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Washed microbiota
transplantation improves
patients with metabolic
syndrome in South China
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Man-Qing Li*, Wen-Ying Lin*, Qing Zhang®, Qing-Ping Wu®*
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Safety and Health, State Key Laboratory of Applied Microbiology Southern China, Institute of
Microbiology, Guangdong Academy of Sciences, Guangzhou, China, *School of Biology and

Biological Engineering, South China University of Technology, Guangzhou, China, “Xiamen
Treatgut Biotechnology Co., Ltd., Xiamen, China

Background: Metabolic syndrome (MS) is a growing public health problem
worldwide. The clinical impact of fecal microbiota transplantation (FMT) from
healthy donors in MS patients is unclear, especially in southern Chinese
populations. This study aimed to investigate the effect of washed microbiota
transplantation (WMT) in MS patients in southern China.

Methods: The clinical data of patients with different indications receiving 1-3
courses of WMT were retrospectively collected. The changes of BMI, blood
glucose, blood lipids, blood pressure and other indicators before and after
WMT were compared, such as fasting blood glucose (FBG), glycated
hemoglobin (HbAlc), total cholesterol (TC), triglyceride (TG), low-density
lipoprotein cholesterol (LDL-c)), high-density lipoprotein cholesterol (HDL-c),
non-high-density lipoprotein (non-HDL-c), systolic blood pressure (SBP),
diastolic blood pressure (DBP), etc. At the same time, comprehensive
efficacy evaluation and atherosclerotic cardiovascular disease (ASCVD) grade
assessment were performed on MS patients. Finally, 16S rRNA gene amplicon
sequencing was performed on fecal samples of MS patients before and after
transplantation.

Results: A total of 237 patients were included, including 42 in the MS group and
195 in the non-MS group. For MS patients, WMT significantly improved the
comprehensive efficacy of MS in short term 40.48% (p<0.001), medium term
36.00% (p=0.003), and long term 46.15% (p=0.020). Short-term significantly
reduced FBG (p=0.023), TG (p=0.030), SBP (p=0.026) and BMI (p=0.031), and
increased HDL-c (p=0.036). The medium term had a significant reduction in
FBG (p=0.048), TC (p=0.022), LDL-c (p=0.043), non-HDL-c (p=0.024) and BMI
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(p=0.048). WMT had a significant short term (p=0.029) and medium term
(p=0.011) ASCVD downgrading effect in the high-risk group of MS patients.
WMT improved gut microbiota in MS patients.

Conclusion: WMT had a significant improvement effect on MS patients and a
significant downgrade effect on ASCVD risk in the high-risk group of patients
with MS. WMT could restore gut microbiota homeostasis in MS patients.
Therefore, the regulation of gut microbiota by WMT may provide a new
clinical approach for the treatment of MS.

KEYWORDS

fecal microbiota transplantation (FMT), washed microbiota transplantation (WMT),
metabolic syndrome, comprehensive efficacy, atherosclerotic cardiovascular

disease (ASCVD)

Introduction

Metabolic syndrome (MS) has become one of the major
public health challenges worldwide. It is a group of risk factors
combined with obesity, hyperglycemia (diabetes or impaired
glucose regulation), dyslipidemia (hyperglycemia and/or low
HDL-c hyperemia), and hypertension of clinical syndromes
(O’Neill and O’Driscoll, 2015; Rossi et al., 2022). These
conditions co-occur in individuals more frequently than
expected by chance. When these factors are combined, they
directly contribute to the development of ASCVD and also
increase the risk of developing type 2 diabetes (Grundy, 2016;
Guembe et al., 2022; Tang et al., 2022). There has been a
dramatic increase in the number of people living with MS
worldwide, and this increase has been associated with a global
epidemic of obesity and diabetes (Grundy, 2008; Simmons et al.,
2010; Gurka et al., 2017). With the increased risk of diabetes and
cardiovascular disease associated with MS (Gami et al., 2007;
DeBoer et al, 2015), strategies to prevent emerging global
epidemics are urgently needed.

MS combines multiple symptoms, such as obesity,
dyslipidemia, hyperglycemia, and hypertension, which
significantly increase the risk, progression rate, and harm of
diabetes and cardiovascular disease. Therefore, a scientific and
reasonable treatment strategy for MS should be comprehensive,
including measures such as blood glucose, blood lipid, blood
pressure, weight control, and lifestyle improvement. These
treatment strategies are mainly lifestyle intervention and drug
therapy. Previous studies have confirmed that exercise has both
alleviating and therapeutic effects in improving abnormal
glucose and lipid metabolism. For people who are sedentary,
current recommendations are to gradually increase aerobic
exercise, and moderate physical activity can reduce the risk of
metabolic diseases (Donnelly et al., 2009). A meta-analysis of 48
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studies reported significant improvements in lipid metabolism in
2990 subjects with MS who underwent moderate-intensity
aerobic exercise training (40 to 60% of heart rate reserve or
maximal oxygen uptake) (Wood et al., 2022). Various drugs are
used to treat MS, such as hypoglycemic agents: metformin
(Ludvik et al., 2021), alpha-glucosidase inhibitors (Krentz
et al, 2008), targeting the glucagon-like peptide GLP -1
receptor agonists, etc. (Rosenstock et al., 2021; Sattar et al,
2021). Lipid-lowering drugs: statins (Briguori et al., 2009; Di
Sciascio et al., 2009; Ray et al., 2021), ezetimibe, etc. (Kim et al.,
2022). Antihypertensive drugs: diuretic antihypertensives
(Bakris et al.,, 2012), sympathetic inhibitor (Azizi et al., 2015),
calcium antagonists (Carey et al, 2018), renin-angiotensin
system inhibitor et al. (Bobrie et al, 2012). Diet pills: orlistat
(Dombrowski et al., 2014), topiramate (Yanovski and Yanovski,
2014), liraglutide (Bray et al.,, 2016), lorcaserin (Gadde et al,
2018). However, long term use of drug therapy can have
significant side effects. Therefore, it is of great significance to
comprehensively analyze the related factors of MS and find a
treatment method with less side effects.

The human gut microbiota has an average of 10-100 trillion
microorganisms, more than ten times the estimated number of
human cells (Turnbaugh et al., 2007). The impact of a healthy
and diverse gut microbiota on metabolic system, immune
system, and gut homeostasis is increasingly evident (Jung
et al, 2015). The gut microbiome is increasingly recognized as
playing an important role in human physiology and health. Gut
dysbiosis, defined as a decrease in bacterial diversity or a change
in bacterial species compared to healthy controls, is associated
with the development of multiple diseases (Machiels et al., 2014;
Cani, 2017). Modulation of the gut microbiota to restore a
balanced and diverse microbiota may be of great value for the
treatment or prevention of microbiome-related diseases.
Altering the composition of the gut microbiota has received
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attention as a novel therapeutic modality to improve insulin
sensitivity (Khan et al., 2014). Fecal microbiota transplantation
(FMT) is a novel therapeutic approach that uses healthy
microbial profiles to replace the patient’s own disturbed
microbiota (Bafeta et al., 2017). FMT has a tendency not only
to improve the function of commensal host bacteria, but also to
completely reshape the entire host microbiome. FMT does this
by altering the actual composition and proportions of the
resident symbiotic species present in the host. FMT is now
included in guidelines recommending FMT as the standard of
care in the setting of recurrent Clostridium difficile infection
(Varier et al,, 2015). FMT is of increasing interest (de Groot
et al,, 2020). FMT is now being tested in clinical trials for other
diseases, such as inflammatory bowel disease (IBD) (Moayyedi
et al., 2015; Paramsothy et al., 2017; Qazi et al., 2017), Crohn’s
disease (Paramsothy et al., 2017), obesity (Allegretti et al., 2020),
and functional gastrointestinal disorders (Pamer, 2014), which
are also associated with marked dysbiosis. Whether FMT can
improve MS is a topic to be explored in clinical medicine.
Washed microbiota transplantation (WMT) is a microbiota
transplantation method that is similar to traditional FMT but
adds the safety measure of washed microbiota. The biggest
difference between WMT and FMT is that the bacterial
solution of WMT is prepared by an intelligent microorganism
separation system (GenFMTer), which has gone through a
multi-level filtration system, and finally the washed bacterial
solution of WMT is obtained after several washed. It has better
safety, quality control for bacterial flora disorders and
effectiveness (Shi, 2020; Zhang et al., 2020). We tried to
investigate whether WMT could improve patients with MS in
patients with functional bowel disease and other diseases who
received WMT in the Department of Gastroenterology, The First
Affiliated Hospital of Guangdong Pharmaceutical University.
We hypothesized that WMT could safely and consistently affect
patients across various indications, improve MS without side
effects. Therefore, we conducted a retrospective trial to collect
medical data from patients with MS treated with WMT.

Materials and methods
Patients and experimental design

This study included patients who received WMT for
functional bowel disease and other diseases in our hospital
from December 2016 to May 2022 and completed 1-3 courses
of treatment. Inclusion criteria: patients older than 18 years who
volunteered to receive WMT. Exclusion criteria were: pregnant
women, patients taking probiotics during WMT treatment. In
the end, a total of 237 people met the requirements. This study
was approved by the Ethics Committee of the First Affiliated
Hospital of Guangdong Pharmaceutical University, Guangzhou,
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China according to the Declaration of Helsinki (no. 2017-98).
Written informed consent was obtained and reviewed from
all patients.

The diagnostic criteria for metabolic syndrome in this study
refer to the Chinese Guidelines for the Prevention and Treatment
of Type 2 Diabetes (2020 Edition) (Chinese Diabetes S, 2021) and
the diagnostic criteria for metabolic syndrome of the Diabetes
Society of the Chinese Medical Association (Metabolic Syndrome
Research Collaboration Group of Diabetes Branch of
ChineseMedical Association, 2018). Metabolic syndrome group
(MS group) can be diagnosed with 3 or more of the following: (1)
BMI > 25kg/m’. (2) Hyperglycemia: fasting blood glucose > 6.1
mmol/L or 2-hour blood glucose after glucose load > 7.8 mmol/L
and (or) those who have been diagnosed with diabetes and treated.
(3) Hypertension: blood pressure =130/85 mmHg (1
mmHg=0.133 kPa) and (or) confirmed hypertension and
treated. (4) Fasting triglyceride (TG) = 1.70mmol/L. (5) Fasting
HDL-c < 1.04mmol/L. Those who do not meet the above
conditions are the non-metabolic syndrome group (non-MS
group). Finally, 42 people in the MS group and 195 people in
the non-MS group were included. With reference to the Chinese
Guidelines for the Prevention of Cardiovascular Diseases (2017
edition) (“Chinese Guidelines for the Prevention of
Cardiovascular Diseases (2017),” 2018), the ASCVD risk was
assessed according to baseline and blood lipid status.

Preparation of washed Microbiota and
WMT procedure

The procedure of WMT complies with the Nanjing
Consensus on the Methodology of Washed Microbiota
Transplantation (Shi, 2020). All healthy fecal donors between
the ages of 18 and 25 undergo rigorous consultation,
psychological and physical examination, biochemical testing
and infectious disease screening. To prepare the washed
microbiota, each 100 g of feces and 500 mL of 0.9% saline was
used to prepare a homogeneous fecal suspension. Then, the
washed bacteria solution was prepared by an intelligent
microorganism separation system (GenFMTer) (one-hour
FMT protocol with relatively low oxygen environment)
(Zhang et al., 2020). According to each patient’s physical
condition and wishes, the washed bacteria solution is injected
into the patient’s body through the upper gastrointestinal tract
(nasojejunal tube) or the lower gastrointestinal tract (endoscopic
intestinal tube). The center implements the standard of “three
three courses of treatment” of WMT. That was, do a WMT
course every month for the first three months, and then do a
WMT course three months apart after the third month. Among
them, a WMT course of 3 days, once a day, once a 120mL of the
washed bacteria solution was used to patients (Mullish et al,
2018). The results of blood tests and other tests before the first
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course of treatment were the baseline values, and relevant
indicators were obtained before each subsequent course of
treatment. Time could be divided into short term: about 1
month after the first WMT course; medium term: about 2
months after the first WMT course; long term: about 6
months after the first WMT course. All patients underwent at
least 2 WMT procedures and completed follow-up.

Clinical data collection

Baseline values, short, medium, and long term outcomes of
patients before treatment were collected. Data included age (year),
sex n (%), BMI (kg/mz), disease or indication for WMT,
laboratory test results. Mainly include blood glucose indicators:
fasting blood glucose (FBG, mmol/L), glycosylated hemoglobin
(HbAlc, %). Insulin index: fasting insulin (FI, pU/mL), and
calculate the insulin resistance value (HOMA-IR, insulin
resistance value=fasting blood glucose*fasting insulin/22.5).
Blood lipid indexes: total cholesterol (TC, mmol/L), triglyceride
(TG, mmol/L), low density lipoprotein cholesterol (LDL-c, mmol/
L), high density lipoprotein cholesterol (HDL-c, mmol/L),
Apolipoprotein B (ApoB, g/L), non-high density lipoprotein
(non-HDL-¢, mmol/L), lipoprotein a (LIP, mmol/L). Blood
pressure indicators: systolic blood pressure (SBP, mmHg) on
admission, diastolic blood pressure (DBP, mmHg) on
admission. Adverse events (AEs): abdominal pain, diarrhea,
nausea and vomiting, dizziness, fatigue, etc. After all patients
received WMT treatment and completed follow-up, the results of
blood glucose, blood lipids and blood pressure were statistically
analyzed and evaluated.

DNA extraction and sequencing

Stool samples from 5 patients with MS, 6 patients with non-MS,
and 5 donors were collected for sequencing before and after WMT.
All samples were stored at -80°C after collection untii DNA
extraction. DNA extraction from fecal samples was performed as
previously described (Qin et al., 2012). DNA quality and
concentration were checked by NanoDrop " 2000 (Thermo
Fisher Scientific, Wilmington, DE, USA). A bacterial 16S rRNA
gene fragment (V3-V4) was amplified from the extracted DNA by
PCR using primers 338F (5'-ACTCCTACGGGAGGCAGCAG-3)
and 806R (5-GGACTACHVGGGTWTCTAAT-3'). Polymerase
chain reaction (PCR) conditions: 30 s at 95°C, 30 s at 55°C, and 45 s
at 72°C for a total of 25 cycles. PCR products were subjected to
agarose gel electrophoresis to determine the size of the amplicon.
The constructed library was quantified by Qubit and Q-PCR; after
the library was qualified, the NovaSeq6000 (Illumina, San Diego,
CA, USA) sequencing platform was used for on-board sequencing.
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Amplicon data processing and analysis

The sample data was split from the off-machine data, and the
barcode and primer sequences were truncated. FLASH (V1.2.11,
http://ccb.jhu.edu/software/FLASH/) (Magoc and Salzberg,
2011) software was used to splicing the reads of the sample to
obtain Raw Tags. Then, using fastp(0.19.6) (Chen et al., 2018)
software to conduct quality control on the obtained Raw Tags to
obtain high-quality Clean Tags. Finally, the Clean Tags are
compared with the database to detect and remove chimeras
(Haas et al,, 2011), so as to obtain the final effective data, namely
Effective Tags. Using the DADA2 module (Callahan et al.,, 2016)
in the QIIME2 (version 2020.2) (Bolyen et al., 2019) software,
and filtering out sequences with an abundance of less than 5, the
final ASVs (Amplicon Sequence Variants) and features sheet
were obtained. Subsequently, the obtained ASV's were compared
with the database using the classify-sklearn module in the
QIIME2 software to obtain the species information of each ASV.

Data analysis

Statistical analysis was performed using SPSS 22.0 (IBM
Corp., Armonk, NY, USA) and Prism 8 (GraphPad, San Diego,
CA, USA). Results were expressed as frequencies and
percentages for categorical variables, mean and standard
deviation for continuous variables with a normal distribution.
Categorical variables were analyzed using chi-square or Fisher’s
exact test. For comparison of continuous variables between two
independent groups, an unpaired Student’s-t test (normally
distributed variables) could be used. Paired data were
compared using paired Student’s-t test (normally distributed
variables). Two-tailed p-values < 0.05 were considered
statistically significant.

Results

Clinical characteristics of patients
undergoing WMT

WMT was completed in the First Affiliated Hospital of
Guangdong Pharmaceutical University from December 2016
to May 2022. A total of 237 patients (42 in the MS group and
195 in the non-MS group) met the inclusion criteria. Among
them, 121 (51.05%) were male, 116 (48.95%) were female, and
the median age was 55 (41-63) years old. The analysis process is
shown in Figure 1. Table 1 shows the first six disease
characteristics of patients undergoing WMT, which are
functional bowel disease (n=128, 54.01%, including irritable
bowel syndrome, functional constipation), ulcerative colitis
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Functional bowel disease (n=128)
Ulcerative colitis (n=24)
Gastroesophageal reflux disease (n=20)
Others (n=65)

237 patients

A 4

A 4

Metabolic Syndrome Group

Short t
ort ferm 42 patients

Non-Metabolic Syndrome Group
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A 4

Metabolic Syndrome Group

Medium term 25 patients

v
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Metabolic Syndrome Group

Long term N
13 patients

Non-Metabolic Syndrome Group
52 patients

FIGURE 1

Flow chart of this study. Short term: about 1 month; medium term: about 2 months; long term: about 6 months.

(n=24, 10.13%), gastroesophageal reflux disease (n=20, 8.44%),
non-alcoholic fatty liver disease (n=11, 4.64%), gouty arthritis
(n=7, 2.95%), chemotherapy-related diarrhea (n=7, 2.95%). Due
to the different compliance of patients, WMT treatment may not
be completed on schedule. In this study, the time interval of
WMT in the enrolled patients was counted, and the number of
days was expressed as the median (25%-75%). The test results of
the patient before the first course of treatment are the baseline
value. The second course of treatment was separated by 35 days
from baseline (32-42, short term). The third course of treatment
was 77 days away from baseline (67-98.75, medium term). The
fourth course of treatment was 185 days away from baseline
(147.50-210, long term).

The demographic and clinical characteristics of the patients in
the MS group and the non-MS group are compared in Table 2. Due
to different compliance, not all patients have complete data, so the
number of patients in each group is different for each index. There
was no significant difference in age and gender ratio between the
MS group and the non-MS group, indicating that the basic
conditions of the study population were not significantly different,
which reduced the confounding factors of this study. BMI (27.56 +
4.69 vs 21.62 + 341 kg/mz, p<0.001), FBG (6.00 + 1.97 vs 4.80 +
1.07 mmol/L, p<0.001), HbAlc (6.80 = 1.22 vs 5.84 + 0.88%,
p=0.007), FI (12.67 + 8.22 vs 8.27 + 5.57 LU/mL, p=0.011), HOMA-
IR (3.44 + 2.43 vs 1.86 + 1.68, p=0.003), TC (5.43 + 2.04 vs 4.69 +
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1.07 mmol/L, p=0.027), TG (3.85 + 4.72 vs 1.06 + 0.54 mmol/L,
p<0.001), HDL-c (1.00 + 0.27 vs 1.36 + 0.31 mmol/L, p<0.001),
ApoB (1.07 + 0.31 vs 0.89 + 0.24 g/L, p<0.001), non-HDL-c (441 +
2.09 vs 3.33 £ 1.01 mmol/L, p=0.002), SBP (132.57 + 11.66 vs
120.85 + 13.94 mmHg, p<0.001), DBP (82.62 + 10.72 vs 76.50 +
9.59 mmHg, p<0.001), the above indexes in the MS group were
significantly higher than those in the non-MS group except for
HDL-c (mmol/L).

Evaluation of clinical comprehensive
curative effect of WMT on
metabolic syndrome

All enrolled patients were divided into MS group and non-
MS group according to the evaluation criteria of MS. Patients
were regrouped according to changes in MS symptoms after
WMT treatment (Table 3). The comprehensive curative effect of
the patients in the MS group changed significantly during the
treatment. Short term recovery was 40.48% (p < 0.001), medium
term recovery was 36.00% (p = 0.003), and long term recovery
was 46.15% (p = 0.020). Our data suggest that WMT has short,
medium, and long term significant metabolic syndrome-
improving efficacy in patients with MS; however, the efficacy
of WMT remains to be explored. There were very few patients in
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TABLE 1 The main diagnoses of patients receiving washed microbiota transplantation.

Primary cause of WMT

Functional bowel disease
Ulcerative colitis
Gastroesophageal reflux disease
Nonalcoholic fatty liver
Gouty arthritis
Chemotherapy-Associated Diarrhea
Atopic dermatitis
Hyperlipidemia
Post-hepatitis cirrhosis
Radiation enteritis

Crohn’s disease
Hyperlipidemic pancreatitis
Senile tremor

Duodenal stasis

Chronic urticaria
Parkinson’s syndrome
Bipolar disorder

Psoriasis vulgaris
Hyperuricemia

Perianal eczema
Autoimmune hepatitis
Pustular psoriasis
Neuromyelitis optica
Eepression

Functional dysphagia

total

Number (n) Percentage (%)
128 54.01%
24 10.13%
20 8.44%
11 4.64%
7 2.95%
7 2.95%
6 2.53%
5 2.11%
5 2.11%
5 2.11%
4 1.69%
2 0.84%
1 0.42%
1 0.42%
1 0.42%
1 0.42%
1 0.42%
1 0.42%
1 0.42%
1 0.42%
1 0.42%
1 0.42%
1 0.42%
1 0.42%
1 0.42%
237 100.00%
TABLE 2 Demographics and clinical characteristics of patients at baseline.
Metabolic syndrome group (42) Non-metabolic syndrome group (195) Donors (5)

Age (year)

Male n (%)

BMI (kg/m?)
FBG (mmol/L)
HbAlc (%)

FI (WU/mL)
HOMA-IR

TC (mmol/L)
TG (mmol/L)
LDL-c (mmol/L)
HDL-c (mmol/L)
ApoB (g/L)
non-HDL-c (mmol/L)
LIP (mmol/L)
SBP (mmHg)
DBP (mmHg)

54.98 + 14.53 (n=42) 52.02 + 15.81 (n=195)

54.76 50.26 80.00

22.80 * 0.84 (n=5)

27.56 + 4.69 (n=38) 21.62 + 341 (n=190) 2126 + 1.23 (n=5)
6.00 + 1.97 (n=42) 4.80 + 1.07 (n=193) 4.60 + 0.24 (n=5)
6.80 + 1.22 (n=19) 5.84 + 0.88 (n=21) /

12.67 + 8.22 (n=28) 827 + 5.57 (n=105) /

3.44 + 243 (n=28) 1.86 + 1.68 (n=102) /
543 + 2.04 (n=42) 469 + 1.07 (n=167) 0.79 + 0.36 (n=5)
3.85 + 472 (n=42) 1.06 + 0.54 (n=167) 2.32 + 121 (n=5)
2.77 +0.98 (n=42) 2.85 + 0.96 (n=167) 1.25 + 036 (n=5)
1.00 + 027 (n=42) 1.36 + 031 (n=167) 0.79 % 0.36 (n=5)
1.07 + 0.31 (n=42) 0.89 + 0.24 (n=167) /

441 £ 2.09 (n=42)
118.16 + 158.69 (n=19)
132.57 + 11.66 (n=42)

82.62 + 10.72 (n=42)

333 + 1.01 (n=167) 2.90 % 0.29 (n=5)
139.13 + 138.18 (n=50) /
12240 + 10.64 (n=5)
74.00 + 7.97 (n=5)

120.85 + 13.94 (n=195)
7650 + 9.59 (n=195)

Data presented as mean + standard deviation, or n (%).

BMI (kg/mz), Body mass index; FBG (mmol/L), Fasting blood glucose; HbA1c (%), Glycated hemoglobin; FI (tU/mL), Fasting insulin; HOMA-IR, Homeostasis model assessment of insulin
resistance; TC (mmol/L), Total cholesterol; TG (mmol/L), Triglyceride; LDL-c (mmol/L), Low-density lipoprotein cholesterol; HDL-c (mmol/L), High-density lipoprotein cholesterol;
ApoB (g/L), Apolipoprotein B; non-HDL-c¢ (mmol/L), Non-HDL cholesterol; LIP (mmol/L), Lipoprotein; SBP (mmHg), Systolic blood pressure; DBP (mmHg), Diastolic blood pressure.
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TABLE 3 Comprehensive clinical efficacy of short, medium and long term treatment on MS.

Data periods Before therapy (n)

Unchangedgroup (n)

MS group

Short term 42 25
Medium term 25 16
Long term 13 7

Non-MS group

Short term 195 191
Medium term 115 110
Long term 52 50

Therapeutic effect base on diagnostic level of MS

Changedgroup (n, %) x? p-Value
17 (40.48%) 21313 <0.001
9 (36.00%) 8.672 0.003
6 (46.15%) 5417 0.020
4(2.05%) 2273 0.132
5 (4.35%) 3.271 0.071
2 (3.85%) 0510 0475

The definition of unchanged and changed of MS group were still MS group and changed to Non-MS group.
The definition of unchanged and changed of Non-MS group were still Non-MS and changed to MS group.

the non-MS group who increased during WMT treatment, but
there is no statistical difference, which may be caused by changes
in living habits and other factors during the treatment process
for as short as one month or as long as six months. Our data
show that WMT has a significant overall improvement in MS.

Efficacy evaluation of WMT in the
treatment of ASCVD risk

According to ASCVD risk stratification, patients were
divided into very high risk group, high risk group,
intermediate risk group and low risk group. After WMT
treatment, patients were regrouped into risk-modified and
risk-modified groups (Table 4). Acute coronary syndrome,
stable coronary heart disease, ischemic cardiomyopathy,
ischemic stroke, transient ischemic attack, and peripheral
atherosclerosis were included in the very high-risk group. This
group of patients was not reassigned after WMT treatment and
is not listed in Table 4.

In terms of ASCVD rating, in the high-risk group of patients
with MS, WMT in the short term and medium term had a

significant effect, with 25.0% (p=0.029) in the short term and
41.2% (p=0.011) in the medium-risk group. There was no
statistically significant effect of short term, medium term and
long term WMT on ASCVD rating in the medium-risk group. In
conclusion, in terms of ASCVD rating, WMT has a significant
short and medium term ASCVD downgrading effect in the high-
risk group of patients with MS.

Comparative analysis of each index after
WMT treatment and baseline

Previously, we observed that WMT had a significant
improvement effect on MS as a whole, and then we further
analyzed the specific indicators. Table 5 and Figure 2 showed the
effects of WMT on BMI, blood glucose, blood lipids, and blood
pressure in patients with MS. The results showed that in the MS
group, WMT had a significantly lower effect (p < 0.05) on BMI in
the short term (from 27.56 + 4.69 to 26.95 + 4.47kg/m’, p = 0.031)
and in the medium term (from 27.32 + 3.56 to 26.46 + 3.70kg/m> p
= 0.048)). And in the long term (from 28.19 + 3.62 to 27.70 +
4.24kg/m2), it also showed a reducing effect, but because the

TABLE 4 Effects of short, medium, and long term treatment on atherosclerotic cardiovascular disease risk classification of patients with MS.

Data periods Before therapy (n)

Unchangedgroup (n)

High-risk group

Short term 24 18
Medium term 17 10
Long term 8 4

Medium-risk group

Short term 10 6
Medium term 7 3
Long term 4 3

Therapeutic effect base on ASCVD risk stratification

Risk descended (n, %) ) p-Value
6 (25.0%) 4762 0.029
7 (41.2%) 6.476 0.011
4 (50.0%) 3.000 0.083
4 (40.0%) 2.813 0.094
4 (57.1%) 3.150 0.076
1 (25.0%) 0.000 1.000

The definition of Risk descended of high- and medium-risk groups were medium-, and low-risk after WMT procedures, respectively.
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TABLE 5 The comparison values of each index in high MS group and non-MS group in the short term, medium term and long term with baseline during the treatment of washed microbiota

transplantation.

Items Baseline Short term p-Value Baseline Medium term p-Value Baseline Long term p-Value
MS group

BMI (kg/m?) 27.56 + 4.69 (n=38) 26.95 + 4.47 (n=38) 0.031 27.32 + 3.56 (n=21) 26.46 + 3.70 (n=21) 0.048 28.19 + 3.62 (n=10) 27.70 + 4.24 (n=10) 0.767
FBG (mmol/L) 6.03 £ 1.98 (n=38) 549 £ 134 (n=38) 0.023 621 + 1.96 (n=22) 5.66 + 1.28 (n=22) 0.048 6.24 £ 225 (n=8) 5.95 + 1.89 (n=8) 0.163
HbAlc (%) 7.06 + 0.78 (n=8) 7.05 £ 0.93 (n=8) 0.949 7.92 £ 097 (n=5) 7.50 £ 0.54 (n=5) 0.184 8.55 + 134 (n=2) 7.65 + 0.64 (n=2) 0323
FI (WU/mL) 13.83 £ 7.73 (n=20) 14.14 £ 6.37 (n=20) 0.863 12,51 % 6.40 (n=10) 13.55 £ 6.89 (n=10) 0.662 13.94 £ 6.41 (n=8) 1528 £ 6.42 (n=8) 0.529
HOMA-IR 3.72 £ 2.35 (n=20) 3.70 £ 2.11 (n=20) 0971 3.74 £ 1.81 (n=10) 4.08 + 2.64 (n=10) 0.729 4.00 £ 2.01 (n=7) 4.06 £ 2.01 (n=7) 0.931
TC (mmol/L) 5.42 £ 2.08 (n=40) 491 £ 1.26 (n=40) 0.125 552 + 1.59 (n=24) 471 £1.02 (n=24) 0.022 5.77 £ 1.62 (n=11) 547 £ 1.67 (n=11) 0235
TG (mmol/L) 3.90 + 4.84 (n=40) 2,62 £ 2.19 (n=40) 0.030 4.10 + 434 (n=24) 335 £ 3.11 (n=24) 0.410 3.89 £ 3.15 (n=11) 4.18 £ 532 (n=11) 0.820
LDL-c (mmol/L) 2.75 £ 1.00 (n=40) 271 £ 1.09 (n=40) 0.836 2.85 £ 1.04 (n=24) 236 + 0.98 (n=24) 0.043 3.01 £ 111 (n=11 2.63 £ 094 (n=11) 0328
HDL-c (mmol/L) 0.99 + 027 (n=40) 1.07 £ 0.29 (n=40) 0.036 1.00 + 0.33 (n=24) 1.03 £ 0.20 (n=24) 0.608 1.08 £ 0.29 (n=11) 1.05 % 0.24 (n=11) 0253
ApoB (g/L) 1.07 £ 0.31 (n=40) 1.02 £ 0.26 (n=40) 0.369 1.13 £ 0.31 (n=24) 0.99 + 025 (n=24) 0.060 1.19 £ 0.35 (n=1 1.15 £ 0.20 (n=11) 0.627
non-HDL-c (mmol/L) 440 £ 2.15 (n=40) 3.84 + 1.18 (n=40) 0.085 446 £ 1.63 (n=24) 3.68 + 1.05 (n=24) 0.024 458 +1.50 (n=11) 443 £ 1.80 (n=11) 0.591
LIP (mmol/L) 139.67 + 178.64 (n=14) 15349 + 204.34 (n=14) 0.254 69.02 + 118.45 (n=6) 71.05 + 10531 (n=6) 0.807 / / /
SBP (mmHg) 13257 £ 11.66 (n=42)  127.64 + 10.20 (n=42) 0.026 131.72 £ 13.51 (n=25) 12640 + 9.12 (n=25) 0.070 127.08 £9.50 (n=12)  125.17 £ 7.22 (n=12) 0.628
DBP (mmHg) 82.62 + 10.72 (n=42) 78.43 +9.13 (n=42) 0.051 81.76 + 11.18 (n=25) 79.40 + 7.44 (n=25) 0323 81.00 + 9.20 (n=12) 83.08 + 8.59 (n=12) 0.536
Non-MS group

BMI (kg/m?) 21.62 + 3.42 (n=187) 21.50 + 3.32 (n=187) 0279 21.53 + 347 (n=112) 21.30 + 3.36 (n=112) 0206 21.69 + 3.90 (n=51) 21.76 + 3.66 (n=51) 0.776
FBG (mmol/L) 4.80 £ 1.10 (n=170) 4.72 £ 1.62 (n=170) 0.405 4.77 £ 1.11 (n=98) 4.64 £ 0.90 (n=98) 0.207 4.63 £ 0.59 (n=47) 4.66 £ 0.79 (n=47) 0.775
HbAlc (%) 543 + 137 (n=4) 545 + 110 (n=4) 0.895 / / / / / /
FI (WU/mL) 8.71 £ 633 (n=61) 8.53 £ 5.17 (n=61) 0.728 9.78 £ 7.52 (n=32) 10.39 + 7.56 (n=32) 0.489 10.66 + 5.67 (n=16) 9.53 + 474 (n=16) 0299
HOMA-IR 2.02 + 2.01 (n=60) 1.95 + 1.64 (n=60) 0.651 227 £ 2.50 (n=32) 236 + 2.14 (n=32) 0.699 2.19 £ 133 (n=16) 1.99 + 1.13 (n=16) 0377
TC (mmol/L) 476 £ 1.12 (n=116) 4.67 £ 1.07 (n=116) 0225 4.72 £ 1.09 (n=70) 4.60 £ 0.90 (n=70) 0277 492 121 (n=31) 4.62 £ 1.07 (n=31) 0.051
TG (mmol/L) 1.15 £ 0.59 (n=116) 1.09 % 0.54 (n=116) 0.129 1.08 % 0.49 (n=70) 1.03 £ 0.48 (n=70) 0.405 1.12 £ 047 (n=31) 1.00 £ 0.43 (n=31) 0.164
LDL-c (mmol/L) 2.90 £ 0.99 (n=116) 2.84 £ 0.96 (n=116) 0370 2.84 £ 0.94 (n=70) 2.76 £ 0.79 (n=70) 0352 3.03 £ 1.04 (n=31) 2.78 £ 092 (n=31) 0.080
HDL-c (mmol/L) 1.34 £ 0.30 (n=116) 1.33 £ 0.33 (n=116) 0.623 1.38 % 0.32 (n=70) 1.37 £ 0.28 (n=70) 0.692 1.38 £ 0.31 (n=31) 1.38 £ 0.29 (n=31) 0.982
ApoB (g/L) 0.90 + 0.25 (n=116) 0.90 £ 0.26 (n=116) 0.874 0.89 + 0.23 (n=70) 0.89 + 0.23 (n=70) 0.946 0.93 £ 0.22 (n=31) 0.93 + 0.24 (n=31) 0.927
non-HDL-c (mmol/L) 3.42 £ 1.05 (n=116) 3.34 £ 1.03 (n=116) 0255 3.34 £ 1.00 (n=70) 323 £ 0.84 (n=70) 0271 3.54 £ 1.06 (n=31) 324 £ 094 (n=31) 0.033
LIP (mmol/L) 11458 £ 93.83 (n=22)  122.48 + 102.74 (n=22) 0243 119.23 + 88.80 (n=12)  124.18 + 112.83 (n=12) 0.732 87.13 + 49.56 (n=3) 75.30 + 56.66 (n=3) 0.442
SBP (mmHg) 120.85 + 13.94 (n=195)  119.44 + 12.2 (n=195) 0.164 120.75 + 13.42 (n=115)  119.20 + 12.57 (n=115) 0.306 12057 £12.73 (n=51)  119.47 £ 12.03 (n=51) 0597
DBP (mmHg) 76.5 £ 9.59 (n=195) 75.97 + 9.05 (n=195) 0.500 76.21 + 9.54 (n=115) 74.37 + 8.26 (n=115) 0.082 75.69 + 8.79 (n=51) 75.96 + 7.68 (n=51) 0.841

Data presented as mean + standard deviation, or n (%).
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number of people was too small, it was not significant in the long
term (p = 0.767). This suggests that WMT has a good BMI-
improving effect in patients with MS. FBG had a significantly lower
effect (p < 0.05) in the short term (from 6.03 + 1.98 to 5.49 + 1.34
mmol/L, p = 0.023) and in the medium term (from 6.21 + 1.96 to
5.66 + 1.28 mmol/L, p = 0.048). And in the long term (from 6.24 +
225t0 595 +
because the number of people was too small, it was not significant in
the long-term (p = 0.163). This suggests that WMT has a good
blood glucose-improving effect in patients with MS. Meanwhile, in
the MS group, WMT significantly reduced TC (from 5.52 + 1.59 to
4.71 £ 1.02mmol/L, p = 0.022) in the medium term (p < 0.05). TG
(from 3.90 + 4.84 t0 2.62 + 2.19mmol/L, p = 0.030) had a significant
short term reduction (p < 0.05). LDL-c (from 2.85 + 1.04 to 2.36 +
0.98mmol/L, p = 0.043) was significantly lower in the medium term
(p < 0.05). HDL-c (from 0.99 * 0.27 to 1.07 + 0.29mmol/L, p =
0.036) had a significant increase in the medium term (p < 0.05).
non-HDL-c (from 4.46 + 1.63 to 3.68 + 1.05mmol/L, p = 0.024) had

1.89mmol/L), it also showed a reducing effect, but
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a significant lowering effect in the mid-term (p < 0.05). Overall,
WMT significantly improved blood lipids in the MS group. There
was a significant short term reduction (p < 0.05) on SBP (from
132.57 + 11.66 to 127.64 + 10.20mmHg, p = 0.026), indicating that
WMT has a significant antihypertensive effect on blood pressure in
patients with MS. In the non-MS group, WMT had a significant
long term reduction (p < 0.05) on non-HDL-c (from 3.54 + 1.06 to
3.24 £ 0.94mmol/L, p = 0.033), however, there was no significant
change in FBG, TC, TG, LDL-¢c, HDL-c in the short term, medium
term and long term, that is, WMT had no significant change in the
non-MS group.

Correlation analysis of WMT on
indicators affecting MS

We previously found that WMT significantly improved
BMI, FBG, TC, TG, LDL-c, HDL-c, non-HDL-c and SBP in
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the MS group during treatment. In order to find the relevant
factors affecting the regulation of WMT on MS, correlation
analysis was performed on the above-mentioned indicators with
significant regulating effect. As shown in Figure 3, we found that
in the MS group, TC was strongly positively correlated with
FBG, non-HDL-c, and BMI. FBG was strongly positively
correlated with TG and non-HDL-c. There was a strong
positive correlation between non-HDL-c and TG and BMI.
Our data show that in the process of WMT treatment, while
improving BMI, blood glucose and blood lipids are also affected
by a good improvement, and BMI, blood glucose, and blood
lipids have a strong correlation. This provides us with a good
therapeutic idea for the treatment of MS. That is to say, WMT
has a significant effect on the treatment MS. It can also play a
role in weight loss and lipid lowering while reducing blood

10.3389/fcimb.2022.1044957

glucose, and at the same time, it plays a comprehensive role in
these three aspects.

Analysis of the composition of gut
microbiota before and after WMT

We analyzed the gut microbiota composition of the MS group,
the non-MS group, and donors before and after WMT. The gut
microbiota at the phylum level mainly includes Firmicutes,
Bacteroidota, Fusobacteriota, Actinobacteriota and Proteobacteria.
For the MS group, at the phylum level, WMT increased the relative
abundance of Firmicutes and Actinobacteriota; decreased the
relative abundance of Fusobacteriota and Proteobacteria
(Figure 4A). At the class level, the relative abundances of
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FIGURE 3

Correlation analysis of WMT on MS regulation. BMI, Body mass index; TC, Total cholesterol; FBG, Fasting blood glucose; non-HDL-c, Non-HDL
cholesterol; TG, Triglyceride. (r<0.3, indicating poor correlation; 0.3<r<0.6, indicating moderately strong correlation; 0.6<r<0.8, indicating strong
correlation; r>0.8, indicating extremely strong correlation). Short term: about 1 month; medium term: about 2 months; long term: about 6 months.
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FIGURE 4
The composition of gut microbiota before and after WMT. (A) Composition of the top ten gut microbiota at the phylum level. (B) Composition of the
top 30 gut microbiota at the genus level. (C) Chaol index and Shannon index of alpha diversity analysis. (D) LEfSe analysis of MS group and non-MS
group. (E) T-test analysis of MS group before and after WMT. (F) T-test analysis of non-MS group before and after WMT. (G) Mutual variation relationship
between environmental factors and species. MS: In MS group before WMT. MS.W: In MS group after WMT. NMS: In non-MS group before WMT.
NMS.W: In non-MS group after WMT. BMI, Body mass index; FBG, Fasting blood glucose; TC, Total cholesterol; TG, Triglyceride; LDL-c, Low-density
lipoprotein cholesterol; HDL-c, High-density lipoprotein cholesterol; non-HDL-c, Non-HDL cholesterol; SBP, Systolic blood pressure. * indicates

p < 0.05; ** indicates p < 0.01. Short term: about 1 month; medium term: about 2 months; long term: about 6 months.
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Clostridia, Bacilli, Actinobacteria, and Coriobacteriia were increased
after WMT; the relative abundances of Fusobacteriia, Bacteroidia,
Gammaproteobacteria, and Negativicutes were decreased after
WMT (Supplementary Figure 1A). At the order level, the relative
abundances of Lachnospirales, Bifidobacteriales, Oscillospirales,
Lactobacillales, Clostridiales and Erysipelotrichales were increased
after WMT; the relative abundances of Fusobacteriales,
Bacteroidales, Enterobacterales and Peptostreptococcales
Tissierellales were decreased after WMT (Supplementary
Figure 1B). At the family level, the relative abundances of
Lachnospiraceae, Bifidobacteriaceae, Prevotellaceae,
Ruminococcaceae and Clostridiaceae were increased after WMT;
the relative abundances of Fusobacteriaceae, Bacteroidaceae,
Enterobacteriaceae, etc. were decreased after WMT
(Supplementary Figure 1C). At the genus level, the relative
abundances of Bifidobacterium, Prevotella, Muribaculaceae,
Clostridium, Faecalibacterium, Streptococcus, and Blautia were
increased after WMT; the relative abundances of Fusobacterium,
Bacteroides, Escherichia-Shigella, Ruminococcus, etc. were decreased
after WMT (Figure 4B). Among them, WMT can not only increase
the relative abundance of beneficial bacteria, such as
Bifidobacterium, Prevotella, Faecalibacterium, etc. In addition, it
can reduce the relative abundance of harmful bacteria, such as
poisonous Fusobacterium, poisonous Bacteroides, Escherichia-
Shigella and so on. WMT could increase the o-diversity of gut
microbiota in both the MS group and the non-MS group, with an
increased chaol index indicating an increase in the total number of
community species, and an increased shannon index indicating an
increase in community species diversity (Figure 4C). We performed
LEfSe analysis on the MS group and the non-MS group in order to
find the Biomarker with statistical difference between the two
groups. Finally, it was found that the differential species in the
MS group was Bacteroides fragilis, and the differential species in the
non-MS group was Lactobacillus ruminis (Figure 4D). Species with
significant differences between the MS groups before and after
WMT were identified by T-test. We found that WMT significantly
increased the relative abundances of Butyricicoccus, Merdisoma, and
Anaerotruncus at the genus level of gut microbiota in the MS group
compared with baseline (Figure 4E). Meanwhile, WMT
significantly increased the relative abundance of Clostridia and
Adlercreutzia at the genus level of the gut microbiota in the non-
MS group (Figure 4F). We used Spearman rank correlation to study
the mutual change relationship between environmental factors and
species, and obtained the correlation and significant P value
between the two groups. We found a significant negative
correlation between BMI and Dialister. FBG was significantly
negatively correlated with Epulopiscium, Parabacteroides, Bacillus,
Clostridia, Dialister, Enterococcus, Clostridium and Muribaculaceae.
TC was significantly negatively correlated with Romboutsia. TG was
significantly negatively correlated with Bacillus, Dialister and
Muribaculaceae. LDL.c was significantly negatively correlated with
Ruminococcus. HDL.c was significantly positively correlated with
Megasphaera and Eubacterium. Non.HDL.c was significantly
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negatively correlated with Ruminococcus. SBP was significantly
negatively correlated with Bacillus and Clostridia (Figure 4G).

Prevalence of AEs in WMT patients

We also analyzed the prevalence of AEs in patients receiving
WMT. WMT-related AEs were determined on the basis of
clinical judgment and all available information (primarily
diarrhea, abdominal pain, nausea, vomiting, generalized joint
pain, fatigue, convulsions, rash, fever, and dizziness). A total of
679 WMT procedures were analyzed, and the overall incidence
of AEs was 2.50%. Diarrhea was the most common AE (7 cases,
1.03%), followed by abdominal pain (2 cases, 0.29%), nausea and
vomiting (2 cases, 0.29%), generalized joint pain (1 case, 0.15%),
fatigue (1 case, 0.15%), convulsions (1 case, 0.15%), rash (1 case,
0.15%), fever (1 case, 0.15%) and dizziness (1 case, 0.15%). The
reality is that these effects quickly go away on their own and pose
no greater threat to the patient’s health.

Discussion

WMT has a significant improvement effect in patients with
MS and a significant downgrade effect on ASCVD risk. In terms
of comprehensive efficacy, WMT has significantly improved
curative effect in short, medium and long term in patients
with MS. In terms of ASCVD rating, WMT has a significant
short and medium term ASCVD downgrading effect in the high-
risk group of patients with MS. WMT can significantly improve
blood glucose, blood lipids, blood pressure and BMI in patients
with MS. Our data suggest that modulation of the gut microbiota
by WMT may be a novel approach for the treatment of MS.

The gut microbial community is known to be critical for
processing dietary polysaccharides, promoting the absorption of
monosaccharides in the gut, and inducing hepatic lipogenesis. The
gut microbiota also influenced the energy and energy stores that
the host obtains from the diet (Turnbaugh and Gordon, 2009).
Numerous experiments in animal models or humans showed that
FMT played an important role in body weight regulation (Ridaura
etal, 2013). In a FMT study of patients with MS, the recipient gut
microbiota after transplantation was similar to that of the donor
(Li et al, 2016). Donor-specific microorganisms Roseburia
hominis, Ruminococcus lactaris and A. muciniphila were able to
successfully colonize the recipient (Azad et al., 2018), the latter
being associated with improved host glucose tolerance. These
results suggested that improving gut dysbiosis with FMT may be
an effective treatment for obesity. Specifically, SCFA-producing
bacteria, such as Roseburia gutis, Bryantella forexigens, and
Megamonas hypermegale, were significantly increased after FMT
(Smits et al., 2018), which may help improve insulin sensitivity in
patients with MS. Next Lai et al. found that transplantation of fecal
microbiota from mice on a normal-fat diet into mice on a high-fat
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diet significantly reduced appetitive efficacy, body weight, and
metabolic profile in mice on a high-fat diet. The beneficial effects
of linking exercise to a normal diet could be transmitted through
FMT, and FMT could improve inflammatory status and
metabolism in obesity. The transmissible beneficial effects of
FMT had been explained by overexpression of Odoribacter and
oxidative phosphorylation and glycolysis genes (Lai et al., 2018).
Consistently, our results showed a similar effect in patients with
MS. That was, WMT had a significant short term and medium
term improvement effect on BMI in patients with MS. This may
be related to the increased abundance of beneficial bacterial
species after transplantation. WMT could lead to an increase in
the proportion of Firmicutes in the recipients as described in the
text and in the Figure 4A. It seems reasonable to interpret that the
MS group itself contained a high abundance of Firmicutes, while
receiving Firmicutes from donors, resulting in a logical increase in
the relative abundance of Firmicutes. Similarly, similar results
were observed in the non-MS group. Of course, the increased of
Firmicutes was not a direct addition of numbers. It was possible
that the gut microbiota showed up in an interacted form after
WMT. A. muciniphila was one such species commonly associated
with anti-obesity traits. For example, in mouse and a few human
studies, A. muciniphila significantly improved body composition
and nutrient processing in obese subjects. A. muciniphila was
underrepresented in the microbiome of a mouse model of type 2
diabetes (Okubo et al., 2018). The ratio of Firmicutes to
Bacteroidetes was often used when correlating changes in
microbiota composition with obesity phenotypes. Firmicutes
had been documented to be more abundant than Bacteroidetes
in obese subjects, whereas lean individuals had more Bacteroidetes
and less Firmicutes (Furet et al., 2010; Louis et al., 2016).
Scientific reports showed that FMT could also improve
plasma metabolic parameters in patients with MS. For
example, Vrieze et al. found improvements in peripheral and
hepatic insulin sensitivity six weeks after infusion of microbiota
from lean donors into recipients with MS, and concluded that
the gut microbiota could potentially be developed as a
therapeutic agent to increase insulin sensitivity in humans
(Vrieze et al., 2012). Next, Kootte et al. investigated the eftects
of lean donor (allogeneic) versus own (autologous) fecal
microbiota transplantation in male recipients with MS. Similar
to the team of Vrieze et al., at 6 weeks after FMT, the authors
observed improved peripheral insulin sensitivity, elevated
postprandial plasma triglycerides, and reduced glycated
hemoglobin (HbAlc) levels in recipient plasma obtained from
allogeneic donors (Kootte et al., 2017). A similarly interesting
experiment was performed by Sung et al. The authors
administered fecal microbiota to obese mice by oral gavage in
their experiments from resveratrol-fed and normally fed groups
of donor mice. Their findings showed improved glucose
clearance in the group of mice that received fecal suspensions
from resveratrol-fed donors compared to the group of normally
fed donor mice (Sung et al, 2017). Consistently, our results
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showed a similar effect in patients with MS. It was shown that
WMT had a significant improving effect on blood glucose in
patients with MS. WMT had a significant effect on reducing
fasting blood glucose in the short and medium term in patients
with MS. These data leaded us to conclude that the delivery of
beneficial microbiota or metabolites via FMT could have
ameliorating effects on glycemia in patients with MS.

Hyperlipidemia (HLP) was considered to be an important
risk factor for cardiovascular diseases (CVDs) (Roth et al., 2020),
atherosclerosis (Panahi et al., 2018; Libby et al., 2019), diabetes
(Sun et al,, 2022). Evidence suggested that the gut microbiota
played an important role in the regulation of energy metabolism
and lipid levels in the host (Velagapudi et al., 2010; Mestdagh
et al, 2012). A non-human primate model of hyperlipidemia
(HLP) was established in cynomolgus monkeys fed a high-fat
diet (HFD) for 19 months, according to a recent study.
Transplantation of fecal microbiota from HFD-T (high-fat
diet-tolerant) monkeys into HFD rats attenuated HLP and
hepatic steatosis (Gao et al., 2022). Probiotics could protect
the host from intestinal dysbiosis, thereby conferring health
benefits to the host. Lactobacillus had been reported to have a
lipid-lowering effect on hypercholesterolemic and
hyperlipidemic rats or mice (Singh et al., 2015; Qian et al,
2019). A muciniphila was currently recommended as a new
potential complementary therapy for clinical obesity and
diabetes (Plovier et al., 2017; Cani and de Vos, 2017). P.
distasonis had been shown to have metabolic benefits in
reducing body weight, hyperglycemia, and hepatic steatosis in
genetically obese (ob/ob) and high-fat diet (HFD)-fed mice
(Wang et al,, 2019). Furthermore, Faecalibacterium prausnitzii
and its secreted peptides exhibited anti-inflammatory effects
against chemically induced colitis in mice (Breyner et al,
2017). Consistently, our results showed a similar effect in
patients with MS. It was shown that WMT had a significant
improving effect on blood lipids in patients with MS. WMT
could significantly reduce triglyceride and increase high-density
lipoprotein in patients with MS in the short term. In the medium
term, it could significantly reduce total cholesterol, low-density
lipoprotein, and non-high-density lipoprotein. Therefore, it is
promising to ameliorate such diseases and gut dysbiosis by
targeting the modulation of gut microbiota using probiotics
or FMT.

Several intervention studies had shown that blood pressure
in animal models of hypertension can be altered by altering the
gut microbiota. Yang et al. observed a significant decrease in
microbial richness, diversity, and uniformity in spontaneously
hypertensive rats, and an increase in the ratio of Firmicutes/
Bacteroidetes. These changes were accompanied by a decrease in
acetic and butyric acid-producing bacteria (Yang et al., 2015).
Furthermore, the microbiota of a small group of human
hypertensive patients was found to follow a similar pattern of
dysbiosis. Yang et al. discovered a role for the brain-gut-kidney
axis in maintaining normal homeostasis and dysregulation of
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this axis in chronic kidney disease and hypertension may lead to
new therapeutic targets (Yang et al., 2018). In addition, high
fiber and SCFA-acetate supplementation had been reported to
alter gut microbiota, increase the abundance of acetate-
producing bacteria, and prevent hyperactivity in a mouse
model of deoxycorticosterone acetate (DOCA)-induced
hypertension. Blood pressure (Marques et al., 2017). Another
meta-analysis on the antihypertensive effect of probiotics
showed that multiple probiotics had a greater effect on blood
pressure improvement than a single probiotic (Khalesi et al.,
2014). As a multi-species gut microbiota transplant, FMT had
significant antihypertensive effects in hypertensive animals
(Toral et al, 2019). Consistently, our results showed similar
effects in patients with MS. However, our study showed that
WMT had a clinically significant short term blood pressure
lowering effect, with a trend to lower blood pressure in the
medium and long term, but the effect was not significant.
Although the significant antihypertensive effect of WMT was
short term, it also had a trend of antihypertensive in the medium
and long term, and the effect of WMT was generally longer than
that of traditional antihypertensive drugs. Further studies are
needed to explore how to prolong the antihypertensive effect of
WMT. Several clinical studies had found that the gut microbiota
of hypertensive patients differs significantly from that of healthy
controls, characterized by loss of microbial diversity, loss of
beneficial bacteria, and increase in potentially harmful bacteria
(Yan et al,, 2017; Li et al., 2017). Our 16S rRNA sequencing data
suggested that WMT may restore microbial diversity in patients
with MS and modulate their microbial composition, similar to
that observed in healthy controls. In addition, research by Zhong
et al. showed that WMT has antihypertensive effect on
hypertensive patients (Zhong et al., 2021). Zhong et al. found
that genus-level relative abundance of gut microbiota in
hypertensive patients after WMT significantly changed
compared with baseline, including increased abundance of
Senegalimassilia and decreased abundance of Parasutterella
and Solobacterium. Adamberg et al. showed that higher
abundance of Senegalimassilia was associated with healthy
traits. They found that children without obesity had higher
levels of Senegalimassilia anaerobia compared to overweight
children (Adamberg et al, 2018). In addition, diabetic rats
treated with formulations that could significantly improve
hyperglycemia had also been shown to have a high abundance
of Senegalimassilia (Gao et al., 2018). In addition, the abundance
of Parasutterella (increased in hypertensive patients) (Mushtaq
et al., 2019) and Solobacterium (associated with atherosclerotic
cardiovascular disease) (Tierney et al.,, 2021) were significantly
increased after WMT reduce. Consistently, our results showed a
similar effect in patients with MS. That was, WMT could
significantly improve blood pressure in patients with MS.
Therefore, WMT may improve blood pressure in patients with
MS by restoring gut microbiota homeostasis.
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MS combines multiple symptoms, such as obesity,
dyslipidemia, hyperglycemia, and hypertension, which
significantly increase the risk, progression rate, and harm of
diabetes and cardiovascular disease. Therefore, a scientific and
reasonable treatment strategy for MS should be based on the
control of blood glucose, blood lipids, blood pressure, and body
weight for comprehensive treatment. In our study, WMT
significantly improved blood glucose, blood lipids, blood
pressure and BMI in patients with MS and had a significant
downgrading effect on ASCVD risk. We speculate that the
improvement of MS after WMT is due to the improvement of
gut microbiota after WMT, which comprehensively regulates
blood glucose, blood lipids, blood pressure, and BMI. Although
there were several studies on WMT function, such as Liang et al.
showed that WMT treatment could alter blood lipids in patients
with hyperlipidemia and hypolipidemia without serious adverse
events (Liang et al., 2022). Wu et al. showed that WMT can
significantly improve blood glucose in patients with high blood
glucose (Wu et al, 2022a). Pan et al. showed that WMT
significantly improved children with autism spectrum disorder,
gastrointestinal symptoms and sleep disturbance, and reduced
systemic inflammation (Pan et al, 2022). The mechanism by
which FMT contributes to disease remission remains largely
unexplained. MS may be alleviated by the synergistic effect of gut
commensal microbiota after FMT treatment.

Future research should focus on the bacterial species and
functional changes associated with FMT treatment in patients
with MS, and how FMT affects the metabolism of other organs in
long term improvement. Due to the complexity of the gut
microbiota, further studies should explore whether specific
microbial community species or communities in FMT are
dedicated to the prevention and treatment of MS. This may
provide a new perspective and reference. Many factors
influenced the outcome of FMT, namely donor selection and
preparation, sample handling, mode of administration, and
colonization resistance (Leshem et al., 2019). Perhaps the
healthy donors from the World Longevity Township in South
China can provide a better source of donors for patients in South
China (Wu et al,, 2021a). FMT-related AEs were a challenge for
FMT applications. In most cases, mild gastrointestinal AEs were
well tolerated by FMT (Wang et al., 2016). Zhang et al.
demonstrated the preparation of washed microflora by
repeated centrifugation plus suspension three times on the
basis of an automated purification system, which significantly
reduced AEs (Zhang et al., 2020). Our WMT project was based
on Zhang’s standards. No serious AEs were identified during and
after WMT. The current understanding of the effects of WMT
on the gut microbiota on metabolic diseases is still in its infancy,
and data on the effects of WMT on MS are lacking. This is a
large-scale retrospective trial of MS in southern China, including
a MS group and a non-MS group. The clinical evidence of the
effect of WMT on MS has been established, laying a foundation
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for the follow-up study of the effects of gut microbiota (Wu et al.,
2021b) and metabolic markers (Wu et al., 2022b) on metabolic
abnormalities. Taken together, these results suggest that
restoring gut microbiota may serve as a promising treatment
for MS; however, the mechanism of action requires
further investigation.

This study had several limitations. First, this study focused on
the analysis of clinical BMI, blood glucose metabolism, lipid
metabolism, and blood pressure, as well as gut microbiota
amplicons before and after WMT. Given that this was a
retrospective study, stool samples from patients with MS were
rarely collected. WMT could increase the o-diversity of gut
microbiota in both the MS group and the non-MS group, with
an increased chaol index indicating an increase in the total
number of community species, and an increased shannon index
indicating an increase in community species diversity (Figure 4C).
An important reason for the lack of significant differences here
was that our sample size was too small. Because our study was a
retrospective study, a large number of samples were not collected
before, so the current number of samples was too small to have a
significant difference. Our situation was similar to that of Zhong
et al,, (2021). However, the trend of our results fully agreed with
the theoretical results on WMT can reshape the intestinal
microecology. Gut microbiota metagenomics and metabolomics
before and after WMT had not been evaluated. Therefore, the
mechanism of action of WMT in improving ms had not been
elucidated. Second, the number of patients and the impact of
compliance. The overall number of patients with MS was
relatively small, and a small number of patients did not receive
long term treatment after short term treatment, and returned to
the hospital at short or long intervals to evaluate the long term
benefit of WMT treatment. Therefore, more samples and data
were needed to confirm the long term efficacy of WMT in the
treatment of MS. Third, we did not consider potential
confounding factors between the main symptoms of WMT
treatment and MS. Based on current limitations, although data
showed that WMT could improve MS, the findings of WMT-
improving MS should be interpreted with caution, and we need
large-scale prospective studies to further validate our conclusions.
In the future, we plan to conduct a large-sample prospective study
to verify the effect of WMT on MS.

Conclusions

WMT had a significant improvement in patients with MS
and a significant short and medium term downgrading effect on
ASCVD risk in the high-risk group of patients with MS. WMT
could restore gut microbiota homeostasis in patients with MS.
Therefore, the regulation of gut microbiota by WMT may
provide a new clinical approach for the treatment of MS.
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Objectives: There are significant differences in the composition of intestinal flora
in renal transplant recipients before and after an operation, which has a great
impact on the prognosis of renal transplantation. The purpose of this project is to
study the effect of intestinal flora imbalance on renal transplantation.

Methods: The animal model of renal transplantation was established after
intestinal flora imbalance (mice pretreated with compound antibiotics), or the
animal model of renal transplantation was established after being pretreated
with single antibiotics. HE, PAS, and Masson staining was used to detecting the
histopathological changes of transplanted renal. The expression of
inflammatory factors and infiltration of inflammatory cells of renal tissue
were respectively been detected by ELISA kit and flow cytometry.

Results: Antibiotic pretreatment restored weight loss, and decreased serum
creatinine level in mice after renal transplantation. The tissue staining, ELISA
assay, and flow cytometry data showed that antibiotic pretreatment alleviated
injury of the renal allograft, inhibited the inflammatory factors levels, and
reduced inflammatory cell infiltration in mice after renal transplantation.
Furthermore, single antibiotic, especially ampicillin pretreatment can also
play the same role as compound antibiotics, such as restoring weight loss,
decreasing serum creatinine level, alleviating renal allograft injury, inhibiting
inflammatory factors levels, and reducing inflammatory cell infiltration in mice
after renal transplantation.
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Conclusions: Antibiotic ampicillin may inhibit inflammatory cell infiltration after
renal transplantation by regulating the proportion of intestinal flora in mice, to
reduce renal injury and play a role in renal protection.

KEYWORDS

renal transplant, intestinal flora, antibiotic, 16S rDNA gene sequencing, renal injury

Introduction

The gastrointestinal tract of the human body is rich in
hundreds of millions of microbial. The genome encoded by
these microbes is 50-100 times that of the human body, and
known as the “second genome” of the human body. As a “special
organ” of the human body, intestinal flora coexists with the
human body and plays an important role in the metabolism of
substances and energy, nerve and immune regulation, as well as
resisting the invasion of pathogenic microorganisms (Zhou et al.,
2020). Numerous studies have shown that dysbacteriosis
(changes in the structure of flora) is closely related to the
occurrence and development of a variety of diseases, such as
cancer (Tilg et al., 2018), infectious diseases (Ghani et al., 2022),
cardiovascular diseases (Xu and Yang, 2021), mental diseases
(Jarbrink-Sehgal and Andreasson, 2020).

Renal transplantation is the first choice for patients with end-
stage renal disease. With the use of new immunosuppressants, the
short-term prognosis and long-term survival of renal transplant
recipients improved (Gioco et al., 2020). However, after kidney
transplantation, a large number of inflammatory cells infiltrated
the graft. These cells play a role in immune response and
inflammatory response after ischemia-reperfusion, resulting in a
series of damage to the recipient (Zhao et al., 2018). In previous
animal experiments, pretreatment with antibiotics before
transplantation can delay the rejection of skin transplantation
with major antigen mismatch and heart transplantation with
MHC-II molecular mismatch (Lei et al., 2016). Therefore, the
composition of intestinal microorganisms may predict the
occurrence of rejection. Changing the tissue of intestinal flora
by targeting may become one of the strategies to improve the
immune tolerance of grafts.

Antibiotics frequently used to treat bacterial infections.
Although antibiotics kill bacteria and inhibit their growth, they
can also induce drug resistance (Zimmermann and Curtis,
2019). In addition, antibiotic use can temporarily or
permanently alter the composition of the intestinal microbiota
and promote colonization by intestinal pathogens (Freifeld et al.,
2011). In recent years, intestinal flora has become a research
hotspot to explore the common complications after renal
transplantation from a perspective of intestinal flora. Studies
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have shown that the composition of intestinal flora in renal
transplant recipients is significantly different before and after
surgery, which is closely related to the occurrence and
development of many complications after renal transplantation
and affects the prognosis of recipients (Swarte et al., 2020).
Therefore, it is an economic and effective intervention measure
to use antibiotic pretreatment to improve the intestinal flora
composition and to alleviate the related complications after
renal transplantation.

In this study, we first established a renal allograft mouse
model after clearing intestinal flora with compound antibiotics,
to determine the effect of compound antibiotic pretreatment on
renal allograft mice. Then, the model of renal allograft mice was
pretreated with a single antibiotic to determine the effect of
single antibiotic pretreatment on renal allograft mice. Finally,
according to the experimental results of mice, it was determined
that the ampicillin played the most significant role, and the 16s
RNA gene sequencing technology was used to analyze the effect
of ampicillin on the intestinal flora of renal allograft mice. This
study aimed to observe the effect of antibiotic pretreatment on
inflammatory cell infiltration in mouse renal allografts and to
explore the possible mechanisms of antibiotic pretreatment on
inflammatory cell infiltration.

Material and methods
Animal experiment

Male Balb/c mice were purchased from Shanghai SLAC
Laboratory Animal Co.Ltd, and maintained in a specific
pathogen-free room in the Experimental Animal Center at
Zhengzhou University, in cages with free access to water and
food and a 12-h/12-h light/dark cycle. The mice were organized
into 4 groups (Control group, intestinal flora imbalance group
(antibiotics, ABx), renal transplantation group (Transplant),
intestinal flora imbalance +renal transplantation group (ABx+
Transplant), every group consists of 6 mice for a total of 30
mice). Mice in ABx group received broad-spectrum compound
antibiotic treatment. The antibiotics were added to the drinking
water based on the weight of the mice, Amp (100 mg/kg
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ampicillin), Van (50 mg/kg vancomycin), Met (100 mg/kg
metronidazole), and Neo (100 mg/kg neomycin). The mice
received antibiotics for 4 weeks. Mice in ABx+Transplant
group were treated with broad-spectrum compound antibiotics
(Am, Van, Neo, and Met) for 4 weeks to establish mice with
intestinal flora imbalance, and then underwent renal
transplantation. The mice were been killed one week after
renal transplantation.

Allogeneic renal transplantation in mice

The mouse model of the renal transplant was established
as previously described (Liu et al, 2019). In brief, mice
underwent a standard midline abdominal incision under
anesthesia with inhalation of 2% isoflurane. Then, the
donors’ left kidneys, aorta, inferior vena cava, and ureter
were been removed under a microscope followed by lavage
in situ with the histidine-tryptophane-ketoglutarate solution.
The isolated renal were then implanted below the level of
native renal vessels of recipients with left nephrectomy, while
the infrarenal aorta and the inferior vena cava were perfectly
anastomosed to the recipients. In addition, the ureter was
been directly anastomosed to the bladder for urinary
tract reconstruction.

Sampling and testing

Blood was collected from mouse orbit and placed at room
temperature for 2 hours, then been centrifuged. The supernatant
was taken and stored at -20°C. Serum creatinine level was
measure by automatic biochemical instrument. Tumor
necrosis factor in serum o (TNF-o), interferon-y (IFN-7),
Interleukin 1B (IL-1B), and Interleukin-6 (IL-6) in renal
tissues were determined by enzyme-linked immunosorbent
assay (ELISA).

Staining and histopathology

After taking blood, the mice were been killed, and the
renal tissue (transplanted renal tissue) was taken out. The
floating blood on the surface of renal tissue was been washed
with normal saline, dried with filter paper, and fixed in formalin.
Histopathological examination: the tissues were been
removed from formalin solution, dehydrated, embedded
in paraffin, sectioned, stained with conventional HE, PAS,
and Masson, and observed and photographed under the
optical microscope.
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Flow cytometry analysis of cell
infiltration in renal tissue

The renal tissues were cut into pieces of approximately 2 mm?,
and digested by tyrosinase plus 0.5% type II collagenase at 37°C
with 5% CO, for 2 h and meshed through a 200-gauge stainless
steel filter. Cells are collected using centrifugation at 1500 rpm for
10 min at 4°C and resuspended in PBS. The single nucleus cell
suspension was been collected and analyzed by flow cytometry.
The percentage of monocytes (CD11b*LY6C"), macrophages
(CD11b*F4/80"), and neutrophils (CD11b"'LY6G") cells in the
mouse renal were determined by flow cytometry. Briefly, cell
suspension at 106/tube was stained in duplicate with FITC-anti-
CD11b, APC-F4/80, and PE-anti-LY6C/LY6G at room
temperature for 30 min in the dark. After washed with PBS, the
cells were been analyzed by flow cytometry on the FACSCalibur
with FACSDiva software.

Sequencing analysis of intestinal flora by
Illumina MiSeq

The high-throughput sequencing and analysis of the
experimental flora structure were completed by Shanghai
CapitalBio Technology Co., Ltd. DNA was extracted from the
intestinal mucosa of mice according to the instructions of the
qubit dsDNA assay kit (life technologies, q328520). The
extracted DNA samples were detected by qubit 2.0 fluorometer
(Invitrogen, Carlsbad, CA), and the metavxtm library
construction kit was used to construct the sequencing library.
Using 30 ~ 50 ng DNA as a template, the V3-V4 variable region
on bacterial 16S rDNA was amplified by PCR, 341F: 5-
CCTAYGGGRBGCASCAG-3’, 806R: 5-GGACTACNNGGG
TATCTAAT-3 (Jiang et al, 2020). The quality of the library
was been detected by Agilent 2100 biological analyzer, and qubit
quantification was performed. After the DNA library is mixed, it
is been sequenced on the computer, and the sequence
information is read by miseq control software. The two
terminal sequences are de hybridized, spliced, and chimeric
sequences are been removed. Vsearch is used for sequence
clustering (the sequence similarity is set to 97%), and the
corresponding species information of each OTU is obtained by
referring to the silval32 database. RDP classifier software is used
for species comparison annotation, and the reserved confidence
interval is greater than 0.7. Taxon clustering, OTUs abundance,
and o or P diversity analysis were performed on the measured
effective data. Lefse analysis was been used to compare the
differences in intestinal microflora abundance in renal
transplantation mice caused by antibiotics at the level of
species classification.

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1048076
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Wu et al.

Statistical analysis

Data expressed as the mean + standard deviation (SD). The
comparisons among groups were done by one-way analysis of
variance (ANOVA), followed by Tukey post hoc testing. The P<
0.05 was been considered statistically significant.

Results

ABx pretreatment improves renal
function in renal transplantation mice

To study the effect of intestinal flora imbalance on renal
transplantation in mice, the mice were divided into 4 groups:
Control group, intestinal flora imbalance group (antibiotics, ABx),
renal transplantation group (Transplant), intestinal flora imbalance
+renal transplantation group (ABx+Transplant). Compared with the
control group, the weight of mice in the transplantation group
decreased significantly and compared with kidney transplantation
mice, ABx pretreatment significantly increased the weight of kidney
transplantation mice, while only ABx pretreatment did not affect the
body weight of mice (Figure 1A). Creatinine is a product of muscle
metabolism in the body, and mainly discharged from the body
through the glomerulus. We can judge whether the kidney is
healthy by measuring the value of serum creatinine. As shown in

10.3389/fcimb.2022.1048076

Figure 1B, only ABx pretreatment did not affect the serum creatinine
level. Compared with the control group, the serum creatinine in the
transplant group increased significantly, which decreased in renal
transplantation mice that pretreated with ABx. And the (transplanted)
renal tissues of mice in each group were stained with H&E and PAS
(Figures 1C, D). The results showed that the kidneys of ABx pretreated
mice were normal, however, the diffuse inflammatory cells infiltrated
the renal parenchyma, necrotic tubules and tubulitis can been
observed in the transplanted renal tissues of the mice transplant
group. At the same time, ABx pretreatment can effectively alleviate
renal inflammation in renal transplantation mice. In addition, we also
performed Masson staining on the (transplanted) renal tissues of mice
in each group. As shown in Figure 1E, we observed slight collagen
fibers in the renal tissues of mice in the transplant group, and renal
tissues of mice in the ABx group and ABx+ transplant group showed
normal. These results indicated that ABx pretreatment improved
renal function in renal transplantation mice.

ABx pretreatment inhibits inflammatory
cell infiltration in grafts of renal
transplantation mice

To explore the effect of intestinal flora imbalance on
inflammatory response in renal transplantation mice, mice
grouping was the same as in Figure 1. The expression levels of
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FIGURE 1

Effect of intestinal flora imbalance on renal transplantation in mice. Male BALB/c mice were purchased and randomly divided into 4 groups:
Control group, intestinal flora imbalance group (antibiotics, ABx), renal transplantation group (Transplant), intestinal flora imbalance +renal
transplantation group (Abx+Transplant). (A) The body weights. (B) The serum creatinine level. (C-E) HE, PAS and Masson staining for pathological
examination. The yellow arrow indicates diffuse inflammatory cell infiltration, the black arrow indicates tubular necrosis, and the red arrow
indicates tubulitis. “p < 0.05, *##p < 0.001 vs Control group; “p < 0.05, ¥¥¥p < 0.001 vs transplant group.
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pro-inflammatory and inflammatory (TNF-o, IFN-y, IL-6,
and IL-1B) in (transplanted) renal tissue were detected by
ELISA kit. As shown in Figures 2A-D, there are high levels of
TNF-o,, IFN-y, IL-6 and IL-1p in the transplanted renal tissue
of renal transplantation mice. ABx pretreatment can
significantly reduce the inflammatory response of renal
transplantation mice. Then, we detected the infiltration of

10.3389/fcimb.2022.1048076

inflammatory cells [monocytes (CD11b"LY6C"), macrophages
(CD11b*F4/80") and neutrophils (CD11b*LY6G")] in the
(transplanted) renal tissues of mice in each group by flow
cytometry. The results showed that compared with the control

group, ABx pretreatment could reduce the inflammatory cell

infiltration in the renal tissue of mice in each group, and at the

same time, the inflammatory cell infiltration in the transplanted
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Effect of intestinal flora imbalance on inflammatory response in renal transplantation mice. (A-D) ELISA was used to detect the expression levels
of TNF-o, IFN-y, IL-6 and IL-1f in renal tissue. (E-G) Flow cytometry used to detect the infiltration of inflammatory cells (monocytes,
macrophages, neutrophils) in the renal tissue. Mp <0.01, Mjitp < 0.001 vs Control group; E’p < 0.05, 8E’f’p < 0.001 vs transplant group.
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renal tissue of transplantation mice increased significantly.
Compared with the renal transplantation group, the
inflammatory cell infiltration in the transplanted renal tissue
of ABx pretreated renal transplantation mice was significantly
reduced (Figures 2E-G). These data suggested that ABx
pretreatment inhibits inflammatory cell infiltration in grafts of
renal transplantation mice.

Antibiotics ampicillin pretreatment
improves renal function in renal
transplantation mice

To determine the effect of a single antibiotic on renal
transplantation in mice, the mice were divided into 5 groups:
Transplant, ampicillin (Amp), vancomycin (Van), neomycin
sulfate (Neo), and metronidazole (Met). Except for the simple
transplantation group, the other 4 groups of mice were
pretreated with corresponding antibodies for 4 weeks before
renal transplantation. Compared with the renal transplantation

10.3389/fcimb.2022.1048076

group, the weight of mice in the amp group increased
significantly, while the weight of mice in the other 4 antibiotic
pretreatment groups did not change significantly (Figure 3A).
Compared with the transplantation alone group, the serum
creatinine significantly reduced in the Amp and Van
pretreatment groups (Figure 3B). As shown in Figures 3C, D,
the HE and PAS stain results showed that diffuse inflammatory
cells infiltrated the whole renal parenchyma, necrotic tubules
and tubulitis were observed in the transplant group. Compared
with the transplant group, the renal tissue inflammation in the
other 4 antibiotic pretreatment groups were relieved. Among
them, the renal tissue of the Amp pretreatment group was the
closest to normal renal tissue, and there was no significant
difference among Neo, Met and Van pretreatment groups.
Masson staining showed that a small number of collagen fibers
could be seen in the transplanted renal tissue of mice in the
transplant group, and the renal tissue of mice in the other 4
antibiotic pre-treatment was normal (Figure 3E). These results
showed that a single antibiotic, especially ampicillin
pretreatment, could improve the renal function of renal
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FIGURE 3

Effect of single antibiotic on renal transplantation in mice. Balb/c mice were treated with antibiotics ampicillin (Amp), vancomycin (Van),
neomycin sulfate (Neo), and metronidazole (Met), respectively, and then underwent renal transplantation. (A) Compare the body weight of mice
in each group. (B) The serum creatinine level. (C-E) HE, PAS and Masson staining were used to pathological examination of the transplanted
renal. The yellow arrow indicates diffuse inflammatory cell infiltration, the black arrow indicates tubular necrosis, and the red arrow indicates

tubulitis. ®p < 0.05, ¥¥®p < 0.001 vs transplant group.
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transplantation mice. These results suggested that antibiotics
ampicillin pretreatment improved renal function in renal
transplantation mice.

Antibiotics ampicillin pretreatment
inhibits inflammatory cell infiltration in
grafts of renal transplantation mice

To further explore the effect of a single antibiotic on
inflammatory response in renal transplantation mice, mice
grouping was the same as Figure 3. The expression levels of
pro-inflammatory and inflammatory factors (TNF-c, IFN-y,
IL-6 and IL-1B) in transplanted renal tissue of ampicillin-
pretreated renal transplantation mice were significantly lower
than that in the transplant group. Ampicillin pretreatment
significantly reduced the TNF-o, IFN-y, IL-6 and IL-1f levels,
vancomycin pretreatment reduced TNF-o,, IL-6 and IL-1[3 levels,
neomycin sulfate pretreatment reduced TNF-o, and IL-6 level, and
metronidazole pretreatment reduced TNF-ot and IL-1f3 level. Only
ampicillin pretreatment could inhibit the expression of all pro-
inflammatory and inflammatory factors in transplanted kidney
tissue of renal transplantation mice (Figures 4A-D). In addition,
the flow cytometry results showed that, compared with the renal
transplantation group, the inflammatory cell infiltration in the
renal tissue of single antibiotic-pretreated renal transplantation
mice were all significantly reduced (Figures 4E-G). These data
suggested that ampicillin pretreatment inhibits inflammatory cell
infiltration in grafts of renal transplantation mice.

Ampicillin pretreatment reduces
intestinal microflora diversity in renal
transplantation mice

According to the above results, single antibiotic
pretreatment, especially ampicillin pretreatment, could
improve the renal function of renal transplantation mice, the
intestinal mucosa tissues of antibiotic ampicillin pretreated renal
transplantation mice (Amp, n=6) and renal transplantation mice
(Control, n=6) were collected. Then we used 16S rDNA
sequencing method to analyze the intestinal flora in the
intestinal mucosa tissues of two groups of mice. In the present
study, we first obtained the pairs of reads by sequencing 12
samples using 16S rRNA gene high throughput sequencing, the
reads were spliced and filtered to generate clean tags. According
to the USEARCH software based on 97% sequence similarity, the
tags were clustered into OTUs. As shown in Figure 5A, a total of
500 OTUs were assigned to the simple renal transplantation
group and ampicillin pretreated renal transplantation group, 473
and 401 OTUs were found in the renal transplantation group
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and ampicillin pretreatment group, respectively, and the number
of OUTs shared among the two groups was 374. From the
comparison of OTU uniform sequence and related diversity
index between the two groups, it can be seen that there is no
significant difference in Shannon index (p=0.065), Simpson
index (p=0.132), Chao I (p=0.132) and ACE index (p=0.8182)
between the two groups (Figures 5B-E).

Beta diversity reflects the degree of similarity in species
diversity of different sample groups, and the small value of beta
diversity indicated that the species of the two groups were similar.
When considering the existence of species, the transplantation
group and ampicillin pretreatment group had similar microbial
species, with unweighted UniFrac distances (R2 =0.04058; P =
0.8199). When considering species abundance, we find that there
were significant changes in the community structure of bacteria of
ampicillin pretreatment renal transplantation mice compared to
the renal transplantation group, with weighted UniFrac
accommodate (R*> = 0.5793; P =0.0022) (Figures 5F, G). Next,
we use a tree branch structure to describe and compare the
similarity and differences between multiple samples. The multi-
sample clustering tree based on Bray Curtis suggested that the
structure of mucosal flora in the two groups was significantly
different (Figure 5H).

Ampicillin pretreatment affects the
species composition at the phylum
and genus levels in renal
transplantation mice

The two groups of samples included 20 phyla. The four phyla
with the highest abundance in the ampicillin pretreatment group
were verrucomicrobia (47.57%), Bacteroidetes (39.63%),
Proteobacteria (11.45%) and Firmicutes (1.03%). In the control
group, verrucomicrobia accounted for 15.15%, Bacteroides
accounted for 20.57%, proteobacteria accounted for 9.50% and
Firmicutes accounted for 43.22% (Figure 6A). Metastatic analysis
showed that there were significant differences in three phylum
including Bacteroidetes, Firmicutes, and verrucomicrobia between
the two groups (Figures 6B-D). Ampicillin pretreatment
significantly increased the abundance of Bacteroides and
verrucomicrobia and decreased the abundance of Firmicutes at
the phylum level.

By comparing with the Silva database, we found 260 genera
in 12 samples. Most dominant bacteria in the control group and
ampicillin pretreatment group belong to Firmicutes and
Proteobacteria (Figure 6E). We plotted the 20 dominant
bacterial genera in the two groups into a heat map
(Figure 6F). Ampicillin pretreatment significantly increased the
abundance of akkermansia, Klebsiella, and Escherichia-Shigella
at the genus level, and decreased the abundance of Lactobacillus.
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Effect of single antibiotic on inflammatory response in renal transplantation mice. (A-D) ELISA was used to detect the expression levels of

TNF-o.

IFN-v, IL-6 and IL-1B in the transplanted renal. (E-G) Flow cytometry used to detect the infiltration of inflammatory cells (monocytes,

macrophages, neutrophils) in the transplanted renal. “p < 0.05, ¥p < 0.01, ®®¥p < 0.001 vs transplant group.

Ampicillin pretreatment regulates
species abundance in kidney
transplantation mice

To identify high-dimensional biomarkers in the gut
microbiota in experiment mice, we performed the line
discriminant analysis (LDA) effect size (LEfSe) method. The
LDA score was set to 3.0, and different species with an LDA
score >3 were considered to be important gut microbiota
biomarkers. Figure 7A showed the potential microbiota
biomarkers at different taxonomic levels in the ampicillin
pretreatment group and the most differential biomarkers at the
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genus level were Akkermansia, Klebsiella, and Lactobacillus.
Cladograms of multiple taxonomic level differentiating
biomarkers were shown in Figure 7B, illustrating bacterial taxa
representation between the transplant group and the ampicillin
pretreatment group.

Discussion

Graft injury caused by organ transplantation mainly
includes immune rejection and ischemia-reperfusion injury.
The injury process is mostly completed by the recipient’s
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inflammatory cells infiltrating the graft and secreting
inflammatory injury factors (Yu et al, 2013). Our results
suggested that ampicillin pretreatment may inhibit
inflammatory cell infiltration after renal transplantation by
regulating the proportion of intestinal flora in mice, to reduce
renal injury and play a role in renal protection. The results
showed that after antibiotic pretreatment, the expression of
inflammatory factors including TNF-q, IFN-y, IL-6, and IL-18
in the graft of mice undergoing renal transplantation decreased
significantly, and the infiltration of inflammatory cells including
monocytes, macrophages and neutrophils in the graft decreased
significantly, indicating that antibiotic pretreatment can inhibit
the infiltration of inflammatory cells in renal transplantation.
Furthermore, we found that ampicillin pretreatment could also
reduce the expression of inflammatory factors and inflammatory
cell infiltration in the grafts.

The intestinal tract is the reservoir of human bacteria,
parasitizing more than 1000 kinds of bacteria. Bacterial ectopia
induced by mucosal barrier damage and intestinal flora disorder is
an important factor leading to infection and systemic
inflammatory response. The disorder of intestinal flora not only
disturbs the normal functions of intestinal metabolism and
nutrition absorption, but also may lead to infection and disturb
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the normal immune system (Guo et al,, 2017). The human gut
microbiome is been influenced by many factors, including the
host’s genetic factors, dietary habits and drugs. When antibiotics
first emerged in the 1940s, it was been called “miracle drugs”.
Antibiotics have saved countless lives, but almost all antibiotics
cause diarrhea through dysfunction in the gastrointestinal tract,
including secretion, digestion, absorption and movement.
Antibiotics cause dysregulation of normal intestinal flora,
including a substantial reduction in physiological bacteria, and
an increase in the reproduction of conditional pathogens (Eyler
and Shvets, 2019). Penicillins, sulfonamides, carbapenems,
cephalosporins, quinolones, macrolides and aminoglycosides
could kill pathogens that cause infection. At this cost, symbiotic
bacteria in the human body also suffer “heavy casualties”. Research
shows that the antibiotic-sensitive bacteria in patients receiving
broad-spectrum antibiotics for a long time are largely been killed,
while the insensitive bacteria take the opportunity to reproduce,
causing re-infection. And patients are more likely to suffer from
obesity, diabetes, asthma, inflammatory bowel disease and other
diseases after heavy antibiotic use (Buffiec and Pamer, 2013).
Antibiotics have saved countless lives, but with the widespread
use of antibiotics, people also pay more attention to the side effects
of antibiotics (antibiotic-associated diarrhea). In recent years,
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clinical studies have shown that the main treatment for antibiotic-
associated diarrhea is probiotics and fecal microbiota
transplantation based on conventional antibiotics (such as
vancomycin, metronidazole, etc.). Although probiotics therapy
and fecal microbiota transplantation have achieved initial results,
the mechanism is still unclear, and there are still potential safety
hazards (Mekonnen et al., 2020). Therefore, medical researchers
will continue to look for effective alternative treatments.

To clarify antibiotics affect the inflammatory response after
renal transplantation by regulating the intestinal flora, we
performed a 16S rDNA sequencing analysis on the intestinal
mucosal tissues of renal transplantation mice and ampicillin
pretreated renal transplantation mice. Principal coordinate
analysis and similarity clustering tree showed that there were
significant differences between the two groups, suggesting that
ampicillin pretreatment significantly affected the intestinal flora.
Our results showed that Verrucomicrobia, Bacteroidetes,
Proteobacteria and Firmicutes were the four most abundant
bacterial groups in the intestinal mucosal tissue samples of the
control group and amp treatment group. As reported in a previous
study, species in Firmicum and Bacteroides accounted for more
than 90% of the total intestinal microbiota (Human Microbiome
Project C, 2012). Renal transplantation seems to have significantly
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changed the composition of the body’s major intestinal
microorganisms. Although the impact of changes in intestinal
microbial components on solid organ transplantation is still
controversial, studies have shown that the bacterial species in
these four phyla can affect the side effects of organ transplantation.
For example, some bacteria (such as Clostridium difficile,
Enterococcus faecium, and Streptococcus) belonging to Firmicutes
can infect recipients of solid organ transplantation and are an
important cause of side effects (diarrhea, bloodstream infection,
pneumonia) after solid organ transplantation in this population
(Mullane et al., 2019; Roca-Oporto et al., 2019; Mercuro et al.,
2020). Compared with renal transplant recipients without diarrhea,
renal transplant recipients with diarrhea have a lower abundance of
Bacteroides (Lee et al., 2014). Proteus composed of a variety of
Gram-negative bacteria (such as Klebsiella pneumoniae,
Pseudomonas aeruginosa and Escherichia coli) is a risk factor for
increased infection, bacteremia and mortality in solid organ
transplant recipients (Bodro et al., 2015; Geladari et al., 2017;
Ville et al., 2019; Wu et al, 2020). Further analysis of the samples
of the two groups at the genus level showed that compared with the
control group, the ampicillin pretreatment group has an increased
abundance of akkermansia, Escherichia-Shigella and Klebsiella in
the intestinal tract, while the abundance of Lactobacillus decreased
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significantly. Whether these bacteria with significant changes in
expression abundance can cause disease, this needs further study.
Although no research on renal transplantation has reported,
whether ampicillin or other antibiotics will change the intestinal
flora to induce infection and rejection, and whether the
application of probiotics can improve the intestinal flora and
clinical prognosis of renal transplantation patients deserve
further study, which is also the next direction of our research.
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Alterations of the gut
microbiota and short chain fatty
acids in necrotizing enterocolitis
and food protein-induced
allergic protocolitis infants:

A prospective cohort study

Jing Xiong™", Xing-Sheng Liao*, Tong Yin*,
Xiao-Chen Liu‘, Lei Bao™ and Lu-Quan Li*

!Neonatal Diagnosis and Treatment Center of Children’s Hospital of Chongging Medical University,
National Clinical Research Center for Child Health and Disorders, Ministry of Education Key
Laboratory of Child Development and Disorders, International Science and Technology
Cooperation Base of Child Development and Critical Disorders, Chongqing Key Laboratory of
Pediatric, Chongging, China, ?Department of Neonatology, The first People’s Hospital of Jiulongpo
District, Chongqging, China

Background: Even though presenting with similar clinical manifestations,
necrotizing enterocolitis (NEC) and food protein-induced allergic protocolitis
(FPIAP) have completely different treatments and prognosis. Our study aimed
to quantify and evaluate differences in gut microbiota and short chain fatty
acids (SCFAs) between infants with NEC and FPIAP to better identify these two
diseases in clinical settings.

Methods: A total of 43 infants with NEC or FPIAP in Children’s Hospital of
Chongging Medical University, China between December 2020 and December
2021 were enrolled. Stool samples were prospectively collected and froze.
Infants defined as NEC were those who presented with clinical courses
consistent with NEC and whose radiographs fulfilled criteria for Bell's stage 2
or 3 NEC, while those who were healthy in appearance and had blood in the
stool (visible or may be microscopic), had normal bowel sounds in physical
examination, were resolved after eliminating the causative food, and/or had
recurrence of symptoms after oral food challenge (OFC) were defined as FPIAP.
Primers specific for bacterial 16S rRNA genes were used to amplify and
pyrosequence fecal DNA from stool samples. Gas chromatography-mass
spectrometry (GC-MS) technology was used to determine the
concentrations of SCFAs.

Results: Among the 43 infants, 22 were diagnosed with NEC and 21 were
diagnosed with FPIAP. The microbial community structure in NEC infant stools
differed significantly from those in FPIAP infant stools. NEC infants had
significantly higher proportion of Actinobacteria and reduced proportion of
Bacteroidetes compared with FPIAP infants, and the proportions of
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Halomonas, Acinetobacter, Bifidobacterium, and Stenotrophomonas in NEC
infants were significantly higher than that of FPIAP infants. In addition, infants
with NEC had significantly lower levels of acetic acid, propionic acid, butyric
acid, isovaleric acid, and total SCFAs, and higher level of hexanoic acid as
compared to the infants of the FPIAP group.

Conclusions: The differences of gut microbiota composition and
concentrations of SCFAs might represent suitable biomarker targets for early

identification of NEC and FPIAP.

KEYWORDS

necrotizing enterocolitis, food protein-induced allergic protocolitis, gut mictobiota,
short chain fatty acids, newborn

Introduction

Necrotizing enterocolitis (NEC) is a destructive gastrointestinal
disease that occurs primarily in preterm infants with high morbidity
and mortality. It is associated with intestinal inflammation driven by
microbiota and is characterized by an exaggerated inflammatory
response and necrosis to the intestine resulting in the loss of intestinal
barrier integrity and eventually multiple organ failure (Lu et al,, 2014;
Hackam and Caplan, 2018). A US-nationwide study reported that
NEC affects about 8.9% of extremely preterm infants, among them
3.9% infants require surgery (Bell et al., 2022). According to a study by
a UK specialist centre, the mortality for surgical NEC is 18.9%
(Calvert et al,, 2021). Common symptoms of NEC include gastric
retention of enteral feedings, abdominal distension, and blood per
rectum (Sowden et al, 2022). The onset of the disease is usually
fulminant. Antibiotic therapy is usually used and therapeutic
strategies for severe cases are limited and often useless.

Food protein-induced allergic proctocolitis (FPIAP) is a
non-IgE-mediated gastrointestinal disorder with rising
prevalence in food allergy. FPIAP is commonly caused by
severe allergic reactions in the digestive system and has some
overlapping clinical features with NEC, including hematochezia
and diarrhea (Ohtsuka, 2015). The management of FPIAP relies
upon avoidance of dietary triggers, with interval challenge to
assess for resolution, which usually occurs in the first years of life
(Feuille and Nowak-Wegrzyn, 2015). The exact prevalence of
FPIAP is not well established. Study from North American
revealed that the cumulative incidence of FPIAP was 17% over
3 years (Martin et al., 2020). Conversely, a large study of an
Israeli birth cohort reported that the overall prevalence of FPIAP
was low, at 0.16% (Elizur et al., 2012). Due to the lack of specific
biomarkers, the diagnosis of FPIAP is mainly done by
clinical history.

Intestinal dysbiosis has been proposed as one of the possible
factors involved in the pathogenesis of NEC (Lindberg et al.,

Frontiers in Cellular and Infection Microbiology

36

2020; Tarracchini et al.,, 2021; Thénert et al,, 2021). Early life
microbiota disruption had also been proven to be related to the
development of metabolic disorders and allergies (Savage et al.,
2018). Various studies reported that fecal microbiome from
infants with NEC had increased relative abundances of
Proteobacteria and Klebsiella and deceased relative abundances
of Firmicutes and Bacteroidetes (Pammi et al., 2017a; Olm et al.,
2019). While study described elevated relative abundances of
Firmicutes and Bacteroidetes in FPIAP infants (Berni Canani
etal,, 2018a). Short chain fatty acids (SCFAs), mainly acetic acid,
propionic acid and butyric acid, are the products of bacterial
fermentation of carbohydrates in the intestines. Disruption in
gut microbiota could subsequently cause the metabolic disorder
of SCFAs.

NEC and FPIAP are two major diseases in preterm infants
with overlapping clinical features but totally different treatment
regimens. However, there is limited data in the literature
comparing the gut microbiota and SCFAs between the NEC
and FPIAP infants. Therefore, we firstly conducted this study to
compare the gut microbiome and SCFAs of infants with NEC or
FPIAP at a single tertiary center. We hypothesized that there
would be differences in the gut microbial and SCFAs patterns
between NEC and FPIAP infants. These differences might
represent suitable biomarker targets for early identification of
NEC and FPIAP.

Materials and methods

Standard protocol approval, registration,
and patient consent

The study was approved by institutional review board for

human studies of the Children’s Hospital of Chongqing Medical
University (project approval No. 2020104) and registered at
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Chinese Clinical Trial Registry (Identifier: ChiCTR2000034672)
(registration date, July 15, 2020). The study was designed to be
prospective protocol, and informed consent was obtained from
patient parents.

Patient characteristics and
sample collection

This prospective cohort trial was conducted in the tertiary
referral NICU of Children’s Hospital of Chongqing Medical
University between December 2020 and December 2021. A total of
168 neonates who presented clinical features of abdominal distension
or hematochezia were recruited and the fecal samples of all the final
included neonates were collected. All of the following neonates were
excluded from the study: 1. neonates born with congenital intestinal
disorders, 2. neonates who received probiotics before recruitment, 3.
neonates whose parents refused the treatments, 4. neonates whose
parents insist to discharge, 5. spontaneous intestinal perforation
without radiographic evidence of NEC, and 6. neonates who lost
the follow-up. In the end, 22 of the 168 recruited infants were
diagnosed with NEC, while 21 of the 168 recruited infants were
diagnosed with FPIAP.

Fecal samples of NEC or FPIAP patients were collected as soon
as possible after the diagnosis was made within 24 hours. The
samples were collected directly from the diapers by the nursing stuff
using a sterile cotton swab, and then were placed into a sterile
DNAase-, RNAase-, Eppendorf tube. All samples were frozen and
stored at -80°C until processed.

Case definition and clinical management

NEC was diagnosed based on the Vermont Oxford Network
criteria (Vermont Oxford Network database, ) and staged according
to Bell's modified staging criteria (Kliegman and Walsh, 1987). The
diagnosis of FPIAP is based on a careful and detailed history
(including diet records), clinical manifestation of being healthy in
appearance and being the presence of blood in the stool (visible or
may be microscopic), physical examination of normal bowel sounds,
remission of symptoms after eliminating the causative food, and/or
recurrence of symptoms after oral food challenge (OFC) (Burks et al.,
2012; Nowak-Wegrzyn et al,, 2015; Meyer et al., 2020; Senocak et al.,
2022). In addition, it is important to rule out other causes of blood in
the stools in infancy such as anal fissures or infectious gastroenteritis
(Thompson et al., 1996).

Demographic and clinical variables
Neonatal and maternal medical record data were extracted from

the medical record management system. Neonatal factors including:
gestational age (GA), birth weight (BW), gender, age at sample
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collection, age at NEC/FPIAP diagnosis, antibiotic therapy before
NEC/FPIAP diagnosis, and dietary information (type of feeding).
Maternal factors including: mode of delivery, premature prolonged
rupture of membranes (PPROM), meconium-staining amniotic
fluid, intrauterine fetal distress, maternal hypertension, maternal
diabetes, and use of antenatal corticosteroids.

DNA extraction and 16S rRNA gene
sequencing analysis

DNA of each sample was extracted using the EZN.A.® soil
DNA Kit (Omega Bio-tek, Norcross, GA, USA) following the
manufacturer’s instructions. The quality and concentration of
DNA were determined by 1.0% agarose gel electrophoresis and a
NanoDrop® ND-2000 spectrophotometer (Thermo Scientific
Inc., USA) and kept at -80 °C prior to further use. The V3-V4
region of 16S rRNA gene was amplified using primers 338F (5'-
ACTCCTACGGGAGGCAGCA-3") and 806R (5'-
GGACTACHVGGGTWTCTAAT-3") by an ABI GeneAmp®
9700 PCR thermocycler (ABI, CA, USA). For each extracted
DNA sample, The PCR reaction mixture contains 4 UL 5 x Fast
Pfu buffer, 2 uL 2.5 mM dNTPs, 0.8 uL each primer (5 uM), 0.4
UL Fast Pfu polymerase, 10 ng of template DNA, and ddH20 to
a final volume of 20 uL. PCR was performed with the following
conditions: initial denaturation at 95 °C for 3 min, followed by
27 cycles of denaturing at 95 °C for 30 s, annealing at 55 °C for 30
s and extension at 72 °C for 45 s, and single extension at 72 °C for
10 min, and end at 4 °C. All samples were amplified in triplicate.

PCR products purification

The amplification products were separated by 2% agarose gel
electrophoresis, purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, USA) according to
manufacturer’s instructions, and quantified with a QuantusTM
Fluorometer (Promega, USA).

Library preparation and sequencing

DNA library preparation was performed using the TruSeq
DNA PCR-Free Sample Preparation Kit (Illumina, San Diego,
CA), following the manufacturer’s instructions. Sequencing was

performed on Novaseq6000 instrument (Illumina, San Diego,
CA), following the manufacturer’s instructions.

Bioinformatic analysis

Bioinformatic analysis of the gut microbiota was carried out
using the Majorbio Cloud platform (https://cloud.majorbio.
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com). Sequences were divided into operational taxonomic units
(OTUs) using similarity levels with a cutoff of 97% similar.
Bacterial OTU representative sequences were assigned to a
taxonomic lineage by a Ribosomal Database Project (RDP)
classifier version 2.2 against the 16S rRNA gene database
(Silva v138). Based on the OTUs information, rarefaction
curves and o-diversity indices including Shannon index,
Simpson index, Ace index, and Chaol index were calculated
with Mothur v1.30.1 (Schloss et al., 2009). The similarity among
the microbial communities in different samples was determined
by principal coordinate analysis (PCoA) based on Bray-curtis
dissimilarity using Vegan v2.5-3 package. The linear
discriminant analysis (LDA) effect size (LEfSe) (http://
huttenhower.sph.harvard.edu/LEfSe) was performed to identify
the significantly abundant taxa (phylum to genera) of bacteria
among the different groups (LDA score>4, P < 0.05) (Segata
et al., 2011). Correlation heatmap was conducted to explore the
relationship between SCFAs concentrations and the gut
microbiota composition based on Spearman rank correlation
in R.

SCFAs analysis

Fecal SCFAs concentration was determined by using gas
chromatography-mass spectrometry (GC-MS) technology
(Termo TRACE 1310-ISQ LT, America) as follows: Briefy,
fecal pellets were ground twice for three minutes, placed in an
ice bath for 30 minutes, held at 4°C for 30 minutes, and
centrifuged at 13,000 rpm, at 4 °C for 15 minutes. In addition,
ethyl acetate was added to SCFAs (including acetic, propionic,
butyric, isovaleric, hexanoic acid, and the total SCFAs) and 2-
ethylbutyric acid to obtain standard concentration gradients.
Then, a small sample of the supernatant (1 uL) and the standard
solution were injected into the column and used for detection by
GC-MS. Lastly, Masshunter quantitative software
(version10.0.707.0; Palo Alto, USA) was used to automatically
identify and integrate target SCFAs. The SCFAs concentrations
of each sample were calculated based on standard curves.

Statistical analysis

All data were analyzed using SPSS version 24.0 software
(SPSS Inc., USA). Data exhibiting a normal distribution were
described as the mean with standard deviation (SD) and were
analyzed by means of Student’s t-test or one-way analysis of
variance (ANOVA). Non-normally distributed measurement
data were presented as the median (interquartile range) and
were analyzed by means of the Wilcoxon rank-sum test.
Categorical data were compared using chi-square tests or
Fisher’s exact test, when appropriate. Receiver operating
characteristic (ROC) curves and all figures were generated
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with GraphPad Prism (version 9.0; California, USA). Two
sided P values < 0.05 were considered statistically significant.

Results
Subjects

A total of 168 infants presenting abdominal distension or
hematochezia over one year were enrolled prospectively. 22
(13.1%) of 168 infants developed NEC, while 21 (12.5%) of
these infants developed FPIAP (Figure 1). The basic clinical
characteristics are shown in Table 1. The median age of onset of
NEC was 11.6 days (interquartile range [IQR], 6.8-16.0 days),
while that of FPIAP was 15.2 days (IQR, 11.0-22.0 days). In NEC
infants, 9.1% of them were exclusively breast-fed, 72.7% were fed
with cow’s milk (CM)-based formula, and 18.2% were fed by
both breast milk and CM-based formula before the onset of
symptoms. While the percentages of these three feeding patterns
in FPIAP infants were 19.1%, 61.9%, and 19.0%, respectively.

Characterization of gut microbiota

DNA sequences from the 43 fecal samples were analyzed,
with a total of 4,438,641 sequences and an average length of 465
base pairs (bps). The rarefaction curves based on sobs index, the
Shannone curves based on Shannon index, and the species
accumulation curves of each group demonstrated that the
sequencing data and depth, and the sample size were sufficient
(Supplementary Figure S1).

A Venn diagram was used to indicate the differences of
bacterial populations between the two groups. The Venn
diagram revealed that 592 OTUs were shared between the
NEC and FPIAP groups, while 1550 and 102 OTUs were
unique to NEC infants and FPIAP infants, respectively
(Figure 2A). Suggesting that the richness of gut microbiota in
NEC infants was higher than that of the FPIAP infants, and
there were shared or specific gut microbiota between the two
groups. As shown in the circos plot, Firmicutes, Proteobacteria,
Actinobacteriota, and Bacteroidota were dominant in both NEC
and FPIAP infants at the phylum level (Figure 2B). The
community abundance on genus level of NEC and FPIAP
infants was shown in Figures 2C, D, which showed noticeable
discrepancies in community structure between infants with NEC
and FPIAP (Figures 2C, D).

Microbial diversity
The a-phylogenetic diversity indexes were analyzed to

explore the community richness and diversity in two groups.
No significant differences were observed between the two groups
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study or insisted to drop out
(n=22) Infants who received probiotics before recruitment
(n=22)
Infants suspected of having FPIAP
(n=87)
Infants lost follow-up
(n=15)
Infants being
negative in the OFC
testing
(n=51)
Infants diagnosed with NEC Infants eventually diagnosed with FPIAP
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FIGURE 1

Flow diagram of the inclusion and exclusion processes of the study

in terms of Shannon, Simpson, Ace, and Chaol indexes
(Figure 3A). The overall microbial structure was then analyzed
in each group at the phylum and genus levels. The results
showed that Firmicutes, Proteobacteria, Bacteroidota, and
Actinobacteriota were the most abundant bacteria in the two

groups and constituted over 90% of the total bacteria at the
phylum level. Infants in the NEC group had significantly higher
proportion of Actinobacteriota and reduced proportion of
Bacteroidota compared with infants in the FPIAP group
(P<;0.05, Figure 4A). While no significant difference was

TABLE 1 Baseline characteristics of the newborns between the NEC and FPIAP groups.

NEC (n=22) FPIAP (n=21) P value

Gestational age (weeks) 355+22 365+ 1.4 0.105
Birth weight (g) 2542.9 + 699.9 2715 + 482.3 0.355
Male, n (%) 17 (77.3) 14 (66.7) 0.438
Age at sample collection (days) 11.6 (6.8-16.0) 15.2 (11.0-22.0) 0.114
Age at NEC/FPIAP diagnosis (days) 11.6 (6.8-16.0) 15.2 (11.0-22.0) 0.114
Rupture of membranes (>18h), n (%) 8 (36.4) 4 (19.0) 0.206
Meconium-staining amniotic fluid, n (%) 2(9.1) 1(4.8) 0.578
Intrauterine fetal distress, n (%) 4 (18.2) 2(9.5) 0.413
Maternal hypertension, n (%) 3 (13.6) 0 (0) 0.079
Maternal diabetes, n (%) 5(22.7) 2 (9.5) 0.241
Prenatal use of corticosteroids, n (%) 7 (31.8) 2 (9.5) 0.072
Vaginal birth, n (%) 17 (77.3) 14 (66.7) 0.438
Feeding pattern before the onset of symptoms

Breast feeding, n (%) 2(9.1) 4 (19.1) 0.412

CM-based formula, n (%) 16 (72.7) 13 (61.9) 0.526

Mixed feeding, n (%) 4 (18.2) 4 (19.0) 1.000
Antibiotic therapy before NEC/FPIAP diagnosis, n (%) 9 (40.9) 3(14.3) 0.052

Data are mean (SD), median (IQR), or n (%), unless otherwise specified. CM, cow’s milk; NEC,
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necrotizing enterocolitis; FPIAP, food protein-induced allergic proctocolitis.
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Shared and unigue microbiota between the necrotizing enterocolitis (NEC) and food protein-induced allergic protocolitis (FPIAP) groups. (A)
The Circos plot shows each main phyla between the NEC and FPIAP groups. Outer bars show the percentage of reads in a category that are
connected to the category at the other end of the drawn band. (B) The heatmap displays genus-level changes (rows) between the samples of
NEC and FPIAP groups (columns). The variation of each genus is indicated by a gradient of color from blue (decease) to red (increase). (C)
Genus-level taxonomic composition of the NEC and FPIAP infants. Relative abundances are reported on the horizontal axis and the two groups

on the vertical axis (D).

observed between the two groups in terms of Firmicutes and
Proteobacteria. At the genus level, infants in the NEC group had
significantly higher proportions of Halomonas, Acinetobacter,
Bifidobacterium, and Stenotrophomonas as compared to the
infants of the FPIAP group (P<;0.05, Figure 4B).

Given these findings, principle coordinate analysis (PCoA) of
unweighted UniFrac distances was used to estimate (3-diversity of
gut microbiota between the two groups. The NEC group had more
variability compared with the FPIAP group. PCoA of unweighted
UniFrac distance (quantitative, R>=0.0812,P = 0.001) showed that
the samples in the FPIAP group were ordinated closely, while the
samples in the NEC group were separated obviously, indicating
differences in bacterial structure in the NEC group (Figure 3B).

To determine the value of gut microbiota in identifying
FPIAP and NEC in the early stage, ROC curves of
Actinobacteriota, Bacteroidota, Halomonas, Acinetobacter,
Stenotrophomonas, and Bifidobacterium were performed, and

Frontiers in Cellular and Infection Microbiology

40

the area under curves (AUCs) were 0.6851, 0.7868, 0.8074,
0.8766, 0.7532, and 0.7814, respectively (Figure 5).

LEfSe analysis

Differential abundant phylotypes between the two groups were
further evaluated by LEfSe using linear discriminant analysis (LDA)
(LDA score>4). This threshold guarantees that the meaningful taxa
is compared and eliminates most of rare taxa. The figure generated
in the LEfSe analysis (Figure 6A) shows the taxonomic groups with
the largest differences between the two groups at various levels. The
histogram (Figure 6B) shows the differences in 18 phylotypes
between the two groups. At the family level, the abundance of
Enterobacteriaceae in the fecal microbiota was higher in the FPIAP
group, whereas the abundance of Halomonadaceae,
Lactobacillaceae, Moraxellaxceae, and Xanthomonadaceae was
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Alpha and beta diversity between the necrotizing enterocolitis (NEC) and food protein-induced allergic protocolitis (FPIAP) groups. There were
no significant differences between the NEC and FPIAP groups in the ace index, Chaol index, Shannon index, and Simpson index (P>0.05). (A)
There was a significant difference in beta diversity between the NEC and FPIAP groups (P<;0.05). (B) N=22 for NEC and N=21 for FPIAP.

higher in the NEC group. There were four genus levels (Halormonas,
Lactobacillus, Acinetobacter, and Stenotrophomonas) differences
between the two groups, and the abundance of these four genus
was higher in the NEC group as compared to the FPIAP group.

SCFAs production in NEC and
FPIAP infants

In this study, GC-MS was used to investigate the
concentrations of SCFAs in each sample. The results revealed
that compared to the infants with FPIAP, infants with NEC had
significantly lower levels of acetic acid, propionic acid, butyric
acid, isovaleric acid, and total SCFAs, and higher level of
hexanoic acid (all P<;0.05) (Figure 7).

ROC curves fore these metabolites were conducted to
evaluate the value of SCFAs in the early identification of NEC
and FPIAP. The results showed that the AUCs of acetic acid,
butyric acid, hexanoic acid, isovaleric acid, propionic acid, and
total SCFAs were 0.8398, 0.8593, 0.7576, 0.7641, 0.8680, and
0.8658, respectively (Figure 8).

Relationship between SCFAs and the
gut microbiota

To explore the relationship between SCFAs and the gut
microbiota, a heatmap was conducted as shown in Figures 9A, B.
At the phylum level, propionic acid and butyric acid were all
negatively correlated with Bacteroidota, Actinobacteriota,
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Proteobacteria, and Firmicutes, and acetic acid was negatively
correlated with Firmucutes. In the contrary, propionic acid was
positively correlated with Proteobacteria (P<;0.05) (Figure 9A).
At the genus level, most SCFAs were negatively correlated with
Stenotrophomonas, Acinetobacter, Lactobacillus, and
Halomonas. In the contrary, acetic acid, propionic acid, and
butyric acid were positively correlated with Escherichia-Shigella,
and isobutyric acid was positively correlated with Clostridioides
(P<;0.05) (Figure 9B).

Discussion

New biomarkers for the early identification of FPIAP and
NEC are important. In this study, high throughput 16S rRNA
gene sequencing and GC-MS techniques were used to compare
the gut microbial profiles and diversity and metabolite
characteristics in infants with NEC and FPIAP. The results
confirmed that there are significant differences between the
NEC and FPIAP groups in the main component of the gut
microbiota, with differences between the two groups in species
composition at different classification levels. In addition,
significant differences were also observed between the two
groups in terms of the fecal SCFAs concentrations, including
acetic acid, propionic acid, butyric acid, isovaleric acid, hexanoic
acid, and total SCFAs. These findings could provide value for the
early identification of FPIAP and NEC in clinical settings.

At the phylum level, our study found that Firmicutes and
Proteobacteria constituted the main component of intestinal
microbiome in both NEC and FPIAP infants. As compared to
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The value of gut microbiota in the early identification of necrotizing enterocolitis (NEC) and food protein-induced allergic protocolitis (FPIAP) by
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for NEC and N=21 for FPIAP.
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the infants with FPIAP, infants in the NEC group had a
remarkably lower number of Bacteroidota and higher number
of Actinobacteriota. Previous studies have reported that the gut
characteristic bacterial populations in healthy newborns are
dominant in Lactobacillus and Bifidobacterium in term
neonates, and Enterobacteriaceae, Veillonella, Enterococcus,
and Staphylococcus in preterm neonates, respectively (Tirone
et al., 2019), which are different from those in NEC or FPIAP
infants of our study. There are four main phyla in the gut
microbiota, including Firmicutes, Bacteroidota, Proteobacteria,
and Actinobacteriota (Faith et al,, 2013). The two dominant
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phyla, Firmicutes and Bacteroidota, represent over 90% of the
total gut microbiota community (Magne et al, 2020), while
members of Proteobacteria and Actinobacteriota are less
abundant. Bacteroidota contain a large repertoire of genes
involved in acquisition and metabolism of polysaccharides
(Mahowald et al, 2009), and Bacteroides species are reported
to be able to alter gut permeability (Curtis et al., 2014; Hua et al,,
2016). Bacteroidota species have either anti-inflammatory effects
or are involved in the process of proteolysis, however, some
Bacteroidota species are pathogetic. The previous studies
demonstrated that low level of Bacteroidota is associated with
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Gas chromatography-mass spectrometry (GC-MS) analysis of short chain fatty acids (SCFAs) in fecal samples from necrotizing enterocolitis
(NEC) infants and food protein-induced allergic protocolitis (FPIAP). (A) acetic acid, (B) butyric acid, (C) hexanoic acid, (D) isovaleric acid, (E)
propionic acid, and (F) Total SCFAs. **P<;0.01. Data was presented as means+SEM, N=22 for NEC and N=21 for FPIAP.
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The value of some short chain fatty acids (SCFAs) in the early identification of necrotizing enterocolitis (NEC) and food protein-induced allergic
protocolitis (FPIAP) by receiver operating characteristic (ROC) analysis. The area under curves (AUCs) of acetic acid (A), butyric acid (B), hexanoic

acid (C), isovaleric acid (D), propionic acid (E), and Total SCFAs (F) were 0.8398, 0.8593, 0.7576, 0.7641, 0.8680, and 0.8658, respectively. N=22
for NEC and N=21 for FPIAP.
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Relationship between the gut microbiota and short chain fatty acids (SCFAs) at the phylum level (A) and the genus level (B) in the study. Some
flora and SCFAs were negatively related, represented in blue, and others were positively related, represented in red. The darker the color, the
higher the correlation was. *P<0.05, **P<0.01, and ***P<0.001. Data was presented as means+SEM, N=22 for necrotizing enterocolitis (NEC)

and N=21 for food protein-induced allergic protocolitis (FPIAP).
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allergic disease and factors related to allergic disease, such as a
Western lifestyle and cesarean section delivery (De Filippo et al.,
2010; Abrahamsson et al.,, 2012). In contract, an enrichment of
Bacteroides was found in non-IgE-mediated Cow’s milk allergy
children (Berni Canani et al., 2018b). Specifically, Kirjavainen
et al. found high abundance of Bacteroides in the gut
microbiome of infants with a high degree of milk allergy, early
onset atopic eczema, and a strong family history of atopic
disorders (Kirjavainen et al., 2002). A meta-analysis by Pammi
et al. reported that fecal microbiome from infants with NEC had
increased relative abundances of Proteobacteria and decreased
relative abundances of Firmicutes and Bacteroidota (Pammi
et al., 2017b), consistent with our results. In our study, the
abundance of Actinobacteriota was higher in the NEC group as
compared to the FPIAP group, which consistent with a previous
study by Torrazza et al, in which a higher proportion of
Actinobacteria was observed in NEC cases compared to
controls (Torrazza et al,, 2013). Actinobacteriota are Gram-
negative bacteria with linear colonies and numerous species,
such as Bifidobacterium, which are involved in immune
modulation and metabolic activities. These findings indicated
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that dysbiosis of the gut microbiota plays an important role in
the development of NEC and FPIAP.

At the genus level, our study also showed that differences in
the gut microbiota at the genus level were notable between the
NEC and FPIAP groups. The abundances of several genera of
Halomonas, Acinetobacter, Bifidobacterium, and
Stenotrophomonas were remarkably higher in the NEC group
as compared to the FPIAP group. Belongs to the class
Gammaproteobacteria and the family Halomonadaceae,
Halomonas is a Gram-negative, aerobic, rod-shaped, extremely
halotolerant bacteria, which has been found to have cytotoxic
activity (Kim et al., 2013; Cheffi et al., 2021). Stenotrophomonas
is an opportunistic pathogen of significant concern to
susceptible patient populations, it can cause various
nosocomial and community-acquired infections in humans
and shows low susceptibility to many antibiotics (Sanchez,
2015; Brooke, 2021). To date, no studies have been carried out
to explore the correlation between Stenotrophomonas and NEC
or FPIPC infants. Acinetobacter is a gram-negative bacterum and
is one of the most significant emerging multidrug-resistant
pathogens. It is the cause of various hospital-acquired diseases
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including septicemia, pneumonia, and wound infections
(Geisinger et al., 2019). The genus Bifidobacterium is included
within the phylum Actinobacteria and plays an important role in
digestion and gut immunity. Previous studies have shown that
some Bifidobacterium species have proteolytic activity (De
Palma et al, ; de Almeida et al., 2020), which helps the protein
absorption. Chen et al. found that the abundance of
Bifidobacterium increased significantly in children with food
protein allergy (Chen et al., 2016). Some studies have found that
children received Bifidobacterium supplementation had
significantly reduced allergic symptoms (Ismail et al., 2016; Liu
et al., 2018). Decrease in the abundance of Bifidobacterium leads
to a decrease in protein absorption and transformation, which
may be the cause of FPIAP. Generally, the significant differences
in abundance of Halomonas, Acinetobacter, Bifidobacterium,
and Stenotrophomonas between the two groups may serve as
biomarkers for NEC and FPIAP infants and suggest a role for the
gut microbiota in the pathogenesis of the main symptoms of
the disorder.

In this study, no significant differences were observed in
mode of delivery, feeding patterns, and antibiotic exposure
between the NEC and FPIAP groups, suggesting that the
microbial diversity between the two groups in the present
study may be associated with other factors. Substantial
evidence suggested that the abundance and diversity of
microbiota could be affected by multiple factors, including
mode of delivery, feeding patterns (i.e., breast milk, formula,
or both), and antibiotic exposure. Study reported that the
microbial diversity was lower in infants delivered via C-section
than in infants delivered vaginally (Korpela et al., 2018; Korpela
et al., 2018; Lundgren et al,, 2018). In fecal samples of infants
born by vaginal delivery, the Bifidobacterium genus was
predominant (Biasucci et al, 2008), followed by Bacteroides
and enterobacteria (Fallani et al, 2010). In addition, Willers
et al. showed that infants born by vaginal delivery had higher
levels of S100 proteins as compared to infants born by cesarean
delivery, which was associated with higher abundance of
Actinobacteria and Bifidobacteriaceae, and lower abundance of
Gammaproteobacteria-particularly opportunistic
Enterobacteriacea (Willers et al., 2020). Investigating to the
role of diet, Pammi et al. reported that significant differences
in microbial diversity were observed among infants with
different feeding types (Pammi et al, 2017a). In particular,
formula-fed infants who developed NEC had more
Proteobacteria and less Firmicutes compared to breast milk-
fed controls (Pammi et al., 2017a). Investigating to antibiotic
exposure, study also found that OTU richness between control
infants who didn’t received antibiotics and NEC infants who
received antibiotics differed significantly (Pammi et al., 2017a).
Antibiotic treatment decreases o.-diversity of the individual’s
microbiome (Yassour et al., 2016). Besides, maternal treatment
with antibiotics prior to delivery has also been related to a
decrease in microbial diversity in infants, especially lacking
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Bifidobacterium, which is a genus regarded as favorable
(Aloisio et al., 2014). The possible reason for the inconsistence
between our findings and the above studies is due to the small
sample size, and studies with a larger sample size are needed.

In the current study, NEC infants had significantly lower
levels of acetic acid, propionic acid, butyric acid, isovaleric acid,
and total SCFAs, and higher level of hexanoic acid compared
with the FPIAP infants. SCFAs, which are produced by
fermentation of dietary fibre by gut microbiota, are potential
mediators involved in the intestinal immune function, including
the inhibition of the production of pro-inflammatory factors and
the maintenance of gut barrier function (Tedelind et al., 2007).
Among the most common SCFAs, acetic acid, propionic acid,
and butyric acid account for 90-95% of SCFAs in the human
colon (Soldavini and Kaunitz, 2013). Some studies reported that
acetic acid, propionic acid, and butyric acid can be produced by
the fermentation of Ruminococcus (Lin et al., 2021; Liang et al,,
2021). Besides, Some Lactobacillus strains, including L.
rhamnosus GG, L. gasseri PA 16/8, L. salivarius spp salcinius
JCM 1230, L. agilis JCM 1048, and L. acidophilus CRL 1014 were
reported to participate in the production of acetic acid,
propionic acid, and butyric acid (Markowiak-Kopec and
Slizewska, 2020). Acetic acid is the most abundant SCFAs in
the colon and constitutes over half of the total SCFAs content in
the feces (Zictek et al, 2021). Propionic acid is produced
primarily by Bacteroidetes and Firmicutes (Russell et al,
2013). Acetic, propionic, and butyric acid have been shown to
induce apoptosis (Kotunia et al., 2010), and butyric acid has been
shown to exert the most significant anti-inflammatory property
of all SCFAs and can improve the intestinal barrier function and
mucosal immunity (Liu et al., 2018). Isovaleric acid and
hexanoic acid are putrefactive acids generated by the
unabsorbed amino acids or proteins reaching the intestines.
Adequate balance of microbiota and metabolites could allow
intestinal homeostasis and immunologic tolerance to food
antigens, while imbalance of gut microbiota and their
metabolites (SCFAs) possible influence key immunologic
events that enhance allergic sensitization to food antigens.
Therefore, the differences of the concentrations of SCFAs and
the components of gut microbiota between the NEC and FPIAP
groups could provide new strategies for the differential diagnosis
of NEC and FPIPC.

In addition, we explored the value of the gut microbiota and
SCFAs in the early identification of NEC and FPIAP and the
results showed that the AUCs of Actinobacteriota, Bacteroidota,
Halomonas, Acinetobacter, Stenotrophomonas, Bifidobacterium,
acetic acid, propionic acid, butyric acid, isovaleric acid, hexanoic
acid, and total SCFAs were 0.6851, 0.7868, 0.8074, 0.8766,
0.7532, 0.7814, 0.8398, 0.8680, 0.8593, 0.7641, 0.7576, and
0.8658, respectively. This finding suggests that they have
moderate predictive value (Swets, 1988). Investigating to the
heatmap, the production of metabolites was associated with the
decline in Bacteriodota, Actinobacteriota, and Firmicutes, and
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the increase in Proteobacteria, suggesting that it might be the
joint work of the gut microbiota to produce metabolites.

This study has some limitations. Firstly, the samples were
collected at a single hospital, and the cohort size was small. A
large-scaled study is needed to further clarify the biomarkers in
gut microbiota and SCFAs between the two groups. Secondly, as
the gut microbiota composition was identified using 16S rRNA
sequencing, we could not evaluate bacterial genomic functions
or compare the composition at the species level. Detailed
analysis using shotgun metagenomics would enable
these evaluations.

Conclusions

The composition of gut microbiota and concentrations of
SCFAs of NEC infants is different from that of FPIAP infants.
NEC infants had higher abundances of Actinobacteria,
Halomonas, Acinetobacter, Bifidobacterium, and
Stenotrophomonas, and lower abundance of Bacteroidota,
lower levels of acetic acid, propionic acid, butyric acid,
isovaleric acid, and total SCFAs, and higher level of hexanoic
acid as compared to FPIAP infants. The differences of gut
microbiota composition and concentrations of SCFAs might
represent suitable biomarker targets for early identification of
NEC and FPIAP.
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There is a strong link between fecal microbiota and the development of type 1
diabetes. As an emerging therapeutic modality, fecal microbiota
transplantation has been shown to be safe and effective in the treatment of
many intestinal and extraintestinal diseases. Various studies have found that
fecal microbiota transplantation can treat diseases by correcting patients’
immune disorders. Besides, many studies have found that fecal microbiota
transplantation can improve glycemic control and insulin resistance in diabetic
patients. Therefore, this paper reviews the mechanism of action of fecal
microbiota transplantation on autoimmune-mediated T1DM and the current
research progress, feasibility, and issues that need to be addressed in the future
development of fecal microbiota transplantation in the treatment of
autoimmune-mediated T1DM.

KEYWORDS

Autoimmune-mediated type 1 diabetes, gut microbiota, fecal microbiota
transplantation, chronic inflammatory state, insulin resistance

Introduction
Current status of type 1 diabetes mellitus

Diabetes mellitus is a group of diseases characterized by chronic hyperglycemia
caused by multiple etiologies, which can cause damage to multiple systems of the body
and bring about various acute and chronic complications (Hou et al., 2021). The most
common types of diabetes mellitus are type 1 diabetes mellitus (TIDM), type 2 diabetes
mellitus (T2DM), other specific diabetes mellitus, and gestational diabetes, and they can
all be summarized as a chronic inflammatory state (American Diabetes Association
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Professional Practice C. 2, 2022). TIDM is also known as a type
of insulin-dependent diabetes mellitus, which mostly starts in
adolescence or childhood. According to the International
Diabetes Federation (IDF), 536.6 million adults aged 20-79
years in 215 countries and territories have been diagnosed as
diabetes patients by 2021, and 1.2 million children and
adolescents under 20 years of age have been diagnosed with
type 1 diabetes, and there will probably be 149,500 children and
adolescents with type 1 diabetes by 2045 (Sun et al,, 2022). The
systemic neurological and vascular dysfunction caused by
T1DM can affect the cardiac vessels, nerves, eyes, and kidneys
(Nicholson et al., 2012). Its complications and mortality account
for approximately 5-10% of the global diabetes financial burden
(Mobasseri et al., 2020). The current incidence of T1DM is
increasing at 3% to 5% per year, which will cause a severe social
and economic burden (Wang et al., 2017), and global diabetes-
related health expenditures are estimated to reach $1,054 billion
by 2045 (Sun et al.,, 2022). At present, the dominant treatment
for TIDM is still to reduce blood glucose by injecting insulin, but
this is only a symptomatic treatment.

T1DM etiology and influencing factors

At present, T1IDM is composed of two subtypes, including
the autoimmune type (T1A) and the non-autoimmune type
(also known as idiopathic type 1 diabetes mellitus (T1B), of
which T1A accounts for the majority (American Diabetes
Association Professional Practice C. 2, 2022). On the one
hand, TIDM patients are in an autoimmune-mediated
inflammatory state, producing a variety of inflammatory
factors, such as TNF- o, IL-1, and IL-6 (Vatanen et al., 2016);
on the other hand, innate and adaptive immunity mediates the
production of autoantibodies, such as glutamic acid
decarboxylase antibodies and zinc transporter 8 antibodies,
both of which will lead to the damage of B cell function and
insulin secretion (Abdellatif and Sarvetnick, 2019). Genetic
factors, harmful factors in the environment, bacteria, fungi,
and viral infections all might make pancreatic B cells
exhausted and eventually fail due to a secondary autoimmune
destruction (Rewers and Ludvigsson, 2016). In the population,
different seasons and geographical locations (Samuel et al., 2008;
Kimura et al., 2013), changes in diet and delivery methods, and
the use of antibiotics will also affect the incidence of T1IDM
(Krauss, 2004). For example, in early life, exposure to
environmental chemicals and air pollution can affect the
development of the immune system, and the function and
survival of B cells leading to an increase in the incidence rate
of TIDM (Malmqvist et al., 2015). The different components of
drinking water in different regions will also affect the incidence
rate of T1DM, it has been found that the content of some metal
elements, barium, and nickel, is negatively correlated with the
incidence rate of TIDM (Chafe et al., 2018). Viruses mainly
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include enteroviruses and Coxsackie B viruses. Human infection
with related viruses can induce pancreatitis or produce
substances similar to islet autoantigens, thus activating the
immune system and leading to or accelerating the progress of
T1DM (Stankov et al., 2013). Among genetic factors, more than
50 T1DM-susceptible genes have been found through family
linkage analysis and genome-wide association studies. Different
genes will lead to variable effects on T1DM susceptibility, among
which HLA-DR and DQ genes are the most closely related,
accounting for 40% to 50% of the pathogenic risk factors (Ziegler
and Nepom, 2010). Although HLA-DR risk alleles increase the
susceptibility of high-risk children to T1DM, only 5% or fewer
genes will lead to the development of TIDM (Krischer et al,
2019). Nongenetic modification factors such as diet, gut
microbiota, pressure, and chemical and environmental factors
play an essential role in the occurrence and development of
T1DM (Mullaney et al., 2018). Therefore, the limited residual of
T1DM patients is retained through nongenetic factors 3 Cell
function is crucial for the quality of life and prognosis of patients
(Wang and Jia, 2016). More and more studies have found that
gut microbiota plays a crucial role in the occurrence and disease
progression of T1IDM. The transplantation treatment around gut
microbiota can effectively improve the gut microbiota imbalance
in patients, which holds promise for improving glycemic control
and insulin resistance in patients with T1DM (Steffes
et al., 2003).

T1DM and gut microbiota

More and more studies show that gut microbiota (GM) is
closely related to the occurrence and development of TIDM.
The pathophysiological changes of TIDM are related to the
changes in GM. The GM can affect the progress of T1IDM in
many aspects (de Goffau et al, 2014; Davis-Richardson and
Triplett, 2015; de Groot et al., 2017). “Gut microbiota” refers to
more than 1014 kinds of bacteria, fungi, viruses, and others
residing in the gastrointestinal tract and performing various
functions in the gastrointestinal tract. The “microbiota” is
considered the genome of the entire microbiota (Abdellatif
and Sarvetnick, 2019). The intestinal tract of humans is
composed of about 100 trillion bacterial cells, 10 times the
total number of human cells. The microbiota weighs 1.5 kg
and has more than 3.3 million genes, which is 150 times the
human gene (Pitocco et al., 2020), showing that GM can play an
essential role in our body. GM is mainly divided into four types
at the phyla level. The first is Firmicutes (gram-positive), which
constitutes 60-80% of the microbiota, including more than 200
genera (the most important ones are Rumen coccus,
Clostridium, and Lactobacillus); the second is Bacteroides
(gram-negative, including Bacteroides, Prevotella, and
Trichoderma), accounting for 20-30% of the microbiota; the
next is actinomycetes (gram-positive), accounting for about 10%
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of the microbiota (mainly Bifidobacterium); and finally, Proteus,
such as Escherichia coli and Enterobacteriaceae (Hou et al,
2022). Therefore, we can see the close relationship between gut
microbiota and T1DM, and the feasibility of fecal microbiota
transplantation with gut microbiota as the therapeutic target.

Insulin resistance is influenced by gut
microbiota

The insulin resistance is the leading risk factor and feature of
T2DM. Although the main cause of TIDM is the absolute lack of
insulin secretion, most patients have insulin resistance at the
same time, and this feature runs through the beginning of the
disease and the subsequent insulin treatment process. Some
patients have a trend of increasing insulin demand in the
subsequent clinical treatment, which reflects the rising insulin
resistance index (Homa IR) (Pedersen et al., 2016). Repiso et al.
(Gutierrez-Repiso et al., 2020) analyzed gut microbiota
composition in 46 patients with low Home-IR, high Home-IR,
and T2DM patients treated with metformin. The results showed
that compared with the low HOMA-IR group, the high HOMA-
IR group had significantly higher flora abundance (q5.011) in
Proteus (W52), Fusobacterium (W52), and Bacteroides (W51).
It was also found that some gut microbiota, such as Prevotella
copri and Bacteroides vulgatus, can affect the insulin resistance
of diabetic patients by synthesizing branched-chain amino acids
(BCAAs)-leucine, isoleucine, and valine (White and Newgard,
2019). In contrast, the content of BCAAs in the serum metabolic
group of patients with insulin resistance increases, and the
increase in BCAAs intake in food is associated with a higher
risk of insulin resistance. Reducing BCAAs intake can improve
postprandial insulin sensitivity, so BCAAs intake is considered
an indicator of insulin resistance and a predictor of diabetes
development (Shou et al.,, 2019). Thus, we can conclude that the
change in gut microbiota can affect the insulin resistance of
diabetic patients.

Diabetic patients experience an
inflammatory state caused by a
disruption in their gut microbiota

Diabetic patients are in a chronic inflammatory state. TIDM
is a proinflammatory problem, leading to islet Bcell crushing and
the loss of insulin production (Rodriguez-Valera et al., 2009). In
T2DM, the proinflammatory state can lead to insulin resistance
(Scheithauer et al., 2016), and the gut microbiota can mediate
the occurrence and development of this inflammatory state in
many ways. First of all, lipopolysaccharide (LPS) is one of the
components of the outer membrane of gram-negative bacteria.
LPS and LPS cytokines, such as IL-1 and IL-6, can combine with
their toll-like receptor 4 (TLR4) to increase proinflammatory
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molecules. The receptor is found in cells from a variety of organs
and tissues, including human adipose tissue, the brain, the liver,
muscle, and the pancreas. Therefore, when the intestinal gram-
negative bacteria change, it can affect the inflammatory state in
the body. At the same time, some cytokines, such as IL-10 and
IL-22, can play an anti-inflammatory role, while Enterobacter,
Bacteroides fragilis, Achmania mucophilus, and Lactobacillus
plantarum can induce the production of these cytokines (Zhu
etal., 2018; Chen et al., 2022). Secondly, GM can affect intestinal
barrier function. LPS can destroy the tight junction between
epithelial cells, thus reducing the tight junction proteins
(occludin and occlusive zone-1) and CB2 (Hasain et al., 2020).
The decomposition products of GM can be used as the energy
substrate of the intestinal epithelium to promote the renewal
metabolism and damage repair of the intestinal epithelium (De
Vadder et al., 2014). Short-chain fatty acids (SCFAs), mainly
propionic acid, butyric acid, etc.), the products of cellulose and
carbohydrate decomposed by GM, can help maintain the
integrity of the intestinal epithelium by inducing mucin
synthesis and improve the intestinal barrier by promoting
tight connection assembly (Burger-van Paassen et al., 2009).
When the balance of gut microbiota is broken, the intestinal
barrier function is reduced, which can leak whole bacteria, fatty
acids, and lipopolysaccharides and transfer them to all body
parts through blood transport. Thus, TLR4 is activated, which
leads to metabolic inflammation and accelerates the progression
of diabetes (Que et al., 2021). Meanwhile, bacteria entering the
body stimulate the immune system and produce antibodies
against them. These antibodies will cross-react with islet cell
surface antigens, and the cross-reaction of T cells will mediate
the destruction of islet cells and the formation of TIDM (Cole
et al,, 2016). In addition, the anti-inflammatory properties of
short-chain fatty acids can also be shown by directly inhibiting
the transport of harmful bacteria through epithelial cells
(Macfarlane and Macfarlane, 2011). Butyrate can regulate the
function of macrophages to reduce the expression of
proinflammatory mediators, promote the differentiation of
regulatory T cells, and thus enhance anti-inflammatory
properties (Qin et al., 2016). Besides, GM makes the host
resistant to the colonization of pathogenic bacteria by
occupying the host niche, which plays a vital role in
preventing infection (Backhed et al,, 2012).

Gut microbiota affects energy intake and
absorption

Gubat et al. sequenced and analyzed the GM of normal-
weight children and overweight children respectively (Golloso-
Gubat et al.,, 2020). The results showed that Bifidobacterium,
Turicibacter, and Clostridiaceae were higher in normal-weight
children, and Lachnospira was higher in overweight children.
Studies have shown that inulin and other prebiotic fibers can
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prevent overeating related to energy-intensive diet intake in
rodents (Chassaing et al., 2015). We can see that GM and its
metabolites can affect the energy intake and absorption of TIDM
patients through multiple channels, which can affect the appetite
and total energy intake of patients as well as the consumption
and metabolism of carbohydrates, fats, and other dietary
components through peripheral and central channels
(Rowland et al., 2018). In the gastrointestinal tract, GM and its
metabolites, such as SCFAs, Peptide Y(PYY) and indole
derivatives, can combine with vagal afferent neurons to
transmit information to the nucleus tractus solitarius to affect
the body’s sense of satiety (Tolhurst et al., 2012; Raybould and
Zumpano, 2021). In addition, GM can also improve the
sensitivity of the body to leptin by affecting the release of
cholecystokinin (CCK) and glucagon-like peptide-1 (GLP-1),
and then affect satiety through the gut-brain axis (Kaluzna-
Czaplinska et al., 2017). Some anti-diabetes drugs have been
proven to be able to control patients’ blood glucose through the
above ways (Holmes, 2016). Besides, we have mentioned that
when the GM of patients is disordered, the body will be in an
inflammatory state. This inflammatory state will also appear in
the central solar tract and hypothalamus, thus affecting gut-brain
feedback, appetite, and energy consumption, which may be
related to microglia in the central system (Heiss and Olofsson,
2018). GM can also regulate the reward pathway of the central
nervous system. Carbohydrate compounds can bring pleasure to
people by promoting the production of dopamine, allowing
people to increase their intake of carbohydrate foods. Inulin
can reduce the activation of reward-related regions in the brain,
thus reducing the attraction of carbohydrates to the body,
thereby reducing their intake (Walker et al., 2018). In
addition, GM can also regulate adipose tissue distribution and
vitamin synthesis (Rinninella et al., 2019; Kumar et al., 2020).

The interaction between gut microbiota
and the immune system

The pathogenesis of both TIDM and T2DM involves the
immune system, including inflammation and autoimmunity
dysfunction (Moffa et al, 2019). The abnormality of the
immune system plays a significant role in the occurrence and
development of T1DM, and the gut microbiota plays a crucial role
in the regulation and function of the immune system (Salazar
et al,, 2020). After the appearance of TIDM-related autoantibody,
the GM produced insufficient butyric acid-producing bacteria,
and the bacterial diversity and community stability were low
(Dedrick et al., 2020). de Goffau et al. (2013) performed
pyrophosphate sequencing of the fecal specimens retained from
18 children positive for at least two diabetes-related
autoantibodies while setting up a control group of 18 healthy
children to match them. Compared to the autoantibody-negative
group, the two most predominant bifidobacterial species observed
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in the observation group, namely Bifidobacterium adolescentis
and Bifidobacterium pseudostreptum were deficient. At the same
time, the number of Bacteroidetes spp. was increased. Bell et al.
(2022) concluded that remodeling the GM can significantly affect
the immune system of patients with TIDM. Therefore, we can see
that GM is related to the autoimmune status of diabetic patients,
and the adaptive immune system of patients can be regulated by
regulating GM. In addition, GM can affect the occurrence of
diabetes by affecting the innate immune system. In the TIDM
anode mouse model, the deletion of MyD88, the primary response
gene for medullary differentiation of the innate immune adapter,
provides disease-dependent protection for the microbiota: under
sterile (GF) conditions, MyD88 negative mice, but under specific
pathogen-free conditions, do not develop diseases; in GF mice
containing multiple GM, colon cancer reduced the occurrence of
T1DM in MyD88 negative but nonwild type NOD mice (Burrows
et al,, 2015). At the same time, GM can help the development of
intestinal-associated lymphoid tissue and lymphocytes, which
plays a vital role in lymphocyte function, leading to
inflammation or immune tolerance (Kamada et al., 2013).
Under normal circumstances, immune cells such as
macrophages in the body have low reactivity to normal
symbiotic bacteria in the intestinal tract and will not produce an
obvious proinflammatory reaction. GM plays a vital role in this
immune tolerance. When GM is dysfunctional, some bacteria can
induce the expression of IL-1f, leading to the disorder of the
immune system in the body (Franchi et al., 2012) and accelerating
the progression of diabetes. In addition, GM can also make
immune cells react faster to infection by regulating the immune
response in the intestine to maintain homeostasis in the intestine
(Gomes et al., 2018).

Above all, we can see the critical role of GM in the
development of diabetes, it is also the mechanism of fecal
microbiota transplantation in the treatment of T1DM
(Figure 1A). Fecal microbiota transplantation (FMT) have
been conducted to treat various internal and external intestinal
diseases by oral probiotics, prebiotics with satisfactory results
(Al-Jameel, 2021).

Feasibility of FMT in the treatment
of T1IDM patients

FMT can help to modify blood glucose
and insulin resistance

FMT is an aggressive and effective therapeutic approach to
alter the microbiome in a limited clinical setting. FMT involves
the transfer of gut microbiota from a healthy donor screened for
pathogens to a recipient through oral capsules, enemas, or
transnasal intestinal tube infusion of bacterial fluids, thus
providing colonization resistance, producing beneficial
metabolites, and restoring interaction with the mucosal
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(A) FMT can improve the disease progression of TIDM patients in several ways. (B), in our clinical trial study, patients were given gut microbiota
transplantation by injection of bacterial solution and oral capsules (Clinical Registration Number: ChiCTR2100045789, Chinese Clinical Trail
Registry: http://www.chictr.org.cn/showprojen.aspx?proj=125179). (C), FMT improves dysbiosis of gut microbiota in type 1 diabetic patients.

immune system interactions (Sorbara and Pamer, 2022). During
FMT, the role includes not only GM but also virulent fungi in the
bacterial fluid, metabolites of the GM, the restoration of the
mucosal immune system, and short-chain fatty acids play a
crucial role (Leiva-Gea et al., 2018). Mankind has never stopped
exploring FMT for the treatment of internal and external
intestinal diseases from ancient times to the present.
According to ancient biblical records, as early as 3000 years
ago, some Indians applied cow dung to treat gastrointestinal
diseases; in 400 BC, Chinese medical sage Li Shizhen used
“Huang Long Tang” (a mixture of fresh feces and water) to
treat patients with chronic diarrhea (Oprita et al., 2016). In
Western countries, gut microbiota transplantation has also been
explored for the treatment of intestinal and external diseases
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since the mid-20th century (Khoruts et al,, 2015). In the past,
due to limited medical technology, the treatment of FMT was
initially performed by transplanting the whole feces of a healthy
person into the patient, ie., “swallowing feces by mouth”. It
seemed to be an unacceptable treatment for many people. This
treatment was also not in line with the concept of precision
medicine, and there were infections and immune rejection for
the transplanted patients. It is also a risk of infection and
immune rejection for transplant recipients (Halaweish et al,
2022). Later, with the development of microbiology, people
started to culture colonies that might benefit patients, but
many bacteria and fungi require harsh culture environments
and long culture cycles, which also hindered the development of
colony transplantation techniques. It was not until the
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emergence of biotechnologies such as macrogenome sequencing,
16sRNA, and human gut microarrays that the study of gut
microbiota became more operational and free from dependence
on bacterial culture (Lee and Rho, 2022); the analysis of gut
microbiota became more accurate and comprehensive, and the
analysis of flora could be studied down to the species level and
even the strain level of microorganisms, and the interactions
between different species of microorganisms, the association
between microorganisms and the environment, etc. could be
explored. This has led to the rapid development of FMT
technology (Org et al., 2017). In 2011, Time Magazine listed
flora technology as one of the top ten breakthroughs in
medicine, and since then more research has been conducted
around FMT for the treatment of diseases.

The basic steps of FMT are as followings. First is the
selection of donor and recipient. Recipients have different
inclusion and exclusion criteria according to different research
categories, but the general exclusion principles are severe
cardiac, hepatic, renal, and other vital organ insufficiencies;
leukopenia, the manifestation of autoimmune disease or
diagnosed autoimmune disease within the past three months;
other gastrointestinal diseases that may affect drug absorption;
use of other hormones, antibiotics, and patients treated with
probiotic prebiotics (He et al., 2022). Regarding the selection of
flora donors, the inclusion criteria for autologous donors are
equivalent to the inclusion criteria for recipients. As for
allogeneic donors, it is necessary to exclude that they have
hereditary diseases, autoimmune diseases, infectious diseases,
diabetes, and gastrointestinal diseases, have not taken hormones,
antibiotics and proton pump inhibitors in the past 3 months,
and have not received vaccines and other tested drugs in the past
6 months (Zhang et al., 2019). Donors also should have a good
and healthy psychological state, free from anxiety, depression
and traumatic stress, and can be assessed by the international
self-rating anxiety scale (SAS) and self-rating depression scale
(SDS) (Mollayeva et al., 2016). Allogeneic donors are required to
have a body mass index (BMI) less than 30 Kg/m2 (Woodworth
etal, 2017). Allogeneic donors should be older than 18 years of
age. There are no special rules regarding the upper age limit, but
elderly people are excluded because of the combination of
chronic diseases such as dysfunction of vital organs and
diabetes. There is no special requirement for donor gender,
but the donor should maintain good lifestyle habits, such as a
reasonable diet (regular eating and healthy diet structure) and
moderate exercise (Anand et al., 2017). Stool samples collected
during pre-FMT matching and post-FMT clinical follow-up are
often preserved in preservative solution, which is suitable for
clinical studies because of the low requirements for equipment
and the preservation environment. There is a special reagent
tube for collecting stool samples from patients, which contains
stool sample preservation solution and a sampling spoon. After
sampling with the sampling spoon, put the fecal sample into the
bottom of the sampling tube so that the fecal sample is
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completely immersed in the sample storage solution, and then
screw the tube cover tightly and shake it well. The fecal sample
can be stored at room temperature or in a household refrigerator
for up to 12 months. Among them, there are many kinds of fecal
preservation solutions, and the commonly used preservatives are
ethanol, RNAlate, EDTA salt, sodium citrate, and other
substances (Guan et al., 2021). The next step is the testing of
blood samples and stool specimens from the donor, and these
basic tests can be done in general hospital outpatient clinics.
After the screening of the donor and recipient, the second step of
FMT is to analyze the fecal specimens of both parties, type them,
and make the flora capsules, liquid or oil. Stool specimens
prepared for FMT were preserved in Maltodextrin-trehalose
containing cryoprotectants and then stored in a standard
freezer at -80°C. Preservation did not require strict anaerobic
conditions, only the removal of air above the specimen. Stool
specimens were analyzed by 16S rRNA, metabolomic
fingerprinting, and flow cytometry assays to retain optimal
recovery potential over a 3-month observation period (Burz
et al., 2019).Then the flora preparations are resuscitated in a
water bath to about 37°C before transplantation to avoid
discomfort to the patient (Smits et al., 2018). The method of
flora transplantation usually includes oral capsules, nasogastric
tube, and nasojejunal tube injection of bacterial solution or oil,
etc. After the transplantation, clinicians need to observe the
patients for any adverse reactions and follow up with the patients
for a certain period to observe the clinical benefits and gut
microbiota changes after receiving FMT (Figure 1B).

FMT is now used to treat a variety of diseases. First, FMT is a
safe treatment modality, and in all available clinical cases of
FMT, the most common adverse effects are mild clinical
symptoms, including diarrhea, gastrointestinal cramps, nausea,
bloating, flatulence, constipation, and fever (Allegretti et al.,
2019). Second, FMT can effectively alter the gut microbiota of
patients, and the effects of flora alteration have been found to be
sustained in later clinical follow-ups. It was found in FMT for
recurrent C. difficile infection that the distribution of GM in
transplanted recipients may be broadly similar to that of healthy
donors, and this effect has been shown to persist for up to one-
year (Weingarden et al,, 2015). In a randomized double-blind
trial, 22 obese patients were enrolled in the study and divided
into two groups receiving capsule FMT and placebo capsules,
and the results could be seen in the patients receiving the capsule
FMT group sustained changes in the gut microbiome and bile
acid profile that were similar to those of the lean donor
(Allegretti et al, 2020). FMT has shown significant clinical
efficacy in the treatment of a variety of diseases, and in the
treatment of intestinal diseases, FMT has an internationally
recognized role in the treatment of refractory C. difficile
infections, with efficiency rates exceeding those of advanced
antibiotics such as vancomycin and cure rates of more than 85%,
FMT becomes a recommended therapy for recurrent CDI by the
American College of Gastroenterology and the Infectious
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Diseases Society of America (Smillie et al., 2018). Given the close
relationship between GM and the endocrine and immune
systems, more and more studies have focused on immuno-
metabolic and diabetes-related diseases. It has been found that
the structure and function of the intestinal barrier can be
restored by FMT, which can alleviate the chronic
inflammatory state in diabetic patients, improving their
clinical symptoms and slowing down the progression of the
disease (Ganesan et al., 2018).

Many studies have found that FMT significantly improves
insulin resistance, islet secretion, and dysbiosis in mice with
non-obese diabetes (NOD) (Vrieze et al., 2012). We have already
mentioned that FMT can restore short-chain fatty acids in the
intestine (Allegretti et al., 2019), which we have already
mentioned can control the progression of diabetes in several
ways (Hanssen et al, 2021). FMT can also improve insulin
sensitivity and control the progression of diabetes by affecting
the autoimmune status of patients (Allegretti et al., 2020). The
bacteriophage component of the GM can enter the brain
through the intestinal and blood-brain barriers (Chen et al.,
2022). Gabanyi et al. (2022) studied mice lacking the pattern
recognition receptor Nod2, it was found that intestinal bacterial
cell wall debris can cross the intestinal barrier into the brain
through the blood circulation and bind to Nod2 in specific
neurons in the hypothalamus thereby regulating appetite and
body weight; in addition, GM can affect the autonomic nerves in
the gut leading to changes in satiety and mood, thus FMT can
modulate the patients’ gut-brain axis to control insulin
resistance and body weight (Hartstra et al., 2020). It was also
found that the SCFA-producing microbiota was reduced in
TIDM mice (Hanssen et al., 2021), and the addition of
propionic acid-producing mucilaginous Ackermania or
probiotics that significantly increased SCFA production to the
gut of non-obese diabetic (NOD) mice resulted in a reduced
incidence of T1IDM in NOD mice; Hui W et al. (Wang et al,,
2019) performed FMT on a T2DM mouse model established by
a high-fat diet combined with streptozotocin and found that
insulin resistance and islet -cell function were improved after
FMT, and the inflammatory response of mouse pancreatic tissue
was also decreased and apoptosis of islet B-cells was somewhat
inhibited. Enterobacteriaceae is a genus of opportunistic
endotoxin-producing pathogenic bacteria in mice, with 35% of
the gut bacteria in morbidly obese volunteers with diabetes and
severe metabolic disorders (Cani et al., 2007). Fei N et al. (Fei
and Zhao, 2013) organized a 23-week cereal plus probiotic diet
for volunteers. The result showed that after the intervention, the
volunteers’ body weight was effectively reduced; the abundance
of Enterobacteriaceae was reduced from 35% to undetectable,
and hyperinsulinemia, insulin resistance, and hyperglycemic
states were alleviated. To some extent, probiotic intake also
belongs to FMT, and this study mentions the effectiveness of
FMT in improving glycemic control and insulin resistance in
patients. A case has been reported in which a female patient with
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an 8-year history of diabetes mellitus with poor glycemic control
under the control of glucose-lowering medication had an
excellent clinical response and control of glycemia and related
diabetic complications after receiving two FMTs within 3
months (Cai et al,, 2018). In the treatment of a study enrolling
38 patients with metabolic syndrome, who were divided into two
groups receiving allogeneic FMT from lean donors and
autologous FMT from their fecal infusion, it was found after 6
weeks that patients receiving allogeneic FMT had increased
insulin sensitivity and that this clinical change may be
associated with an increase in mucinous Ackermania in the
intestine (Kootte et al.,, 2017). Mocanu et al. found in a
randomized, double-blind controlled trial of 61 patients with
obesity and metabolic syndrome, FMT supplemented with low
fermentable fiber significantly improved insulin resistance in
patients and that this metabolic benefit was associated with
improved intestinal endocrine function, altered GM abundance,
and increased donor bacteria (Mocanu et al., 2021). Above all,
FMT can improve the disease progression of diabetic patients in
several ways (Figure 1C).

Our study

Two groups of subjects underwent autologous FMT and
allogeneic FMT in a randomized controlled trial of new-onset
T1DM patients within 6 months; the results showed that FMT
stabilized residual -B cell function and optimized glycemic
control in patients with new-onset T1IDM and that the GM of
patients changed at the phylum, genus, and species levels, with a
lot of flora such as D. pigerand, B. stercoris, Prevotella spp, and S.
oralis correlating with the progression of the treatment course
correlated (de Groot et al., 2021). Based on the known metabolic
benefits of FMT in patients with autoimmune type 1 diabetes, we
treated two adolescent patients with autoimmune type 1 diabetes
with EMT (He et al,, 2022). First, we performed multiple FMT at
different nodes in two T1DM patients; second, we followed both
patients clinically for 34 and 19 weeks, respectively, during
which stool and serum samples were collected. No adverse
events were observed in either patient during our clinical
study. Based on the macrogenome sequencing of the stool
samples, we concluded that FMT resulted in the colonization
of beneficial bacteria in TIDM patients and that the colonization
of these flora persisted during the long-term follow-up after the
finish of the FMT treatment. Based on the colonization of
beneficial bacteria, the clinical outcomes of both patients were
significantly improved, and they stopped the use of insulin and
some oral hypoglycemic agents. Their blood glucose levels
remained. The clinical outcomes were also significantly
improved in two patients who had discontinued insulin and
some oral hypoglycemic agents, and whose blood glucose levels
remained at a more optimal level. Although the number of
patients included in this clinical trial is small, it provides strong
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theoretical and practical support for us to conduct more clinical
research and treatment of TIDM patients with FMT. In
addition, we also identified several characteristic bacteria that
may be related to the progress of TIDM. According to the
analysis of the correlation between the gut microbiota and
clinical indicators of patients at the level of genus and species,
Faecalibacterium and Butyricimonas were negatively correlated
with the insulin resistance (Homa IR) of patients, while Blautia
and Anaerostipes were positively correlated with insulin
resistance. P. Successives, P. faecium may improve the insulin
secretion of patients. L. bacterium GAM?79, Clostridium bone,
and B. caccae are negatively correlated with insulin
secretion index.

Current development status of FMT

Safety and Limitations of FMT

Several studies have shown that FMT appears safe, and
patients are less likely to experience adverse reactions. A meta-
analysis that included 61 studies after searching to identify 378
reference articles (Rapoport et al., 2022) showed that less than
1% of the 5099 patients who underwent FMT experienced FMT-
related serious adverse effects (SAEs). However, on June 13,
2019, the US Food and Drug Administration (FDA) issued a
warning about the risks of FMT when they reported two cases of
patients who transferred antibiotic-resistant microorganisms
[specifically, broad-spectrum B-lactamase-producing
Escherichia coli (E. coli)] via FMT, causing the patients to
develop transplant-related sepsis and leading to death in one
of the patients (Battaglioli et al.,, 2018), in which none of the
donor’s stool was screened for this resistant antibiotic, and the
recipients were immunocompromised patients. DeFilippo et al.
(DeFilipp et al.,, 2019) also reported drug-resistant E. coli
bacteremia transmitted by fecal microbiota transplantation.

With the introduction of macroeconomic analysis, it has
become clear that, in addition to bacteria, the fecal microbiota
contains considerable numbers of viruses, fungi, and phages, as
well as intact shed colonic cells. One study reported that feces
contained 1011 bacteria/g, 107 intact colonocytes/g, 108 viruses/
g, and 108 archaea/g. Although bacteria dominate the intestinal
population, other components, such as viruses and miRNAs,
cannot be excluded from influencing host physiology (Liu et al.,
2016). Since the transfer of unidentified microbial communities
may pose some risk, Ott et al. asked whether sterile fecal
microbial filtrates would also have beneficial biological effects
and investigated this. Their team performed FMT on five
patients with relapsed CDI using a filtered (small particles and
bacteria removed) fecal solution and found that this sterile
(containing bacterial debris, proteins, DNA, antimicrobial
compounds, metabolites, and viruses) fecal microbial filtrate
could alter the patients’ gastrointestinal microbiota and
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eliminate their gastrointestinal symptoms (Ott et al., 2017),
suggesting that non-bacterial elements may play a more
important role than previously recognized. In line with this,
Zuo et al. (2018) recently reported that phage transfer during
FMT could affect the progression of CDI. Similarly, Conceigo-
Neto et al. (Conceicao-Neto et al,, 2018) suggested that
eukaryotic viral groups are associated with successfully treating
ulcerative colitis by FMT. These studies suggest that bacterial
fractions, metabolites, or phages can mediate the transfer of
whole fecal microorganisms. Therefore, in gut microbiota
transplantation, non-bacterial components of donor feces may
also be transferred through FMT, and the role that these known
and unknown components play in transplantation and the
impact they bring are also unknown.

Likewise, the development of FMT in the clinical setting is
often limited. Firstly, some patients and even clinicians have
questioned the effectiveness of FMT in treating T1IDM, which
greatly hinders the development of therapeutic studies of FMT
in the clinical setting. Secondly, many autoimmune-mediated
T1DM patients are adolescents, and it is not ethical to conduct
clinical studies on patients who are too young. For older minor
patients, their lack of cooperation with FMT treatment, lifestyle
modifications such as diet structure, late clinical follow-up, and
the lack of awareness of their patients also make it more difficult
to develop the technology. In addition, we have already
mentioned that GM can be affected by many factors, such as
the external environment (different air quality and composition
of drinking water), different dietary structures, the use of
probiotics, antibiotics, and personal habits of smoking and
drinking (Hanssen et al., 2021). This leads to a certain degree
of limitation of the clinical data and conclusions from the
existing FMT clinical studies for the reference of subsequent
studies. The clinical benefits of GM for one region or even for
one patient may not necessarily be the same for other patients.

Lack of consistency in the supervision
of FMT

The European Commission decided that member countries
are free to regulate FMT at the national level, which has led to
regulatory haphazardness among member states and even a lack
of any regulatory standards for FMT in some countries (Verbeke
et al, 2017). Lack of standardized regulation can create
confusion, while overly restrictive regulation may hinder
access to fecal bacteria and research on FMT (Allegretti et al.,
2019). Restricting the use of FMT through regulation may lead
to some unintended consequences. It becomes less difficult to
perform FMT in an environment without medical supervision.
People can perform FMT with impunity, and patients can search
the Internet for instructions and methods of home FMT and
perform self-transplantation, leading to a significant increase in
the number of self-FMT (Segal et al., 2018). The lack of
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regulation, its unclear donor source, the acquisition process, and
the lack of rigor in the transplantation process can significantly
increase the risk of transplantation-related diseases (e.g.,
infectious diseases). On the other hand, the excessive
regulatory restrictions have also caused significant problems
for those wishing to conduct clinical studies on FMT, and the
complex applications and approvals required to conduct clinical
trials have discouraged many researchers, incredibly
discouraging many clinical workers and preventing them from
engaging in such studies (Bunnik et al., 2017).

The effectiveness and efficiency of FMT
cannot be determined

Microbial diversity was found to be a reliable predictor of
FMT success by comparing the gut flora characteristics of
different donors (Kump et al., 2018). Patients who achieve a
clinical response to FMT generally show higher microbial
diversity than non-responders (Paramsothy et al., 2017b). We
suggest that the success of FMT can be considered a two-step
process: first, requiring transplanting the transplanted
microbiome into a new host and increasing the local
commensal community, and then clinical improvement may
be observed. The selection of a suitable fecal donor is a critical
factor in the success of FMT (Vermeire et al., 2016). However,
other factors, such as genetics and environment can also
influence the success of FMT. It has been suggested that
remission rates can be improved by pooling donor stools
together, thereby limiting patients’ chances of receiving only
ineffective stools (Kazerouni and Wein, 2017). This approach
was studied in a cohort of 85 patients with mild to moderate
ulcerative colitis in Australia (Paramsothy et al., 2017a), and
patients in the treatment group received a mixture of stools
containing up to seven different donors in the hope that the
donor-dependent effects could be homogenized. In addition, a
more intensive dosing regimen was used, with initial FMT by
colonoscopy followed by fecal enemas five times a week for eight
weeks. Despite the multiple donors and intensive dosing
approach, Paramsothy et al. achieved a remission rate after
FMT (27% for FMT versus 8% for placebo, p = 0.02), similar
to that reported previously. Therefore, although the effectiveness
of FMT is related to microbial diversity, simply increasing the
biodiversity of the donor does not guarantee the effectiveness
of transplantation.

Discussion

Autoimmune-mediated TIDM patients have a significant
alteration of gut microbiota, and gut microbiota, as the “second
genome” of humans, can affect the disease progression of TIDM
in many ways (Abdellatif and Sarvetnick, 2019). FMT can
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improve the glycemic control and insulin resistance of TIDM
patients by adjusting the imbalance of gut microbiotaT1DM
patients. Many studies have shown that GM is closely related to
the occurrence and development of TIDM. In a case-control
study, the feces of 16 T1IDM children and 16 healthy children
were analyzed for GM. It was found that there were significant
differences in gut microbial structure between the two groups of
children. The abundance of actinomycetes and chlamydia, and
the proportion of chlamydia and Bacteroides in TIDM children
were lower than those in healthy children, and the number of
Clostridium, Bacteroides, and micro-venous bacilli in the
intestine of TIDM children was higher (Murri et al., 2013). It
was also found that the microbiome of healthy children was
more diversified and stable than that of children with TIDM.
After the occurrence of autoimmune diseases, the level of
Firmicum decreased, and the level of bacteroids increased
(Giongo et al, 2011). Stewart et al. (2018) analyzed the fecal
specimens through 16s rRNA and macroeconomic sequencing
retained from 903 patients with TIDM aged 3 months to 46
months and the healthy control group patients; the abundance of
genera of bacteria changed between the observation and control
groups. They found higher levels of streptococcus and
lactococcus in TIDM. It could protect the intestinal mucosal
barrier function, enhance intestinal integrity, and reduce the
chronic inflammatory state in diabetic patients (Brown et al.,
2011). Many drugs have induced changes in the GM of diabetic
patients while controlling blood glucose. Metformin is the first-
line cornerstone drug for glycemic control in diabetic patients,
and Bryrup et al. (2019) found that after six weeks of continuous
oral administration of metformin, patients experienced
significant changes in gut microbiota richness, with a decrease
in the abundance of Enterobacter spp. and Clostridium spp. and
an increase in the abundance of Salmonella spp. and Shigella
spp. and Biliophage spp. Gu et al. (2017) demonstrated that
acarbose treatment altered the composition of the GM, with
increased concentrations of Lactobacillus and Bifidobacterium
and decreased concentrations of Bacteroidetes and Clostridium,
both of which could improve insulin resistance in patients by
modulating bile acid metabolism. Therefore, we can see that
T1DM patients do have gut microbiota disorders and the
improvement of blood glucose levels in diabetic patients is
closely related to the change in gut microbiota. The
effectiveness of FMT in improving patients’ glycemic control
and insulin resistance can also be seen in the clinical treatments
around FMT listed in the previous section, but there are still two
major problems. Firstly, many clinicians are skeptical about
FMT for T1DM, they believe that gut microbiota plays a
limited role in the progression of TIDM and deny that FMT
can bring significant glycemic control benefits to T1DM
patients, and they believe that the safety of FMT is still to be
investigated, which largely hinders the development and
application of FMT treatment technology. Secondly, the
clinical studies on the treatment of TIDM by EMT are limited,
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and there is a lack of large-scale clinical trials with many subjects
and no case-control trials with different nodes transplanted for
comparison, and the mode, number, and time point of
transplantation have not yet been fully standardized. We have
not yet demonstrated how often and how many repeat
transplants are needed to achieve the best clinical benefit for
patients. We also cannot specifically control the effect of other
food medications on the efficacy of FMT. Many questions need
to be addressed in the future development of FMT
treatment technology.

In the future development of FMT treatment technology,
many questions must be solved. Firstly, its safety should be further
improved. The technology should be able to effectively screen out
pathogenic intestinal bacteria and try to avoid serious adverse
events, such as infection, aggravation of gut microbiota dysbiosis,
and immune rejection-related events. Secondly, the National
Health Organization should establish and improve the
standardized system of FMT for disease treatment and clarify
the relevant indications, contraindications, transplantation
methods, and related expenses. Third, the implementation of
“precise transplantation technology” is the transplantation of
specific disordered microbiota related to the disease to restore
normal intestinal homeostasis and then regulate the immune and
metabolic disorders in the patient’s body. Fourthly, we should be
aware of the importance of clinicians in the development of FMT
for TIDM. Therefore, FMT-related studies could be added to the
mini-lessons in hospitals to complement the knowledge gaps of
clinicians in this field, so that they can see the clinical benefits of
FMT for T1DM patients and thus facilitate more therapeutic
studies. Fifth, at present, the specific mechanism of FMT in the
treatment of autoimmune-mediated TIDM has not been
completely revealed. Many researchers believe that the benefits
of FMT in T1DM patients such as the change of autoimmune
status and the improvement of beta-cell function are related to
SCFAs (Jacob et al.,, 2020). However, another study found that oral
SCFAs did not improve the innate immunity and islet
autoimmunity of T1DM patients (de Groot et al, 2020).
Therefore, the mechanism of FMT intervention in the treatment
of TIDM remains to be further explored. Finally, there are still
many questions about the transplantation process: for example,
how can oral capsules or nasal-intestinal tube injections achieve
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Objectives: Recent studies have shown that fecal microbiota transplantation
(FMT) improved the metabolic profiles of patients with type 2 diabetes mellitus
(T2DM), yet the effectiveness in reversing insulin resistance and increasing
metformin sensitivity in T2DM patients have not been reported. In this study,
we evaluated the improvements of T2DM patients and their gut microbiota by
FMT alone and FMT plus metformin.

Methods: A total of 31 patients with newly diagnosed T2DM were randomized
to intervention by metformin, FMT, or FMT plus metformin in the study. Patients
were followed up at baseline and week 4 after treatment. Blood and stool
samples were collected and subject to analyze clinical parameters and
microbial communities by metagenomic sequencing, respectively.

Results: FMT alone and FMT plus metformin significantly improved the clinical
indicators HOMA-IR and BMI in T2DM, besides fasting blood glucose,
postprandial blood glucose, and hemoglobin Alc that were also controlled
by metformin. Donor microbiota effectively colonized in T2DM with slightly
higher colonization ration in FMT than FMT plus metformin within 4 weeks,
resulting in increased microbial diversity and community changes from
baseline after treatment. A total of 227 species and 441 species were
significantly alerted after FMT and FMT plus metformin, respectively. FMT
were significantly associated with the clinical parameters. Among them,
Chlorobium phaeovibrioides, Bifidibacterium adolescentis and
Synechococcus sp.WH8103 were potential due to their significantly negative
correlations with HOMA-IR.
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Conclusions: FMT with or without metformin significantly improve insulin
resistance and body mass index and gut microbial communities of T2DM
patients by colonization of donor-derived microbiota.

KEYWORDS

fecal microbiota transplantation, type 2 diabetes mellites, metformin, metagenomics,
microbiota colonization

1 Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disease
characterized by a decrease in pancreatic B-cell mass and
function, and represents a failure to compensate for the high
insulin demand of homeostatic model assessment of insulin
resistant (HOMA-IR) states (Aguayo-Mazzucato et al.,, 2019).
The occurrence of HOMA-IR is a key predictor of the
development of T2DM (Wallace et al., 2019). The global
prevalence of T2DM is alarmingly high with an estimated
population of 370 million, which is predicted to be doubled by
2030 (Wild et al., 2004). This dramatic increase in T2DM poses
an immense public health crisis and medical challenge. Recent
research showed that intestinal dysbiosis is a key factor in the
development of metabolic endotoxemia and T2DM (Zhao et al.,
2018; Thingholm et al., 2019; Wu et al., 2022).

The human intestines harbor a complex community of
intestinal bacteria (Skelly et al., 2019), viruses (Ingle et al,
2019), fungi (Li et al., 2019), and protists (Chudnovskiy et al.,
2016). Recent data confirmed that intestinal dysbiosis was
associated with the development of metabolic syndrome,
especially T2DM (Karlsson et al.,, 2013; Que et al,, 2021; Hou
et al., 2022). The composition and quantity of intestinal
microbiota in diabetic patients have been found to differ from
healthy individuals (Marchesi et al., 2016; Chen et al., 2019).
Current studies showed that intestinal microbiota is involved in
the development of obesity and insulin resistance in diabetes
mellitus via different mechanisms, and many hypoglycemic
drugs result in changes of intestinal microbiota (Su et al,
2015; Li et al,, 2017). Metformin is now widely used in T2DM
treatment, and recent evidence suggests that the intestinal
microbiota serves as a metformin action site (Pollak, 2017;
Rodriguez et al., 2018; Foretz et al., 2019). Sun et al. indicated
that metformin acted partially via a B. fragilis-
glycoursodeoxycholic acid (GUDCA)-intestinal farnesoid-X
receptor (FXR) axis to improve metabolic dysfunction (Sun
et al, 2018). The therapeutic potential of fecal microbiota
transplantation (FMT) in diabetes has been discussed in many
papers (Wang et al, 2019; Aron-Wisnewsky et al.,, 2019; Ng
et al., 2022; Hou et al., 2022). For example, Groot et al. revealed
that FMT could halt the decline in endogenous insulin
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production and featured intestinal microbiota were linked to
remaining beta cell function of type 1 diabetes (T1IDM) patients
(de Groot et al., 2021). Siew et al. reported that repeated FMT's
enhance the level and duration of microbiota engraftment in
obese patients with T2DM (Ng et al., 2022). However, no study
has reported the application of FMT in assisting the efficacy of
metformin in T2DM treatment. Thus the aim of our work was to
evaluate adjunctive FMT with metformin in southeast Chinese
population with T2DM.

We proposed that FMT would alter T2DM patients’
microbial ecology and thereafter improve the blood glucose
and insulin sensitivity. An FMT clinical trial for the
intervention of T2DM patients with metformin, FMT alone,
and FMT plus metformin was initiated. The primary outcome
was the evaluation of changes in insulin sensitivity (HOMA-IR
and HOMA-HBCI), postprandial blood glucose (PBG), fasting
blood glucose (FBG), hemoglobin Alc (HbAlc), and BMI
between baseline and after 4 weeks of intervention. The
secondary outcomes were the proportion of subjects acquiring
least 20% of microbiota from the donor after FMT at week 4.

2 Materials and methods
2.1 Study population

We recruited 29 adult T2DM patients, following the
diagnostic criteria of the American Diabetes Association
(ADA) for T2DM in 2019. We obtained written informed
consent from all patients before screening. All patients
volunteered to participate in the trial and exhibited good
compliance and did not replace diabetic drugs in the study
cycle. Patients were excluded if they had other diagnoses: 1)
acute and chronic infectious diseases, gastrointestinal diseases,
severe heart insufficiency, severe liver and kidney insufficiency,
and/or other diseases or complications; 2) other gastrointestinal
diseases that may affect drug absorption; 3) pregnant and
lactating women; 4) people with allergies; 5) patients who have
used other hormone therapy within the past three months; 6)
Leukopenia or abnormal granulocytes; 7) cardiovascular and
cerebrovascular diseases that first occurred in the past three
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months; 8) Participants in other clinical trials during the same
period; 9) a history of human immunodeficiency virus (HIV)
seropositivity after laboratory screening; and 10) hepatitis B
virus surface antigen (HBsAg) positive or hepatitis C virus
antibody (HCV-Ab) history after laboratory screening. During
this period, the research team instructed all participants to
maintain their original eating habits before and after the
intervention, including total calories, types, diet culture, etc.,
and to maintain light to moderate physical activity (the same
intensity) and avoid heavy physical activity. The study has been
approved by the Longhu Hospital, The First Affiliated Hospital
of Shantou University Medical College Ethics Committee in
Shantou, China(Ethics number:LHLL2019001), and was
registered at Chinses Clinical Trial Registry.(Registration
number: ChiCTR1900024636).(http://www.chictr.org.cn/

showprojen.aspx?proj=41166).

2.2 Research plan and outcomes

This study used FMT as an auxiliary method to compare the
therapeutic effects of solely metformin, solely FMT and FMT
combined with metformin onT2DM patients. Eight T2DM
patients received FMT plus metformin treatment, 9 patients
underwent FMT alone and 12 patients received solely metformin
treatment. The primary research objective was to evaluate the
efficacy of FMT in assisting the metformin treatment in T2DM
adult patients from the aspects of blood sugar control and
insulin resistance. The secondary research objective was to
observe the influence of FMT on the bacterial engraftment
from donor microbiota during baseline inspection and week 4
intervention. We classified microbiota species identified in the
recipients into four types and mainly focused on the donor-
associated species as previously defined (Ng et al., 2022).

2.3 Intervention procedures

Screening of study donors was based on previous reports
(Wu et al,, 2020; He et al,, 2021). The gut microbiota of ten
qualified-donors was isolated automatically using the fecal
microbiota extractor TG-01 (Treat-gut company, Guangzhou,
China). The procedures involved mixing of stool with saline
solution and multiple filtrations with different pore sizes, which
were completed in Xiamen Treat-gut Biotechnology Co. Itd. We
studied the effects of FMT via nasojejunal feeding tubes on
clinical phenotypes and intestinal microbiota before and 4 weeks
after intervention. The interventions consisted of metformin,
FMT alone, and FMT plus metformin. For the FMT, before
transplantation, patients had to be confirmed their stomach
remained empty for more than 4 hours, then 200 mL of FMT
solution containing 50g bacterial sludge was injected via the
nasointestinal tube to the anterior jejunum. The position was
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confirmed by X-ray. Two hours after FMT, the participants were
allowed to have a small amount of liquid diet. Blood and stool
samples of all participants were collected at baseline (week 0)
and week 4 after intervention for biochemical and

microbiota assessments.

2.4 Fecal microbiota analysis by
metagenomic sequencing

Fecal samples from donor and T2DM patients were collected
on the day of the medical examination and immediately frozen
at —80°C. Fecal genomic DNA was extracted using the QlAamp
Fast DNA Stool Mini Kit (Qiagen, CA, USA). DNA samples
were stored at —20°C before use as templates for next-generation
sequencing library preparation. Samples were fragmented to an
average insert size of 400 bp and sequenced by Illumina Nova
seq with PE 150 reagents. Reads were trimmed using KneadData
with default parameters to filter the sequencing adapter, low-
quality reads, and the human genome. The taxonomic
composition was processed using kraken2 (Erem et al., 2014)
with default parameters.

2.5 Statistical analysis

Microbiota alpha diversity Shannon and Chaol were
calculated using the R program package ‘vegan’ (version 2.5.6).
B-diversity metrics were obtained with rda and PERMANOVA
with the adonis function. Principal Components analysis (PCA)
was performed using the package vegan. Different analysis was
performed to identify taxa with differentiating abundance in the
different groups (Krentz and Bailey, 2005). The corr.test function
was used to analyze the correlation between the microbial taxa
and clinical indexes. Statistical significance was taken as p
value <0.05.

3 Results

3.1 Characteristics of the study
population

A total of 36 patients with T2DM were assessed for
eligibility, of whom 31 were recruited and randomized to
either FMT plus metformin, FMT alone, or metformin from
July 2019 to Oct 2021. One of participants in both FMT plus
metformin and FMT alone group withdraw after FMT infusion.
Finally, 29 patients allocated to FMT plus metformin (n=8),
FMT alone (n=9), or metformin (n=12) completed their follow-
up assessment at both baseline and week 4 (Figure 1).
Demographic characteristics of patients in the three groups
were comparable. Males constituted 48.3% of the patients
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3 excluded Reason:
antibiotic within 3 months

2 excluded due to refusal by
patients

1 withdrawn after
FMT infusion

FIGURE 1

Consort diagram of the study flow. FMT, faecal microbiota transplantation.

1 withdrawn
FMT

after

(n=14), and the median BMIs for FMT plus metformin, FMT
alone, and the metformin groups were 27.46, 27.29, and 27.01
kg/m?, respectively. Ten healthy donors (90% male, median
BML: 21.56kg/m?) provided stool for the FMT solution.

3.2 Blood glucose, insulin resistance, and
BMI improvement after intervention

Participants in the three treatment groups had significant
(P<0.05) improvement in fasting blood glucose (FBG);

Frontiers in Cellular and Infection Microbiology

66

postprandial blood glucose (PBG), hemoglobin Alc (HbAlc),
and HOMA-HBCI at week 4 after intervention compared with
the baseline (Table 1). More importantly, patients in FMT alone
and FMT plus metformin had significantly decreased HOMA-IR
(p<0.05) and BMI (p<0.05) at week 4 after FMT intervention,
while no differences were observed for those in metformin group
(Table 1). Significantly lower UA, TG, and Globulin were
observed in FMT plus metformin group (Figure 2).

We further evaluated the magnitude of change among the
three groups. Percentages of improvements in PBG, FBG,
HOMA-IR, BMI, AST/ALT and ALP were significantly higher
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TABLE 1 Clinical data included in this study.

Metformin (n=12) FMT (n=9) FMT plus metformin (n=8)
Week 0 Week 4 Week 4 Week 0 Week 4 P
value

FBG 9.08+2.02 8.37£1.98 0 14.3+1.99 8.12+0.72 0 9.24+1.92 6.78+1.68 0.01
PBG 13.96+2.61 11.35+1.92 0 18.48+5.59 11.34+2.2 0 14.21+4.77 9.08+2 0.01
HbAlc 8.56+1.13 8.29+1.09 0 10.75£1.85 8.57+1.97 0.01 9.1+2.14 8.76+2.21 0.01
HOMA-

HEBCI 41.55+20.25 58.04+37.21 0.03 22.9+16.06 44.65+23.03 0 41.86+19.77 86.47+109.22 0.01
BMI 27.51+0.89 27.42+0.99 0.2 27.2+0.95 26.37+0.87 0 27.27+1.07 26.46+1.28 0.01
HOMA-IR 3.99+1.39 4.51+2.03 0.52 6.73+2.88 3.55£1.58 0 5.57+591 3.61+4.15 0.01
PCP 4.58+2.09 4+1.26 0.13 3.85+2.19 4.5+2.35 0.13 3.86+3.21 4.62+4.21 0.84
FINS 10.08+3.03 12.21+5.34 0.27 11.05+5.25 9.93+4.63 0.07 12.33+9.65 12.04+14.81 0.25
AFU 30.32+4.02 28.49+3.43 0.09 25.88+5.75 24.5+4.24 0.25 19.69+7.16 24.23+7.58 0.03
FCP 1.89+1.12 1.87+0.72 0.62 1.57+0.99 1.76+0.71 0.43 1.68+1.22 1.99+0.93 0.74
Creatinine 87.67+94.69 75+39.53 0.4 64.67+11.07 68+12.45 0.11 66.38+12.39 72.25+14.66 0.09
GGT 30.93+13.1 33.6+16.84 0.73 39.03+56.67 35.1£51.57 0.36 31.27£17.9 23.32+12.02 0.15
D-BIL 4.21+1.09 3.61£1.45 0.08 3.96+1.37 3.66+1.04 0.43 3.12+1.43 3.7£1.24 0.53
ALP 83.75+15.79 67.33£11.24 0 73.22%29.39 69.89+16.71 1 68.88+11.64 67.12+14.19 0.36
TBA 6.82+2.31 3.36+2.24 0 6.28+7.42 3.53%1.68 0.31 3.99+2.68 4.22+3.42 0.95
TBIL 11.4+2.77 11.08+4.37 0.62 12.71+4.1 12.19+3.81 0.82 13.04+7.3 13.26+4.71 0.95
APO-B 0.86+0.24 0.97+0.18 0.08 1.03+£0.35 1.11+0.26 0.65 0.84+0.21 0.83+0.21 0.74
PINS 37.38+22.24 31.74+14.88 0.2 35.72+24.36 35.23%£28.05 0.82 31.31+21.07 14.3+14.47 0.04
LDL-C 2.96+1.09 3.12+0.74 0.57 2.98+0.56 3.52+0.79 0.16 2.78%1.12 2.74%+0.75 0.74
BUN 5.22+2.46 5.77+2.41 0.13 5.21+0.81 5.64%1.2 0.25 5.68+1.26 5.01£2.1 0.55
ALT 30.23+34.83 35.03+46.76 0.46 22.8+11.11 21.43+5.86 0.73 29.55+19.71 24.2+6.66 0.38
HDL-C 1.19+0.24 1.25+0.27 0.14 1.13+0.28 1.16+0.2 0.64 1.32+0.52 1.27+0.46 0.2
R R R IR R A
UA 366.42+81.33 374.5+67.24 0.73 1(1)22?3 366.11+74.71 0.57 377.38+59.76 360.12+60.41 0.01
TG 1.74+0.57 1.52+0.46 0.23 3.84£5.5 2.3+1.36 0.57 2.18+1.44 1.26+0.29 0.04
TC 4.72+1.35 4.87+0.79 0.64 5.37£1.02 5.48+0.36 0.73 4.8+1.13 4.44+0.71 0.64
AST/ALT 1.17+0.38 0.86+0.24 0.01 1+0.31 1.02+0.23 0.83 1.12+0.6 1.06+0.24 0.94
TP 75.22+5.45 72.91+4.03 0.11 73.51£10.05 74.67+3.6 0.57 72.36+11.66 68.65+6.16 0.31
MAO 4.25+0.97 4.25+1.14 1 6.67+6.86 4.44+2.3 1 5.55+1.44 7.06+2.48 0.14
I-BIL 6.8+1.87 7.27%£2.96 0.62 8.76+2.91 8.94+2.34 1 9.92+6.87 9.03+4.17 0.64
Globulin 26.82+3.85 26.95+4 0.97 26.37+6.58 27.88+3.26 0.43 27.89+6.11 23.92+3.38 0.04
AST 27.88+13.51 24.23+17.34 0.03 20.29+6.06 21.59+5.57 091 25.24+7.82 22.88+6.27 0.23

(Continued)
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TABLE 1 Continued

Metformin (n=12) FMT plus metformin (n=8)
Week 0 Week 4 P Week 0 Week 4 P
value value
APO-A 1.28+0.21 1.23+0.16 024 1.4340.29 1.3540.15 0.82 1.440.19 1.3140.41 0.38
Albumin 48.44+2.89 46.361.99 0.02 47.04%3.77 47.3+2.48 091 44474643 44.8625.87 0.89

The data are shown as the mean+SD. N=12 in the metformin group, N=9 in the FMT group and n=8 in the FMT plus metformin group for all outcomes. FMT, fecal microbiota
transplantation; FBG, fasting blood glucose; PBG, postprandial blood glucose; HbAlc, hemoglobin Alc.

HOMA-HBCI=20xFINS/(FBG-3.5); BMI, body mass index; HOMA-IR=(FBGxFINS)/22.5; PCP, postprandial c-peptide; FINS, fasting insulin; AFU, a--L-fucosidase; FCP, fasting
c-peptide; GGT, y-glutamyl transpeptadase; D-BIL, direct bilirubin; ALP, alkaline phosphatase; TBA, total bile acid; TBIL, total bilirubin; APO-B, apolipoprotein B; PINS, postprandial
insulin; LDL, low-density lipoprotein; BUN, urea nitrogen; ALT, alanine aminotransferase; HDLC, high-density lipoprotein; CHE, cholinesterase;UA, uric acid; TG, triglyceride;
TG, total cholesterol;TP, total protein; MAO, monoamine oxidase; I-BIL, indirect bilirubin; AST, aspartate aminotransferase; APOA, apolipoprotein A.

Bold values represents statistically significant indicators.

in the FMT alone and FMT plus metformin than in metformin increased by FMT in FMT alone group at week 4 (Figure 4A).
group (p<0.05) (Figure 3). Improvements in HOMA-HBCI, No obvious changes in diversity indexes were observed in
HbAlc, AST, TBA and TP were observed significantly higher metformin group. As expected, Bacteroidetes, Firmicutes, and
in FMT alone than metformin group. Additionally, FBG and Proteobacteria were the dominant taxa in donor alone or overall
HbAlc decreased more in FMT plus metformin than in FMT samples (Figure 4B). Relative abundance of Bacteroidetes was
alone. No significant differences in changes of PBG, PINS, decreased, while Firmicutes increased after intervention in both
HOMA-IR, HOMR-HBCI, AST/ALT, ALP, TBA, TP and BMI FMT alone and FMT plus metformin groups. An uncommon
were observed between the two FMT-associated treatments microbial composition was observed at week 4 after metformin
(p>0.05) (Figure 3). treatment, with a surprising high proportion of Proteobacteria

and almost absence of Bacteroidetes.

3.3 Microbiota alterations associated

with FMT intervention 3.4 B-diversity and microbial colonization

Microbial richness (observed taxa and Chaol) and Shannon The results of PB-diversity based on Euclidean distance
diversity were obviously (P < 0.05) improved at week 4 after showed that the intestinal microbiota changed at week 4
FMT compared with the baseline, although the significance is compared with week 0 with the three treatments. The gut
marginal. Moreover, the evenness was significantly (P<0.05) microbial communities in FMT plus metformin group were
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FIGURE 3

Fold changes of clinical indexes based on week 4 divided by week 0 in T2DM patients with different interventions. Pairwise comparisons
between groups were conducted using the Wilcox test. Metformin, n=12 patients; FMT, n=9 patients; FMT plus metformin, n=8 patients. p<0.05

is defined as statistically significant.

significantly different (PERMANOVA, p < 0.05) between week 4
and week 0, while there was no significant difference in FMT
alone nor in metformin group (Figure 4C). Among the three
groups, the metformin group had the smallest change in beta
diversity after 4 weeks, followed by the FMT group, and that the
FMT plus metformin group had the largest change, although
significant difference were observed among the three groups
(Figure 4E). Similarly, the Euclidean distance between week 4
from each of the three groups and the donor was calculated. The
results showed that the distance between the metformin group
and the donor was the largest, and the FMT plus metformin
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group was the smallest, indicating that the gut microbiota in the
FMT plus metformin group was similar to that of the donor after
treatment (Figure 4G, Figure 5).

The colonization of donor-derived microbial species was
analyzed and detected in post-FMT samples from all recipients
in both FMT alone and FMT plus metformin groups, with
percentage ranging from 3.1% to 73.7%.The results showed
that 6 patients (66.7%) in the FMT group and 5 patients
(62.5%) in the FMT plus metformin group achieved >20%
donor-derived microbial species, which was considered as
effective colonization. However, there was no significant
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Changes in gut microbiota between week 0 and week 4 in T2DM patients after interventions. (A) Differences in alpha diversity indexes, microbial
richness (Observed index and Chaol index), Shannon diversity, and evenness. (B) Relative abundances of the top phyla in the these groups;
Changes in gut microbiota and microbial colonization of donor-derived microbiota in subjects with type 2 diabetes. (C) Differences in beta
diversity between baseline (W0) and week 4 (W4) after intervention by metformin, FMT, or FMT plus metformin, visualized by PCA. (D, F) The
colonization of donor-derived microbiota in FMT alone and FMT plus metformin groups. (E) Changes of Euclidean distance between WO and

W4. (G) Changes of Euclidean distance between W4 and donors.
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difference in colonization rate between the two groups (p > 0.05)
(Figures 4D, F).

3.5 Taxa significantly associated with
clinical improvements

To explore the taxa associated with improvement in
clinical efficacy, the differences between baseline and week 4
after intervention in FMT alone and FMT plus metformin
groups were analyzed by Wilcoxon-rank sum test. A total of 7
phyla, 57 families, and 133 genera level were significantly (p <
0.05) different after intervention in FMT alone group, while
the numbers were 10, 63 and 206 in the FMT plus metformin
group (Table S1). With cut-off of relative abundance bigger
than 0.001%, there were 227 species and 441 species that were
significantly different between baseline and week 4 in in FMT
alone and FMT plus metformin groups, respectively. Among
them, 89 species were shared in these two groups (Figure 6).
The species with increased relative abundance at week 4 after
treatment mainly belonged to the genera Prevotella and
Bifidobacterium, including Prevotella jejuni, Prevotella
Fusca, Bifidobacterium animalis, and Bifidobacterium
adolescentis. Correlation analysis based on the samples from
these two groups showed that Provetella were positively
correlated with ALP and TP, while Bifidobacterium were
negatively correlated with CHE, FBG, PBG, TC and PINS
(Figure 7A). Additionally, Collinella aerofaciens was strongly
negatively correlated with FBG, while PGB was strongly
positively correlated with Clostridium bolteae and HOMA-
IR was strongly positively correlated with Dysosomobacter
Wekbionis (p < 0.05).
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Since improvement in HOMA-IR is urgent in treatment of
T2D, we further explored the species by conducting correlation
analysis between HOMAR-IR and the species significantly
different either after FMT or FMT plus metformin, based on
samples from T2DM patients at baseline and week 4 after
intervention. The results showed that most of the significantly
associated species were positively correlated with HOMA-IR
(Figure 7B), including Lactobacillus ruminis, D. welbiois and
Xylanimicrobium sp. FWI10M-9, while Chlorobium
phaeovibrioides, B. adolescentis and Synechococcus sp.WH8103
were strongly negatively correlated with HOMA-IR, which were
increased at week 4 after intervention by FMT or FMT plus
metformin (Figure 7C).

4 Discussion

This study aimed to evaluate the improvements of T2DM
patients and their gut microbiota by FMT alone and FMT plus
metformin, compared with metformin. Results showed that
FMT alone and FMT plus metformin significantly improved
insulin resistance (HOMA-IR), HOMA-HBCI, BMI, FBG, and
PBG within 4 weeks after intervention, and modified gut
microbial communities by colonization of donor-derived
microbiota. Correlation analysis revealed that B. adolescents, C.
phaeovibrioides, and S. sp.WH8103 were significantly negatively
correlated with HOMA-IR, the urgent indicator in treatment of
T2DM. In short, this study support that FMT alone and FMT
plus metformin can improve insulin resistance and other
indicators of patients T2DM by colonizing donor-derived
microbes and modifying gut microbiota in diversity and
specific species.
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Metformin is currently widely used as the first-line drug for
the treatment of T2DM patients, as recommended by clinical
guidelines, due to the improved glycemic profile and reduction
in cardiovascular mortality without the risk of hypoglycemia
and/or body weight gains (Buse et al., 2016; Foretz et al., 2019).
Previous research showed that metformin decreased BMI,
HbA1lc, and FBG during an initial 4-month study period (Shin
et al,, 2014). In another 52 week study, newly diagnosed T2DM
patients who used metformin for blood glucose intervention had
significantly lower BMI, FPG, PPG and HbAlc after treatment
compared with baseline in the MET group (DeFronzo et al,
2016). The present study also observed the improvements in
HbA1c and FBG of T2DM after intervention of metformin, but
not BMI and other indicators including HOMA-IR, which was
improved by FMT alone and FMT plus metformin. This may be
related to FMT peripheral insulin sensitivity and other
mechanisms to improve blood glucose control, while MET
mainly plays a role in the liver by reducing liver glucose
output (Wu et al., 2017). More and more studies have shown
that the process of metformin’s role has a certain relationship
with gut microbiota. Intravenous metformin does not improve
blood sugar (de la Cuesta-Zuluaga et al., 2017). However, the
level of metformin in the intestine is 100-300 times higher than
that in the serum, making the intestine the main reservoir of
dimethyl lenediamine for human (Carvalho and Saad, 2013;
Duparc et al, 2017; Depommier et al,, 2020). In addition,
metformin can also change the composition of gut microbiota
by increasing Akkermansiamuciniphila, a microbiota that
stimulates SCFA production (short chain fatty acids), which is
degraded by mucin (Ma et al, 2019). The production and
regulation of SCFA is considered to be one of the mechanisms
of probiotics to promote health results (Hartstra et al., 2015). In
our experiment, the FBG and HbA1lc in the FMT alone group
decreased more than those in the FMT plus metformin group,
which may be related to the improvement of microbial
population structure promoted by metformin.

The patients included in our cohort were diagnosed with
T2DM and were not receiving prior regular drug treatment or
dietary intervention. These T2DM patients had poorly
controlled blood glucose or serious insulin resistance and
received no other medications for the treatment of other
diseases. During the observation period, the enrolled patients
did not perform any physical exercise other than daily life
activities and received generally consistent dietary regulation.
This design enabled us to diminish the effects of major
confounding factors that have a known impact on the gut
microbiome. Clinically, not all T2DM patients benefit from
the use of metformin or respond to metformin quickly. For
example, some patients exhibit strong insulin resistance and
weak insulin secretion function despite metformin treatment.
Therefore, FMT was used to assist metformin treatment in these
patients to quickly improve their sensitivity to metformin.
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The present study demonstrated that, although metformin
could improve the blood glucose, the addition of FMT promoted
the improvement further. Many studies have shown that gut
microbiota are closely related to glucose metabolism (Musso
et al., 2011), insulin resistance (Lee et al., 2019), and insulin
secretion (Kootte et al., 2017). The mounting evidence of a
causal role of the gut microbiota in T2DM has led to the
development of targeted therapeutic approaches that are
designed to alter the microbial composition (Vrieze et al,
2012; Rinott et al, 2021). Fecal microflora transplantation
(FMT) is a method to treat diseases by rebuilding gut
microbiota (Wu et al., 2011). FMT has consistently
demonstrated a capability to overcome dysbiosis via a
profound sustained effect on the gut microbiome, which may
become a new way to treat T2DM (Belenguer et al., 2006).
Previous experiments using FMT to interfere with metabolic
syndrome showed that FMT improved insulin sensitivity,
increased gut microbial diversity, and significantly increased
butyric acid producing bacteria in patients with metabolic
syndrome (Tolhurst et al., 2012; Yadav et al,, 2013). Our
results are consistent with previous findings on transient lean
donor -9gut microbiota in patients with metabolic syndrome,
which showed a significant improvement in peripheral insulin
sensitivity at 6 weeks (Belenguer et al., 2006). The species with
increased relative abundance 4 weeks after FMT mainly belong
to ruminis, D. welbiois and Xylanimicrobium sp. FW10M-9 were
significantly negatively correlated with HOMA-IR, while
Chlorobium phaeovibrioides, B. adolescentis and Synechococcus
sp.WH8103 were strongly negatively correlated with HOMA-IR.
Previous studies have shown that long-term intake of fat rich diet
is related to the increase of Bacteroids, and vegetarians are
conducive to the proliferation of Proctor bacilli. Proburella was
also found to be associated with improved glucose tolerance
induced by dietary fiber (Su et al., 2022). Bifidobacterium, on the
other hand, produces acetate and lactate during carbohydrate
fermentation, which are converted into butyric acid by other gut
microbiota (Li et al., 2016). Among them, butyric acid plays an
important role in regulating insulin secretion (Turnbaugh et al,
2009; Giongo et al, 2011). Our results again show that
Plasmobacterium and bifidobacterium may be the key
organisms related to T2DM improvement, which is consistent
with the previous research of others (Aggarwala et al., 2021).

A decent engraftment of donor-associated microbiota taxa
in recipients during the FMT procedure is one of the
prerequisites that guarantees the efficacy of FMT. It is
generally believed that the diversity of gut microbiota is closely
related to gut health, and the colonization rate of donor flora in
the recipient is an important indicator to evaluate the success
rate of transplantation. In our study, about 2/3 of the FMT group
and the FMT plus metformin group reached the target of > 20%
donor derived microbial species, which was significantly
increased by 23 compared with other previous studies
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(Herfarth et al., 2019). This is considered to be effective
colonization, which is closely related to our strict donor
selection before transplantation. Previous studies have shown
that the number of Firmicutes in diabetes patients is lower than
that in non-diabetes patients (Mocanu et al., 2021). The
progression of diabetes is associated with a decrease in the
number of Firmicutes and Bacteroidetes (Mayo and Sinderen,
2010). Firmicutes usually participate in the transport of nutrients
and promote the absorption and fermentation of SCFA in
indigestible carbohydrates (Pinzone et al., 2012). In our
clinical experiment, at the 4th week after FMT, Microbial
richness (observed taxa and Chaol) and Shannon diversity
were significantly improved compared with the baseline. After
FMT and FMT plus 8 metformin groups, the relative abundance
of Bacteroidetes decreased, while Firmicutes increased, which
indirectly proved that the health of receptor gut microecology
was improved after FMT. Aggarwala et al. observed that bacterial
strain engraftment in Clostridium difficile infection (CDI)
recipients independently explained (precision 100%, recall
95%) the clinical outcomes (relapse or success) after initial and
repeat FMT (Pinzone et al., 2012). Low donor FMT engraftment
resulted in low clinical efficacy of FMT in patients with
Antibiotic-dependent pouchitis (ADP) (Bordalo Tonucci et al.,
2017). Siew et al. demonstrated that FMT repeated at scheduled
intervals led to increased and sustainable engraftment of
microbiota from lean donors in obese recipients with T2DM
that persisted for at least 6months (Ng et al., 2022). Mocanu et al.
Also found that engraftment of specific taxa in the FMT plus
low-fermentable fiber group at 6 weeks was donor mediated, and
the FMT serves as fiber degrader, as well as short-chain fatty acid
(SCFA)-producers and suppressors of tumor growth (Vindigni
and Surawicz, 2017). Our EMT procedure led to a quick clinical
response within 4 weeks and we found Bifidobacterium was
successfully reconstituted in FMT treatment patients.
Bifidobacterium plays an important role in human health,
including regulating gut microbiota homeostasis, regulating
local and systemic immune responses, inhibiting pathogens
and harmful bacteria colonizing or infecting gut mucosa (Al-
Salami et al,, 2008), improving gut mucosal barrier and reducing
gut lipopolysaccharide level (Ren et al, 2017). In addition,
Bifidobacteria improves mucosal barrier function, and T2DM
patients’ intake of probiotic yogurt containing Lactobacillus
acidophilus La5 and Bifidobacterium lactis Bb12 for 6 weeks
improved FBG and HbAlc (He et al,, 2021).

Side effects of FMT include mild and self-limiting abdominal
discomfort, cramps, abdominal distension, diarrhea or
constipation, and very few diseases that cannot pass screening
tests (Lu and Salzberg, 2020). In our study, T2DM patients
displayed no adverse reactions after FMT, and the fasting and
postprandial blood glucose, HbAlc, and insulin resistance
decreased significantly without causing hypoglycemia or
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dyslipidemia after FMT treatment. In terms of metabolic
research, previous studies tended to use FMT to intervene in
metabolic syndrome, while few studies used FMT to intervene in
T2DM. Our research is innovative. In a previous animal
experiment, it was found that probiotics consumption in
diabetes rats can increase the bioavailability of gliclazide (an
oral sulfonylurea anti diabetes drug) (Segata et al., 2011). Our
research found that FMT combined with metformin is better
than metformin alone to achieve the improvement of blood
glucose control and insulin resistance, which provides a new
direction for FMT to intervene in T2DM and FMT combined
with hypoglycemic drugs to intervene in T2DM.

Our study has several limitations. First, the relatively small
sample size was not sufficient to evaluate the subtle differences or
mechanisms associated with metformin treatment with or
without FMT therapies. Second, the study period was limited
to 4 weeks, restricting our understanding of the relationship
between long-term clinical efficacy and engraftment of donor-
associated microbiota. Third, due to scarcity of the donors, we
used multi-donor FMT at different FMT times to enhance the
microbial diversity transferred to recipients. However, a fixed
donor choice based on donor-recipients matching for patients
would help eliminate any confounding factors.

5 Conclusion

In conclusion, In conclusion, our study showed that FMT
improved the BMI, PBG, HbAlc, FBG, HOMA-HBCI, and
HOMA-IR of T2DM patients in 4 weeks and also promoted
the engraftment of donor-associated microbiota in participants.
Results from our trial will serve as a basis for the long-term
intervention of FMT in T2DM patients and the further
development of novel biotherapeutic strategies aimed at
combatting T2DM through the safe, effective, and affordable
bacterial formulations.
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Specific fungi associated with
response to capsulized fecal
microbiota transplantation

In patients with active
ulcerative colitis
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Qingwen Huang®, Jingling Su*, Jianlin Ren***>*

and Hongzhi Xu™***

‘Department of Gastroenterology, Zhongshan Hospital of Xiamen University, School of Medicine,
Xiamen University, Xiamen, China, 2Institute for Microbial Ecology, School of Medicine, Xiamen
University, Xiamen, China, *Xiamen Key Laboratory of Intestinal Microbiome and Human Health,
Zhongshan Hospital of Xiamen University, Xiamen, China, “Department of Digestive Disease, School
of Medicine, Xiamen University, Xiamen, China

Objective: Fecal microbiota transplantation (FMT) is a novel microbial
treatment for patients with ulcerative colitis (UC). In this study, we performed
a clinical trial of capsulized FMT in UC patients to determine the association
between the gut fungal community and capsulized FMT outcomes.

Design: This study recruited patients with active UC (N = 22) and healthy
individuals (donor, N = 9) according to the criteria. The patients received
capsulized FMT three times a week. Patient stool samples were collected
before (week 0) and after FMT follow-up visits at weeks 1, 4, and 12. Fungal
communities were analysed using shotgun metagenomic sequencing.

Results: According to metagenomic analysis, fungal community evenness
index was greater in samples collected from patients, and the overall fungal
community was clustered among the samples collected from donors. The
dominant fungi in fecal samples collected from donors and patients were
Ascomycota and Basidiomycota. However, capsulized FMT ameliorated
microbial fungal diversity and altered fungal composition, based on
metagenomic analysis of fecal samples collected before and during follow-
up visits after capsulized FMT. Fungal diversity decreased in samples collected
from patients who achieved remission after capsulized FMT, similar to samples
collected from donors. Patients achieving remission after capsulized FMT had
specific enrichment of Kazachstania naganishii, Pyricularia grisea, Lachancea
thermotolerans, and Schizosaccharomyces pombe compared with patients
who did not achieve remission. In addition, the relative abundance of P. grisea
was higher in remission fecal samples during the follow-up visit. Meanwhile,
decreased levels of pathobionts, such as Candida and Debaryomyces hansenii,
were associated with remission in patients receiving capsulized FMT.
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Conclusion: In the metagenomic analysis of fecal samples from donors and
patients with UC receiving capsulized FMT, shifts in gut fungal diversity and
composition were associated with capsulized FMT and validated in patients
with active UC. We also identified the specific fungi associated with the
induction of remission. ClinicalTrails.gov (NCT03426683).

KEYWORDS

fecal microbiota transplantation, capsule administration, ulcerative colitis,
mycobiota, metagenomics

Introduction

Ulcerative colitis (UC) is a prototypical autoimmune disease
with chronic intestinal inflammation (Loftus, 2004; Kaplan and
Windsor, 2021). The hallmarks of functional dysregulation in UC
are an abnormal mucosal barrier, immune dysregulation, and gut
microbiota dysbiosis, which result in inflammation-mediated
intestinal destruction (Guan, 2019). Currently, therapeutic
regimens for UC aim to regulate immune system disorders and
intestinal inflammation, including 5-aminosalicylic acid (5-ASA),
sulfasalazine (SASP), corticosteroids, immunosuppressants, and
biological agents (Ordas et al., 2012; Khanna et al., 2013).
However, these therapeutic regimens are not universally
effective and can produce adverse effects. Hormone dependence,
long-term maintenance, and relapse are the most common
problems that can influence the response to therapy (Ordas
et al., 2012). Therefore, it is important to explore practical and
safe novel clinical therapies for patients with UC.

Dysbiosis of gut microbiota, including fungi, is associated
with many diseases (Ni et al., 2017; Liu et al., 2020; Fan et al.,
20215 Liu et al,, 2021). Gut fungal communities are often ignored
in clinical practice studies because of their low abundance in the
intestinal tract (approximately 0.1% of the total
microorganisms); however, they are critical components of the
human gut microbiota that are essential for human health
(Arumugam et al., 2011). Growing evidence has revealed that
dysbiosis of intestinal fungi is involved in UC. The biodiversity
and composition of fungi are different between healthy
individuals and patients with UC, as well as those in remission
(Nishikawa et al., 2009; Sokol et al., 2017). These changes also
exist between inflamed and non-inflamed intestinal mucosa (Li
et al., 2014). Fungi-specific 185 rRNA sequencing analysis of
colonic biopsies and fecal samples between UC patients and
healthy individuals showed that the fungal community diversity
in patients tended to increase, and Candida albicans more
heavily colonized the patient’s intestinal tract (Ott et al., 2008),
causing worse mucosal injury and higher production of anti-
Saccharomyces cerevisiae antibodies (McKenzie et al., 1990;
Colombel et al.,, 2013). An increased abundance of pathogenic
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fungi, such as Trichosporon, and a lower abundance of
Saccharomyces were found in the colonic mucosa in severe
dextran sodium sulfate (DSS)-induced colitis in mice (Qiu
et al,, 2015), also demonstrating a close relationship between
fungal dysbiosis and UC. Another studies showed that Dectin-1-
deficient mice were more susceptible to DSS-induced colitis
because of the aberrant immune response to the host fungus
(Goodridge et al,, 2011; Iliev et al, 2012). Furthermore, UC
patients with severe intestinal damage are associated with a
polymorphism in the gene encoding Dectin-1 (CLEC7A) (Iliev
et al, 2012). Although fungal dysbiosis has been found in
patients with UC and some fungi can regulate the intestinal
inflammatory response (Calich et al., 2008; Ott et al., 2008;
Sonoyama et al.,, 2011; Sokol et al., 2017; Wang et al., 2019), it is
unclear whether the change in fungal composition is a result or
cause of UC. Moreover, the functional roles of fungi remain
largely unknown.

Fecal microbiota transplantation (FMT) is a strategy to
reconstruct gut microbiota by administering a new
microbiome from healthy individuals to patients (Ooijevaar
et al, 2019). It has been proven that FMT partly works in
patients with UC (Moayyedi et al., 2015; Costello et al., 2019;
Crothers et al., 2021; Haifer et al., 2022). In contrast to the great
success of FMT in treating recurrent Clostridium difficile
infection (CDI), heterogeneous responses to FMT have been
reported in patients with UC (Borody et al., 2003; Smits et al.,
2013; Paramsothy et al., 2017). A systemic study including 122
patients with IBD found that approximately 22% of patients with
UC achieved clinical remission after FMT during a follow-up
visit (Colman and Rubin, 2014). However, compared with
numerous studies on the influence of FMT on bacteria
(Rossen et al., 2015; Li et al., 2016; Mintz et al., 2018;
Paramsothy et al., 2019; Huang et al., 2022), little is known
about the alterations in fungal communities after FMT. Siew
et al. recently reported durable engraftment of donor-derived
fungi after FMT in graft-versus-host disease (Zhang et al., 2021).
Another study also revealed that fungal species were associated
with the efficacy of FMT in recurrent CDI (Zuo et al., 2018).
In 2020, Irina et al. found that Candida colonization may be
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associated with the clinical outcomes of FMT in UC patients
(Leonardi et al., 2020). In addition, experimental studies have
revealed the effects of gut Candida on intestinal inflammation
(Jawhara et al., 2008; Leonardi et al., 2018; Sovran et al., 2018; Li
et al, 2019). These changes imply that alterations in gut fungi
after FMT may be important for clinical outcomes. However,
more evidence is needed to elucidate the function of fungi
associated with the response to FMT in UC.

In this study, we used shotgun metagenomics to analyze the
longitudinal dynamic change of gut fungal communities in
active UC patients after capsulized FMT treatment. We
demonstrated significant alterations in the fungal community
in patients who received capsulized FMT and identified specific
fungi associated with clinical remission after FMT.

Material and methods
Study design

We recruited volunteers as healthy donors from Xiamen
University. After screening questionnaires and medical
examinations to exclude disease risks, we finally obtained nine
volunteers to provide healthy fecal microbiota. After applying
the inclusion and exclusion criteria, 22 patients with active UC
were enrolled. Before capsulized FMT, all patients underwent
endoscopies to assess the severity of GI mucosal to calculate the
Mayo scores. Capsulized FMT was administered three times and
followed up for 12 weeks. We collected stool samples at weeks 0,
1, 4, and 12 for fungal analysis. Figure S1 showed the flow
diagram of the study. This study was approved by Zhongshan
Hospital of Xiamen University and registered in Clinical
Trials.gov (NCT03426683).

Donor management

Donors were recruited by advertisement from Xiamen
University. Screening questionnaires, including lifestyle and
medical history interviews, were undertaken before blood and
fecal tests. According to the European consensus conference on
FMT (Cammarota et al, 2017), the donor’s medical history
screened for the following criteria with subsequent excluded
from donating if present: personal history of cigarette smoking,
drinking; drug use in the last 1 month including antibiotics,
probiotics, probiotics, and any other drugs; personal history of
any infection, such as hepatitis, HIV; gastrointestinal diseases,
such as functional gastrointestinal disorders, infections, polyps;
autoimmune disease, metabolic syndrome, depression, and
other system diseases. Blood screening: full blood count, urine
routine, liver function tests, urea and creatinine, CRP, ESR, HIV,
Hepatitis A, B and C, Epstein-Barr virus (IgG, IgM), tumor
markers, TORCH, cytomegalovirus (IgG, IgM), H. pylori (IgG).
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Stool screening: fecal occult blood test, routine enteric pathogens
test, C. difficile toxin B.

Participant eligibility

Eligible patients were aged 18-70 years with active UC (total
Mayo score of 4 - 12) and had a poor response to their current
medications (including 5-ASA, SASP, and prednisone). Key
exclusion criteria were as follows (Costello et al., 2019;
Paramsothy et al, 2019): indeterminate colitis or proctitis
alone; other causes of diarrhea; antibiotics or probiotics use
within 4 weeks of the enrollment; contraindications for
gastrointestinal endoscopy; other diseases such as respiratory
failure, heart failure, and severe immunodeficiency;
gastrointestinal infection; and other diseases associated with
microbiota, such as hypertension, diabetes, systemic lupus
erythematosus (SLE).

FMT capsule preparation

Fresh stool samples from donors were collected in sterile
plastic containers. Fresh fecal samples (25%) were mixed with
saline (60%) and pharmaceutical-grade glycerol (15%) and
filtered using an automatic extraction instrument (TG-01,
Treatgut Corporation, China). Microbial suspensions were
further centrifuged to obtain the fecal microbiota precipitates.
The precipitates were thoroughly mixed and filled into capsules
(DrCaps, 19504907), and the capsules were immediately frozen
at —80°C. The mean stool per capsule was 0.9 grams.

Capsulized FMT

All patients provided written informed consent. Authorized
physicians administered FMT in a monitored clinical setting.
Patients should fast for at least 8 hours prior to FMT. The frozen
capsules were removed to room temperature before use. After
administration, patients were onwards observed for adverse effects.
Enrolled patients received three FMT treatments (once every two
days) in a single dose of 30 capsules. The donors were randomly
assigned to enrolled patients. Each patient received two donors flora
at least. Patients were followed up for 12 weeks after FMT
treatment, and their stool samples were collected at weeks 0, 1, 4,
and 12. Atbaseline (WO, before taking FMT) and W12, coloscopies
were taken to assess patients’ response to FMT. Maintenance
therapy was required in this study according to their usage before
enrollment: 1) 5-ASA or SASP- kept using the stable dosage of 5-
ASA or SASP; 2) prednisone- with a mandatory taper of 5 mg
(>10mg/d) or 2.5mg (<10mg/d) per week. The weekly time points
were abbreviated as WO (baseline, week 0), W1 (week 1), W4 (week
4), and W12 (week 12).
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Assessment

The efficacy of capsulized FMT was assessed using the Mayo
scores (Paramsothy et al., 2017) at W0 and W12. The total Mayo
score was 0 to 12, including stool frequency (0 to 3), rectal
bleeding (0 to 3), findings on endoscopy (0 to 3), and physician’s
global assessment (0 to 3). The primary outcome was patients’
remission (Rm) at W12, with the total Mayo score < 2. Patients
could withdraw from the study at any time. To ensure the
reliability of data, patients need to contact clinicians before
withdrawal and provide their reasons if possible.

Metagenomic sequencing

Fresh fecal samples were collected and immediately frozen at
—-80°C. Total fecal DNA was extracted using QIAamp Fast DNA
Stool Mini Kit (Qiagen, Germany). After the detection of
concentrations of DNA samples by Qubit 3.0 (Thermo Fisher
Scientific, USA), the quality was further checked on a 1.5%
agarose gel. Next, 100 ng DNA was cut into fragments with an
average size of 350 bp using the NEBNext® Ultra"™ II DNA
Library Prep Kit for Illumina (New England Biolabs, USA). We
diluted the library to 1 ng/pL and checked the insert size with
Agilent 2100 (Agilent, USA). The effective concentration of the
library was accurately quantified using an ABI 7300 Plus
(Thermo Fisher Scientific, USA) fluorescent quantitative PCR
instrument. Finally, the library was sequenced on an Illumina
Novaseq 6000 (Illumina, Inc., San Diego, CA, USA) using PE150
reagents. On the average, 84,594,918 + 19,431,972 raw paired-
end reads per sample were obtained in this study.

Bioinformatic and statistical analysis

We used Trimmomatic software (Bolger et al, 2014) to
delete unqualified reads and sequencing adaptors from raw
sequencing reads. The data was also filtered using knead data
(https://huttenhower.sph.harvard.edu/kneaddata) to remove the
human host’s contaminants. Consequently, 56,668,575 +
28,151,279 high-quality reads were obtained and subjected to
Kraken (Wood et al., 2019) for fungal classification, resulting
21,946 + 14,082 fungal reads per sample. We utilized the vegan
package to analyze fungal o-diversity metrics, Bray-Curtis
distances by the vegdist function, and PERMANOVA with 999
permutations by the adonis function (Oksanen et al., 2015). We
further used the agricolae package to analyze the diversity
indices and taxa among groups by a nonparametric Kruskal-
Wallis rank-sum test and Benjamini-Hochberg corrections
(Mendiburu, 2015). Figures were plotted using ggplot2-v3.0.0
(Wickham et al,, 2017) and GraphPad Prism 9. Statistical
significance is represented by p value (< 0.05). *p < 0.05,
#p <0.01, and ***p <0.001.
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Results
Gut fungal communities of donors

Gut fungal communities of the donor samples were profiled at
different classification levels. We found that at the phylum level,
Ascomycota and Basidiomycota were the predominant fungi in
fecal samples, especially Ascomycota. The relative abundance of
Ascomycota was as high as 95% (Figure 1A). Ten classes were
detected (Figure 1B) as follows: Sordariomycetes (42.40%),
Schizosaccharomycetes (33.98%), Saccharomycetes (12.00%),
Eurotiomycetes (5.15%), Ustilaginomycetes (2.53%),
Dothideomycetes (2.20%), Malasseziomycetes (0.85%),
Tremellomycetes (0.72%), and Leotiomycetes (0.17%). We had
identified 40 fungal genera in donor samples, including
Schizosaccharomyces, Fusarium, Aspergillus, and Colletotrichum.
Among them, the relative abundance of 13 genera was above 1%,
and Schizosaccharomyces (35.35%) and Fusarium (25.52%) were
the main genera (Figure 1C).

Gut fungal dysbiosis in patients with UC

To reveal gut fungal dysbiosis in patients, o-diversity was
analyzed between the donor and UC patients, including observed
richness, Chao 1, and Shannon and Pielou’s evenness indices. The
results showed that Shannon and Pielou’s evenness indices were
significantly increased in samples from UC patients. But Chao 1
richness indice showed a slight decrease in samples from UC
patients without a p-value (p = 0.16) (Figure 2A). The p-values
for the different indices are shown in Table 1. S-diversity analyzed
using principal component analysis (PCA) revealed that the overall
fungal community in patients with UC was significantly clustered
from the donor samples (PERMANOVA, F = 2413, p < 0.05). This
change was significantly associated with the abundance of
Thermothielavioides terrestris, Fusarium fujikuroi,
Thermothelomyces thermophilus, Sporisorium graminicola,
Brettanomyces nanus, F. pseudograminearum, and
Schizosaccharomyces pombe (Figure 2B).

Changes in fungi in patients with UC

Fungal taxa at different classification levels were compared
between the donor and patient fecal samples to determine the
specific changes in gut fungal communities. As expected,
Ascomycota was the dominant fungal phylotype in patients
with UC at the phylum level (Figure S2). To further explore
differences in the composition of the two groups of fungi, the top
15 dominant genera, namely, Schizosaccharomyces, Fusarium,
Aspergillus, Thermothielavioides, Colletotrichum, Pyricularia,
Thermothelomyces, Candida, Sporisorium, Brettanomyces,
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FIGURE 1

Gut fungal community in the donors. (A) Sector diagram showed the overall fungal community structure at the phylum level. (B) The percentage of
different fungi at the class level. (C) Sector diagram showed the composition of the fungal genera.

Zymoseptoria, Ustilaginoidea, Drechmeria, Neurospora, and
Cryptococcus, were analyzed at the genus level (Figure 3A;
Table 2). However, compared with the donor samples, only
Thermothielavioide was significantly increased in patients with
UC, whereas Cryptococcus, Nakaseomyces, and Encephalitozoon
were significantly decreased (Figure 3C). The shift in the fungal
community of patients was more remarkable at the species level.
Consistent with the phylum level, S. pombe was the dominant
species in both the donor and patient fecal samples (Figure 3B).
As Figure 3D showed five species showed significant changes,
including Thermothielavioide terrestris, F. pseudograminearum,
F. oxysporum, C. glabrata, and Encephalitozoon hellem. Notably,
the relative abundance of F. pseudograminearum decreased from
23.76% in donor samples to 2.65% in patient samples (Table 2).
Furthermore, the relative abundance of T. terrestris and
F. oxysporum markedly increased in UC patients, while the
relative abundance of C. glabrata and Encephalitozoon hellem
significantly decreased. Unlike the predominant fungi, the
change of fungi with low abundance was more remarkable
(Figures 3B, D). These findings suggested that fungi with low
abundance might be of concern in patients with UC.
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Changes of gut fungal communities in
patients after FMT

To explore the effect of capsulized FMT on gut fungal
communities, we profiled the fungal community structures at
all time points (W0, W1, W4, and W12) during follow-up visits
after capsulized FMT. We analyzed the fungal o.-diversity before
and after capsulized FMT. There were no obvious changes in the
fungal richness of fecal samples after FMT. However, compared
with WO, the Shannon and Evenness diversities significantly
decreased in samples from UC patients at weeks 1, 4, and 12,
which was comparable to that in samples from donor
(Figures 4A, S3). PCA results showed that the overall
microbial communities of the patient samples changed after
FMT compared to WO (Figure 4B). Notably, the dysbiosis of
fungal profiles of patients was restored after FMT, which was
more similar to that in donor samples (Figure 4C). Kazachstania
and Lachancea were significantly enriched after FMT, while the
relative abundance of Ustilaginoidea was decreased at the genus
level (Figure 4E). In addition, we found more remarkable shifts
in microbial profiles at the species level (Figure 4D). It was worth
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TABLE 1 The analysis of o-diversity.

Parameters P value

Chao 1 0.16
Observed 0.86
Shannon 0.02
Evenness 0.01
Simpson 0.02

noting that the relative abundance of some pathogens
(F. fujikuroi and C. dubliniensis) significantly decreased after
EMT (Figure 4F). Simultaneously, the relative abundance of B.
nanus, Kazachstania naganishii, Pyricularia grisea, and
Lachancea thermotolerans increased during follow-up visits.

Decreased pathobiont levels associated
with the clinical response to FMT

In this study, 22 patients with active UC underwent
capsulized FMT, and we assessed the primary outcome at W12
after capsulized FMT. During the follow-up visit, one patient
withdrew because of a failed communication. Patients with a
total Mayo score < 2 at W12 were defined as clinical Rm (Figure
S4). Twelve patients received clinical remission at week 12 (12
out of 21). Shotgun sequencing revealed differences in the fungal
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community in patients who achieved Rm and those who did not
(NRm), especially at W4. Compared to WO, the o-diversity
analysis showed that the diversity of the fungal community
decreased in remission patient samples (Rm) at weeks 1, 4, and
12, similar to that in donor samples (Figure 5A). However,
compared to W0, Shannon and Pilou’s evenness indices for non-
remission patient samples (NRm) decreased at weeks 1 and 12
and increased at week 4. Moreover, Pilou’s evenness index
showed a significant difference between Rm and NRm patients
at W4 after capsulized FMT (Figure 5A).

Fungal communities visualized using PCA exhibited
differences between Rm and NRm samples after capsulized
FMT (Figure 5B). Rm patients clustered tightly since W1,
unlike NRm patients. Rm patients who received capsulized
FMT also tended to have a steady situation on the left side of
the donor cluster and were closer to it. Interestingly, the cluster
of NRm patients became tighter and moved closer to the cluster
of Rm patients who received capsulized FMT.

To identify specific fungi associated with clinical remission,
paired rank sum tests were used to analyze the change in
abundance of each species between W0 and other time points.
The most distinguished taxa are shown in Figures 5C-E. The
relative abundance of K. naganishii, P. grisea, L. thermotolerans,
and S. pombe was increased at W1 after capsulized FMT,
whereas F. oxysporum, Aspergillus oryzae, F. fujikuroi, C.
dubliniensis, and Ustilaginoidea virens were decreased
(Figure 5C). The relative abundance of P. grisea remained high
abundance at weeks 1, 4, and 12 (Figures 5C-E). Interestingly,
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the relative abundance of Debaryomyces hansenii, which could
injure intestinal mucosal, was significantly decreased in samples
that achieved Rm after capsulized FMT at weeks 4 and 12
(Figures 5C, D). We also found that the relative abundance of
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Candida dubliniensis and Candida glabrata was decreased at
weeks 1 and 12 (Figures 5C, D). Furthermore, the relative
abundance of most of the specific taxa decreased at W12,
except for the increased level in P. grisea (Figure 5E). The
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TABLE 2 Comparison of the main taxonomy of fungi in donor and UC patients.

Taxonomy (Genus) Donor P value Taxonomy (Species) P value
g Schizosaccharomyces 35.35 30.75 0.4164 S Schizosaccharomyces pombe 36.86 32.41 0.8193
g Fusarium 25.52 9.12 0.0721 S Thermothielavioides terrestris 2.64 6.16 0.0031
g Aspergillus 4.62 5.99 0.1725 S Colletotrichum higginsianum 4.81 4.99 0.6930
g Thermothielavioides 2,51 5.90 0.0031 S Thermothelomyces thermophilus 2.60 3.77 0.0654
g Colletotrichum 322 4.85 0.6930 S Sporisorium graminicola 1.98 3.40 0.1594
g Pyricularia 4.57 4.76 0.2011 S Fusarium fujikuroi 0.16 3.32 0.0194
g Thermothelomyces 0.62 3.69 0.0793 S Fusarium pseudograminearum 23.76 2.65 0.0013
g Candida 247 3.60 0.0592 S Aspergillus fumigatus 1.66 2.63 0.1594
g Sporisorium 1.90 3.11 0.1725 S Zymoseptoria tritici 1.14 2.43 0.1470
g Brettanomyces 2.67 2.84 0.9503 S Ustilaginoidea virens 1.05 2.34 0.0311
g Zymoseptoria 1.09 2.33 0.1864 S Pyricularia oryzae 1.02 2.24 0.0101
g Ustilaginoidea 1.01 2.24 0.0348 S Drechmeria coniospora 1.14 221 0.0247
g Drechmeria 1.08 2.11 0.0247 S Brettanomyces nanus 2.41 2.00 0.5189
g Neurospora 0.75 1.50 0.1244 S Neurospora crassa 1.43 1.55 0.0955
g Cryptococcus 1.35 1.49 0.2166 S Aspergillus luchuensis 1.00 1.54 0.2866

changes of these specific fungi at different time points were
shown in Figure 5F. These changes might be a sign of
rebalancing gut dysbiosis.

Discussion

In this study, we focused on the gut dysbiosis of fungal
communities in patients with UC and conducted capsulized
FMT to explore the effect of capsulized FMT on gut fungal
diversity and composition. Capsulized FMT reconstructed gut
fungal communities in patients with UC. Meanwhile, specific
fungal changes from capsulized FMT in UC have been identified
and associated with the primary clinical outcome.
Improvements in microbial richness, depletion of purported
pathobionts (Candida and D. hanseni), and enrichment of
fungal microbes (K. naganishii, P. grisea, L. thermotolerans,
and S. pombe) were associated with the therapeutic effects of
capsulized FMT.

There is growing evidence that gut fungal dysbiosis is
associated with UC, even varying in composition in the
inflamed or non-inflamed intestinal tract. As reported, the
diversity of the fungal community was inconsistent in different
types of samples from patients with UC (Ott et al., 2008;
Hoffmann et al., 2013; Sokol et al., 2017). Our results showed
increased diversity in patient fecal samples based on shotgun
sequencing, mainly in microbiota evenness (Shannon and
Pilou’s evenness). For the Chao 1 index, fungal biodiversity in
UC nominally decreased compared with donor samples, without
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reaching statistical significance. After capsulized FMT, the
fungal microbiota evenness index in patients with UC
decreased significantly and was closer to that of donors.
Notably, these changes were more remarkable in Rm patients
after capsulized FMT than in NRm patients. The borderline
differences may be due to limitations related to the sample size of
this study.

Following published reports, Ascomycota and Basidiomycota
were the dominant fungal fecal microbiota in both donors and UC
patients (Hoffmann et al,, 2013; Chehoud et al., 2015; Mukherjee
etal, 2015; Richard et al, 2015). We also identified specific fungal
community dysbiosis in patients with UC belonging to the
dominant phyla Ascomycota and Basidiomycota. In addition,
capsulized FMT reversed the imbalance between Ascomycota
and Basidiomycota. The abundance of Ascomycota and
Basidiomycota was strongly associated with the disease status
and also different in biopsies from the inflamed or non-
inflamed intestinal tract. Sokol et al. reported that Ascomycota
and Basidiomycota, especially the Basidiomycota-to-Ascomycota
ratio, were two of the most distinguishing features between
healthy individuals and UC microbiota, as well as the inflamed
or non-inflamed intestinal tract in UC (Sokol et al., 2017).
Ascomycota and Basidiomycota may be involved in the intestinal
tract inflammatory process or driven by disease. Interestingly, we
also found significant changes in taxa at genera (such as
Cryptococcus, Nakaseomyces, and Encephalitozoon) and species
(such as Fusarium oxysporum, Candida glabrata, and
Encephalitozoon hellem) levels with low abundances. These low-
abundance taxa might be associated with the disease and deserve
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Changes of gut fungal communities of UC patients after FMT. (A) a-diversity indices in UC patients were analyzed during the follow-up visits,
including observed OTUs, Chao 1, and Shannon and Pielou’s evenness indices. (B) Clusters of gut fungal community were analyzed using PCA
of the Euclidean distance of OTU abundance. The top ten genera were fitted to PCA with a statistical significance of p < 0.05. Relative
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relative abundances of genera in samples from patients between week 0 and other time points after FMT. (F) The significant change in relative
abundances of species in samples from patients between week 0 and other time points after FMT.
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were analyzed using PCA of the Euclidean distance of OTU abundance. The circle represented the donor, the triangle represented patients who
received remission (Rm), and the inverted triangle represented patients who did not receive remission (NRm). (C—E) The changes in relative
abundances of fungal species were assessed by the paired rank-sum test between week 0 and other time points (weeks 1, 4, and 12) (p < 0.05).
Box plots showed the species significantly changed in the Rm group at different time points. (F) The relative abundance of fungal species in
remission patients at different time points.
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further exploration. However, since the total fungal reads per
sample obtained in this study were relatively limited, future
studies with deeper fungal sequencing depth and bigger sample
sizes are needed to confirm this result of significant taxa with low
abundances, as well as to study the mycobiome.

Different fungal fecal flora was found in donor individuals
and UC patients before and after capsule FMT. Most fungal
species have been isolated from the intestinal contents, including
Candida, Saccharomyces, Trichosporon Cryptococcus,
Galactomyces, Penicillium, Yarrowia, and Debaryomyces
(Haupt et al., 1983; Galan-Sanchez et al., 1999; Khatib et al,
2001; Silva et al, 2004; Jain et al, 2021). Among these,
Cryptococcus, Saccharomyces, Debaryomyces, and Candida
were significantly altered in patients who achieved Rm after
capsulized FMT. Other species were originally cultured from
other habitats, including the skin and respiratory tract (Maesaki
et al., 1993; Timm et al,, 2020). Some fungal species, such as
Candida, Fusarium, and Debaryomyces, have been reported as
opportunistic pathogenic fungal colonic microbiota in the
disease and are related to disease status.

Candida can thrive in the gut, respiratory and urogenital
tract, vagina, oral mucosa, and skin of humans (Vautier etal., 2015).
A high abundance of Candida species is observed in Crohn’s disease
(CD)and UC (Lietal., 2014; Hoarau et al., 2016; Liguori et al., 2016;
Sokol et al., 2017). Moreover, different Candida species have been
involved in UC pathogenesis, including C. albicans (Chehoud et al,,
2015; Mukherjee et al., 2015; Richard et al., 2015) and C. glabrate
(Gouba and Drancourt, 2015; Sierra-Diaz et al., 2019). In this study,
we did not find significant changes in C. albicans which might be
due to the heterogeneity of C. albicans in patients using our shotgun
sequencing approach. However, we found a decreased abundance
of C. dubliniensis and C. glabrate was associated with clinical Rm
after capsulized FMT. C. dubliniensis is phenotypically similar to C.
albicans and is increasingly recognized as an opportunistic
pathogenic fungus in immunocompromised hosts (Gutierrez
et al,, 2002; Jewtuchowicz et al., 2008; Yamahiro et al.,, 2016;
Tahir et al., 2020). C. albicans can break through the mucosal
barrier and induce an intestinal immune response related to UC
pathogenesis (Naglik et al,, 2011; Romani, 2011). C. dubliniensis
also has the potential to break through the mucosal barrier. A
genome-wide inventory of peptide transport (PTR) transporters
identified two PTR transporters in C. dubliniensis (Khatoon et al.,
2022). Madiha (Tahir et al., 2020) also cultured C. dubliniensis in
the cerebrospinal fluid from a 27-year-old patient with chronic
meningitis and chronic hepatitis C. Unlike C. albicans or C.
dubliniensis, C. glabrate grows only as blastoconidia (yeast) and
has been reported to be overrepresented in CD (Liguori et al., 2016).
Notably, a major group of adhesions in C. glabrate is encoded by the
epithelial adhesin gene family, which enables C. glabrate to adhere
to epithelial cells, causing mucosal infections (Cormack et al., 1999;
De Las Penas et al., 2003).

In addition, we observed a significant decrease in Fusarium
spp. in patients who achieved Rm after capsulized FMT.
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Fusarium spp. can produce beauvericin and moniliformin.
These secondary metabolites are mycotoxins found in cereal
samples (Kamyar et al., 2006). In vitro, beauvericin can increase
the intracellular calcium concentrations leading to eryptosis.
Fumonisins is also one of mycotoxins produced by Fusarium
spp. that are considered potentially carcinogenic mycotoxins in
humans (Woloshuk and Shim, 2013; Munkvold, 2017). Notably,
the relative abundance of D. hansenii was persistently decreased
in patients who achieved clinical Rm after capsulized FMT from
W4 to W12. In a previous study (Jain et al., 2021), D. hansenii
was localized in intestinal inflammatory wounds and impaired
colonic healing in CD and colitis mice.

In conclusion, this study identified fungal dysbiosis in patients
with UC and the specific fungal taxa associated with therapeutic
outcomes in patients with UC receiving capsulized FMT. Our
findings, such as fungal community diversity and removal of
Candida, Fusarium, and Debaryomyces species, may provide new
insights into FMT in UC and provide reference information about
therapeutic microbial manipulation of FMT to enhance its effects.
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Combined microbiome and
metabolome analysis of gut
microbiota and metabolite
interactions in chronic
spontaneous urticaria
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Panling Wei'?, Caihong Zhu'? and Zaixing Wang**

‘Department of Dermatology, The First Affiliated Hospital of Anhui Medical University, Anhui, China,
?Institute of Dermatology, Anhui Medical University, Anhui, China

Background: The pathogenesis of chronic spontaneous urticaria (CSU) is
unclear, and it turned out to be involved in biological processes, such as
autoimmunity, autoallergy, inflammation, and coagulation. The gut microbiota
plays an important role in immune and inflammatory diseases. However, the
relationship between chronic spontaneous urticaria and the gut microbiota
remains unknown.

Methods: The stool and serum samples were taken from 15 CSU patients and
15 normal controls. Changes in the composition of gut microbiota and serum
metabolism in CSU patients and normal controls were analyzed by 16S
ribosomal RNA (rRNA) gene sequencing and untargeted metabolomics.

Results: The results of 16S rRNA gene sequencing showed that compared with
normal controls, CSU patients had increased a.-diversity of gut microbiota and
significant differences in B-diversity. At the phylum level, the relative abundance
of Firmicutes increased and the relative abundance of Bacteroidetes and
Proteobacteria decreased in CSU patients compared with healthy controls. At
the genus level, six kinds of bacteria were significantly enriched in CSU patients
and five in normal controls. Metabolomic analysis revealed altered levels of
metabolites such as unsaturated fatty acids and purines. Correlation analysis of
gut microbiota and metabolites showed that Lachnospira was negatively
correlated with arachidonic acid, and Gemmiger was also negatively
correlated with (+)8-HETE.

Conclusion: This study suggests that changes in gut microbiota and
metabolites may play a role in immune and inflammatory pathways in the
pathogenesis of CSU patients.

KEYWORDS

chronic spontaneous urticaria, allergy, pathogenesis, gut microbiota, serum
metabolites, correlation analysis
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1 Introduction

Chronic Spontaneous urticaria (CSU) is defined as wheals,
angioedema, or both for more than 6 weeks without a clear
predisposing factor (Zuberbier et al., 2022). The incidence of
CSU is 0.1%-1.5%, which seriously affects both adults and
children, with the former being more prevalent in women
(Fricke et al., 2020). Approximately 80% of patients recover
within 1 year, while more than 10% have illnesses that last for
up to five years or more (Stepaniuk et al., 2020), and may
relapse within months or years after remission. The cost on
patients and society is considerably increased by the recurring
course of CSU.

The pathogenesis of urticaria is primarily due to the
activation of mast cells and basophils to degranulate and
release histamine and other proinflammatory mediators that
induce stimulation of sensory nerves, vasodilation and plasma
extravasation, and inflammatory cell recruitment. However, the
reasons for the activation of mast cells and basophils in CSU
patients are complicated. There is increasing evidence that
different physiological and pathological reactions including
autoimmunity (Saini, 2014; Kolkhir et al, 2022), autoallergy
(Hatada et al., 2013; Cugno et al., 2018), inflammation (Tedeschi
et al., 2010; Kasperska-Zajac et al., 2015; Kolkhir et al., 2018) and
coagulation (Tedeschi et al., 2014) are involved in the above-
mentioned cell activation process leading to the formation
of wheals.

The gut microbiota is considered to be a new metabolic
organ that plays a crucial role in immunity and metabolism, and
its metabolites have induction and intervention effects on host
immunity and inflammation. In the past, researchers recognized
the significance of gut microbiota in immune-mediated diseases
such as inflammatory bowel disease (Glassner et al., 2020), type 2
diabetes (Karlsson et al., 2013), systemic lupus erythematosus
(Katz-Agranov and Zandman-Goddard, 2017), atopic dermatitis
(Paller et al., 2019). In 2017, Nabizadeh et al, for the first time,
found that Akkermansia muciniphila, Clostridium leptum and
Faecalibacterium prausnitzii levels were different relative to
healthy controls, suggesting changes in the gut microbiota in
chronic urticaria (Nabizadeh et al,, 2017). In 2020, Wang et al.
found that changes in gut microbiota were related to unsaturated
fatty acid and butyrate metabolic pathways in CSU, providing a
new research direction for the pathogenesis of CSU (Wang et al.,
2020). However, the specific mechanism between CSU and gut
microbiota remains unclear.

Here, we performed 16S gene sequencing and untargeted
metabolomics on CSU and normal controls, and obtained the
differences in gut microbiota and metabolism through joint
analysis, which provided more data for the study of CSU
gut microbiota.

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2022.1094737

2 Materials and methods

2.1 Patient information and
sample collection

This study recruited 15 patients and 15 normal controls
(NCs), aged 18-60 years, who were diagnosed with CSU in the
First Affiliated Hospital of Anhui Medical University between
March 2020 and July 2020. The diagnosis of CSU was established
according to the EAACI/GA’LEN/EuroGuiDerm/APAAACI
guideline (Zuberbier et al., 2022). Basic information such as
age, gender, body mass index (BMI), place of residence and
clinical symptoms were recorded. Exclusion criteria: use of
antibiotics, probiotics, herbal medicines, steroidal drugs,
immunosuppressive agents and biologics within 1 month;
hemorrhoidal attacks, diarrhea and constipation within 1
month; allergies, diabetes, gastrointestinal disorders,
autoimmune diseases, hypertension or systemic diseases
known to seriously affect vital organs; pregnancy, lactation;
induced urticaria (except dermographism). The patients were
all on long-term oral antihistamines and had a recurring course
of more than three months without clinical remission. All
samples and clinical data were obtained with the informed
consent of the research subjects. At the same time, this study
was approved by the Ethics Review Committee of the First
Affiliated Hospital of Anhui Medical University and in
accordance with the Declaration of Helsinki.

Feces and serum from the same subjects were collected on
the same day while fasting. The study subjects self-collected stool
samples after defecation in the hospital and immediately
transferred them to laboratory for cryopreservation. Blood
samples were centrifuged at 3000 rpm for 10 minutes at room
temperature, and the supernatant was collected and transferred
to cryotubes. Serum samples with any hemolysis were excluded
from the study. All fecal and serum samples were quickly frozen
in liquid ammonia for 30s after collection, and then transferred
to -80°C for storage.

2.2 Fecal DNA extraction and
16S sequencing

The genomic DNA of microbial samples in feces was
extracted by CTAB/SDS method. The forward primer (5'-ACT
CCT ACG GGA GGCAGC AG-3') and reverse primer (5'-GGA
CTA CHV GGG TWT CTA AT-3") were used to amplify the
16S rRNA gene V3-V4 variable region from the bacterial DNA
by PCR. The PCR products were purified with VAHTS™ DNA
Clean magnetic beads (Vazyme Biotech, China). Finally, the
library was sequenced on an Illumina MiSeq platform (Illumina,
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California, USA), and 250 bp/300 bp paired-end reads were
generated. The raw sequencing data is saved in FASTQ format,
and each deduplicated sequence generated after quality filtering,
denoising, merging and removing chimeras is called ASVs
(amplicon sequence variants) by the DADA2 method. Using
the QIIME2 (2019.4) software, select the Greengenes database
(Release 13.8) to perform species annotation on the
characteristic sequences of each ASVs, and analyze the Alpha
diversity and Beta diversity of the samples. Principal coordinates
analysis (PCoA) was performed with the R programming
language (Version 3.5.1). Linear discriminant analysis effect
size (LEfSe) method was used to identify the biomarkers with
statistical difference between CSU patients and NCs (Segata
et al,, 2011).

2.3 Serum sample collection, metabolite
extraction, and UHPLC-MS/MS analysis

After the serum samples were thawed, they were vortexed for
10s to mix well, 50uL of the samples were transferred into a
centrifuge tube, 300uL of 20% acetonitrile methanol internal
standard extraction solution was added, and vortexed for 3min,
centrifuged at 12,000r/min for 10min at 4°C. After centrifugation,
200uL of the supernatant was removed and placed in a -20°C
refrigerator for 30min, and then centrifuged again at 12000r/min
for 3min at 4°C. Pipette 180uL of the supernatant and place it in a
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
system for metabolomic analysis.

Liquid chromatography-tandem mass spectrometry(LC-
MS/MS) was performed using an ultra-high-performance
liquid chromatography (UHPLC) system (1290 Infinity II LC
System, Agilent Technologies, CA, USA) and an
ultraperformance liquid chromatography (UPLC) high-
strength silica (HSS) T3 column (1.8 mm, 2.1 mm X 100 mm)
coupled to a quadrupole time-of-flight (Q-TOF) mass
spectrometer (6545 LC/Q-TOF MS, Agilent Technologies).
The samples were analyzed in both positive and negative ion
modes. Mobile phase A used in positive ion mode was 0.1%
formic acid in water, and in negative mode it was 5 mmol/L
ammonium acetate in water. Mobile phase B was acetonitrile.
The elution gradient was set as follows: 5% B at 0 min, 90% B
at 11 min, 90% B at 12 min, and 5% B at 12.1 min, 5% B at
14 min. The flow rate was set to 0.4 mL/min. The source
conditions of the electrospray ionization were set as follows:
spray voltage was 2.5KV in positive mode and -1.5kV in negative
mode; sheath gas flow rate was 11L/min; auxiliary gas flow rate
was 8L/min; atomized gas voltage was 40V; sheath temperature
was 325°C.

The acquired MS raw data were converted into mzML
format using ProteoWizard software and processed by
XCMS. Data preprocessing steps include peak identification,
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peak alignment, peak extraction, retention time correction, and
peak integration. Peak areas were corrected using the “ support
vector regression (SVR)” method, and peaks with a missing rate
> 50% in each group of samples were filtered. The remaining
peaks were determined by comparing their retention time and
mass-to-charge ratio (m/z) with databases including HMDB
database (http://www.hmdb.ca), KEGG database (http://www.
genome.jp/kegg) and an internal online database. Univariate
analysis was performed using Student’s t-test to detect the
changes of metabolites in CSU patients. At the same time, we
conducted multivariate statistical analysis, including principal
component analysis (PCA) and orthogonal partial least squares-
discriminant analysis (OPLS-DA), to understand the metabolite
differences between CSU patients and NCs.

2.4 Statistical analysis

Microbial diversity was analyzed using QIIME2 software
(Caporaso et al., 2010). o-diversity includes: Chaol and
Observed species indices to characterize richness, Shannon
and Simpson indices to characterize diversity and Pielou’s
evenness index to characterize evenness. The significance of
diversity was calculated using the Kruskal-Wallis test. [3-
diversity was determined by the Jaccard, Bray-Curtis distance
matrix calculated by QIIME2, and its significance was
determined by PerMANOVA (permutational multivariate
analysis of variance). The larger the Jaccard and Bray-Curtis
distances, the smaller the similarity between microbial
communities. LEfSe analysis found a statistically significant
difference in gut microbiota between the two groups, with
LDA values>3 and p-values <0.05 considered significant
differences. For metabolomics, the Variable Importance in
Projection (VIP) value>1 in the OPLS-DA analysis, and
P<0.05 in the univariate analysis were considered to be
significantly changed metabolites. Spearman correlation
coefficient analysis was performed between the differential gut
microbiota obtained by 16S rRNA analysis and the differential
metabolites obtained by metabolomic analysis.

3 Results
3.1 Characterization of participants

A total of 15 CSU patients and 15 normal controls were
recruited in this study. No significant differences were found in
age, sex ratio, and BMI between the two groups (p>0.05)
(Supplementary Table SI). The subjects who participated at
the same time all lived in the same city for a long time, and
there was no obvious mobility. Some clinical features of CSU
patients are provided in Supplementary Table SI.
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3.2 Altered gut microbiota diversity in
CSU patients

In this study, a total of 2,214,279 valid 16S sequencing
markers (average 79,081) were obtained from 30 fecal samples,
with a minimum of 65,594 per sample. A total of 7146 ASVs
(Supplementary Table S2) were obtained after DADA2
processing, taxonomic annotation, and extraction with a
minimum sample sequence size of 95% (Kemp and Aller,
2004), including 3787 in the CSU group, 2260 in the NCs
group, and 1099 in the overlapping part of the two groups
(Figure 1). The rarefaction curve showed that the number of
ASVs increased with the deepening of sequencing depth and
eventually leveled off, indicating that the current sequencing
depth was sufficient for community identification (Figure 2).

To comprehensively assess the changes in gut microbial
diversity between CSU patients and NCs, we used six indices
to analyze the alpha-diversity of the samples, namely Chaol and
Observed species index, Shannon and Simpson index, Pielou’s
evenness index (Figure 3). Chaol and Observed species were
statistically different, Shannon was statistically different, but
Simpson and Pielou’s evenness were not. It can be seen that
the microbial a-diversity of the CSU group is higher than NCs.
For B-diversity, Jaccard and Bray-Curtis distance matrix PCoA
analysis was performed, and according to PerMANOVA
analysis we obtained a significant difference in Jaccard and
Bray-Curtis distances (Figure 4) between CSU and NCs group
(Supplementary Table S3), confirming that CSU patients
changes in microbial community structure.

In the comparison of the abundance of microbiota in
different taxonomy, it was found that the two groups of gut
microbiota were mainly composed of Firmicutes, Bacteroidetes,

Venn Diagram

FIGURE 1

Venn diagram of ASVs (amplicon sequence variants) distribution
in CSU group and normal controls group. A total of 7146 ASVs
were obtained, including 3787 in the CSU group, 2260 in the
normal controls group, and 1099 in the overlapping part of the
two groups. P, CSU patients (blue); N, normal controls (red).
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Proteobacteria and Actinobacteria. Firmicutes was the
predominant gut microbiota, accounting for 64.98% and
56.70% of CSU patients and NCs, respectively. At the phylum
level, the relative abundance of Firmicutes increased and the
relative abundances of Bacteroidetes and Proteobacteria
decreased in CSU patients compared with NCs (Figure 5,
Supplementary Table S4). At the genus level, we observed that
the relative abundance of Faecalibacterium, Roseburia,
Prevotella, Dialister, Coprococcus, Gemmiger, Oscillospira and
Lachnospira was increased in patients with CSU, whereas the
relative abundance of Bacteroides, unidentified-Ruminococcus,
Pseudomonas, Megamonas and Lactobacillus was decreased in
this group compared with NCs (Figure 5, Supplementary
Table S5).

We performed LEfSe analysis to further discover differences
in gut microbiota between CSU and NCs (Figure 7,
Supplementary Table S6). In comparison to normal controls.
At the phylum level, the abundance of Proteobacteria in the feces
of CSU patients was decreased. At the family level, Rikenellaceae
and Peptostreptococcus were increased in CSU patients, while
Bacteroidaceae, Enterobacteriaceae, and Pseudomonadaceae
were decreased. At the genus level, Gemmiger, Dialister,
Lachnospira, Holdemania, unidentified-Prevotella, Blvii28 were
increased in CSU patients, while Bacteroidaceae, Pseudomonas,
unidentified-Ruminococcus, Megasphaera, Anaerofustis, Shigella
were decreased (Figure 6). According to the LEfSe analysis of the
Cladogram (Figure 7), the differences between the two groups of
Proteobacteria are mainly concentrated in Enterobacteriales
(Enterobacteriaceae, Shigella) and Pseudomonadales
(Pseudomonadaceae, Pseudomonas) are opportunistic
pathogens. Meanwhile, we used the R language and PICRUSt2
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FIGURE 2

Rarefaction curve based on ASVs (amplicon sequence variants)
count in normal controls and CSU patients. The number of ASVs
increased with the deepening of sequencing depth and finally
plateaued, indicating that the current sequencing depth was
sufficient for community identification. P, CSU patients (blue
normal controls (red).
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FIGURE 3

The o-diversity of CSU patients and normal controls was measured with the Chaol and Observed species index, Shannon and Simpson index,
Pielou’s evenness index. Chaol and Observed species indices to characterize richness, Shannon and Simpson indices to characterize diversity
and Pielou’s evenness index to characterize evenness. P, CSU patients (blue); N, normal controls (red).

platform to predict the metabolic function of the differential
microbiota through the KEGG database, and no significant
metabolic pathways were detected (Supplementary Table S7).

3.3 Changes of intestinal metabolites

Metabolites and fermentation products of gut microbiota
can enter the bloodstream and affect human physiology.
Therefore, we analyzed the serum metabolites of the CSU
group and NCs by LC-MS/MS metabolomics to further
discover the interaction between the various microbiota and
the host. PCA shows clear separation of metabolic profiles
between CSU patients and NCs. OPLS-DA showed that the
CSU group and the NCs group exhibited different clustering
(Figure 8), with R®Y of 0.956 and Q of 0.767, indicating that the
model was valid, and the two groups exhibited different
metabolic activity, demonstrating the presence of multiple
metabolic pathways. According to the screening criteria of
OPLS-DA model VIP>1 and t-test p<0.05, the differential
metabolites with biological significance were mined. The
bigger the value, the greater the contribution of the variable to
the grouping. We hierarchically clustered the expression of

differential metabolites, and drew a heatmap according to the
relative metabolite content (Figure 9). We screened out a total of
50 differential metabolites. In the positive ion mode, there were
43 differential metabolites in the two groups, of which 18 were
up-regulated and 25 were down-regulated; in the negative ion
mode, there were 7 differential metabolites in the two groups, of
which 1 was up-regulated and 6 were down-regulated
(Figure 10). These metabolites include unsaturated fatty acids
((+£)8-HETE, gamma-Linolenic acid, arachidonic acid), amino
acids (leucine, phenylalanine), purine and other nucleotide
metabolites (adenine, adenosine, inosine), etc. Unsaturated
fatty acids were all down-regulated, while purine and other
nucleotide metabolites were up-regulated (Supplementary
Table S8).

The enriched metabolic pathways were screened by KEGG
pathway analysis. The top 20 metabolic pathways in positive and
negative ion mode are shown in Figures 11. These pathways
mainly include purine metabolism, nucleotide metabolism,
unsaturated fatty acid biosynthesis, linoleic acid metabolism,
renin secretion, vascular smooth muscle contraction, cGMP-
PKG signaling pathway, etc. The abundance analysis showed
that the KEGG pathway associated with the two fatty acids
presented a negative differential score.

Distance to P

Distance to N

P N

N P

B-diversity (Bray-Curtis Distance), p<0.05

FIGURE 4

Group differences in B-diversity (Bray-Curtis distance index) with respect to CSU patients and normal controls. Statistical analyses were
performed using PerMANOVA (permutational multivariate analysis of variance) (p < 0.05). P, CSU patients (blue); N, normal controls (red).
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3.4 Conjoint analysis

Correlation analysis was performed to better understand the
relationship between the microbiome and the plasma
metabolome. The altered metabolites screened by serum
metabolomics analysis and the genus-level differential gut
microbiota screened by 16S rRNA gene sequencing analysis
were subjected to Spearman correlation analysis, and the
criterion for statistical significance was the correlation
coefficient |r[>0.60, p<0.05. We only found that Lachnospira
was negatively correlated with arachidonic acid, and Gemmiger
was negatively correlated with (+) 8-HETE. (Figure 12).

4 Discussion

Our study confirmed changes in gut microbiota and serum
metabolic profiles in CSU patients. We attempted to search for
possible pathogenesis and potential biomarkers of CSU by
combining 16s gene sequencing and untargeted metabolomics.
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This study explored the microbial diversity of the gut
microbiota in CSU and NCs. a-diversity was used to compare
the diversity within a sample, and we found that the two groups
of microorganisms were statistically different in richness (Chaol
and Observed species) and diversity (Shannon), but not different
in evenness (Pielou’s evenness). The o-diversity of the CSU was
generally higher than that of the control group, which
contradicted earlier research (Lu et al, 2019; Wang et al,
2020; Wang et al., 2021; Liu et al., 2021; Yiiksekal et al., 2022).
Some studies reported that there were significant differences in
o-diversity, and the species diversity of chronic urticaria group
decreased (Lu et al., 2019; Wang et al., 2020); other studies found
no significant difference in o.-diversity between CSU patients
and controls (Zhang et al., 2021; Wang et al., 2021). This result
may be controversial, and we think that it may be related to
factors such as sample size, the geographical location of the
subjects, eating habits, and research methods. While B-diversity
was used to assess diversity across various samples, there was a
significant difference between the CSU and NCs group, which is
consistent with previous studies (Lu et al., 2019; Wang et al,

w
IS

Linear discriminant analysis effect size (LEfSe) analysis was performed on the bacterial taxa relative abundance values between the two groups.
Bacterial with linear discriminant analysis (LDA) score >3.0 and P < 0.05 were considered to be significantly differences. P, CSU patients (blue);

N, normal controls (red).
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FIGURE 7

Cladogram of Linear discriminant analysis effect size (LEfSe)
analysis of microbiome from 16S rDNA sequencing of normal
controls and CSU patients. P, CSU patients (blue); N, normal
controls (red).

2020; Wang et al.,, 2021; Liu et al., 2021; Zhang et al., 2021;
Yiiksekal et al., 2022). Composition analysis of the two groups of
samples showed that the relative abundance of Firmicutes
increased in the CSU group, while the relative abundance of
Bacteroidetes and Proteobacteria decreased, which was similar to
the study by Wang et al (Wang et al., 2021), but different from
the decreased abundance of Firmicutes in the study by Wang et
al (Wang et al., 2020). Through LEfSe analysis, we further found
that the variations in gut microbiota between two groups were
mainly concentrated at the genus level, so we speculated that the
changes in the microbiota associated with CSU may be mainly at
the lower taxonomical level.

Our study found that Bacteroides, unidentified-
Ruminococcus, Megasphaera, and Anaerofustis in the CSU
group decreased compared with the control group. The decline
of Bacteroides is consistent with some studies (Lu et al., 2019;
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Wang et al., 2020). Bacteroides, as the main component of the
gut microbiota, is the main producer of short-chain fatty acids
(SCFAs), mainly acetic and propionic acids. It has been
demonstrated that Bacteroides has a regulatory effect on
human immunity, mainly through its production of capsular
polysaccharide A and SCFAs. Capsular polysaccharide A can
maintain and regulate immune system homeostasis and prevents
bacterial and viral infections (Zafar and Saier, 2021). Both
acetate and propionate are effective anti-inflammatory
mediators, which can inhibit the release of pro-inflammatory
cytokines from neutrophils and macrophages, while SCFAs play
an important role in various immune regulatory pathways such
as inducing regulatory T cell differentiation, enhancing IL-10
production and inhibiting Th17 cells (Smith et al, 2013).
Decreased abundance of unidentified-Ruminococcus, consistent
with previous study (Wang et al., 2020). Some studies also found
that the abundance of Ruminococcaceae decreased in infants with
eczema, and inflammatory cytokines such as IL-6 and TNF-ou
increased, and a decrease in the number of Ruminococcus can
induce a toll-like receptor inflammatory response (Arshi et al., 2014;
West et al, 2015). These may confirm that inflammation is
associated with CSU. In addition, Ruminococcus can also
metabolize to produce SCFAs. Megasphaera are normal bacteria
in the mouth, intestines and vagina that can metabolize to produce
valerate. Valerates are also SCFAs, some studies have found that it
may increase the cytotoxic activity of CD8'T cells and enhance the
immune activity of the body (Luu et al., 2021). Anaerofustis is a
gram-positive anaerobic bacteria that can produce acetate and
butyrate from glucose (Finegold et al, 2004). Growing research
proves that CSU is an autoimmune disease, and SCFAs play an
important role in regulating and maintaining human immune
function. Therefore, the reduction of some SCFAs-producing
bacteria can lead to the occurrence of CSU.

We also found that Gemmiger, Dialister, Lachnospira,
Holdemania, unidentified-Prevotella in the CSU group were

Scores OPLS-DA Plot
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Principal component analysis (PCA) of fecal metabolomic data from CSU patients and normal controls. PCA shows clear separation of metabolic
profiles between two groups. Orthogonal partial least squares discrimination analysis (OPLS-DA) of fecal metabolomic data from CSU patients
and normal controls, the CSU group and the NCs group exhibited different clustering with R%Y of 0.956 and Q2 of 0.767. P, CSU patients

(green); N, normal controls (yellow).
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Fecal metabolic patterns in CSU patients and normal controls shown as a heatmap. Rows represent data for metabolites and columns represent
the subjects. Red and green colors represent increased and decreased levels, respectively, of metabolites in patients with CSU compared to

those in normal controls.

higher than those in the control group. One study found that
Gemmiger was consistently abundant in children with eczema
across different modes of delivery (vaginal or caesarean section)
or feeding type (infant formula or breastfeeding) (Zheng et al,
2016), consistent with our findings of increased abundance in
the gut of CSU patients, suggesting that Gemmiger may have a
facilitating role in allergic reactions. Our finding of increased
abundance of Dialister in CSU patients contradicts a study of the
gut microbiota of infants with food allergies, which found that
children with allergic symptoms had lower numbers of Dialister
than controls (Savage et al., 2018), and we speculate that this
may be due to age differences in our study subjects. However,

another study found that Dialister, as a microbial marker, was
positively correlated with ankylosing spondylitis disease activity
score in ileal and colon biopsies, and was more abundant in the
acute inflammatory phase (Tito et al, 2017), suggesting that
Dialister is closely related to the inflammatory reaction. As CSU
is an inflammatory disease and Dialister abundance increases,
there may be a certain correlation between the two. Lachnospira
belongs to Clostridiales and has been found to be a
microorganism that produces SCFAs. One study found that
Lachnospiraceae and its subgroups were the major differences in
gut microbiota between antihistamine responders and non-
responders in CSU patients, with Lachnospira more abundant
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FIGURE 10

Volcano plot of the identified metabolites in positive ion mode (left) and negative ion mode (right). There were 43 differential metabolites in
positive ion mode and 7 differential metabolites in negative ion mode.
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Metabolites were annotated into different metabolic pathways in positive ion mode and negative ion mode by KEGG enriched bubble chart based on
KEGG. The abundance analysis showed that the KEGG pathway associated with the two fatty acids presented a negative differential score.

in antihistamine responders than non-responders (Liu et al,
2022). Our study did not distinguish between the efficacy of
antihistamines in patients, so further studies are needed to
address the increased abundance of Lachnospira in our study.
Some studies have found that Holdemania is related to the
occurrence of inﬂammatory response (Jang et al., 2020;
Barandouzi et al., 2020), and CRP, IL-6, TNF-o. and other
inflammatory factors are elevated in CSU patients (Kasperska-
Zajac et al., 2015; Kolkhir et al., 2018), so there may be a certain
relationship between the two. Similarly, studies in mice have
demonstrated that Prevotella can promote inflammatory
diseases, and can promote Th1l7 immune response and
neutrophil recruitment to induce chronic inflammation, so
Prevotella may also have a role in promoting inflammation in
CSU. In conclusion, changes in gut microbiota may promote or
induce the occurrence of CSU in terms of inflammation

and immunity.

Metabolites of gut microbiota are normally secreted in the
gut and enter the circulatory system via the intestinal
barrier, and are very important regulators of host metabolism
(Canfora et al., 2019), so analyzing metabolite differences helps
us discover the underlying pathological mechanisms of CSU.
Through metabolomics analysis, we found that the metabolite
differences between the CSU group and the control group were
mainly concentrated in unsaturated fatty acids ((+)8-HETE,
gamma-Linolenic acid, arachidonic acid), and they were all in
a downward trend. At the same time, KEGG pathway analysis
also showed that the unsaturated fatty acid metabolism pathway
was down-regulated. This finding is consistent with the study by
Wang et al, who also found that down-regulation of
docosahexaenoic acid and arachidonic acid was positively
associated with decreased abundance of Bacteroides (Wang
et al,, 2020). However, our study did not find a significant
correlation between Bacteroides and unsaturated fatty acids,
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but suggested that Lachnospira was negatively correlated with
arachidonic acid. Recent studies have shown that infants
receiving formula plus long-chain unsaturated fatty acids such
as arachidonic acid have a lower risk of allergic disease and
respiratory disease than those receiving formula alone, and have
better immune maturation (Birch et al., 2010; Lapillonne et al.,
2014), suggesting that unsaturated fatty acids may have a
protective effect on allergy. Unsaturated fatty acids such as
arachidonic acid, eicosapentaenoic acid, and docosahexaenoic
acid are also present in the cell membrane of immune system
cells and affect immune function through various interaction
mechanisms (Miles et al., 2021). Meanwhile, unsaturated fatty
acids were found to have anti-inflammatory effects (Calder and
Grimble, 2002). Therefore, the reduction of unsaturated fatty
acids may aggravate or induce inflammation and allergic
reactions. In addition, arachidonic acid can produce
inflammatory mediators (prostaglandins, leukotrienes and
related metabolites), which regulate the activity of
inflammatory cells, the production of cytokines and the
balance of Thl and Th2, which is crucial to the occurrence
and resolution of inflammation (Calder and Grimble, 2002; Das,
2021). Our study suggests that arachidonic acid and
Lachnospira, (+) 8-HETE and Gemmiger are all negatively
correlated, (+)8-HETE is one of the six monohydroxy fatty
acids produced by non-enzymatic oxidation of arachidonic
acid. 16s rRNA sequencing revealed that Lachnospira and
Gemmiger abundances were elevated in the CSU group.
Therefore, we speculate that the increase in the abundance of
Lachnospira and Gemmiger may lead to the reduction of
unsaturated fatty acids such as arachidonic acid, resulting in
the imbalance of the immune and inflammatory systems,
thereby promoting or inducing CSU. However, this may
require further research and more data to verify. Our study
also found that nucleotide metabolites such as adenine,
adenosine, and inosine were up-regulated in CSU patients.
Adenine, adenosine, and inosine are all key metabolites in
purine metabolism. A study found that the level of inosine
increased while the level of uric acid, the end product of purine
metabolism, decreased in a mouse model of allergic asthma (Yu
et al., 2016), which is similar to our study, but we did not find
changes in uric acid. Another study showed that inflammatory
cells in a mouse model of allergic asthma can induce the
breakdown of ATP, resulting in increased levels of adenine
and adenosine (Moon et al., 2010). Therefore, the above
metabolite changes may be related to the inflammatory
reaction, which in turn confirms that the inflammation is
involved in the pathogenesis of CSU.

Due to the limited sample size and a single-center study,
there are potential errors in the sample collection process, and
confounding factors such as age, gender, BMI, ethnicity, region,
and dietary habits cannot be controlled for matching. For
example, CSU patients typically follow a low-protein diet, and
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changes in long-term eating habits may result in changes in
microbiota. Also, metabolomics is impacted by factors such as
age, sleep, circadian clock, and exercise, and almost half of the
patients in our research had poor sleep quality, so these aspects
must be considered. Therefore, this study has great limitations,
and more research is needed to verify it. The above factors may
also be the reason why our results differ from other studies. At
the same time, due to the limitations of research methods, we
cannot obtain information on fungi and viruses in the gut.

In conclusion, this study combined 16S gene sequencing and
serum metabolomics to identify differences in gut microbiota
and serum metabolites between CSU patients and normal
controls, revealing that these differences may play a role in
immune dysregulation and inflammation in the pathogenesis of
CSU patients, providing more data for the study of CSU and gut
microbiota. But more research is still needed to further define
the exact microbiota that play a key role in CSU and its impact
on the host.
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Background: Increasing evidence suggests that gut dysbiosis can directly or
indirectly affect the immune system through the brain-gut axis and play a role
in the occurrence and development of Multiple sclerosis (MS). Oxymatrine
(OMAT) has been shown to ameliorate the symptoms of MS in the classical
experimental autoimmune encephalomyelitis (EAE) model of MS, but whether
its therapeutic role is through the correction of gut dysbiosis, is unclear.

Methods: The effects of OMAT on intestinal flora and short-chain fatty acids in
EAE model mice were evaluated by 16S rRNA sequencing and GC-MS/MS,
respectively, and the function change of the blood-brain barrier and intestinal
epithelial barrier was further tested by immunohistochemical staining, Evans
Blue leakage detection, and RT-gPCR.

Results: The alpha and beta diversity in the feces of EAE mice were significantly
different from that of the control group but recovered substantially after OMAT
treatment. Besides, the OMAT treatment significantly affected the gut
functional profiling and the abundance of genes associated with energy
metabolism, amino acid metabolism, the immune system, infectious
diseases, and the nervous system. OMAT also decreased the levels of
isobutyric acid and isovaleric acid in EAE mice, which are significantly related
to the abundance of certain gut microbes and were consistent with the
reduced expression of TNF-a, IL-6, and IL-1b. Furthermore, OMAT treatment
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significantly increased the expression of ZO-1 and occludin in the brains and
colons of EAE mice and decreased blood-brain barrier permeability.

Conclusion: OMAT may alleviate the clinical and pathological symptoms of MS
by correcting dysbiosis, restoring gut ecological and functional
microenvironment, and inhibiting immune cell-mediated inflammation to
remodel the brain-gut axis.

KEYWORDS

oxymatrine, experimental autoimmune encephalomyelitis, gut microbiota, brain-gut
axis, short-chain fatty acids

1 Introduction

Multiple sclerosis (MS) as chronic neuroinflammation and
demyelinating disease in the central nervous system (CNS), is
associated with key pathological features: multifocal
inflammation, disseminated demyelination, axonal loss, and
neurological disability (Thompson et al., 2018; Xu et al., 2020).
For the treatment of MS, recent studies have found that oral
probiotics can significantly ameliorate the incidence of MS
(Tankou et al., 2018), while transplantation of fecal bacteria
from MS patients can aggravate the incidence of its classical
animal model (experimental autoimmune encephalomyelitis,
EAE) mice (Berer et al., 2017; Cekanaviciute et al., 2017),
suggesting therapeutic targeting of the gut microbiota as a
treatment for MS (Leprun and Clarke, 2019), which aroused
great interest in the study of the brain-gut axis. With the growing
evidence of gut microbiota disorder in MS patients, the
mechanism of gut microbiota disorder exacerbating MS is
gradually clear. The current main view is that the disordered
gut microbiota mediates the inflammatory immune response of
CNS by changing the permeability of the intestinal epithelial
barrier (IEB) and blood-brain barrier (BBB) and affecting the
expression of neurotransmitters related to the brain-gut axis in
MS patients or EAE mice (Preziosi et al., 2013; Chu et al., 2018;
Stanisavljevic et al., 2018). Therefore, researching and
developing gut microbiota-modifying therapies, such as drugs
with antibacterial and immunomodulatory effects may be
extremely urgent for the treatment of MS.

Significant progress has been made in therapeutic strategies
for MS, including cladribine, dimethyl fumarate, fingolimod,
teriflunomide, alemtuzumab, and ocrelizumab. However, long-
term use of MS medications is costly and may cause certain side
effects, such as liver injury, lymphopenia, and infections
(Antonazzo et al, 2019; Moiola et al,, 2020). Importantly,
recent studies have found that some types of traditional herbal
medicine can ameliorate clinical severity and reduce the
frequency of clinical exacerbations in relapsing MS with fewer
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side effects and minor financial burdens (Kou et al., 2014; Zhou
and Fan, 2015; Dou et al.,, 2021; Zha et al., 2021). Therefore,
natural products may be a promising treatment for MS.

Sophora flavescens Ait. (Leguminosae), as traditional herb
medicine, contains an important component namely oxymatrine
(OMAT), which has been reported to exhibit significant anti-
tumor, anti-virus, hepatoprotective, and immunomodulatory
effects (Rashid et al., 2019; Zhang et al., 2020; Li et al., 2021).
OMAT has been tested in a clinical trial for the treatment of
human hepatitis B, with significant therapeutic effects and
without noticeable side effects (Zhang et al., 2016). Our
previous studies have found that OMAT could delay the
development of the EAE and modulate immune responses
(Liu et al., 2014; Zhang et al, 2017). It is reported in the
literature that OMAT has a certain regulatory effect on the gut
microbiota and intestinal barrier (Li et al., 2019; Wu et al,, 2021),
whether it treats MS by remodeling gut microbiota homeostasis
and IEB function is not clear. Herein, we investigated the
mechanisms of OMAT on the function of the IEB and BBB,
and the regulating effect on intestinal microecology in the
EAE mice.

2 Materials and methods
2.1 Animals and EAE induction

C57BL/6 female mice, 8-10 weeks of age (18-20 g), were
obtained from SPF Biotechnology Co., Ltd. (Beijing, China), and
housed in specific pathogen-free conditions at the Fifth Medical
Center of PLA General Hospital (animal ethics committee
approval No. YFYDW2020017), Beijing, China. All efforts
were made to reduce animal suffering, and the Institutional
Committee on Care and Use of Research animals approved the
procedures used in this study. EAE was induced as described
previously (Dou et al, 2021). Inactivated Mycobacterium
tuberculosis (#231141, Difco) was added with Freund’s
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incomplete adjuvant (#F5506, Sigma) to prepare a 10 mg/mL
solution, which was fully mixed with an equal volume of myelin
oligodendrocyte glycoprotein peptide (MOG35-55,
MEVGWYRSPFS RVVHLYRNGK; GenScript) solution (2 mg/
mL) dissolved in sterile phosphate-buffered saline (PBS) to
prepare water in oil antigen emulsion. Mice anesthetized with
pentobarbital at four points on both sides of the midline of the
head and back, a total of 0.2 mL/mouse. On 0 h and 48 h post-
immunization (p.i.), 200 ng/mouse pertussis toxin (#180, List
Biological) was injected intraperitoneally.

2.2 MAT treatment and
clinical evaluation

Immunized mice were randomly divided into two groups
(n=9 each group), and starting from day 11 p.i., 40 mg/kg/day
OMAT (Macklin Biochemical Co., Ltd, Shanghai, China) or
equal volumes of normal saline were administered in immunized
mice by oral served as the EAE_OMAT group or EAE group,
respectively. Non-immunized naive mice (n=9 in each group)
received the same volumes of normal saline or OMAT served as
the CON group or CON_OMAT group, respectively.

The mice were monitored and weighed daily by two
independent observers to evaluate the clinical scores of EAE.
Neurological assessments were recorded with a five-point
standardized rating scale (Dou et al., 2021): 0, no deficit; 1, tail
paralysis; 2, incomplete hind limb paralysis; 3, complete hind
limb paralysis; 4, complete hind limb paralysis and partial
forelimb paralysis; 5, moribund state or death.

2.3 Histopathological evaluation

On day 20 post-immunization (p.i.), mice were sacrificed,
colons and spinal cords were harvested after extensive perfusion
with saline, embedded in paraffin, and processed for histological
evaluation, and fecal samples were collected in a sterile operating
table in a sterile cryopreservation tube and placed in a
refrigerator at -80°C for standby. Inflammatory infiltration in
lumbar enlargement of spinal cords and colons was determined
by Hematoxylin and Eosin (HE) staining, and demyelination in
lumbar enlargement of spinal cords was determined by Luxol
Fast Blue (LFB) staining.

2.4 Evans Blue leakage detection

The BBB permeability was determined by Evans Blue (EB)
dye (Jiao-Yan et al.,, 2021). Mice were given 2% EB (2 mL/kg) via
tail vein injection 90 minutes before being sacrificed. After
weighing the brain, 50% trichloroacetic acid was added in the
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ratio of 1:3 (W/V) to make homogenate and centrifuged
(12000 g. 15 minutes). The supernatant was collected, and its
absorbance at 620 nm was measured by a microporous plate
spectrophotometer to calculate EB transmittance.

2.5 Microbiota sequencing

Total bacterial DNA was extracted from fresh stool samples
by the E.ZN.A.® Stool DNA Kit (Omega Bio-Tek, U.S). The
DNA in stools was quantified through agarose gel
electrophoresis and amplified V3-V4 variable regions of the
16S rRNA gene with specific primers (338F: 5’-
ACTCCTACGGGAGGCAGCAG-3" and 806R: 5’-
GGACTACHVGGGTWTCTAAT-3’). To evaluate alpha-
diversity, the levels of OTUs for each group. and the alpha
diversity indices, including Ace, Chao, Coverage, Shannon,
Simpson, and sobs index, are usually used for evaluating the
community richness and community diversity. To analyze beta-
diversity, principal coordinates analysis (PCA) analysis which is
a phylogenic tree-based metric was used (Calderon et al., 2017).
Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt) was further used for genome
prediction of microbial communities in this study.

2.6 Quantification of fecal short-chain
fatty acids

SCFAs, including acetic acid (AA), propionic acid (PA),
isobutyric acid (IBA), butyric acid (BA), isovaleric acid (IVA),
valeric acid (VA), and hexanoic acid (HA), were extracted and
analyzed by gas chromatography-mass spectrometry/mass
spectrometry (GC-MS/MS) according to the protocol
described in Margareta Nyman (Zhao et al., 2006). Accurately
weigh the sample, add 0.5% phosphoric acid solution, grind it
evenly by ball mill, vortex and mix it evenly, ultrasonic in the ice
bath for 5 minutes, 4°C, 12000 rpm, centrifuge for 10 minutes,
and take 100 UL supernatant and 500 UL methyl tert-butyl ether
(MTBE) solvent containing internal standard, vortex for 3
minutes, ultrasonic for 5 minutes under ice bath, centrifuge
for 10 minutes at 12000 rpm at 4°C, take the supernatant and
store it in the refrigerator at - 80°C for standby. The supernatant
was collected and used for GC-MS/MS analysis. Agilent 7890B-
7000D was employed for GC-MS/MS analysis of SCFAs.

2.7 Immunohistochemistry analysis
On day 20 p.i., mice were deeply anesthetized with 2%

pentobarbital sodium and extensively perfused by normal
saline. Then lumbar spinal cords, brain, and colon were
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immediately removed and fixed in 4% paraformaldehyde and
serial cryostat longitudinal sections were cut at a 5 um thickness
for immunohistochemistry analysis. After deparaffinization in
xylol, sections were transferred to gradient ethanol and then
incubated with 3% H,0, for 30 minutes at room temperature.
After washing in PBS, non-specific binding was blocked with
bovine serum for 30 minutes at 37°C and incubated with anti-
occludin, anti-zonula occludens-1 (anti-ZO-1) (Santa Cruz
Biotechnology, Dallas, TX, USA) at 4°C overnight. Sections
were washed again and then incubated with corresponding
secondary antibodies at 37°C for 30 minutes. The
chromophore product was developed using Horseradish
Peroxidase-Streptavidin (HRP-Streptavidin) and 3,3N-
Diaminobenzidine Tertrahydrochloride (DAB) (Beijing
Zhongsan Biotech Co, LTD, Beijing, China). Positive cells in a
restricted area were determined to represent target
protein expression.

2.8 Quantitative reverse transcription-
polymerase chain reaction

The cervical parts of the spinal cord and colon were
harvested and flash-frozen in liquid N2 on day 20 p.i., and
then stored at -80°C before use. Total RNA was isolated by
RNA-Quick Purification Kit according to the manufacturer’s
instructions (ES Science, RN001, China), and cDNA was
synthesized using reverse transcriptase (RT) by Fast All-in-
One RT Kit (ES Science, RT001, China) followed by RT-qPCR
(Thermal Cycler Device Real-Time System, Takara) using
2xSuper SYBR Green qPCR Master Mix (ES Science, QP002,
China) with appropriate primers and probe (Table 1). The cycle
threshold (Ct) values of TNF-c, IL-6, IL-1B, ZO-1, and occludin
were obtained and normalized to that of GAPDH (all reagents
from TIANYI HUIYUAN, Beijing, China). Based on the
expression of target genes normalized to GAPDH, we
calculated and presented the relative quantification to GAPDH
as fold change compared to the control. The above gene
sequence information can be queried in Supplementary
Table 1 (SI Appendix, Table S1).

2.9 Statistical analysis

All statistical analyses were conducted with R version 3.3.1 or
GraphPad Prism 8.0 (Inc., La Jolla, CA, USA). Significant
differences were evaluated using the two-tailed Student’s t-test
or Wilcoxon test, except that multiple treatment groups were
compared within individual experiments by the Wilcoxon rank-
sum test or LSD-t test. The relevance between the abundance of
microbial genera/OTUs and neurologic score or the levels SFCAs
was performed by using spearman’s rank correlation coefficient.
The ranking regression of environmental factors was analyzed
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according to beta diversity. All data were presented as mean + SD.
P<0.05 was considered significant.

3 Results

3.1 OMAT treatment ameliorates the
clinical signs of ongoing EAE

As shown in Figure 1A, EAE group mice had the first signs of
EAE on day 11 p.i, EAE_OMAT group mice showed a
significant decrease in the severity of EAE from the 15th-day
p-i. as compared with EAE group mice (all P<0.05). On
day 20 p.., EAE group mice were observed unilateral hind
limb paralysis or bilateral hind limb paralysis, while
EAE_OMAT group mice were observed tail paralysis or
incomplete hind limb paralysis (Figure 1B). Consistent with
clinical scores, the histopathological analysis revealed less
inflammation (Figure 1C) and demyelination (Figure 1D)
in the lumbar spinal cords samples from EAE_OMAT
group mice. Furthermore, histopathology revealed milder
crypt structure change and less inflammatory infiltration in
the colons of CON_OMAT and EAE group mice, the
inflammatory and crypt structure change in the OMAT-
treated EAE mice has been distinctly ameliorated than EAE
group mice (Figure 1E).

3.2 OMAT administration altered the
alpha- and beta-diversities of the gut
microbiome in EAE mice

From the Venn diagram in OUT levels (Figure 2A), 591
species in the CON group, 584 species in the CON_OMAT
group, 388 species in the EAE group, and 586 species in the
EAE_OMAT group were observed. The alpha diversity indices,
including Ace, Chao, Coverage, Shannon, Simpson, and Sobs
index, are usually used for evaluating community richness and
community diversity (Figures 2B-G). In this study, Ace, Chao,
Shannon, and sobs values in the EAE_OMAT-treated mice were
markedly higher than that in the EAE group (all P<0.05), while
coverage and Simpson values in the EAE_OMAT-treated mice
were markedly lower than that in the EAE group (all P<0.05). In
addition, beta-diversity in the four groups was evaluated by
Bray-Curtis analysis (Heatmap diagram) and Principal
coordinates analysis (PCoA) using the 16S data. According to
the distance and separation of each sample in each group in
Figures 2H-M, it is evident that the CON, CON_OMAT, and
EAE_OMAT are completely separated from the EAE group in
OUT (Figures 2H, K), phylum (Figures 2I, L) and genus
(Figures 2], M) levels, and there are differences between the
EAE_OMAT group and the CON group in genus and OUT
levels (all P<0.05).
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FIGURE 1

Results of the pathological and histological examination of the spinal cord and colon of the mice from the four groups (n = 6 in each group). (A)
Clinical scores and (B) clinical phenotypes of mice from the different groups. The black arrow indicates the paralyzed area. a, CON group mice
with no deficit; b, CON_EAE group mice with no deficit; c, EAE group mice showing paralysis of both hind limbs; d, EAE_OMAT group mice
showing tail paralysis. (C, D) Representative images of the histology of the spinal cord were determined by HE (C) and LFB (D) staining. Original
magnification, 4X; the partial enlarged picture of each group was magnified 20X. (E) Representative images of the histology of the colon
determined by HE staining (20X). Red arrows indicate colon tissue infiltration by inflammatory cells, yellow arrows indicate the change in crypt
structure. Data are expressed as the mean + SD and statistical differences are represented by * P < 0.05,; *** P < 0.001 based on Wilcoxon

rank-sum test.

3.3 OMAT treatment influenced the gut
microbial abundance and phenotypes in
EAE mice

Microbial abundance at different taxonomic levels was
further analyzed. The phylum-level assignment identified 10
phyla with an average relative abundance of >0.1% in at least one
of the four groups. The comparison between all pairs of the four
groups identified a total of 6 distinct phyla having significant
changes in abundance between any two groups (SI Appendix,
Table S2), and identified the abundance of Deferribacterota,
Cyanobacteria, and Actinobacteriota significantly increased and
Proteobacteria significantly decreased after OMAT-treated in
EAE mice (all P<0.05) (Figure 3A).

The genus-level assignment identified 42 genera with an
average relative abundance of 20.5% in at least one of the four
groups, accounting for 93.03% of the total abundance. The
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comparison between all pairs of the four groups identified a
total of 30 distinct genera having significant changes in
abundance between any two groups (SI Appendix, Table S3).
Sorted by fold changes (FCs, [LOG,, (FCs)|>1) value and P-
value (P<0.05), the abundance of Alistipes, Helicobacter,
Dubosiella, norank_f:norank_o:Clostridia_ UCG-014,
Rikenellaceae_ RC9_gut_group, Prevotellaceae_NK3B31_group
were significantly higher in EAE_OMAT mice than EAE mice
(all P<0.05), while the abundance of Clostridioides, Proteus,
Clostridium_innocuum_group, Enterococcus, Escherichia-
Shigella, Enterobacter, Lactococcus were significantly lower in
EAE_OMAT group than in EAE group (Figure 3B).

To explore the possible association of microbial taxa with
each patient group at the species level, the abundance of 38
species-equivalent clusters with an average relative abundance of
>0.1% in at least one of the four groups were further compared,
accounting for 17.79% (CON group), 19.40% (CON_OMAT
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FIGURE 2

Gut microbiota alpha- and beta-diversities in the four mice groups (n = 6 in each group). (A-D) Alpha-diversity indices. (A) The number of
species and (B) Ace-estimated OTUs, (C) the Chao index value (D) the Coverage index value (E) the Shannon index value (F) the Simpson index
value, and (G) the Sobs index value of fecal microbiota from the four groups based on 16S rRNA analysis. Each box plot represents the median,
interquartile range, minimum, and maximum values. (H—M) Beta-diversity indices. Sample-distance heatmap based on weighted UniFrac analysis
at the level of OTUs (H), phylum (l), and genus (J). Principal coordinates analysis (PCoA) was used to study the similarity or difference of the
microbial community composition at the level of OTUs (K), phylum (L), and genus (M). Data are expressed as the mean + SD and statistical
differences are represented by * P < 0.05; **, P < 0.01, *** P < 0.001 based on the Wilcoxon rank-sum test with the Benjamini—Hochberg

method for multiple group comparisons.

group), 68.30% (EAE group), 31.88% (EAE_OMAT group) of
the total abundance, respectively. The comparison between all
pairs of the four groups identified a total of 28 distinct species
having significant changes in abundance between any two
groups (SI Appendix, Table S4). Sorted by fold changes (FCs, |
LOG; (FCs)|>1) value and P-value (P<0.05), the abundance of
Mucispirillum_schaedleri was significantly higher in the
EAE_OMAT group than in the EAE group (all P<0.05), while
the abundance of Clostridioides_difficile_g:Clostridioides,
Clostridium_perfringens_g:Clostridium_sensu_stricto_1,
Proteus_vulgaris_g:Proteus, Enterococcus_faecalis_g:
Enterococcus, Enterococcus_casseliflavus_g:Enterococcus,
Escherichia_coli_g:Escherichia-Shigella,
Erysipelatoclostridium_ramosum were significantly lower in
EAE_OMAT group than in EAE group (Figure 3C).

Frontiers in Cellular and Infection Microbiology

Considering various taxonomic levels of gut microflora have
changed, the corresponding microflora phenotype will also
change. The study identified 9 phenotypes in at least one of
the four groups including 6 distinct phenotypes having
significant changes in proportion between any two groups by
BugBase analysis according to the data obtained from
sequencing of 16S analysis (SI Appendix, Table S5). To
investigate the therapeutic effect of OMAT on EAE mice, we
focused on the functional difference between the EAE group and
the EAE_OMAT group. The results indicated the proportion of
Facultatively_Anaerobic, Stress_Tolerant, and
Potentially_Pathogenic were significantly decreased after
OMAT-treated in EAE mice (all P<0.05), while the proportion
of Aerobic was significantly increased after OMAT-treated in
EAE mice (P<0.05) (Figure 3D).
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FIGURE 3

Effect of oxymatrine treatment on the gut microbial abundance and microbiome phenotypes in EAE mice. The fold-change (LOG, or LOG;) of relative
abundance at the level of phylum (A), genus (B), species and (C), phenotype (D) between the EAE group and EAE_OMAT groups (P < 0.05). The Z-score
based on the abundance of each KEGG ortholog is depicted from lowest (blue) to highest (red) according to the scale shown at the top. The P value
was determined based on the Wilcoxon rank-sum test with the Benjamini—Hochberg method for multiple group comparisons.

3.4 Association between significantly
increased or decreased microbial
genera/OTUs in EAE-related groups and
neurologic function scores

The possible association between the microbial species and
disease activity (neurologic function scores) was further analyzed
by comparing the abundance of the 30 genera/OTUs which existed
significant differences between the EAE group and EAE_OMAT
group. The linear relationship strength and direction are classified
according to the correlation coefficient R-value (Rumsey, 2016). As
Figure 4 showed, Clostridium_innocuum_group, Enterococcus,
Proteus, Enterobacter, and Escherichia-Shigella had strong uphill
linear relationships in abundance between the neurological
function score and EAE-related samples (R=0.84, 0.83, 0.80, 0.77,
0.74, respectively), while Ileibacterium, Dubosiella, norank_f:
Muribaculaceae had strong downbhill linear relationships in
abundance between the neurological function score and
EAE-related samples (R=-0.78, -0.80, -0.85, respectively).
Meanwhile, the abundance of Lactococcus, Clostridioides,
Clostridium_sensu_stricto_1 and disease severity correlated
positively (R=0.68, 0.65, 0.56, respectively), and Odoribacter,
Helicobacter, Desulfovibrio, Enterorhabdus, Faecalibaculum,
Rikenellaceae_RC9_gut_group, Muribaculum, norank_f:
norank_o:Clostridia_UCG-014, Allobaculum and disease severity
were negatively related to (R=-0.53, -0.55, -0.62, -0.63, -0.63, -0.65,
-0.67, -0.67, -0.68, respectively). (SI Appendix, Table S6).
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3.5 OMAT altered the functional profiling
of the gut microbiomes

Based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (Kanehisa et al., 2019), a total of 201 KEGG
orthologs (KOs) in the four subject groups were identified by
PICRUSt (SI Appendix, Table S7). Of them, 1 had significant
changes in abundance between the CON group and
CON_OMAT group, 95 had significant changes in
abundance between the CON group and the EAE group, and
97 had significant changes in abundance between the EAE
group and EAE_OMAT group. In the comparison of EAE and
EAE_OMAT, we identified 54 significantly enriched and 43
significantly depleted KOs in EAE_OMAT with P<0.05 by
Wilcoxon test, respectively (Figure 5A). Sorted by P-value
(P<0.05) and FCs value (|[LOG, (FCs)|>1), we picked out 21
KOs (Figure 5B). Among these pathways, 6 pathways including
influenza A (KOO05164), pertussis (KO05133), bacterial
invasion of epithelial cells (KO05100), prion diseases
(KO05020), viral myocarditis (KO05416), and flagellar
assembly (KO02040) were involved in Bacterial or Viral
Infection; 3 pathways including colorectal cancer (KO05210),
small cell lung cancer (KO05222), and bladder cancer
(KO05219) were involved in Cancer; 4 pathways including
atrazine degradation (KOO00791), drug metabolism-
cytochrome P450 (KO00982), metabolism of xenobiotics by
cytochrome P450 (KO00980), and caprolactam degradation
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FIGURE 4

Association between significantly increased or decreased microbial genera/OTUs in EAE groups and corresponding neurologic function scores.
Red dots represent a strong correlation (0.7 < R < 1), green dots represent a moderate correlation (0.5 < R < 0.7), yellow dots represent a weak
correlation (0.3 < R < 0.5), and gray dots represent a poor correlation (0 < R < 0.3). The relation between the abundance of microbial genera/
OTUs and the neurologic function scores were performed using Spearman'’s rank correlation coefficient.

(KO00930) were involved in Xenobiotics Biodegradation and
Metabolism; 2 pathways including ether lipid metabolism
(KO00565), and Alpha-Linolenic Acid Metabolism
(KO00592) were involved in Lipid Metabolism; 2 pathways
including geraniol degradation (KO00281), and biosynthesis of
siderophore group nonribosomal peptides (KO01053) were
involved in Metabolism Of Terpenoids and Polyketides;
2 pathways including toxoplasmosis (KO05145), and
amoebiasis (KO05146) were involved in Parasitic Infection; 1
pathways including N-Glycan biosynthesis (KO00510) was
involved in Glycan Biosynthesis and Metabolism; 1 pathways
including flavonoid biosynthesis (KO00941) was involved
in Biosynthesis Of Other Secondary Metabolites. The
study only showed the four metabolic pathways with large
changes in relative abundances, such as pertussis (Figure
5C), bacterial invasion of epithelial cells (Figure 5D),
o- Linolenic acid metabolism (Figure 5E), flavonoid
biosynthesis (Figure 5F).
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3.6 OMAT rebalanced the relative
abundance of three major nutrients, the
nervous system, immune system, and
infectious diseases based on

KEGG analysis

Metabolism pathways related to energy metabolism
(including carbohydrates, proteins, and lipids), nervous
system, immune system, and infectious diseases at the KEGG
subcategory level to evaluate the possible effects of OMAT on the
gut microbiome were also analyzed by comparing the abundance
of genes in these metabolism pathways with EAE group. The
results revealed that the KEGGs for the energy metabolism,
amino acid, immune system, and nervous system metabolisms
were significantly increased in EAE_OMAT compared to those
in EAE (all P<0.05) (Figures 6A, C, E, F), while the genes-related
with infectious diseases metabolisms were significantly
decreased in EAE_OMAT compared to those in EAE (all
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FIGURE 5

Effect of oxymatrine on the functional profiling of the gut microbiome. (A) The list of 54 significantly enriched and 43 significantly depleted KEGG
ortholog (KOs) in the EAE_OMAT group than in the EAE group (P < 0.05). (B) Ranked based on the fold changes of relative abundance
(ILOG,(FCs)| > 1), these individual pathways include at least one of the 9 significantly enriched KOs (EAE_OMAT-enriched KOs) or one of the 12
significantly depleted KOs (EAE_OMAT-depleted KOs) in the comparisons between the EAE and EAE_OMAT groups. (C—F) Relative abundance of
the 4 significantly enriched or depleted KOs in EAE compared with EAE_OMAT. The relative abundance of pertussis (KO05133; (C), bacterial
invasion of epithelial cells (KO05100; (D), alpha-Linolenic acid metabolism (KO00592; (E), flavonoid biosynthesis (KO00941; (F) between the four
subject groups. Data are expressed as the mean + SD and statistical differences are represented by *, P < 0.05, **, P < 0.01, and ****, P < 0.0001
based on Wilcoxon rank-sum test with the Benjamini—-Hochberg method for multiple group comparisons
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FIGURE 6

Comparison of the relative abundance of energy metabolism, nervous system, immune system, and infectious diseases based on KEGG analysis.
Relative abundance of the KEGG orthologs belonging to Energy Metabolism (A), Carbohydrate Metabolism (B), Amino Acid Metabolism (C), Lipid
Metabolism (D), Nervous System (E), Immune System (F), and Infectious Diseases (G) in the four mice groups. Data are expressed as the mean +
SD and statistical differences are represented by *, P < 0.05, **, P < 0.01, ***, and P < 0.001 based on Wilcoxon rank-sum test with the

Benjamini—Hochberg method for multiple group comparisons.

P<0.05) (Figure 6G). However, Carbohydrate Metabolism and
Lipid Metabolism in EAE mice have no significant changes
under OMAT intervention (Figure 6B, D).

3.7 OMAT regulates the levels of SCFAs
and related gut microbiota

Considering the regulatory effect of SCFAs on MS, the levels
of SCFAs in fecal samples were analyzed. The result revealed
were obvious potential reduction of the total levels of SCFAs in
EAE group mice as compared to those from CON group mice,
while this phenomenon was slightly reversed in EAE_OMAT
group mice (Figure 7A). The levels of BA and PA were
significantly lower in EAE group mice compared with CON
group mice (both P<0.05), and the levels of IBA and IVA were
significantly increased (both P<0.05). After OMAT treatment,
the levels of IBA and IVA in EAE mice were significantly
decreased (both P<0.05) (Figures 7B-H). Meanwhile, the
metabolism pathways related to butyrate metabolism and
propionate metabolism were significantly decreased in
EAE_OMAT mice compared to EAE mice (all P<0.05)
(Figures 71, J).
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The possible association between SCFAs expression and the
top 50 kinds of microbial genus/OTUs according to the
abundance was further analyzed by linear regression
(Figure 7K). The results revealed the levels of total SCFAs, BA,
and PA were markedly positively correlated with microbial
abundance (R* = 02759, P<0.01; R* = 0.2735, P<0.01; R* ~
0.2912, P<0.0I; respectively), while the levels of IBA and IVA
were dramatically negative correlation with microbial abundance
(R* = 0.659, P<0.0001; R* = 0.6376, P<0.0001; respectively)
(Figures 7L-S). Based on the above results, Clostridioides and
Muribaculum screened out the significant correlation with BA,
IBA, PA, and IVA (all P<0.05). The results showed the
abundance of Clostridioides was found positively correlated
with the expression of IBA, IVA (R=0.53; R=0.50; respectively),
and negatively correlated with the expression of PA, BA (R=-0.60;
R=-0.46; respectively). Meanwhile, the abundance of
Muribaculum was positively correlated with the expression of
PA, BA (R=0.75; R=0.46; respectively), and negatively correlated
with the expression of IBA, IVA (R=-0.44; R=-0.55; respectively)
(ST Appendix, Table S8). We reviewed the changes in the
abundance of Clostridioides and Muribaculum in different
groups and found Clostridioides was significantly reduced to
the level of the normal group, and Muribaculum was increased
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Effect of oxymatrine on the gut microbiota and the concentration of short-chain fatty acids (n = 6 in each group). (A=I) The concentration of SCFAs (A),
acetic acid (AA) (B), butyrate acid (BA) (C), isobutyrate acid (IBA) (D), hexanoic acid (HA) (E), propionic acid (PA) (F), valeric acid (VA) (G), and isovaleric
acid (IVA) (H) in the feces of the four mice groups. (I, J) KEGG orthologs (KOs) are associated with Butyrate metabolism (I) and Propionate metabolism
(J). Correlation heatmap diagram of the concentration of short-chain fatty acids (SCFAs) and the relative abundance of gut microbes belonging to a
different genus (K). (L—S) Linear rank regression analysis of the relationship between the gut microbiome and the concentration of SCFAs (M), acetic
acid (N), butyrate acid (), isobutyrate acid (P), hexanoic acid (Q), propionic acid (R), valeric acid (S), isovaleric acid (T) in the feces of the four mice
groups. (T) Relative abundance of Clostridioides and Muribaculum in the four mice groups. The P values for (A—H) were derived from the LSD-t test. In
(1-J) and (T, the P value was determined based on Wilcoxon rank-sum test with the Benjamini—Hochberg method. In (K-S), the relation between the
abundance of microbial genera/OTUs and the concentration SFCAs was assessed using Spearman'’s rank correlation coefficient. Data are expressed as

the mean + SD and statistical differences are represented by *, P < 0.05, **, P < 0.01, *** P < 0.001, and **** P < 0.0001.
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significantly in the OMAT group while compared with the EAE
group (both P<0.05) (Figure 77T).

3.8 OMAT down-regulates the
expression of pro-inflammatory
cytokines in the brains and colons of
EAE mice

Obvious trend changes of TNF-a, IL-6, and IL-1[3 between
the EAE group and EAE_OMAT group were found in the brains
and colons at the mRNA levels. We found the mRNA levels of
IL-1B (Figure 8A), IL-6 (Figure 8B), and TNF-a. (Figure 8C) in
the brains of OMAT-treated EAE mice were significantly
decreased compared with EAE group mice (all P<0.05).
Meanwhile, similar phenomena were also observed in the
colons with significantly decreased mRNA levels of IL-1
(Figure 8D), IL-6 (Figure 8E), TNF-ou (Figure 8F) between the
EAE group and EAE_OMAT group (all P< 0.05). However,
markedly increased mRNA levels of IL-1 (Figure 8D), IL-6
(Figure 8E), and TNF-o. (Figure 8F) in the colons were observed
in the CON_OMAT group compared with CON group mice (all

10.3389/fcimb.2022.1095053

P<0.05), implied that OMAT has certain intestinal toxicity to
normal mice.

3.9 OMAT improves the function of the
BBB and IEB in EAE mice

Immunohistochemistry revealed an obvious decrease in the
expression of Occludin and ZO-1 in the colons of EAE group
mice, while the OMAT reversed this phenomenon (Figure 9A).
Similar phenomenons for the mRNA levels of Occludin, ZO-1
also occurred in the colons of EAE mice, while reversed by
OMAT treatment (all P<0.05) (Figures 9B, C). The significant
change trend of Occludin, ZO-1 mRNA expression in brain
tissue is the same as that in colon (all P<0.05) (Figures 9D, E).
The decrease of Occludin and ZO-1 indicated the increased BBB
permeability. Quantified the exosmosis of EB dye into the brain
as an indicator of BBB permeability, and found EB content in the
brain of EAE mice was significantly increased compared with
CON mice and CON_OMAT mice, while the phenomenon was
prominently reversed by OMAT treatment (all P <
0.05) (Figure 9F).
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FIGURE 8

Effect of oxymatrine on the expression of pro-inflammatory cytokines in the brains and colons of EAE mice (n = 6 in each group). Results of RT-
gPCR analysis showing a decrease in the mRNA expression of IL-1B (A, D), IL-6 (B, E), and TNF-a (C, F) in brain and colon samples of EAE mice
after OMAT treatment. Data are expressed as the mean + SD and statistical differences are represented by *, P < 0.05, **, P < 0.01, *** P <

0.001, and **** P < 0.0001 based on LSD-t test.
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FIGURE 9

Effect of oxymatrine on the integrity of the blood-brain barrier and intestinal epithelial barrier in EAE mice. (A) Representative images of the
hippocampus and colon tissue structure were detected by immunohistochemistry staining (n = 6 in each group). Original magnification 20X. (B, C)
mMRNA levels of occludin in the hippocampus (B) and colon (C). (D, E) mRNA levels of ZO-1 in the hippocampus (D) and colon (E). (F) Quantitative
analysis of Evans blue extravasation in the brain of EAE mice (n = 3 in each group). All data were expressed as the mean + SD and statistical differences
are represented by *, P < 0.05, **, P < 0.01, ***, P < 0.001, and **** P < 0.0001 based on the LSD-t test

4 Discussion

The gut microbiome is the largest and most complex
microbiome in the human body, which plays an important
role in the stability of the intestinal environment and the
regulation of the host immune system (Lynch and Pedersen,
2016), and the imbalance of intestinal microbiota structure and
function are closely related to a variety of diseases, including MS
and other neurodegenerative diseases (Sorboni et al., 2022). This
study extends our previous research (Dou et al., 2021) and found
OMAT improved the neurological function score in the EAE
mice associated with altered alpha-diversity and beta-diversity
indexes among the gut microbiomes, hinting that OMAT may
play a therapeutic role by regulating the disorder of gut
microflora in EAE mice.

Some studies have screened and identified special flora
which may be harmful (Clostridium_perfringens,
Clostridioides_difficile) to MS, and microbiome
transplantation from MS patients has been proven to
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aggravate the incidence of EAE model mice (Berer et al., 2017;
Cekanaviciute et al., 2017). Epsilon toxin from Clostridium
perfringens can cross the intestinal wall and BBB by increasing
cell permeability and accumulating in the brain, followed by
binding the synaptosomal membrane, myelinated structure, glial
cells, and oligodendrocytes to lead to demyelination (Linden
et al,, 2015; Bossu et al.,, 2020). In the present study, OMAT
significantly reduced the content of Clostridium_perfringens in
the feces of EAE mice from 3.40% to 0.0025%. The study found
that OMAT also significantly reduced the clostridioides_difficile
content in feces from 1.33% to 0.00059%. Clostridioides_difficile,
possessing an encephalitogenic mimotope of myelin basic
protein in the surface layer protein A, could activate
autoreactive myelin-specific T cells to induce inflammation
infiltration and demyelination in the CNS (Mindur et al,
2020). For common conditional pathogenic bacteria, especially
for Escherichia_coli_g:Escherichia-Shigella, OMAT was also
significantly reduced by 33.17%, respectively. These findings
suggest that OMAT treatment, through modulation of the gut
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microbiota, can prevent demyelination, which is characteristic
of MS.

Studies have also reported that taking probiotics
(Lactobacillus, Bifidobacterium, and Streptococcus) or
transplanting normal human intestinal flora into EAE model
mice can reduce the frequency of inflammatory monocytes
CD14"¢"CD16"°" and the expression of HLA-DR on dendritic
cells (Tankou et al., 2018; Tankou et al., 2018), and produces
myelin antigens to induce an anti-inflammatory peripheral
immune response (Kasarello et al., 2015; Kasaretfo et al,
2016), regulates the balance of CD4+ T cell subsets
(Salehipour et al., 2017), reduces the expression of IL-1f, IL-8,
IL-10 and TNF-o in the blood of patients (Tamtaji et al., 2017),
and ultimately weaken the severity of the disease (Tamtaji et al.,
2017; Mangalam et al., 2017; Tankou et al., 2018; Blais et al,,
2021). In the current study, after OMAT treatment, the contents
of Lactobacillus and Bifidobacterium, the main components of
probiotics in the feces of EAE mice, were increased from 1.25%
to 9.82%, and 0.71% to 4.46%, respectively. The abundance of
Prevotella histicola in the EAE mice with OMAT treatment was
also significantly increased from 0.013% to 1.44%, which was
reported could down-regulate the pro-inflammatory Th1/Th17
response and induce regulatory CD4+FoxP3+ regulatory T cells
(Treg) to inhibit the occurrence of MS (Mangalam et al., 2017;
Blais et al., 2021).
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SCFAs, the metabolic products of enteric bacteria, contribute
directly to preserving the integrity of the intestinal epithelial
barrier (Wan Saudi and Sjoblom, 2017; Feng et al,, 2018), and
are associated with gut microbiota dysbiosis and inflammation
in MS (Zeng et al., 2019; Olsson et al., 2021; Moles et al., 2022).
Although the levels of PA and BA in the study increased slightly,
while IBA and IVA were dramatically decreased after taking
OMAT in EAE mice, further rank regression analysis found the
expression of IBA and IVA were significantly positive
correlation with intestinal flora disorder, especially among
Enterobacter, Escherichia-Shigella, Proteus, Clostridium_
innocuum_group, Clostridium_sensu_stricto_1, Clostridioides
(all R>0.5). Published data displayed IVA could reduce Na+, K
+-ATPase activity (a crucial enzyme responsible for maintaining
the basal potential membrane necessary for normal
neurotransmission) and enzyme citrate synthase in the
cerebral cortex to inhibit the citric acid cycle (Ribeiro et al,
2007; Ribeiro et al., 2009), therefore, the OMAT restores the level
of VA may regulate the citric acid cycle by increased the activity
of Na+, K+-ATPase and enzyme citrate synthase in EAE mice.

Indeed, alterations of enteric bacteria, will successively
activate the intestinal and central immune system, and
promote the release of a large number of immune-
inflammatory factors, such as IL-1B, IL-6, and TNF-0, which
will lead to the change in the permeability of the intestinal

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1095053
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Zhang et al.

mucosal barrier and blood-brain barrier. This view is supported
by alterations of intestinal permeability and signs of systemic
inflammation in patients with MS which appear to be correlated
with the disability status of the disease (Miyauchi et al., 2020;
Sorboni et al., 2022). In our study, the relative abundance of the
KO05100 pathway (Bacterial invasion of epithelial cells) was
significantly increased in EAE mice and reversed by OMAT
treatment. Meanwhile, the mRNA expression of IL-1f, IL-6, and
TNF-o. both in the brains and colons of EAE mice were
dramatically increased, and almost completely reversed by
OMAT. Consistent with literature reports, the intercellular
junction complexes which ensure the integrity of the epithelial
barrier and regulate paracellular permeability, including
Occludin, ZO-1 (Camara-Lemarroy et al., 2018), located
around the apical surface of adjacent epithelial cells, were
significantly decreased in EAE mice and reversed by OMAT
treatment, and the regulatory effect of OMAT on the IEB or BBB
function in EAE model mice was also confirmed in DSS model
mice (Yao et al., 2021) or early brain injury rats (Liu et al., 2016).

Surprisingly, the study found OMAT has certain intestinal
toxicity to normal mice, but not to EAE mice. Combined with the
reported liver protection and liver toxicity, neuroprotection, and
neurotoxicity of OMAT in the literature (You et al., 2020; Li et al.,
2021), it suggests that the toxic mechanism of OMAT maybe its
pharmacodynamic effect in the treatment of MS, hepatitis, and
other diseases, which is also in line with an old saying of
traditional Chinese medicine “The principle that if there is
enough reason, a toxic medicine can also be used without harm”.

Based on the 16S rRNA data, the study concludes that the
ecological and functional microenvironment of the gut is
differentially altered in the EAE mice and is reversed by OMAT.
Collective data indicate that the alterations of the gut microbiome
in the OMAT-treated EAE mice may be partly explained by
changes in the metabolic pathway of infectious diseases, energy
metabolism, immune system, and nervous system. Among the
information showed by Figure 10, regulating gut microbiota
disorder and reducing BBB permeability may be the potential
mechanism of OAMT in the treatment of MS.
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Gut-joint axis: Gut dysbiosis
can contribute to the onset of
rheumatoid arthritis via
multiple pathways
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Rheumatoid Arthritis (RA) is an autoimmune disease characterized by loss of
immune tolerance and chronic inflammation. It is pathogenesis complex and
includes interaction between genetic and environmental factors. Current
evidence supports the hypothesis that gut dysbiosis may play the role of
environmental triggers of arthritis in animals and humans. Progress in the
understanding of the gut microbiome and RA. has been remarkable in the last
decade. In vitro and in vivo experiments revealed that gut dysbiosis could shape the
immune system and cause persistent immune inflammatory responses.
Furthermore, gut dysbiosis could induce alterations in intestinal permeability,
which have been found to predate arthritis onset. In contrast, metabolites
derived from the intestinal microbiota have an immunomodulatory and anti-
inflammatory effect. However, the precise underlying mechanisms by which gut
dysbiosis induces the development of arthritis remain elusive. This review aimed to
highlight the mechanisms by which gut dysbiosis could contribute to the
pathogenesis of RA. The overall data showed that gut dysbiosis could contribute
to RA pathogenesis by multiple pathways, including alterations in gut barrier
function, molecular mimicry, gut dysbiosis influences the activation and the
differentiation of innate and acquired immune cells, cross-talk between gut
microbiota-derived metabolites and immune cells, and alterations in the
microenvironment. The relative weight of each of these mechanisms in RA
pathogenesis remains uncertain. Recent studies showed a substantial role for
gut microbiota-derived metabolites pathway, especially butyrate, in the
RA pathogenesis.
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Introduction

Although the precise etiopathogenesis of rheumatoid arthritis
(RA) is not well understood, it is characterized by loss of immune
tolerance and chronic inflammation (Zhang et al., 2015; Liu et al,
2016; Zhang et al, 2020; Li et al, 2022). The accumulation and
activation of immune cells, including dendritic cells, macrophages,
neutrophils, and T cell subsets, within the synovial tissue is a cardinal
feature of RA (Buckley and McGettrick, 2018). Abnormalities in the
immune response lead to dysregulated cytokine secretion and
autoantibodies production. Anticitrullinated protein antibodies
(ACPA) and rheumatoid factor (RF) are hallmark autoantibodies of
RA (Burmester et al, 2014; Yue et al, 2019). The inflammatory
environment produced by lymphocytes, macrophages, and fibroblast-
like synoviocytes causes synovitis, leading to joint destruction (Opoku
et al,, 2022).

Although the trigger that leads to loss of immune tolerance is
unknown, previous studies have shown that individuals at risk for RA
showed IgA-ACPA before the onset of arthritis (Bos et al., 2014;
Mankia and Emery, 2016; Yue et al., 2019). Therefore, a breach of
tolerance at mucosal surfaces (lungs, gut, or oral mucosa) is
considered an initial event in the pathogenesis of RA that can occur
many years before disease onset. Experimental evidence has suggested
that microbial factors may be possible initiators of autoimmunity
(Moen et al.,, 2005). However, despite multiple efforts, it has not yet
been possible to identify any microorganism causing RA.

Gut dysbiosis, an altered intestinal microbiota composition, has
been implicated in the pathogenesis of multiple rheumatic diseases,
such as RA, psoriatic arthritis, and axial spondyloarthritis (Gill et al.,
2022; Wang et al,, 2022b). The role of gut dysbiosis in the
pathogenesis of RA has been widely studied from experimental
animal models. Growing evidence has suggested the role of gut
microbiota in the onset of arthritis. Studies in mice (Rosser et al.,
2014; Liu et al., 2016; Jubair et al., 2018; Maeda and Takeda, 2019;
Peng et al., 2019; Aa et al., 2020), rats (Huang et al., 2019; Peng et al.,
2019; Yue et al, 2019; Xu et al., 2020; Xu et al., 2022a), and pigs
(Mansson et al., 1971) consistently demonstrate that gut dysbiosis is
associated with inflammatory arthritis development.

The germ-free condition has been found to alleviate arthritis
symptoms in spontaneous mouse models of RA (K/BxN, SKG, and
IL-1 receptor antagonist deficient mouse models) (Van de Wiele et al.,
2016; Rogier et al., 2017). However, the introduction of segmented
filamentous bacteria into germ-free mice caused the production of
autoantibodies and arthritis (Ivanov et al., 2009). Furthermore,
studies in rodents have shown that the intestinal microbial
community undergoes marked changes in the pre-clinical immune-
priming phase and precede the onset of inflammatory arthritis
(Rogier et al., 2017; Jubair et al., 2018; Doonan et al., 2019; Zhang
et al., 2019). In addition, differences in the gut microbiota before
arthritis onset between collagen-induced arthritis (CIA)-susceptible
and CIA-resistant mice are consistent with the view that bacteria can
influence RA development (Liu et al., 2016).

Alteration of the gut microbiota via fecal microbiota
transplantation (FMT) has been used to demonstrate the causal
relationship between arthritis and microbiome composition. FMT
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from mice susceptible to CIA into germ-free mice increased the
severity of arthritis. Similarly, the FMT enriched in Prevotella copri
from RA patients exacerbates the arthritis of SKG mice (Maeda et al.,
2016). In another study with mice, it was found that gut-induced
dysbiosis by oral inoculation of Porphyromonas gingivalis exacerbated
arthritis (Sato et al., 2017; Hamamoto et al., 2020). Conversely, it has
been demonstrated that oral administration of Prevotella histicola in
either preventive or therapeutic reduces arthritis severity (Marietta
et al., 2016).

In a recent study, Chriswell et al. showed that Subdoligranulum
didolesgii, a human gut commensal, triggers synovitis in the germ-free
DBA/1 mice, along with deposition of complement and
immunoglobulins (Chriswell et al, 2022). Significantly, mice
monocolonized with S. didolesgii developed arthritis without an
adjuvant trigger. Furthermore, serum transfer from arthritic mice
into gnotobiotic mice injected intraperitoneally led to a rapid onset
of arthritis.

Early administration of probiotics may be a potential strategy for
moderating clinical arthritis. Treatment with B. adolescentis before
arthritis can ameliorate inflammation through rebalancing immune
responses and modulating the gut-associated responses such as gut
microbiota, short-chain fatty acids (SCFAs), and gut permeability
(tight-junction proteins) in the CIA mouse model (Fan et al., 2020a).

To date, limited studies have assessed the relationship between
fungal gut microbiota, helminths, and RA. Lee et al. showed that
intraperitoneal injections of a fungal cell wall component (zymosan or
fungal B-glucan) into SKG mice in a specific pathogen-free induced
autoimmune arthritis. In contrast, injections of an antifungal agent
and antifungal cell wall component did not (Lee et al.,, 2022). In the
CIA mice model (male DBA/1), gastrointestinal helminths
(Heligmosomoides polygyrus and Trichuris muris) can protect
against intestinal mucosa inflammatory conditions by modulating
the gut microbiota and suppressing the inflammation associated with
gut dysbiosis. The ability of helminths to relieve CIA has been
attributed to their capacity to secrete molecules (ES-62) that exert
immunoregulation and limit host pathology (Doonan et al., 2019).

These findings indicate that some gut bacteria species and fungi
can induce arthritis in a genetically predisposed animal. Interestingly,
significant changes in the fecal microbiota composition occur during
pre-clinical and early onset arthritis stages of the CIA model.
Therefore, gut dysbiosis plays a role in arthritis pathogenesis in
various animal models of RA.

In recent years, studies have explored the association of gut
microbiota with RA. Multiple studies have demonstrated that the gut
microbiota composition on fecal samples differs between RA patients
and healthy controls (HCs) (Scher et al,, 2013; Zhang et al.,, 2015; Chen
et al., 2016; Maeda et al., 2016; Pan et al., 2017; Yue et al., 2019;
Kishikawa et al., 2020; He et al.,, 2022; Wang et al., 2022a). Despite
discrepancies about the species involved, certain intestinal bacteria
appear to be the link between gut dysbiosis and RA (Table 1). These
findings suggested that gut bacteria can contribute to the pathogenesis
of RA. In a recent meta-analysis, gut dysbiosis in RA patients was
characterized by a depletion of anti-inflammatory butyrate-producing
bacteria (i.e., Faecalibacterium) and enrichment of pro-inflammatory
bacteria (i.e., Streptococcus) (Wang et al., 2022b).
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At the family level (at the species level)

16sRNA, 16S rRNA sequencing; Cs, conventional synthetic; DMARDs, Disease-Modifying anti-rheumatic drugs; e-RA, Established RA; MTX, methotrexate; MWAS, Metagenome-wide association study; NA, Information not available; WGS, Whole-genome shotgun

sequencing; PDN, prednisone; p-RA, preclinical RA stage.

! Anticitrullinated protein autoantibodies (ACPAs) positivity and-or rheumatoid factor (RF) positivity or musculoskeletal symptoms with or without undifferentiated arthritis.

*Anti-CCP positive individuals with nonspecific musculoskeletal symptoms and without clinical evidence of synovitis.
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Although the underlying mechanisms of the gut-joint axis still
need to be investigated in more detail, new data suggest that gut
microbiota is likely among the key players within the gut—joint axis.
Gut dysbiosis precedes the onset of disease and could lead to changes
in systemic immune responses, loss of tolerance, and the development
of arthritis (Wang et al., 2022b). Notably, modifications in gut
microbiota showed beneficial effects on symptom relief in animal
models of RA, which were associated with the modulation of the
immune response (Horta-Baas et al., 2021). However, the precise
underlying mechanisms by which gut dysbiosis induces the
development of arthritis remain unknown. This review aimed to
highlight the mechanisms by which gut dysbiosis plays a role in the
pathogenesis of RA.

Mechanisms that account for the gut-
joint axis in RA

Researchers have continued exploring the underlying
mechanisms linking gut dysbiosis to RA in recent decades.
Evidence suggests that gut dysbiosis can contribute to arthritis
susceptibility through multiple pathways. Alterations in gut barrier
function, molecular mimicry, alterations in the ratio of T helper 17
(Th17)/regulatory T (Treg) cells, an imbalance of T follicular helper
cells (Tth)/T follicular regulatory (Tfr) cells, cross-talk between
microbiota-derived metabolites and immune cells, and alterations
in the gut microenvironment are the mechanism proposed to explain
a gut-joint axis through the interaction of gut microbiota with the
host immune system (Figure 1) (Larsen, 2017; Picchianti-Diamanti
et al., 2018; Zhang et al., 2020; Iljazovic et al., 2021a).

Alterations in gut barrier function

Gut barrier function is part of the host’s defense against
microorganisms, preventing pathogens from invading the intestine
into the systemic circulation and extra-intestinal tissues and
triggering immune responses (Correa-Oliveira et al.,, 2016; Xu et al,,
2022b). The gut mucosal barrier, a monolayer of intestinal epithelial
cells connect via tight junctions, separates the host from enormous
amounts of antigens of both dietary and microbial origin. Mucus
plays a vital part in this barrier by permitting access to host tissue for
many diffusive molecules while limiting both the entry and
colonization of microbes (Foster et al., 2017).

Zonulin is an enterotoxin secreted by enterocytes in response to
dietary and microbial stimuli that disengages proteins zonula
occludens-1 (ZO-1) and occludin from the tight junction (T7)
complex, leading to intestinal barrier damage, an increased
permeability, translocation of bacterial products in the blood, and
initiation of inflammatory responses (Xu et al., 2022b; Tajik et al.,
2020; Audo et al,, 2022). Zonulin induces T-cell-mediated mucosal
inflammation and may control immune cells’ transmigration from
the gut into the joints (Tajik et al., 2020).

The gut barrier is controlled by fine-tuned communications
between gut microbiota and the host immune system (Litvak et al,
2018). Luminal antigen sampling by enterocytes via the transcellular
pathway and dendritic cells regulates molecular trafficking between
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FIGURE 1

Mechanisms explained the relationship between intestinal dysbiosis and the development of rheumatoid arthritis.

the intestinal lumen and the submucosa, leading to either tolerance or
immune response to non-self. The loss of mucosal barrier function
affects bacterial and antigen trafficking and allows microbes and their
products to cross into the lamina propria and sub-epithelial spaces.
The interaction of Toll-like receptors (TLR) and pathogen-associated
molecular patterns (PAMP) on microbes have the potential to activate
the immune system, leading to the production of pro-inflammatory
cytokines such as interleukin (IL)-6 (IL-6), tumor necrosis factor-
alpha (TNF-o), or IL-1P to eliminate the pathogen (Chiang et al.,
2019; Opoku et al., 2022; Parantainen et al., 2022).

The disruption of the epithelial barrier function occurs in the pre-
clinical phase of RA in murine models and humans (Tajik et al., 20205
Audo et al,, 2022). Gut dysbiosis might trigger the breakdown of gut
barrier integrity and the leakage of microbiota or their metabolites
into gut tissue and even venous or lymphatic circulation, enabling
exposure of the immune cells to bacterial antigens leading to local and
systemic inflammation, increased pro-inflammatory cytokines such
as TNF-o and IL-17A, and differentiation of autoreactive Th17 cells
(Figure 2) (Berthelot et al., 2019; Chiang et al., 2019; Man et al., 2020;
Tajik et al., 2020; Garabatos and Santamaria, 2022; Zhao et al., 2022).
The migration of self-reactive cells to the joints can cause cartilage
and bone damage (Zhao et al,, 2022).

Translocation of gut bacteria (dead or alive) to joints from the
intestine may lead to joint inflammation in RA patients. In agreement
with these findings, some studies demonstrated that DNA from a
variety of bacterial species (Prevotella, Fusobacterium, Porphyromonas,
and Bacteroides) or bacterial cell wall constituents had been observed in
serum and synovial fluids from RA patients (van der Heijden et al.,
2000; Reichert et al., 2013; Zhang et al,, 2015; Larsen, 2017; Zhao et al.,
2018; Cheng et al., 2022). A recent study demonstrated that microbial
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invasion of the joint synovial fluid happens in the fourth stage of RA
(RAS4) and that Prevotella copri was also found abundant in most
synovial fluid samples of RA patients in RAS4 (Cheng et al., 2022).

It is still unclear how this bacterial nucleic acid (and perhaps still
living bacteria from microbiota) reaches cartilage. Possible
mechanisms, including bacteria or their components, are transported
to the joints via the mesenteric lymphoid organs or the bloodstream.
Another possibility includes that bacterial DNA is secondary to the
migration of immune cells trafficking from the intestine harboring
DNA (macrophages or leukocytes) (van der Heijden et al., 20005
Martinez-Martinez et al., 2009; Temoin et al., 2012; Berthelot et al.,
2019; Cheng et al, 2022). Tajik et al. show that zonulin-dependent
transmigration of immune cells from the gut into the joints occurs
during the onset of arthritis. Furthermore, larazotide (a zonulin
antagonist) treatment attenuated the enhanced intestinal permeability
and blocked the migration of immune cells from the intestine to the
joints (Tajik et al., 2020).

Enterobacteriaceae and Klebsiella’s lipopolysaccharide (LPS)
could promote inflammation by increasing intestinal permeability
(Chiang et al., 2019). The fiber-containing diet in mice colonized with
P. copri increased inflammatory cytokine production, adaptive
immunity activation, and gut barrier dysfunction (Jiang et al,
2022). In rodents, intestinal inflammation occurred earlier than the
onset of arthritis, and restoration of the intestinal barrier by probiotics
(Bifidobacterium adolescentis), butyrate, or using larazotide, was
found to attenuate arthritis (Tajik et al., 2020; Fan et al, 2020a;
Audo et al.,, 2022).

New-onset RA (NORA) patients had altered gut barrier integrity
with lower expression of TJ proteins occludin and claudin-1 in
intestinal epithelial cells on ileal mucosal and decreased ZO-1 in
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Effect of intestinal dysbiosis on intestinal permeability and B and T cell polarization during the development of rheumatoid arthritis. Increased Zonulin secretion is
followed by increased intestinal permeability (“leaky gut”) associated with the disassembly of ZO-1 protein from the tight junction complex. Bacteria or their
components are transported to the joints via secondary lymphoid organs or the bloodstream. After encountering the microbiota-derivated antigen presented by
antigen-presenting cells (APCs), naive CD4+ T cells differentiate into various subsets, including at least Thl, Th17, and Tth cells.

the colon, as well as increased serological gut permeability markers
(i.e., zonulin/ZRPs, LBP and sCD14) (Tajik et al, 2020; Audo
et al., 2022).

The gut microbiota produces metabolites that can maintain
intestinal barrier function. Butyrate, a microbiota-derivated
metabolite, contributed to the intestinal barrier function by
multiple mechanisms. Butyrate increased the expression of the TJ
protein claudin-1 and induced the redistribution of the TJ proteins
occludin and ZO-1 in the cellular membrane (Tajik et al., 2020; Xu
et al,, 2022b). These protective effects seem largely concentration-
dependent, with higher doses causing epithelial barrier disruption
(Blaak et al., 2020).

Furthermore, butyrate is an essential regulator of intestinal barrier
function through stimulation of mucin synthesis and quality (Blaak
et al, 2020; Marazzato et al., 2022). Luminal-derived butyrate is a
primary form of energy for the epithelial cells; 70% of the total
amount of oxygen consumed by human colonocytes in vitro was used
for butyrate oxidation (Correa-Oliveira et al., 2016; Van de Wiele
et al,, 2016; Kang et al., 2017; Lin and Zhang, 2017; Cani, 2018; Blaak
et al, 2020; Fan et al,, 2020b). These findings showed that butyrate is
essential for a healthy colonic epithelium. Similarly, Indole-3-
formaldehyde (3-IALD), a tryptophan metabolite, plays a role in
maintaining intestinal epithelial barrier integrity and suppressing
inflammatory responses dependent on AHR/IL-22 in mice (Xu
et al., 2022b).
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Some studies have investigated the mechanisms by which
intestinal bacteria can alter the permeability of the intestinal
barrier. Studies in vitro and in murine models of arthritis have
demonstrated the arthrogenic role of Collinsella. In vitro
experiments showed that the CACO-2 cell line cultured in the
presence of Collinsella aerofaciens enhances gut permeability by
decreasing the expression of tight junction protein ZO-1 in
epithelial cells (Chen et al., 2016). In the humanized murine model
of arthritis, DQ8 mice orally gavaged with C. aerofaciens showed an
increase in gut permeability, and inoculation of C. aerofaciens into
CIA-susceptible mice induces severe arthritis (Zhang et al., 2015;
Chen et al., 2016). The overabundance of Collinsella in the gut
microbiome has been reported in RA patients (Chen et al., 2016; El
Menofy et al., 2022; Ruiz-Limon et al., 2022). In a recent study, C
aerofaciens was elevated exclusively in early RA (Cheng et al., 2022).
Therefore, the overabundance of C. aerofaciens might contribute to
the early breach in gut barrier integrity. In another study, the
expansion of Collinsella was independently associated with
2022).
These findings suggest that the genus Collinsella seems to have an

inflammatory activity in RA patients (Ruiz-Limon et al,

essential role in the pathogenesis of RA and its severity.

Similarly, the mucin-degrading activity of Akkermansia
muciniphila can affect gut barrier function (Lin and Zhang, 2017).
In the CIA mouse model, an overabundance of A. muciniphila was
observed at the onset of arthritis (Peng et al., 2019). In one study,
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patients with active RA had a higher relative abundance of
Akkermansia than those with inactive RA (Chiang et al, 2019).
This effect may be related to its ability to degrade mucus and thus
increase the exposure of resident immune cells to gut microbial
antigens (Chiang et al.,, 2019). Furthermore, Akkermansia has also
been associated with pro-inflammatory pathways, including the
upregulation of B- and T-cell receptor signaling and the induction
of M1-like macrophage response (Fan et al., 2021).

On the other hand, a probiotics-rich diet has been reported to
ameliorate some RA symptoms by restoring barrier mechanisms in
the gut mucosal (Opoku et al.,, 2022). Therapeutic administration of
human gut-derived Prevotella histicola reduced the incidence and
severity of CIA. P. histicola increased expression of ZO-1, preserving
gut epithelium integrity in the context of inflammation (Marietta
2016). Lactobacillus and Bifidobacterium could limit the
development of autoimmune diseases in genetically susceptible

et al,

individuals by increasing the expression of TJ proteins (Hills et al.,
2019). Bacteroides fragilis sphingolipids promote gut barrier integrity
(Garabatos and Santamaria, 2022).

Molecular mimicry

Gut bacteria can activate the immune system and trigger T-cell
responses against self-antigens by molecular mimicry (Jethwa and
Abraham, 2017; Zhang et al., 2020). The molecular mimicry or
crossreactivity hypothesis proposes that an exogenous substance
(i.e, a microbial agent with antigenic similarity to self-antigens)
may trigger an immune response against self-antigens (Rashid and
Ebringer, 2012). Prevotella contributes to arthritis development in
mice by activating autoreactive T cells specific for the arthritis-
relevant autoantigen Ribosomal Protein L23a (RPL23A) (Garabatos
and Santamaria, 2022). Similarly, peptides derived from Bacteroides
fragilis, Candida albicans, and Streptococcus sanguis are similar to
collagen-type-II and induced cross-reactive responses in the CIA
model (Costalonga et al., 2002; Yordanov et al., 2005; Zheng et al.,
2020; Zhou et al., 2020).

Pianta et al., using discovery-based proteomics to detect HLA-
DR-presented peptides in synovia or peripheral blood mononuclear
cells, identified N-acetylglucosamine-6-sulfatase (GNS) and filamin A
(FLNA) as targets of T and B cell responses in 52% and 56% of RA
patients, respectively. GNS and FLNA were present in synovial fluid
and inflamed synovial tissue (Pianta et al, 2017). The HLA-DR-
presented GNS peptide has an evident homology with epitopes from
Prevotella sp. (arylsulfatase protein) and Parabacteroides sp. (protein
N-acetylgalactosamine-6-sulfatase). Similarly, the HLA-DR-
presented FLNA peptide has homology with epitopes from proteins
of Prevotella sp. (WP_028897633) and Butyricimonas sp.
(WP_065219401.1). Therefore, sequence homology between T cell
epitopes of two self-proteins and multiple gut microbial peptide
epitopes may link gut microbiota and autoimmunity in RA.

Zhang et al. (Zhang et al,, 2015) describe several gut microbial
proteins as molecular mimicry for human self-antigens (collagen XI
and HLA-DR4/1). Molecular mimicry of RA-associated antigens such
as Collagen XI by gut microbial genes from Clostridium, Eggerthella,
Gordonibacter, Bacteroides, Eubacterium, Klebsiella, Coprococcus, and
Citrobacter was also suggested, with a number of the genes belonging
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to metagenomic linkage groups enriched in RA gut samples. RA-
enriched genes from Citrobacter, Allistipes, Clostridium, Shigella,
Bacteroides, Ruminococcus, Escherichia, Collinsella, and Klebsiella
mimicked motifs in HLA-DRBI*04013.

Microbial antigens can be presented to CD4+ T cells by dendritic
cells and macrophages, leading to the differentiation of inflammatory
T cell subtypes. Therefore, molecular mimicry may partly explain the
relationship between alterations in intestinal barrier function and the
development of autoimmunity in RA patients.

Gut dysbiosis induces the development of
chronic inflammation and autoimmunity

The leading site of inflammation RA is the synovium, which
includes a cellular surface layer of macrophages and fibroblast-like
synoviocytes and an underlying tissue layer that contains fibroblasts,
blood vessels, and lymphatics arrayed within a loose collagenous
matrix. Immune cells ingress into the synovium is a critical process in
the pathogenesis of RA (Qu et al., 2019). Pro-inflammatory cytokines
and chemokines stimulate macrophages, neutrophils, T cells, and B
cell infiltration (Block et al., 2016). Thl and Th17 cells produce
excessive pro-inflammatory cytokines, stimulating B cells to produce
autoantibodies and macrophages to produce pro-inflammatory
cytokines (Wang et al,, 2019¢; Fan et al, 2020a). These cytokines
lead to synovial hyperplasia, pannus formation, and destruction of
cartilage and joints. Pro-inflammatory cytokines induce fibroblasts to
produce matrix metalloproteinases and RANKL (receptor activator of
nuclear factor kB ligand), which mediate the destruction of bone and
cartilage tissue, leading to the development of RA (Zhao et al., 2022).

Gut dysbiosis can lead to inflammation in the intestinal mucosa
and tissue damage, promoting the loss of immune tolerance and the
development of autoimmunity (Inda et al., 2019). Gut microbiota,
primarily through microbiota-derived metabolites, has a role in
regulating T cell functions and could disrupt gut immune
homeostasis through abnormal antigen presentation and
modulating the adaptive immunity, especially in the polarization of
ndive T cells to Th17 cells and generation of autoreactive B cells (Lin
and Zhang, 2017; Wang et al., 2019b; Di Gangi et al., 2020; Zhang
et al., 2020; Garabatos and Santamaria, 2022; Marazzato et al., 2022).
Gut dysbiosis leads to inflammation by alterations in the ratio of
Th17/Treg cells and an imbalance of Tth/Tfr cells.

Gut microbiota can modulate the
Th17/Treg balance

Bacterial strains from the human intestine can regulate the
differentiation and activation of Th17 and Treg cells (Narushima
et al., 2014). Intestinal mucosa contains many Th17 and Treg cells
(Zhao et al., 2022). Th17 cells usually are in the gut in a microbiota-
dependent manner, maintaining tissue homeostasis and fighting
against extracellular bacteria and fungi. Contrarily, intestinal Treg
cells maintain immune tolerance to dietary antigens and gut
microbiota, retain tolerance to self-antigens, and suppress the
activation and proliferation of self-reactive effector T cells (Horta-
Baas et al., 2017; Haase et al., 2018; Schinnerling et al., 2019; Sun et al.,
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2019). Microbiota-induced Tregs attenuate intestinal damage caused
by exaggerated immune responses against pathogens (Kamada et al,
2013). Under physiological conditions, the functions of Th17 and
Treg cells are in balance (Chiang et al., 2019).

Th17 mainly secrete IL-17 and IL-22 and intervenes in developing
chronic immune-mediated inflammatory diseases, including RA
(Feng et al., 2022). IL-17A is a potent inducer of matrix
metalloproteinases, recruits neutrophils to the joint, and stimulates
osteoclastogenesis resulting in cartilage and bone destruction
(Amdekar et al., 2013; Pineda et al., 2014; Lee et al., 2015; du Teil
Espina et al, 2019; Huang et al., 2019; Marazzato et al., 2022).
Alteration in the ratio between Th17 and Treg cells plays a crucial
role in the early phase of RA development (Figure 2) (Lee et al,, 2015;
Marazzato et al., 2022).

Gut-derived Th17 cells are thought to be essential in the link
between gut microbiota and RA (Buckley and McGettrick, 2018). In
animal models of arthritis, a pathogenic role of gut-derived Th17 cells
has been demonstrated (Table 2). Microbiota from CIA-susceptible
mice showed an altered ratio of Th17/Tregs cells, characterized by
increased Th17 cells and reduced Treg cells (Pineda et al., 2014; Liu
et al, 2016; Wu et al,, 2018). Before the onset of CIA, Th17 cells
aggregate in germinal centers. The release of autoantibodies and
cytokines into circulation carries them to tissues and organs,
leading to the activation of macrophages culminating in the release
of pro-inflammatory cytokines (IL-6, IL-1, TNF-o, and IL-17). Germ-
free mice conventionalized with the gut microbiota from CIA-
susceptible mice, which have higher levels of serum IL-17, develop
greater severity of arthritis (Liu et al., 2016). Maeda et al.
demonstrated that FMT from RA patients in germ-free SKG mice
could activate autoreactive T cells and an increased number of Th17
cells in the intestine compared with SKG mice inoculated with fecal
microbiota of HCs (Maeda et al., 2016).

On the contrary, some bacterial gut microbiota species exert an
anti-inflammatory effect by stimulating Treg cells. Therapeutic

10.3389/fcimb.2023.1092118

administration (preventive or therapeutic approach) of human
gut-derived P. histicola reduced the incidence and severity of CIA
in HLA DQ8-transgenic mice by triggering the generation of IL-10-
producing Treg cells, decreasing Th17 responses in the intestine and
CD11¢+CD103+ dendritic cells in the gut and the spleen (Marietta
et al., 2016). Rats orally gavaged with B. adolescentis before
immunization had significantly higher Tregs frequency and lower
TNF-o than that in the late B. adolescentis treated group (Fan
et al., 2020a).

In the mouse gut, colonic Treg induced by Clostridium bacteria
are vital players in gut homeostasis and prevent colitis (Alameddine
et al, 2019). In the human colon microbiota, Clostridium IV
Faecalibacterium prausnitzii induces the formation of Treg cells via
the activation of dendritic cells and causes the secretion of IL-10 by T
cells (Garabatos and Santamaria, 2022; Wang et al., 2022b). Another
gut bacteria, Bacteroides fragilis, via its carbohydrate antigen
polysaccharide A (PSA), may promote the differentiation of Treg in
vitro or mice through dendritic cell modulation. Furthermore, PSA
stimulates Treg cells and suppresses Th17 cell responses through an
IL-2-dependent mechanism (Horta-Baas et al., 2017).

In humans, gut bacteria have been shown to influence the
polarization of T-cell subpopulations. At the phylum level,
Verrucomicrobiota showed a positive correlation with the absolute
number of Tregs, while Firmicutes showed a negative correlation with
the total number of Th17 cells in RA patients (Wang et al., 2022a).
Increased abundance of Prevotella and Collinsella in patients with RA
are correlated with the production of Th17 cell cytokines. Bacterial
species associated with increased Th17 or Treg are presented in
Figure 1 (Liu et al, 2016; Sun et al., 2019; Fan et al., 2020b;
Garabatos and Santamaria, 2022; Yang et al., 2022). Human-
derived Clostridia are potent inducers of Treg cells (Narushima
et al,, 2014). Bacterial strains belonging to Clostridia cluster IV and
XIVa stimulate the secretion of transforming growth factor beta
(TGF-B) by intestinal epithelial cells, promoting the expansion of

TABLE 2 Summary of possible underlying mechanisms by which intestinal dysbiosis contributes to the development of arthritis in rodents with collagen-

induced arthritis.

Model Animal

Marietta CIA

et al.

DBA/1 mice

Mice gavaged with P. histicola showed reduced IL-2, IL-17, TNF-a, and increased IL-4 and IL-10.
Mice treated with P. histicola showed a reduction in anti-CII antibodies.

Mice treated with P. histicola had increased numbers of CD103+ intestinal dendritic cells.

P. histicola treated mice had a significantly lower gut permeability.

Key findings

Hiu et al. CIA DBA/1] mice

The butyrate treatment alleviated arthritis severity.

IL-1B, IL-6, and IL-17A were significantly downregulated in the butyrate group. In contrast, butyrate upregulated the mRNA
expression level of IL-10 in synovial tissues.
Butyrate promoted the polarization of Treg but not Th17 cells.

Xu et al. CIA

Sprague—
Dawley rats

Did not find a correlation between changes in gut bacteria

and changes in amino acids metabolites (tryptophan, histidine, and phenylalanine)

Gut dysbiosis was characterized by bacteria related to butyrate metabolism.

Tripterygium glycosides could lead to a variation in metabolites in the tryptophan and phenylalanine pathways.

Jiang etal. = CIA DBA/1] mice

mesenteric lymph nodes.

Tajik et al. | CIA DBA/1] mice

Frontiers in Cellular and Infection Microbiology

P. copri was capable of activating the TLR4 pathway and producing LPS-induced inflammation.
The fiber-containing diet-fed (FCD) mice displayed elevated levels of anti-collagen antibodies and more Th17 cells in the

Intestinal inflammation and an increase in intestinal permeability precede the onset of arthritis.
Thl and Th17 cells accumulate in the intestine before arthritis onset.

Butyrate levels drop before the onset of arthritis,

Reducing intestinal barrier permeability attenuates arthritis.
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Treg cells in the colonic lamina propria (Kamada et al., 2013; Lin and
Zhang, 2017; Sun et al,, 2019).

The Th17/Treg cells ratio is skewed in favor of Th17 cells in RA
patients compared to controls. One study demonstrated an alteration in
Th17/Treg balance, with higher Th17 levels and lower Treg levels in the
peripheral blood, from early RA patients compared to HCs (Marazzato
et al,, 2022). Furthermore, RA patients present an impaired function of
circulating Treg cells and an increase in Th17 cells in plasma and
synovial fluid (Horta-Baas et al., 2017). Treg cells in RA patients show a
decreased suppressive activity, which can be related to the potential of
Treg cells to convert into Thl-like Treg cells, secreting interferon-
gamma (INF-y) as well as Th17-like Treg cells, secreting IL-17 (Haase
etal, 2018; Fan et al., 2020b). In a recent study, Wang et al. found that
the number of Tregs and Th17/Tregs ratio were negatively correlated
with disease activity in RA patients (Wang et al., 2022a). In another
study, Chiang et al. demonstrated a positive correlation between the
abundance of the phylum Euryarchaeota with serum levels of IL-6 or
IL-17A (Chiang et al, 2019). These results indicate a correlation
between gut microbiota and RA disease activity.

Gut microbiota can modulate the
Tfh/Tfr balance

The production of antibodies occurs through B cells, which
require Tth cells for activation. B cells produce antibodies against
extracellular pathogens and toxins. Antibodies are produced within
germinal centers, regulated by interactions between B, Tth, and Tfr
cells (Ribeiro et al., 2022). Tth cells are a CD4 T cell lineage that
interacts with B cells to form germinal centers, promote
differentiation into plasma cells, promote class-switching, somatic
hypermutation, and the generation of high-affinity antigen-specific
memory B cells and antibody-producing cells (Diamanti et al., 2016;
Wang et al., 2019b; Zeng et al., 2022). Therefore, Tth cells control
initiation and the outcome of the germinal center B cell response. IL-6
and IL-21 can induce naive CD4+ T cells to differentiate into Tth cells.
Furthermore, IL-21 produced by Tth cells is a factor that potently
promotes B cell activation (Xie et al., 2019).

Microbial antigens can induce differentiating of B cells, with the
help of Tth cells, to plasma cells. Segmented filamentous bacteria are
responsible for the induction of Tth cells in Peyer’s patches (PP).
Using the K/BxN mice model, Teng et al. demonstrated that PP Tth
cells were essential for segmented filamentous bacteria-induced
arthritis despite producing auto-antibodies occurring in systemic
lymphoid tissues, not PP. Consequently, gut microbiota can
regulate arthritis development by driving the induction and gut Tfh
cells migration to the systemic lymphoid tissues and inducing
autoantibody production (Teng et al., 2016).

Excessive Tth cell activity can lead to autoimmunity. The proper
regulation of Tth cell differentiation is essential for normal immune
function and for preventing autoimmune disease. Tfr cells can
suppress Tth cell-mediated humoral immunity by downregulating
the production of effector cytokines such as IL-4, IFN-vy, and IL-21,
which are essential for B cell activation and class switch
recombination (Wang et al., 2019b; Takahashi et al., 2020).
Consequently, Tfr cells maintain tolerance during the B cell
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response. The increase of Tth and decrease in the number of Tfr
cells are associated with the growth of self-reactive B cells, which lead
to the production of high levels of self-reactive autoantibodies (Xie
et al., 2019; Wang et al., 2019¢; Cao et al.,, 2020; Takahashi
et al., 2020).

Self-reactive antibodies are present in approximately 70 to 80% of
RA patients (Table 1). Some studies show that the imbalance of Tth
and Tfr cells may be involved in the association between intestinal
dysbiosis and RA pathogenesis. Block et al. demonstrated that
antibiotic treatment of IL-17-deficient mice inhibited arthritis,
refuting the concept of a role for Th17 cells in gut-regulated K/BxN
mice-induced arthritis. Instead, the authors proposed that the ability
of the gut microbiota to regulate arthritis was dependent on Tth cells
(Block et al., 2016). In another study, Zeng et al. showed that Tth and
Tfr cells were increased in spleen germinal centers in the CIA mice
model and their levels and functions returned to normal after the
anti-TNF-a and anti-IL-1f treatment (Zeng et al., 2022). Although
the Tfh/Tfr ratio did not change significantly, the relative
enhancement of B cell function remained as the final result, which
may be related to the relatively higher Tth cell level.

Two studies in experimental models report a relationship between
microbiota-derivated metabolite butyrate and alterations with Tth/Tfr
cells. Dietary butyrate supplementation conferred anti-inflammatory
benefits in a CIA mice model (DBA/1). A butyrate-rich diet started on
the first day of collagen immunization significantly lowers the overall
incidence of arthritis and reduces the severity of joint inflammation.
These effects were explained by rebalancing Tth cells and Tregs and
reducing antibody production (He et al, 2022). In another study,
butyrate prevented arthritis development in the CIA and SKG mice
model. However, butyrate does not prevent collagen antibody-induced
arthritis (CAIA) or the development of CIA when butyrate begins after
booster immunization. These findings suggested that butyrate
suppresses the initial phase of Tth cell-mediated autoimmune
responses rather than the effector phase of arthritis development
(Takahashi et al., 2020).

In RA patients, a reduced number of Tfr cells has been associated
with the elevation of autoantibodies and disease severity (Takahashi
etal., 2020). Wang et al. have shown that both circulating Tth and Tfr
cells were increased in RA patients compared with HCs. The percent
Tth cells positively correlated with the serum levels of serum RF,
ACPA, and disease activity score in 28 joints (DAS28) index.
Conversely, the Tfr/Tth ratio was negatively correlated with the
level of serum RF, ACPA, and DAS28 (Wang et al, 2019c¢).
Similarly, Cao et al. found that peripheral blood Tth cells were
increased in RA patients, while the frequency of Tfr cells and the
ratio of Tfr/Tth were significantly decreased compared to HCs.
Furthermore, the Tfr/Tfth ratio was positively correlated with RF
and negatively correlated with the DAS28 index (Cao et al., 2020).

In another study, Ribeiro et al. reported that the frequency of
circulating Tth and Tfr cells was decreased in patients with RA and
that the Tfr/Tth ratio was similar to HCs (Ribeiro et al., 2022). These
results show inconsistent results on the role of the Tfr/Tth ratio in the
pathogenesis of RA. Further studies are required to determine the role
of alterations in Tth and Tfr cells in RA’s pathogenesis and whether
the gut microbiota modulates these cells during the development
of arthritis.
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Cross-talk between microbiota-derived
metabolites and immune cells

Recent works revealed that the relationship between gut dysbiosis
and RA could be mediated by gut microbiota-derived metabolites (Yu
et al, 2021; Yao et al,, 2022). Microbiota-derived metabolites are
critical for immune regulation (Haase et al., 2018; Iljazovic et al,
2021b; Yang et al,, 2022). Gut dysbiosis may lead to alterations in fecal
metabolites, and a deficiency of beneficial bacteria and their
metabolites may stimulate the inflammatory response (Yu et al,
2021). Among gut bacterial metabolites, SCFAs, amino acids, and
their metabolites have been implicated in the pathogenesis of RA
(Chen et al., 2021).

Short-chain fatty acids

SCFAs are small organic acids produced by intestinal bacteria
through the fermentation of the cecum and colon’s undigested food
components (mainly dietary fiber and carbohydrates) (Marazzato
et al., 2022). SCFAs can regulate multiple metabolic pathways both in
the gut and outside the intestine and are associated with a variety of
physiological processes, such as energy balance, maintenance of the
intestinal barrier, sugar/lipid metabolism, and immunomodulatory
properties, thus contributing to disease prevention (Xu et al., 2022b).

The main SCFAs produced by intestinal bacteria in the human
gut are acetate, propionate, and butyrate. Other SCFAs, include
pentanoate, hexanoate, and heptylate (Jiang et al., 2022). Gram-
negative bacteria, such as Bacteroides, primarily generate propionate
and acetate, whereas gram-positive bacteria, such as Firmicutes,
produce large amounts of butyrate (Lin and Zhang, 2017; Lee et al.,
2019; Zhang and Frenette, 2019; Marazzato et al., 2022). Propionate
and acetate are absorbed at the gut level and pass through
bloodstream circulation, reaching and affecting distant tissues.
Conversely, butyrate carries on its functions within the gut
(Marazzato et al., 2022). The concentration of fecal SCFAs depends
on dietary intake, the host’s gut microbiota community and host-
microbiota metabolite flux, and the liver’s and small intestine’s
absorptivity (Fan et al., 2020a).

The immunomodulatory properties of SCFAs are related to their
effect on the innate and acquired immune system cells by inhibiting
histone deacetylase (HDACs) (Correa-Oliveira et al., 2016; Lee et al.,
2019). SCFAs could regulate neutrophils and macrophages and thus
modulate the magnitude of inflammatory responses (Zhang and
Frenette, 2019; Man et al., 2020; Wang et al., 2020). Acetate and
propionate activate cell surface receptor GPR43 to induce neutrophil
chemotaxis (Hills et al., 2019). Both in vivo and in vitro studies have
demonstrated that SCFAs stimulate the polarization of M2
macrophages, which mainly exert an anti-inflammatory function
(Jiao et al,, 2020). At the level of intestinal macrophages, SCFAs
cause down-regulation of the pro-inflammatory cytokine profile (Jiao
et al., 2020). Furthermore, SCFAs play a role in colonic Treg cell
homeostasis, reduced IgG, IgA, and IgE secretion, and plasma cell
differentiation in human B cells in a dose-dependent manner (Xu
et al., 2022b)
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Neutrophils play essential roles in the pathogenesis of RA by
promoting inflammation and facilitating autoantibody production
(Cecchi et al., 2018; Zhang and Frenette, 2019; Aa et al., 2020). In RA,
increased recruitment of neutrophils in synovial fluid occurs at the
onset of this disorder (Zhang et al., 2015). Macrophages are one of the
most abundant cell types in the synovium and are centrally involved
in the pathogenesis of RA (Mondanelli et al., 2019; Yang et al., 2020).
Activated synovial macrophages produce cytokines (IL-1f, IL-6, and
TNF-0) that promote T-cell polarization and inflammation by
activating a wide range of immune and non-immune cells (e.g.,
fibroblast and osteoclast) (Yang et al., 2020).

Results on differences between fecal SCFAs concentrations in RA
patients compared to HCs demonstrate a reduced amount of SCFAs
in samples of RA patients. In one study, levels of acetate, propionate,
butyrate, and valerate were decreased in RA patients (Yao et al., 2022).
In another study, early-RA patients presented significantly reduced
propionate levels (Marazzato et al., 2022). Similarly, Takahashi et al.
and Rosser et al. showed that the stool concentrations of butyrate
were significantly lower in new-onset RA patients and inactive RA
patients, respectively (Rosser et al., 2020; Takahashi et al., 2020). He
et al. reported significant reductions in serum and stool butyrate levels
in RA patients (He et al., 2022). Conversely, in Rosser et al. study,
there was no difference in propionate or butyrate but a significant
increase in acetate levels in serum samples of RA patients compared
to HCs.

SCFAs play a role in colonic Treg cell homeostasis.
Administration of SCFAs to mice with CIA can reduce the severity
of arthritis by their ability to increase Foxp3+IL-10-producing Tregs
(Smith et al., 2013). In another study, SCFAs positively correlated
with Tregs and negatively correlated with pro-inflammatory
cytokines (IL-17A, IL-6, TNF-a) in CIA rats (Fan et al, 2020a). In
RA patients, the levels of acetate, propionate, and butyrate positively
correlated with the frequency of B cells (Yao et al., 2022). SCFAs can
diminish B cell differentiation and the production of autoantibodies
(Piper et al.,, 2019; Yao et al,, 2022). In addition, the production of
SCFAs is one of the proposed mechanisms by which gut microbiota
affects Treg cell differentiation (Yang et al., 2022). Colonization with
Clostridia induces differentiation of peripheral Treg cells that have a
critical role in suppressing inflammatory responses (Lin and
Zhang, 2017).

Butyrate

Butyrate is the most extensively investigated SCFAs (Hui et al.,
2019). Butyrogenic bacteria are strictly anaerobic and oxygen-
sensitive saccharolytic bacteria from the Firmicutes phylum.
Clostridia clusters IV and XIVa, Bacteroides fragilis,
Ruminococcaceae, and Eubacterium are the mainly intestinal
bacteria producers of butyrate (Mizuno et al., 2017; Rogier et al,
2019; Takahashi et al., 2020; Wang et al., 2020).

Butyrate is critically involved in maintaining mucosal integrity
and immune regulation (Guo et al., 2019; Lee et al., 2019; Garabatos
and Santamaria, 2022; Wang et al., 2022b). The butyrate drives the
metabolism of surface colonocytes toward mitochondrial beta-
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oxidation of fatty acids, which is essential for maintaining epithelial
hypoxia (Litvak et al, 2018). Gut epithelial cells directly take up
butyrate, and a lack of butyrate is associated with immune
dysregulation in the intestine (Foster et al., 2017).

Butyrate has anti-inflammatory properties by regulating
inflammatory gene expression and induction of Treg cells (Foster
etal, 2017). Butyrate regulates pro-inflammatory cytokine expression
(e.g., IL-1, IL-6, TNF-0), inhibits the expression of LPS-induced
cytokines, inhibits LPS-mediated macrophage migration, modulates
the function of dendritic cells (increased phagocytic activity and
reduced T-cell stimulatory capacity), promoted conversion of naive
T-cells into immunosuppressive Treg (Hui et al., 2019; Blaak et al,,
2020; Wang et al, 2020). Butyrate suppresses pro-inflammatory
effectors in lamina propria, macrophages, neutrophils, and
differentiation of dendritic cells (DCs) from bone marrow stem cells
via HDACs inhibition or suppressing the NF-kB activation (Correa-
Oliveira et al., 2016; Koh et al., 2016; Wang et al., 2020).

There is mechanistic evidence for the effect of butyrate on
mucosal immunity and inflammation, mainly from cell lines and
animal models. In vitro, DCs treated with butyrate increase the
expression of indoleamine 2,3-dioxygenase 1 and aldehyde
dehydrogenase 1A2. These enzymes attenuate the immune
activation through tryptophan depletion and the generation of
retinoic acid, a molecule with immunosuppressive properties
(Correa-Oliveira et al., 2016). Butyrate increased IL-10 and IL-23
production by macrophages and DCs (Correa-Oliveira et al., 2016;
Mizuno et al., 2017; Wang et al., 2019a).

The effects of butyrate in relieving arthritis appear to occur
indirectly by modulating the function of immune cells, especially
Treg cells. In cell cultures, the treatment of butyrate on naive T cells
cultured under the Treg-cell-polarizing conditions promoted the IL-
10 expression of Treg cells and further inhibited the pro-
inflammatory cytokines secreted by Th17 cells (Hui et al., 2019).

In CIA, butyrate treatment attenuated arthritis onset, decreased
serum zonulin concentrations, and reduced inflammation-mediated
small intestinal shortening (Tajik et al., 2020). In the antigen-induced
model of arthritis (ATA), in stool samples, there was a reduction of
butyrate and acetate levels during the acute and remission phase of
arthritis compared to pre-arthritic mice (Rosser et al., 2020).

The effects of supplementation with butyrate in the pathogenesis
of RA have been evaluated in experimental mouse models. Dietary
butyrate supplementation conferred anti-inflammatory benefits in a
mouse model of arthritis by rebalancing Tth cells and Tregs and
reducing antibody production. He et al. compared a butyrate-rich diet
(started on the first day of collagen immunization) to normal chow in
the CIA model (He et al, 2022). The butyrate supplementation
increased butyrate levels in stool and blood, accompanied by a
significantly lower overall incidence of arthritis, reduced severity of
joint inflammation, and milder arthritis. Dietary butyrate
supplementation increased serum IL-10 levels and decreased serum
IL-6 and autoantibodies. Butyrate increased the number of Tfr cells,
especially in the draining lymph nodes, and reduced germinal center
B cells. The anti-inflammatory benefits of butyrate in the DBA/I mice
model were explained by rebalancing Tth cells and Tregs and
reducing antibody production.

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2023.1092118

Yao et al. demonstrated that supplementation of the three SCFAs
before the onset of CIA in mice improved arthritic symptoms,
increased the Bregs frequency, and decreased transitional B and
follicular B cell frequency (Yao et al, 2022). These therapeutic
effects were dependent on FFA2 receptors in CD19+ B cells. The
fecal levels of acetate, propionate, and butyrate were positively
correlated with the frequency of Bregs peripheral blood but not
Tregs. Interestingly, treatment before the onset of CIA significantly
improved joint inflammation and bone damage in mice, while
administration after the start of CIA was less effective (Yao et al.,
2022). Similarly, Rosser et al. reported that the supplementation with
butyrate reduces the severity of arthritis in a Breg-dependent manner.
The supplementation with butyrate before disease induction, but not
acetate and propionate, reduced arthritis in Wild-Type mice
compared to control mice (Rosser et al., 2020). However, butyrate
supplementation failed to suppress disease in B-cell-deficient mice.
These findings suggest that Bregs are necessary for the butyrate-
mediated suppression of arthritis. Butyrate activates aryl-
hydrocarbon receptor (AhR)-dependent gene transcription in B
cells, supporting Breg function and inhibiting germinal center B cell
and plasma cell differentiation. Nevertheless, butyrate no suppresses
arthritis severity in Ahrfl/-Mblcre/+, which has a B cell-specific
deletion of AhR. Butyrate supplementation was associated with
reduced TNF-o, IL-6, IL-17 production, and Th17 cell frequency.
Interestingly, butyrate-mediated suppression was decreased in mice
after Treg was depleted with an anti-CD25 depleting antibody
treatment. Therefore, Treg also plays a role in mediating the
suppression of arthritis by butyrate. These findings are consistent
with the pleiotropic immunomodulatory effect of butyrate (Figure 3).

A recent study showed that the effect of microbial fermentation of
fiber on host health could be context-dependent and species-
dependent. Colonization of P. copri and a high-fiber diet led to the
overproduction of organic acids, including fumarate, succinate, and
SCFAs. Succinate promoted pro-inflammatory responses in
macrophages. Furthermore, supplementation with succinate
exacerbated arthritis in the CIA model. In patients with RA,
succinate is abundantly present in synovial fluids, and these fluids
elicit IL-1P release from macrophages (Jiang et al., 2022).

Gut dysbiosis in RA patients is characterized by a deficiency of
butyrate-producing bacteria and an overwhelming number of
butyrate bacteria consumers (He et al, 2022). In RA patients,
higher butyrate levels were associated with increased Treg levels
(Xu et al, 2022b). Patients with NORA displayed an increase in
Bacteroidetes and a decrease in Firmicutes, Proteobacteria, and
Actinobacteria compared to levels in HCs (Sun et al, 2019). It is
possible that the reduction of Firmicutes can lead to inflammation in
RA patients (Wang et al., 2022a).

In RA patients, total abundances of intestinal bacteria butyrate
producers were lower in patients ACPA-positive compared to ACPA-
negative patients. Conversely, butyrate consumers bacteria were
higher in ACPA-positive than ACPA-negative patients.
Furthermore, the increased abundance of butyrate-producing
bacteria was associated with a lower incidence of deformed joint
count and ACPA-positive, suggesting the potential roles of butyrate in
alleviating inflammation. These anti-inflammatory effects may be

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1092118
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Romero-Figueroa et al.

attributed to increased Treg polarization, decreased Tth and Th17
(but not Th1 or Th2) cell numbers, and a decrease in the production
of pro-inflammatory cytokines. A higher proportion of circulating
Treg was associated with high levels of stool butyrate (He et al., 2022).

Amino acids

Metabolism of amino acids by intestinal bacteria may regulate
inflammation and exert modulatory effects on the immune system
(Mondanelli et al., 2019; Panfili et al., 2020; Yu et al., 2021). The cross-
talk between amino acid metabolites and the immune cells has
emerged as a possible mechanism by which gut dysbiosis could lean
toward the development of inflammation or autoimmunity during the
development of arthritis.

Microbiota-dependent tryptophan catabolites are abundantly
produced within the intestine and are known to affect the
maintenance of epithelial barrier function and immune
homeostasis. The gut microbiota can also metabolize dietary
tryptophan into indole derivatives. In host tissues, indole
derivatives are known as ligands for the AhR, a ligand-activated
transcription factor. AhR signaling contributes to immune
homeostasis by modulating T cell differentiation. Indole derivatives
are implicated in immune cell maturation and promote Treg
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differentiation while suppressing Th17 differentiation (Wang et al,
2019a; Yu et al,, 2021; Hanlon et al,, 2022; Yang et al,, 2022). AhR
expression and activation in DCs or T cells translate into Treg cell-
mediated immunoregulatory effects, which dampen immune
responses. However, in the presence of 6-formylindolo[3,2-b]
carbazole, activation of AhR can promote the development of Th17
cells. Therefore, AhR plays a dual depending on the ligand nature, cell
expression, and presence of other signals in the cell
microenvironment (Panfili et al., 2020).

B cell-specific deletion of AhR in mice exacerbated arthritis,
diminished IL-10 production by Bregs cells, and reduced the
frequency of Tregs cells and expansion of inflammatory Thl and
Th17 cells compared with B cell AhR-sufficient mice (Piper et al,
2019). Rosser et al. demonstrated that butyrate reduced experimental
arthritis severity via an increase in 5-hydroxy indole-3-acetic acid
(5-HIAA), an indole derived from the decomposition of serotonin.
The activation of AhR promoted the differentiation of B cells into
Breg cells (Rosser et al.,, 2020).

Tryptophan metabolism would exert protective effects in
experimental models of arthritis but not in all RA patients. RA
patients may have reduced concentrations of tryptophan,
3-hydroxykynurenine (3-HK), and 3-hydroxyanthranilic acid
(3-HAA), along with increased concentrations of kynurenine and
xanthurenic acid, indicating that the kynurenine pathway is active in
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RA patients (Panfili et al., 2020). Few studies have evaluated the
relationship between amino acid metabolites produced by gut
microbiota and the pathogenesis of RA.

Recent work describes that the most highly enriched Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway in RA
patients was amino acid metabolism (e.g., alanine, aspartate, and
glutamate) (Wang et al,, 2022a). Two studies in Chinese RA patients
reported that the amino acid pathways were significantly altered
between the RA patients compared to HCs. Wang et al. (Wang
et al, 2018) demonstrated decreased levels of tryptophan and
glycine in RA patients compared to HCs; treatment with
methotrexate returned amino acid levels to baseline. In another
study by Yu et al., according to KEGG pathway enrichment
analysis, the amino acid biosynthesis pathways were depleted in the
RA group. These amino acids included L-arginine and ornithine,
aromatic amino acids, and branched amino acids. Furthermore, RA
patients exhibited lower levels of tryptophan metabolites in feces (Yu
et al., 2021).

Alterations in the gut microenvironment

The metabolic activity of the microbiota could also affect
pathogen colonization. The butyrate influences the gut microbiota
by driving the metabolism of surface colonocytes toward
mitochondrial beta-oxidation of fatty acids, which is essential for
maintaining epithelial hypoxia. The consequent epithelial hypoxia
helps maintain a microbial community dominated by obligate
anaerobic bacteria, which benefit from converting fiber into SCFAs
(Litvak et al., 2018).

The metagenomic analysis from stool samples of RA patients
demonstrates an altered redox environment (Scher et al., 2013; Zhang
et al., 2015; Kishikawa et al., 2020). Iron transport-related genes were
enriched in early RA patients (Jeong et al, 2019). Kishikawa et al.
showed that the abundance of the REFCZ7 gene, related to the redox
reaction, was significantly decreased in the metagenome of RA
patients compared to HCs (Kishikawa et al, 2020). The R6FCZ7
sequences were linked to Bacteroides uniformis, Bacteroides
rodentium, Bacteroides fragilis, and Bacteroides spp. These findings
have suggested that the redox function of the microbiome, especially
the genus Bacteroides, may have an essential role in the pathology of
RA (Kishikawa et al., 2020).

Discussion

This review highlights the multiple mechanisms by which
alterations in the gut microbiota contribute to the pathogenesis of
RA. The relationship between gut dysbiosis and joint diseases, called
the ‘gut-joint axis,” has been suggested to be involved in the
pathogenesis of arthritis, such as RA, Psoriatic Arthritis, and
Spondyloarthritis. The association of gut dysbiosis with chronic
inflammation and the fact that gut dysbiosis is essential to trigger
arthritis in experimental mice models suggest a role of gut dysbiosis in
the onset of RA. It has been hypothesized that the interactions
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between gut microbiota and host lead to mucosal inflammation and
the breaking of immune tolerance (Chiang et al., 2019).

There is evidence that RA may be associated with changes in the
composition of fecal bacterial communities. However, some studies
have demonstrated the association between fungal microbiota,
gastrointestinal helminths, and RA. Findings derived from animal
models suggest that gut dysbiosis is related to the onset of RA, a stage
in which activation of the autoimmune system occurs, leading to
chronic inflammation (Burmester et al., 2014).

Growing evidence reveals the mechanisms underlying the link
between gut microbiota, their metabolites, and cells (immune and
non-immune) involved in RA pathogenesis. Gut dysbiosis affects the
functions of the intestine and other organs, including joints.
Consequently, persistent gut dysbiosis is associated with intestinal
inflammation and increased Th17/Treg cell ratio. It can contribute to
a break in immunological tolerance and tissue damage by various
mechanisms, including translocation of bacteria across the gut
barrier, T helper cell skewing, and crossreactivity with autoantigens.
A possible hypothesis could be that gut dysbiosis trigger the migration
of self-reactive B or T cells from intestinal sites to secondary lymphoid
organs and arthritic joints. However, the mechanisms by which gut
dysbiosis can contribute to RA onset are still incompletely understood
and remains to be further elucidated.

Experimental animal models have been helpful in the
understanding of the mechanism associated between gut dysbiosis
and arthritis. Most studies have focused on the effects of a specific
family or strain of bacteria or gut microbiota derivatives on the
differentiation of Treg and Th17 cells. In contrast, other types of cells
have been less well-studied (i.e., neutrophils, osteoclasts, or fibroblast-
like synoviocytes).

Evidence suggests that gut dysbiosis is involved in the
pathogenesis of RA, but to date, finding proof of causality is still a
significant challenge in this field. This review showed the recent
findings highlighting the complex regulatory networks between gut
microbiota and the immune system. Gut microbiota diversity is easily
altered by multiple factors such as drugs, diet, health status, hygiene,
and surrounding environmental microorganisms. Furhermore, the
inflammatory and metabolic pathways are complex networks context-
dependent by various factors, including genetics, diet, cell status, and
environmental factors (Yang et al., 2022). The mechanism of gut
microbiota involvement in the occurrence and development of
inflammatory diseases is very complex, and research on how
intestinal metabolites and the host interact to affect diseases is a hot
topic (Xu et al, 2022a). Further studies are needed to assess the
impact of intestinal dysbiosis and gut microbiota-derived metabolites
rather than specific bacterial species to understand the mechanisms
involved in RA pathogenesis.

A more comprehensive understanding of the underlying
mechanisms in the relationship between gut dysbiosis and RA will
help to develop new treatment strategies. The study of gut microbiota-
derivated metabolites is of great interest due to their therapeutic
potential (He et al., 2022). The beneficial effects of butyrate obtained
in animal studies warrant further investigation of its therapeutic
potential in the form of butyrate-rich diets or by butyrate
supplementation. Similarly, considerable evidence shows that
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alterations of the intestinal barrier are related to the onset of AR, and
that gut dysbiosis could influence the inflammatory activity of RA
patients through the regulation of gut permeability. Therefore, future
studies may employ strategies to avoid a leaky gut (e.g., diet, SCFAs
supplementation, or zonulin antagonists).

The authors hope this review’s results can provide a valuable
resource for future research to advance our understanding of the
possible underlying mechanism in the relationship between gut
dysbiosis and RA.
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bacteria in treatment of DSS-
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with FMT
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SCenter for Research and Development, Xiamen Treatgut Biotechnology Co., Ltd., Xiamen, China,
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Chinese Medicine, Fuzhou, China, °Division of Gastroenterology, Xi'an Central Hospital, Xi‘an, China,
¢School of Pharmacy, Fujian University of Traditional Chinese Medicine, Fuzhou, China

Background and Aims: Ulcerative colitis (UC) has become a global public health
concern, and is in urgent need of novel therapies. Fecal microbiota transplantation
(FMT) targeting gut microbiota has recently been applied to the treatment of UC.
Despite its recent successes, it is still largely unknown how FMT functionally
modulates the gut microbiota and improves the disease.

Methods: We prospectively collected fecal samples from the 40 mice (30 mice for
dextran sulfate sodium (DSS)-induced, 10 for controls), followed by Propidium
monoazide treatment for 16S rRNA gene sequencing. These 30 mice were divided
equally into 3 groups, which were transplanted with original donor microbiota
(DO), inactivated donor microbiota (DI) and saline, respectively. Subsequently, we
used 16S rRNA gene sequencing to analyze the viable gut bacteria of ulcerative
colitis (UC) mice and histological analysis to evaluate the effects of fecal microbiota
transplantation (FMT) with viable microbiota.

Results: We demonstrated that the community structure of viable bacteria was
significantly different from fecal bacteria based on total DNA. Furthermore, the
intestinal viable microbiota and colonic mucosal structure of mice were significantly
changed by DSS induction. The histological analysis showed that only the mice
treated with original donor microbiota group (HF) achieved a significant
improvement. Compared with inactivated donor microbiota group (IF) and saline
(NF), Lactobacillus and Halomonas were significantly enriched in the HF group.

Conclusion: We inferred that only live bacteria from human donor reversed the
histopathology and symptoms of UC in mice and altered the gut microbiota. The
activity of gut microbiota in donor samples should be considered in FMT and that
detailed analysis of viable microbiota is essential to understand the mechanisms by
which FMT produces therapeutic effects in the future.

KEYWORDS

viable gut microbiota, PMA, FMT, DSS-induced colitis, 16S rRNA gene sequencing
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Introduction

Ulcerative colitis (UC) is one subtype of inflammatory bowel
disease (IBD) that has a high incidence and prevalence in the
worldwide (Lima et al, 2021). It is also thought to be intricately
caused by variable factors, including genetic (Hedin et al., 2015),
immunological and environmental aspects (Braun and Wei, 2007), of
which the gut microbiota dysbiosis may play important roles
(Sheehan et al., 2015; Kump et al, 2018; Zhang et al., 2022).
Despite available therapies, including corticosteroids, anti-tumor
necrosis factor alpha (TNF-o) agents, aminosalicylates,
immunomodulators, and surgery (Weisshof et al., 2018),
development of new therapies and investigation of alternative
strategies are in urgent need for amount of patients who are
unresponsive to these existing treatments or present secondary
failure during treatment.

Fecal microbiota transplantation (FMT) is a novel treatment
method which is to transfer the functional microbiota from normal
feces to an unbalanced gastrointestinal tract, reconstruct a new
intestinal flora, and resume the host function (Costello et al., 2017;
Liu et al., 2021) This technique has proven effective impact in many
microbiota-related metabolic (Lee et al., 2019; Que et al., 2021; Gong
et al, 2022), infectious (Smillie et al., 2018), and inflammatory
diseases (Weingarden and Vaughn, 2017; Zhang et al, 2019). In
recent research, the patients have recurrent Clostridium difficile
infection were extremely effective treated by FMT (about 90% cure
rate) (Le Bastard et al., 2018). However, the effectiveness of FMT
varied among different studies (Li et al., 2016; Smillie et al., 2018), in
which specified donors may play crucial roles. These differences not
only exist between individuals but sometimes even within a same
person (McOrist et al., 2011). For example, one study showed no
improvement in clinical and endoscopic remission at 12 weeks
following two infusions of FMT from healthy donors via a
nasogastric tube, while another study showed higher endoscopic
remission at 7 weeks in patients treated with weekly FMT enemas
(Moayyedi et al., 2015; Rossen et al., 2015). Therefore, the detailed
analysis of the composition and numbers of microbiota transplanted
is essential to understand the differences in therapeutic effectiveness
and mechanisms of FMT from donor samples.

The gut microbiota is a complex ecosystem with a range of
bacterial genera that perform many important functions in the
host, including maintaining gut homeostasis, intestinal epithelial
barrier, immune system development and providing essential
metabolic substrates for colon cells (Pushalkar et al., 2018), play
important roles in UC progress (Ni et al., 2017; Liu et al., 2021). Gut
microbiota manipulation by FMT has demonstrated promising
effectiveness in UC remission in experimental colitis mice model
trials. For instance, Zhang et al. evaluated the FMT effect on the
composition of the colonic microbiota to determine whether changes
in the gut microbiota were associated with the protective effect of
FMT in DSS-induced mice (Zhang et al., 2022). Lima et al. identified
the speices Odoribacter splanchnicus, which plays a key role in FMT,
by performing the immune response use omic analysis in donor and
recipient fecal samples (pre- and post-intervention), Further through
mouse experiments, they proved that Odoribacter splanchnicus is the
key bacterium (Lima et al., 2021). Similarly, Li et al. treated a mouse
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model of DSS-induced colitis with FMT in combination with a 16S
rRNA analysis, revealing that FMT ultimately alleviates colitis by
regulating the flora (Li et al., 2021a). Generally, in all of these analyses,
the changes in metagenome-based strategy include 16S rRNA
sequencing of total bacteria DNA were observed, while changes in
the live bacteria DNA were neglected. Moreover, with the deepening
of the study, living microbiota are considered to be therapeutic agents
for FMT, because the colonization of these microbiota in the
intestines of recipients may lead to lasting changes in patients
(Khoruts et al., 2010; Seekatz et al., 2014). Therefore, it is of great
significance to focus on the viable bacteria for understanding the
mechanism of FMT and exploring the crucial gut microbiota.

In this paper, we presented a pioneer work to evaluate the living
bacteria of gut microbiota from UC patients by FMT trials. First, 40
mice were collected for analysis. Then, 30 of them were induced with
colitis by DSS and 10 were not treated with DSS served as controls.
These 30 mice were also divided equally into 3 groups. Group one was
transplanted with initial donor microbiota (HF), while group two was
transplanted with inactivated flora (IF), and group three were
transplanted with saline (NF). Subsequently, the remission rate of
FMT treatment was analysed by histopathology and symptoms in
mice. Meanwhile, PMA-treated donor samples were analysed by 16S
rRNA gene sequencing for structural changes of total and viable
bacteria DNA, as well as changes in live bacteria between DSS and
controls, pre- and post- FMT, respectively. This method can accurately
evaluate the changes in viable bacteria in the gut microbiota, establish a
methodological basis donor screening, evaluation before and after
transplantation of viable bacteria in fecal samples in the future.

Materials and methods
Preparation of donor stool sample

Samples were collected with informed consent from all
participants. All participants completed a questionnaire-based
interview and underwent a physical examination for screening of
donors (He et al,, 2021). Every subject provided fresh stool samples
in a stool container on site. Fecal microbiota were extracted with an
automatic fecal microbiota extractor TG-01 Extn (Treatgut,
Guangzhou, China) in Xiamen Treatgut Biotechnology Co. Ltd. Fecal
sludge (FS) were collected by centrifugation at 5,000 g for 5 min. The
collected microbiota were then added to saline at a ratio of 1:1.1, and
half of the resulting solution were autoclaved in a 250 mL Erlenmeyer
flask at 121 °C for 30 min to prepare inactivated donor microbiota (DI),
with the remainder serving as the original donor microbiota (DO).
Total microbiota andviability were determined by flow cytometry with
LIVE/DEAD"" BacLight' " Bacterial Viability Kit (Thermo Fisher
Science). Analyses were carried out using a BD Accuri ' C6 Plus
Flow Cytometer (BD Biosciences, USA) system. Meanwhile, the PMA-
qPCR standard curve of donors were established.

Animals and experimental design

A total of 40 male C57BL/6] mice (7 weeks old, 18-20 g weight)
were purchased from the Gempharmatech Co., Ltd (China). Mice
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were allowed one week to acclimate prior to the study. For this period,
food and water were given ad libitum and the room was ventilated,
having an ambient temperature of 22 °C + 1°C with 50% + 10%
humidity and a 12-h diurnal light cycle (lights on 07:00-19:00). 30 of
40 mice were administered a 3% dextran sulfate sodium (DSS, MP
Biomedicals, USA) solution and 10 for controls not treated with DSS.
These 30 DSS-induced mice were divided equally into 3 groups, which
were HF, IF and NF, respectively. Mice were treated with DSS for 5
days and then gavaged for 3 days. 200 UL per dose once daily for 3
days in the HF and IF groups, and equal saline doses in the NF and
control groups. Fresh fecal (250 mg) from mice in four groups were
collected at the 7, 12 and 15 days, and resuspended in a 5 ml saline,
vigorously shaken 3 min for subsequent analyses. All animal
experiments reported in this study were approved by the Animal
Care and Ethics Committee of Fujian University of Traditional
Chinese Medicine Laboratory Animal Center.

Phenotype detection of mice

During the intervention period, the body weight and stool
consistency of mice were observed regularly. DAI scoring criteria
refers to Rangan et al. (Rangan et al, 2019). After intervention,
animals were humanely sacrificed by cervical dislocation, and the
colons were removed. Colon lengths and weights were measured
using a ruler and an electronic analytical balance respectively. To
observe detailed histopathological changes, the colons of different
mice were first stored in a 10%buffered formalin solution. These were
then embedded in paraffin, cut into 5 um sections, stained with
hematoxylin-eosin, and then placed under a light microscope
for examination.

PMA-treated samples

Stock solution was prepared by dissolving 1 mg of PMA (US
Everbright Inc,Suzhou,China) in 1 mL of 20% dimethyl sulfoxide. For
PMA treatment, the FS samples treated as above method was diluted
100 times in normal saline solution. A 487.5 UL solution was weighed
and transferred to an aseptic EP tube, followed by the addition of 12.5
UL PMA solution. The solution was mixed, and the tubes were
incubated in dark for 10 min at room temperature. Samples were
exposed to an LED light (500W) with periodic mixing at a distance of
15 ¢m for 10 min. In non-PMA treated control aliquots, 12.5 puL saline
was added instead of PMA. Control samples underwent identical
incubation and light-exposure as the matching PMA treated samples
(Emerson et al, 2017). All samples was treated by PMA for
further analysis.

DNA extraction

DNA was extracted from fecal samples using the QIAamp Fast
DNA Stool Mini Kit (Qiagen, CA, USA) flowing the manufacturer’s
instructions. The concentration and purity of the isolated DNA was
assessed using spectrophotometry (Multiskan' " GO, Thermo Fisher
Scientific, USA). The DNA extracts were also evaluated for quality by
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agarose (1.5%) gel electrophoresis in 1x Tris-Acetate-EDTA buffer.
DNA samples were stored at -20°C before being used as templates for
next-generation sequencing library preparation.

Library preparation and sequencing

Sequencing libraries were generated using TruSeq® DNA PCR-
Free Sample Preparation Kit (Illumina, USA) following
manufacturer’s recommendations and index codes were added. The
library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo
Fisher Scientific, Waltham, MA, China) and Agilent Bioanalyzer 2100
system. At last, the library was sequenced on an Illumina MiniSeq 150
bp paired-end reads were generated.

Quantitative PCR

Bacterial 16S rRNA genes in the fecal samples were quantified
using real-time qPCR on a StepOnePlus Real-Time PCR system
(Thermo Fisher Scientific, Waltham, MA, China). The V4 variable
regions of bacterial 16S rRNA gene were PCR-amplified using the
primers (515F 5-GTGYCAGCMGCCGCGGTAA-3’,806R 5’-
GGACTACNVGGGTWTCTAAT-3’). Each reaction mixture had a
total volume of 20 pL. Itcontains 2 pL of sample DNA, 10 uL of
ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech, NJ,
China), 0.4 pL of each 10uM primer, and 7.2 pL of sterilized ultra-
pure water. The cycle conditions of the real-time PCR were as follows:
initial holding at 95 °C for 30 s, 40 cycles of denaturation at 95 °C for
10 s followed by annealing/elongation at 60 °C for 30 s. The specificity
was determined after amplification by a melting curve analysis. All
qPCR tests were performed in triplicate, and the mean values were
used for analysis.

Bioinformatics and statistical analysis

First, Fast Length Adjustment of Short Reads (FLASH) (V1.2.11)
was used to assemble paired-end reads for the V4 region, the -x 0.15
option was selected to control the maximum mismatched base pairs
ratio in the overlap area, and the -M 150 option was selected to
control the maximum length of the overlap area. Then, cutadapt
(V1.13) was used to trim and filter the sequence data processed from
FLASH, including removing adapter sequences and discarding
sequences with fewer than the specified number of bases.
Subsequently, sequences were quality filtered by Usearch with the
-fastq_maxee 1.0 option. After quality control, unique sequences were
obtained by eliminating redundancy, and they were sorted in
descending order according to sequence abundance. Meanwhile,
singletons in the sequence data were removed. To assign denovo
OTUs, we removed chimeric sequences and clustered sequences with
97% similarity and using Usearch (Edgar, 2013) for individual study.
The representative sequences of OTUs were aligned to the SILVA 132
database for taxonomic classification by RDP Classifier (Wang, 2007)
and aggregate to various taxonomic levels.

Based on the OTU tables derived from each sample, alpha-
diversity indices between every sample were calculated, including

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1124256
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Liu et al.

bacterial richness (observed OTUs), shannon index, and evenness (J).
Significance tests of alpha-diversity indices were conducted by the
Wilcoxon test method. Then, Principal coordinates analysis (PCoA)
based on Bray-Curtis distance at the OTU level was utilized for beta-
diversity to visualize the differences in microbial community structure
across samples. Significance tests of beta-diversity indices were
determined using permutational multivariate analysis of variance
(PERMANOVA) with 10* permutations in vegan. Linear
discriminant analysis (LDA) effect size (LEfSe) was employed to
identify the taxa most likely to explain the differences between
groups. LEfSe uses a nonparametric Kruskal-Wallis rank sum test
to assess different features with significantly different abundance
between assigned taxa and performs LDA to estimate the effect size
of each sequence variant, as reported by (Segata et al., 2011). Finally,
the results were visualizing using the custom R script based on ggplot2
(Wickham et al., 2016). These analyses were performed using R
v3.4.1, GraphPad Prism and SPSS software. A p value < 0.05 was
considered statistically significant. In addition, all obtained data are
expressed as the mean + standard deviation (SD).

Results

Therapeutic effect of live microbiota in mice
with DSS colitis by FMT

To investigate the alleviating effect of live FMT bacteria on colitis,
we induced experimental colitis in mice (n=30) by administering 3%
DSS in water for 5 consecutive days and then started FMT
intervention in mice on the sixth day for 3 consecutive days
(Figure 1A). The control (CON) group of mice (n=10) were in
good mental condition, without diarrhoea and soft stools. The DSS
mice had loose stools from day 3 of the moulding, followed by severe
soft stools, bloody stools and depression on day 4. The DSS-induced
mice were divided equally into three groups for FMT of DO, DI feces
and saline treatment. From the Figure 1B, we could see that there was
no significant difference among the HF, IF and NF groups, all of
which showed a decreasing trend in body weight. Colonic length were
significantly decreased compared to CON group, while there was no
significant difference among the HF, IF and NF groups (Figure 1C).
The DAI scores of DSS-induced mice increased on day 3, with the
mice in the HF group had significantly lower DAI scores than NF
group (Figure 1D). In terms of histological scores, the HF group was
significantly lower than both the IF and NF groups, while there was
no significant difference between the IF and NF groups (Figure 1E).
Meanwhile, the histological analysis further revealed that the
histopathological status of the observed colonic specimens was as
shown in the Figure 1F, with normal colonic tissue morphology in the
CON and HF groups, with a clear hierarchy of tissue structures, with
the mucosal, submucosal and muscular layers clearly visible and the
crypt and cupped cells well arranged. A variable number of
inflammatory cells were seen, and the crypt was dilated near the
ulcer foci. In summary, these results demonstrate that live bacteria in
FMT are able to participate in and improve clinical colonic
inflammatory conditions and colonic damage, whereas dead
bacteria do not.
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Differences between bacterial communities
from total fecal DNA and PMA-treated DNA

Flow cytometric analysis showed that the original donor
microbiota retained roughly 66.7% of viable bacteria, while almost
all of the viable bacteria were removed after the heat-killed treatment,
which is less than 0.7% (Figure 2A). Due to the low viability of the
flow cytometric assay after inactivation, the dead bacteria DNA was
interfered after PMA treatment and could not be amplified.
Therefore, we evaluated the structure of DO and the PMA-treated
original donor microbiota (DP) by 16S rRNA sequencing analysis. As
shown in Figure 2C, the Observed, Shannon and evenness (J) indices
were slightly reduced after PMA-treated, although the differences
were not statistically significant. PCoA ordination based on Bray-
Curtis distances between OTU abundance profiles shows that fecal
samples after PMA were distinctly separated from the DO group
(Figure 2B). At the genus level, a slightly increased abundance of
Prevotella_7, CAG-352, and Prevotella_2 and a slightly decreased
abundance of Faecalibacterium and Veillonella were observed after
PMA-treated in comparison to the DO group (Figure 2D). Notably, at
the family level, a distinct decrease in the abundance of
Ruminococcaceae, Lachnospiraceae and Veillonellaceae and an
increase in the abundance of Prevotellaceae and Bacteroidaceae
were observed after eradication compared to before eradication or
confirmation (Figure S1). Also, we collected 11 donor stool samples to
explore the correlation between bacterial load and CT values using
PMA-qPCR technique (Supplementary Material). As shown in Figure
S2, the activity and total bacterial load were verified by fitting
standard curves based on the CT values of qPCR and flow
cytometry bacterial counts. The CT values gradually decreased as
the total bacterial load increased, and the correlation coefficient
between their total bacterial load and CT values was close to 1
(R* = 0.90), indicating that the correlation between bacterial load
and CT values was significant.

The histological and viable gut community
differences between DSS and the controls

Histological analysis showed that compared with normal mice,
DSS-induced mice formed ulcerative foci in the mucosal layer of the
colon, with necrosis spreading to the entire mucosa resulting in loss of
lamina propria and proliferation of connective tissue, with varying
numbers of inflammatory cells infiltrating between them and dilated
crypt foci near the ulcerative foci (Figure 3A). In addition, 16S rRNA
gene high-throughput sequencing analysis showed that the alpha
diversity indices Observe, Shannon and ] were significantly decreased
in UC mice compared to CON group (p<0.05, Figure 3C). We
observed clear the clustering of microbial communities between
colitis mice and normal group by the PCoA plot (p<0.05,
Figure 3B). Further, the microbiota composition in the DSS-
induced colitis mice displayed a significantly different profile at
genus level from that in the controls. Sixteen taxa including
Massilia, Rikenella, Butyricicoccus, and Enterococcus were decreased
in cases compared to CON group, while 19 genera including
Akkermansia, Blautia and Odoribacter were significantly increased

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1124256
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Liu et al.

10.3389/fcimb.2023.1124256

CON HF IF NF

FIGURE 1

A Acclimation water 0.9% saline solution B - CcoN
Control group |} + + i ~ ur
Acclimation 3%DSS HF =
High activity group | t t | = NF
Acclimation 3WDSS IF
- group | } } i
Acclimation 3%DSS 0.9% saline solution
0.9% saline solution group | b } |
t t t
Days 0 7 12 15 Day
*okk
(07 D E | v —
_ kK
2 —
a -~ CON *kk *
|
hvi - HF 14 *
) 34
_ = -+ IF L .
E =} o 12 N
= 29 Sy o 10 .
% = A
2 S B
] <
& SR S 6
c 7] [<]
=} 3 o 4
] ) 2
o = T2
0
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in DSS group (p<0.05, Figure 3D). These results indicate that the
intestinal microbiota and colonic mucosal structure of mice were
significantly changed by DSS induction.

Effect of FMT on the composition of the
gut microbiome

Acute colitis was induced in mice with 3.0% DSS and transplanted
with DO, DI group and saline respectively. Subsequently, changes in
the gut microbiota of the HF, NF and IF groups were analyzed by 16S
rRNA gene high-throughput sequencing. Due to the failure of library
construction for one sample, only 9 mice in NF group were included
in the microbiota analysis. The Observed index of the HF group was
significantly lower than that of the IF and NF group, but the Shannon
and evenness indices were not significantly different (Figure 4A). We
also found 70 genera specific to the IF group such as Coprobacter,
Eggerthella and Erysipelatoclostridium, which may have contributed
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to the elevated IF group diversity (Table SI). Pre- and post-
transplantation analysis of the three groups showed no obvious
change in the observed index in the HF group compared with
DSSHF group, while the index was markedly change in either IF vs
DSSIF or NF vs DSSNF group (Figures SIA-3A). PCoA plots analysis
showed distinct differences in the gut microbiota of the three groups
after treatment (p<0.05, Figure 4B). As shown in Figures S3B-5B, the
gut microbiota community structure of DSS-induced mice was
changed after FMT (HF, IF and NF). In addition, SPEC-OCCU
plots were analyzed for microbiota in the HF, IF and NF groups
(Figure 4C). Five specific genera, Bacteroides, Lactobacillus,
Halomonas, Bifidobacterium and Fusobacterium, were identified by
analyzing specificity and occupancy (20.7) in the HF group compared
to the NF and IF groups. The relative abundance of Fusobacterium
was significantly higher in the IF group than in the NF group
(p<0.05), and the HF group was not significantly different from the
other two groups. However, the relative abundance of Halomonas and
Lactobacillus were significantly higher in the HF group than in the IF
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FIGURE 2
Composition of donor gut microbiota before and after PMA treatment turned out. (A) Flow cytometry counts of DO and DI groups. DO, DI and DP
samples were analyzed based on 16S rRNA gene sequencing. (B) PCoA analysis; (C) Taxonomic profiles at the top 20 genus levels in terms of overall
mean relative abundance; (D) microbial alpha diversity as estimated by species richness, the Shannon diversity index, and the Inverse Simpson diversity
index(J) based on OTU abundance data.

group (Figure 4D). The distinct differences in taxa were observed after
FMT compared to before FMT. A similar trend of Bacteroides,
Lactobacillus, Halomonas, Bifidobacterium and Fusobacterium
abundance was also observed in the before and after FMT group
(Figures S3C-5C).

Discussion

In this study, we conducted a FMT trial to evaluate the
importance and shifts of viable gut microbiota in DSS-induced UC
mice treated by FMT from a donor sample. A total of 30 mice were
divided equally into 3 groups according to the different treatments,
and another 10 mice without DSS inducement were set as control. By
16S rRNA gene sequencing analysis of fecal samples treated by PMA,
we found that the structure of viable bacteria DNA is different from
total bacteria DNA. The intestinal viable bacteria and colonic mucosal
structure of mice were significantly changed by DSS induction. The
histological analysis showed that FMT with live microbiota (HF) were
able to improve colonic inflammatory conditions and colonic
damage, whereas effect of dead microbiota was similar with the
placebo with saline. Meanwhile, we identified key genera that
changed after transplantation with HF, including Bacteroides,
Lactobacillus, Halomonas, Bifidobacterium and Fusobacterium,
which provides a reference for the treatment of UC.

We found that the bacterial structure of total DNA in donor fecal
sample differed from the microbial community structure after PMA.
As known, most of the microorganisms in the intestinal tract are
difficult to be cultured by conventional methods (Costello et al., 2015).

Frontiers in Cellular and Infection Microbiology

For general molecular methods, total DNA of a sample was used as a
template for PCR amplification, which is difficult to distinguish viable
and dead microorganisms, resulting in false negative results. With the
development of powerful and convenient high-throughput
sequencing technology, 16s rRNA gene or metagenomic sequencing
is a common tool for measuring the relative abundance of specific
microorganisms in microbial ecology (Reuter et al., 2015; Zemb et al,
2020). Therefore,the activity and profile of gut microbiota in donor
samples can be thought as an important evaluation indicator in donor
screening in the future.

The changes of viable microbiota were explored in the intestine of
DSS-induced and normal mice. After DSS induction, HE staining
showed that the intestinal tissues were damaged, accompanied by
structural changes in the intestinal flora. Alpha diversity analysis and
PCoA plots indicated that the composition of the intestinal live
microbiota in colitis mice changed along with the altered intestinal
tissue structure, and DSS induction disrupts the stable
microenvironment of the intestine. Some live bacteria may play a
central role. LEfSe confirmed our hypothesis by finding a total of 19
bacterial genera with large differences in DSS group, including
Akkermansia, Blautia and Odoribacter et al. Akkermansia is known
as a mucin-degrading bacterium with regulatory and inflammatory
properties. DSS induced disruption of the mucosal layer in the
hindgut and increased infiltration of acute inflammatory immune
cells (Rinaldi et al., 2019). Meanwhile, the hypothesis of Akkermansia
as an opportunistic bacterium that may flourish after ecosystem
disruption (Machiels et al., 2020), which explained the increase of
live Akkermansia. in the intestine of mice after DSS induction in
normal mice. Odoribacter were also increased in DSS group. Li et al.
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(A) HE dyeing experiment pictures. (B) Bacterial beta diversity. Principal Coordinates Analysis based on Bray-Curtis distances between the gut microbiota
profiles of mice from the two groups. (C) Alpha diversity based on species richness, the Shannon diversity index, and the Inverse Simpson diversity index
(J) in DSS and CON. (D) Significantly enriched bacterial taxa in the different groups as determined by LEfSe analysis (LDA sore >2).

found that Odoribacter showed a state of inhibition by other bacteria
in healthy subjects, but were “unrestrained” and significantly more
abundant in UC patients (Li et al., 2021Db). The researchers also found
a relationship between this opportunistic pathogen and
pathophysiological mechanisms such as reduced SCFAs and
increased inflammatory response. With a larger number of
influential live bacteria identified through LEfSe method that may
have potential significance for the diagnosis and treatment of UC and
deserve to be further explored.

The result of DAI scores and histological examination indicated
that live bacteria can participate in maintaining intestinal
homeostasis, whereas dead bacteria often fail to play a role. The
Observe index was significantly lower in the HF group than that in the
IF and NF groups. This may be due to some dead bacteria from donor
faeces, which interfered with the analysis of the live microbiota
and caused differences in Observed index. 70 specific-genera was
belong to the IF group such as Coprobacter, Eggerthella and
Erysipelatoclostridium, which may have contributed to the elevated
IF group diversity. The genus Erysipelatoclostridium is a pro-
inflammatory microorganism with high potential to induce TH1
cells and high potential for intestinal inflammation (Nagayama
et al, 2020). Bo Yang et al. found that Eggerthella may be
associated with clinical symptoms of diarrhoea in a study on
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diarrhoeal irritable bowel syndrome and functional diarrhoea (Yang
et al., 2021). Chen et al. found elevated relative abundance of
Escherichia-Shigella in a study of the intestinal microbiota during
acute necrotizing pancreatitis in rats (Chen et al., 2017). Furthermore,
the PCoA plots showed that there were significant differences in the
living microbiota of mice after different treatments. The differences of
the intestinal structure tells that both live and dead bacteria were able
to alter the intestinal structure of mice compared to the saline group.
Combined with the HE staining results, the live bacteria was able to
restore the intestinal health of mice, while the dead bacteria could not,
probably because the dead bacteria could act as postbiotics to allow
the growth of harmful bacteria.

Specificity and occupancy (=0.7) were identified by SPEC-OCCU
plots analysis of five specific genera in the HF group compared to the
NF and IF groups, including Bacteroides, Lactobacillus, Halomonas,
Bifidobacterium and Fusobacterium. In line with the He et al. study
(He et al, 2013), Bacteroides was also substantially elevated in this
trial. Bacteroides has good function on the improvement of
endotoxaemia, reducing gut microbial lipopolysaccharide
production and effectively inhibit pro-inflammatory immune
responses, and low anthropoid bacteria can lead to inflammatory
bowel disease (Althouse et al., 2019). Similarly, an increase in
Lactobacillus was observed in UC mice after FMT treatment. Most
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of the current results prove that Lactobacillus is also the main genus
used for the treatment of UC (Yun et al., 2020). For example, Liu et al.
reduced intestinal lining inflammation by rectal enemas of
Lactobacillus. 1t is inferred that Lactobacillus inhibits the onset of
colitis in mice and may reduce the onset of stress-induced colitis (Liu
et al,, 2018). Liu et al. reported that Halomonas is the predominant
genus associated with the jejunal and ileal mucosa of goats and
speculated, and Halomonas may play a role in promoting immune
development in the gut (Liu et al., 2019). Consistent with the present
experiment, there was a substantial increase in live bacteria of the
genus Halomonas. For Bifidobacterium, it has been used extensively in
the treatment of inflammatory bowel diseases, such as UC (Xie et al.,
2022). Bifidobacterium in human intestine can synthesise many
vitamins such as vitamin B1/B2/B6, nikonic acid, pantothenic acid,
folic acid and biotin. Once synthesised, these vitamins are then
absorbed by the mucosal cells and contribute to the body’s
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metabolism and health maintenance (Huang et al, 2019). For
Fusobacterium, it is a recognized pro-inflammatory bacterium that
does not act in a simple one-way relationship with other bacteria, but
may form mutually beneficial relationships that promote dysbiosis
(microbial imbalance) in the community (Agarwal et al., 2020). From
this we can infer that the live intestinal microbiota increased in
beneficial bacteria, thus reducing the pro-inflammatory effect of
Fusobacterium. In terms of relative abundance, the difference in
Bacteroides and Lactobacillus between the groups was not
significant, probably because the acute UC model was used for this
modeling and the mice recovered naturally. That means live bacteria
accelerate the healing of intestinal losses. So, higher levels of
Bacteroides, Lactobacillus, Halomonas and Bifidobacterium in the
live intestinal microbiota may be associated with the recovery of
UC intestinal tissues, with the surviving live flora playing a major role.
In addition to the vital importance of viable microbiota for the
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treatment of UC mice with FMT, SCFA produced by these microbiota
may also play a key role in inhibiting intestinal inflammation, anti-
tumor effects and regulating immune response (Mirsepasi-Lauridsen,
2022). For example, Bifidobacterium was known to produce the
acetate that can protect against enteric infection in mice (Rabbani
et al., 1999; Fukuda et al., 2011; Septlveda et al., 2018); Bacteroides
was also the main bacteria involved in producing SCFA and play an
important role (Kaakoush et al., 2014; Comstock, 2009). Lactobacillus
produced butyrate by altering the intestinal microbiota, which
maintains homeostasis in the gut, reduces inflammatory responses
and serves as a source of energy for the renewal of intestinal epithelial
cells (Jhun et al., 2021; Tian et al., 2019; Jena et al., 2020). As shown in
Figure S6, it was found that SCFA-producing genera in the donor,
such as Bifidobacterium and Bacteroides that colonized mice, may
play a key role in the treatment of UC mice.

However, the current dose of FMT is based on the weight of the
bacterial sludge (Zhang et al., 2020). The number of live organisms in
the slurry is a key factor in judging the merit of the FMT product as
well as its effectiveness in improving efficacy while reducing the
number of doses taken by the patient and making it less difficult for
the patient to take the medicine. Therefore, high bacterial level is the
key to the efficacy of FMT. The usual analysis of total bacteria
indicates is inaccuracy and can result in false positive results, so the
live microbiota analysis its biological significance is greater compared
to the total microbiota analysis. What’s more, many UC-associated
inflammatory factors have been reported and it is important to
explore the mechanisms of inflammation by detecting and
observing changes in these inflammatory factors (Rubin et al,
2019). As most of the signaling pathways are significantly affected
by the disease, further exploration to detect the expression of key
factors in the signaling pathways can follow. The interrelationship
between inflammatory factors and signaling pathways merits further
investigation, which may provide further insights into targeting the
microbial groups as a therapeutic strategy for UC and other diseases
associated with the gut microbiota.

In summary, by H&E stained and 16S rRNA gene sequencing
analysis of 30 DSS-induced mice and 10 controls with PMA
treatment, we observed the significantly difference and identified
UC-related viable genera in groups. After treatment of UC mice
with DO, DI and raw saline group transplants, it was found that live
bacteria played a key role in the treatment of UC mice. Most
importantly, it would be useful to assess the composition of donor
transplant material by viability assays to ensure that the microbiota
composition includes a broad range of live bacteria, some of which
may be important in mediating the therapeutic efficacy of FMT for
microbiome-related disease. Therefore, we recommend that the
activity of donor microbiota should be considered in FMT, and that
detailed analysis of the types and numbers of live bacteria
transplanted is essential to understanding the mechanisms of which
FMT produces or fails to produce therapeutic effects.
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Obesity, a chronic metabolic disorder caused by an energy imbalance, has been
increasingly prevalent and poses a global health concern. The multifactorial
etiology of obesity includes genetics factors, high-fat diet, gut microbiota, and
other factors. Among these factors, the implication of gut microbiota in the
pathogenesis of obesity has been prominently acknowledged. This study
endeavors to investigate the potential contribution of gut microbiota to the
development of high-fat diet induced obesity, as well as the current state of
probiotic intervention therapy research, in order to provide novel insights for the
prevention and management of obesity.

KEYWORDS

gut microbiota, high-fat diet, obesity, probiotics, treatment

1 Introduction

Obesity is a chronic and recurring condition that results from excessive or
inappropriate fat accumulation (Obesity: preventing and managing the global epidemic.
Report of a WHO consultation, 2000; Bray et al., 2017). The global incidence of obesity
among adults has increased by 1.5-fold since 2000, with over 1.9 billion overweight adults
in 2016. Children and adolescents have also experienced a rise in the prevalence of obesity,
with an increase from 2.9% to 6.8% in the population aged 5 to 19 years (Abarca-Gomez
et al., 2017). Obesity has serious implications for health, including an elevated risk of
mortality, type 2 diabetes, and cardiovascular disease. The etiology of obesity is
multifactorial, with contributing factors including genetics, a high-fat diet (HFD), and
gut microbiota. The gut microbiota, which is composed mainly of anaerobic bacteria,
facultative anaerobic bacteria, and aerobic bacteria, is a dynamic ecosystem that coevolves
with its host (Wu et al., 2022). The gut microbiota plays a crucial role in maintaining the
health of the host through vitamin production, nutrient absorption, and the secretion of
small molecules involved in immune regulation, angiogenesis, and nerve function
(Dominguez-Bello et al., 2019; Robertson et al., 2019). The human gut contains
approximately 10'* microorganisms (Gill et al, 2006), predominantly composed of
Firmicutes and Bacteroidetes species (Bolam and van den Berg, 2018). Different bacterial
species occupy distinct sections of the intestine; for instance, Firmicutes often predominate
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at the top of the gut crypto-villous unit while Proteus predominates
at the bottom (Sommer and Backhed, 2016). The functional
consistency of each bacterial genus is quite high (Costea et al,
2018) and is not affected by the host’s age, sex, BMI, or nationality

(Sebastian Domingo and Sanchez Sanchez, 2018).

2 Gut microbiota and obesity

2.1 Animal studies demonstrate a link
between gut microbiota and obesity

The present study shows that the manifestation of obesity and
its metabolic dysfunctions were absent in germ-free mice. Notably,
the transplantation of cecal or fecal samples from obese mice into
germ-free mice resulted in the development of similar symptoms,
indicating that the gut microbiota plays a critical role in the
pathogenesis of obesity (Ridaura et al., 2013). Furthermore, it was
observed that the transfer of gut microbiota could also transmit the
obesity phenotype (Kapoor et al., 2021; Romani-Perez et al., 2021).
In mice fed the same HFD, some developed obesity and some were
resistant to it, and differences in gut microbiota composition may be
the most important factor in both outcomes. In addition, intestinal
barrier function, intestinal inflammation and neurotrophic factors
also play an important role in diet-induced obesity (Zhang et al.,
2019b). A growing body of evidence from animal studies suggests a
link between diet, gut microbiota and obesity, as well as in humans.
But studies have not reached a consistent conclusion on exactly
what microbial composition is at work. Moreover, an interesting
study found that transfer of the whole microbiota may not reduce
diabetes incidence despite a major change in gut microbiota of the
non-obese diabetes (NOD) mice model. NOD mouse models can be
divided into two colonies (high or low diabetes incidence),
transplanting intestinal flora from low-incidence NOD mice to
high-incidence NOD mice did not change the incidence of diabetes,
but transplantation of A. muciniphila to high-incidence NOD mice
can promote mucogenesis, increase the expression of antimicrobial
peptide Reg3y, inhibit the growth of rumen contortus, reduce the
level of serum endotoxin, reduce the expression of TLR in
pancreatic islets, promote regulatory immunity, and delay the
development of diabetes (Hanninen et al, 2018). It shows that
some single species of bacteria, rather than the entire intestinal
flora, may play a major role in inducing or resisting metabolic
diseases under certain conditions.

2.2 Research on demographics has
discovered variations in the distribution of
gut microbiota in obese people

As per conventional understanding, the establishment of gut
microbiota occurs after birth, while the mother’s uterus remains
free of microorganisms. Various factors, such as delivery mode,
feeding type, and medication administration (including antibiotics),
impact the diversity of gut microbiota, as stated in the literature
(Theis et al., 2019; Akagawa et al,, 2021). By age 3, the gut
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microbiota progresses towards a complex and stable state similar
to that of adults (Derrien et al., 2019), which then remains mostly
consistent throughout adulthood. According to a population-based
study, the obese population demonstrates significant differences in
gut microbiota composition compared to the general population
(Cuevas-Sierra et al., 2019). A few studies propose that the
“enterotype of the fertility microbiota” is characterized by a
higher abundance of Firmicutes/Bacteroidetes (Kim et al., 2021).
Nevertheless, the distribution of this distinct microbiota is still
subject to debate due to variation in sample size, individual clinical
and anthropometric traits (age, sex, microbiota distribution, and
degree of obesity), and microbiota analysis techniques (qQPCR, 16S
rRNA gene sequencing, and Fluorescence in situ hybridization)
(Zeng et al.,, 2019; Assmann et al., 2020).

3 A high-fat diet alters gut
permeability and gut microbiota in
ways associated to obesity

The human gut microbiota is highly responsive to changes in
food intake and the physiological state of the digestive system
(Turnbaugh et al, 2009; Qin et al., 2020), with alterations
observed within a period as short as 24 hours (David et al., 2014).
A HFD has been found to significantly reduce the diversity of gut
microbiota (Wan et al., 2019), resulting in a decrease in the number
of bacteria that are responsible for maintaining the integrity of the
gut mucosal barrier and an increase in the number of bacteria that
breach it (Monk et al., 2019; Zhang et al., 2019a). This alteration in
gut microbiota is characterized by a reduction in the relative
abundance of Bacteroides and an increase in the relative
abundance of Firmicutes (An et al., 2022). Moreover, the
concentration of lipopolysaccharide (LPS) has been found to
increase with the number of Actinomycetes while the number of
Bifidobacteria declines as Vibrio desulfonate increased. Excess
sulfate is converted to hydrogen sulfide, which further
compromises the gut barrier and promotes inflammation (Chen
et al., 2019). Additionally, the gut barrier is disrupted by
Akkermansia muciniphila (A. muciniphila), a member of phylum
Verrucomicrobia that degrades mucins and has anti-inflammatory
and protective effects on the intestinal mucosal barrier (Hanninen
et al., 2018).

3.1 Gut permeability is increased by HFD

Previous research has provided evidence that a HFD can lead to
obesity, inflammation, and enhance gut epithelial cell permeability
(Lemons and Liu, 2022). The mechanism through which HFD
induces increased gut permeability involves several
processes (Figure 1).

In the HFD, intestinal epithelial cells in the lower intestine
actively ingest a significant amount of fat, which leads to the
simultaneous generation of reactive oxygen species (ROS), iron,
copper, aldehydes, lipid peroxidation, as well as ATP by the
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FIGURE 1
Gut permeability is increased by HFD.

mitochondrial respiratory chain (Spinelli and Haigis, 2018). The
ROS generated under the influence of the HFD cause increased gut
epithelial cell permeability (Ballard and Towarnicki, 2020),
ultimately leading to the destruction of the gut barrier function
and the proliferation of harmful bacteria like Salmonella and
Escherichia coli in the gut cavity. Furthermore, the hydrogen
sulfide generated by the HFD inhibits the mitochondrial
respiratory chain, which makes it easier for pathogenic bacteria to
infect more cells (Mottawea et al., 2016). The production of iron,
copper, aldehydes, and lipid peroxidation during the digestion and
absorption of high dietary fats leads to an increase in oxidative
stress in gut tissues, destroying the microbiota’s living environment,
resulting in an imbalance of gut microbiota.

The HFD contains a large amount of polyunsaturated fatty
acids that are prone to oxidation of their double bonds
(Mariamenatu and Abdu, 2021). The free fatty acids generated
under the influence of the HFD impact the gut immune system
directly (Tanaka et al., 2020) raising the levels of barrier-damaging
cytokines such as TNF-o, IL-1f, IL-6, IFN-y, while decreasing
barrier-protective cytokines such as IL-10, IL-17, IL-22, ultimately
leading to an increase in gut permeability (Bartoszek et al., 2020;
Stoeva et al., 2021). The resulting pathological changes, including
low-grade inflammation, decreased expression of antimicrobial
peptides, mucus secretion, and expression of tight junction
protein, impact multiple system functions and lead to obesity and
its metabolic complications (insulin resistance, hyperglycemia,
systemic inflammation, and dyslipidemia) (Araujo et al, 2017;
Jiang et al., 2020; Kumar et al., 2021).

The gut barrier system comprises mucus layers, gut epithelial
cells (IECs), tight junctions (TJS), immune cells, and gut microbiota
(Rohr et al., 2020). The apical junctional complex (AJC) is
composed of the membrane proteins TJS and adhere junctions
(AJS) (Capaldo et al,, 2017). The AJC’s integrity is critical for the
selective passage of nutrients while obstructing the entry of toxins
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and antigens, leading to high permeability of the gut. Dietary fat has
the potential to directly impact the integrity of the AJC (Netto
Candido et al., 2018; Tsukita et al., 2019; Otani and Furuse, 2020).
In long-term HFD, gut occlusion zone-1 (ZO-1) and occludin gene
expression are decreased, which leads to an increase in gut
permeability (Oliveira et al, 2019; Nascimento et al., 2021). The
HFD’s abundance of docosahexaenoic acid and +y-linolenic acid
triggers protein kinase activation, actin and TJ protein
redistribution, and increased gut permeability (Usami et al,
2003). Additionally, part of the eicosapentaenoic acids in HFD
can be converted into bioactive metabolites to increase gut
permeability (Usami et al., 2001).

Dietary fat consumption and bile acid secretion exhibit a
positive correlation (Ocvirk and O'Keefe, 2021), and IECs possess
the ability to resist bile acid degradation under normal physiological
conditions. However, HFD induces long-term and high-level
secretion of bile acids, resulting in the release of numerous
hydrophobic bile acids, such as cholic acid and deoxycholic acid
(Iwamoto et al., 2021). These bile acids promote occludin protein
dephosphorylation, leading to the dissociation of the adhesive
junction complex and ultimately causing an increase in gut
permeability. In addition, they can cause harm to the gut mucosal
barrier and induce oxidative stress and cell apoptosis in IECs
(Raimondi et al., 2008; Di Ciaula et al., 2017; Sarathy et al., 2017;
Gupta et al., 2020).

Furthermore, HFD inhibits the peroxisome proliferator-
activated receptor-y (PPAR-y) pathway in mice, disrupting the
gut mucus layer, decreasing electrolyte secretion, and impairing
mucosal immune defense. However, a week of treatment with a
specific PPAR-y agonist, rosiglitazone, or a return to a normal diet
can reverse the increased gut epithelial permeability caused by HFD
(Lee et al,, 2020), resulting in the disruption of the gut mucus layer,
reduced electrolyte secretion, and decreased mucosal immune
defense. Following a week of therapy with rosiglitazone, a
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particular PPAR-agonist, or returning to the usual diet, this increase
in gut epithelial permeability was reversed.

3.2 Obesity and other related metabolic
diseases are mediated by increased gut
permeability, which also encourages
gut dysbacteriosis

The consumption of a HFD has been observed to enhance the
permeability of gut epithelial cells and disrupt the interplay between
the local intestine mucosal immune system and the gut microbiota,
leading to an imbalance in the microbiota composition. This
imbalance is characterized by a rise in the number of gram-
negative bacteria, and the resultant LPS produced by these
bacteria interact with the CD14/Toll-like receptor 4 (TLR4)
complexes of gut epithelial cells, leading to the activation of the
innate immune system. This activation causes local and systemic
persistent low-level inflammation, which leads to further
destruction of the mucous layer and increased permeability of
IEC. The heightened permeability of IECs facilitates the entry of
gut microbiota metabolites into the bloodstream, resulting in a
vicious cycle of inflammation and dysbacteriosis. The ongoing
activation of the LPS/TLR4 signal pathway is believed to be a
major contributor to the development of obesity and related
metabolic disorders (Kasselman et al., 2018; Giordano et al., 2020;

Mohammad and Thiemermann, 2020) (Figure 2).

4 Obesity is a result of gut
microbiota’s involvement in the
regulation of the human metabolism

4.1 Gut microbiota is directly involved in
the expression and regulation of host
metabolism-related genes

The modulation of host gene promoters related to lipid
metabolism, obesity, and inflammatory responses by the
dominant Firmicutes within the gut microbiota has been reported
through recent investigations (Cuevas-Sierra et al., 2019; Amabebe
et al., 2020). However, the examination of gut microbiota-obesity
association at a population level presents a significant challenge,
given the inadequate sample sizes and inadequate representation of
individual subjects in existing gut microbiota studies (Stanislawski
et al., 2019). This shortcoming necessitates further research efforts
towards resolving these limitations.

4.2 Gut microbiota intervenes host
glycometabolism through metabolic
intermediates

The gut microbiota is responsible for the production of short-
chain fatty acids (SCFAs) which impact the host’s ability to absorb
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and store energy from the diet (Blaak et al., 2020). Production of
SCFAs, including acetate, butyrate, and propionate, occurs through
fermentation of soluble dietary fiber and resistant starch by gut
microbiota (den Besten et al., 2013). The SCFAs bind to the G-
protein-coupled receptors GPR41 and GPR43 (Kim et al., 2018;
Carretta et al,, 2021; Moniri and Farah, 2021), and regulate
molecular signaling pathways that indirectly affect gene
expression, such as increasing the expression of glucagon-like
peptide 1 (GLP-1) and peptide YY (PYY) in the gut (Tanaka
et al.,, 2020). Both GLP-1 and PYY have been found to inhibit
appetite (Stubbs et al., 2018), reduce body weight, and improve
insulin resistance in obese mice (McNabney and Henagan, 2017;
Blanco, 2020). However, in the absence of GPR41 signaling, PYY
levels in plasma decrease, causing an increase in gut motility and a
decrease in the amount of energy gained from meals (Samuel et al,,
2008). Moreover, acetate has been found to positively influence
appetite, insulin and ghrelin release, and obesity and its associated
complications by influencing the parasympathetic neural system
(Hernandez et al., 2019). On the other hand, propionate has been
shown to produce insulin resistance and hyperinsulinemia,
increases glucagon and fatty acid-binding protein production,
activates the sympathetic nervous system, and promotes obesity
and metabolic abnormalities (Tirosh et al., 2019). Therefore, further
research is needed to explore the relationship between changes in
the types and quantity of SCFAs and obesity as it appears that
SCFAs act as mediators between diet, gut microbiota, and
body physiology.

4.3 Gut microbiota interferes with
the host lipid metabolism by altering
enzyme activity

Béickhed et al. have proposed potential pathways that
contribute to the development of obesity (Backhed et al,
2005). One such pathway involves the gut microbiota
promoting the absorption of monosaccharide in the gut,
thereby increasing triglyceride synthesis in the liver.
Furthermore, gut microbiota has been identified as the primary
regulator of lipid metabolism, with both promoting and
inhibitory effects. Fasting-induced adipocyte factor (FIAF, also
known as PPAR-Angiopoietin Related Protein, which is a cell
signal glycoprotein hormone) is known to increase adipocytes’
lipoprotein lipase (LPL) activity and fatty acid accumulation
(Backhed et al., 2005). Notably, FIAF is produced by various
tissues, including white adipose tissue (WAT), the colon, the
liver, the heart, and the skeletal muscle (Baek et al., 2021;
Montaigne et al., 2021). Studies have shown that A.
muciniphila fermentation products, such as SCFAs, promote
FIAF expression in gut cells through PPAR-y (Carvalho and
Saad, 2013), inhibit LPL and stimulate WAT lipolysis
(Thyagarajan and Foster, 2017). In contrast, Bacteroides
thetaiotaomicron can stimulate lipogenesis by inhibiting FIAF
expression (Backhed et al., 2007). Therefore, FIAF may serve as a
gut microbiota modulator, influencing lipid metabolism and
contributing to obesity. Additionally, the endogenous
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Gut permeability is increased by HFD.

cannabinoid system (EC) has been implicated in regulating
blood lipid and glucose metabolism, with over-activation
posing a significant risk for obesity. Specific gut microbiota,
such as A. muciniphila, can interfere with fat metabolism in vivo
by blocking EC-driven lipogenesis, promoting adipocyte
proliferation, and increasing fat accumulation in adipocytes
(Geurts et al., 2011; Forte et al., 2020; Jansma et al., 2021).

5 Probiotics are promising to be a
new strategy for treating hfd obesity

Currently, clinical approaches to treating obesity involve
reducing caloric intake, increasing exercise consumption, using
appetite suppressants, and gastrectomy (Blundell et al., 2017; El
Moussaoui et al., 2021; Fanti et al, 2021). Nevertheless, these
methods exhibit certain limitations such as limited therapeutic
efficacy, drug abuse, and a high incidence of complications
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(Sarwer et al., 2019; Paccosi et al.,, 2020; Bray and Ryan, 2021). As
a result, innovative treatments are necessary.

Probiotics are living strains that are considered beneficial to the
host’s health when consumed in adequate amounts. These
microorganisms aid in nutrient digestion and absorption,
maintain the digestive system, and improve key metabolic disease
risk variables such body mass index, fasting blood glucose, alanine
and aspartate transaminase (Jager et al., 2018; Kijmanawat et al,
2019). Utilizing probiotics to regulate gut microbiota has emerged
as a promising approach for treating obesity, particularly in cases of
HED obesity (Bianchi et al., 2018; Kong et al., 2019). Numerous
animal studies and clinical trials have confirmed the efficacy of
probiotics, particularly those from the Bifidobacterium and Lacto
bacillusstrains, as well as some members of Bacillus and Propioni
bacteriumin treating obesity and overweight by controlling gut
microbiota function, bile acid metabolism, and gene expression
associated with calorie homeostasis and fat formation (summarized
in Supplementary Tables 1, 2). Obese animals treated with multiple
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Treatment of HFD obese mice with Lactobacillus strains alone.

Lactobacillus strains alone (Figure 3) or in combination with Bifido
bacteriums trains (Figure 4) exhibited lower body weight and fat
mass, improved dyslipidemia and insulin resistance, and lessened
liver damage and chronic low-grade inflammation. Clinical trials
using probiotics to treat obesity and overweight have also
successfully observed weight loss and improved metabolic
markers in subjects, probiotics’s increased presence has negative
associations with obesity and diabetes while positively impacting
gut health (Figure 5). Although data from current human testing
studies are limited and urgently need further research and detailed
documentation, intestinal bacterial transplantation has emerged in
the treatment of HFD obesity and related metabolic issues following
successful applications in diseases such as Clostridium difficile

infection, providing a new option for the prevention and
treatment of human HFD obesity.

The gut microbiota of healthy adults and children typically
contains 1%-4% of the probiotic A. muciniphila (Derrien et al,
2008). A. muciniphila has special survival advantages due to its
ability to utilize mucin, the primary growth and metabolic substrate
produced by goblet cells in the host gastrogut tissue. Its unique
structure enables A. muciniphila to modulate gut barrier integrity,
enhance gut permeability, and thicken the mucus layer in HFD mice
(Chelakkot et al., 2018; Liu et al,, 2019). Furthermore, the Type IV pili
of A. muciniphilaare able to directly signal to host immune receptors,
regulate the expression of genes involved in fat synthesis and
inflammation in the liver, and maintain gut immune system

FIGURE 4

B.longum BR-108,B.Jongum subsp. infantis YBO411,B.longum, B
longum APC1472,B. longum subsp. longum BL21,L.acidophilus
LA1 +L.rharmnosus LR5+B. bifdum BF3+B. Jactis BL3+B. longum
BG7,L.p jantarum LC27 + B.] ongum LC67,B./longum DS0956 +
L.rhamnosus DS0508

HDL, active ghrelin,

Bifidobacterium spp, Lactobacillus
spp.Akkermansia, Roseburia, Bacteroides

MRNA expression: ACE2,AMPK, PGC-a1,
IL-10,PGC1, PRDM16, CD137, FGF21,
P2RX5, TBX1, AP2, PPAR-I; HSL, ATGL

Body weight , liver weight epididymal body fat
mass, blood glucose, TG, TC, LPS,visceral

fat fat, plasma corticosterone, LDL,D-
tryptophan, TNF-a,LPS ALT AST myeloperoxidase
activity, TNF-a

F/B,Firmicutes, Bifidobacteriaceae

MRNA expression.CCL2, PPAR-y, C/EBPa,
C/EBPB, aP2, ACC, SREBP1C, P62,
LC3B,CARTINOS, COX-2, NF-KB, a-SMA,
SREBP-1c, TNF-a, IL-1B, IL-6

— | Lowerlever |__
\v///

Treatment of HFD obese mice with Lactobacillus strains in combination with Bifidobacterium strains

Treatment of HFD obese mice with Lactobacillus strains in combination with Bifidobacterium strains.

Frontiers in Cellular and Infection Microbiology

153

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1139800
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Fan et al.

L acidophilus LA-14+ L casei LC-11+ L. lactis LL-23
+B.bifdum BB-06+B./actis BL-4,

B. breve CBT BR3 + L. plantarum CBT LP3,

B. longum APC1472

B.alimalis subsp.lactis CECT 8145

B breve BRO3 (DSM 16604) +B. breve B632 (DSM
24706)

Waist circumference left weight, BMI, lean mass, fat
mass, BMR, LAP, ratio of visceral to subcutaneous
fatarea, Intemal fat area, pulse rate, fasting blood
glucose levels, waist circum ference/height ratio,
conicity index, visceral fat area

Q Lower lever
==

10.3389/fcimb.2023.1139800

Clinical trials using probiotics to treat obesity and overweight

FIGURE 5
Clinical trials using probiotics to treat obesity and overweight.

homeostasis (Zhou and Zhang, 2019; Kim et al., 2020; Yang et al., 2020;
Xiang et al, 2021). A. muciniphila is also capable of secreting
oligosaccharides and SCFA, which act as growth substrates for other
beneficial bacteria and promote the abundance of microbiota
associated with a reduced risk of obesity (Belzer and de Vos, 2012;
Clarke et al, 2014; Keshavarz Azizi Raftar et al, 2021). Long-term
supplementation with A. muciniphila can increase the thickness of the
mucus layer of the gut barrier and attenuate the expression of genes
and pathways associated with inflammation (Dao et al., 2016; van der
Lugt et al, 2019), thus making it a promising candidate for the
treatment of HFD obesity and a potential new generation of probiotics.

6 Summary and prospect

Recent studies have shown that there is a distinct distribution of
gut bacteria in obese individuals compared to those with a normal
weight. This suggests that gut microbiota may play a significant role in
the development of obesity and related metabolic disorders, as it is
involved in energy metabolism through processes such as acquiring
energy from the diet, controlling fat storage, controlling fat creation,
and controlling fatty acid oxidation. In light of these findings, new
therapeutic approaches such as improving high-fat diet obesity,
reducing systemic inflammation, and participating in weight control
through targeting gut bacteria have been explored with some success.
However, human gut microbiota is a complex research area with
various influencing factors, including nutrition, exercise, medications,
country, and gender. Some of these variables are beyond our control.
Understanding the intricate interaction between billions of distinct
bacterial populations, thousands of host cell types, and chemical
mediators requires developing well-designed and suitable
experimental models. Probiotics have emerged as a safe and effective
option for treating HFD-induced obesity in animals, with few adverse
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effects and good tolerance, making them ideal for long-term
administration (Liu et al.,, 2017), and the combination of
Lactobacillus and Bifidobacterium has been shown to significantly
alter gut microbiota composition and improve insulin sensitivity in
HFD mice. In clinical trials, the use of synbiotic bacteria
(Bifidobacterium and Lactobacillus) supplements increased the
number of potential probiotics[148], however, it was discovered that
the species and quantity of lactic acid bacteria were much higher in
obese individuals than in the control group (Armougom et al., 2009),
leading to the hypothesis that obese patients may exhibit “resistance” to
lactic acid bacteria, which may due to the widespread usage of
Lactobacillus as a growth stimulant in agriculture. In 2011, MetaHIT
team proposed the concept of enterotypes, which divided gut
microbiota into three categories: B, P and F. This has potential
research and clinical value, but it is controversial. According to
different tests, algorithms and analysis methods, different people
think that the gut microbiota should be divided into 2, 4 enterotypes
or even continuous undivided types. In order to unify the
understanding and guide the practice, 29 mainstream microflora
scientists in the world jointly proposed a new intestinal type classifier
and open comparison database. The new scheme makes full use of and
verifies the database such as HMP, comprehensively considers the
function, ecology and clinical needs of the flora, and can better indicate
the flora types of disease and health status, however, the consensus is
significant but still limited, the treatment of obesity still cannot “model”
the use of probiotics according to the existing enterotypes classification,
and use of personalized probiotics based on precise analysis of each
patient’s gut bacteria composition is not yet feasible.

Probiotics therapy may be a novel option for treating HDF-
induced obesity, and recent research has shown that using synbiotic
supplements and isolating new probiotic strains could increase the
potential benefits of probiotic therapy. Nevertheless, it is important to
note that a brief course of probiotics may not undo the long-term

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1139800
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Fan et al.

effects of a physiological disorder, and more research is required to fully
understand the role of probiotics in appetite control (Liang et al., 2021).

Although intestinal bacteria transplantation has shown potential for
disease prevention and treatment in both animal and human experiments,
there are still great controversies over enterotypes, the selection of specific
transplant strains and the combination of prebiotics. Since its
establishment, microbiology has been limited by axenic culture, but the
emergence of mixed culture mode opens up another way for
understanding microorganisms and application development, and also
has a profound impact on microbial ecology, symbiosis, pathology and
other fields. The transition from pure culture to hybrid culture depends on
three advances: microfluidic technology, next-generation 3D bioprinting,
and single-cell metabolomics. The progress of these technologies is
expected to lead to systematic large-scale symbiotic culture studies
involving three or more microorganisms in the future. On the basis of
in-depth understanding of the correlation between specific enterotypes and
metabolic diseases, mixed culture will greatly accelerate the clinical
transformation of intestinal bacteria transplantation research. As
microbiota science and analytical technology continue to advance,
targeted gut microbiota intervention presents potential therapeutic
options towards promoting host health in the future.
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Lactobacillus rhamnosus GG
ameliorates noise-induced
cognitive deficits and systemic
inflammation in rats by
modulating the gut-brain axis
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Xiaojun She?, Honglian Yang®, Kefeng Ma*, Fangshan Wu™'?,
Xiujie Gao*, Yu Fu'?, Jiayi Yin"®, Fei Wei®*, Shoufang Jiang™*
and Bo Cui****
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and Management, Binzhou Medical University, Yantai, China, *School of Public Health and
Management, Weifang Medical University, Weifang, China, “School of Public Health, North China
University of Science and Technology, Tangshan, China, *Shandong Academy of Occupational Health
and Occupational Medicine, Shandong First Medical University, Jinan, China

Background: Environmental noise exposure is linked to neuroinflammation and
imbalance of the gut microbiota. Promoting gut microbiota homeostasis may be
a key factor in relieving the deleterious non-auditory effects of noise. This study
aimed to investigate the effect of Lactobacillus rhamnosus GG (LGG) intervention
on noise-induced cognitive deficits and systemic inflammation in rats.

Methods: Learning and memory were assessed using the Morris water maze,
while 16S rRNA sequencing and gas chromatography-mass spectrometry were
used to analyze the gut microbiota and short-chain fatty acid (SCFA) content.
Endothelial tight junction proteins and serum inflammatory mediators were
assessed to explore the underlying pathological mechanisms.

Results: The results indicated that Lactobacillus rhamnosus GG intervention
ameliorated noise-induced memory deterioration, promoted the proliferation of
beneficial bacteria, inhibited the growth of harmful bacteria, improved
dysregulation of SCFA-producing bacteria, and regulated SCFA levels.
Mechanistically, noise exposure led to a decrease in tight junction proteins in
the gut and hippocampus and an increase in serum inflammatory mediators,
which were significantly alleviated by Lactobacillus rhamnosus GG intervention.

Conclusion: Taken together, Lactobacillus rhamnosus GG intervention reduced
gut bacterial translocation, restored gut and blood-brain barrier functions, and
improved gut bacterial balance in rats exposed to chronic noise, thereby
protecting against cognitive deficits and systemic inflammation by modulating
the gut-brain axis.

KEYWORDS

noise, Lactobacillus rhamnosus GG, cognition, inflammation, gut microbiota,
gut-brain axis
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1 Introduction

The intestine has the most abundant and diverse bacterial
community in the body (Sender et al., 2016). The gut microbiota,
known as the “second brain”, affects normal physiology, synaptic,
immune, and barrier functions, and host behavior, including
cognition, through the microbiome-gut-brain axis (Shukla et al,
2021). Dysbiosis of the gut microbiota frequently leads to brain
(Hill-Burns et al., 2017; Pulikkan et al., 2018; Singhrao and Harding,
2020) and gut diseases, such as inflammatory gut disease (Al Bander
et al., 2020). Our previous study demonstrated that noise
intervention changed the gut microbiota, increased gut and brain
endothelial barrier dysfunction, and accelerated neurochemical and
inflammatory dysregulation in an Alzheimer’s disease (AD) mouse
model (Cui et al., 2018). Moreover, noise exposure leads to changes
in the relative abundance of species belonging to the family
Lactobacillaceae (including the genus Lactobacillus) (Chi et al,
2021), although other factors may also cause Lactobacillus
disorders. For instance, the abundance of Lactobacillus is reduced
in mice with high-fat diet induced steatohepatitis (Zhou
et al., 2017).

Lactobacillus Rhamnosus GG (LGG) is a probiotic originally
isolated from the human gut. In recent years, studies have shown
that LGG can tolerate the environment of the digestive tract and
colonize the gut, participating in the regulation of intestinal microbiota
homeostasis (Ritze et al,, 2014; Chen et al, 2019; Zhao et al,,
2020).Sanborn et al. (Sanborn et al, 2020) reported that cognitive
performance improved in older adults after supplementation with
probiotic LGG, suggesting that LGG intervention may delay aging-
related cognitive decline. Additionally, supplementation with
Lactobacillus and Bifidobacterium reportedly improved spatial
learning, memory deficits, and oxidative stress in AD rats (Athari
Nik Azm et al,, 2018). Moreover, LGG plays a key role in protecting
against inflammatory injury and intestinal barrier dysfunction (Donato
et al, 2010). For example, LGG reportedly regulates the expression of
tight junction proteins Occludin and zonula occludens-1 to alleviate
impaired barrier function (Han et al, 2019). Notably, one study
demonstrated that LGG colonization in early life reduced
inflammation, increased the abundance of SCFA-producing bacteria,
and promoted the production of SCFAs in young mice, with the
beneficial effects persisting up to eight months (Liu et al., 2021).

The above studies suggest potential beneficial effects of LGG on
cognitive function, systemic inflammation, intestinal barrier
function, and gut metabolism. Thus, the purpose of this research
was to investigate whether intervention with LGG may improve
noise-induced cognitive deficits and systemic inflammation by
modulating the gut-brain axis in rats exposed to chronic noise.

Abbreviations: AP, B-amyloid peptides; AD, Alzheimer’s disease; ANOSIM
analysis, analysis of similarity; D-LA, D-lactic acid; IL, interleukin; LGG,
Lactobacillus Rhamnosus GG; LDA, linear discriminant analysis; LEfSe, linear
discriminant analysis effect size; LPS, lipopolysaccharide; MWM, Morris water
maze; NF-kB, nuclear factor-kappa B; OTU, operational taxonomic unit; PCoA,
principal coordinate analysis; SCFA, short-chain fatty acid; SPL, sound pressure
level; UPGMA, unweighted pair group method with arithmetic mean.
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2 Materials and methods

2.1 LGG culture

0.5 mL of sterile water was injected into LGG lyophilized powder
(BeiNa Chuanglian Biotechnology Co., LTD.), gently blown, and fully
dissolved into the bacterial suspension. The bacterial suspension was
absorbed and 200 uL was added to two MRS solid mediums (Solarbio
Science and Technology Co., Ltd. Beijing), evenly spread, and
incubated at 37°C for 24 h in an anaerobic station with a gas-pak.
LGG single colonies were then selected and added to MRS liquid
medium (pH 6.2 + 0.2, autoclaved at 121°C for 15 min) and incubated
at 37°C for 24 h in an anaerobic station with a gas-pak. Subsequently,
the bacteria were centrifuged at 4000 x g for 15 min at 4°C and the
bacterial pellet was collected. The bacteria were resuspended at a
concentration of 1 x 10° CFU/mL after the precipitate was washed
with saline solution 3 times. The bacterial cultures were stored at 4°C
for a short time (within 30 min) during the treatment of the samples.

2.2 Animals and experimental groups

A total of 48 healthy, male, six-week-old Wistar rats were
provided by Beijing Viton Lihua Laboratory Animal Technology
Co., Ltd. (Beijing, China) (animal quality certificate: 2016-0006). The
rats were maintained under standard housing conditions with an
ambient temperature of 23 + 2°C and 50%-60% humidity. The rats
were acclimated for five days prior to the experiment. Rats were fed a
standard laboratory rodent diet and had free access to water (diet and
water were autoclaved prior to ingestion). The rats were randomly
assigned to the following groups: Control, LGG, Noise, and Noise +
LGG. The Control and Noise groups received 1 mL saline solution by
gavage daily. The LGG and Noise + LGG groups received 1 mL of
LGG suspension daily by gavage. For 56 days, the Noise and Noise +
LGG groups were exposed to 88 dB sound pressure level (SPL) white
noise for 4 h/day, whereas the Control and LGG groups were exposed
to background noise (< 40 dB SPL). All animal experimental
protocols were approved by the Tianjin Institute of Environmental
and Operational Medicine Animal Use and Research Committee
(approval number: LACUC of AMMS-04-2020-063).

2.3 Noise exposure set-up

Noise was produced by a noise generator (BK 3560 C, Briiel &
Kjeer Instruments, Neerum, Denmark), which was then amplified by
a power amplifier and broadcast via a loudspeaker. The frequency
range of the generator’s noise signal was 20-20,000 Hz. In a
reverberation chamber, the rats were housed in wire mesh cages
in the center of the sound field and exposed to the noise via the
loudspeaker hung above the cage.

2.4 Morris water maze testing

The Morris water maze test adapted from a previous study (Chi
etal., 2021), using hidden platform training (spatial learning) and a
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probe trial (spatial memory). During the platform training phase,
the rats sought a hidden platform 2 cm below the water surface. The
rats were set in one of the four quadrants of the pool, facing the wall
(alternating clockwise in each trial), and were allowed to stay on the
platform for 10 s after finding it. If the rats did not find the platform
within 60 s, they were manually placed on the platform for 10 s. For
four days in a row, the rats finished four trials per day. On day 5
during the probe trial session, the platform was removed, and each
rat was allowed to swim freely for 60 s. Video cameras were used to
record the movements of the rat and to obtain the target quadrant
distance/total distance, number of crossings over the target
quadrant, time spent in the target quadrant during training
sessions, and escape latency.

2.5 Sample collection

After noise exposure, the rats were weighed and anesthetized by
intraperitoneal injection of 10% chloral hydrate at a dose of 0.3 mL/
100 g. After the abdominal aorta blood collection, the rats were
immediately executed by decapitation. Colon tissue was cut with
sterile scissors, and colon feces were collected with sterile tweezers
in sterile cryopreserved tube, hippocampus and colon tissues were
collected and stored in sterile tubes, which were immediately frozen
with liquid nitrogen and stored in a —80°C refrigerator for later use.

2.6 Transmission electron microscopy and
hematoxylin-eosin staining of colon tissue

A sample of colon tissue (1-2 mm?>) was excised from each rat,
to which 2.5% glutaraldehyde was added, and stored at 4°C. Tissues
were fixed with osmium acid, dehydrated using an alcohol gradient,
permeabilized with encapsulant epoxy, polymerized at 60°C for
48 h, and then stored at room temperature for approximately 20
days. Ultrathin sections (50 nm) were sliced, double stained with
uranyl acetate and lead citrate at room temperature for 15 min,
dried at room temperature overnight, and observed using
transmission electron microscopy.

Additionally, a sample of colon tissue was fixed with 4%
paraformaldehyde solution, dehydrated using an ethanol gradient,
rendered transparent with xylene, embedded in paraffin, cooled to
-20°C, and sliced into sections (5 um). Subsequently, sections were
heated at 45°C in a water bath, gently flattened, and dried at 60°C.
After staining with HE (Fan et al.,, 2019), the sections were rendered
transparent with xylene for 10 min, sealed with neutral resin, and
observed under an optical microscope.

2.7 Western blot analysis

Total proteins of colonic and hippocampal tissues were
extracted with RIPA buffer containing protease inhibitors
(Solarbio, Beijing, China). The colon and hippocampus were
treated with ultrasound for 1 min in a high throughput tissue
grinder. The tissue lapping solution was centrifuged at 4°C at 12,000
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rpm for 10 min, and the obtained supernatant was used for further
analysis. Western blotting analysis was conducted using standard
procedures, employing rabbit anti-Occludin (1:1000, Bioworld,
USA), rabbit anti-CLDN1 (1:2000, Bioworld, USA), and rat anti-
GAPDH (1:10,000, Bioworld, USA) antibodies, and GADPH as an
internal reference standard.

2.8 Enzyme-linked immunosorbent assay

Serum was obtained by centrifuging abdominal aorta blood for
10 min at 3000 x g. The serum was stored at —80°C until analysis via
ELISA. The following ELISA kits were used: Rat B-amyloid peptides
(AP) 1-40 ELISA kit (Jiancheng Bioengineering, China), Rat AB1-
42 ELISA kit (Jiancheng Bioengineering, China), Rat nuclear factor-
kappa B (NF-kB) ELISA kit (Thermo Fisher Scientific, USA), Rat
interleukin (IL)-10 ELISA kit (Thermo Fisher Scientific, USA), Rat
IL-17 ELISA kit (Thermo Fisher Scientific, USA), Rat D-lactic acid
(D-LA) ELISA kit (Thermo Fisher Scientific, USA), and Rat
lipopolysaccharide (LPS) ELISA kit (Thermo Fisher
Scientific, USA).

2.9 Sequencing of 16S ribosomal RNA
genes in microbiota

Amplicon sequencing was employed to sequence the 16S rRNA
genes of the microbiota, as previously described (Chi et al., 2021).
Briefly, microbial DNA was isolated from the colon contents using
the cetyltrimethylammonium bromide (CTAB) method. An
appropriate amount of DNA was diluted to 1 ng/uL in sterile
water. Next, the 16S rRNA V4 region were amplified using
specific primers with the barcode (16S V4: 515F-806R;
515F 5°>-GTGCCAGCMGCCGCGGTAA-3", 806R 5’-
GGACTACHVGGGTWTCTAAT-3).
performed using Phusion® High-Fidelity PCR Master Mix (New
England Biolabs, Ipswich, MA, USA). PCR products were detected
by electrophoresis with 2% agarose gel. Additionally, PCR products

PCR reactions were

were mixed in equidensity ratios and purified with the Qiagen Gel
Extraction Kit (Qiagen, Germany). The TruSeq® DNA PCR-free
Sample Preparation Kit was then employed to construct the library,
which was quantified by Qubit and Q-PCR. NovaSeq6000 was used
for on-machine sequencing. Paired-end reads were assigned to
samples based on their unique barcodes and were truncated by
removing the barcode and primer sequences. FLASH (V1.2.7,
http://ccb.jhu.edu/software/FLASH/) was then used to merge
paired-end reads. This program merges paired-end reads when a
portion of the reads overlap with the read generated from the
opposite end of the same DNA fragment. The spliced sequences
were designated raw tags, which were quality filtered under
specific filtering conditions to obtain high-quality clean tags
according to the QIIME (V1.9.1, http://qiime.org/scripts/
split_libraries_fastq.html) quality control process. Chimera
sequences were then detected, and subsequently removed, by
comparing the tags with the reference database (Silva database,
https://www.arb-silva.de/) using the UCHIME algorithm
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(UCHIME Algorithm, http://www.drive5.com/usearch/manual/
uchime_algo.html). The effective tags were obtained using Uparse
software (Uparse v7.0.1001, http://www.drive5.com/uparse/);
sequences with > 97% similarity were assigned to the same
operational taxonomic unit (OTU). Representative OTU
sequences were selected for further annotation.

Alpha and beta diversity analyses were conducted using the
QIIME software (Version 1.9.1) and R software (Version 2.15.3),
whereas the principal coordinate analysis (PCoA) analysis was
performed using weighted UniFrac. Additionally, linear
discriminant analysis effect size (LEfSe) analysis was completed
with the LEfSe software using a linear discriminant analysis (LDA)
score cut off of > 4.0, p < 0.05. Analysis of similarity (ANOSIM) was
performed with the Rvegan’s Anosim function. Spearman
correlation analysis was used to assess the correlation between
intestinal microflora and fecal SCFAs. Analysis was performed
using Novogene Bioinformatics Technology Co., Ltd.
(Beijing, China).

2.10 Gas chromatography-mass
spectrometer analysis

A total of 50 mg of the fecal sample was homogenized with 50
UL of 15% phosphoric acid, 125 pg/mL of internal standard
(isohexanoic acid) solution, 100 UL and 400 UL of ether for 1 min
and centrifuged at 12,000 rpm at 4°C for 10 min. The supernatant
was then collected for testing. GC-MS was performed using a
TRACE'™ 1310 1SQ LT GC-MS (Thermo Fisher Scientific,
Waltham, MA, USA) with an HP-INNOWAX GC column
(30 m x 0.25 mm ID x 0.25 um; Agilent Technologies, Santa
Clara, CA, USA) under the following conditions: sample volume, 1
uL; split ratio, 10:1; inlet temperature, 250°C; ion source
temperature, 230°C; transmission line temperature, 250°C;
quadrupole temperature, 150°C. The initial oven temperature was
90°C, which was increased to 120°C with a ramp rate of 10°C/min,
then to 150°C with a ramp rate of 5°C/min, and finally increased to
250°C with a ramp rate of 25°C/min, and was held at 250°C for
2 min. Helium was used as the carrier gas at a flow rate of 1.0 mL/
min. We used Thermo Chromeleon 7.2.10 (Novogene
Bioinformatics Technology Co., Ltd.) to process the raw data
coming out of the machine. The SCFA concentration was
calculated from the respective peak areas of the sample and the
internal standard, isohexanoic acid. The construction range and
related information of calibration curves for GC-MS are provided in
Supplementary Table 1.

2.11 Statistical analysis

The data are presented as the mean + standard deviation.
Statistical analysis was performed using IBM SPSS Statistics v.22.0
and GraphPad Prism v.7 software. Data were analyzed using one-
way analysis of variance (ANOVA), and differences were
considered statistically significant when p < 0.05. The Kruskal-
Wallis test was used when data were not normally distributed. For
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two-way comparisons between groups, the least significant
difference test was used if the variances were equal, and the
Games-Howell test was used if they were not. Correlations were
identified using Spearman’s rank correlation analysis.

3 Results

3.1 Effect of LGG intervention on cognitive
impairment after noise exposure

To assess changes in cognitive ability, rats underwent Morris
water maze testing after noise exposure for 56 days. The escape
latency of rats in the Noise group was prolonged on the second day
of training compared to that of rats in the Control group (p < 0.05).
Rats in the Noise + LGG group showed a statistically significant (p <
0.05) decrease in escape latency on the first day of training
compared with rats in the Noise group (Figure 1A). Additionally,
the time spent in the target quadrant, number of platform crossings,
and target quadrant distance/total distance were reduced in the
Noise group (Figures 1B-D), and the number of traverses in the
target quadrant and time spent in the target quadrant were
increased in the Noise + LGG group (Figures 1C, D). These
results showed that LGG intervention had a protective effect
against noise-induced cognitive impairment in rats.

3.2 Effect of LGG intervention on gut
microbiota after noise exposure

The composition of the gut microbiota in each treatment group
was detected via 16S rRNA high-throughput sequencing, and gut
microbiota species richness (a-diversity) was reflected by Chaol
and ACE indices. The Chaol and ACE indices were elevated in the
Noise group (Supplementary Figures SIA, B), indicating that
species richness of the gut microbiota in rats was disordered after
noise exposure. Comparatively, the Chaol and ACE indices were
reduced in the Noise + LGG group, indicating that LGG
intervention could regulate the gut microbiota in rats towards
homeostasis.  diversity was obviously decreased after noise
exposure compared with the control group (Tukey’s test, p < 0.05;
Supplementary Figure S1C). However, B diversity in the Noise +
LGG group was significantly increased (p < 0.05) compared with the
Noise group, indicating that LGG intervention could regulate both
the richness and variety of the gut microbiota in rats.

The variation, confirmed by PCoA and ANOSIM analyses, was
higher between groups than within groups (Supplementary Figures
S1D, F, G). The distribution of the microbiota of the LGG group was
relatively concentrated, while that of the Noise group was relatively
dispersed, indicating that noise exposure and LGG intervention
affected the abundance and structure of the gut microbiota. Based
on the species annotation results, the top 10 most abundant bacteria
of each treatment group were selected for clustering analysis based on
the weighted UniFrac distance matrix (unweighted pair group
method with arithmetic mean; UPGMA). Subsequently, the
UPGMA results were combined with the relative abundance of the
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Effects of LGG intervention improved learning and memory abilities in rats. (A) Effects of noise exposure on escape latency in the training phase;

(B) Effects of noise exposure on target quadrant distance/total distance in the probe trial; (C) Effects of noise exposure on number of crossings over the
target quadrant in the probe trial; (D) Effects of noise exposure on time spent in the target quadrant in the probe trial. n = 6; *p < 0.05 and **p < 0.01
represent the comparison between Control and Noise group; #p < 0.05 represent the comparison between Noise and Noise + LGG group.

gut microbiota in each treatment group (Supplementary Figure S1E).
Firmicutes, Bacteroidetes, and Proteobacteria were the most abundant
phyla in all treatment groups. Compared to the Control group, the
relative abundance of Bacteroidetes was increased while that of
Firmicutes was decreased in the Noise group. Meanwhile, the
abundance of Firmicutes was increased while that of Bacteroidetes
and Proteobacteria was decreased after LGG intervention compared
with the Noise group.

In order to further identify differences in the gut microbiota between
the four treatment groups, changes in the composition of the gut
microbiota were further assessed using the LEfSe test, and the
dominant flora in each group were represented by cladograms
(Figures 2A, B). The taxa with the greatest differences from phylum to
genus were identified using LDA scoring (Figures 2C, D). The dominant
species in the Control group belonged to the Bacteroidaceae and
Gammaproteobacteria, while those in the Noise group belonged to the
Gammaproteobacteria. The dominant species in the LGG group
belonged to the Muribaculaceae, Erysipelotrichaceae, and
Burkholderiacea, and the genera Allobaculum and Parasutterella, while
those in the Noise + LGG group included Lactobacillus gasseri and
species belonging to the Ruminococcaceae and Alloprevotella.

Frontiers in Cellular and Infection Microbiology

Furthermore, at the class and family levels, LEfSe analysis showed that
the abundance of Gammaproteobacteria in the Noise + LGG group was
decreased compared with that in the Noise group. While the species
abundances of Lactobacillus gasseri, which belongs to Lactobacillaceae
and Ruminococcaceae, increased (Supplementary Figures S2A-C).

To clearly demonstrate the effect of LGG intervention on the
regulation of intestinal microbiota after noise exposure, we used T-
test to analyze the differences in microbiota between Noise and
Noise + LGG groups at the genus level and the species level,
respectively. Compared with the Noise group, the relative
abundances of Alloprevotella, Lachnoclostridium, and Peptococcus
increased significantly in the Noise + LGG group at genus level after
LGG treatment; whereas the abundances of Bacteroides and
Dubosiella decreased significantly in the Noise + LGG group (p <
0.05; Figure 2E). Similarly, at species level, the relative abundances
of Clostridiales_bacterium_42_27 and Oscillibacter_sp_1-3
increased more in the Noise + LGG group than Noise group,
while the Bacteroides sartorii decreased (p < 0.05; Figure 2F). In
addition, Tax4fun analysis was used to predict functional
differences of gut microbiota between groups, and the results are
supplemented in the Supplementary Figure S3.
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FIGURE 2

LGG regulates the composition of gut microbiota. (A, B) Cladogram based on linear discriminant analysis effect size (LEfSe) analysis. The central
point represents the root of the tree (bacteria), and each ring represents the next lower taxonomic level (phylum to genus). The diameter of each
circle represents the relative abundance of the taxon (n = 10-11). (C, D) The most differentially abundant taxa in each group identified by linear
discriminant analysis (LDA) scores generated from the LEfSe analysis (n = 10-11). (E, F) Relative abundances, P-values, and confidence intervals of
the gut microbial community at the genus and species level in the Noise group and Noise + LGG group (T-test analysis, p < 0.05, n = 10-11).

3.3 Changes of SCFA levels and
metabolites in gut microbiota after
LGG intervention

SCFA levels in the feces of rats in each treatment group are
shown in (Figures 3A-D). Levels of propionic acid, butyric acid,
isobutyric acid, and isovaleric acid were reduced in the Noise group
compared to those in the Control group, whereas levels of these
SCFAs were increased after LGG intervention. These results
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indicated that LGG intervention inhibited the noise-induced
decrease in SCFAs levels in rats.

Microbial metabolites are one of the main communication channels
for crosstalk between bacteria and hosts. As the main product of bacterial
fermentation, changes in SCFAs content alter the acidic environment in
the gut, affect the normal growth of gut microbes, and influence the
composition and structure of the gut microbiota. Therefore, correlation
analysis was conducted to evaluate the associations between the SCFA
metabolites and genus level of gut microbiota. The correlation network
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diagram provided the visualization of the relationship (Figure 3E). For
example, butyric acid was positively correlated with Butyrivibrio (r =
0.393, p = 0.011); propionic acid was positively correlated with
Bifidobacterium (r = 0333, p = 0.033), Lachnospira (r = 0.306, p =
0.051), and Dorea (r = 0.331, p = 0.035); isobutyric acid was positively
correlated with Oscillibacter (r = 0.331, p = 0.034), Peptococcus (r = 0.439,
p = 0.004), and Bacillus (r = 0.312, p = 0.047), while negatively correlated
with Unidentified_Enterobacteriaceae (r = -0.368, p = 0.018); isovaleric
acid had positive correlations with Oscillibacter (r = 0.366, p = 0.019),
while being significantly negatively correlated with Enterorhabdus (r =
-0321, p = 0.041).
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3.4 Changes in 3-amyloid peptides and
serum inflammatory cytokines after
LGG intervention

Serum levels of AB1-40 and APB1-42 were higher after noise
exposure than those in the Control group (Figures 4A, B). However,
serum levels of AB1-40 and AB1-42 in the Noise + LGG group were
notably lower (p < 0.05) than those in the Noise group. These results
indicated that LGG intervention can regulate abnormal increases in
AP serum levels. Serum inflammatory cytokine and mediator levels
in each treatment group are shown in Figures 4C-E. IL-17 and
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FIGURE 4

LGG intervention reduces serum inflammatory cytokines and inflammatory markers. (A, B) Changes in serum AB1-40 and AB1-42 in each group.
(C—E) Changes in serum IL-17, IL-10, and NF-kB in each group. (F) Changes in serum D-LA in each group. (G) Changes in serum LPS in each group.
n =6.*p < 0.05 and **p < 0.01 represent the comparison between Control and Noise group; #p < 0.05 and ##p < 0.01 represent the comparison

between Noise and Noise + LGG group.

IL-10 are important inflammatory cytokines, and NF-kB is a main
regulator of natural immunity and inflammation that can be
activated by inflammatory cytokines. Serum levels of IL-17, NF-
KB, and IL-10 were higher in the Noise group than in the Control
group, but lower in the Noise + LGG group than in the Noise group.
Serum levels of inflammation markers D-LA and LPS, which are
related to gut mucosal damage, were remarkably higher in the Noise
group than those in the Control group (Figures 4F, G), suggesting
injury to the gut mucosa. However, serum levels of D-LA and LPS
were significantly reduced after noise and LGG intervention
(Figures 4F, G). These results showed that LGG intervention may
inhibit the release of inflammatory cytokines into the blood and
reverse the inflammation caused by noise exposure in rats, thus

playing a protective role.
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3.5 Effect of LGG intervention on epithelial
barrier function after noise exposure

Histopathological analysis (Figure 5A) of colon tissues from each
treatment group revealed complete mucosal structure, orderly
arrangement of epithelial cells, and tightly arranged lamina propria
glands in the Control and LGG groups. In the Noise group, the
mucosal structure of the colon tissue was incomplete, the epithelium
was exfoliated, and the lamina propria glands were short and
arranged loosely and irregularly. The mucosal structure of the
colon tissue in the Noise + LGG group was incomplete and the
lamina propria glands were arranged irregularly, but the pathological
changes were reduced compared to those in rats exposed to noise
alone. The electron microscopy results of colon tissues in each group
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Protective effect of LGG intervention on gut and blood-brain barrier in rats. (A) Histopathological changes in HE-stained rat colon sections
(magnification x40). (a) Control, (b) LGG, (c) Noise, and (d) Noise + LGG groups. (B) The ultrastructural colon changes were observed with
transmission electron microscopy (magnification: a: x 7000, b, ¢, d: x 5000). (a) Control, (b) LGG, (c) Noise, and (d) Noise + LGG groups. (C) The
protein levels of occludin and CLDNL1 in the colon tissues of rats. (D) The protein levels of Occludin and CLDNL1 in the hippocampal tissues of rats.

GADPH served as an internal reference standard for normalization.

(Figure 5B) showed that the colon epithelial cells in the Control group
and the LGG group were normal, with more mitochondria and clear
structure. In the Noise group, the junctions of epithelial cells were
significantly widened and there were fewer mitochondria, with some
vacuolated. However, colonic epithelial cells in Noise + LGG group
were relatively normal, with clear mitochondrial structure and
some vacuolated.

Analysis of tight junction proteins in the colon (Figure 5C) and
hippocampus (Figure 5D) of each group revealed that the
expression levels of Occludin and CLDN1 were decreased in the
colon and hippocampus of the Noise group compared with
the control group (Figures 5C, D), while they were increased in
Noise + LGG group when compared with the Noise group. These
results suggested that noise exposure led to impaired gut and blood-
brain barrier functions in rats, which was ameliorated with
LGG intervention.

4 Discussion

Our previous studies showed that noise exposure alters the gut
microbiota (Cui et al., 2016), inducing oxidative inflammation and
AD-like neuropathy (Chi et al., 2021). The results of the current
study confirmed that chronic low-intensity noise exposure could
induce numerous microbiome-gut-brain axis events. Moreover, the
results indicated that LGG intervention could ameliorate noise-
induced gut microbiota disturbance, gut and blood-brain barrier
dysfunction, cognitive impairment, and systemic inflammation,
which may provide new insights into treating the neurological
effects of environmental noise exposure (Figure 6).
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In our previous studies (Cui et al., 2018; Confer et al., 2021)
long-term high-intensity noise exposure negatively impacted spatial
learning and memory and caused cognitive impairment in rats. Gut
microbiota dysbiosis, increased systemic inflammation, and
reduced integrity of gut and blood-brain barriers may also be
factors in noise-induced impairment of cognitive function via the
microbiome-gut-brain axis. The results of the current research
support that low-intensity noise exposure leads to cognitive
decline and concur with two recent models of low-intensity noise
exposure (Sun G. et al,, 2021; Zhang Y. et al, 2021). Our results
indicated that after LGG intervention, the behavioral performance
of rats improved, which was consistent with the normal control
group, suggesting that cognitive deficits were improved by LGG
intervention. Therefore, we hypothesize that the microbiome-gut-
brain axis may play a key role in the amelioration of cognitive
impairment caused by noise exposure.

Additionally, the results of the current study indicate that noise
exposure leads to abnormal changes in the gut microbiota and
disrupts normal metabolism of SCFAs, which in turn damages the
intestinal barrier, creating a vicious cycle (Lee et al., 2020). LGG
intervention can ameliorate gut microbiota imbalance and SCFAs
metabolism abnormalities caused by noise. Gammaproteobacteria
are related to increased intestinal permeability, inflammatory cell
proliferation, and secretion of inflammatory mediators, leading to
activation of the immune inflammatory response (Shin et al., 2015;
Panasevich et al., 2018). In addition to providing energy to the host
(Huang et al., 2015), Ruminococcaceae are known to have beneficial
effects on intestinal barrier function (Leclercq et al., 2014). Further,
Lactobacillus-gasseri, a symbiotic lactic acid bacterium, can inhibit
the NF-xB signaling pathway and increase intestinal barrier
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Summiarizing central scheme: LGG intervention ameliorates systemic inflammation and cognitive impairment. LGG intervention significantly
increased the abundance of beneficial bacteria (Ruminococcaceae, Lactobacillus-gasseri, and Alloprevotella) and decreased harmful strains
(Gammaproteobacteria). LGG colonization increased the abundance of SCFA-producing bacteria (Ruminococcaceae, Alloprevotella) and the content
of SCFAs. In addition, LGG intervention also improved cognitive function and reduced systemic inflammation through the microbial-gut-brain axis by
repairing gut-blood-brain barrier damage, thus avoiding bacterial translocation, reducing inflammatory cytokine levels, and improving learning and
memory abilities in rats. LGG, Lactobacillus rhamnosus GG; SCFAs, short-chain fatty acids; IL-10, interleukin 10; IL-17, interleukin 17; LPS,

lipopolysaccharide.

integrity (Shiraishi et al., 2021). Lactobacillus-gasseri can also
regulate gut bacterial dysbiosis, alleviate colonic inflammation,
and improve cognitive dysfunction in mice (Yun et al, 2020).
Moreover, the relative abundance of Alloprevotella has been
negatively associated with inflammation (Wang et al., 2020) and
may also enhance antioxidant capacity (Wang et al., 2021). In this
study, LGG intervention increased the abundance of Alloprevotella
and probiotic bacteria belonging to the Firmicutes, such as
Ruminococcaceae and Lactobacillus-gasseri, which are known to
produce SCFAs (Kong et al., 2019; Xu et al., 2021).
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We found that LGG intervention could improve Oscillibacter_SP_1-
3 and Clostridiales_bacterium_42_27, which belong to Ruminococcaceae
in the Noise group. The elevation of blood LPS concentration had a
strong association with Bacteroides (Ding et al, 2020). After LGG
intervention, the abundance of Bacteroides and Bacteroides-sartorii
decreased in the Noise + LGG group, which is also consistent with
reduced levels of LPS in the serum. The beneficial bacteria
Lachnoclostridium can inhibit the growth of pathogenic bacteria and
regulate intestinal homeostasis (Zhang et al.,, 2020) and Peptococcus can
promote butyric acid production. Our results also showed that isobutyric
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acid was positively correlated with Peptococcus (Zhang et al., 2022). In
addition, the abundance of species belonging to the Enterobacteriaceae
(unidentified_Enterobacteriaceae) in the Gammaproteobacteria was
negatively correlated with isobutyric acid. LGG decreased the
abundance of harmful Gammaproteobacteria caused by noise, and the
increase of these harmful bacteria led to the higher abundance of gut
microbiota in the noise group. These results show that LGG can mitigate
the negative effects of noise by increasing the abundance of Firmicutes
and reversing the Firmicutes/Bacteroidetes ratio, which is considered an
important indicator of gut microbiota health (Li and Ma, 2020). These
variations were followed by beneficial changes in gut microbiota diversity
and improved SCFAs levels. The study findings demonstrate that LGG
intervention can reshape the gut microbiota structure, increase the
SCFAs content, and maintain the normal intestinal microenvironment
by enriching beneficial bacteria and inhibiting pathogenic bacteria.

The results of the present research indicate that noise exposure
increases gut and blood-brain barrier permeability and systemic
inflammatory responses in rats, which is consistent with our
previous research (Chi et al., 2021). D-LA is used as a serum
marker of intestinal permeability (Zhang H. et al., 2021) and LPS
can be used as an indicator of gut microbiota translocation (Luchetti
et al,, 2021). Gut mucosal inflammation is positively correlated with
D-LA and LPS levels, which are also associated with increased gut
mucosal permeability (Vitetta et al., 2017). Consistently, noise
exposure significantly increased serum levels of LPS and D-LA,
pro-inflammatory cytokine IL-17, and inflammatory mediators NEF-
«B, AB1-40, and AP1-42. Interestingly, noise exposure led to elevated
levels of anti-inflammatory cytokine IL-10. NF-xB can drive the
differentiation of monocytes into macrophages, with the M1 type
producing pro-inflammatory cytokines and the M2 type producing
anti-inflammatory cytokines, such as IL-10 (Sun S. et al,, 2021). We
hypothesize that gut microbiota dysbiosis after noise exposure and
excessive release of LPS activates NF-xB, which in turn drives the
differentiation of monocytes into macrophages, with the M1
phenotype leading to a massive release of IL-17, thus causing an
inflammatory response. Subsequently, the M2 phenotype produces
IL-10 to resist the body’s exposure to inflammation.

LGG can act on the gut epithelium to form a barrier and block the
invasion of harmful bacteria in the intestine (Rao and Samak, 2013),
regulate the NF-xB signaling pathway, and exert certain anti-
inflammatory effects (Hou et al,, 2019). Therefore, serum levels of D-
LA, LPS, and NF-xB decreased after LGG intervention. The reduced
levels of TL-17 and IL-10 may be due to less LPS being released after
improvement of intestinal damage, thus downregulating NF-xB
expression, inhibiting macrophage differentiation, and balancing
inflammatory and anti-inflammatory cytokines. In addition, LGG
intervention reduced serum levels of AP, preventing abnormal entry
of A into the brain through the damaged blood-brain barrier, which
can damage neurons, exacerbate neuroinflammation, and lead to
cognitive dysfunction (Deane, 2012; Long et al,, 2019). These results
further suggest that LGG regulates gut microbiota homeostasis and
SCFAs levels, inhibits the release of inflammatory cytokines, and
protects the intestinal barrier. SCFA can not only enhance the
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intestinal barrier and local anti-inflammatory effect (Luo et al., 2020),
but also directly cross the blood-brain barrier and enter the brain tissue
(Den et al, 2020). Intake of SCFA can reduce hippocampal
neuroinflammation and neuronal apoptosis by inhibiting NF-xB,
and improve cognitive performance (Xiao et al, 2022). Therefore,
LGG intervention may prevent local inflammation in the gut, avoiding
systemic inflammation induced via the gut-brain axis pathway that
could impair neurological function and increased SCFA may be
involved in the improvement of cognitive function.

This study had two major limitations. First, based on animal
ethics and principles of the experiment, partial experiments
randomly selected only six samples per group for statistical
analysis. Second, due to the limited samples, western blotting
results were only assessed to observe trends in expression levels,
without statistical analyses being performed. Therefore, it is
necessary to increase the sample size and adopt a variety of
detection methods in the future experimental design and detection.

5 Conclusions

Taken together, the study findings indicate that noise exposure
disturbs intestinal microbiota homeostasis, SCFAs metabolism, and
upregulates systemic low-grade inflammation, which may be the
cause of intestinal and brain epithelial barrier deficiencies. LGG
intervention can ameliorate cognitive deficits and systemic
inflammation in rats exposed to noise, possibly through linked
changes in the microbiome-gut-brain axis. This research advances
the current knowledge regarding the etiological signaling pathways
participating in negative non-auditory effects of environmental noise.
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