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Abstract: In recent years, there has been growing concern about the impact of the gastrointestinal
microbiome on human health outcomes. To clarify the evidence for a link between the gastrointestinal
microbiome and a variety of health outcomes in humans, we conducted an all-encompassing review of
meta-analyses and systematic reviews that included 195 meta-analyses containing 950 unique health
outcomes. The gastrointestinal microbiome is related to mortality, gastrointestinal disease, immune
and metabolic outcomes, neurological and psychiatric outcomes, maternal and infant outcomes, and
other outcomes. Existing interventions for intestinal microbiota (such as probiotics, fecal microbiota
transplant, etc.) are generally safe and beneficial to a variety of human health outcomes, but the
quality of evidence is not high, and more detailed and well-designed randomized controlled trials
are necessary.

Keywords: gastrointestinal microbiome; gut microbiota; gut flora; probiotics; prebiotic; synbiotics;
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1. Introduction

There are hundreds of millions of microorganisms in the human gut [1]. Collectively
known as gut flora, the human gastrointestinal microbiota is more than 10 times the num-
ber of cells in the human body, providing metabolic, immune, and protective functions
and playing a vital role in human health [2–6]. The gut microbiota produces bioactive
metabolites that influence many aspects of host physiology. For example, as a product
of intestinal flora, short-chain fatty acids (SCFAs) are playing an increasingly important
role. Butyrate can induce the apoptosis of colon cancer cells and activate intestinal gluco-
neogenesis, which has beneficial effects on glucose and energy homeostasis [7]. Butyrate
and propionate appeared to control gut hormones, reducing appetite and food intake in
mice [8]. Other specific products of the gut microbiome are directly relevant to human
health outcomes. Trimethylamine, for example, is oxidized in the liver to trimethylamine
N-oxide, which is positively associated with an increased risk of adverse cardiovascular
events [9,10]. The gastrointestinal microbiota is influenced by many factors, including
genetics, host physiology (age, disease, stress, etc.), and environmental factors (living
conditions, drug use, diet, etc.) [8,11–13]. In recent years, the consumption of specific
dietary components (such as fiber and prebiotics) and fecal microbiota transplantation
have become common ways to regulate the microbiome. In addition, the concept of the
brain–gut–microbiota axis has attracted much attention. The central nervous system (CNS)
is able to respond directly or indirectly to the microbiota and its metabolites through
the network of CNS neurons. Gut microbiota can affect brain function from the bottom
up through the microbiota–gut–brain axis, and it can participate in the occurrence and
development of psychiatric, neurodevelopmental, age-related, and neurodegenerative
disorders. The brain may also affect gut microbiota and its metabolites from the top down
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through the brain–gut–microbiota axis. The concrete mechanism of two-way communica-
tion between the gut and brain is not entirely clear, but communication between the gut
microbiome and the brain/central nervous system is closely related to other systems, such
as the immune system, the endocrine system, the intestinal barrier and blood–brain barrier,
microbial metabolites and gut hormones, as well as the sensory and autonomic nervous
systems [14–18].

However, it is important to systematically evaluate and summarize the advanced
evidence on the impact of gastrointestinal microbiota on all health outcomes before inter-
ventions are undertaken. To date, many epidemiological studies (case controls or cohort)
and clinical trials (cross-sectional or randomized control trials) have been widely used to
investigate the relationship between gut microbes and a range of health outcomes. How-
ever, different studies have come to conflicting conclusions. If carried out and interpreted
properly, umbrella reviews can provide evidence of the highest quality. Therefore, we
conducted an umbrella review by integrating evidence from multiple meta-analyses to help
determine the presence and extent of associations between gastrointestinal microbiota and
different health outcomes and to assess any risks that may be associated with changes in
gastrointestinal microbiota in existing studies. The research results can provide a basis for
policymakers to formulate or update relevant guidelines.

2. Methods
2.1. Umbrella Review Method and Assessment of Methodological Quality

The umbrella review was carried out as previously published in the relevant liter-
ature [19,20]. The AMSTAR [21] and GRADE [22] were used to independently evaluate
the methodological quality of the selected meta-analyses or systematic reviews and the
quality of the original literature by two investigators (Chengting Chang and Xingzhu Yuan).
If there was any inconsistency, a third researcher was consulted. There are 16 items in
AMSTAR 2 [21] in total, among which 2, 4, 7, 9, 11, 13, and 15 are the key items. The
evaluation results of each item are divided into yes (Y) and part of yes (PY) and no (N).
If the evaluation result was not, it was considered to be inconsistent. If there was no or
only one noncritical item considered as N, the meta-analysis was rated as highly reliable. If
more than one noncritical item is rated as nonconformance, the analysis is considered to
have medium credibility. If the analysis does not meet one key item regardless of whether
it meets any nonkey item, it is rated as low reliability. If more than one key item does not
meet the criteria, no matter whether the nonkey item meets the criteria, the credibility is
very low. GRADE [23] has four grades, high, mediate, low, and very low, and it evaluates
the quality of evidence of outcome indicators through five degrading factors: the risk of
bias, imprecision, inconsistency, indirectness, and magnitude of effect.

2.2. Literature Search

We searched meta-analyses of observational or interventional studies, which examined
the link between gut microbiota and any health outcomes, published between inception
and September 2021 in PubMed, Web of Science, Embase, and the Cochrane Database of
Systematic Reviews. We used the following terms/keywords to search: (meta analys* or meta-
analys* or systematic review*) and (gastrointestinal microbiome or intestine flora or related
free words) using truncated terms for all fields, following the SIGN guidance recommended
search terms for systematic reviews and meta-analyses [24]. See Supplement 1 for detailed
retrieval strategies. We also conducted a manual search for references to eligible articles.

2.3. Eligibility Criteria

Two researchers (Chengting Chang and Xingzhu Yuan) independently screened the
titles and abstracts and selected articles for full-text review. They then independently
reviewed the full-text articles for eligibility. A third researcher, Xinrong Chen, arbitrated
any differences that could not be resolved by consensus.
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Meta-analyses and/or systematic reviews assessing the link between the human gut
microbiota (containing microbial metabolites) and any health outcomes were included, re-
gardless of whether and for what reason the gut microbiota changed. However, considering
that antibiotics may have a direct impact on health outcomes such as inflammatory factors
or disease recovery, the article on antibiotics as an intervention was excluded. Participants
of any age, gender, and race from any country and setting were allowed to be included,
and participants could be healthy, have pre-existing conditions, or be pregnant. We did
not use language restrictions, but animal or in vitro experiments were excluded. There
was no limit to the types of meta-analyses but the network meta-analysis, which means
observational (cohort, case-control, and cross-sectional studies with binary outcomes) and
interventional studies (randomized controlled trials) can be included. However, at least one
of the relative risks, odds ratios, relative rates, hazard ratios, standardized mean difference,
weighted mean difference, mean difference, risk difference, or median difference should be
reported. If there was more than one meta-analysis and/or systematic review of the same
research question, we included the most recent study with the largest number of studies
and participants. If an article conducted a separate meta-analysis of more than one health
outcome, we included each one separately.

2.4. Data Extraction

Two investigators (Chengting Chang and Xingzhu Yuan) independently extracted the
following information from the included literature: the first author, year of publication,
populations, number of studies, number of cases/control or total participants, study design
(cohort, case-control, randomized controlled trial (RCT)), intervention duration or length
of follow-up, outcome(s) of interest (multiple health outcomes), outcome comparison (e.g.,
highest versus lowest/none), meta-analysis metric (e.g., odds ratio), estimated summary
effect with the 95% confidence intervals (95% CIs), type of effect model (fixed or random),
heterogeneity and publication bias. Any discrepancies in the data extracted by the two
researchers were resolved by consensus.

2.5. Data Analysis

After incorporating appropriate systematic reviews and meta-analyses, we added
major trials missing from the largest or the most recent meta-analysis. The estimated
summary effect and its 95% confidence interval for each included meta-analysis were then
extracted. We used the I2 metric [25] (0% to 25%: might not be necessary; 25% to 50%: might
be represented as moderate heterogeneity; 50% to 75%: might be shown as substantial
heterogeneity; 75% to 100%: considerable heterogeneity). Heterogeneity was assessed
using p values generated by the Egger test [26] (p < 0.05) to assess publication bias. We did
not reanalyze the other data or primary studies included in the meta-analysis.

3. Results
3.1. Characteristics of Included Articles

Figure 1 shows the process of the systematic search and selection of eligible stud-
ies. A total of 5254 records were retrieved, 385 of which were eligible for the stage of
full-text review. Finally, 195 recent meta-analyses spanning 2009–2021 with 950 unique
results were included in our umbrella review (Figure 2). Outcomes related to prebi-
otics/probiotics/synbiotics are shown in Figure 3.
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Figure 1. Flowchart of the selection of studies for inclusion in the umbrella review on gastrointestinal
microbiome and multiple health outcomes.

Figure 2. Map of outcomes related to the gastrointestinal microbiome.
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Figure 3. Map of outcomes related to prebiotics/probiotics/synbiotics.

The number of meta-analyses of single outcomes ranged from 3 to 54. The detailed
associations between prebiotics/probiotics/synbiotics and multiple health outcomes are
shown in Supplementary Table S1. The relationship between fecal microbiota transplanta-
tion and multiple health outcomes is presented in Supplementary Table S9. Supplementary
Table S10 shows other outcomes related to the gastrointestinal microbiome. The associa-
tions between disease and changes in gastrointestinal microbiota and its metabolites are
shown in Supplementary Table S11.

3.2. Prebiotics/Probiotics/Synbiotics and Multiple Health Outcomes
3.2.1. Mortality

In very preterm (28–32 week of gestation), preterm infants (<36 or 37 weeks), low birth
weight infants (<2500 g), and very low birth weight (<1500 g) infants, prebiotic/probiotic
use is associated with reduced mortality [27–33]. However, in extremely preterm
(<28 weeks’ gestation) or extremely low birth weight (<1000 g) infants, surgical patients
and people with any grade of acute or chronic hepatic encephalopathy, prebiotic/probiotic
use has not been associated with reduced mortality [28,34,35]. Additionally, there was no
association between the use of a prebiotic, probiotic, or synbiotic agent and the improve-
ment of the death rate in patients who underwent abdominal surgery [36]. See Supplement
Table S2 for a more detailed summary.

3.2.2. Immune and Metabolic Outcomes

A number of meta-analyses have proven that related indicators of liver function
(e.g., bilirubin, total cholesterol, low-density lipoprotein cholesterol (LDL-c), high-density
lipoprotein cholesterol (HDL-c), triglycerides, etc.) were associated with prebiotics/
probiotics/synbiotics [37–43]. However, the association was uncertain for patients with
liver disease, kidney disease or metabolic syndrome [42,44–46].

In addition, immune-related indicators (such as immunoglobulin A, immunoglobulin
G, immunoglobulin M, C-reactive protein (CRP), tumor necrosis factor α, etc.) were related
to prebiotics/probiotics/synbiotics [47–50], but in patients with liver disease or rheumatoid
disease or human immunodeficiency virus (HIV), adult athletes, kidney disease patients,
healthy elderly individuals aged > 60 years, or obese adults (age ≥ 18 years) who had
undergone bariatric surgery, correlations are no longer proven [42,44,51–56].

Evidence has been shown to link blood sugar control (such as fasting plasma glu-
cose, glucose, fasting insulin, glycated hemoglobin, etc.) [39,40,44,45,48,57–59] and en-
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zymes (lidiamine oxidase, gamma-glutamyl transpeptidase, etc.) [41,42,47] to prebiotics/
probiotics/synbiotics.

Protein results (albumin, prealbumin, total protein, hemoglobin, etc.) were asso-
ciated with prebiotics/probiotics/synbiotics [47] but not in adult chronic kidney dis-
ease [53]. Meanwhile, prebiotics/probiotics/synbiotics were related to total antioxidant
capacity [39,49], nitric oxide (NO) [49], total glutathione [39,49], plasma ammonia [34,60],
malondialdehyde [49,61], serum calcium levels, parathyroid hormone, urinary calcium [62],
and the rise of butyrate and total SCFAs [35].

However, there was no evidence of the relationship between prebiotics/probiotics/
synbiotics and urea, uric acid, and creatinine in adult chronic kidney disease [53,63,64]. See
Supplementary Table S3 for a more detailed summary.

3.2.3. Gastrointestinal Disease

Prebiotics/probiotics/synbiotics are correlated with gastrointestinal symptoms and
functional level. Prebiotics/probiotics/synbiotics have been linked to a lower risk of
diarrhea [47,65–75] but not in adults who received mechanical ventilation (MV) therapy
in hospitals [65] and healthy infants or children, aged 0–18 years [76]. In all patients
who met the criteria of severe stroke, early enteral nutrition combined with probiotics
was associated with many improvements in gastrointestinal function [47]. The use of
combination probiotics is associated with the improvement of persistence of symptoms
and bloating scores but not flatulence scores in adults (participants aged > 16 years) [77].
However, regarding abdominal pain scores in patients with irritable bowel syndrome, the
association with prebiotics/probiotics/synbiotics is still controversial [78–81]. Whether
probiotics are related to stool frequency and consistency varies with the disease and
the population [33,80,82–85]. In addition, the overall symptom response to treatment,
integrative symptom score, severity of abdominal pain, bloating, and flatulence in adult
patients ≥ 18 and ≤ 64 years with irritable bowel syndrome or other functional bowel
disorders were irrelevant to prebiotics/probiotics/synbiotics [86].

There is also evidence of an association between a positive stool Clostridium difficile cyto-
toxin assay or culture [68,70], a decrease in Eubacterium rectale or Clostridium coccoides [87], the
elevation of beneficial bacteria such as bifidobacterial [88], and prebiotics/probiotics/synbiotics.
Additionally, the eradication of Helicobacter pylori (H. pylori) in H. pylori-infected patients was
related to probiotics [89]. In adults who received mechanical ventilation therapy in hospitals,
oropharyngeal colonization, gastric colonization, and the rate of Gram-negative bacterial
positivity were associated with prebiotics/probiotics/synbiotics, while a positive rate of
Gram-positive bacterial culture and positive fungal culture rates were irrelevant [65].

The reduction in colon endoscopic scores in children or adults with ulcerative colitis
was also related to prebiotics/probiotics/synbiotics [90,91] but not only using Escherichia
coli Nissle (EcN) 1917 [92]. For people of any age with ulcerative colitis in remission, clinical
relapse and maintenance of clinical remission were not associated with probiotics [93].
Prebiotics/probiotics/synbiotics were related to clinical remission and clinical response in
adults or children with active ulcerative colitis [94–97] and inducing/maintaining inflam-
matory bowel disease (IBD) remission [98], but preventing relapse is irrelevant [97,99]. See
Supplementary Table S4 for a more detailed summary.

3.2.4. Neurological and Psychiatric Outcomes

Probiotics are associated with cognitive improvement in adults [100] but not with
cognitive function in dementia patients [101]. However, when focusing on patients with a
diagnosis of Alzheimer’s disease (AD) or mild cognitive impairment (MCI), a correlation
between probiotics and cognitive promotion has been shown [49].

Probiotics are associated with adult healthy volunteers’ preclinical psychological
symptoms of anxiety, depression, and stress [102] but not the symptoms of depressive
symptoms [103]. For the general population or clinical population, patients with major
depressive disorder or other clinical diagnosis populations, probiotics are related to the
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improvement of depressive symptoms [103]. Probiotics did not show a correlation with
schizophrenia symptoms in patients with at least moderately severe psychotic symptoms
aged 18–65 years [104]. Probiotics were associated with a reduction in stress levels and
stress-related subthreshold anxiety/depression levels in healthy people [105]. When pro-
biotics were associated with the improvement of depression and anxiety in patients with
depression or anxiety, prebiotics and anxiety in adult patients with 18 and 64-year irritable
bowel syndrome or other functional bowel disorders (FBDs) showed no correlation [86].
Additionally, depression and anxiety in patients with depression or anxiety did not show
any relation to prebiotics [106]. See Supplementary Table S5 for a more detailed summary.

3.2.5. Maternal and Infant Outcomes

Prebiotics/probiotics/synbiotics were associated with the duration of crying in in-
fants [107–109]. The risk of necrotizing enterocolitis (before hospital discharge), invasive
infection (before hospital discharge) in very preterm (<32 weeks’ gestation) or very low birth
weight (<1500 g), but not in infants extremely preterm (<28 weeks’ gestation) or extremely
low birth weight (<1000 g) infants, was related to prebiotics/probiotics/synbiotics [28]. The
duration of birth hospitalization in very preterm (<32 weeks’ gestation) or very low birth
weight (<1500 g) was also reduced [28]. Prebiotics/probiotics/synbiotics were associated
with preventing necrotizing enterocolitis in preterm neonates [29–32], decreasing the death
rate in preterm infants <37 weeks and/or birth weight < 2500 g [30–32], and reducing total
cholesterol and triglycerides in pregnant women [110]. A mixture of Lactobacillus and
Bifidobacterium was associated with the risk of eczema in children [111], but Lactobacillus
rhamnosus GG is irrelevant [112].

The occurrence of new cases of colic [107] in infants, the risk of neurodevelopmen-
tal impairment, cerebral palsy, visual impairment, hearing impairment in very preterm
(<32 weeks’ gestation) or very low birth weight (<1500 g) [28], sepsis, Hirschsprung-associated
enterocolitis (HAEC), and age reaching full feeds in preterm infants [29,31,32,113] have not
been found to be related to prebiotics/probiotics/synbiotics. Mean cognitive and motor
scores, the risk of cognitive impairment, the risk of motor impairment, the risk of neurode-
velopment impairment (NDI), the risk of cerebral palsy, and the risk of hearing impair-
ment in children under 5 years of age in preterm infants (<37 weeks gestation and/or birth
weight < 1500 g) [114] have not been proven to be related to prebiotics/probiotics/synbiotics
use. Additionally, preterm birth < 37 weeks’ gestation [115], newborn birth weight [116],
and HDL-C and LDL-C in pregnant women [110] were irrelevant to prebiotics/
probiotics/synbiotics.

It is contradictory whether prebiotics/probiotics/synbiotics are related to preventing
gestational diabetes and some related infant outcomes [105,110], in pregnant women
not previously diagnosed with diabetes mellitus. However, in adult pregnant women
regardless of weight status (normal, overweight, or obese), who were diagnosed with
gestational diabetes mellitus (GDM) according to the oral glucose tolerance test and were
not on any hypoglycemic agents, they were related to blood sugar control in pregnant
women and some related infant outcomes [117].

There is no evidence that prebiotics/probiotics/synbiotics are associated with adverse
effects including parental depression and mental illness, choking, bacterial infection, or
apparent life-threatening/serious events (dichotomous outcome) in infants [107]. See
Supplementary Table S6 for a more detailed summary.

3.2.6. Other Outcomes

In participants taking antibiotics, there is no evidence to prove that the detection of
C. difficile in stool [67] and length of hospital stay [67] are related to probiotics. Overall,
prebiotics/probiotics/synbiotics were associated with a reduction in the incidence of infec-
tion [36,47,74,87,118–121], the enteral nutrition target time [47], and the length of hospital
stay [33,35,47,119,120]. Parts of the outcomes of respiratory tract infections in healthy
children (from birth to 18 years) were also relevant [122]. Prebiotics/probiotics/synbiotics
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were related to the improvement of polymorphonuclear phagocytic capacity, natural killer
(NK) cell tumoricidal activity, and reduction in No-recovery [34,123].

The association between the risk of atopic and food sensitization and prebiotics/
probiotics/synbiotics in children varied according to the time of administration [124].
The risk of developing asthma, allergic rhinitis, wheezing, and positive aeroallergen skin-
prick test (SPT) results in healthy children were not associated with prebiotics/probiotics/
synbiotics [125].

Liver stiffness was measured by the FibroScan in adult patients with nonalcoholic
fatty liver disease (NAFLD) or nonalcoholic steatohepatitis (NASH) and BMI in male
and female patients of any age who presented at least one of the following: NAFLD,
steatosis, liver fibrosis, and steatohepatitis [42,126] were proven to be related to prebi-
otics/probiotics/synbiotics [44,127].

In surgical patients, prebiotics/probiotics/synbiotics were related to superficial inci-
sional, duration of postoperative pyrexia, fluid diet, hospital stay, and solid diet [35]. There
is evidence that prebiotics/probiotics/synbiotics may be useful to improve quality-of-life
(QoL) in adults of both sexes and of all ages with irritable bowel syndrome (IBS) [86,128]. In
adults who received mechanical ventilation (MV) therapy in hospitals, ventilator-associated
pneumonia (VAP) incidence, length of ICU stay, length of hospital stay, days of antibiotics
use, the incidence of bacteremia, and rate of multidrug-resistant (MDR) infections were
related to prebiotics/probiotics/synbiotics [65]. In addition, improvement in the corre-
sponding score of adults with relapsing–remitting multiple sclerosis [129], physical growth
during the first year of life of full-term neonates [130], and reduction in the Severity Scoring
of Atopic Dermatitis (SCORAD) values at 8 weeks in patients with atopic dermatitis [131]
were associated with prebiotics/probiotics/synbiotics. For the patients with minimal hep-
atic encephalopathy (MHE), the development of overt HE (week 4 but not 12 weeks), and
improvement in MHE (week 12) were also relevant [60].

For adults (≥18 years old) with body mass index (BMI) > 25 kg/m2, prebiotics/
probiotics/synbiotics were related to waist circumference [132], fat mass, fat percentage,
waist-to-hip ratio [48], total abdominal fat area, and subcutaneous abdominal fat area [57].
Probiotic fermented milk products (PFMPs) were associated with body weight, but BMI,
waist circumference, and body fat percentage were irrelevant [133]. The meta-analysis did
not prove that waist circumference and hip circumference in women with polycystic ovary
syndrome (PCOS) are irrelevant to prebiotics/probiotics/synbiotics [40], but the modified
Ferriman–Gallway score is relevant [39].

The blood pressure of adults (18 years or older) with overweight or obesity [48], num-
ber of pulmonary exacerbations, and forced expiratory volume (FEV)1 (% predicted) in
participants who fulfilled consensus diagnostic criteria for cystic fibrosis (CF) were not
associated with prebiotics/probiotics/synbiotics [134]. In the participants who were diag-
nosed with chronic kidney disease (CKD), weight, BMI and estimated glomerular filtration
rate preservation [63,64] were irrelevant to prebiotics/probiotics/synbiotics. Additionally,
in adult diabetic patients, BMI is irrelevant [135], but blood pressure is relevant [135]. Probi-
otics had no significant effect on sleep [136]. Weight, BMI and waist circumference in adults
with metabolic syndrome were not associated with prebiotics/probiotics/synbiotics [46],
while BMI and blood pressure control in hypertension patients were relevant [59]. Whether
probiotics are related to the immune response to influenza in adults differs from the virus
strain [137,138]. There was no correlation between probiotic use and spinal bone mineral
density and total hip bone mineral density of adults [62]. See Supplementary Table S7 for a
more detailed summary.

3.2.7. Side Effects

In hospitalized or outpatients (adult or children) taking antibiotics [66,67,69,70,73],
patients with ulcerative colitis (UC) [92], people with any grade of acute or chronic hepatic
encephalopathy [34], adults with inflammatory bowel disease [86,99] or patients with
celiac disease [88] or with functional dyspepsia [139], there is no evidence that prebi-
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otics/probiotics/synbiotics are associated with adverse events [77,138,140]. See Supple-
mentary Table S8 for a more detailed summary.

3.3. Fecal Microbiota Transplant and Multiple Health Outcomes

Fecal microbiota transplant (FMT) was related to diarrhea in adult human participants
with diagnoses of C. difficile diarrhea aged over 19 years old [141] but not in patients with
documented recurrent Clostridium difficile infection [142] and adult patients (≥18 years)
with IBS [143]. Clinical remission or response of patients with IBD was associated with
FMT [144–147], but it is still controversial whether endoscopic mission/response in adult
subjects with endoscopically and clinically active UC is related to FMT [145,146,148]. In
adults diagnosed with metabolic syndrome, FMT was relevant to the increase in HDL
cholesterol and LDL cholesterol, the reduction in glycated hemoglobin (HbA1c) and total
cholesterol, but not fasting glucose, triglycerides, BMI, weight, and homeostasis model
assessment of insulin resistance (HOMA-IR) [149]. In addition, FMT was related to achiev-
ing antimicrobial resistance remission in adults (>18 years) with achieving antimicrobial
resistance colonization [150]. Regarding the serious adverse events, there is no evidence
linking them to FMT [95]. See Supplementary Table S9 for a more detailed summary.

3.4. Other Interventions and Multiple Health Outcomes

Chinese herbal compounds, Chinese patent medicine, and single Chinese medical
herbs were associated with reductions in fasting blood glucose, HbA1c, 2 h postprandial
blood glucose, and HOMA-IR [151] through affecting the gastrointestinal microbiome.
Dietary fiber (including fruit and vegetable) was related to the risk of Crohn’s disease
(CD) and UC [152] and depression in adults and children [153]. Additionally, the low-
FODMAP (fermentable oligo-, di- and monosaccharides, and polyols) diet in adult human
subjects with IBS was relevant to the decline in IBS severity [154]. The incidence of gas-
trointestinal acute graft-versus-host disease but not the incidence of mucositis grade III–IV
and overall survival at day + 100 was associated with enteral nutrition with or without
the addition of parenteral nutrition [155]. In young children (preferably younger than 5
years of age) with acute diarrhea, postbiotics (bioactive compounds produced during a
fermentation process, including microbial cells, cell constituents, and metabolites) that
support health and/or wellbeing were related to the duration of diarrhea episodes [156].
In addition, kefir beverages have a certain effect on blood glucose control in type II diabetic
patients [157], and starch type 2 in adult CKD patients receiving regular hemodialysis has
some benefits [158]. However, treatment of Helicobacter pylori infection was not related to
the improvement of rosacea-related skin symptoms [159]. See Supplementary Table S10 for
a more detailed summary.

3.5. Association between Disease and Changes in Gastrointestinal Microbiota and Its Metabolites

In patients with chronic pancreatitis [160], chronic liver disease [161], cirrhosis [162],
systemic sclerosis [163], or Parkinson’s disease [164], but not participants with obesity, the
risk of small intestinal bacterial overgrowth increased [165]. However, the relationship
is still controversial in populations with IBS [166–168]. Similarly, whether patients have
small intestinal bacterial overgrowth (SIBO) is associated with a decrease in the risk of
ascites, minimal hepatic encephalopathy, and spontaneous bacterial peritonitis in patients
aged ≥ 18 years patients with cirrhosis and nonalcoholic fatty liver disease [162,169]. The
risk of prevalence of SIBO on upper gut aspirate culture, and the prevalence of the positive
glucose hydrogen breath test but not the positive lactulose hydrogen breath test is related
to whether patients have IBS [166].

Whether adult patients are diagnosed with CKD [170] or stroke [171] is associated with
high circulating trimethylamine N-oxide (TMAO) concentrations. Additionally, the increase
in TMAO concentrations is related to an increase in all-cause mortality [172], the incidence
of major adverse cardio and cerebrovascular events (MACCEs) [173,174], major adverse
cardiovascular events (MACEs) [10,172,175], hypertension prevalence [176], diabetes [177],
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cardiovascular events (CVEs) risk [9], heart failure [178] and CRP concentrations [179], but
diastolic blood pressure, HDL-cholesterol, LDL-cholesterol, triglycerides, total cholesterol
and BMI are irrelevant [180,181]. H. pylori infection is elevated in patients with Guillain–
Barre Syndrome or IBD but not IBS [182–184]. Similarly, if a patient is infected with H pylori
infection, NAFLD increases [185].

In children with autism, patients with NAFLD, IBD, or colorectal cancer, some species
change [186–191]. For example, the bacterial counts of F. prausnitzii, Clostridium coccoides,
Clostridium leptum, Faecalibacterium prausnitzii, and Bifidobacterium decrease in patients with
IBD [186]. Some metabolites, such as acetate, valerate, butyrate, and total SCFAs, also
change in the population with IBD or IBS [189,192,193].

In addition, the alpha diversity (Simpson index) decreased in men who had sex with
men (MSM) or people who were HIV + [194]. Overall, the number of observed species and
CHAO1 index, but not the Shannon index and Simpson index, are related to psychiatric
diagnosis [195]. However, there is no evidence of the relationship between major depressive
disorder and the Shannon index or Simpson index [196]. See Supplementary Table S11 for
a more detailed summary.

3.6. Heterogeneity of Included Studies

Of all included outcomes, approximately 16.7% had low heterogeneity (I2 < 25%).
About 64.9% of the outcomes had moderate heterogeneity (I2 ranging from 25 to 75%);
13.2% of the outcomes were highly heterogeneous (I2 > 75%). However, heterogeneity was
not reported in 5.2% of outcomes, and we could not reanalyze it because the information
was not available.

3.7. Publication Bias of Included Studies

Funnel plots and Egger’s test were used in this umbrella review. No publication
bias was found in 20.4% of the studies. Other meta-analyses did not report the results of
publication bias. However, in many of the included studies, there was a high probability of
unreported publication bias.

3.8. GRADE Classification and AMSTAR 2 Score of Included Studies

The studies were classified into four levels, with approximately 4.2% rated high, about
92.7% rated low, and 2.6% rated very low by AMSTAR 2. The reason was that most studies
did not report the source of funding for the studies included in the meta-analysis (Item
10). Approximately 25.8% were rated as very low, 38.0% as low, and 36.1% as the medium
in terms of GRADE. The detailed results of AMSTAR 2 and GRADE are presented in
Supplementary Tables S12 and S13, respectively.

4. Discussion

In this review, we identified a total of 195 meta-analyses and 970 unique results. Based
on the available evidence, the gastrointestinal microbiome is more often associated with
a range of health-related outcomes than with harm. There has been some research into
how gastrointestinal microbes affect health outcomes. In addition to acting as a microbial
barrier, the gut microbiota also participates in the composition of other intestinal barriers
through various pathways, and it jointly plays an important role in the gut. Studies have
shown that the intestinal microbiota has a protective effect on host intestinal epithelial cells,
thus further strengthening the role of the intestinal mechanical barrier. On the contrary, the
intestinal microbial disorder will lead to an increase in intestinal permeability, the damage
of tight junction proteins to a certain extent, and the damage to the intestinal mechanical
barrier [197].

Probiotics play a positive role in human health mainly by maintaining microbial bal-
ance and inhibiting the growth of harmful bacteria or pathogens. Studies have shown that
whether probiotics can inhibit the growth of harmful bacteria through competition mainly
depends on the ability of probiotic strain combinations to inhibit, displace, or interfere
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in the process of adhesion of pathogenic strains [198–200]. The inhibition of adhesion of
probiotics to pathogens is achieved by steric hindrance at the level of intestinal receptors,
competitive exclusion of nutrients and mucosal adhesion sites, and promotion of intestinal
mucin changes [201,202]. Specifically, probiotics contribute to the maintenance of intestinal
barrier function by promoting mucus secretion (a gel layer that provides protection against
harmful bacteria or antigens by acting as a lubricant to improve intestinal movement and
binding carbohydrates to the surface of epithelial cells) [203,204]. In addition, probiotics
have beneficial effects by producing enzymes and beneficial metabolites, facilitating synthe-
sis, and enhancing the absorption of beneficial substances. Another important mechanism
by which probiotics participate in the regulation of gut microbiota is through the produc-
tion of different antibacterial substances such as bacteriocin, SCFAs, and deconjugated bile
acid. SCFAs such as butyric, propionic, lactic and acetic acid are some of the compounds
produced by probiotics after they metabolize carbohydrates, which reduce the total pH of
the small intestine and inhibit the growth of pathogenic bacteria [205]. The bactericidal
action of bacteriocin mainly involves the formation of pores in the membrane, which are
harmful to target cells and inhibit cell wall synthesis to achieve the relative stability of
intestinal microorganisms [206]. In addition, probiotics may improve intestinal immunity
by stimulating secretory IgA production and enhancing gut–brain communication. Recent
studies have highlighted the potential of probiotics to stimulate the intestinal immune sys-
tem by activating the aromatic hydrocarbon receptor (AhR) pathway, which is an important
inflammatory regulator [207,208].

Prebiotics are defined as health-beneficial substrates selectively utilized by host mi-
crobes that preferentially stimulate the growth of a limited number of health-promoting
bacteria in the gut and exert health benefits, including beneficial effects on gastrointestinal
cognitive function, cardiometabolic health, and bone strength [205].

Synbiotics refer to the combination of prebiotics and probiotics: a mixture of living
microbes and substrates selectively utilized by host microbes that exhibit synergistic effects
and have a positive effect on the host [209]. The independence of the synbiotic components
has been interpreted differently. One is independent selection, meaning that each ingredient
is responsible for its specific effects, in which prebiotics are not necessarily preferentially
metabolized by the probiotic strain and can be fermented by the host microbiota. The other
is synergistic, in which prebiotics are specifically selected as substrates for particular strains
of probiotics to support their growth [210].

Although there is evidence of the effectiveness and mechanisms of various inter-
ventions to modify gastrointestinal microbiota, there is still much work that needs to be
completed. For example, differences in patient clinical characteristics lead to different
responses to the administration of the same prebiotics/probiotics/synbiotics, which means
that various factors, such as age, sex, diet, bowel habits, and microbiome composition can
influence and help predict the outcome of interventions. At the same time, the effectiveness
of various interventions should be evaluated from overall symptom improvement to more
specific and overall symptom improvement, such as increased fecal frequency, metabolic
protein levels, or reduction in abdominal distention or pain.

In addition, existing studies have focused on probiotics, and the effectiveness of other
measures to improve the gut microbiota is not completely clear. There is a lack of reliable
prospective studies for repeated validation. For example, existing trials still differed
in FMT delivery methods, bacterial dose, fecal filtration methods, and administration
frequency, and they failed to control for other donor factors, such as diet. Although
original literature on brain-derived neurotrophic factors in Alzheimer’s or cortisol in
stress may exist, no meta-analysis on the relationship between gastrointestinal microbiome
changes and them was found. This might be a good direction for future research. In
addition, many studies have proved that changes in the gastrointestinal microbiome are
related to the occurrence of diseases, but no consensus has been reached on the causal
relationship between the two. In other words, whether the disease breaks the balance of the
gastrointestinal microbiome or the disorder of the gastrointestinal microbiome leads to the
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disease or whether there is a two-way effect between the two still needs to be confirmed by
further reliable studies [167,168,171].

Overall, a number of factors contribute to changes in gut microbiota, which in turn
have an impact on health outcomes. However, due to the large heterogeneity, the diversity
of intestinal flora detection and the uncontrollability of other influencing factors, rigorous
and credible meta-analyses are in short supply. Furthermore, there is still a lack of direct
evidence linking specific changes in gut flora to health outcomes.

5. Conclusions

In summary, the gastrointestinal microbiome is closely associated with human health
outcomes. Probiotics, prebiotics, synbiotics and FMT commonly used today are generally
safe and beneficial to a variety of human health outcomes. Other interventions, such
as traditional Chinese medicine, low FODMAP diet, and dietary fiber, have gradually
shown positive results. In addition, the gastrointestinal microbiome is associated with
the occurrence and development of a variety of diseases, but the causal relationship is
still worth further investigation. However, the quality of evidence is still insufficient, so
high-quality prospective studies are needed in the future.
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Prebiotic Supplementation and Anthropometric and Biochemical Parameters in Patients with NAFLD—A Systematic Review and
Meta-Analysis of Randomized Controlled Trials. Nutrients 2020, 12, 3460. [CrossRef] [PubMed]

127. Sharpton, S.R.; Maraj, B.; Harding-Theobald, E.; Vittinghoff, E.; Terrault, N.A. Gut microbiome–targeted therapies in nonalcoholic
fatty liver disease: A systematic review, meta-analysis, and meta-regression. Am. J. Clin. Nutr. 2019, 110, 139–149. [CrossRef]
[PubMed]

128. Le Morvan De Sequeira, C.; Kaeber, M.; Cekin, S.E.; Enck, P.; Mack, I. The Effect of Probiotics on Quality of Life, Depression
and Anxiety in Patients with Irritable Bowel Syndrome: A Systematic Review and Meta-Analysis. J. Clin. Med. 2021, 10, 3497.
[CrossRef]

129. Jiang, J.; Chu, C.; Wu, C.; Wang, C.; Zhang, C.; Li, T.; Zhai, Q.; Yu, L.; Tian, F.; Chen, W. Efficacy of probiotics in multiple sclerosis:
A systematic review of preclinical trials and meta-analysis of randomized controlled trials. Food Funct. 2021, 12, 2354–2377.
[CrossRef] [PubMed]

130. Rao, S.; Srinivasjois, R.; Patole, S. Prebiotic Supplementation in Full-term Neonates. Arch. Pediatr. Adolesc. Med. 2009, 163, 755–764.
[CrossRef]

131. Chang, Y.; Trivedi, M.K.; Jha, A.; Lin, Y.; Dimaano, L.; García-Romero, M.T. Synbiotics for Prevention and Treatment of Atopic
Dermatitis. JAMA Pediatr. 2016, 170, 236. [CrossRef]

132. Suzumura, E.A.; Bersch-Ferreira, Â.C.; Torreglosa, C.R.; Da Silva, J.T.; Coqueiro, A.Y.; Kuntz, M.G.F.; Chrispim, P.P.; Weber, B.;
Cavalcanti, A.B. Effects of oral supplementation with probiotics or synbiotics in overweight and obese adults: A systematic
review and meta-analyses of randomized trials. Nutr. Rev. 2019, 77, 430–450. [CrossRef]

133. Mohammadi, H.; Ghavami, A.; Faghihimani, Z.; Sharifi, S.; Nattagh-Eshtivani, E.; Ziaei, R.; Miraghajani, M. Effects of probiotics
fermented milk products on obesity measure among adults: A systematic review and meta-analysis of clinical trials. J. Funct.
Foods 2021, 82, 104494. [CrossRef]

http://doi.org/10.21037/atm.2019.01.61
http://doi.org/10.3390/nu13051461
http://doi.org/10.3390/nu10091319
http://doi.org/10.1007/s00383-017-4188-y
http://www.ncbi.nlm.nih.gov/pubmed/28983778
http://doi.org/10.1038/s41390-018-0211-9
http://www.ncbi.nlm.nih.gov/pubmed/30353041
http://doi.org/10.1002/14651858.CD012519.pub2
http://www.ncbi.nlm.nih.gov/pubmed/30548483
http://doi.org/10.3390/nu12113477
http://www.ncbi.nlm.nih.gov/pubmed/33198366
http://doi.org/10.3390/nu13093045
http://doi.org/10.3390/nu12082461
http://www.ncbi.nlm.nih.gov/pubmed/32824268
http://doi.org/10.1016/j.cgh.2015.05.027
http://doi.org/10.1177/0148607116629670
http://doi.org/10.1093/advances/nmaa003
http://doi.org/10.1097/MD.0000000000004509
http://doi.org/10.1016/j.nutres.2018.12.011
http://www.ncbi.nlm.nih.gov/pubmed/30802719
http://doi.org/10.1097/MD.0000000000002562
http://www.ncbi.nlm.nih.gov/pubmed/26937896
http://doi.org/10.2500/aap.2019.40.4227
http://doi.org/10.3390/nu12113460
http://www.ncbi.nlm.nih.gov/pubmed/33187278
http://doi.org/10.1093/ajcn/nqz042
http://www.ncbi.nlm.nih.gov/pubmed/31124558
http://doi.org/10.3390/jcm10163497
http://doi.org/10.1039/D0FO03203D
http://www.ncbi.nlm.nih.gov/pubmed/33629669
http://doi.org/10.1001/archpediatrics.2009.94
http://doi.org/10.1001/jamapediatrics.2015.3943
http://doi.org/10.1093/nutrit/nuz001
http://doi.org/10.1016/j.jff.2021.104494


Nutrients 2022, 14, 3726 18 of 21

134. Coffey, M.J.; Garg, M.; Homaira, N.; Jaffe, A.; Ooi, C.Y. Probiotics for people with cystic fibrosis. Cochrane Database Syst. Rev. 2020,
1, CD012949. [CrossRef] [PubMed]

135. Hendijani, F.; Akbari, V. Probiotic supplementation for management of cardiovascular risk factors in adults with type II diabetes:
A systematic review and meta-analysis. Clin. Nutr. 2018, 37, 532–541. [CrossRef] [PubMed]

136. Irwin, C.; Mccartney, D.; Ben, D.; Khalesi, S. Effects of probiotics and paraprobiotics on subjective and objective sleep metrics: A
systematic review and meta-analysis. Eur. J. Clin. Nutr. 2020, 74, 1536–1549. [CrossRef]

137. Lei, W.; Shih, P.; Liu, S.; Lin, C.; Yeh, T. Effect of Probiotics and Prebiotics on Immune Response to Influenza Vaccination in Adults:
A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Nutrients 2017, 9, 1175. [CrossRef]

138. Yeh, T.; Shih, P.; Liu, S.; Lin, C.; Liu, J.; Lei, W.; Lin, C. The influence of prebiotic or probiotic supplementation on antibody titers
after influenza vaccination: A systematic review and meta-analysis of randomized controlled trials. Drug Des. Dev. Ther. 2018,
Volume 12, 217–230. [CrossRef]

139. Zhang, J.; Wu, H.M.; Wang, X.; Xie, J.; Li, X.; Ma, J.; Wang, F.; Tang, X. Efficacy of prebiotics and probiotics for functional dyspepsia.
Medicine 2020, 99, e19107. [CrossRef]

140. Sohail, G.; Xu, X.; Christman, M.C.; Tompkins, T.A. Probiotic Medilac-S® forthe induction of clinical remission in a Chinese
population with ulcerative colitis: A systematic review and meta-analysis. World J. Clin. Cases 2018, 6, 961–984. [CrossRef]

141. Pomares Bascuñana, R.Á.; Veses, V.; Sheth, C.C. Effectiveness of fecal microbiota transplant for the treatment ofClostridioides
difficile diarrhea: A systematic review and meta-analysis. Lett. Appl. Microbiol. 2021, 73, 149–158. [CrossRef]

142. Khan, M.Y.; Dirweesh, A.; Khurshid, T.; Siddiqui, W.J. Comparing fecal microbiota transplantation to standard-of-care treatment
for recurrent Clostridium difficile infection: A systematic review and meta-analysis. Eur. J. Gastroenterol. Hepatol. 2018, 30,
1309–1317. [CrossRef]

143. Ianiro, G.; Eusebi, L.H.; Black, C.J.; Gasbarrini, A.; Cammarota, G.; Ford, A.C. Systematic review with meta-analysis: Efficacy
of faecal microbiota transplantation for the treatment of irritable bowel syndrome. Aliment. Pharmacol. Ther. 2019, 50, 240–248.
[CrossRef] [PubMed]

144. Caldeira, L.D.F.; Borba, H.H.; Tonin, F.S.; Wiens, A.; Fernandez-Llimos, F.; Pontarolo, R. Fecal microbiota transplantation in
inflammatory bowel disease patients: A systematic review and meta-analysis. PLoS ONE 2020, 15, e238910. [CrossRef] [PubMed]

145. Cold, F.; Baunwall, S.M.D.; Dahlerup, J.F.; Petersen, A.M.; Hvas, C.L.; Hansen, L.H. Systematic review with meta-analysis:
Encapsulated faecal microbiota transplantation—Evidence for clinical efficacy. Ther. Adv. Gastroenterol. 2021, 14, 1320557622.
[CrossRef] [PubMed]

146. Narula, N.; Kassam, Z.; Yuan, Y.; Colombel, J.; Ponsioen, C.; Reinisch, W.; Moayyedi, P. Systematic Review and Meta-analysis.
Inflamm. Bowel Dis. 2017, 23, 1702–1709. [CrossRef] [PubMed]

147. Shi, Y.; Dong, Y.; Huang, W.; Zhu, D.; Mao, H.; Su, P. Fecal Microbiota Transplantation for Ulcerative Colitis: A Systematic Review
and Meta-Analysis. PLoS ONE 2016, 11, e157259. [CrossRef]

148. Liu, X.; Li, Y.; Wu, K.; Shi, Y.; Chen, M. Fecal Microbiota Transplantation as Therapy for Treatment of Active Ulcerative Colitis: A
Systematic Review and Meta-Analysis. Gastroenterol. Res. Pract. 2021, 2021, 6612970. [CrossRef]

149. Proença, I.M.; Allegretti, J.R.; Bernardo, W.M.; de Moura, D.T.H.; Ponte Neto, A.M.; Matsubayashi, C.O.; Flor, M.M.;
Kotinda, A.P.S.T.; de Moura, E.G.H. Fecal microbiota transplantation improves metabolic syndrome parameters: Systematic
review with meta-analysis based on randomized clinical trials. Nutr. Res. 2020, 83, 1–14. [CrossRef]

150. Tariq, R.; Furqan, F.; Pardi, D.; Khanna, S. 201 Efficacy of Fecal Microbiota Transplantation for Acute Graft Versus Host Disease in
the Gut: A Systematic Review and Meta-Analysis. Am. J. Gastroenterol. 2019, 114, S123. [CrossRef]

151. Zheng, Y.; Ding, Q.; Wei, Y.; Gou, X.; Tian, J.; Li, M.; Tong, X. Effect of traditional Chinese medicine on gut microbiota in adults
with type 2 diabetes: A systematic review and meta-analysis. Phytomedicine 2021, 88, 153455. [CrossRef]

152. Milajerdi, A.; Ebrahimi-Daryani, N.; Dieleman, L.A.; Larijani, B.; Esmaillzadeh, A. Association of Dietary Fiber, Fruit, and
Vegetable Consumption with Risk of Inflammatory Bowel Disease: A Systematic Review and Meta-Analysis. Adv. Nutr. Int. Rev.
J. 2021, 12, 735–743. [CrossRef]

153. Fatahi, S.; Matin, S.S.; Sohouli, M.H.; Găman, M.; Raee, P.; Olang, B.; Kathirgamathamby, V.; Santos, H.O.; Guimarães, N.S.;
Shidfar, F. Association of dietary fiber and depression symptom: A systematic review and meta-analysis of observational studies.
Complement. Ther. Med. 2021, 56, 102621. [CrossRef] [PubMed]

154. van Lanen, A.; de Bree, A.; Greyling, A. Efficacy of a low-FODMAP diet in adult irritable bowel syndrome: A systematic review
and meta-analysis. Eur. J. Nutr. 2021, 60, 3505–3522. [CrossRef] [PubMed]

155. Zama, D.; Gori, D.; Muratore, E.; Leardini, D.; Rallo, F.; Turroni, S.; Prete, A.; Brigidi, P.; Pession, A.; Masetti, R. Enteral versus
Parenteral Nutrition as Nutritional Support after Allogeneic Hematopoietic Stem Cell Transplantation: A Systematic Review and
Meta-Analysis. Transplant. Cell. Ther. 2021, 27, 180–181. [CrossRef] [PubMed]

156. Malagón-Rojas, J.N.; Mantziari, A.; Salminen, S.; Szajewska, H. Postbiotics for Preventing and Treating Common Infectious
Diseases in Children: A Systematic Review. Nutrients 2020, 12, 389. [CrossRef]

157. Salari, A.; Ghodrat, S.; Gheflati, A.; Jarahi, L.; Hashemi, M.; Afshari, A. Effect of kefir beverage consumption on glycemic control:
A systematic review and meta-analysis of randomized controlled clinical trials. Complementary Ther. Clin. Pract. 2021, 44, 101443.
[CrossRef]

158. Jia, L.; Dong, X.; Li, X.; Jia, R.; Zhang, H. Benefits of resistant starch type 2 for patients with end-stage renal disease under
maintenance hemodialysis: A systematic review and meta-analysis. Int. J. Med. Sci. 2021, 18, 811–820. [CrossRef]

http://doi.org/10.1002/14651858.CD012949.pub2
http://www.ncbi.nlm.nih.gov/pubmed/31962375
http://doi.org/10.1016/j.clnu.2017.02.015
http://www.ncbi.nlm.nih.gov/pubmed/28318686
http://doi.org/10.1038/s41430-020-0656-x
http://doi.org/10.3390/nu9111175
http://doi.org/10.2147/DDDT.S155110
http://doi.org/10.1097/MD.0000000000019107
http://doi.org/10.12998/wjcc.v6.i15.961
http://doi.org/10.1111/lam.13486
http://doi.org/10.1097/MEG.0000000000001243
http://doi.org/10.1111/apt.15330
http://www.ncbi.nlm.nih.gov/pubmed/31136009
http://doi.org/10.1371/journal.pone.0238910
http://www.ncbi.nlm.nih.gov/pubmed/32946509
http://doi.org/10.1177/17562848211041004
http://www.ncbi.nlm.nih.gov/pubmed/34484424
http://doi.org/10.1097/MIB.0000000000001228
http://www.ncbi.nlm.nih.gov/pubmed/28906291
http://doi.org/10.1371/journal.pone.0157259
http://doi.org/10.1155/2021/6612970
http://doi.org/10.1016/j.nutres.2020.06.018
http://doi.org/10.14309/01.ajg.0000590336.17703.14
http://doi.org/10.1016/j.phymed.2020.153455
http://doi.org/10.1093/advances/nmaa145
http://doi.org/10.1016/j.ctim.2020.102621
http://www.ncbi.nlm.nih.gov/pubmed/33220451
http://doi.org/10.1007/s00394-021-02620-1
http://www.ncbi.nlm.nih.gov/pubmed/34181070
http://doi.org/10.1016/j.jtct.2020.11.006
http://www.ncbi.nlm.nih.gov/pubmed/33830034
http://doi.org/10.3390/nu12020389
http://doi.org/10.1016/j.ctcp.2021.101443
http://doi.org/10.7150/ijms.51484


Nutrients 2022, 14, 3726 19 of 21

159. Jørgensen, A.R.; Egeberg, A.; Gideonsson, R.; Weinstock, L.B.; Thyssen, E.P.; Thyssen, J.P. Rosacea is associated with Helicobacter
pylori: A systematic review and meta-analysis. J. Eur. Acad. Dermatol. 2017, 31, 2010–2015. [CrossRef]

160. Capurso, G.; Signoretti, M.; Archibugi, L.; Stigliano, S.; Delle Fave, G. Systematic review and meta-analysis: Small intestinal
bacterial overgrowth in chronic pancreatitis. United Eur. Gastroenterol. J. 2016, 4, 697–705. [CrossRef]

161. Shah, A.; Shanahan, E.; Macdonald, G.; Fletcher, L.; Ghasemi, P.; Morrison, M.; Jones, M.; Holtmann, G. Systematic Review and
Meta-Analysis: Prevalence of Small Intestinal Bacterial Overgrowth in Chronic Liver Disease. Semin. Liver Dis. 2017, 37, 388–400.
[CrossRef]

162. Maslennikov, R.; Pavlov, C.; Ivashkin, V. Small intestinal bacterial overgrowth in cirrhosis: Systematic review and meta-analysis.
Hepatol. Int. 2018, 12, 567–576. [CrossRef]

163. Feng, X.; Li, X.; Jiang, Z. Prevalence and predictors of small intestinal bacterial overgrowth in systemic sclerosis: A systematic
review and meta-analysis. Clin. Rheumatol. 2021, 40, 3039–3051. [CrossRef] [PubMed]

164. Li, X.; Feng, X.; Jiang, Z.; Jiang, Z. Association of small intestinal bacterial overgrowth with Parkinson’s disease: A systematic
review and meta-analysis. Gut Pathog. 2021, 13, 25. [CrossRef] [PubMed]

165. Wijarnpreecha, K.; Werlang, M.E.; Watthanasuntorn, K.; Panjawatanan, P.; Cheungpasitporn, W.; Gomez, V.; Lukens, F.J.;
Ungprasert, P. Obesity and Risk of Small Intestine Bacterial Overgrowth: A Systematic Review and Meta-Analysis. Am. J. Dig.
Dis. 2020, 65, 1414–1422. [CrossRef] [PubMed]

166. Ghoshal, U.C.; Nehra, A.; Mathur, A.; Rai, S. A meta-analysis on small intestinal bacterial overgrowth in patients with different
subtypes of irritable bowel syndrome. J. Gastroenterol. Hepatol. 2020, 35, 922–931. [CrossRef]

167. Chen, B.; Kim, J.J.; Zhang, Y.; Du, L.; Dai, N. Prevalence and predictors of small intestinal bacterial overgrowth in irritable bowel
syndrome: A systematic review and meta-analysis. J. Gastroenterol. 2018, 53, 807–818. [CrossRef] [PubMed]

168. Gandhi, A.; Shah, A.; Jones, M.P.; Koloski, N.; Talley, N.J.; Morrison, M.; Holtmann, G. Methane positive small intestinal bacterial
overgrowth in inflammatory bowel disease and irritable bowel syndrome: A systematic review and meta-analysis. Gut Microbes
2021, 13, 1933313. [CrossRef]

169. Wijarnpreecha, K.; Lou, S.; Watthanasuntorn, K.; Kroner, P.T.; Cheungpasitporn, W.; Lukens, F.J.; Pungpapong, S.; Keaveny, A.P.;
Ungprasert, P. Small intestinal bacterial overgrowth and nonalcoholic fatty liver disease: A systematic review and meta-analysis.
Eur. J. Gastroenterol. Hepatol. 2020, 32, 601–608. [CrossRef]

170. Zeng, Y.; Guo, M.; Fang, X.; Teng, F.; Tan, X.; Li, X.; Wang, M.; Long, Y.; Xu, Y. Gut Microbiota-Derived Trimethylamine N-Oxide
and Kidney Function: A Systematic Review and Meta-Analysis. Adv. Nutr. Int. Rev. J. 2021, 12, 1286–1304. [CrossRef]

171. Farhangi, M.A.; Vajdi, M.; Asghari-Jafarabadi, M. Gut microbiota-associated metabolite trimethylamine N-Oxide and the risk of
stroke: A systematic review and dose–response meta-analysis. Nutr. J. 2020, 19, 76. [CrossRef]

172. Guasti, L.; Galliazzo, S.; Molaro, M.; Visconti, E.; Pennella, B.; Gaudio, G.V.; Lupi, A.; Grandi, A.M.; Squizzato, A. TMAO as a
biomarker of cardiovascular events: A systematic review and meta-analysis. Intern. Emerg. Med. 2021, 16, 201–207. [CrossRef]

173. Schiattarela, G.G.; Sannino, A.; Toscano, E.; Giugliano, G.; Gargiulo, G.; Franzone, A.; Avvedimento, M.; Trimarco, B.; Esposito,
G.; Perrino, C. P1482Gut microbe-generated metabolite trimethylamine-N-oxide and cardiovascular risk: A systematic review
and meta-analysis of mortality outcome. Eur. Heart J. 2017, 38, 304. [CrossRef]

174. Farhangi, M.A. Gut microbiota-dependent trimethylamine N-oxide and all-cause mortality: Findings from an updated systematic
review and meta-analysis. Nutrition 2020, 78, 110856. [CrossRef] [PubMed]

175. Heianza, Y.; Ma, W.; Manson, J.E.; Rexrode, K.M.; Qi, L. Gut Microbiota Metabolites and Risk of Major Adverse Cardiovascular
Disease Events and Death: A Systematic Review and Meta-Analysis of Prospective Studies. J. Am. Heart Assoc. 2017, 6, e4947.
[CrossRef] [PubMed]

176. Ge, X.; Zheng, L.; Zhuang, R.; Yu, P.; Xu, Z.; Liu, G.; Xi, X.; Zhou, X.; Fan, H. The Gut Microbial Metabolite Trimethylamine
N-Oxide and Hypertension Risk: A Systematic Review and Dose–Response Meta-analysis. Adv. Nutr. Int. Rev. J. 2019, 11, 66–76.
[CrossRef]

177. Zhuang, R.; Ge, X.; Han, L.; Yu, P.; Gong, X.; Meng, Q.; Zhang, Y.; Fan, H.; Zheng, L.; Liu, Z.; et al. Gut microbe–generated
metabolite trimethylamineN-oxide and the risk of diabetes: A systematic review and dose-response meta-analysis. Obes. Rev.
2019, 20, 883–894. [CrossRef]

178. Li, W.; Huang, A.; Zhu, H.; Liu, X.; Huang, X.; Huang, Y.; Cai, X.; Lu, J.; Huang, Y. Gut microbiota-derived trimethylamineN-oxide
is associated with poor prognosis in patients with heart failure. Med. J. Aust. 2020, 213, 374–379. [CrossRef]

179. Farhangi, M.A.; Vajdi, M. Novel findings of the association between gut microbiota–derived metabolite trimethylamine N-oxide
and inflammation: Results from a systematic review and dose-response meta-analysis. Crit. Rev. Food Sci. Nutr. 2020, 60,
2801–2823. [CrossRef]

180. Abbasalizad Farhangi, M.; Vajdi, M. Gut microbiota–associated trimethylamineN-oxide and increased cardiometabolic risk in
adults: A systematic review and dose-response meta-analysis. Nutr. Rev. 2021, 79, 1022–1042. [CrossRef]

181. Dehghan, P.; Farhangi, M.A.; Nikniaz, L.; Nikniaz, Z.; Asghari Jafarabadi, M. Gut microbiota-derived metabolite trimethylamine
N-oxide (TMAO) potentially increases the risk of obesity in adults: An exploratory systematic review and dose-response meta-
analysis. Obes. Rev. 2020, 21, e12993. [CrossRef]

182. Dardiotis, E.; Sokratous, M.; Tsouris, Z.; Siokas, V.; Mentis, A.F.A.; Aloizou, A.M.; Michalopoulou, A.; Bogdanos, D.P.;
Xiromerisiou, G.; Deretzi, G.; et al. Association betweenHelicobacter pylori infection and Guillain-Barré Syndrome: A meta-
analysis. Eur. J. Clin. Investig. 2020, 50. [CrossRef]

http://doi.org/10.1111/jdv.14352
http://doi.org/10.1177/2050640616630117
http://doi.org/10.1055/s-0037-1608832
http://doi.org/10.1007/s12072-018-9898-2
http://doi.org/10.1007/s10067-020-05549-8
http://www.ncbi.nlm.nih.gov/pubmed/33426631
http://doi.org/10.1186/s13099-021-00420-w
http://www.ncbi.nlm.nih.gov/pubmed/33863370
http://doi.org/10.1007/s10620-019-05887-x
http://www.ncbi.nlm.nih.gov/pubmed/31605277
http://doi.org/10.1111/jgh.14938
http://doi.org/10.1007/s00535-018-1476-9
http://www.ncbi.nlm.nih.gov/pubmed/29761234
http://doi.org/10.1080/19490976.2021.1933313
http://doi.org/10.1097/MEG.0000000000001541
http://doi.org/10.1093/advances/nmab010
http://doi.org/10.1186/s12937-020-00592-2
http://doi.org/10.1007/s11739-020-02470-5
http://doi.org/10.1093/eurheartj/ehx502.P1482
http://doi.org/10.1016/j.nut.2020.110856
http://www.ncbi.nlm.nih.gov/pubmed/32592979
http://doi.org/10.1161/JAHA.116.004947
http://www.ncbi.nlm.nih.gov/pubmed/28663251
http://doi.org/10.1093/advances/nmz064
http://doi.org/10.1111/obr.12843
http://doi.org/10.5694/mja2.50781
http://doi.org/10.1080/10408398.2020.1770199
http://doi.org/10.1093/nutrit/nuaa111
http://doi.org/10.1111/obr.12993
http://doi.org/10.1111/eci.13218


Nutrients 2022, 14, 3726 20 of 21

183. Luther, J.; Dave, M.; Higgins, P.D.R.; Kao, J.Y. Association between Helicobacter pylori infection and inflammatory bowel disease.
Inflamm. Bowel Dis. 2010, 16, 1077–1084. [CrossRef] [PubMed]

184. Ng, Q.X.; Foo, N.X.; Loke, W.; Koh, Y.Q.; Seah, V.J.M.; Soh, A.Y.S.; Yeo, W.S. Is there an association betweenHelicobacter pylori
infection and irritable bowel syndrome? A meta-analysis. World J. Gastroenterol. 2019, 25, 5702–5710. [CrossRef] [PubMed]

185. Liu, R.; Liu, Q.; He, Y.; Shi, W.; Xu, Q.; Yuan, Q.; Lin, Q.; Li, B.; Ye, L.; Min, Y.; et al. Association between Helicobacter pylori
infection and nonalcoholic fatty liver. Medicine 2019, 98, e17781. [CrossRef] [PubMed]

186. Cao, Y.; Shen, J.; Ran, Z.H. Association between Faecalibacterium prausnitzii Reduction and Inflammatory Bowel Disease: A
Meta-Analysis and Systematic Review of the Literature. Gastroenterol. Res. Pract. 2014, 2014, 872725. [CrossRef]

187. Wang, L.; Alammar, N.; Singh, R.; Nanavati, J.; Song, Y.; Chaudhary, R.; Mullin, G.E. Gut Microbial Dysbiosis in the Irritable
Bowel Syndrome: A Systematic Review and Meta-Analysis of Case-Control Studies. J. Acad. Nutr. Diet. 2020, 120, 565–586.
[CrossRef]

188. Liu, H.; Wu, H.; Bilegsaikhan, E.; Liu, T.; Lu, E.X.; Shen, X. Differential expression of intestinal microbiota in colorectal cancer
compared with healthy controls: A systematic review and meta-analysis. Int. J. Clin. Exp. Med. 2016, 9, 10923–10930.

189. Sun, Q.; Jia, Q.; Song, L.; Duan, L. Alterations in fecal short-chain fatty acids in patients with irritable bowel syndrome. Medicine
2019, 98, e14513. [CrossRef]

190. Andreo-Martínez, P.; Rubio-Aparicio, M.; Sánchez-Meca, J.; Veas, A.; Martínez-González, A.E. A Meta-analysis of Gut Microbiota
in Children with Autism. J. Autism Dev. Disord. 2022, 52, 1374–1387. [CrossRef]

191. Shen, T.; Yue, Y.; He, T.; Huang, C.; Qu, B.; Lv, W.; Lai, H. The Association Between the Gut Microbiota and Parkinson’s Disease, a
Meta-Analysis. Front. Aging Neurosci. 2021, 13, 636545. [CrossRef]

192. Zhuang, X.; Li, T.; Li, M.; Huang, S.; Qiu, Y.; Feng, R.; Zhang, S.; Chen, M.; Xiong, L.; Zeng, Z. Systematic Review and Meta-
analysis: Short-Chain Fatty Acid Characterization in Patients With Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2019, 25,
1751–1763. [CrossRef]

193. Kim, K.N.; Yao, Y.; Ju, S.Y. Short Chain Fatty Acids and Fecal Microbiota Abundance in Humans with Obesity: A Systematic
Review and Meta-Analysis. Nutrients 2019, 11, 2512. [CrossRef]

194. Zhou, J.; Zhang, Y.; Cui, P.; Luo, L.; Chen, H.; Liang, B.; Jiang, J.; Ning, C.; Tian, L.; Zhong, X.; et al. Gut Microbiome Changes
Associated With HIV Infection and Sexual Orientation. Front. Cell. Infect. Microbiol. 2020, 10, 434. [CrossRef]

195. Nikolova, V.L.; Hall, M.R.B.; Hall, L.J.; Cleare, A.J.; Stone, J.M.; Young, A.H. Perturbations in Gut Microbiota Composition in
Psychiatric Disorders. JAMA Psychiatry 2021, 78, 1343. [CrossRef] [PubMed]

196. Sanada, K.; Nakajima, S.; Kurokawa, S.; Barceló-Soler, A.; Ikuse, D.; Hirata, A.; Yoshizawa, A.; Tomizawa, Y.; Salas-Valero, M.;
Noda, Y.; et al. Gut microbiota and major depressive disorder: A systematic review and meta-analysis. J. Affect. Disord. 2020, 266,
1–13. [CrossRef] [PubMed]

197. Llewellyn, S.R.; Britton, G.J.; Contijoch, E.J.; Vennaro, O.H.; Mortha, A.; Colombel, J.; Grinspan, A.; Clemente, J.C.; Merad, M.;
Faith, J.J. Interactions Between Diet and the Intestinal Microbiota Alter Intestinal Permeability and Colitis Severity in Mice.
Gastroenterology 2018, 154, 1037–1046. [CrossRef] [PubMed]

198. Nova, E.; Wärnberg, J.; Gómez-Martínez, S.; Díaz, L.E.; Romeo, J.; Marcos, A. Immunomodulatory effects of probiotics in different
stages of life. Br. J. Nutr. 2007, 98, S90–S95. [CrossRef] [PubMed]

199. Gueimonde, M.; Noriega, L.; Margolles, A.; de Los Reyes-Gavilan, C.G.; Salminen, S. Ability of Bifidobacterium strains with
acquired resistance to bile to adhere to human intestinal mucus. Int. J. Food Microbiol. 2005, 101, 341–346. [CrossRef]

200. Lee, Y.; Yu, W.; Heo, T. Identification and screening for antimicrobial activity against Clostridium difficile of Bifidobacterium and
Lactobacillus species isolated from healthy infant faeces. Int. J. Antimicrob. Agents 2003, 21, 340–346. [CrossRef]

201. Bermudez-Brito, M.; Plaza-Díaz, J.; Muñoz-Quezada, S.; Gómez-Llorente, C.; Gil, A. Probiotic mechanisms of action. Ann. Nutr.
Metab. 2012, 61, 160–174. [CrossRef]

202. González-Rodríguez, I.; Sánchez, B.; Ruiz, L.; Turroni, F.; Ventura, M.; Ruas-Madiedo, P.; Gueimonde, M.; Margolles, A. Role of
extracellular transaldolase from Bifidobacterium bifidum in mucin adhesion and aggregation. Appl. Environ. Microbiol. 2012, 78,
3992–3998. [CrossRef]

203. Robbe-Masselot, C.; Herrmann, A.; Carlstedt, I.; Michalski, J.; Capon, C. Glycosylation of the two O-glycosylated domains of
human MUC2 mucin in patients transposed with artificial urinary bladders constructed from proximal colonic tissue. Glycoconj. J.
2008, 25, 213–224. [CrossRef] [PubMed]

204. Liévin-Le Moal, V.; Amsellem, R.; Servin, A.L.; Coconnier, M. Lactobacillus acidophilus (strain LB) from the resident adult human
gastrointestinal microflora exerts activity against brush border damage promoted by a diarrhoeagenic Escherichia coli in human
enterocyte-like cells. Gut 2002, 50, 803–811. [CrossRef] [PubMed]

205. Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.;
Cani, P.D.; et al. Expert consensus document: The International Scientific Association for Probiotics and Prebiotics (ISAPP)
consensus statement on the definition and scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491–502. [CrossRef]
[PubMed]

206. Hassan, M.; Kjos, M.; Nes, I.F.; Diep, D.B.; Lotfipour, F. Natural antimicrobial peptides from bacteria: Characteristics and potential
applications to fight against antibiotic resistance. J. Appl. Microbiol. 2012, 113, 723–736. [CrossRef] [PubMed]

207. Rothhammer, V.; Quintana, F.J. The aryl hydrocarbon receptor: An environmental sensor integrating immune responses in health
and disease. Nat. Reviews. Immunol. 2019, 19, 184–197. [CrossRef]

http://doi.org/10.1002/ibd.21116
http://www.ncbi.nlm.nih.gov/pubmed/19760778
http://doi.org/10.3748/wjg.v25.i37.5702
http://www.ncbi.nlm.nih.gov/pubmed/31602169
http://doi.org/10.1097/MD.0000000000017781
http://www.ncbi.nlm.nih.gov/pubmed/31689846
http://doi.org/10.1155/2014/872725
http://doi.org/10.1016/j.jand.2019.05.015
http://doi.org/10.1097/MD.0000000000014513
http://doi.org/10.1007/s10803-021-05002-y
http://doi.org/10.3389/fnagi.2021.636545
http://doi.org/10.1093/ibd/izz188
http://doi.org/10.3390/nu11102512
http://doi.org/10.3389/fcimb.2020.00434
http://doi.org/10.1001/jamapsychiatry.2021.2573
http://www.ncbi.nlm.nih.gov/pubmed/34524405
http://doi.org/10.1016/j.jad.2020.01.102
http://www.ncbi.nlm.nih.gov/pubmed/32056863
http://doi.org/10.1053/j.gastro.2017.11.030
http://www.ncbi.nlm.nih.gov/pubmed/29174952
http://doi.org/10.1017/S0007114507832983
http://www.ncbi.nlm.nih.gov/pubmed/17922968
http://doi.org/10.1016/j.ijfoodmicro.2004.11.013
http://doi.org/10.1016/S0924-8579(02)00389-8
http://doi.org/10.1159/000342079
http://doi.org/10.1128/AEM.08024-11
http://doi.org/10.1007/s10719-007-9079-3
http://www.ncbi.nlm.nih.gov/pubmed/18004654
http://doi.org/10.1136/gut.50.6.803
http://www.ncbi.nlm.nih.gov/pubmed/12010882
http://doi.org/10.1038/nrgastro.2017.75
http://www.ncbi.nlm.nih.gov/pubmed/28611480
http://doi.org/10.1111/j.1365-2672.2012.05338.x
http://www.ncbi.nlm.nih.gov/pubmed/22583565
http://doi.org/10.1038/s41577-019-0125-8


Nutrients 2022, 14, 3726 21 of 21

208. Fukumoto, S.; Toshimitsu, T.; Matsuoka, S.; Maruyama, A.; Oh-Oka, K.; Takamura, T.; Nakamura, Y.; Ishimaru, K.;
Fujii-Kuriyama, Y.; Ikegami, S.; et al. Identification of a probiotic bacteria-derived activator of the aryl hydrocarbon receptor that
inhibits colitis. Immunol. Cell Biol. 2014, 92, 460–465. [CrossRef] [PubMed]

209. Swanson, K.S.; Gibson, G.R.; Hutkins, R.; Reimer, R.A.; Reid, G.; Verbeke, K.; Scott, K.P.; Holscher, H.D.; Azad, M.B.;
Delzenne, N.M.; et al. The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement
on the definition and scope of synbiotics. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 687–701. [CrossRef]

210. Kolida, S.; Gibson, G.R. Synbiotics in health and disease. Annu. Rev. Food Sci. Technol. 2011, 2, 373–393. [CrossRef]

http://doi.org/10.1038/icb.2014.2
http://www.ncbi.nlm.nih.gov/pubmed/24518984
http://doi.org/10.1038/s41575-020-0344-2
http://doi.org/10.1146/annurev-food-022510-133739

	Introduction 
	Methods 
	Umbrella Review Method and Assessment of Methodological Quality 
	Literature Search 
	Eligibility Criteria 
	Data Extraction 
	Data Analysis 

	Results 
	Characteristics of Included Articles 
	Prebiotics/Probiotics/Synbiotics and Multiple Health Outcomes 
	Mortality 
	Immune and Metabolic Outcomes 
	Gastrointestinal Disease 
	Neurological and Psychiatric Outcomes 
	Maternal and Infant Outcomes 
	Other Outcomes 
	Side Effects 

	Fecal Microbiota Transplant and Multiple Health Outcomes 
	Other Interventions and Multiple Health Outcomes 
	Association between Disease and Changes in Gastrointestinal Microbiota and Its Metabolites 
	Heterogeneity of Included Studies 
	Publication Bias of Included Studies 
	GRADE Classification and AMSTAR 2 Score of Included Studies 

	Discussion 
	Conclusions 
	References

