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BACKGROUND: Type 2 diabetes mellitus (T2DM) is a significant risk factor for non-alcoholic fatty liver disease (NAFLD). Increased
fasting blood sugar (FBS), fasting insulin (Fl), and insulin resistance (HOMA-IR) are observed in patients with NAFLD. Gut microbial
modulation using prebiotics, probiotics, and synbiotics has shown promise in NAFLD treatment. This meta-umbrella study aimed to
investigate the effects of gut microbial modulation on glycemic indices in patients with NAFLD and discuss potential mechanisms
of action.

METHODS: A systematic search was conducted in PubMed, Web of Science, Scopus, and Cochrane Library until March 2023 for
meta-analyses evaluating the effects of probiotics, prebiotics, and synbiotics on patients with NAFLD. Random-effect models,
sensitivity analysis, and subgroup analysis were employed.

RESULTS: Gut microbial therapy significantly decreased HOMA-IR (ES: —0.41; 95%Cl: —0.52, —0.31; P < 0.001) and FI (ES: —0.59; 95%
Cl: —0.77, —0.41; P < 0.001). However, no significant effect was observed on FBS (ES: —0.17; 95%Cl: —0.36, 0.02; P = 0.082). Subgroup
analysis revealed prebiotics had the most potent effect on HOMA-IR, followed by probiotics and synbiotics. For Fl, synbiotics had
the most substantial effect, followed by prebiotics and probiotics.

CONCLUSION: Probiotics, prebiotics, and synbiotics administration significantly reduced FI and HOMA-IR, but no significant effect

was observed on FBS.

Nutrition and Diabetes (2024)14:25; https://doi.org/10.1038/s41387-024-00281-7

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is known as the leading
cause of chronic liver disease worldwide [1]. This condition is
characterized by the accumulation of fat in the liver, exceeding 5%
of hepatic volume, in individuals without specific factors such as
excessive alcohol consumption, hepatotoxic drugs, autoimmune
disorders, and viral hepatitis [2]. While NAFLD often manifests
without specific symptoms in many individuals, it has the
potential to develop into more severe conditions such as
nonalcoholic steatohepatitis (NASH), advanced fibrosis, cirrhosis,
hepatocellular carcinoma, and, in extreme cases, leading to
mortality [1, 3, 4].

The global prevalence of NAFLD has risen steadily, increasing
from 25.5% before 2005 to 37.8% after 2016, with an overall
reported prevalence of 32.4% [5, 6]. In addition, the total incidence
of NAFLD stands at 46.9 cases per 1000 person-years, with rates of
29.6 and 70.8 cases per 1000 person-years in women and men,
respectively [6]. The prevalence of NAFLD varies considerably

among countries, with Latin America, the Middle East, and North
Africa standing out as regions with the highest reported
prevalence rates at 44%, 37%, and 36.53%, respectively [7].

NAFLD is closely linked with other metabolic diseases,
particularly diabetes mellitus (DM) [8]. A recent meta-analysis
showed that individuals with DM have a threefold higher
likelihood of developing NAFLD [2]. Furthermore, type 2 diabetes
mellitus (T2DM) emerged as one of the most pivotal predictors of
adverse clinical outcomes in patients with NAFLD, encompassing
conditions such as nonalcoholic steatohepatitis (NASH), liver
fibrosis, and mortality [9-12]. The relationship between T2DM
and NAFLD appears to be bidirectional, sharing common
pathogenic mechanisms [13]. Previous investigations have
demonstrated that patients with impaired glycemic indices, such
as elevated levels of fasting blood glucose (FBS), fasting insulin
(FI), and Homeostasis Model Assessment-Estimated Insulin Resis-
tance (HOMA-IR), face an elevated risk of developing NAFLD
[2, 14, 15].
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To date, no confirmed agent has been established for NAFLD
treatment, and there is a lack of effective medication for its
management [16]. Thus, NAFLD management in the clinic mainly
relies on lifestyle alterations, and reducing metabolic risk factors
[1, 41.

Recently, the impact of gut microbiota on various diseases has
been extensively investigated [17, 18]. As interest in the
mechanisms of the gut-liver axis and gut microbiota grows,
researchers are uncovering that the influence of the gut
microbiome extends beyond the gastrointestinal tract. It is now
suggested that NAFLD is closely linked with the bacterial
population in the small intestine [19]. Both animal and clinical
studies have illustrated that gut microbiota can exert its effects on
NAFLD through diverse mechanisms. These mechanisms include
the modulation of the intestinal barrier, B-cell function in the
pancreas, maintenance of bile salt homeostasis, control of
appetite, regulation of immune cell functions, reduction of
inflammation, and maintenance of glucose homeostasis [20-23].

Several experimental and clinical studies have evaluated the
effects of alterations in the gut microbiome population using
probiotics (live micro-organisms), prebiotics (indigestible foods),
and synbiotics (combination of probiotics and prebiotics) on
glycemic parameters and other clinical outcomes of NAFLD.
Although several meta-analyses have been conducted in this
regard, the results are controversial [24-26].

Due to inconsistent results among the previous meta-analyses,
there is a need for an umbrella review to converge the findings of
prior meta-analyses. This involves assessing their quality and
deriving a conclusive summary based on the latest evidence. In
this umbrella review, our objective was to evaluate the impact of
gut microbiome-targeted therapy on the glycemic indices of
patients with NAFLD by synthesizing information from previous
meta-analyses in this specific domain.

Table 1. PICOS criteria of the search strategy.

Population Patients with non-alcoholic fatty liver disease

Interventions Prebiotics, probiotics, and synbiotics

Comparators Placebo or no treatment

Outcome Fasting blood sugar (FBS) levels, Fasting Insulin (FI)
level, homeostasis model assessment-estimated

insulin resistance (HOMA-IR)

Study design Meta-analysis

MATERIALS AND METHODS
We conducted the present meta-umbrella study evaluating the
effects of gut microbial therapy by administration of prebiotics,
probiotics, and synbiotics on the glycemic profile of NALFD
individuals according to Preferred Reporting Items for Systematic
Reviews and Meta-analysis (PRISMA) guideline [27].

A previous protocol was registered in the International
Prospective Register of Systematic Reviews (PROSPERO)
(CRD42022346998).

Search strategy and study selection

We designed the search strategy based on the PICOS (population,
intervention, comparators, outcomes, and study design) format,
presented in Table 1.

In the next step, we designed a search formula for four
international databases, including PubMed, Scopus, Web of
Science, and Cochrane Library, from inception up to 3 March
2023 using keywords including “nonalcoholic fatty liver disease”,
“nonalcoholic steatohepatitis”, “prebiotics”, probiotics”, synbio-
tics”, “gut microbiome”, “gut modulation”, “systematic review”,
and “meta-analysis”. The search formula for each database is
presented in Table 2. To increase search quality, we consulted two
content experts in this regard. To increase the sensitivity of the
search, we conducted hand-searching on the reference list of
included studies.

Inclusion and exclusion criteria

Meta-analyses evaluating the effect of prebiotics, probiotics, or
synbiotics on patients with NAFLD were eligible to be included in
our study. Systematic reviews without meta-analysis, narrative
reviews, randomized-control trials, case-control, cohort, and cross-
sectional studies were excluded. In addition, letters to the editor,
commentaries, and animal studies were also excluded.

Quality assessment

Two independent reviewers (E-AS and M-HK) evaluated the
methodological quality of studies based on the AMSTAR 2
checklist [28]. Any disagreements were finally resolved by the
third researcher (SH). This checklist comprises 16 questions
regarding different aspects of systematic reviews and meta-
analyses. Answers to the questions could be “Yes”, “Partial Yes”,
and “No” based on the reviewers’' decisions. The final score is
qualitatively reported as “High”, “Moderate”, “Low”, and “Critically
low".

Table 2. Search strategy for each international database.

PubMed

((“Non-alcoholic Fatty Liver Disease”[Mesh]) AND (((“Prebiotics”"[Mesh]) OR (“Probiotics”[Mesh])) OR (“Synbiotics"[Mesh])))

AND ((“Meta-Analysis” [Publication Type]) OR (“Systematic Review” [Publication Type]))

ISI/Web of Science

((“Non alcoholic Fatty Liver Disease” OR “NAFLD” OR “ Nonalcoholic Fatty Liver Disease” OR “Fatty Liver, Nonalcoholic” OR

“Fatty Livers, Nonalcoholic” OR “Liver, Nonalcoholic Fatty” OR “Livers, Nonalcoholic Fatty” OR “Nonalcoholic Fatty Liver” OR
“Nonalcoholic Fatty Livers” OR “Nonalcoholic Steatohepatitis” OR “Nonalcoholic Steatohepatitides” OR “Steatohepatitides,
Nonalcoholic” OR “Steatohepatitis, Nonalcoholic”) AND (“Prebiotics” OR “Probiotics” OR “Synbiotics”) AND (“systematic

reviews” OR “meta-analysis”))
Scopus

TITLE-ABS-KEY (“Non alcoholic Fatty Liver Disease” OR “NAFLD” OR “ Nonalcoholic Fatty Liver Disease” OR “Fatty Liver,

Nonalcoholic” OR “Fatty Livers, Nonalcoholic” OR “Liver, Nonalcoholic Fatty” OR “Livers, Nonalcoholic Fatty” OR
“Nonalcoholic Fatty Liver” OR “Nonalcoholic Fatty Livers” OR “Nonalcoholic Steatohepatitis” OR “Nonalcoholic
Steatohepatitides” OR “Steatohepatitides, Nonalcoholic” OR “Steatohepatitis, Nonalcoholic”) AND TITLE ABS-KEY
(“Prebiotics” OR “Probiotics” OR “Synbiotics”) AND TITLE-ABS-KEY (“systematic reviews” OR “meta-analysis”)

Cochrane library

#1 ((“Non alcoholic Fatty Liver Disease” OR “NAFLD” OR “ Nonalcoholic Fatty Liver Disease” OR “Fatty Liver, Nonalcoholic” OR

“Fatty Livers, Nonalcoholic” OR “Liver, Nonalcoholic Fatty” OR “Livers, Nonalcoholic Fatty” OR “Nonalcoholic Fatty Liver” OR
“Nonalcoholic Fatty Livers” OR “Nonalcoholic Steatohepatitis” OR “Nonalcoholic Steatohepatitides” OR “Steatohepatitides,
Nonalcoholic” OR “Steatohepatitis, Nonalcoholic”)):ti,ab,kw

#2 (“Prebiotics” OR “Probiotics” OR “Synbiotics”)

#1 AND #2
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Studies identified through international database search
(n=193)

Studies remained after removal of the duplicates (n=161)

Studies excluded after
title and abstract

v

screening (n=95)

Papers excluded
which didn’t meet
inclusion criteria

Full-text papers assessed for
eligibility (n=66)

(n=53)

. Narrative reviews (n

_—> =26)

. Systematic reviews
without meta-analysis

(=11)

. Network meta-analysis
(0=2)

(n=13)

Studies remained for qualitative and quantitative analyses

. Studies without
information regarding

Fig. 1 Study selection process. The flowchart diagram.

Data extraction

Two independent members of the team (EA-S and M-HK) first
screened and selected the articles regarding the inclusion criteria
of the present study. Then they extracted data from included
studies and entered the information into a predesigned Excel
sheet form.

Name of the first author, year of publication, name of the
journal, number of included participants and studies, model of
analysis, software of analysis, effect size (ES), and 95% confidential
interval (95%Cl) regarding glycemic indices, searched databases
and date of the search were extracted. Any disagreements in the
data extraction process were resolved by the third researcher (SH).

Data synthesis and statistical analysis

Comprehensive meta-analysis version 3 (CMA 3) was used to
analyze the present study. ES and 95%CI regarding each glycemic
index from each included study were used to assess the final
summary.

The heterogeneity between studies was evaluated using I?
statistics and Cochrane’s Q-test. The significant level of hetero-
geneity was defined as 1°>50% and P value<0.1. We used
random-effect model for the final analysis. If a study evaluated at
least two interventions (prebiotics, probiotics, or synbiotics), we
extracted each intervention data and analyzed it as an indepen-
dent effect size.

To find the effect of different factors on the results, we
performed various subgroup analyses regarding the type of
intervention, reporting units (WMD, SMD, and MD), country of
study, study quality, funding source, sample size range, and
presence of previously registered protocol. We performed
sensitivity analysis to assess each study’s effect on the total
summary.

Nutrition and Diabetes (2024)14:25

To assess publication bias, we assessed the asymmetry of the
funnel plots and performed the Eggers’ regression test;
P-value < 0.1 was considered the level of significance [29, 30]. In
addition, we performed trim and fill analysis to see the stability of
the results for possible publication bias.

RESULTS

Study selection

A total of 193 studies were found after searching the international
databases. Thirty-two studies were duplicated and omitted. The
remaining 161 studies went for the title and abstract screening,
and at this stage, 95 studies were excluded. By evaluating the full
text of the remaining articles, a total of 13 studies were finally
included in our meta-umbrella study (Fig. 1).

Characteristics of the studies
The detailed information of the included studies is presented in
Table 3. Among the 13 studies that were eligible for our meta-
umbrella, six were from China [25, 26, 31-34], three were from the
USA [24, 35, 36], and the remaining four studies were from Iran [37],
India [38], Poland [39], and France [40]. The number of included
studies and total sample size varied between 4-29 and 134-2110,
respectively. The treatment duration ranged from 2-48 weeks.

Seven studies evaluated probiotics as their intervention [25,
26, 31, 34, 36, 38, 40], one study assessed synbiotics as
intervention [37], one study evaluated prebiotics as intervention
[39], and three studies evaluated probiotics and synbiotics as
interventions [24, 33, 35]. One study considered probiotics,
prebiotics, and synbiotics as interventions [32].

FBS, HOMA-IR, and FI were assessed in 9
[25, 26, 31-33, 35-37, 40], 11 [24, 26, 31-34, 36-40], and 7

SPRINGER NATURE
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[25, 26, 31, 32, 37, 39, 40] studies, respectively. Detailed
information of the studies’ characteristics and quality is presented
in Table 3.

Based on AMSTAR 2 checklist, three [24, 25, 40] studies had high
quality, and four [31, 32, 37, 39], and six [26, 33-36, 38] studies had
low and critically low quality, respectively. Detailed information of
the studies’ quality is presented in Table S1.

The effects of microbial therapy on FBS

The effect of microbial therapy (by administering prebiotics,
probiotics, or synbiotics) on FBS was insignificant based on the
results of 9 studies with 13 effect sizes (ES: —0.17; 95%Cl: —0.36,
0.02; P=0.082) (Fig. 2A). The results were accompanied by
significant heterogeneity (I> = 66.70, P < 0.001).

The results of sensitivity analysis showed that the effects of
microbial therapy on FBS would be significant by removal of Ma
[36] (ES: —0.23; 95%Cl: —0.45, —0.01; P=0.033), Hadi [37] (ES:
—0.17; 95%Cl: —0.35, 0.00; P =0.048) or Huang [31] (ES: —0.22;
95%Cl: —0.45, 0.00; P =0.042) (Fig. 2B).

The result of subgroup analysis revealed none of the probiotics
(ES: —0.15; 95%Cl: —0.37, 0.07; P=0.194), prebiotics (ES: —0.11;
95%Cl: —0.57, 0.35; P=0.643) and synbiotics (ES: —0.51; 95%Cl:
—1.19, 0.16; P =0.139) could significantly decrease FBS (Table 4).

The Egger’s regression test showed significant publication bias
(P=0.001), and the results of trim and fill analysis showed
accepted results with two imputed studies (ES: —0.19; 95%Cl:
—0.41, 0.02) (Fig. 20).

The effects of microbial therapy on HOMA-IR

Based on the result of 11 studies with 15 effect sizes, microbial
therapy (by administering prebiotics, probiotics, or synbiotics)
could significantly decrease HOMA-IR in patients with NAFLD (ES:
—0.41; 95%Cl: —0.52, —0.31; P < 0.001) (Fig. 3A). The results were
homogenous (I>=00.00%, P=0.530), and sensitivity analysis
revealed no significant change after the removal of each study
(Fig. 3B).

The results of subgroup analysis revealed that prebiotics (ES:
—0.48; 95%Cl: —0.81, —0.14; P = 0.005) had the most potent effect
on HOMA-IR followed by probiotics (ES: —0.42; 95%Cl: —0.54,
—0.30; P<0.001) and synbiotics (ES: —0.36; 95%Cl: —0.59, —0.12;
P =0.002) (Table 4). In addition, studies that reported their results
in SMD, MD, and WMD showed significant effects of microbial
therapy on reducing HOMA-IR (ES: —0.48; 95%Cl: —0.63, —0.34;
P <0.001, ES: —0.36; 95%Cl: —0.53, —0.18; P < 0.001, and ES: —0.34;
95%Cl: —0.56, —0.12; P =0.002, respectively) (Table 4).

Studies with previously registered protocol showed more
substantial effects compared to studies without previously
registered protocol (ES: —0.47; 95%Cl: —0.62, —0.32; P < 0.001 vs.
ES: —0.36; 95%Cl: —0.51, —0.22; P<0.001) (Table 4). Moreover,
studies with high quality reported more potent effects compared
to low and critically low quality (ES: —0.49; 95%Cl: —0.92, —0.05;
P=0.026 vs. ES: —0.46; 95%Cl: —0.61, —0.32; P<0.001 vs. ES:
—0.34; 95%Cl: —0.49, —0.20; P < 0.001, respectively) (Table 4).

The results of Egger's regression test showed no significant
publication bias (P = 0.228), and the result of trim and fill analysis
with three imputed studies was acceptable (ES: —0.41; 95%Cl:
—0.51, —0.32) (Fig. 3Q).

The effects of microbial therapy on FI
Based on the results of seven studies with nine effect sizes,
microbial therapy (by administering prebiotics, probiotics, or
synbiotics) could significantly reduce Fl in patients with NAFLD
(ES: —0.59; 95%Cl: —0.77, —0.41; P<0.001) (Fig. 4A). The results
were homogenous (>=00.00, P=0.717), and the sensitivity
analysis result showed no significant change after the removal
of each study (Fig. 4B).

The results of subgroup analysis revealed synbiotics (ES: —0.65;
95%Cl: —1.10, —0.20; P = 0.005) had the most substantial effect on

SPRINGER NATURE



A. Vakilpour et al.

Point estimate and 95% CI

Group by Study name Statistics for each study
intervention Point Lower Upper

estimate limit  limit p-Value
Prebiotic Li,2022. -0.110 -0.575 0.355  0.643
Prebiotic -0.110 -0.575 0.355 0.643
Probiotic Huang,2022 -0.030 -0.315 0255 0.837
Probiotic Khan,2019. -0.070 -0.375 0.235 0.653
Probiotic Koutnikova, 2019 -0.300 -0.520 -0.080  0.008 ——
Probiotic Li,2022.. -0.050 -0.285 0.185 0.677
Probiotic Liu,2019 -0.160 -0.475 0.155 0319
Probiotic Ma,2013 0.050 -0.250 0.350 0.744
Probiotic Tang,2019 -4.450 -6.675 -2.225  0.000
Probiotic Xia0,2019 -4.980 -9.945 -0.015 0.049
Probiotic -0.150 -0.376 0.076  0.194
Synbiotic Hadi,2019 -8.230 -14.055 -2.405  0.006
Synbiotic Khan,2019 -1.040 -2250 0.170  0.092
Synbiotic Li,2022 -0.500 -0.900 -0.100 0.014 ——
Synbiotic Liu,2019 -0.040 -0.350 0.270  0.800
Synbiotic -0.513 -1.193 0.167  0.139 -
Overall -0.172 -0.367 0.022  0.082

-2.00 -1.00 0.00

A Microbial therapy

\\\\\\\

1.00 2.00

Placebo

C

Meta Analysis

.
.

Fig. 2 The effects of microbial therapy on FBS. A Forest plot for the effect size and 95% confidential interval of gut microbial therapy on
serum FBS level in patients with NAFLD. B The results of sensitivity analysis. C The results of publication bias with two imputed studies

(red dots).

FI, followed by prebiotics (ES: —0.61; 95%Cl: —0.92, —0.30;
P<0.001) and probiotics (ES: —0.57; 95%Cl: —0.82, —0.31;
P <0.001) (Table 4). In addition, studies that reported their results
in WMD, MD, and SMD showed the significant effect of microbial
therapy on NAFLD (ES: —1.32; 95%Cl: —2.43, —0.21; P =0.020, ES:
—0.54; 95%Cl: —0.73, —0.36; P <0.001, ES: —0.75; 95%Cl: —1.37,
—0.13; P=0.017) (Table 4).

Studies with sample size >500 had the strongest effect,
followed by studies with sample size 250—500 and below 250
(ES: —0.83; 95%CI: —1.27, —0.39; P<0.001 vs. ES: —0.62; 95%:
—0.98, —0.25; P=0.001 vs. ES: —0.51; 95%Cl: —0.72, —0.29;
P <0.001) (Table 4). Studies with previously registered protocol
had lower effects on Fl than those without previously registered
protocol (ES: —0.49; 95%Cl: —0.69, —0.28; P < 0.001 vs. ES: —0.83;
95%Cl: —1.15, —0.50; P < 0.001) (Table 4). Studies with high quality
showed more potent effects compared to studies with low quality
(ES: —0.60; 95%Cl: —0.99, —0.20; P =0.003 vs. ES: —0.56; 95%Cl:
—0.75, —0.36; P < 0.001) (Table 4).

The results of Egger’s regression test revealed significant
publication bias (P=0.003), and the result of trim and fill analysis
was acceptable with three imputed studies (ES: —0.53; 95%Cl:
—0.69, —0.36) (Fig. 4Q).

DISCUSSION

Several studies have reported that NAFLD progression is closely
tied to obesity and insulin resistance, and it is expected that the
prevalence of NAFLD would rise in synchrony with glucolipid
metabolism disorders [41].

Despite recent improvements in our knowledge about NAFLD
epidemiology, etiology, and pathogenesis, in the therapeutic field,
progress is insignificant. Currently, there is no approved therapy
for this disease, and it is necessary to identify appropriate
therapeutic targets in parallel to lifestyle modification [42, 43].
Considering the increasing rate of obesity and diabetes in
individuals with NAFLD and the bidirectional relationship between
NAFLD and T2DM, it is essential to give more attention to this
population, especially their glycemic profile [44].

Findings of our research and other studies

In this meta-umbrella review on 13 studies, we assessed the role of
gut microbial therapy as a treatment strategy in individuals with
NAFLD concerning their glycemic parameters. Our results showed
that gut microbial therapy by administration of prebiotics,

SPRINGER NATURE

probiotics, and synbiotics in patients with NAFLD had beneficial
effects on HOMA-IR and Fl levels. However, there was no evidence
that gut microbial therapy could decrease serum FBS levels in
patients with NAFLD. The heterogeneity result for HOMA-IR and Fl
was insignificant, showing the robustness of the findings in this
regard; however, moderate heterogeneity was observed for FBS,
which means that our finding for this parameter may be changed
by future studies.

We also performed subgroup analysis to assess the effects of
prebiotics probiotics and synbiotics separately. Regarding HOMA-
IR, prebiotics had the most substantial effect followed by
probiotics and synbiotics, whereas synbiotics had the strongest
effect on FI followed by prebiotics and probiotics.

This finding shows that various gut microbial therapies have
different outcomes on glycemic indices which can be suggestive
of different mechanisms of actions and signaling pathways.
Further, we did subgroup analyses based on the AMSTAR 2
checklist to assess the impact of the quality of studies. High-
quality studies showed more substantial effects on HOMA-IR and
FI than low-quality ones. Moreover, studies with sample sizes of
more than 400 for HOMA-IR and more than 500 for FI showed
more substantial effects. These findings confirm that mixed results
in this field could be due to small sample size and poor study
quality.

In 70-80% of individuals with NAFLD, elevated blood glucose is
a significant finding [45]. Moreover, the population with NAFLD
experiences insulin resistance (assessed by HOMA-IR) and elevated
levels of Fl [46, 47]. In accordance with our study, most studies
have proved that gut microbial therapy effectively controlled
glycemic indices [3, 48, 49]; however, some results are conflicting
[50, 51].

A recent meta-analysis on individuals with NAFLD with 29
randomized controlled trials and 2110 patients showed that gut
microbial therapy could remarkably reduce the levels of FBS
(P=0.04), HOMA-IR (P<0.001), and IF (P=0.002) [32]. Daubioul
et al, in a randomized, double-blind crossover study on seven
patients with non-alcoholic steatohepatitis (NASH), found a
significant drop in the insulin level four weeks after the intake
of oligofructose [52]. Also, another meta-analysis with 24 studies
and 1403 participants aimed to investigate the relationship
between NAFLD and probiotic supplementation. This study
revealed that probiotics supplementation improves HOMA-IR
(P=10.03) and reduces FI (P=0.003) [31]. In addition, Gart and
colleagues conducted an animal study to assess whether

Nutrition and Diabetes (2024)14:25
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SMD

WMD
China

Country

Others
Yes
No

Previous registered protocol

Critically low

Quality of studies

Low

High
Yes
No

Fund

<250

Sample size Range

250—500

500<
ES effect size, Cl confidential interval, MD mean difference, WMD weighted mean difference, SMD standard mean difference, FBS fasting blood sugar, HOMA-IR homeostatic model assessment for insulin resistance,

Fl fasting insulin.

2-fucosyllactose can reduce NAFLD progress in the presence of
obesity. They provided the mice with a high-fat diet for 8 weeks,
which made them obese and hyperinsulinemic. They found that
2-fucosyllactose as prebiotic supplementation can significantly
reduce FI and HOMA-IR, parallel to diminishing intrahepatic
diacylglycerols [53].

A study in Iran enrolled 138 patients with NAFLD aged 18-60
years and randomly divided them into two groups for 16 weeks of
treatment duration. One group took sitagliptin 50 mg daily plus a
placebo, and another took sitagliptin 50 mg daily plus synbiotics.
The result of the study revealed that the combination of sitagliptin
with synbiotics compared to sitagliptin alone significantly reduced
the FBS levels (P <0.001) [54].

On the other hand, Morvaridzadeh et al. administered vitamin D
and probiotics co-supplementation in enriched yogurt among
patients with NAFLD. Their results showed no significant effects on
glycemic parameters compared to the control group after
12 weeks [55]. Considering this inconsistency, the study reported
that they did not assess fecal bacteria loads and characterize the
bacterial profile of the intestine before and after the intervention
[55]. Moreover, a systematic review and network meta-analysis
was conducted on 26 RCTs comprising 1230 adults aged =18 years
and 159 children aged 6-18 years to compare the effects of
synbiotics, probiotics, and prebiotics on FBS and HOMA-IR of
patients with NAFLD. Their study indicated that among adults,
synbiotics provided the most considerable effects on reducing
FBS; however, none of them had a significant impact on HOMA-IR
changes [56].

We believe that the different results of such studies can be
attributed to the variation of NAFLD stages among individuals,
basal microbiota population before the intervention, type of
supplements and dosage, basic levels of glycemic parameters,
duration of the intervention, and sample size [57].

It is interesting to point out that the promising effect of gut
microbial therapy on Glycemic profile was also observed in other
populations. A randomized control trial study by Mirmiranpour
et al. on individuals with type 2 diabetes revealed that probiotics
and synbiotics could significantly reduce blood glucose levels
compared with control (P<0.01) following three months of
supplementation [58]. Tao et al, in a meta-analysis study of 15
RCTs with 902 patients with diabetes, revealed that probiotics
supplements could significantly reduce FBS and HOMA-IR [59].
Similar results were found in patients with polycystic ovarian
syndrome (PCOS) [60, 61].

Possible mechanism of actions
Although a considerable amount of evidence that has been
collected on subjects with NAFLD confirms the effectiveness of
gut microbial therapies for glycemic parameters, as mentioned
earlier, it is not precisely clear how gut microbial activity
contributes to improving glycemic parameters. Here in, we
summarize some potential mechanisms that are involved:
Probiotics can promote intestinal tight junctions, decrease
intestinal permeability, and reduce inflammation and subsequent
insulin resistance [22, 62]. Moreover, probiotics induce adiponec-
tin production, improve insulin sensitivity, and decrease gluco-
neogenesis via Adenosine monophosphate-activated protein
kinase (AMPK) dependent and independent pathways [21, 63].
Probiotics facilitate the synthesis of short-chain fatty acids (SCFAs),
including butyrate, acetate, and propionate. SCFAs play a crucial
role in glucose hemostasis by increasing the production of gut
hormones, including glucagon-like peptide-1 (GLP-1), glucagon-
like peptide-2 (GLP-2), and peptide-YY by activating intestinal G-
protein-coupled receptors. Also, probiotics affect glycemic profile
in patients by activating peroxisome proliferator-activated recep-
tor gamma (PPAR-y) and angiopoietin-like 4, resulting in improv-
ing glucose tolerance and decreasing blood glucose level [64].
Deconjugated bile acids have essential roles in glucose
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Study name Group by Statistics for each study Point estimate and 95% CI

Intervention

Point Lower Upper 3 S o LT
estimate limit  limit p-Value Lol o
Li,2022 Prebiotic 0270 0785 0245 0304 —O oo |
Stachowska,2020 Prebiotic 20619 -1027 0212 0.003 —O— om -
Prebiotic 20481 -0.816 -0.147  0.005 PN oo -
Huang,2022 Probiotic 20,610 -1.015 -0205  0.003 omo ——
Koutnikova, 2019 Probiotic -0.450 -0.980 0.080  0.096 Ao +
Lavekar,2017 Probiotic -0.150 -0.740 0.440 0.618 ——— O e a Cis e G
Li,2022.. Probiotic -0.450 -0.645 -0.255  0.000 O el L)
Liu,2019 Probiotic -0.170 -1.165 0.825 0.738
Ma,2013 Probiotic -0.460 -0.730 -0.190  0.001 - o
o Funnel Plot of Standard Error by Point estimate
Shrarpton,2019  Probiotic -0.810 -1.725 0.105 0.083 5
Xia0,2019 Probiotic -0.420 -0.725 -0.115  0.007 —— v
Yang,2021 Probiotic 0310 -0.360 00980 0.364
Probiotic -0.426 -0.548 -0.305  0.000 ’ B
Hadi,2019 Synbiotic -0.020 -0.505 0.465 0.936 —_—
Li,2022. Synbiotic -0.600 -0.925 -0.275  0.000 -0 o
Liu,2019. Synbiotic 0350 -0.590 -0.110  0.004 @
Shrarpton,2019.  Synbiotic -0.070 -1.415 1275 0919
Synbiotic 0.363 -0.596 -0.129  0.002 S
Overall -0.419 -0.522 -0.317  0.000 43
200  -1.00 000  1.00  2.00 =
A Microbial therapy Placebo o oo o & B &

Meta Analysis

Fig. 3 The effects of microbial therapy on HOMA-IR. A Forest plot for the effect size and 95% confidential interval of gut microbial therapy
on HOMA-IR in patients with NAFLD. B The results of sensitivity analysis. C The results of publication bias with three imputed studies

(red dots).
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Prebiotic Li,2022. -0.500 -0.970 -0.030  0.037 —O— S At o o °
Prebiotic Stachowska,2020 ~ -0.705 -1.115 -0.295  0.001 +O— o o7 a3 4
Prebiotic 0.616 -0.925 -0307  0.000 & 5 a7 dae oo M
Probiotic Huang,2022 -1.270 2390 -0.150  0.026 :
Probiotic Koutnikova, 2019 -0.560 -1.165 0.045  0.070 —t | | @ = -
Probiotic Li,2022.. -0.410 -0.715 -0.105  0.008 - el Plotof Standard Error by Pointcstimte
Probiotic Tang,2019 -0.630 -1.160 -0.100  0.020 ——0—
Probiotic Xia0,2019 41320 -2430 -0210  0.020 "
Probiotic -0.570 -0.824 -0.316  0.000 &
Synbiotic Hadi,2019 -0.830 -1.535 -0.125  0.021 —O0—
Synbiotic Li,2022 <0530 -1.125 0.065  0.081 +—O—
Synbiotic -0.655 -1.109 -0.200  0.005 RS
Overall -0.599 -0.779 -0.419  0.000 <
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A Microbial therapy Placebo C,“ " i ‘.D w“ . m 1

Meta Analysis

Fig.4 The effects of microbial therapy on Fl. A Forest plot for the effect size and 95% confidential interval of gut microbial therapy on serum
Fl level in patients with NAFLD. B The results of sensitivity analysis. C The results of publication bias with three imputed studies (red dots).

hemostasis, and their synthesis is influenced by gut microbiota
[65]. Immunomodulation, regulating the production of inflamma-
tory cytokines, and reducing oxidative stress are other mechan-
isms of action of probiotics [66]. The mentioned mechanisms will
be discussed in detail in the following (Fig. 5).

Improving intestinal barrier and inflammation reduction. Elevated
LPS production and its translocation from the intestinal lumen to
the circulation due to dysbiosis deteriorates insulin signaling by
binding to Toll-like receptor 4 (TLR-4), which stimulates transcrip-
tion of nuclear factor kappa B (NF-kB) and production of pro-
inflammatory cytokines [67]. Probiotics improve glucose tolerance,
insulin secretion, and inflammation by regulating gut permeability
via maintaining tight junctions, changing gram-negative to
positive microbiomes ratio, increasing GLP2 secretion, and
promoting the health of intestinal cells by providing nutrients
[68-71] (Fig. 5).

Production of insulin-sensitizing hormone; adiponectin. One of the
mechanisms by which probiotic administration improves insulin

Nutrition and Diabetes (2024)14:25

sensitivity has been attributed to an increase in the production
of insulin-sensitizing hormones such as adiponectin [72]. In a
study, Lactobacillus rhamnosus GG (LGG) treatment was
accompanied by enhanced glucose tolerance, improved insulin
sensitivity via adiponectin secretion, and following AMPK
activation [73] (Fig. 5).

AMPK-dependent actions of adiponectin. AMPK mediates the
beneficial effects of adiponectin through the phosphorylating of
target proteins in lipids and carbohydrate metabolism [74].
Increased plasma membrane glucose transporter type 4 (GLUT4)
expression via AMPK activation stimulates insulin-dependent
glucose uptake in skeletal muscle and adipose tissue [75]
(Fig. 5). In addition, AMPK activation leads to gluconeogenesis
suppression through downregulating gene expression of
phospho-enol-pyruvate-carboxykinase (PEPCK) and glucose-6-
phosphatase (G6pase) [76]. This AMPK-dependent effect of
adiponectin occurs through the suppression of glycogen synthase
kinase 3B and the following reduction in cCAMP-response element
binding protein (CREB) expression [77] (Fig. 5).

SPRINGER NATURE



A. Vakilpour et al.

10

Pre/Probiotics

N

4 gram-
positive
bacteria

\ " Tight Juncﬁb_

Enhancement:

=9 & 4GLP2

§§ gram-
negative
LPS %D & bacteria

- \

Liver ; Brain

FGF15/19 FGF15/19

o

N

TGRS @

PEPCK
G6Phase
Secretion ChREB

. f
o © Insulin

+Glucose +Gluconengenesis +Glucose fsatiety

Bile acids

Antioxidant Level T
v

" AMPK

dependent :

v v
PEPCK

G6Phase

7 N\

* Gluconeogenesis f

y
cytokines

Immunomodulation

Intestinal Barrier

Gut
microbial
modulation

Pre/Probiotics

Adiponectin

GLUT-4
Expression AKt

Glucose
Uptake

Insulin-Sensitizing Hormone

) 4 Probiotics a1ei
& N l
ASCFA o Y /
4PPARs l 7
] ®
$ANGPTL4 ) @)
. (\0

Adiponectin

f i Q
' |FDSE issue

Gluconeogenesis i

GLUT4 Expression f

Angiopoietin-like 4

Biosynthesis:
(pro) insuling Motility
& Absorption ¥

B-cell mass: . i
Neogenesis4 Satiety?
7 s y

Apoptosis ¥ Appetite ¥
Endocrine: ' K
acell:Glucagony a8 f
B cell:insulin 4 A . Pre/Probiotics

*. s alel et
-~ GLP-14 sscrA <
Epithelial Cell 0

AMPK
%, independent

~ L-cell
'S

Ceramidase Glucagon-like peptide1

"

4 Insulin
sensitivity

Fig. 5 Mechanisms of action. Mechanisms of action on how prebiotic, probiotic, and synbiotic treatment can improve glycemic indices in

patients with NAFLD by modulating gut microbiome population.

AMPK-independent actions of adiponectin. There are also AMPK-
independent actions of adiponectin enhancing insulin activity and
glucose uptake [78]. Among the vast pathways of adiponectin
effects on glycemic profile, one has been attributed to an increase
in hepatic ceramidase via AdipoR1 and AdipoR2 [79]. High hepatic
ceramide levels have been associated with insulin resistance and
elevated hepatic glucose output, mainly by preventing the
phosphorylation of Akt [80]. So, the adiponectin-dependent
elevation of ceramidase has an insulin-sensitizing effect and
reduces hepatic glucose output independent from the AMPK
signaling pathway [81] (Fig. 5).

Glucagon-like peptide-1. SCFAs trigger the secretion of GLP-1 by
activating G-protein-coupled receptors (GPR) [82]. In a study by
Yadav et al, an increased level of GLP-1 was observed in the
human intestinal L-cells treated with butyrate [83]. GLP-1 has a
pleiotropic mechanism of action on the glycemic profile.
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Activation of GLP-1 receptors on pancreatic beta cells increases
cyclic adenosine monophosphate (C-AMP) and intracellular
calcium levels leading to insulin exocytosis [84]. Also, GLP-1
enhances insulin biosynthesis and beta cell proliferation by
activating protein kinase A and following gene expression [85].
In contrast, GLP-1 inhibits counter-regulatory hormones such as
glucagon by affecting pancreatic alpha cells [86]. Activation of
GLP-1 receptors also inhibits gastric emptying and food ingestion
and decreases appetite and food intake [87]. Promoted resistance
to apoptosis and enhanced beta cell survival have been attributed
to GLP-1 receptor activation [88] (Fig. 5).

Role of Bile acids. Probiotics influence the synthesis of deconju-
gated bile acids, which are essential mediators in glucose
hemostasis [64]. In a clinical study, treatment with Lactobacillus
reuteri DSM 17938 increased deconjugated bile acids, accompa-
nied by increased insulin sensitivity and glucose metabolism [89].
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These effects are mediated through the activation of two main
receptors, including the nuclear farnesoid X receptor (FXR) and the
membrane-bound G-protein-coupled receptor (TGR5) [90]. The
liver activation of FXR increases glycogen synthesis and inhibits
gluconeogenesis through negative regulation of carbohydrate
response element-binding protein (ChREBP), PEPCK, and G6Pase
[91, 92]. Both FXR and TGR5 activation in the pancreas induce
insulin production in beta cells [93]. Increased circulating
fibroblast growth factor (FGF) 19 following FXR activation
stimulates insulin-independent glycolysis in the brain [94]. A
study demonstrated that FGF15 expression in mice’s hypothala-
mus decreases glucagon secretion from pancreatic alpha cells [95].
Also, BA-TGR5 signaling switches alpha cells from glucagon
secretory phenotype to GLP-1-producing cells, providing a
paracrine effect on pancreatic beta cells to induce insulin
secretion [96] (Fig. 5).

Angiopoietin-like 4. Angiopoietin-like 4 synthesis is induced by
peroxisome proliferator-activated receptor (PPAR) activation, and
SCFAs promote its production through PPARs [97]. In a study,
Adenovirus-mediated overexpression of Angiopoietin-like factor 4
(ANGPTL4) improved glucose tolerance and decreased blood
glucose level [98]. Induced adiponectin secretion from adipocyte
tissue mediates ANGPTL4-suppressing effects on hepatic gluconeo-
genesis and basal glucose output [99]. In addition, adiponectin
induces glucose transporter 4 (GLUT4) expression in skeletal muscles
improving insulin sensitivity and glucose uptake [100] (Fig. 5).

Immunomodulation. Probiotics are associated with enhanced
immunity, decreased pro-inflammatory cytokines, and reduced
oxidative stress [101]. In a randomized, double blinded, controlled
clinical trial, consumption of probiotic-containing yogurt
(L. acidophilus La5 and B. lactis Bb12) was accompanied by a
reduction in FBS and HbA1C and increased total antioxidant level
compared with the control group [102]. In another study, it was
demonstrated that butyrate (one of the main SCFA produced by
gut microbiota) inhibits TNF-a secretion and NFkB activation via
lipoxygenase signaling pathway, preventing pro-inflammatory
cytokines expression under NFkB regulation [103]. Butyrate also
suppresses T-cell activation through down-regulation of intracel-
lular cell adhesion molecule-1 by suppressing interleukin (IL)1-B
and TNF-a expression [104]. Since the over-production of pro-
inflammatory cytokines and oxidative stress has been attributed
to insulin resistance and type-2 diabetes, probiotics might have a
beneficial effect on improving insulin sensitivity by reducing
systemic inflammation (Fig. 5).

Strengths, limitations, and further suggestions

In the present study, we aimed to comprehensively evaluate the
effect of gut microbial therapy by evaluating published relevant
meta-analyses. We assessed the effects of prebiotics, probiotics,
and synbiotics separately to determine which compound is more
potent for enhancing glycemic indices. In addition, we performed
various subgroup analyses to see the effects of different
determinants, including country of study, quality of studies,
sample sizes, and funding, on the results. We also assessed
possible pathophysiology regarding the act of microbiome in our
body. Our study had some limitations. We did not assess the
appropriate dosage of treatment. We highly recommend that in
future, researchers perform meta-analyses studies to assess
whether the action of probiotics, prebiotics, and synbiotics is
dose-dependent. In addition, we did not assess the optimum
duration of treatment. We also did not assess the different types of
supplements, whether it is better to provide powder to patients or
pills. Due to insufficient studies, we could not assess the effects of
gut microbial therapy on HbA1C. It is strongly encouraged to fill
such gaps by conducting randomized control trials and meta-
analysis studies.
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CONCLUSION

In the present study, we found that gut microbial therapy by
administration of probiotics, prebiotics, and synbiotics can
significantly reduce FI and HOMA-IR, but the effect on FBS level
was not significant. In subgroup analysis, prebiotics had the most
substantial effect on HOMA-IR, followed by probiotics and
synbiotics. Synbiotics had the most potent effect on Fl, followed
by prebiotics and probiotics. Our findings further revealed the
pronounced ameliorative effects of gut microbial treatment on Fl
and HOMA-IR in high-quality meta-analyses and those with larger
sample sizes. Considering the close relationship between DM and
NAFLD and the importance of controlling glycemic indices in
patients with NAFLD to prevent the disease progression and
occurrence of complications, gut microbial treatment by admin-
istration of prebiotics, probiotics, and synbiotics can be considered
as a therapeutic option; however, more information is needed
regarding other glycemic indices like HbA1c. In addition, it is
important to delve further into comprehensive details concerning
the dosage, optimal treatment duration, and the specific bacterial
species incorporated in probiotics and synbiotics for future
studies. A more detailed exploration of these aspects will not
only contribute to a deeper understanding of their therapeutic
potential but will also provide more precise and effective
applications for of healthcare profession.

DATA AVAILABILITY
The datasets used and/or analyzed during the current study are available from the
corresponding author on reasonable request.

REFERENCES

1. Powell EE, Wong VW-S, Rinella M. Non-alcoholic fatty liver disease. Lancet.
2021;397:2212-24.

2. Amini-Salehi E, Hassanipour S, Joukar F, Daryagasht AA, Khosousi M-J, Aleali MS,
et al. Risk factors of non-alcoholic fatty liver disease in the Iranian adult
population: a systematic review and meta-analysis. Hepat Mon.
2023;23:131523.

3. Sepideh A, Karim P, Hossein A, Leila R, Hamdollah M, Mohammad EG, et al.
Effects of multistrain probiotic supplementation on glycemic and inflammatory
indices in patients with nonalcoholic fatty liver disease: a double-blind rando-
mized clinical trial. J Am Coll Nutr. 2016;35:500-5.

4. Younossi ZM. Non-alcoholic fatty liver disease-a global public health perspec-
tive. J Hepatol. 2019;70:531-44.

5. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global epi-
demiology of nonalcoholic fatty liver disease—meta-analytic assessment of
prevalence, incidence, and outcomes. Hepatology. 2016;64:73-84.

6. Riazi K, Azhari H, Charette JH, Underwood FE, King JA, Afshar EE, et al. The
prevalence and incidence of NAFLD worldwide: a systematic review and meta-
analysis. Lancet Gastroenterol Hepatol. 2022;7:851-61.

7. Younossi ZM, Golabi P, Paik JM, Henry A, Van Dongen C, Henry L. The global
epidemiology of nonalcoholic fatty liver disease (NAFLD) and nonalcoholic
steatohepatitis (NASH): a systematic review. Hepatology. 2023;77:1335-47.

8. Dharmalingam M, Yamasandhi PG. Nonalcoholic fatty liver disease and type 2
diabetes mellitus. Indian J Endocrinol Metab. 2018;22:421-8.

9. Hossain N, Afendy A, Stepanova M, Nader F, Srishord M, Rafig N, et al. Inde-
pendent predictors of fibrosis in patients with nonalcoholic fatty liver disease.
Clin Gastroenterol Hepatol. 2009;7:1224-9.e2.

10. Stepanova M, Rafig N, Makhlouf H, Agrawal R, Kaur |, Younoszai Z, et al. Pre-
dictors of all-cause mortality and liver-related mortality in patients with non-
alcoholic fatty liver disease (NAFLD). Dig Dis Sci. 2013;58:3017-23.

11. Fracanzani AL, Valenti L, Bugianesi E, Andreoletti M, Colli A, Vanni E, et al. Risk of
severe liver disease in nonalcoholic fatty liver disease with normal amino-
transferase levels: a role for insulin resistance and diabetes. Hepatology.
2008;48:792-8.

12. Younossi ZM, Golabi P, de Avila L, Paik JM, Srishord M, Fukui N, et al. The global
epidemiology of NAFLD and NASH in patients with type 2 diabetes: a systematic
review and meta-analysis. J Hepatol. 2019;71:793-801.

13. Lonardo A, Ballestri S, Guaraldi G, Nascimbeni F, Romagnoli D, Zona S, et al.
Fatty liver is associated with an increased risk of diabetes and cardiovascular
disease-Evidence from three different disease models: NAFLD, HCV and HIV.
World J Gastroenterol. 2016;22:9674.

SPRINGER NATURE

11



A. Vakilpour et al.

12

14.

15.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Li X, Zhan F, Peng T, Xia Z, Li J. Association between the triglyceride-glucose
index and non-alcoholic fatty liver disease in patients with atrial fibrillation. Eur J
Med Res. 2023;28:355.

Suresh S, Rajanbabu B, Veetil VM, Hussain A, Veetil JN. A study on the altered
glycemic and lipid parameters and prevalence of insulin resistance in non-
alcoholic fatty liver disease. J Fam Med Prim Care. 2018;7:93-7.

. Lassailly G, Caiazzo R, Pattou F, Mathurin P. Perspectives on treatment for

nonalcoholic steatohepatitis. Gastroenterology. 2016;150:1835-48.

Vijay A, Valdes AM. Role of the gut microbiome in chronic diseases: a narrative
review. Eur J Clin Nutr. 2022;76:489-1.

Hou K, Wu Z-X, Chen X-Y, Wang J-Q, Zhang D, Xiao C, et al. Microbiota in health
and diseases. Signal Transduct Target Ther. 2022;7:135.

. Eslamparast T, Eghtesad S, Hekmatdoost A, Poustchi H. Probiotics and non-

alcoholic fatty liver disease. Middle East J Dig Dis. 2013;5:129.

Naghipour A, Amini-Salehi E, Orang Gorabzarmakhi M, Shahdkar M, Fouladi B,
Alipourfard |, et al. Effects of gut microbial therapy on lipid profile in individuals
with non-alcoholic fatty liver disease: an umbrella meta-analysis study. Syst Rev.
2023;12:144.

Amini-Salehi E, Hassanipour S, Keivanlou MH, Shahdkar M, Orang Goor-
abzarmakhi M, Vakilpour A, et al. The impact of gut microbiome-targeted
therapy on liver enzymes in patients with nonalcoholic fatty liver disease: an
umbrella meta-analysis. Nutr Rev. 2023;7:nuad086.

Mahapatro A, Bawna F, Kumar V, Daryagasht AA, Gupta S, Raghuma N, et al.
Anti-inflammatory effects of probiotics and synbiotics on patients with non-
alcoholic fatty liver disease: an umbrella study on meta-analyses. Clin Nutr
ESPEN. 2023;57:475-86.

Han H, Yi B, Zhong R, Wang M, Zhang S, Ma J, et al. From gut microbiota to host
appetite: gut microbiota-derived metabolites as key regulators. Microbiome.
2021;9:162.

Sharpton SR, Maraj B, Harding-Theobald E, Vittinghoff E, Terrault NA. Gut
microbiome-targeted therapies in nonalcoholic fatty liver disease: a systematic
review, meta-analysis, and meta-regression. Am J Clin Nutr. 2019;110:139-49.
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.

Xiao M-W, Lin S-X, Shen Z-H, Luo W-W, Wang X-Y. Systematic review with meta-
analysis: the effects of probiotics in nonalcoholic fatty liver disease. Gastro-
enterol Res Pract. 2019;2019:1484598.

Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, et al. Preferred
reporting items for systematic review and meta-analysis protocols (PRISMA-P)
2015 statement. Syst Rev. 2015;4:1.

Shea BJ, Reeves BC, Wells G, Thuku M, Hamel C, Moran J. et al. AMSTAR 2: a
critical appraisal tool for systematic reviews that include randomised or non-
randomised studies of healthcare interventions, or both. BMJ. 2017;358:j4008
Sterne JA, Sutton AJ, loannidis JP, Terrin N, Jones DR, Lau J, et al. Recommen-
dations for examining and interpreting funnel plot asymmetry in meta-analyses
of randomised controlled trials. BMJ. 2011;343:d4002.

Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected
by a simple, graphical test. BMJ 1997;315:629-34.

Huang Y, Wang X, Zhang L, Zheng K, Xiong J, Li J, et al. Effect of probiotics
therapy on nonalcoholic fatty liver disease. Comput Math Methods Med.
2022;2022:7888076.

Li S, Liu J, Wang Z, Duan F, Jia Z, Chen X, et al. The promising role of probiotics/
prebiotics/synbiotics in energy metabolism biomarkers in patients with NAFLD:
a systematic review and meta-analysis. Front Public Health. 2022;10:862266.
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.
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.

Khan MY, Mihali AB, Rawala MS, Aslam A, Siddiqui WJ. The promising role of
probiotic and synbiotic therapy in aminotransferase levels and inflammatory
markers in patients with nonalcoholic fatty liver disease - a systematic review
and meta-analysis. Eur J Gastroenterol Hepatol. 2019;31:703-15.

Ma YY, Li L, Yu CH, Shen Z, Chen LH, Li YM. Effects of probiotics on nonalcoholic
fatty liver disease: a meta-analysis. World J Gastroenterol. 2013;19:6911-8.
Hadi A, Mohammadi H, Miraghajani M, Ghaedi E. Efficacy of synbiotic supple-
mentation 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.

Lavekar AS, Raje DV, Manohar T, Lavekar AA Role of probiotics in the treatment
of nonalcoholic fatty liver disease: a meta-analysis. Euroasian J Hepatogas-
troenterol. 2017;7:130-7.

Stachowska E, Portincasa P, Jamiot-Milc D, Maciejewska-Markiewicz D, Skonieczna-
Zydecka K. The relationship between prebiotic supplementation and

SPRINGER NATURE

40.

41,

42.

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

anthropometric and biochemical parameters in patients with NAFLD-A systematic
review and meta-analysis of randomized controlled trials. Nutrients. 2020;12:3460.
Koutnikova H, Genser B, Monteiro-Sepulveda M, Faurie JM, Rizkalla S, Schre-
zenmeir 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.

Brar G, Tsukamoto H. Alcoholic and non-alcoholic steatohepatitis: global per-
spective and emerging science. J Gastroenterol. 2019;54:218-25.

Raza S, Rajak S, Upadhyay A, Tewari A, Sinha RA. Current treatment paradigms
and emerging therapies for NAFLD/NASH. Front Biosci (Landmark Ed).
2021;26:206.

Barb D, Portillo-Sanchez P, Cusi K. Pharmacological management of nonalco-
holic fatty liver disease. Metabolism. 2016;65:1183-95.

Jeznach-Steinhagen A, Ostrowska J, Czerwonogrodzka-Senczyna A, Boniecka |,
Shahnazaryan U, Kurytowicz A. Dietary and pharmacological treatment of
nonalcoholic fatty liver disease. Medicina. 2019;55:166.

Younossi ZM, Golabi P, de Avila L, Paik JM, Srishord M, Fukui N, et al. The global
epidemiology of NAFLD and NASH in patients with type 2 diabetes: a systematic
review and meta-analysis. J Hepatol 2019;71:793-801.

Polyzos SA, Kountouras J, Zavos C. Nonalcoholic fatty liver disease: the patho-
genetic roles of insulin resistance and adipocytokines. Curr Mol Med.
2009;9:299-14.

Pirgon O, Bilgin H, Cekmez F, Kurku H, Diindar BN. Association between insulin
resistance and oxidative stress parameters in obese adolescents with non-
alcoholic fatty liver disease. J Clin Res Pediatr Endocrinol. 2013;5:33.

Genta S, Cabrera W, Habib N, Pons J, Carillo IM, Grau A, et al. Yacon syrup: beneficial
effects on obesity and insulin resistance in humans. Clin Nutr. 2009;28:182-7.
Karimi P, Farhangi MA, Sarmadi B, Gargari B, Javid AZ, Pouraghaei M, et al. The
therapeutic potential of resistant starch in modulation of insulin resistance, endo-
toxemia, oxidative stress and antioxidant biomarkers in women with type 2 dia-
betes: a randomized controlled clinical trial. Ann Nutr Metab. 2016;68:85-93.
Dewulf EM, Cani PD, Claus SP, Fuentes S, Puylaert PG, Neyrinck AM, et al. Insight
into the prebiotic concept: lessons from an exploratory, double blind inter-
vention study with inulin-type fructans in obese women. Gut. 2013;62:1112-21.
Kim H-J, Park JY, Oh SL, Kim Y-A, So B, Seong JK, et al. Effect of treadmill exercise
on interleukin-15 expression and glucose tolerance in Zucker diabetic fatty rats.
Diabetes Metab J. 2013;37:358-64.

Daubioul C, Horsmans Y, Lambert P, Danse E, Delzenne NM. Effects of oligo-
fructose on glucose and lipid metabolism in patients with nonalcoholic stea-
tohepatitis: results of a pilot study. Eur J Clin Nutr. 2005;59:723-6.

Gart E, Salic K, Morrison MC, Giera M, Attema J, De Ruiter C, et al. The human
milk oligosaccharide 2’-fucosyllactose alleviates liver steatosis, ER stress and
insulin resistance by reducing hepatic diacylglycerols and improved gut per-
meability in obese LdIr-/-. leiden mice. Front Nutr. 2022;9:904740.

Sayari S, Neishaboori H, Jameshorani M. Combined effects of synbiotic and
sitagliptin versus sitagliptin alone in patients with nonalcoholic fatty liver dis-
ease. Clin Mol Hepatol. 2018;24:331.

Morvaridzadeh M, Nachvak SM, Mohammadi R, Moradi S, Mostafai R, Pizarro AB,
et al. Probiotic yogurt fortified with vitamin D can improve glycemic status in
non-alcoholic fatty liver disease patients: a randomized clinical trial. Clin Nutr
Res. 2021;10:36.

Kanchanasurakit S, Kositamongkol C, Lanoi K, Nunta M, Saetuan T, Chaiyaku-
napruk N, et al. Effects of synbiotics, probiotics, and prebiotics on liver enzymes
of patients with non-alcoholic fatty liver disease: a systematic review and net-
work meta-analysis. Front Nutr. 2022;9:880014.

Behrouz V, Jazayeri S, Aryaeian N, Zahedi MJ, Hosseini F. Effects of probiotic and
prebiotic supplementation on leptin, adiponectin, and glycemic parameters in
non-alcoholic fatty liver disease: a randomized clinical trial. Middle East J Dig
Dis. 2017;9:150.

Mirmiranpour H, Huseini HF, Derakhshanian H, Khodaii Z, Tavakoli-Far B. Effects
of probiotic, cinnamon, and synbiotic supplementation on glycemic control and
antioxidant status in people with type 2 diabetes; a randomized, double-blind,
placebo-controlled study. J Diabetes Metab Disord. 2020;19:53-60.

Tao Y-W, Gu Y-L, Mao X-Q, Zhang L, Pei Y-F. Effects of probiotics on type Il
diabetes mellitus: a meta-analysis. J Transl Med. 2020;18:30.

Cozzolino M, Vitagliano A, Pellegrini L, Chiurazzi M, Andriasani A, Ambrosini G,
et al. Therapy with probiotics and synbiotics for polycystic ovarian syndrome: a
systematic review and meta-analysis. Eur J Nutr. 2020;59:2841-56.

Heshmati J, Farsi F, Yosaee S, Razavi M, Rezaeinejad M, Karimie E, et al. The
effects of probiotics or synbiotics supplementation in women with polycystic
ovarian syndrome: a systematic review and meta-analysis of randomized clinical
trials. Probiotics Antimicrob Proteins. 2019;11:1236-47.

Zhang L, Chu J, Hao W, Zhang J, Li H, Yang C, et al. Gut microbiota and type 2
diabetes mellitus: association, mechanism, and translational applications.
Mediators Inflamm. 2021;2021:5110276.

Nutrition and Diabetes (2024)14:25



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Keivanlou MH, Amini-Salehi E, Hassanipour S, Zare R, Mohammadi-Vajari E, Hashemi
M, et al. The value of microbiome-targeted therapy on lipid indices of patients with
type 2 diabetes mellitus: an umbrella meta-analysis of randomized controlled trials.
Curr Diabetes Rev. 2024. https://pubmed.ncbi.nlm.nih.gov/38243955/.

Pintari¢ M, Langerholc T. Probiotic mechanisms affecting glucose homeostasis: a
scoping review. Life. 2022;12:1187.

Gou H-Z, Zhang Y-L, Ren L-F, Li Z-J, Zhang L. How do intestinal probiotics restore
the intestinal barrier? Front Microbiol. 2022;13:929346.

Azad MAK, Sarker M, Wan D. Immunomodulatory effects of probiotics on
cytokine profiles. Biomed Res Int. 2018;2018:8063647.

Salles BIM, Cioffi D, Ferreira SRG. Probiotics supplementation and insulin resis-
tance: a systematic review. Diabetol Metab Syndr. 2020;12:1-24.

Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al. Metabolic
endotoxemia initiates obesity and insulin resistance. Diabetes. 2007;56:1761-72.
Cani PD, Possemiers S, Van de Wiele T, Guiot Y, Everard A, Rottier O, et al. Changes in
gut microbiota control inflammation in obese mice through a mechanism involving
GLP-2-driven improvement of gut permeability. Gut. 2009;58:1091-103.

Shang H, Sun J, Chen YQ. Clostridium butyricum CGMCC0313. 1 modulates lipid
profile, insulin resistance and colon homeostasis in obese mice. PLoS ONE.
2016;11:20154373.

Utzschneider KM, Kratz M, Damman CJ, Hullarg M. Mechanisms linking the gut
microbiome and glucose metabolism. J Clin Endocrinol Metab. 2016;101:1445-54.
Delzenne NM, Neyrinck AM, Cani PD. Modulation of the gut microbiota by
nutrients with prebiotic properties: consequences for host health in the context
of obesity and metabolic syndrome. Microb Cell Fact. 2011;10:1-11.

Kim S-W, Park K-Y, Kim B, Kim E, Hyun C-K. Lactobacillus rhamnosus GG
improves insulin sensitivity and reduces adiposity in high-fat diet-fed mice
through enhancement of adiponectin production. Biochem Biophys Res Com-
mun. 2013;431:258-63.

Zhang BB, Zhou G, Li C. AMPK: an emerging drug target for diabetes and the
metabolic syndrome. Cell Metab. 2009;9:407-16.

Fujii N, Jessen N, Goodyear LJ. AMP-activated protein kinase and the regulation
of glucose transport. Am J Physiol-Endocrinol Metab. 2006;291:E867-77.

He L, Sabet A, Djedjos S, Miller R, Sun X, Hussain MA, et al. Metformin and insulin
suppress hepatic gluconeogenesis through phosphorylation of CREB binding
protein. Cell. 2009;137:635-46.

Horike N, Sakoda H, Kushiyama A, Ono H, Fujishiro M, Kamata H, et al. AMP-
activated protein kinase activation increases phosphorylation of glycogen syn-
thase kinase 3 and thereby reduces cAMP-responsive element transcriptional
activity and phosphoenolpyruvate carboxykinase C gene expression in the liver.
J Biol Chem. 2008;283:33902-10.

Wang Y, Xu A, Knight C, Xu LY, Cooper GJ. Hydroxylation and glycosylation of
the four conserved lysine residues in the collagenous domain of adiponectin:
potential role in the modulation of its insulin-sensitizing activity. J Biol Chem.
2002;277:19521-9.

Miller RA, Chu Q, Le Lay J, Scherer PE, Ahima RS, Kaestner KH, et al. Adiponectin
suppresses gluconeogenic gene expression in mouse hepatocytes independent
of LKB1-AMPK signaling. J Clin Investig. 2011;121:2518-28.

Yang G, Badeanlou L, Bielawski J, Roberts AJ, Hannun YA, Samad F. Central role
of ceramide biosynthesis in body weight regulation, energy metabolism, and
the metabolic syndrome. Am J Physiol-Endocrinol Metab. 2009;297:E211-24.
Holland WL, Miller RA, Wang ZV, Sun K, Barth BM, Bui HH, et al. Receptor-
mediated activation of ceramidase activity initiates the pleiotropic actions of
adiponectin. Nat Med. 2011;17:55-63.

Wang Y, Dilidaxi D, Wu Y, Sailike J, Sun X, Nabi X-h. Composite probiotics
alleviate type 2 diabetes by regulating intestinal microbiota and inducing GLP-1
secretion in db/db mice. Biomed Pharmacother. 2020;125:109914.

Yadav H, Lee J-H, Lloyd J, Walter P, Rane SG. Beneficial metabolic effects of a
probiotic via butyrate-induced GLP-1 hormone secretion. J Biol Chem.
2013;288:25088-97.

Drucker DJ, Philippe J, Mojsov S, Chick WL, Habener JF. Glucagon-like peptide |
stimulates insulin gene expression and increases cyclic AMP levels in a rat islet
cell line. Proc Natl Acad Sci USA. 1987;84:3434-8.

Drucker DJ. The biology of incretin hormones. Cell Metab. 2006;3:153-65.
Drucker DJ. Mechanisms of action and therapeutic application of glucagon-like
peptide-1. Cell Metab. 2018;27:740-56.

Maselli DB, Camilleri M. Effects of GLP-1 and its analogs on gastric physiology in
diabetes mellitus and obesity. Diabetes: Res Clin Pract. 2021;4:171-92.

Farilla L, Bulotta A, Hirshberg B, Li Calzi S, Khoury N, Noushmehr H, et al.
Glucagon-like peptide 1 inhibits cell apoptosis and improves glucose respon-
siveness of freshly isolated human islets. Endocrinology. 2003;144:5149-58.
Mobini R, Tremaroli V, Stahilman M, Karlsson F, Levin M, Ljungberg M, et al.
Metabolic effects of Lactobacillus reuteri DSM 17938 in people with type 2
diabetes: a randomized controlled trial. Diabetes Obes Metab. 2017;19:579-89.

Nutrition and Diabetes (2024)14:25

A. Vakilpour et al.

90. Kuipers F, Bloks VW, Groen AK. Beyond intestinal soap—bile acids in metabolic
control. Nat Rev Endocrinol. 2014;10:488-98.

91. Potthoff MJ, Boney-Montoya J, Choi M, He T, Sunny NE, Satapati S, et al. FGF15/
19 regulates hepatic glucose metabolism by inhibiting the CREB-PGC-1a path-
way. Cell Metab. 2011;13:729-38.

92. Duran-Sandoval D, Cariou B, Percevault F, Hennuyer N, Grefhorst A, van Dijk TH,
et al. The farnesoid X receptor modulates hepatic carbohydrate metabolism
during the fasting-refeeding transition. J Biol Chem. 2005;280:29971-9.

93. Shapiro H, Kolodziejczyk AA, Halstuch D, Elinav E. Bile acids in glucose meta-
bolism in health and disease. J Exp Med. 2018;215:383-96.

94. Morton GJ, Matsen ME, Bracy DP, Meek TH, Nguyen HT, Stefanovski D, et al.
FGF19 action in the brain induces insulin-independent glucose lowering. J Clin
Investig. 2013;123:4799-808.

95. Picard A, Soyer J, Berney X, Tarussio D, Quenneville S, Jan M, et al. A genetic
screen identifies hypothalamic Fgf15 as a regulator of glucagon secretion. Cell
Rep. 2016;17:1795-806.

96. Katsuma S, Hirasawa A, Tsujimoto G. Bile acids promote glucagon-like peptide-
1 secretion through TGR5 in a murine enteroendocrine cell line STC-1. Biochem
Biophys Res Commun. 2005;329:386-90.

97. Alex S, Lange K, Amolo T, Grinstead JS, Haakonsson AK, Szalowska E, et al. Short-
chain fatty acids stimulate angiopoietin-like 4 synthesis in human colon ade-
nocarcinoma cells by activating peroxisome proliferator-activated receptor y.
Mol Cell Biol. 2013;33:1303-16.

98. Xu A, Lam MC, Chan KW, Wang Y, Zhang J, Hoo RL, et al. Angiopoietin-like protein 4
decreases blood glucose and improves glucose tolerance but induces hyperlipide-
mia and hepatic steatosis in mice. Proc Natl Acad Sci USA. 2005;102:6086-91.

99. Rutter GA, da Silva Xavier G, Leclerc I. Roles of 5-AMP-activated protein kinase
(AMPK) in mammalian glucose homoeostasis. Biochem J. 2003;375:1-16.

100. Ferré P. The biology of peroxisome proliferator-activated receptors: relationship
with lipid metabolism and insulin sensitivity. Diabetes. 2004;53:543-50.

101. Ma D, Forsythe P, Bienenstock J. Live Lactobacillus reuteri is essential for the
inhibitory effect on tumor necrosis factor alpha-induced interleukin-8 expres-
sion. Infect Immun. 2004;72:5308-14.

102. Ejtahed HS, Mohtadi-Nia J, Homayouni-Rad A, Niafar M, Asghari-Jafarabadi M,
Mofid V. Probiotic yogurt improves antioxidant status in type 2 diabetic
patients. Nutrition. 2012;28:539-43.

103. Usami M, Kishimoto K, Ohata A, Miyoshi M, Aoyama M, Fueda Y, et al. Butyrate
and trichostatin A attenuate nuclear factor kB activation and tumor necrosis
factor a secretion and increase prostaglandin E2 secretion in human peripheral
blood mononuclear cells. Nutr Res. 2008;28:321-8.

104. Menzel T, Lihrs H, Zirlik S, Schauber J, Kudlich T, Gerke T, et al. Butyrate inhibits
leukocyte adhesion to endothelial cells via modulation of VCAM-1. Inflamm
Bowel Dis. 2004;10:122-8.

AUTHOR CONTRIBUTIONS

Concept development (provided idea for the research): AV, EA-S, and SH Design (planned
the methods to generate the results): EA-S, SH, and FJ Supervision (provided oversight,
responsible for organization and implementation, writing of the manuscript): SH, FJ, and
FMG. Data collection/processing (responsible for experiments, patient management,
organization, or reporting data) and data analysis/interpretation (responsible for statistical
analysis, evaluation, and presentation of the results): AV, NL, M-HK, AH, and NN Literature
search (performed the literature search): EA-S and M-HK. Drafting the manuscript
(responsible for writing a substantive part of the manuscript): All authors.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41387-024-00281-7.

Correspondence and requests for materials should be addressed to
Soheil Hassanipour.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

SPRINGER NATURE

13


https://pubmed.ncbi.nlm.nih.gov/38243955/
https://doi.org/10.1038/s41387-024-00281-7
http://www.nature.com/reprints
http://www.nature.com/reprints

A. Vakilpour et al.

14

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

SPRINGER NATURE

Nutrition and Diabetes (2024)14:25


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The effects of gut microbiome manipulation on glycemic indices in patients with non-alcoholic fatty liver disease: a comprehensive umbrella�review
	Introduction
	Materials and methods
	Search strategy and study selection
	Inclusion and exclusion criteria
	Quality assessment
	Data extraction
	Data synthesis and statistical analysis

	Results
	Study selection
	Characteristics of the studies
	The effects of microbial therapy�on FBS
	The effects of microbial therapy on HOMA-IR
	The effects of microbial therapy�on FI

	Discussion
	Findings of our research and other studies
	Possible mechanism of actions
	Improving intestinal barrier and inflammation reduction
	Production of insulin-sensitizing hormone; adiponectin
	AMPK-dependent actions of adiponectin
	AMPK-independent actions of adiponectin
	Glucagon-like peptide-1
	Role of Bile�acids
	Angiopoietin-like�4
	Immunomodulation

	Strengths, limitations, and further suggestions

	Conclusion
	References
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




