits provoked by DSS application (63-66).

biological treatments (Figure 11). Gut microbiota dysbiosis is considered as a novel factor in the
pathogenesis of IBD. Gut microbiome and its products foster a
DISCUSSION distinct effect on host immune system and promote intestinal

homeostasis and healthy state. Once the symbiotic interplay
Inﬂammatory Bowel Diseases are chronic and Complex gut between gut microbiome and its proﬁle is disturbed, its various
inflammatory condition, both associated with significant  physiological functions will then be impaired (67-69). Yet the
morbidity. IBD is correlated with a highly relevant and  role and dynamics of gut microbiota in IBD development and
significant psychosocial burden (58). Early studies suggested  whether the gut microbiota alteration is the cause of the intestinal
that both CD and UC are associated with high incidence  inflammation or simply a product of the IBD, is not clear (70, 71).
of psychological manifestation (59). A large Canadian Four major bacterial phyla: Bacteroidetes, Firmicutes,
population-based study reported 3 times higher depressive  Actinobacteria and Proteobacteria, constitute more than
rates in IBD patients compared to healthy population, 90% of healthy human gut bacterial species (72-74) with
with significant higher scores during active phase of the  substantial inter-individual microbial diversity within these
disease (60). Greater anxiety and stress scores have been  major phylotypes (75). In IBD patients, the dysbiosis was mostly
reported in patients with more sever IBD symptoms and lower  associated with reduced bacterial diversity (predominantly in
compliance with treatment (61). Nevertheless, similar studies  Firmicutes and Bacteroidetes) and increased bacterial species
have concluded that significant number of CD patients belonging to Enterobacteriaceae (76-78). More in-depth studies
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FIGURE 7 | Differences in some microbial family abundances between the two treatment options in CD group (biologics vs. non-biologic). Only significantly different
families are shown (Wilcoxon, p < 0.05).
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FIGURE 8 | CD participants-Microbial biomarkers. OTUs microbial biomarkers for CD groups with two treatment options including biologic treatment (Yes) and
non-biologic treatments (No) (OTUs and Genus information on Supplementary Table 14).

have shown a clear reduction in Firmicutes and significant
decrease of many other beneficial bacterial species from the
genera Lactobacillus, Eubacterium and Bacteriodes (79-82).
Other literature addressed the association between relative

abundance of a specific gut microbiome species with the mode
of treatment (83-86). Such studies also examined the gut
microbiome profile before and after therapeutic intervention
and the duration to relapse after withdrawal. Examples would be
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the reduction of Proteobacteria in CD patients with anti TNF-a  antibody therapy. Another example would be the inhibitory
therapy (86) and increase of the abundance of Faecalibacterium  effect of thiopurines on growth of Mycobacterium avium
prausnitzii in responders during the induction of anti-TNF-a  subspecies paratuberculosis in vitro (84). Studies also shown the
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Bacteroidia Erysipelotrichia

correlation between reduced Firmicutes abundance

time to relapse after Infliximab withdrawal in pediatric IBD (86).

Thus, gut microbiota may be used as a potential biomarker
in respond to the treatment of IBD or can be employed
to modify the hosts environment and enhance the intestinal
dysbiosis. Examples of the latter could be the complementary
and alternative medicine (CAM), including pre and probiotics,
antibiotics, fecal microbiota transplant (FMT) and nutraceuticals

(87, 88).

and shorter This study was designed to characterize the longitudinal
temporal trajectories of biological and psychological factors
and their interdependence with disease activity and symptom
manifestations in IBD patients. Assessment was made during
clinical remission and at the time of relapse. At baseline
analysis, all IBD patients were in clinical remission, therefore
similar bio-psychological and microbiome dynamics across
all IBD patients and between the disease phenotypes, were
not surprising.
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Results suggested a higher anxiety level was associated with
greater sleep disturbances and increased stress was correlated
significantly with longer sleep time in IBD participants at baseline
assessment. This outcome is not surprising considering the state
of clinical remission at baseline and the evidence suggested
by clinical studies on the negative impact by anxiety (89) and
depression (90) on sleep quality in general population. Remission
CD and UC patients demonstrated significant differences in their
baseline depression and negative affectivity of personality type,
which entails further investigation.

Assessment of baseline microbial profile indicated that lower
intestinal microbial diversity and richness, and uneven microbial
composition were associated with longer time to fall asleep in
both CD and UC patients. Microbial phyla abundance analysis
showed that CD patients had higher abundance of some disease
associated bacteria (including Bacteroidetes and Proteobacteria)
compared to UC at baseline. Like previous studies (55), the
baseline microbial state was similar between the two treatment
modalities in CD and UC cohorts.

Longitudinal assessment of psychological factors in IBD
patients who maintained clinical remission revealed strong
coefficient of change although the magnitude of this longitudinal
shift was not similar between remissive CD and UC patients over
time. In the remission CD group, greater microbial fluctuations
at the family level were observed as well as alteration in relative
abundance of existing microbial profile compared to remissive
UC patients over time. This outcome was also suggested by
previous studies (55, 91) and might be explained by fundamental
differences in the nature of the two disease phenotypes.
CD patients who received biological therapy revealed similar
psychobiological state to those who received non-biological
treatments although there was either marginal or significant
interaction between biological therapies and longitudinal state of
depression and stress in this group. Comparable outcomes were
detected in UC patients over time, but the significant interaction
constituted by biological therapy was mainly registered on
measures of inflammatory biomarkers and quality of life of these
patients. The nature and mechanism of such interactions was not
investigated in this study but could imply that biological therapy
and their immune-physiological pathways might have play a role
in sustaining the biopsychological interplay.

Longitudinal analysis on mode of treatment and gut
microbiome did not identify significant differences in microbial
profile in two CD treatment groups, whereas in UC group,
there were significant differences in microbial diversity and
evenness between the biologic and non-biologic interventions,
with UC patients on biologics benefiting from more diverse
and more even bacterial dynamics, but no richness differences
were identified between the two. This outcome suggests
that although majority of bio-psychological factors remained
relentless, biological therapies potentially influenced such factors
while maintaining clinical remission and might be the product
of effective therapy choice in controlling the disease activity.
Conceivably, this result could be related to the mechanism
of action enforced by biological therapies in controlling the
disease activities/maintaining remission or microbial function in
responding to the therapy and requires further investigations

and inclusion of multiomic analyses as well as assessment of
microbial function. The differences might also reflect distinctions
between clinical and deeper (e.g., endoscopic) remission, as the
latter was not routinely assessed in this patient cohort. This
study reinforced that lower ecological indices are significantly
correlated with depression in UC patients, a feature previously
identified (92, 93) and higher disease activity measures were
negatively related to quality of life and sleep quality of both CD
and UC patients, as previously shown (94).

Strengths and Limitations of the Current

Study and Future Directions

This study was the first prospective longitudinal study designed
to evaluate bio-psychological interdependence, their complex
orchestrated interplay, and their influence on the clinical course
of IBDs including the treatment modalities. Time series analysis
was used to examine bidirectional and longitudinal interplay
between multiple disease contributing factors to measure the
rebound effect. A limitation of this study was lack of healthy
controls. Diet is a very significant factor affecting gut health and
microbial profile (95, 96), but dietary intake was not assessed in
this study. None of the participants were exmained for potential
pre-existing psychological conditions. Clearly, replication of the
current study is needed to further test the conceptual framework
with a larger sample size, a better sample representation and by
including a large cohort of healthy controls.

CONCLUSION

This study indicates temporal and close interplay between
psychological, immune system and microbiome dynamics in IBD
patients. The mechanism of such interactions and directional
sequence of such interplay remained unexplained and rather
speculative, therefore requiring further investigations.
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The ileal fungal microbiota is
altered in Crohn’s disease and is
associated with the disease
course
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Introduction: Fungal microbiota’s involvement in the pathogenesis of Crohn’s
disease (CD) is incompletely understood. The terminal ileum is a predilection
site both for primary involvement and recurrences of CD. We, therefore,
assessed the mucosa-associated mycobiota in the inflamed and non-inflamed
ileum in patients with CD.

Methods: The mucosa-associated mycobiota was assessed by [TS2
sequencing in a total of 168 biopsies sampled 5 and 15cm proximal of the
ileocecal valve or ileocolic anastomosis in 44CD patients and 40 healthy
controls (HC). CD patients with terminal ileitis, with endoscopic inflammation
at 5cm and normal mucosa at 15 cm and no history of upper CD involvement,
were analyzed separately. The need for additional CD treatment the year
following biopsy collection was recorded.

Results: CD patients had reduced mycobiota evenness, increased
Basidiomycota/Ascomycota ratio, and reduced  abundance  of
Chytridiomycota compared to HC. The mycobiota of CD patients
were characterized by an expansion of Malassezia and a depletion of
Saccharomyces, along with increased abundances of Candida albicans
and Malassezia restricta. Malassezia was associated with the need for
treatment escalation during follow-up. Current anti-TNF treatment
was associated with lower abundances of Basidiomycota. The alpha
diversity of the inflamed and proximal non-inflamed mucosa within the
same patients was similar. However, the inflamed mucosa had a more
dysbiotic composition with increased abundances of Candida sake and
reduced abundances of Exophiala equina and Debaryomyces hansenii.
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Conclusions: The ileal mucosa-associated mycobiota in CD patients is altered
compared to HC. The mycobiota in the inflamed and proximal non-inflamed
ileum within the same patients harbor structural differences which may play
a role in the CD pathogenesis. Increased abundance of Malassezia was
associated with an unfavorable disease course.

Crohn'’s disease, inflammatory bowel disease, mycobiota, fungal microbiota, fungi

Introduction

Crohn’s disease (CD) is a chronic inflammatory bowel
disease (IBD) characterized by transmural and segmental
inflammation of the gastrointestinal tract. Currently, CD is
thought to develop in genetically susceptible individuals exposed
to environmental factors and gut microbiota, causing an
aberrant immune response that leads to inflammation and
subsequent tissue damage (1). The presence of a luminal
factor causing inflammation was early demonstrated as an
ileostomy diverting the intestinal contents has a well-known
protective effect, whereas reestablishment of bowel continuity
or infusion of fecal content triggers recurrence (2, 3). Disease
recurrence typically manifests at and immediately proximal
to an anastomosis (4, 5) and studies of the terminal and
neo-terminal ileum are therefore of particular interest to
understand the pathogenesis of CD. The ileal bacterial mucosa-
associated microbiota at the time of ileocecal resection (ICR)
and postoperatively has been associated with the risk of disease
recurrence (6-8).

Several findings also suggest that the mycobiota is
involved in CD pathogenesis (9). Anti-Saccharomyces cerevisiae
antibodies (ASCA) were early proposed as a diagnostic
biomarker of CD (10). Genome-wide association studies
(GWAS) identified CARDY single-nucleotide
polymorphism (rs4077515 creating substitution p.S12N) to
be associated with CD (11, 12). Identification of intestinal
fungi through C-lectin receptors depends on CARDY in the

have later

signaling pathway to stimulate a pro-inflammatory response to
commensal fungi (13, 14), and a defect in CARD? is associated
with susceptibility to fungal infections and a lower number
of Th-17 cells in humans (13). In addition, Toll-like receptor
4 polymorphisms associated with both CD and UC also
predispose to systemic Candida infections in humans (15). A
proportion of IBD patients have genetic polymorphisms that
increase susceptibility to fungal infections, also the fungal load
and richness are elevated in CD patients (16, 17).

Although the majority of studies have analyzed the
fecal mycobiota, the mucosa-associated and fecal bacterial
microbiotas are different (18-20), and the mucosa-associated
microbiota is by many considered more relevant to the
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pathogenesis of CD (21). Only a few studies have described
the mucosa-associated mycobiota in CD patients (14, 16,
22). The mucosa-associated mycobiota in CD is characterized
by a skewed Ascomycota to Basidiomycota ratio, increased
abundances of Basidiomycota, and decreased abundances of
Ascomycota phyla in CD compared to controls (14, 22).
Inflamed tissue in CD patients has a 40-fold higher load of fungi
compared to healthy controls (HC) and increased abundances
of Xylariales order and Sordariomycetes class (16). Water-
lavage samples obtained from CD patients during colonoscopy
have increased abundances of Malassezia, Cladosporium,
and Aureobasidium and decreased abundances of Fusarium
compared to HC (14). Notably, Malassezia was found to be
overrepresented in patients carrying a CARD9 allele which is
associated with an increased risk of CD (14). CD has also
been associated with increased abundance of Psathyrellaceae
and Cortinariaceae families and Psathyrella and Gymnopilus
genera (22) in a cohort of teenagers in Saudi Arabia. More
recently, Debaromyces have been reported to be abundant in CD
ulcerations and could be of importance in the pathogenesis of
CD (23). However, the prognostic value of the mycobiota has to
the best of our knowledge not been evaluated before.

In the current study, we have assessed the mycobiota of
patients with CD and HC, focusing on differences between
inflamed and proximal non-inflamed ileal mucosa within CD
patients and the association between mycobiota and the clinical
course during follow-up.

Materials and methods

Patients and control subjects

We have previously assessed the bacterial ileal microbiota
of the same patient cohort (24). Study participants were
recruited from the Department of Gastroenterology, St. Olav’s
Hospital, Trondheim, Norway between 2017 and 2019. Patients
18-70 years of age with Norwegian ethnicity and referred
to ileocolonoscopy were invited to participate if they were
eligible. Inclusion criteria were an established diagnosis of
CD based on clinical, endoscopic, and histological criteria
or patients with CD symptoms where the diagnosis was
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confirmed after both endoscopic and histologic evaluation.
CD characteristics were registered according to the Montreal
classification (25). Age- and sex-matched subjects referred to
colonoscopy due to rectal bleeding or screening for the disease
were included as healthy controls (HC) if the ileocolonoscopy
and histologic evaluation of biopsies were normal. Exclusion
criteria were as described by Olaisen et al. (24), that is,
use of antibacterial or antifungal treatment for the past 2
months or comorbidity with diabetes mellitus, celiac disease,
or liver diseases including primary sclerosing cholangitis and
primary biliary cholangitis. Additional exclusion criteria for
HCs were previous gastrointestinal surgery, gastrointestinal
polyps, cancer, diverticulitis, or irritable bowel disease fulfilling
the ROME 1V criteria (26). Information about the initiation
of treatment escalation against CD the following year after
biopsy collection was extracted from the medical records and
electronic registry of prescriptions. CD treatment escalation
was defined as the initiation of new medication, change
within drug class or increased dose of systemic glucocorticoids
(including budesonide), immunomodulators (azathioprine and
methotrexate), biologics, or surgery, whichever occurred first.

Endoscopic procedure

The ileum was reached during endoscopy using either
a colonoscope (Olympus Exera II GIF HQ190 or PHI190L,
Olympus Europa GmbH, Hamburg, Germany) or a single-
balloon enteroscope (Olympus SIF-Q180). A total of six ileal
pinch biopsies were collected from each study participant,
three biopsies from approximately 5 and 15cm proximal of
the ileocecal valve or ileocolic anastomosis, respectively. In CD
patients with terminal ileitis, the 5-cm samples were taken
from an endoscopically inflamed area and 15-cm samples
from normal-appearing mucosa. In CD patients categorized
as having active disease, both biopsy locations (5 and 15cm)
were endoscopically inflamed. For CD patients in remission and
the HC group, both biopsy locations (5 and 15cm) appeared
endoscopically normal. Endoscopic inflammation was evaluated
using Rutgeerts score (27), whether the patients had been
operated on by ICR or not, with inflammation defined as
Rutgeerts score >1. One pair of mucosal pinch biopsies from
the 5- and 15-cm locations were put on formalin for histological
grading of inflammation. The two remaining biopsy pairs were
put directly on liquid N, and stored on N until subsequent
bacterial or fungal DNA isolation and sequencing of the bacterial
(24) and fungal microbiota, respectively.

Histological evaluation of biopsies

Formalin-fixed biopsies were stained with hematoxylin
and eosin (H&E). Histological examination was performed
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blinded for phenotype by an experienced pathologist and scored
according to the Global Histologic Disease Activity Score
(GHAS) and Robarts score (3, 28, 29). A validated histological
scoring index for the evaluation of disease activity in CD is
lacking, and the reciprocity between histological scoring and
disease activity measures is poor (29, 30). However, histological
evaluation blinded for phenotype verified all biopsies from HC
as histologically normal.

DNA isolation

The fungal cell wall is particularly robust and is known
to be hard to lyse (31, 32). A DNA isolation protocol
specially designed to lyse the fungal cell wall, with both a
chemical and mechanical lysis step, was therefore chosen.
DNA from two mucosal biopsies (at 5 and 15cm locations)
was isolated according to a previously described protocol (33)
with the following adjustments; bead beating was performed
with Precellys 24 tissue homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France) at 6,500 rpm for 60s two
times. Centrifugation steps were performed at 21,000g,
otherwise, the original protocol was followed (33). The DNA
samples were quantified using Qubit (Thermo Fisher Scientific,
Waltham, MA).

ITS2 sequencing

ITS2 metagenomic sequencing libraries were prepared
the
Demonstrated Protocol” (34) with minor adjustments. In

according to “Ilumina  Metagenomics Sequencing
brief, 200 ng genomic DNA (extracted from biopsy samples)
was used as a template for PCR amplification of the ITS2
region (98°C at 30s, followed by 34 cycles with 15s at
98°C, 53°C for 30s, and 72°C for 45s, followed by 7 min
at 72°C). The ITS2 PCR primers were based on sequences
first published by Liguori et al. (16). Illumina adaptor-
compatible overhang nucleotide sequences were added to the
gene/locus-specific sequences (ITS2 Amplicon PCR Forward
Primer = 5 TCGTCGGCAGCGTCAGATGTGTATAAGA-
GACAGGTGARTCATCGAATCTTT and ITS2 Amplicon PCR
Reverse Primer = 5 GTCTCGTGGGCTCGGAGATGTG-
TATAAGAGACAGGATATGCTTAAGTTCAGCGGGT). The
PCR products were then cleaned up by using AMPure XP
beads (Beckman Coulter, Woerden, Netherlands) to purify ITS2
amplicons away from free primers and primer dimer species.
In a second PCR amplification step (9 cycles), dual indices and
Mlumina sequencing adaptors were added by using the Nextera
XT indexing kit (Illumina Inc., San Diego, CA) according to
the manufacturer’s instructions. A second PCR clean-up step
was performed using AMPure XP beads (Beckman Coulter),

before the validation of the library by a LabChip GX DNA
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high sensitivity assay (PerkinElmer, Inc., Waltham, MA).
Libraries were normalized and pooled to 12 pM and subjected
to clustering on two MiSeq V3 flowcells. Finally, paired-end
read sequencing was performed for 2 x 300 cycles on a MiSeq
instrument (Illumina, Inc.), according to the manufacturer’s
instructions. Base calling was done on the MiSeq instrument
by RTA v1.18.54. FASTQ files were generated using bcl2fastq2
conversion software v2.17 (Illumina, Inc.).

Bioinformatics

Sequencing data were processed using the FROGS pipeline
(35, 36) for sequence quality control, filtering, and affiliation
of taxa with the UNITE ITS database (version 8_2) (37), using
the FROGS guidelines for ITS data (http://frogs.toulouse.inra.
fr/). Five biopsy samples were removed from the study due to
a low number of sequences. This included two 5-cm samples
from HC and three 5-cm samples from CD patients. Phyloseq
Package for R analysis was used for alpha and beta diversity
analyses as well as illustration. Deseq2 package for R analysis
was used for differential analysis of OTUs with respect to
the different phenotypes (38). The linear discriminant analysis
(LDA) effect size (LEfSe) algorithm (39) was used to identify
taxa that were specific to phenotype or inflamed vs. proximal
non-inflamed mucosa.

Statistics

IBM SPSS Statistics version 25.0 (IBM Corp., Armonk,
NY) was used for statistical analysis apart from analyses
of sequencing data. Demographic and clinical characteristics
are presented as % (n) for categorical variables, median
[interquartile range (IQR)] for skewed distributed variables, and
mean value [standard deviation (SD)] for normally distributed
variables. Accordingly, the chi-squared test, Mann-Whitney U
test, or independent ¢-test were used for comparing CD patients
with HC. For all statistical analyses, a p-value < 0.05 was
considered statistically significant.

Ethical considerations

The study was approved by the Regional Committee for
Medical and Health Research Ethics, Central Norway (approval
reference, 2016/2164). All study participants provided written

informed consent.
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TABLE 1 Demographic and clinical characteristics of Crohn’s disease
(CD) patients and healthy controls (HC).

CD HC p-value®
Number of patients, n 44 40
Male gender, n (%) 24 (54.5%) 19 (47.5%) 0.52
Age, years, mean (SD) 42.2 (14.4) 36.6 (12.9) 0.07
BMI, mean (SD) 25.8 (4.8) 26.6 (4.7) 0.40
Acid reflux medication, n (%) 0.72
PPI 5(11.4%) 2 (5%)
H, blockers 0 0
PPI on demand 0 0
H; blockers on demand 1(2.3%) 1(2.5%)
Smoking, 1 (%) 0.57
Never smoker 23 (52.3%) 25 (62.5%)
Active smoker 5(11.4%) 5(12.5%)
Snuff 10 (22.7%) 8 (20%)
Ex-smoker 6 (13.6%) %) 2 (5%)
Laboratory values
Hb (g/dL), mean (SD) 14.1 (1.5) 14.5(1.7) 0.197
Leukocytes (x10°/L), median (IQR) 6.4 (2.3) 6.5(2.3) 0.50
CRP (mg/L), median (IQR) <5 (4) <5(0) 0.017

aComparing CD (n = 44) with HC (n = 40) using Mann-Whitney U-test for skewed
distributed continuous variables, independent ¢-test for normal distributed continuous
variables, and Chi-square/Fisher exact test for categorical variables.

Results

Patients

Forty-four CD patients and 40 HC were included.
Demographic and clinical characteristics are presented in
Table 1. CD patients had higher CRP levels compared to HC
(p = 0.017). The groups were otherwise similar. The bacterial
microbiota characteristics in this cohort have been described
previously (24). CD characteristics are provided in Table 2.
Twenty-two CD patients had terminal ileitis with endoscopic
inflammation at the 5-cm location and normal mucosa at the 15-
cm location, of which 20 had no history of upper gastrointestinal
CD involvement. Of the remaining CD patients, 10 had active
disease and 12 were in remission.

Ileal mycobiota in CD patients vs. HC

CD patients had a lower fungal alpha diversity compared
to HC based on the Simpson diversity index (p = 0.025),
whereas the observed numbers of operational taxonomic
units (OTUs) were similar (p = 0.21). This implies that the
fungal species richness was similar, but that the evenness
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TABLE 2 Crohn's disease (CD) characteristics, medical treatment,
endoscopic evaluation, and surgical history.

CD characteristics CD (n=44)

Disease duration, years (median, IQR) 10.0 (19.8)
Subclassification of patients, n (%)?

Terminal ileitis (Inflamed 5-cm + normal 15-cm) 22 (50.0%)
Active disease (Inflamed 5-cm + 15-cm) 10 (22.7%)
Remission (Normal 5 + 15 cm) 12 (27.3%)
Montreal location, 1 (%)
Terminal ileum (L1) 23 (52.3%)

Tleocolonic (L3) 16 (36.4%)

Tleocolonic + Upper GI (L3 + L4) 5(11.4%)
Montreal behavior, 7 (%)

Non-stricturing, non-penetrating (B1) 8 (18.2%)
Non-stricturing, non-penetrating + perianal (Blp) 2 (4.5%)
Stricturing (B2) 15 (34.1%)
Stricturing 4 perianal (B2p) 6 (13.6%)
Penetrating (B3) 11 (25%)
Penetrating + perianal (B3p) 2 (4.5%)

Montreal age (age at diagnosis), n (%)
16 years or younger (Al) 12 (27.3%)
17-40 years (A2) 22 (50%)
Over 40 years (A3) 10 (22.7%)

CD-medication, 1 (%)

No medical therapy for CD 18 (40.9%)
Budesonide 7 (15.9%)
Prednisolone 4(9.1%)
5-ASA 3 (6.8%)
Azathioprine 6 (13.6%)
Methotrexate 3(6.8%)
Adalimumab 4(9.1%)
Infliximab 7 (15.9%)
Vedolizumab 1(2.3%)
Treatment naive, n (%) 6 (13.6%)

Anti-TNF treatment naive, n (%) 23 (52.3%)

Rutgeerts score, n (%)

i0 12 (27.3%)
il 12 (27.3%)
i2 5(11.4%)
i3 6(13.6%)
i4 9 (20.5%)

Ileocecal resection 28 (63.6%)

#Based on endoscopic evaluation of inflammation.
bCo-medication: n = 8 (18.2) used two CD medications, n = 1 (2.3%) used three
CD medications.

of fungi was reduced within the CD group compared to
HC (Figure 1A). The most prevalent phyla in the samples
overall were Ascomycota, Basidiomycota, and Chytridiomycota,
and some Rozellomycota were also detected (Figure 1C).
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In CD patients, the Basidiomycota-to-Ascomycota ratio was
increased compared to HC (Supplementary Figure 1A). CD
patients also had lower abundances of Chytridiomycota phyla
(Supplementary Figure 1A). Beta diversity analysis assessed by
Bray-Curtis dissimilarity showed a clustering of the samples
according to the disease status (p < 0.001), confirming structural
differences in the mycobiota composition between CD patients
and HC (Figure 1B). Using LEfSe (39), fungal composition
in CD patients and HC were compared and differentially
abundant fungi were identified (Figure2). Malassezia and
Vishniacozyma genera were increased in CD patients, while
Saccharomyces, Paludomyces, and Oculimacula were depleted in
comparison to HC (Figure 2A and Supplementary Figure 1B).
When the comparison was performed at the species level, CD
patients had increased abundances of Malassezia restricta as
well as Malassezia sympodialis and two other Malassezia species
(Figure 2B). Candida albicans and Vishniacozyma victoriae
were also increased in CD patients (Figure2B). In HC,
Trichosporon asahii, Paludomyces mangrovei, and a species from
the Chaetomiaceae family were overrepresented compared to
CD patients.

Mycobiota in the inflamed and proximal
non-inflamed ileum in CD patients
(n = 20)

Twenty CD patients had terminal ileitis with an inflamed
5-cm location and a non-inflamed 15-cm location, and no
history of upper CD involvement. These patients were analyzed
separately. Fungal alpha diversity did not differ between
the distal inflamed 5-cm and proximal non-inflamed 15-
cm locations in CD patients with terminal ileitis, based on
observed OTUs and Simpson index (Figure 3A). Interestingly,
on the beta diversity plot assessed by the Jaccard index,
which focuses more on low abundant OTUs in comparison
to Bray—-Curtis dissimilarity, inflamed 5-cm samples clustered
furthest away from HC with non-inflamed CD 15-cm samples
in an intermediate location (Figure 3B), suggesting a more
dysbiotic fungal composition in the distal inflamed ileum.
In a beta diversity plot including only CD patients with
terminal ileitis, 5- and 15-cm samples were separated clearly
(p < 0.05) according to the Jaccard index (Figure 3C).
When we compared the fungal composition in inflamed 5-
cm samples with non-inflamed 15-cm samples using LEfSe,
we identified six taxa that were increased at the 5-cm location
and four taxa that were increased at the 15-cm location
(Figure 4). Cordycipitaceae and Sporidiobolaceae families and
Lecanicillium genus were overrepresented at the inflamed 5-
cm location, whereas Exophiala and Debaryomyces genera
were overrepresented at the non-inflamed 15-cm location.
Differentially abundant species were identified using LEfSe
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FIGURE 1

The mucosa-associated mycobiota in Crohn’s disease (CD) patients (n = 44) was altered in comparison to healthy controls (HC) (n = 40). (A)
Alpha-diversity, according to observed operational taxonomic units (OTUs) (left) and Simpson index (right), boxplots colored according to
disease phenotype (HC = red, CD = blue). (B) Beta-diversity. Principal coordinates analysis of Bray—Curtis dissimilarity with samples colored
according to study group, (CD = blue and HC = red). The fraction of diversity captured by the coordinate is given in percentage on axes 1 and 2.
Groups were compared using the Permanova method. (C) Relative abundance of fungal phyla in HC and CD patients.

Ascomycota

Basidiomycota
Chytridiomycota

Rozellomycota

are presented in a heatmap (Figure 4B). Candida sake was
overrepresented at the inflamed 5-cm location. The Exophiala
and Debaryomyces genera, which were increased at the non-
inflamed 15-cm location, were identified as Exophiala equina
and Debaryomyces hansenii (Figure 4B).

Mycobiota associated with the need for
escalation of CD treatment

CD patients were stratified by their need for treatment
escalation within the first year after biopsy collection
and the mycobiota was compared across this variable.
Seventeen of 44 patients received additional anti-inflammatory
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treatment. Of those 17 patients, 15 received escalation of
anti-inflammatory medical treatment, while two patients
There
no difference in alpha diversity based on observed OTUs
and Simpson index (Figure5A). Beta diversity assessed
by Bray-Curtis =0.082)
index (p =0.051) did not differ significantly between
CD patients with and without the need for treatment

underwent surgery (Supplementary Table 1). was

dissimilarity  (p and Jaccard

escalation (Figures 5B,C). In a differential analysis using
LefSE, we found fungi at several taxonomic levels to be
more abundant in CD patients needing treatment escalation
within the first year after sampling (Figure 5D). These
fungal taxa can possibly be predictive of poor prognosis in
CD patients. In particular, the Malasseziaceae family and
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FIGURE 2

Fungal taxa were differentially abundant in Crohn's disease (CD) patients (n = 44) in comparison to healthy controls (HC) (n = 40) identified by
linear discriminant analysis effect size (LEfSe). (A) Fungal taxa overrepresented in CD patients (red) and HC (green) with Linear Discriminant
Analysis (LDA) score for differentially abundant fungal taxa. (B) Heatmap of differentially abundant fungal species between CD and HC mucosal
pinch biopsies sampled 5-cm proximal of the ileocecal valve or ileocolic anastomosis.
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FIGURE 3

Fungal mycobiota in inflamed and proximally non-inflamed ileal mucosa in Crohn'’s disease (CD) patients without upper CD involvement (n =
20). Biopsies sampled at inflamed 5-cm and non-inflamed 15-cm proximal to the ileocecal valve or ileocolic anastomosis. (A) No differences in
alpha diversity, according to observed operational taxonomic units (OTUs) (left) and Simpson index (right), boxplots colored according to biopsy
location (inflamed 5 cm = blue, non-inflamed 15 cm = red). (B) Mycobiota composition in inflamed terminal ileum (blue) and proximally
non-inflamed ileum (red) of CD patients (n = 20) and in healthy controls (HC) (green) (n = 40). Principal coordinates analysis of Jaccard index
with samples colored according to disease status (CD and HC) and ileal location. The fraction of diversity captured by the coordinate is given in
percentage on axes 1 and 2. (C) Different mycobiota composition in inflamed (blue) and proximally non-inflamed ileum (red) according to beta
diversity. Principal coordinates analysis of Jaccard index with samples colored according to ileal location. The fraction of diversity captured by
the coordinate is given in percentage on axes 1 and 2. Groups were compared using the Permanova method.

Malassezia genus were more abundant in CD patients needing
treatment escalation.

Effect of anti-TNF treatment on
mycobiota

Eleven patients under current treatment with anti-
TNF agents were compared to 18 patients
current medical treatment for CD (Table2). We found
no differences in alpha- or beta diversities between these

with no

groups (Supplementary Figure 2). Interestingly, differential
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analysis with LefSE identified anti-TNF users to have higher
abundances of Ascomycota and correspondingly lower
abundances of Basidiomycota (Figure 6A), whereas in CD
patients with no current treatment, the abundances of
Basidiomycota (Figures 6A,B) was high. Correspondingly, the
whole CD cohort had increased levels of Basidiomycota and
reduced levels of Ascomycota compared to HC, as described
earlier. When comparing anti-TNF naive patients (never-

users), n = 23, with ever-users (historically) of anti-TNF

treatment, n 21 (Table 2), we found a similar mycobiota
composition according to both alpha diversity and beta diversity

(Supplementary Figures 3A-C).
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Differentially abundant fungal taxa between inflamed 5-cm vs. proximal non-inflamed 15-cm ileum of Crohn'’s disease (CD) patients (n = 20)
with terminal ileitis and no history of upper CD involvement. Biopsies sampled from 5- and 15 cm proximal of the ileocecal valve or ileocolic
anastomosis within the same patients. (A) Fungal taxa overrepresented in inflamed 5-cm biopsies (green) and non-inflamed 15-cm biopsies
(red) in a histogram with Linear Discriminant Analysis (LDA) score computed using linear discriminant analysis effect size (LEfSe). (B) Heatmap
showing the distribution of differentially abundant fungal species in inflamed 5-cm samples (right) and non-inflamed 15-cm samples (left)
identified using LEfSe.
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FIGURE 5

Fungal microbiota in CD patients needing treatment escalation (n = 17) within the first year after biopsy sampling compared to CD patients not
needing treatment escalation (n = 27). (A) Fungal alpha-diversity, according to observed operational taxonomic units (OTUs) (left) and Simpson
index (right), boxplots colored according to need for treatment escalation (blue) and no need for treatment escalation (red). (B) Beta-diversity.
Principal coordinates analysis of Bray—Curtis dissimilarity with samples colored according to the need for treatment escalation (blue) and no
need for treatment escalation (red). The fraction of diversity captured by the coordinate is given in percentage on axes 1 and 2. Groups were
compared using the Permanova method. (C) Principal coordinates analysis of Jaccard index with samples colored according to need for
treatment escalation (yes = blue, no = red). The fraction of diversity captured by the coordinate is given in percentage on axes 1 and 2. Groups
were compared using the Permanova method. (D) Fungal taxa overrepresented in CD patients needing treatment escalation within 1 year
compared to CD patients not needing treatment escalation, illustrated in a histogram with Linear Discriminant Analysis (LDA) score computed
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Mycobiota according to ileal
inflammation and sub-location in CD
patients overall

Within the whole CD cohort (n

(both endoscopic and histologic) was not associated with

44), inflammation

an altered mycobiota diversity or composition, based on
observed OTUs, Simpson index, and Bray-Curtis dissimilarity
(Supplementary Figure 4). This argues that endoscopic and
histologic inflammation per se does not dominantly alter the
fungal microbiota. Similarly, ileal location (5 vs. 15cm)
was not associated with an altered fungal microbiota
44)
(Supplementary Figure 5). These findings imply that the

diversity or composition in the CD cohort (n

altered fungal microbiota in CD terminal ileitis could not be
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explained by the effect of location or inflammation alone and
is in accordance with our previous findings suggesting that
mucosa-associated bacterial alterations in CD are also present
across locations and independent of inflammation (24).

Discussion

This study investigated the mucosa-associated fungal
microbiota in CD and compared the inflamed and proximal
non-inflamed ileum within CD patients. Previous reports have
found altered fungal composition in CD compared to HC
(14, 16, 22, 23, 40). We found that the mucosa-associated
mycobiota in the ileum of CD patients had reduced alpha
diversity based on the Simpson index, but a similar number of
observed OTUs compared to HC, implicating similar species
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FIGURE 6
Differentially abundant fungal taxa between Crohn's disease (CD) patients currently using anti-TNF agents (Anti-TNF) (n = 11) compared to CD
patients with no medical treatment (NT) (n = 18). (A) Relative abundance of fungal phyla in CD patients with no medical treatment (NT) and
anti-TNF treated CD patients. (B) Fungal taxa overrepresented in anti-TNF-treated CD patients (green) and in CD patients with no medical
treatment (NT) (red) illustrated in a histogram with Linear Discriminant Analysis (LDA) score computed using linear discriminant analysis effect

size (LEfSe).

richness, but reduced evenness in CD patients. CD patients had Malassezia restricta and Malassezia sympodialis. The expansion
an increased Basidiomycota-to-Ascomycota ratio as reported of Malassezia restricta in CD has been reported previously
by others (14, 40), but also an altered mycobiota composition (14, 41), particularly in CD patients carrying the CARD9 risk
characterized by a significant gain of Malassezia and loss of allele (14). Depletion of Saccharomyces has been described in
Saccharomyces. At species level, Malassezia was identified as feces from IBD patients, where Saccharomyces was positively
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correlated with abundances of bacteria depleted in IBD, such
as the butyrate-producing Roseburia, Blautia, and Ruminococcus
genera (40, 42). Several Saccharomyces spp. have been suggested
to have anti-inflammatory effects (40, 43-45).

We found increased abundance of C. albicans in the
ileal mucosa of CD patients. C. albicans has been proposed
to promote IBD by increasing the inflammatory response,
and due to its increased abundance during inflammation,
a vicious circle is created (45, 46). The fecal abundance of
Candida before fecal microbiota transplantation (FMT) in
UC patients has been associated with therapeutic response,
and effects of FMT may be mediated by a reduction in
Candida abundance (47). Increased abundances of Candida
albicans and Candida glabrata have previously been found
in fecal and colonic samples, respectively, from CD patients
(16, 40, 48). To the best of our knowledge, this is the first
study to confirm increased Candida in the ileal mucosa,
thus supporting a clinical relevance. Interestingly, increased
abundances of Candida tropicalis in fecal samples from
CD patients have been positively correlated to ASCA
concentrations (49). Candida is also extensively involved
in bacterial interactions, demonstrating a significant influence
on microbiome composition (45, 49). However, the reports
show opposite effects depending on the experimental setup.
Studies following the bacterial community reassembly after
antibiotic treatment showed the influence of C. albicans
on the bacterial diversity levels and possible influence on
Lachnospiraceae colonization, a family with recognized positive
effects on gut health (50, 51). In a mucosal model evaluating
mouth and gut colonization, C. albicans triggered a dysbiosis
characterized by a bloom of Enterococcus strains associated with
increased epithelial permeability and susceptibility to invasive
infections (52).

The terminal ileum is the predilection site for primary
and recurrent CD and we, therefore, specifically analyzed the
mucosa-associated mycobiota in the inflamed and proximal
non-inflamed mucosa in patients with terminal ileitis. The
alpha diversity in inflamed and proximal non-inflamed mucosa
did not differ; however, a separation on beta diversity plots
suggested an altered and more dysbiotic fungal composition
in the inflamed ileum compared to proximal non-inflamed
ileum and healthy mucosa of controls. Lecanicillium genera
and Candida sake sp. were increased in the inflamed mucosa,
whereas Exophiala equina and Debaryomyces hansenii were
increased in the proximal non-inflamed mucosa. C. sake is
frequently found in the feces of healthy humans (31), it can
cause rare invasive candidemia (53) but have, however, not been
associated with IBD to our knowledge. Indeed, C. sake is used
as a biocontrol agent in the food industry to limit the decay
of apples due to mold (54, 55). The literature on E. equina
is scarce, but E. equina has been identified in subcutaneous
abscesses with histologically granulomatous inflammation (56)
and Exophiala has been associated with primary sclerosing
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cholangitis (57). D. hansenii is a commensal gut fungus that is
found in feces of healthy adults and reported to be increased
in feces of infants (31, 58), it is also frequently found in
foods such as meat, fruit, cheese, beer, and wine (59). Jain
et al. have recently reported D. hansenii to be enriched and
completely dominant in inflamed compared to the non-inflamed
ileum in 16 CD patients from two different cohorts (23), which
is the opposite of our and Liguori et al. (16) findings. Jain
et al. did not consider the relative location of inflamed and
non-inflamed samples, and slight differences in DNA isolation
protocols between studies could also affect results. However, D.
hansenii was found to impair tissue healing in mice models,
but intestinal damage was required for D. hansenii to have
detrimental effect (23). The mentioned differences between
studies could hypothetically be explained by the transfer of
D. hansenii from the proximal non-inflamed mucosa to the
ileum downstream and reduce wound healing, consistent with
early descriptions of a beneficial effect of fecal stream diversion
(2,3).
Interestingly,

that increased

corresponding

found abundance
with of
Malasseziaceae at the family level, Malasseziomycetes class,

we
of Malassezia genus increases
and Malasseziales order were associated with the need for
treatment escalation within 1-year follow-up. The association
suggests that Malassezia does not only characterize CD in
our and other patient cohorts (14) but it may also affect the
disease course and represent a poor prognostic factor. Larger
prospective studies to examine this observation would be of
great interest.

Anti-TNF treatment was also associated with alterations
of the fungal microbiota. CD patients on current anti-TNF
treatment had lower abundances of Basidiomycota compared
to CD patients not receiving medical treatment. CD patients in
general have an increased Basidiomycota-to-Ascomycota ratio
compared to HC, as reported in this cohort as well as by others
(14, 40). A recent study investigating the bacterial and fungal
communities in fecal samples before and after initiation of anti-
TNF treatment found that both fungal and bacterial microbiota
composition differed between anti-TNF-responders and non-
responders (60), arguing that the microbiome composition
is relevant for pharmacological therapy. Anti-TNF treatment
could modulate the mycobiota in a potentially beneficial
direction since it reversed the fungal community toward a
lower Basidiomycota-to-Ascomycota ratio which is found in
healthy subjects. However, the finding should be verified in
larger cohorts, and the mechanisms by which this occurs need
to be evaluated.

Neither endoscopic nor histologic inflammation was
associated with an increased number of OTUs or altered
mycobiota according to other alpha- or beta-diversity
measures. On the contrary, fungal richness and diversity
have previously been found to be increased in inflamed vs.
non-inflamed mucosa assessed by PCR and Denaturing
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Gel the method is
less sensitive in terms of taxa identification and diversity

Gradient Electrophoresis; however,
measures compared to ITS-sequencing (61). We found
that ileal sub-location seems to neither impact mycobiota
diversity nor its composition. Finally, patients using anti-
TNF agents did not have a mycobiome that differed from
CD patients not receiving any anti-inflammatory treatment.
This observation strengthens the hypothesis that altered
ileal mycobiome in CD patients is related to the disease
per se.

The role of fungi in IBD has been described and
acknowledged (62), consequently the fungal microbiome is
a potential therapeutic target. Factors known to affect the
mycobiome include diet, antibacterial and antifungal agents,
and gut bacteria (9, 45, 49, 63, 64). The risk of CD was
associated with cumulative antibiotic exposure in a Swedish
national cohort (65). Antibacterial therapy increases fungal
abundances in fecal samples (64, 66), suggesting that fungi
could mediate the increased risk of CD after exposure to
antibacterial agents (46). Ingestion of meat, eggs, and cheeses
seems to increase the fecal fungal load compared to vegetarian
food (67), and correspondingly, fiber and fruit reduce the
risk of CD in epidemiological studies (68). It has recently
been found that a proportion of secretory IgA (sIgA), which
have an important gut barrier function, is induced by and
directed toward intestinal fungi (69). The production of sIgAs
that target and coat certain fungi may be dysregulated in
CD. The previously recognized risk factors and prognostic
factors for IBD could be mediated by alterations of intestinal
fungi. Food that either contains fungi or otherwise alters
the intestinal composition of fungi could be of importance
(63, 67), but considering the complex interactions between
bacteria and fungi, drugs that alter microbial composition
including anti-bacterial agents and proton-pump inhibitors
could also be implicated (70). Before establishing treatment
strategies aiming to maintain or restore a health-promoting
mycobiome, prospective and interventional studies with careful
monitoring of intestinal fungi are needed. Given the widespread
interest in microbiota research, it would also be valuable
if the numerous studies of fecal microbiota transplantation
also included sequencing of not only bacteria but also fungi
and viruses. Oral anti-fungal agents have the potential to
reduce inflammation in IBD, and this approach should be
explored further (71).

There are several challenges within the field of mycobiota
research. Several methodological steps harbor a potential for
variation which can impact reported mycobiota composition.
This includes the method of sample collection which varies from
endoscopic biopsies (22), endoscopic water-lavage samples (14),
surgical samples (23), or even a combination (16). Furthermore,
the storage of samples, DNA isolation protocol, choice of
primer (ITS1 or ITS2), sequencing protocol, and bioinformatic
pipeline vary.
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Strengths of the study include analysis of the mucosa-
associated microbiota, which represent only a section of
the entire gut microbiota, but due to its location interacts
with the host cells and the immune system, which provides
original data compared to the most common studies on
Additionally, the
mycobiota was assessed in the highest number of CD

fecal composition. mucosa-associated
patients to date (14, 16, 22, 23), and the sequencing
analysis of high quality and the majority of sequences
were taxonomically classified. Furthermore, the clinical course
was followed for 1 year after biopsy collection. Limitations
include the observational study design, heterogeneity of
the CD duration, and previous and current medical and
surgical treatment that may affect the mycobiota. We have
not correlated the bacterial and fungal microbiota, and
interactions between bacteria and fungi occurring have not
been assessed.

this
the mucosa-associated mycobiota in the inflamed and
CD patients
confirms several alterations found in other cohorts.

In conclusion, relatively large study describes
and
We
identified fungal taxa which are associated
with the need for in CD. The

mycobiota ileum

proximally non-inflamed ileum in
have also
treatment escalation

the
proximal non-inflamed ileum differ and may play a role

composition  in inflamed and

in CD pathogenesis.
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