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Background: Non-alcoholic fatty liver disease (NAFLD) is the most prevalent

chronic liver disease. Research on the efficacy of probiotics, prebiotics, and

synbiotics on NAFLD patients continues to be inconsistent. The purpose of this

study is to evaluate the effectiveness of these microbial therapies on NAFLD.

Methods: Eligible randomized-controlled trials reporting the effect of

probiotics, prebiotics, or synbiotics in NAFLD were searched in PubMed, Web

of Science, Embase, Google scholar, and CNKI databases from 2020 to Jul

2022. The changes in the outcomes were analyzed using standard mean

difference (SMD) and 95% confidence intervals (CIs) with a random- or fixed-

effects model to examine the effect of microbial therapies. Subgroup analysis,

influence and publication bias analysis were also performed. The quality of the

eligible studies was evaluated using the Cochrane Risk of Bias Tool.

Results: Eleven studies met the inclusion criteria involving 741 individuals.

Microbial therapies could improve liver steatosis, total cholesterol (TC),

triglyceride (TG), low-density lipoprotein (LDL-c), alanine aminotransferase

(ALT), alkaline phosphatase (ALP), glutamyl transpeptidase (GGT), and

homeostasis model assessment-insulin resistance (HOMAI-R) (all P < 0.05).

But microbial therapies could not ameliorate body mass index (BMI), energy,

carbohydrate, fat intake, fasting blood sugar, HbA1c, insulin, high-sensitivity

C-reactive protein (hs-CRP), and hepatic fibrosis of patients with NAFLD.

Conclusion: Probiotics, prebiotics, and synbiotics supplementation can

potentially improve liver enzymes, lipid profiles, and liver steatosis in

patients with NAFLD.

KEYWORDS

non-alcoholic fatty liver disease, probiotics, prebiotics, liver enzymes, lipid profile,
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Introduction

Non-alcoholic fatty disease (NAFLD) is the most prevalent
liver disease worldwide due to an increase inobesity and
diabetes, especially in western developed countries (1). NAFLD
has now become a public health issue, following globalization
and rejuvenation trends (2). In addition to deteriorating
into non-alcoholic steatohepatitis (NASH), liver cirrhosis, and
hepatocellular carcinoma, NAFLD can result in cardiovascular,
cerebrovascular diseases, and metabolic syndrome (MS) (3).
Various researchers have investigated the complex pathogenesis
of NAFLD. In addition to insulin resistance, oxidative stress,
inflammatory mediators, and cytokines factors (4), intestinal
flora was also involved in the progression of NAFLD
identified in both human and animal models (1). Changes
in the microbiome can result in intestinal dyskinesia and
inflammation, and affect the severity of NAFLD (5). The
dysbiosis of intestinal flora may cause an increase in the
permeability rate of the small intestine and disrupt gut
barrier integrity. Consequently, toxic bacterial metabolic by-
products derived from the gut microbiota and endotoxins will
continuously enter into the circulation and impair liver function
(6, 7). Therefore, efficient interventions and modifying the gut
microbiota to restore intestinal microbial diversity may be novel
methods to improve NAFLD.

Several researchers have investigated the effectiveness of
microbial therapies for NAFLD (8–12). Probiotics, for instance,
have been confirmed as a group of active microorganisms
that are beneficial to the host by colonizing the human gut
and reproductive system to improve the host’s imbalanced
microbiota (13). It has been reported that (14) probiotic
supplementation can reduce the production of pathogenic
bacteria by absorbing endotoxin, improve the microecological
balance and reduce the production and entry of harmful
substances into the liver, thereby preventing and alleviating the
pathological process of NAFLD. Prebiotics are additional
effective interventions through dietary supplements of
indigestible food ingredients that improve host health by
selectively stimulating the growth and activity of bacteria in
one or a small number of colonies. Prebiotics can indirectly
affect the human body by influencing the activity of probiotics
(13). The combination of probiotics and prebiotics is known as
synbiotis (15, 16). Previous studies have investigated the efficacy
of these treatments for NAFLD (17–23). Nonetheless, some
meta-analysis studies only included a few published studies
(17, 19, 21–23), and some of these only addressed the efficacy
of probiotics (19, 21, 23). In addition, all included studies
were outdated, which may result in the inaccuracy of pooled
analysis results.

A healthy lifestyle has been suggested as the most prevalent
intervention to mitigate or reverse NAFLD pathogenesis
(24), such as, weight reduction through diet and exercise
(24). Therefore, recent reports on probiotics, prebiotics, or

symbiotics treatment also investigated the change in the intake
of energy, carbohydrate, and total fat compared between
the initial point and intervention endpoint (8, 9, 15, 18). In
addition, fasting blood sugar (FBS), glycated hemoglobin
(HbA1c), insulin, homeostasis model assessment-insulin
resistance (HOMAI-R), lipid profiles, systematic inflammation,
and liver enzymes, were also evaluated. No meta-analysis
study has evaluated the effect of microbial therapies on all the
following parameters among NAFLD patients: dietary change,
lipid profiles, glucose homeostasis parameters, systematic
inflammation, liver enzymes, and hepatic features (fibrosis
and steatosis). This study aims to comprehensively evaluate
the efficacy of probiotics, prebiotics, and synbiotics in NAFLD
patients in light of recent studies. In study, the primary
outcomes, including intake of energy, carbohydrate, and total
fat, blood sugar homeostasis, lipid profiles, liver enzymes,
systematic inflammation, hepatic fibrosis, and steatosis, were
extracted from the included studies, followed by subgroup
analyses and publication bias assessment. For each intervention
and control group, the changes in mean and standard deviation
(SD) values on the baseline and final points were computed.
Continuous variables (the changes in mean and SD of the
outcomes) were analyzed using standard mean difference
(SMD) and 95% confidence intervals (CIs).

Methods

This present meta-analysis was performed according to
the Systematic and Meta-analytical Preferred Reporting Project
(PRISMA) statement (25).

Search strategy

Two authors performed independently searched the
electronic database of Pubmed, PMC, ISI Web of Science,
Embase, Cochrane Library, and Chinese National Knowledge
Infrastructure (CNKI). These eligible articles were published
in English and Chinese between January 2020 and Jul 2022.
The following keywords used for the literature search were:
“probiotic,” “prebiotic,” “dietary fiber,” “symbiotic,” “symbiotic,”
“non-alcoholic fatty liver disease,” “NAFLD,” “fatty liver,”
“non-alcoholic steatohepatitis,” or “NASH.” In addition, studies
were limited to randomized controlled trials (RCTs). To avoid
missing the eligible studies, the references cited in eligible
studies were also manually searched.

Inclusion and exclusion criteria

Two authors independently read the titles, abstracts, and
full text of the articles that matched the inclusion criteria.
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The inclusion criteria were as follows: (1) a randomized
controlled trial (RCT) was designed; (2) patients were diagnosed
with NAFLD; (3) the effects of probiotics, prebiotics, or
synbiotics were evaluated in NAFLD patients and control
subjects; (4) studies reported data both on baseline and end
of intervention for the outcomes: BMI, body fat, dietary
intake of energy, carbohydrate, and fat, FBS, HbA1c, insulin
(INS), HOMA-IR, high-sensitivity C-reactive protein (hs-CRP),
total cholesterol (TC), low-density lipoprotein-cholesterol
(LDL-C), high-density lipoprotein-cholesterol (HDL-C), TAC,
triglycerides (TG), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and gamma-glutamyl transferase (γ-
GGT), hepatic steatosis and fibrosis; (5) studies language were
districted in English or Chinese. These studies will be excluded if
they meet any one of the following exclusion criteria: (1) hepatic
steatosis or fibrosis in patients were caused by autoimmune
hepatitis, hepatitis, liver cancer, or other factors; (2) the study
design was not RCT; (3) the study didn’t provide the baseline
and final outcome data; (4) the study was duplicated.

Data extraction and quality assessment

Two authors independently extracted the data from these
included studies, and any disagreements were resolved through
further discussion. The following information was extracted
from each study: the first author, the publication data, the
subject’s ethnicity, the number of case and control groups, ages
of case and control subjects, intervention, follow-up duration,
and outcomes. The mean and SD values at the baseline and the
endpoint were directly extracted or calculated from the provided
data provided by each study.

The risk of bias in each RCT was assessed by the Cochrane
Collaboration’s tool in RevMan5.4 software1 (26, 27). Briefly,
the risk of bias includes seven domains: random sequence
generation, allocation concealment, blinding of participants
and personnel, blinding of outcome assessment, incomplete
outcome data, selective reporting, and other types of bias (27).
Each study was evaluated by two authors, and any disagreement
was further discussed with the third author.

Data statistical analysis

This meta-analysis estimated the liver-related changes,
including subject metabolic characteristics (BMI), dietary
components’ intake (energy, carbohydrate, and total fat), blood
glucose homeostasis assessments (FBS, HbA1c, insulin, and
HOMA-IR), and hs-CRP, hepatic features (steatosis and fibrosis)

1 https://community.cochrane.org/help/tools-and-software/revman-
5

and liver enzyme levels, lipid profiles (changes in TC, TG,
LDL-C, and HDL-C).

The differences in these continuous outcome indexes were
calculated and analyzed using SMD and CIs from the baseline
to the final points. A p-value < 0.05 was considered statistically
significant. The heterogeneity of this meta-analysis was also
evaluated by χ2 and I2 tests. I2 values of 25%, 50%, and 75%
indicated a slight, moderate, and high level of heterogeneity,
respectively. If the statistical heterogeneity I2 was ≥ 50%
among the studies, the random effect model would be used to
estimate the pooled analysis. Otherwise, the fixed-effect model
will be used in the combined analysis. All the analyses were
conducted using the Stata 12.0 (Stata Corp, College Station, TX,
USA) software.

Assessment of publication bias and
sensitivity analysis

Egger’s test and Begg’s test were used to visually assess
publication bias through funnel plots. In addition, we
also performed a sensitivity analysis to determine the
consistency of the results. The evaluation of funnel plots
and sensitivity analysis were performed using the software
Stata 12.0 (Stata Corp, College Station, TX, USA). In
case of significant funnel asymmetry or any outside of
the upper or the lower limit of the sensitivity analysis,
we further performed subgroup analysis based on the
characteristics of the study, including the difference in
ethnicity, intervention, and others.

Results

Clinical characteristics of the included
studies and patients

According to the searched results, there were a total of 192
records, 62 of which are duplicates that need to be removed.
Then, we removed 78 articles that did not meet the inclusion
criteria based on the titles and abstracts. After reading the full
text of these articles, another 41 articles were removed due to a
lack of detailed data to calculate the change of designate indexes,
such as, BMI, liver features, insulin, and others. Finally, we
included 11 (8–12, 15, 16, 18, 28–30) different RCTs that met all
the inclusion with the following outcomes: BMI (n = 9), energy,
carbohydrate, and total fat intake (n = 4), FBS (n = 8), HbA1c
(n = 3), insulin (n = 5), HOMA-IR (n = 5), hs-CRP (n = 9),
hepatic features [steatosis (n = 4), and fibrosis (n = 4)], ALP
(n = 3), ALT (n = 10), AST (n = 10), GGT (n = 8), TC (n = 10),
TG (n = 10), LDL-C (n = 9), HDL-C (n = 9). The details of the
flowchart diagram are shown in Figure 1.
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FIGURE 1

The flowchart diagram for literature selecting process from database.

The clinical characteristics of the studies and subjects were
described in Table 1. These studies included 741 individuals
(392 patients with NAFLD, and 349 healthy individuals). The
included studies were published from Jan 2020 to Jul 2022, and
conducted in Asia (9, 28), North America (11), and Europe
(8, 10, 12, 15, 16, 18, 29, 30), respectively. There are eight
studies with the probiotics intervention, two with synbiotics
intervention, and one with prebiotics intervention for patients
with NAFLD. In addition, some studies presented data on
multiple different intervention groups. We, therefore, treated
these groups as independent investigations. One of the included
trials involved children with NAFLD, while the remaining trials
involved adults with NAFLD. The patient and control sample
sizes ranged from 16 to 70 individuals. The median follow-up
duration of these studies ranged from 2.5 to 14 months.

The risk bias of the included RCTs was shown in
Supplementary Figure 1. These RCTs were well designed in
terms of random sequence generation. Only one study was
considered to have a substantial risk of bias. The majority of
the studies did not discuss the blinding of outcome assessment.

Regarding the blinding of participants and personnel, four
studies reported an unclear risk of bias. Six RCTs had a
low risk of bias regarding incomplete outcome data. Four
studies showed a high risk of biased response to selectively
reporting results.

Body mass index and dietary intake

Firstly, we examined the effects of probiotics, prebiotics,
or symbiotics on the BMI across all study populations. We
observed no significant difference in absolute changes for BMI
(SMD = −0.01, 95% CI = −0.17 to 0.15, I2 = 0.0%, P = 0.995),
but there was a decreasing trend following the intervention.
Subgroup analysis based on different ethnicity and intervention
showed that there was no significant difference between the
microbial treatment responses of Caucasian, European, or
Asian, as revealed in Figures 2A,B. Sensitivity analysis showed
that there was no data outside of the lower or upper limit,
and the effect estimates were robust and reliable. According to
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FIGURE 2

Forest plot of the effect of microbiota therapies on BMI and dietary intake in patients with NAFLD. (A) The effect of microbiota therapies on BMI
based on different ethnicity. (B) The effect of microbiota therapies on BMI based on different interventions. (C) The effect of microbiota
therapies on the intake of energy. (D) The effect of microbiota therapies on the intake of carbohydrates. (E) The effect of microbiota therapies
on the intake of fat. For each study, the estimated mean changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

Begg’s test (P = 0.586) and Egger’s test (P = 0.996), there was no
publication bias, as shown in Supplementary Data Sheet 1.

Then, we evaluated the effects of probiotics, prebiotics, or
synbiotics on the dietary habits in all populations under study.
The absolute mean and SD of dietary intakes are shown in
Figures 2C–E. Compared to the intervention group and placebo
group, intake of energy, carbohydrates, and fat was reduced, but
the reduction was not significantly different.

Glucose homeostasis

We also calculated the mean difference in absolute
changes for FBS, HbA1c, insulin, and HOMAI-R after
probiotics, prebiotics, or synbiotics administration. There was
no significant reduction in the overall analysis for FBS, although
there was a slight reduction in the European population
(SMD = −0.03, 95% CI = −0.23 to 0.18, I2 = 9.5%, P = 0.785)
(Figure 3A). In addition, there was likely higher reduction for
FBS by prebiotics than probiotics administration (prebiotic:

SMD = −0.37, 95% CI = −0.77 to 0.04, I2 = 0.0%, P = 0.075;
probiotics: SMD = 0.15, 95% CI = −0.14 to 0.44, I2 = 11.0%,
P = 0.316; Figure 3B). Moreover, we observed a reduction trend
toward lower levels of HbA1c (SMD =−0.10 95% CI =−0.39 to
0.19, I2 = 0.0%, P = 0.497; Figure 3C) and insulin (SMD =−0.05,
95% CI = −0.30 to 0.20, I2 = 19.5%, P = 0.702; Figure 3D),
however, this was not significant. A significant decrease in
HOMAI-R (SMD =−0.30, 95% CI =−0.58 to−0.02, I2 = 26.5%,
P = 0.034; Figure 3E) was observed. Sensitivity analysis for
FBS showed no data outside of the lower or upper limit, and
the effect estimates were robust and reliable. There was also no
publication bias according to Begg’s test (P = 0.621) and Egger’s
test (P = 0.636), as shown in Supplementary Data Sheet 1.

Lipid profile

A meta-analysis of serum lipid profiles was conducted
on the included studies that reported TC, TG, LDL-c, and
HDL-c. Overall, results showed that probiotics, prebiotics, or
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FIGURE 3

Forest plot of the effect of microbiota therapies on glucose homeostasis in patients with NAFLD. (A) The effect of microbiota therapies on FBS
based on different ethnicity. (B) The effect of microbiota therapies on FBS based on different interventions. (C) The effect of microbiota
therapies on the intake of energy. (D) The effect of microbiota therapies on the level of HbA1c. (E) The effect of microbiota therapies on the
change of HOMAI-R. For each study, the estimated mean changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

synbiotics therapies significantly reduced TC (SMD = −0.34,
95% CI = −0.54 to −0.14, I2 = 41.3%, P < 0.001) (Figure 4A).
According to the subgroup analysis by ethnicity, this reduction
in Caucasian, European, and Asian populations was 0.42,
0.33, and 0.28, respectively. Meantime, individually probiotic
treatment had a more reduced effect on TC (SMD =−0.40, 95%
CI =−0.57 to−0.23, I2 = 0.0%, P < 0.001) than other treatment,
while synbiotics treatment did not decrease TC (Figure 4B).
Individually probiotics, prebiotics, or synbiotics treatment could
also combined decrease the TG level of patients with NAFLD
(SMD = −0.19, 95% CI = −0.37 to −0.03, I2 = 29.2%,
P < 0.001). The treatment effect was similar to the reduction
of TC (Figures 4C,D). Then, we combined the effects of the
three treatments on LDL-c and HDL-c. Results showed that
the three treatments significantly decreased the level of LDL-c
(SMD =−0.31, 95% CI =−0.46 to−0.16, I2 = 0.0%, P < 0.001)
and slightly decreased the level of HDL-c (SMD = −0.05, 95%
CI =−0.19 to−0.10, I2 = 0.0%, P = 0.055), shown as in Figure 5.
Analysis by ethnicity showed that all three treatments could
decrease the level of LDL-c in the Caucasian, European, and
Asian populations by a SMD value of −0.51, −0.27, and −0.36,
respectively (Figure 5A). Analysis by treatment type showed
that probiotics decreased the level of LDL-c (SMD =−0.28, 95%
CI = −0.46 to −0.10, I2 = 0.0%, P = 0.002), but synbiotics did
not (P = 0.157) (Figure 5B). Neither probiotics, prebiotics, nor
symbiotic could change the level of HDL-c in any population, as
shown in Figures 5C,D.

Sensitivity analysis showed no data outside of the lower or
upper limit, and the effect estimates were robust and reliable.
There was also no publication bias according to Begg’s test (TC:
P = 1.00; TG: P = 0.681, LDL-c: P = 0.392, HDL-c: P = 0.938)
and Egger’s test (TC: P = 0.979; TG: P = 0.913, LDL-c: P = 0.509,
HDL-c: P = 0.890), as shown in Supplementary Data Sheet 1.

Hepatic enzymes ALT, AST, GGT, and
ALP

In our meta-analysis, all the treatments improved NAFLD
disease by lowering levels of liver enzymes, including ALT,
AST, ALP, and GGT, as shown in Figures 6, 7. All
probiotics, prebiotics, or synbiotics treatments could reduce
ALT (SMD = −0.36, 95% CI = −0.66 to −0.06, I2 = 74.2%,
P = 0.046) (Figure 6A). The treatment effect presented more
pronounced in Caucasian population (SMD = −0.53, 95%
CI = −1.04 to −0.01, I2 = 0.0%, P = 0.063) than in European
(SMD = −0.41, 95% CI = −0.84 to −0.02, I2 = 81.9%,
P = 0.722) and Asian population (SMD =−0.10, 95% CI =−0.66
to −0.46, I2 = 61.2%, P = 0.018). Probiotics reduced ALT
levels with a SMD of −0.27 (P = 0.083), and synbiotics
reduced ALT with a SMD of −0.32 (P = 0.499) (Figure 6B),
while prebiotics significantly reduced ALT (SMD = −1.30,
95% CI = −1.87 to −0.74, P < 0.001) reported by Behrouz
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FIGURE 4

Forest plot of the effect of microbiota therapies on TC and TG in patients with NAFLD. (A) The effect of microbiota therapies on TC based on
different ethnicity. (B) The effect of microbiota therapies on TC based on different interventions. (C) The effect of microbiota therapies on TG
based on different ethnicity. (D) The effect of microbiota therapies on TG based on different interventions. For each study, the estimated mean
changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

et al. (18). Nevertheless, all treatments resulted in a non-
significant reduction in AST levels (Figures 6C,D). In
addition, all treatments were significantly effective for Caucasian
(SMD = −0.68, 95% CI = −1.20 to −0.16, I2 = 0.0%,
P < 0.001) and European population (SMD = −0.41, 95%
CI = −0.75 to −0.08, I2 = 74.4%, P < 0.001), as displayed in
Figure 6C.

In addition, all the treatments improved NAFLD disease
by reducing ALP and GGT levels. As shown in Figure 7A,
three comparisons showed the absolute change of ALP level
after treatment with a significant SMD of −0.33 (P = 0.03).
The level of GGT was also significantly decreased by all the
treatments with an overall SMD of −0.41 (P = 0.004), which
was lower induced by the treatment in the Caucasian population
(SMD = −0.41, 95% CI = −0.75 to −0.08, I2 = 74.4%,
P < 0.001) than European and Asian population (Figure 7B).
The pooled effect of probiotic, prebiotic and symbiotic was
−0.40 (P = 0.016), −1.06 (P < 0.001), −0.10 (P = 0.635),
respectively (Figure 7C).

Sensitivity analysis showed no data outside of the lower or
upper limit, and the effect estimates were robust and reliable.
There was also no publication bias according to Begg’s test (ALT:

P = 0.337, AST: P = 0.222, ALP: P = 0.117, GGT: P = 0.621) and
Egger’s test (ALT: P = 0.305, ALP: P = 0.4556, GGT: P = 0.636),
as shown in Supplementary Data Sheet 1.

Fibrosis, steatosis, and systematic
inflammation

There were four studies that utilized the hepatic fibrosis
score and hepatic steatosis score to evaluate the NAFLD
progression, with a non-significant reduction with a combined
SMD value of −0.12 (P = 0.632), as depicted in Figures 8C,D.
In addition, the probiotic and symbiotic treatment could
also improve hepatic steatosis by combining analysis of four
comparisons (SMD = −0.66, 95% CI = −1.30 to −0.02,
I2 = 70.7%, P < 0.05). Furthermore, NAFLD can progress into
non-alcoholic steatohepatitis (NASH), where inflammation and
hepatocellular damage are associated with steatosis (11). In the
present meta-analysis, there are nine comparisons related to
the level of hs-CRP and showed a slight decrease without any
significance after treatment (SMD = −0.10, 95% CI = −0.30 to
0.10, I2 = 5.2%, P = 0.313), as shown in Figures 8A,B.
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FIGURE 5

Forest plot of the effect of microbiota therapies on LDL-c and HDL-c in patients with NAFLD. (A) The effect of microbiota therapies on LDL-c
based on different ethnicity. (B) The effect of microbiota therapies on LDL-c based on different interventions. (C) The effect of microbiota
therapies on HDL-c based on different ethnicity. (D) The effect of microbiota therapies on HDL-c based on different interventions. For each
study, the estimated mean changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

Discussion

The present meta-analysis indicated that microbial therapies
ameliorate hepatic steatosis by reducing the levels of lipid
profiles (TC, TG, LDL-c, HDL-c), liver enzymes (ALT,
AST, ALP, and GGT), and HOMAI-R. Probiotics showed
better efficacy than prebiotics and symbiotics. Moreover, the
efficacy of probiotics in Caucasian population was proven
to be better than that in the European or Asian population
population. Nevertheless, probiotics, prebiotics, or synbiotics
supplementation failed to improve BMI parameters, lifestyle
(energy, carbohydrate, and fat intake), FBS, HbA1c, hs-CRP,
and hepatic fibrosis in any population. Multiple factors, such
as design, patient sex, genetics, dietary habits, lifestyle, or
environmental strains may have contributed to each response
to microbial therapies in the included studies.

Although multiple treatments have been used to improve or
prevent NAFLD disease, a healthy lifestyle is always the most
common and effective intervention for NAFLD. For example,
a body mass loss of 3–5% could decrease cardiovascular
risk, a body mass loss of 2–5% lower the level of HbA1c
in T2DM patients, and a body mass loss of 7–10% could

improve insulin sensitivity, liver enzyme concentrations, and
liver steatosis and fibrosis in obese NAFLD patients (10, 31).
Researchers investigated the BMI, and dietary habits (energy,
carbohydrate, and fat intake) of NAFLD patients in the included
trials. Previous studies found that probiotic supplementation
could help weight loss and reduce body fat mass and waist
circumference in overweight individuals to improve body
composition and fat distribution (32). In addition, previous
reports found that B. coagulans supplementation as a probiotic
could produce short-chain fatty acids (SCFAs) (15). The binding
of SCFAs to specific G-protein-coupled receptors (GPCRs)
could stimulate the release of glucagon-like peptides (GLP-1),
GLP-2, and PYY to maintain energy homeostasis and enhance
fat storage (33, 34). However, when we analyzed the change
in BMI after microbial therapies using data from nine RCTs,
we found no improvement in the BMI of NAFLD patients.
Meantime, the intake of energy, carbohydrate, and fat in the
meal of these individuals remain unchanged. However, our
results were still consistent with previous meta-analyses (20–22).

Previous findings indicated that probiotics intake promoted
to decrease in fasting blood glucose in patients with type 2
Diabetes Mellites (T2DM) (35). Probably, probiotics contain
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FIGURE 6

Forest plot of the effect of microbiota therapies on ALT and AST in patients with NAFLD. (A) The effect of microbiota therapies on ALT based on
different ethnicity. (B) The effect of microbiota therapies on ALT based on different interventions. (C) The effect of microbiota therapies on AST
based on different ethnicity. (D) The effect of microbiota therapies on AST based on different interventions. For each study, the estimated mean
changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

multiple different microbial species that may affect the progress
of sugar digestion and absorption, incretin secretion, and
fat absorption (36, 37). In this study, we didn’t find any
significant changes in FBS, insulin, and HbA1c in patients with
NAFLD, which is in accordance with the previous result of the
meta-analysis (21). In contrast, the change in HOMA-IR was
statistically significant between microbial therapies and control
subjects (P < 0.05). Chong et al. found that insulin resistance
and liver inflammation are closely linked, especially HOMA-IR
and AST (30). Moreover, a similar relationship between insulin
sensitivity and AST and ALT has also been reported in the
Insulin Resistance Atherosclerosis Study (IRAS) study (38). In
our analysis, liver enzymes, including AST, ALT, ALP, and GGT,
were significantly reduced by microbial therapies. In general,
the imbalanced gut microbiota increases intestinal epithelial
barrier permeability, and then various harmful substances, such
as metabolites, lipopolysaccharide (LPS), and bacteria, bacterial
DNAs will influx into the liver (39). Meantime, metabolites
produced by an imbalanced microbiome, such as SCFAs, and
bile acids, interact with mitochondrial function or genes,

or influence the level of inflammatory factors and promote
NAFLD process (40). Probably, supplementation of probiotics,
prebiotics, or synbiotics corrected the imbalanced microbiota
and improved the impaired liver, followed by decreased the
levels of AST, ALT, ALP, and GGT.

The imbalanced gut microbiota also resulted in the
activation of specific and non-specific immune responses
between the intestinal tract and liver, following increased
intestinal permeability, which may result in body blood lipid
metabolism disorder (41). Microbial therapies improved
intestinal flora disorder, and the metabolites of lactobacillus
inhibit cholesterol synthase from regulating cholesterol.
Simultaneously, the intestinal bacteria can also combine with
cholesterol synthase, inhibit its absorption, and promote
its excretion by influencing the circulation of cholesterol
supplements in bile salts (42). This efficacy of probiotics
has been demonstrated in the present meta-analysis.
Microbial therapies could significantly decrease the lipid
profiles, such as TC, TG, LDL-c, and HDL-c. In addition,
the improvement of lipids is closely associated with the
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FIGURE 7

Forest plot of the effect of microbiota therapies on ALP and GGT in patients with NAFLD. (A) The total effect of microbiota therapies on ALP.
(B) The effect of microbiota therapies on GGT based on different ethnicity. (C) The effect of microbiota therapies on GGT based on different
interventions. For each study, the estimated mean changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.
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FIGURE 8

Forest plot of the effect of microbiota therapies on fibrosis, steatosis, and systematic inflammation in patients with NAFLD. (A) The effect of
microbiota therapies on hs-CRP based on different ethnicity. (B) The effect of microbiota therapies on hs-CRP based on different interventions.
(C) The effect of microbiota therapies on hepatic fibrosis. (D) The effect of microbiota therapies on hepatic steatosis. For each study, the
estimated mean changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

stimulation of adenosine 50-monophosphate (AMP)-activated
protein kinase (AMPK) and serine/threonine kinase (AKT)
proteins, and lipogenesis- or lipolysis-related proteins induced
by microbial supplementation (43). Previous research also
revealed that probiotics could decrease the number of
duodenal CD4 + and CD8 + T lymphocytes to affect the
mucosal immune function to improve lipid metabolism
dysregulation (44).

Microbial therapies also could be a potential target for local
mucosal inflammation, such as hs-CRP, IL-8, and TNF-alpha
(11, 45). Previous research indicated that supplementation with
Bifidobacterium long with fructooligosaccharides significantly
reduced serum hs-CRP levels in NASH patients (18). Probably,
intestinal flora disorder changed by the microbial intervention,
subsequently, SCFA production was increased, which reduced
the expression of inflammation-relevant genes (46). On the
other hand, SCFAs products can also increase the level of IL-
18 expression, which is associated with the decreased enzymatic
synthesis of hepatic CRP (47). There were also RCTs showing no
significant change in hs-CRP after the microbial intervention.
For example, Chong PL, et al performed VSL#3 R© probiotic
supplementation for NAFLD patients (30), and Crommen
et al. performed a specifically tailored multistrain probiotic
supplementation for NAFLD patients (10). We combined
analysis of the eight included studies and found that microbial
intervention failed to improve the level of hs-CRP. Nevertheless,
we found an improvement in liver steatosis even without a
change in systematic inflammation. In general, inflammation

and hepatocellular damage are associated with steatosis during
NAFLD progressing into NASH (48).

Limitations

This meta-analysis had some limitations despite the fact that
we had demonstrated significant improvement in liver enzymes,
lipid profiles, HOMA-IR, and liver steatosis after microbial
therapies. First, the included RCTs had a small sample size,
diverse populations and regions, and different drug treatments
and diets, which will generate heterogeneity and influence the
stability of the combined results. Therefore, we conducted
the subgroup meta-analysis according to population and
intervention. However, other subgroups couldn’t be performed
become of the absence of detailed data. Second, sex hormones
and chromosomes have a definite impact on the differences in
microbiomes between men and women (49). A previous study
revealed that a sex-specific microbiome might play a critical
role in NAFLD and obesity incidence (50). Nevertheless, the
included RCTs didn’t involve any subgroup according to sex,
and microbial therapies may generate different improvements
in men or women with NAFLD, which may lead to the
heterogeneity of the intervention results. Third, we transformed
the median, or the first and third quarter values, into the mean
and SD values at both baseline and final points of the formula,
which may also generate error and bias. Fourth, the duration
of the included studies ranged from 2.5 to 14 months, which
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may influence the effectiveness of treatment and result in the
instability of the combined analysis.

Conclusion

The present meta-analysis focuses on the clinical
efficacy of microbial therapies for NAFLD. Supplementation
probiotics, prebiotics, or symbiotic may improve glucose
homeostasis, decrease blood lipid, and improve liver enzymes
and hepatic steatosis in patients with NAFLD. Moreover,
probiotics was more effective in improving NAFLD in the
Caucasian population than prebiotics or symbiotic in the
Asian or European populations. Nevertheless, our results
didn’t show any significant effect of microbial therapies
on BMI, FBS, hs-CRP, and hepatic fibrosis in patients
with NAFLD. In the future, more studies that considering
patients’ sex, strains, sample size, and duration should be
performed on NAFLD patients under RCT design and multiple
centers.

Author contributions

WX and ZYZ were responsible for the design.
WG, GM, and XD were responsible for writing of
this work. ZLZ and XL performed the literature
search. WX and XL were responsible for the data
extraction. XD was responsible for the data analysis.
All authors reviewed this draft and approved the final
manuscript.

Funding

This work was supported by the medical key subject
construction project of Hangzhou (OO20200031).

Conflict of interest

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

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnut.2022.1024678/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Risk of bias in the included RCTs evaluating probiotic, prebiotic, and
symbiotic for treatment of NAFLD.

References

1. Wang L, Cao ZM, Zhang LL, Li JM, Lv WL. The role of gut microbiota in
some liver diseases: from an immunological perspective. Front Immunol. (2022)
13:923599. doi: 10.3389/fimmu.2022.923599

2. Minhas AMK, Jain V, Maqsood MH, Pandey A, Khan SS, Fudim M, et al. Non-
alcoholic fatty liver disease, heart failure, and long-term mortality: insights from
the national health and nutrition examination survey. Curr Probl Cardiol. (2022)
47:101333. doi: 10.1016/j.cpcardiol.2022.101333

3. Yabut, JM, Drucker DJ. Glucagon-like peptide-1 receptor-based therapeutics
for metabolic liver disease. Endocr Rev. (2022):bnac018. doi: 10.1210/endrev/
bnac018 [Epub ahead of print].

4. Liu, X, Wang K, Wang L, Kong L, Hou S, Wan Y, et al. Hepatocyte Ltb4r1
promotes NAFLD development in obesity. Hepatology. (2022). doi: 10.1002/hep.
32708 [Epub ahead of print].

5. Leung C, Rivera L, Furness JB, Angus PW. The role of the gut microbiota in
NAFLD. Nat Rev Gastroenterol Hepatol. (2016) 13:412–25.

6. Wieland A, Frank DN, Harnke B, Bambha K. Systematic review: microbial
dysbiosis and nonalcoholic fatty liver disease. Aliment Pharmacol Ther. (2015)
42:1051–63.

7. Scorletti E, Afolabi PR, Miles EA, Smith DE, Almehmadi A, Alshathry A,
et al. Design and rationale of the INSYTE study: a randomised, placebo controlled
study to test the efficacy of a synbiotic on liver fat, disease biomarkers and

intestinal microbiota in non-alcoholic fatty liver disease. Contemp Clin Trials.
(2018) 71:113–23. doi: 10.1016/j.cct.2018.05.010

8. Kavyani M, Saleh-Ghadimi S, Dehghan P, Abbasalizad Farhangi M,
Khoshbaten M. Co-supplementation of camelina oil and a prebiotic is more
effective for in improving cardiometabolic risk factors and mental health in patients
with NAFLD: a randomized clinical trial. Food Funct. (2021) 12:8594–604. doi:
10.1039/d1fo00448d

9. Mohamad Nor MH, Ayob N, Mokhtar NM, Raja Ali RA, Tan GC, Wong Z,
et al. The effect of probiotics (MCP( R©) BCMC( R©) Strains) on hepatic steatosis,
small intestinal mucosal immune function, and intestinal barrier in patients
with non-alcoholic fatty liver disease. Nutrients. (2021) 13:3192. doi: 10.3390/
nu13093192

10. Crommen S, Rheinwalt KP, Plamper A, Simon MC, Rösler D, Fimmers R,
et al. A specifically tailored multistrain probiotic and micronutrient mixture affects
nonalcoholic fatty liver disease-related markers in patients with obesity after mini
gastric bypass surgery. J Nutr. (2022) 152:408–18. doi: 10.1093/jn/nxab392

11. Derosa G, Guasti L, D’Angelo A, Martinotti C, Valentino MC, Di Matteo
S, et al. Probiotic therapy with VSL#3( R©) in patients with NAFLD: a randomized
clinical trial. Front Nutr. (2022) 9:846873. doi: 10.3389/fnut.2022.846873

12. Rodrigo T, Dulani S, Nimali Seneviratne S, De Silva AP, Fernando J, De Silva
HJ, et al. Effects of probiotics combined with dietary and lifestyle modification

Frontiers in Nutrition 13 frontiersin.org

https://doi.org/10.3389/fnut.2022.1024678
https://www.frontiersin.org/articles/10.3389/fnut.2022.1024678/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2022.1024678/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.923599
https://doi.org/10.1016/j.cpcardiol.2022.101333
https://doi.org/10.1210/endrev/bnac018
https://doi.org/10.1210/endrev/bnac018
https://doi.org/10.1002/hep.32708
https://doi.org/10.1002/hep.32708
https://doi.org/10.1016/j.cct.2018.05.010
https://doi.org/10.1039/d1fo00448d
https://doi.org/10.1039/d1fo00448d
https://doi.org/10.3390/nu13093192
https://doi.org/10.3390/nu13093192
https://doi.org/10.1093/jn/nxab392
https://doi.org/10.3389/fnut.2022.846873
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1024678 October 19, 2022 Time: 19:0 # 14

Xing et al. 10.3389/fnut.2022.1024678

on clinical, biochemical, and radiological parameters in obese children with
nonalcoholic fatty liver disease/nonalcoholic steatohepatitis: a randomized clinical
trial. Clin Exp Pediatr. (2022) 65:304–11. doi: 10.3345/cep.2021.00787

13. Bilal M, Ashraf S, Zhao X. Dietary component-induced inflammation and its
amelioration by prebiotics, probiotics, and synbiotics. Front Nutr. (2022) 9:931458.
doi: 10.3389/fnut.2022.931458

14. Fukuda S, Toh H, Hase K, Oshima K, Nakanishi Y, Yoshimura K, et al.
Bifidobacteria can protect from enteropathogenic infection through production of
acetate. Nature. (2011) 469:543–7. doi: 10.1038/nature09646

15. Abhari K, Saadati S, Yari Z, Hosseini H, Hedayati M, Abhari S, et al. The
effects of Bacillus coagulans supplementation in patients with non-alcoholic fatty
liver disease: a randomized, placebo-controlled, clinical trial. Clin Nutr ESPEN.
(2020) 39:53–60. doi: 10.1016/j.clnesp.2020.06.020

16. Scorletti E, Afolabi PR, Miles EA, Smith DE, Almehmadi A, Alshathry A, et al.
Synbiotics alter fecal microbiomes, but not liver fat or fibrosis, in a randomized
trial of patients with nonalcoholic fatty liver disease. Gastroenterology. (2020)
158:1597.e–610.e.

17. Khalesi S, Johnson DW, Campbell K, Williams S, Fenning A, Saluja S, et al.
Effect of probiotics and synbiotics consumption on serum concentrations of liver
function test enzymes: a systematic review and meta-analysis. Eur J Nutr. (2018)
57:2037–53. doi: 10.1007/s00394-017-1568-y

18. Behrouz V, Aryaeian N, Zahedi MJ, Jazayeri S. Effects of probiotic and
prebiotic supplementation on metabolic parameters, liver aminotransferases, and
systemic inflammation in nonalcoholic fatty liver disease: a randomized clinical
trial. J Food Sci. (2020) 85:3611–7. doi: 10.1111/1750-3841.15367

19. Tang Y, Huang J, Zhang WY, Qin S, Yang YX, Ren H, et al. Effects of probiotics
on nonalcoholic fatty liver disease: a systematic review and meta-analysis. Therap
Adv Gastroenterol. (2019) 12:1756284819878046.

20. Yang R, Shang J, Zhou Y, Liu W, Tian Y, Shang H. Effects of probiotics on
nonalcoholic fatty liver disease: a systematic review and meta-analysis. Expert Rev
Gastroenterol Hepatol. (2021) 15:1401–9.

21. Liu L, Li P, Liu Y, Zhang Y. Efficacy of probiotics and synbiotics in patients
with nonalcoholic fatty liver disease: a meta-analysis. Dig Dis Sci. (2019) 64:3402–
12.

22. Hadi A, Mohammadi H, Miraghajani M, Ghaedi E. Efficacy of synbiotic
supplementation in patients with nonalcoholic fatty liver disease: a systematic
review and meta-analysis of clinical trials: synbiotic supplementation and NAFLD.
Crit Rev Food Sci Nutr. (2019) 59:2494–505.

23. Lavekar AS, Raje DV, Manohar T, Lavekar AA. Role of probiotics in
the treatment of nonalcoholic fatty liver disease: a meta-analysis. Euroasian J
Hepatogastroenterol. (2017) 7:130–7.

24. Zhang XL, Wang TY, Targher G, Byrne CD, Zheng MH. Lifestyle
interventions for non-obese patients both with, and at risk, of non-alcoholic fatty
liver disease. Diabetes Metab J. (2022) 46:391–401.

25. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA statement. BMJ. (2009)
339:b2535.

26. Higgins JP, Altman DG, Gotzsche PC, Juni P, Moher D, Oxman AD, et al. The
Cochrane Collaboration’s tool for assessing risk of bias in randomised trials. BMJ.
(2011) 343:d5928.

27. Gao W, Lv X, Xu X, Zhang Z, Yan J, Mao G, et al. Telemedicine intervention-
reduced blood pressure in a chronic disease population: a meta-analysis. J Telemed
Telecare. (2020) 28:1357633X20959581. doi: 10.1177/1357633X20959581

28. Cai GS, Su H, Zhang J. Protective effect of probiotics in patients with
non-alcoholic fatty liver disease. Medicine (Baltimore). (2020) 99:e21464.

29. Sadrkabir M, Jahed S, Sadeghi Z, Isazadeh K. The effect of gerilact on
non-alcoholic fatty liver disease. J Kerman Univ Med Sci. (2020) 27:82–90.

30. Chong PL, Laight D, Aspinall RJ, Higginson A, Cummings MH. A
randomised placebo controlled trial of VSL#3( R©) probiotic on biomarkers of
cardiovascular risk and liver injury in non-alcoholic fatty liver disease. BMC
Gastroenterol. (2021) 21:144. doi: 10.1186/s12876-021-01660-5

31. Jensen MD, Ryan DH, Apovian CM, Ard JD, Comuzzie AG, Donato KA, et al.
2013 AHA/ACC/TOS guideline for the management of overweight and obesity in
adults: a report of the American College of Cardiology/American Heart Association
task force on practice guidelines and the obesity society. J Am Coll Cardiol. (2014)
63(25 Pt B):2985–3023.

32. Koutnikova H, Genser B, Monteiro-Sepulveda M, Faurie JM, Rizkalla S,
Schrezenmeir J, et al. Impact of bacterial probiotics on obesity, diabetes and

non-alcoholic fatty liver disease related variables: a systematic review and meta-
analysis of randomised controlled trials. BMJ Open. (2019) 9:e017995. doi: 10.1136/
bmjopen-2017-017995

33. Li B, Wang HY, Huang JH, Xu WF, Feng XJ, Xiong ZP, et al.
Polysaccharide, the Active Component of Dendrobium officinale, ameliorates
metabolic hypertension in rats via regulating intestinal flora-SCFAs-vascular axis.
Front Pharmacol. (2022) 13:935714. doi: 10.3389/fphar.2022.935714

34. Ma Q, Zhai R, Xie X, Chen T, Zhang Z, Liu H, et al. Hypoglycemic effects of
Lycium barbarum polysaccharide in Type 2 diabetes mellitus mice via modulating
gut microbiota. Front Nutr. (2022) 9:916271. doi: 10.3389/fnut.2022.916271

35. Wan J, Ma J. Efficacy of dietary supplements targeting gut microbiota in the
prevention and treatment of gestational diabetes mellitus. Front Microbiol. (2022)
13:927883. doi: 10.3389/fmicb.2022.927883

36. Leber B, Tripolt NJ, Blattl D, Eder M, Wascher TC, Pieber TR, et al.
The influence of probiotic supplementation on gut permeability in patients with
metabolic syndrome: an open label, randomized pilot study. Eur J Clin Nutr. (2012)
66:1110–5. doi: 10.1038/ejcn.2012.103

37. Gerard C, Vidal H. Impact of gut microbiota on host glycemic control. Front
Endocrinol (Lausanne). (2019) 10:29. doi: 10.3389/fendo.2019.00029

38. Hanley AJ, Williams K, Festa A, Wagenknecht LE, D’Agostino RB Jr., Kempf
J, et al. Elevations in markers of liver injury and risk of type 2 diabetes: the insulin
resistance atherosclerosis study. Diabetes. (2004) 53:2623–32. doi: 10.2337/diabetes.
53.10.2623

39. Cai T, Zheng SP, Shi X, Yuan LZ, Hu H, Zhou B, et al. Therapeutic effect
of fecal microbiota transplantation on chronic unpredictable mild stress-induced
depression. Front Cell Infect Microbiol. (2022) 12:900652. doi: 10.3389/fcimb.2022.
900652

40. Xie X, Zhang L, Yuan S, Li H, Zheng C, Xie S, et al. Val-Val-Tyr-Pro protects
against non-alcoholic steatohepatitis in mice by modulating the gut microbiota and
gut-liver axis activation. J Cell Mol Med. (2021) 25:1439–55. doi: 10.1111/jcmm.
16229

41. Ma Y, Zhu L, Ke H, Jiang S, Zeng M. Oyster (Crassostrea gigas) polysaccharide
ameliorates obesity in association with modulation of lipid metabolism and gut
microbiota in high-fat diet fed mice. Int J Biol Macromol. (2022) 216:916–26.
doi: 10.1016/j.ijbiomac.2022.07.100

42. Wei F, Yang X, Zhang M, Xu C, Hu Y, Liu D. Akkermansia muciniphila
enhances egg quality and the lipid profile of egg yolk by improving lipid
metabolism. Front Microbiol. (2022) 13:927245. doi: 10.3389/fmicb.2022.927245

43. Endo H, Niioka M, Kobayashi N, Tanaka M, Watanabe T. Butyrate-
producing probiotics reduce nonalcoholic fatty liver disease progression in rats:
new insight into the probiotics for the gut-liver axis. PLoS One. (2013) 8:e63388.
doi: 10.1371/journal.pone.0063388

44. Saito S, Okuno A, Kakizaki N, Maekawa T, Tsuji NM. Lactococcus lactis
subsp. cremoris C60 induces macrophages activation that enhances CD4+ T cell-
based adaptive immunity. Biosci Microbiota Food Health. (2022) 41:130–6. doi:
10.12938/bmfh.2021-057

45. Nabavi-Rad A, Sadeghi A, Asadzadeh Aghdaei H, Yadegar A, Smith SM, Zali
MR. The double-edged sword of probiotic supplementation on gut microbiota
structure in Helicobacter pylori management. Gut Microbes. (2022) 14:2108655.
doi: 10.1080/19490976.2022.2108655

46. Chen S, Wu F, Yang C, Zhao C, Cheng N, Cao W, et al. Alternative to
sugar, honey does not provoke insulin resistance in rats based on lipid profiles,
inflammation, and IRS/PI3K/AKT signaling pathways modulation. J Agric Food
Chem. (2022) 70:10194–208.

47. Du Y, Li X, An Y, Song Y, Lu Y. Association of gut microbiota with sort-
chain fatty acids and inflammatory cytokines in diabetic patients with cognitive
impairment: a cross-sectional, non-controlled study. Front Nutr. (2022) 9:930626.
doi: 10.3389/fnut.2022.930626

48. Hoogerland JA, Staels B, Dombrowicz D. Immune-metabolic interactions
in homeostasis and the progression to NASH. Trends Endocrinol Metab. (2022)
33:690–709.

49. Song M, Yuan F, Li X, Ma X, Yin X, Rouchka EC, et al. Analysis of
sex differences in dietary copper-fructose interaction-induced alterations of gut
microbial activity in relation to hepatic steatosis. Biol Sex Differ. (2021) 12:3. doi:
10.1186/s13293-020-00346-z

50. Pafco B, Sharma AK, Petrzelkova KJ, Vlckova K, Todd A, Yeoman CJ, et al.
Gut microbiome composition of wild western lowland gorillas is associated with
individual age and sex factors. Am J Phys Anthropol. (2019) 169:575–85. doi: 10.
1002/ajpa.23842

Frontiers in Nutrition 14 frontiersin.org

https://doi.org/10.3389/fnut.2022.1024678
https://doi.org/10.3345/cep.2021.00787
https://doi.org/10.3389/fnut.2022.931458
https://doi.org/10.1038/nature09646
https://doi.org/10.1016/j.clnesp.2020.06.020
https://doi.org/10.1007/s00394-017-1568-y
https://doi.org/10.1111/1750-3841.15367
https://doi.org/10.1177/1357633X20959581
https://doi.org/10.1186/s12876-021-01660-5
https://doi.org/10.1136/bmjopen-2017-017995
https://doi.org/10.1136/bmjopen-2017-017995
https://doi.org/10.3389/fphar.2022.935714
https://doi.org/10.3389/fnut.2022.916271
https://doi.org/10.3389/fmicb.2022.927883
https://doi.org/10.1038/ejcn.2012.103
https://doi.org/10.3389/fendo.2019.00029
https://doi.org/10.2337/diabetes.53.10.2623
https://doi.org/10.2337/diabetes.53.10.2623
https://doi.org/10.3389/fcimb.2022.900652
https://doi.org/10.3389/fcimb.2022.900652
https://doi.org/10.1111/jcmm.16229
https://doi.org/10.1111/jcmm.16229
https://doi.org/10.1016/j.ijbiomac.2022.07.100
https://doi.org/10.3389/fmicb.2022.927245
https://doi.org/10.1371/journal.pone.0063388
https://doi.org/10.12938/bmfh.2021-057
https://doi.org/10.12938/bmfh.2021-057
https://doi.org/10.1080/19490976.2022.2108655
https://doi.org/10.3389/fnut.2022.930626
https://doi.org/10.1186/s13293-020-00346-z
https://doi.org/10.1186/s13293-020-00346-z
https://doi.org/10.1002/ajpa.23842
https://doi.org/10.1002/ajpa.23842
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	The effects of supplementation of probiotics, prebiotics, or synbiotics on patients with non-alcoholic fatty liver disease: A meta-analysis of randomized controlled trials
	Introduction
	Methods
	Search strategy
	Inclusion and exclusion criteria
	Data extraction and quality assessment
	Data statistical analysis
	Assessment of publication bias and sensitivity analysis

	Results
	Clinical characteristics of the included studies and patients
	Body mass index and dietary intake
	Glucose homeostasis
	Lipid profile
	Hepatic enzymes ALT, AST, GGT, and ALP
	Fibrosis, steatosis, and systematic inflammation

	Discussion
	Limitations
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


