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Abstract

Background Nonalcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver ailment worldwide, in
which nonpharmacological strategies have a considerable role in the treatment. Probiotic supplementation as well as
physical exercise can improve cardiometabolic parameters, but further research is needed to determine the effects of
combined treatment versus exercise alone in managing NAFLD-associated biomarkers, primarily liver enzymes, lipid
markers, and insulin resistance.

Objectives This systematic review and meta-analysis aimed to evaluate the effects of probiotic supplementation,
combined with exercise versus exercise alone, on liver enzymes and cardiometabolic markers in patients with NAFLD.

Methods A systematic review and meta-analysis of randomized clinical trials was performed by searching PubMed,
Scopus, and Web of Science databases up to April 2024. The search was restricted to articles published in the English
language and human studies. Random effects models were used to calculate weighted mean differences (WMD).

Results Pooled estimates (9 studies, 615 patients, intervention durations ranging from 8 to 48 weeks) revealed

that probiotics plus exercise decreased aspartate transaminase (AST) [WMD=-5.64 U/L, p=0.02], gamma-glutamyl
transferase (GGT) [WMD=-7.09 U/L, p=0.004], low-density lipoprotein (LDL) [WMD=-8.98 mg/dL, p=0.03], total
cholesterol (TC) [WMD=-16.97 mg/dL, p=0.01], and homeostatic model assessment for insulin resistance (HOMA-IR)
[WMD=-0.94, p=0.005] significantly more than exercise only. However, probiotics plus exercise did not significantly
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change high-density lipoprotein (HDL) [WMD=0.07 mg/dL, p=0.9], fasting insulin [WMD=-1.47 plU/mL, p=04]

or fasting blood glucose (FBG) [WMD=-1.57 mg/dL, p=0.3] compared with exercise only. While not statistically
significant, there were clinically relevant reductions in alanine aminotransferase (ALT) [WMD=-6.78 U/L, p=0.1],
triglycerides (TG) [WMD=-21.84 mg/dL, p=0.1], and body weight (BW) [WMD=-1.45 kg, p=0.5] for probiotics plus
exercise compared with exercise only. The included studies exhibited significant heterogeneity for AST (I?=78.99%,
p=0.001), GGT (>=73.87%, p=0.004), LDL (>=62.78%, p=0.02), TC (1>=72.41%, p=0.003), HOMA-IR (1> =93.86%,
p=0.001), HDL (I*=0.00%, p=0.9), FBG (I>=66.30%, p=0.01), ALT (1*=88.08%, p=0.001), and TG (I =85.46%, p=0.001).
There was no significant heterogeneity among the included studies for BW (I>=0.00%, p=0.9).

Conclusion Probiotic supplementation combined with exercise training elicited better results compared to exercise
alone on liver enzymes, lipid profile, and insulin resistance in patients with NAFLD.

Systematic Review Registration PROSPERO registration number CRD42023424290.
Keywords Alanine aminotransferase, Exercise training, Lipid profile, Nonalcoholic fatty liver disease, Probiotics

Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most
common long-term liver condition globally [1, 2].
NAFLD is identified when individuals without a history
of liver-damaging diseases or conditions, such as exces-
sive alcohol consumption, medication use, hepatitis C
virus infection, or starvation, exhibit an excess buildup
of fat in the liver [1, 2]. The more advanced subtype
implies progressive liver injury resulting in liver cirrho-
sis and hepatocellular carcinoma [1, 2]. The prevalence
of NAFLD is increasing and currently affects about 32%
of the world’s population [3]. Obesity is a risk factor for
NAFLD, and obesity is now considered to be a pandemic,
with obesity nearly tripling between 1975 and 2016 [4—6].
Thus, the necessity of effective interventions for the treat-
ment of NAFLD is prominent in any healthcare system.

Lifestyle modifications such as dietary amelioration or
engaging in more physical activity are regarded as the
primary and most effective methods for preventing and
treating NAFLD [2]. In addition, there is a major sci-
entific effort proposing new dietary strategies against
NAFLD [7-11]. In light of this, gut microbiota modula-
tion has been deemed as a potential therapeutic option
in the management of NAFLD and its related metabolic
complications [4, 12].

Probiotics are living microorganisms that have been
shown to play an important role in gut microbiota com-
position [13]. Specifically, several meta-analyses have
demonstrated that probiotics have a notable role in
decreasing the occurrence of NAFLD [14-16], as well as
reducing fasting blood glucose (FBG), body weight (BW),
insulin, total cholesterol (TC), low-density lipoprotein
(LDL), triglycerides (TG), tumor necrosis factor-alpha,
high-sensitivity C-reactive protein, alanine aminotrans-
ferase (ALT), and aspartate transaminase (AST) levels
among patients with NAFLD [4]. In addition, umbrella
meta-analyses have shown that probiotic supplementa-
tion can be considered a tool for improving obesity and
glycemic parameters [17-20]. Nevertheless, existing

evidence is inconsistent regarding the possible effects of
probiotic supplementation in combination with exercise
training on NAFLD-associated enzymes and cardiometa-
bolic markers [21-27].

Taking into account the importance of drawing an
overall conclusion for health professionals dealing with
NAFLD (e.g., gastroenterologists, general practitio-
ners, dietitians, and exercise physiologists), this current
systematic review and meta-analysis was performed to
evaluate the general effects of probiotic supplementation
combined with exercise training, compared with exercise
alone, on liver enzymes (ALT, AST, and gamma-glutamyl
transferase (GGT) and cardiometabolic markers (lipid
profile and insulin resistance) in individuals diagnosed
with NAFLD.

Materials and methods

Trial registration

Systematic review and meta-analysis were carried out in
accordance with the guidelines provided by the Preferred
Reporting Items for Systematic Reviews and Meta-Analy-
ses (PRISMA) and followed the methodology outlined in
the Cochrane Handbook of Systematic Reviews of Inter-
ventions. The project was registered in advance in the
International Prospective Register of Systematic Reviews
(PROSPERO; ID: CRD42023424290).

Search strategy

A thorough search of electronic databases including
Web of Science, Scopus, and PubMed was conducted to
identify relevant articles. Two reviewers (KH.M and B.K)
independently screened and selected published articles
up to April 2024. A comprehensive search was conducted
using keywords such as “non-alcoholic fatty liver disease,’
“nonalcoholic fatty liver disease,” “non-alcoholic fatty
liver;” “nonalcoholic fatty liver;” “fatty liver disease,” “non-
alcoholic steatohepatitis,” “NAFLD,” “fatty liver nonal-
coholic,” “liver nonalcoholic fatty, “nonalcoholic fatty

liver; “nonalcoholic fatty livers,” and “steatohepatitis,”.
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Additionally, specific terms related to probiotics such
as “probiotics,” “synbiotics,” “lactobacillus,” “bifidobac-
terium,” and “streptococcus” were used to identify rel-
evant studies. Similarly, terms related to exercise training
including “exercise,” “training,” “exercise training,’ and
“physical activity” were employed in the search strategy.
The search encompassed articles published up until April
2024. To identify any additional references that may have
been overlooked in the initial electronic search, refer-
ence lists of all studies that met inclusion criteria were
searched. The search was restricted to articles published
in the English language and studies of human partici-
pants. There was no limit on the publication dates of the
articles. The search strategies for the included databases
are reported in Supplementary Table 1.

Eligibility criteria

Studies were eligible for inclusion if they met the fol-
lowing PICO (population, intervention, comparison,
and outcome) criteria: (1) for population, studies that
included human participants who were diagnosed with
NAFLD; (2) for intervention, studies using probiotic
supplements plus exercise; (3) for comparison, stud-
ies examining the effects of probiotic supplements plus
exercise versus an exercise-only group; and (4) for out-
comes, studies that reported liver enzymes (ALT, AST,
and GGT), lipid profiles (LDL, HDL, TG, and TC), glyce-
mic indices (fasting insulin, FBG, and homeostatic model
assessment for insulin resistance (HOMA-IR)), and BW
measured using a fully validated method.

Study selection

After eliminating duplicate records, the titles and
abstracts of the remaining articles were evaluated inde-
pendently by two reviewers (KH.M and B.K) to assess
their relevance. Subsequently, the full texts of potentially
eligible studies were thoroughly examined by the same
reviewers to determine their eligibility for inclusion in
the systematic review. In the event of any disagreements,
resolutions were determined through discussions involv-
ing another author (F.K). The process of selecting studies
was carried out independently by two reviewers (KH.M
and B.K). The extracted study characteristics included
the following: (A) participant details such as biologi-
cal sex, age, body mass index (BMI), health status, and
sample size; (B) exercise-related factors including train-
ing duration and frequency of sessions per week; (C)
information regarding the type of probiotic used and the
duration of the interventions in weeks; and (D) reported
energy intake (kcal/day). The data extraction process was
carried out by two authors (KH.M and B.K) with guid-
ance from FK. regarding the selection criteria. To analyze
each outcome (ALT, AST, GGT, LDL, high-density lipo-
protein (HDL), TG, TC, fasting insulin, FBG, HOMA-IR,
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and BW), the pre- and post-intervention means and
standard deviations, or mean differences and their corre-
sponding standard deviations, were extracted. These data
were then utilized in the meta-analyses to generate forest
plots. In cases where the means and standard deviations
(SDs) were not explicitly provided, the SDs were calcu-
lated using alternative quantitative measures such as
standard errors of means (SEM), medians and interquar-
tile ranges (IQRs), or means and IQRs [28-30].

Quality evaluation and sensitivity analyses

The risk of bias was evaluated using the Physiotherapy
Evidence Database (PEDro) scale to evaluate the qual-
ity of the included studies [31]. This scale consists of
eleven items: (1) clear eligibility criteria, (2) randomized
participant allocation, (3) concealed allocation, (4) base-
line group similarity, (5) blinding of all participants, (6)
blinding of all therapists, (7) blinding of all assessors, (8)
evaluation of outcomes in at least 85% of participants, (9)
intention-to-treat (ITT) analysis, (10) reporting of sta-
tistical comparisons between groups, inclusion of point
measures and statistics of variability. These items are
detailed in supplementary Table 1. Additionally, sensitiv-
ity analyses were conducted by excluding each study one
by one to assess their individual impact on the overall
results [32].

Statistical analyses

Meta-analyses were conducted using the Comprehen-
sive Meta-analysis (CMA) software (version 2.0, Biostat
Inc., NJ, USA). Weighted mean differences (WMD), and
95% confidence intervals (CIs) were calculated for vari-
ables that had the same measurement unit. Effect sizes
were calculated to compare the effects of probiotic sup-
plementation plus exercise training vs. exercise training
only on liver enzymes (ALT, AST, and GGT), and meta-
bolic outcomes (LDL, HDL, TG, TC, FBG, fasting insu-
lin, HOMA-IR, and BW). Heterogeneity was evaluated
by using the I? statistic. Significance was set at p<0.05.
According to Cochrane guidelines, I* statistics were
interpreted as follows: 25% indicated low heterogeneity,
50% indicated moderate heterogeneity, and 75% indi-
cated high heterogeneity. The results were combined
using random-effects models due to the likelihood of het-
erogeneity arising from clinical or methodological factors
that could potentially impact the outcomes [33]. Publi-
cation bias was evaluated using funnel plot interpreta-
tion with the Begg-Mazumdar Kendall’s tau, and Egger’s
tests conducted as secondary tests when publication bias
was detected. A p-value of less than 0.1 was considered
indicative of significant publication bias [34]. Subgroup
analyses were performed as follows: duration of the inter-
ventions included: low<12 h intervention, or high>12 h
intervention.
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Results

Included studies

The initial search strategy identified 73 records from Web
of Science, 73 records from Scopus, and 54 records from
PubMed. Following the removal of duplicate records and
screening of titles and abstracts, a total of 11 studies were
identified for a more comprehensive evaluation of the
full texts. Two animal model studies were excluded after
reviewing full texts since we focused on human studies.
Consequently, a total of 9 studies were included in the
current systematic review and meta-analysis. Figure 1
displays the flow diagram illustrating the systematic lit-
erature search process.

Participant characteristics

The current meta-analysis included a total of 615 patients
diagnosed with NAFLD, with sample sizes ranging from
39 [24] to 140 [23]. The mean ages ranged from 11.28
[26] to 57.38 [25] years, and the mean BMIs ranged from
26.00 [24] to 33.19 [25] kg/m?, respectively. The major-
ity of studies [21-26, 35, 36] included both males and
females as participants. However, one study did not
report the biological sex of the participants [37]. Partici-
pants in the included studies had varying health statuses,
including NAFLD [21-24, 35], NAFLD with obesity
[26, 27, 37], and NAFLD with type 2 diabetes mellitus
(T2DM) [25]. The detailed participant characteristics are
shown in Table 1.

Records identified through PubMed
(n=54), Web of Science (n=73), and
Scopus databases (n=73)

(total = 200 records)

l

Records after duplicates removed
(n =47)

1

Records screened

Identification
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Intervention characteristics

The majority of included studies used a probiotic cap-
sule containing one or two different types of probiotic
cultures [21-27, 37]. For all studies, the exercise-only
control group used a placebo capsule. Intervention dura-
tions ranged from 8 [25] to 48 [24] weeks. The energy
intakes ranged from 21174624 to 2388.8£542.5 kcal/day
in the probiotic plus exercise group, and from 20831539
to 2417.1+£706.5 kcal/day in the exercise group. The
intervention characteristics are more fully described in
Table 1.

The bacterial strains and doses in the probiotic sup-
plements included 10® CFUs Bifidobacterium anima-
lis [35]; Lactobacillus casei, Lactobacillus rhamnosus,
Lactobacillus acidophilus, Bifidobacterium longum, and
Bifidobacterium breve (16 g/d) [21, 22]; live combined
Bifidobacterium, Lactobacillus, and Enterococcus pow-
der (2 g/d) [23]; 10° CFUs of Lactobacillus salivarius,
10° CFUs Lactobacillus rhamnosus, and 8x10° CFU
Bifidobacterium animalis [37]; Lactobacillus paracasei,
Lactobacillus plantarum, Lactobacillus acidophilus, and
Lactobacillus delbrueckii subsp [24]; 1x10'° CFU/g Bifi-
dobacterium, 6x10'° CFU/g Lactobacillus+Lactococcus,
1x10° CFU/g Acetobacter, and 3x10'° CFU/g short-
chain fatty acids producing Propionibacterium [25]; and
Lactobacillus acidophilus (4.3x10% CFU/sachet), Lac-
ticaseibacillus rhamnosus (4.3x10% CFU/sachet), Bifi-
dobacterium bifidum (4.3x10® CFU/sachet), B. longum
(4.3x10® CFU/ sachet), and Enterococcus faecium

Records excluded by title and abstract

Screening

(n=153)

Full-text articles assessed

(n=142)

Full-text articles excluded

for eligibility (n=11)

l

Studies eligible for the
meta-analyses (n=9)

|

Studies included in quantitative

Eligibility

Included

synthesis (meta-analysis) (n=9)

Fig. 1 Flow diagram of systematic literature search

Animal studies (n=2)
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Model  Study name Statistics for each study Difference in means and 95%Cl
Difference Standard Lower Upper
in means error Variance  limit limit Z-Value p-Value
Bakhshimoghaddam et al. 2018 -19.800 3.615 13.070 -26.886 -12.714  -5477 0.000
Behrouz et al. 2020 -24.420 5.518 30.453 -35.236 -13.604 -4.425 0.000
Cai et al. 2020 -6.250 3.192 10.187 -12.506 0.006 -1.958 0.050
Duseja et al. 2019 -18.500 16.232  263.491 -50.315 13.315 -1.140 0.254 B
Kobyliak et al. 2019 -7.010 4.314 18.610 -15.465 1.445 -1.625 0.104
Rodrigo et al. 2022 20.340 6.163 37.985 8.260 32.420 3.300 0.001 —
Yildirim et al. 2022 2.900 3.584 12.845 -4.124 9.924 0.809 0.418
Random -6.786 5.130 26.322 -16.842 3.269 -1.323 0.186
-51.00 -25.50 0.00 25.50 51.00
Favours - Pro & Exe Favours - Exe

Fig. 2 Forest plot of the effects of probiotic and exercise vs. exercise on ALT. Data are reported as WMD (95% confidence limits). WMD, weighted mean

differences; Pro, probiotic; Exe, Exercise

Model Study name Statistics for each study

Difference Standard Lower
in means error Variance limit
Bakhshimoghaddam etal. 2018~ -10.190 1.557 2423 -13.241
Behrouz et al. 2020 -17.220 3.600 12.962 -24.276 -10.164
Cai et al. 2020 -4.980 2.390 5713 -9.665
Duseja et al. 2019 -2.700 10.046  100.925 -22.390
Kobyliak et al. 2019 -3.156 4.186 17.523 -11.361
Rodrigo et al. 2022 2.950 3.952 15.619 -4.796
Yildirim et al. 2022 -1.300 1.938 3.758 -5.099
Random -5.648 2432 5.915 -10.414

Upper
limit

-7.139

-0.295
16.990
5.049
10.696
2.499
-0.881

Difference in means and 95%Cl

Z-Value p-Value
6547 0.000 Hi-
4783 0.000 ——
2084 0037 ——
0269 0788 B
.0.754  0.451 _._ S
0.746 0455 ——
0671 0502
2322 0.020 P
-25.00 -12.50 0.00 12.50 25.00
Favours - Pro & Exe Favours - Exe

Fig. 3 Forest plot of the effects of probiotic and exercise vs. exercise on AST. Data are reported as WMD (95% confidence limits). WMD, weighted mean

differences; Pro, probiotic; Exe, Exercise

(8.2x10% CFU/sachet), total 2.5x10° CFU per sachet.
[36].

The exercise protocols included aerobic exercises such
as brisk walking, jogging, running, swimming, cycling,
etc., with 230 min/session for 3-5 days/week [21, 23—
27]. In other studies, exercise protocol details were not
mentioned [22, 35, 37].

Meta-analysis

ALT

Based on 7 intervention arms, probiotics plus exercise
did not decrease ALT significantly more than exercise
training only [WMD = -6.78 U/L (95% CI -16.84 to 3.26),
p=0.1] (Fig. 2). Significant heterogeneity was observed
among the included studies (I*=88.08%, p=0.001). Visual
examination of the funnel plots and the results of the
Egger’s test (p=0.9), and Begg-Mazumdar Kendall’s Tau
(p=1.0) did not indicate the presence of publication
bias. Sensitivity analysis, conducted by excluding each
study individually, revealed that removing the Rodrigo
et al. [26] study resulted in an increase in the effect size
and a statistically significant effect (WMD = -10.97 U/L,

p=0.01), while the direction of the results remained
consistent.

Considering subgroup analyses for the duration of
intervention, there was no significant change in ALT for
>12 h interventions [WMD= -5.07 U/L (95% CI -36.10
to 25.94, p=0.7, 3 interventions] or for <12 h interven-
tions [WMD=-8.02 U/L (95% CI -17.52 to 1.47), p=0.09,
4 interventions], when compared with exercise only.

AST

Based on 7 intervention arms, probiotics plus exercise
decreased AST significantly more than exercise training
only [WMD = -5.64 U/L (95% CI -10.41 to -0.88), p=0.02]
(Fig. 3). There was significant heterogeneity among the
included studies (I>=78.99%, p=0.001). Visual interpreta-
tion of funnel plots and results of the Egger’s test (»p=0.6),
and Begg-Mazumdar Kendall’s Tau (p=1.0) did not show
publication bias. The sensitivity analysis was conducted
by excluding each study individually. When the Cai et
al. [23] study was removed, there were small changes
in the effect size and significance (WMD = -5.72 U/L,
p=0.05), but the overall direction of the results remained
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Model Study name Statistics for each study Difference in means and 95%Cl
Difference Standard Lower Upper
in means error Variance  limit limit Z-Value p-Value
Bakhshimoghaddam et al. 2018~ -12.360 2.802 7.853 -17.853 -6.867 -4.411 0.000
Behrouz et al. 2020 -18.670 6.218 38.668 -30.858 -6.482 -3.002  0.003
Caietal. 2020 -5.230 1.572 2471 8311 2149 3327  0.001 e o
Kobyliak et al. 2019 -4.980 4.480 20.075 -13.762 3.802  -1.111 0.266
Rodrigo et al. 2022 -1.120 2.001 4.005 -5042 2802 -0560 0.576
Random -7.099 2.460 6.053 -11.921 -2.277 -2.885  0.004 ’
-31.00 -15.50 0.00 15.50 31.00
Favours - Pro & Exe Favours - Exe

Fig. 4 Forest plot of the effects of probiotic and exercise vs. exercise on GGT. Data are reported as WMD (95% confidence limits). WMD, weighted mean

differences; Pro, probiotic; Exe, Exercise

Model Study name

Statistics for each study

Difference Standard Lower Upper

in means error Variance  limit limit

Bakhshimoghaddam et al. 2018 -27.840 6.571 43.182 -40.719 -14.961

Behrouz et al. 2020 -12.240 6.469 41.844 -24918 0.438

Cai et al. 2020 -6.187 2.876 8.272 -11.824 -0.550

Kobyliak et al. 2019 -8.121 7.427 55.160 -22.677 6.436

Rodrigo et al. 2022 -2.470 9.496 90.171 -21.081 16.141

Yildirim et al. 2022 6.300 8.030 64.489 -9.439 22.039

Random -8.980 4.217 17.782 -17.245 -0.715

Difference in means and 95%Cl

Z-Value p-Value

4237 0.000 —

1892 0.058 L
2151 0.031 -
-1.093 0274 B
0260 0.795 _-_

0785 0433 —_—
2130 0033 |

-41.00 -20.50 0.00 20.50 41.00
Favours - Pro & Exe Favours - Exe

Fig. 5 Forest plot of the effects of probiotic and exercise vs. exercise on LDL. Data are reported as WMD (95% confidence limits). WMD, weighted mean

differences; Pro, probiotic; Exe, Exercise

the same. Furthermore, when the Bakhshimoghaddam et
al. [35] study was excluded, there was a decrease in the
effect size and the result became non statistically signifi-
cant (WMD=-4.57 U/L, p=0.09), but the overall direc-
tion of the results remained unchanged. Also, when the
Behrouz et al. [21] study was excluded, there were again
decreases in the effect size that was now non-statistically
significant (WMD = -3.86 U/L, p=0.09), but the overall
direction of the results remained the same.

Regarding subgroup analyses by the duration of inter-
vention, probiotics plus exercise decreased AST signifi-
cantly for <12 h interventions [WMD=-6.34 U/L (95%
CI -12.65 to -0.04), p=0.04, 4 interventions], but not for
>12 h interventions [WMD= -3.96 U/L (95% CI -14.48 to
6.55, p=0.4, 3 interventions], when compared with exer-
cise only.

GGT

Based on 5 intervention arms, probiotics plus exercise
decreased GGT significantly more than exercise only
[WMD= -7.09 U/L (95% CI -11.92 to -2.27), p=0.004]
(Fig. 4). The included studies exhibited significant het-
erogeneity (I°=73.87%, p=0.004). Visual examination of

funnel plots and the results of the Egger’s test (»p=0.3),
and Begg-Mazumdar Kendall’s Tau (p=0.4) indicated no
evidence of publication bias.

Subgroup analyses according to the duration of the
interventions, indicated thatprobiotics plus exercise
decreased GGT significantly for <12 h interventions
[WMD=-7.73 U/L (95% CI -14.21 to -1.25), p=0.01, 3
interventions], but not for >12 h interventions [WMD=
-6.56 U/L (95% CI -17.57 to 4.41, p=0.2, 2 interventions],
when compared with exercise only.

LDL

Based on 6 intervention arms, probiotics plus exercise
decreased LDL significantly more than exercise train-
ing only [WMD = -8.98 mg/dL (95% CI -17.24 to -0.71),
p=0.03] (Fig. 5). The included studies exhibited signifi-
cant heterogeneity (I>=62.78%, p=0.02). Visual exami-
nation of funnel plots and the results of the Egger’s test
(p=0.8), and Begg-Mazumdar Kendall's Tau (p=0.7)
indicated no evidence of publication bias. The sensitiv-
ity analysis conducted by excluding each individual study
revealed that removing the Cai et al. [23] study resulted
in an increased effect size and changed the result such
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Model Study name Statistics for each study Difference in means and 95% CI
Difference  Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
Bakhshimoghaddam et al. 2018 0.880 2474 6.118 -3.968 5728 0.356 0.722 ! .
Behrouz et al. 2020 -0.500 2434 5924 -5270 4.270 -0.205 0.837
Cai et al. 2020 0.000 1.916 3670 -3.755 3.755 0.000 1.000
Kobyliak et al. 2019 1.547 2.634 6.938 -3.616 6.709 0.587 0.557 .
Rodrigo et al. 2022 -0.410 2.067 4274 -4.462 3.642 -0.198 0.843 4
Yildirim al. 2022 -0.600 2.449 5998  -5.400 4.200 -0.245 0.806 .
Random 0.075 0.933 0.870 -1.753 1.903 0.081 0.936 ‘
-7.00 -3.50 0.00 3.50 7.00
Favours - Exe Favours - Pro & Exe

Fig. 6 Forest plot of the effects of probiotic and exercise vs. exercise on HDL. Data are reported as WMD (95% confidence limits). WMD, weighted mean

differences; Pro, probiotic; Exe, Exercise

Model Study name Statistics for each stud Difference in means and 95%Cl
Difference Standard Lower Upper

in means error Variance limit limit Z-Value p-Value

Bakhshimoghaddam et al. 2018~ -81.080 156932  253.836 -112.307 -49.853  -5.089 0.000

Behrouz et al. 2020 -50.040 27.392 750.327 -103.728 3.648 -1.827 0.068

Cai et al. 2020 -23.028 9.332 87.087 -41.319 -4.738 -2.468 0.014

Kobyliak et al. 2019 -28.342 21441 459.710 -70.366 13.681  -1.322 0.186

Rodrigo et al. 2022 12.950 9.253 85.609 -5.185 31.085 1.400 0.162

Yildirim et al. 2022 30.800 19.866 394.662 -8.137 69.737 1.550 0.121

Random -21.846 156923 253540 -53.055 9362 -1.372 0.170

-113.00 -56.50 0.00 56.50 113.00
Favours - Pro & Exe Favours - Exe

Fig. 7 Forest plot of the effects of probiotic and exercise vs. exercise on TG. Data are reported as WMD (95% confidence limits). WMD, weighted mean

differences; Pro, probiotic; Exe, Exercise

that it became non-statistically significant (WMD =
-9.61 mg/dL, p=0.1), but the overall direction of the
results remained the same. Also, by removing the Kobyl-
iak et al. [25] study, the effect size was increased slightly
and the result became non-statistically significant (WMD
= -9.07 mg/dL, p=0.07), but the direction of the results
did not change.

Subgroup analyses according to the duration of inter-
vention, indicated that probiotics plus exercise decreased
LDL significantly for <12 h interventions [WMD=-
6.05 mg/dL (95% CI -11.39 to -0.71), p=0.02, 4 inter-
ventions], but not for >12 h interventions [WMD=
-16.08 mg/dL (95% CI -40.87 to 8.71 p=0.2, 2 interven-
tions], when compared with exercise only.

HDL

Based on 6 intervention arms, probiotics plus exercise
did not significantly increase HDL when compared with
exercise only [WMD=0.07 mg/dL (95% CI -1.75 to 1.93),
p=0.9] (Fig. 6). There was no significant heterogeneity
found among the included studies (I*=0.00%, p=0.9).
The visual examination of funnel plots and the results of
the Egger’s test (p=0.3), and Begg-Mazumdar Kendall’s

Tau (p=0.4) indicated no evidence of publication bias.
The sensitivity analysis conducted by excluding each
individual study demonstrated that the effect size, signifi-
cance, and direction of the results remained unchanged.

Subgroup analyses according to the duration of inter-
vention, indicated that there was no significant change in
HDL for >12 h interventions [WMD=0.12 mg/dL (95%
CI -2.98 to 3.22, p=0.9, 2 interventions] or for <12 h
interventions [WMD=0.05 mg/dL (95% CI -2.20 to 2.31),
p=0.9, 4 interventions], when compared with exercise
only.

TG

Based on 6 intervention arms, probiotics plus exercise
did not decrease TG significantly more than exercise only
[WMD = -21.84 mg/dL (95% CI -53.05 to 9.36), p=0.1]
(Fig. 7). Considerable heterogeneity was observed among
the included studies (12=85.46%, p=0.001). Based on the
visual analysis of funnel plots and the findings from the
Egger’s test (p=0.5), and Begg-Mazumdar Kendall’s Tau
(p=0.4), there was no sign of publication bias. The sen-
sitivity analysis conducted by excluding each individual
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study demonstrated that the effect size, significance, and
direction of the results remained unchanged.

Concerning subgroup analyses by the duration of inter-
vention, there was no significant change in TG for >12 h
interventions [WMD= -33.17 mg/dL (95% CI -125.30 to
58.96, p=0.4, 2 interventions] or for <12 h interventions
[WMD=-15.96 mg/dL (95% CI -45.23 to 13.30), p=0.2, 4
interventions], when compared with exercise only.

TC

Based on 6 intervention arms, probiotics plus exercise
decreased TC significantly more than exercise train-
ing only [WMD=-16.97 mg/dL (95% CI -29.85 to -4.09),
p=0.01] (Fig. 8). A high degree of heterogeneity was
observed in the included studies (I>=72.41%, p=0.003).
Absence of publication bias was suggested by the visual
examination of funnel plots and the outcomes of the
Egger’s test (p=0.7), and Begg-Mazumdar Kendall’s Tau
(p=1.0). When conducting sensitivity analysis by exclud-
ing each individual study, removing the Cai et al. 2020
study resulted in minor changes to the effect size and sig-
nificance (WMD = -15.29 mg/dL, p=0.06), but the over-
all direction of the results remained the same.

For subgroup analyses by the duration of interven-
tion, probiotics plus exercise decreased TC significantly
for <12 h interventions [WMD=-12.68 mg/dL (95% CI
-24.33 to -1.02), p=0.03, 4 interventions], but not for
>12 h interventions [WMD= -27.02 mg/dL (95% CI
-64.75 to 10.69 p=0.1, 2 interventions], when compared
with exercise only.

Fasting insulin

Based on 4 intervention arms, probiotics plus exercise did
not decrease fasting insulin significantly more than exer-
cise training only [WMD = -1.47 uIlU/mL (95% CI -5.42
to 2.48), p=0.4] (Supplementary Fig. 1). The included
studies demonstrated marked heterogeneity (I>=81.32%,
p=0.001). Visual interpretation of funnel plots and the

Page 10 of 14

Egger’s test (p=0.2), and Begg-Mazumdar Kendall’s Tau
(p=0.7) results also did not show publication bias. By
omitting each individual study in a sensitivity analysis,
there were no alterations in effect size or significance of
results, and the direction of the results did not change.
For subgroup analyses by the duration of interven-
tion, there was no significant change in fasting insulin for
>12 h interventions [WMD=-2.27 uIU/mL (95% CI -7.09
to 2.54, p=0.3, 2 interventions] or for <12 h interventions
[WMD=-0.46 pIU/mL (95% CI -8.91 to 7.99), p=0.9, 2
interventions], when compared with exercise only.

FBG

Based on 6 intervention arms, probiotics plus exercise
did not decrease FBG more than exercise training only
[WMD = -1.57 mg/dL (95% CI -4.86 to 1.71), p=0.3]
(Supplementary Fig. 1). A high degree of heterogene-
ity was observed in the included studies (I>=66.30%,
p=0.01). Visual interpretation of funnel plots and the
Egger’s test (p=0.6), and Begg-Mazumdar Kendall’s
Tau (p=1.0) results also did not show publication bias.
Through a sensitivity analysis where each individual
study was excluded from consideration, there were no
changes in the effect size or significance of results, and
the direction of the results did not change.

Subgroup analyses according to the duration of inter-
vention, indicated that there was no significant change in
FBG for >12 h interventions [WMD= -4.06 mg/dL (95%
CI -12.35 to 4.21 p=0.3, 2 interventions] or for <12 h
interventions [WMD=-0.05 mg/dL (95% CI -2.27 to
2.17), p=0.9, 4 interventions], when compared with exer-
cise only.

HOMA-IR

Based on 4 intervention arms, probiotics plus exercise
decreased HOMA-IR significantly more than exer-
cise training only [WMD=-0.94 (95% CI -1.61 to -0.28),
p=0.005] (Supplementary Fig. 1). There was significant

Model Study name Statistics for each study

Difference in means and 95%Cl

Difference Standard Lower Upper

in means error Variance  limit limit

Bakhshimoghaddam etal. 2018 -45.980 9.234 85.264 -64.078 -27.882

Behrouz et al. 2020 -18.000 7.559 57.136 -32.815 -3.185

Cai et al. 2020 -24.362 6.824 46.568 -37.737 -10.987

Kobyliak et al. 2019 -7.347 8.953 80.156 -24.895 10.200

Rodrigo et al. 2022 -7.480 10.399  108.143 -27.862 12.902

Yildirim et al. 2022 2.300 8.533 72.811 -14.424 19.024

Random -16.974 6.574 43.212 -29.858 -4.090

Z-Value p-Value

4980  0.000
2381 0017
3570 0.000
0821 0412
0719 0472
0270 0788
2582 0.010 P
-65.00 -32.50 0.00 32.50 65.00
Favours - Pro & Exe Favours - Exe

Fig. 8 Forest plot of the effects of probiotic and exercise vs. exercise on TC. Data are reported as WMD (95% confidence limits). WMD, weighted mean

differences; Pro, probiotic; Exe, Exercise
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heterogeneity among the included studies (I>=93.86%,
p=0.001). Visual interpretation of funnel plots and
results of the Egger’s test (p=0.9), and Begg-Mazum-
dar Kendall's Tau (p=1.0) did not suggest publication
bias. By excluding the Behrouz et al. 2017 study during
sensitivity analysis, the effect size was reduced and the
result became non-statistically significant (WMD = -1.1,
p=0.06), but direction of the overall findings remained
consistent. Furthermore, when the Cai et al. 2020 study
was excluded, there were similar alterations in the effect
size and significance (WMD = -1.2, p=0.07), with consis-
tent findings overall.

Due to the small number of studies for HOMA-IR, sub-
group analyses were not performed.

Body weight
Based on 3 intervention arms, probiotics plus exercise
did not decrease body weight significantly more than
exercise training only [WMD = -1.45 kg (95% CI -6.36
to 3.46), p=0.5] (Supplementary Fig. 1). There was a
lack of notable heterogeneity among the included stud-
ies (12=0.00%, p=0.9). Visual interpretation of funnel
plots and results of the Egger’s test (p=0.9), and Begg-
Mazumdar Kendall’s Tau (p=1.0) did not suggest pub-
lication bias. The sensitivity analysis, where each study
was systematically removed, demonstrated that the effect
size, significance of results, and direction of the findings
remained constant.

Subgroup analyses were not performed due to the small
number of studies for BW.

Quality assessment

The PEDro tool was used to assess the methodologi-
cal quality of each study, with scores ranging from 5 to
11 out of a maximum of 11 points. One study scored 10
[26], one study scored 9 [24], five studies scored 8 [21, 22,
25, 27, 35], one study achieved a score of 7 (28), and one
study scored 6 (12). Most of the study scores were low-
ered due to three items (concealed allocation, blinding of
all therapists, and intention-to-treat analysis). Additional
information regarding the quality of the studies can be
found in Supplementary Table 1.

Discussion

Overall, this systematic review and meta-analysis of
9 RCTs involving patients with NAFLD, revealed that
probiotic supplementation combined with exercise
improved liver enzymes, lipid profiles, and insulin resis-
tance compared with exercise training alone. More spe-
cifically, probiotics plus exercise significantly decreased
AST [WMD=-5.64 U/L, p=0.02], GGT [WMD = -7.09
U/L, p=0.004], LDL [WMD = -8.98 mg/dL, p=0.03], TC
[WMD = -16.97 mg/dL, p=0.01], and HOMA-IR [WMD
= -0.94, p=0.005], while there were non-statistically
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significant but potentially clinically relevant reductions
in ALT [WMD = -6.78 U/L, p=0.1], TG [WMD = -21.84,
p=0.1], and body weight [WMD = -1.45 kg, p=0.5]. In
contrast, probiotics plus exercise did not significantly
change HDL [WMD=0.07 mg/dL, p=0.9], fasting insu-
lin [WMD = -1.47 pIU/mL, p=0.4], or FBG [WMD =
-1.57 mg/dL, p=0.3] when compared with exercise only,
and these values are not likely to be clinically meaningful.

Our findings are in line with a recently published
meta-analysis from 2023, involving 21 RCTs, that also
demonstrated notable regulatory effects of probiotic sup-
plementation on ALT, AST, GGT, steatosis, FBG, insu-
lin, and blood lipid levels in individuals with NAFLD (7).
Moreover, a previous meta-analysis of 28 RCTs reported
positive effects of probiotic supplementation on body
mass index, ALT, AST, GGT, insulin, HOMA-IR, and TC
in patients with NAFLD [38]. Regarding exercise train-
ing, a prior meta-analysis comprising 16 studies revealed
a favorable impact of exercise alone, without any dietary
intervention, on reducing liver fat, ALT, and AST, as well
as BW in individuals with NAFLD [39]. Another meta-
analysis of 11 RCTs showed that exercise improved intra-
hepatic lipid and ALT levels in patients with NAFLD,
and the effects of exercise were retained for more than
3 months [40]. In a systematic review and meta-anal-
ysis of 21 RCTs investigating the efficacy of exercise for
improving indices related to NAFLD, 3 studies assessed
the effects of exercise combined with probiotic supple-
mentation and observed better efficacy in reducing ALT,
AST, TG, and TC levels compared to exercise alone [41].
While this latter meta-analysis included studies through
December 2021 and comprised 3 studies, the current
meta-analysis was updated through April 2024 including
triple (9 studies) the number of studies.

Mechanistically, the development of gut dysbiosis asso-
ciated with NAFLD represents a cluster of metabolic dys-
functions such as (1) the prevention of fasting-induced
adipocyte factor, which normally stimulates the activity
of lipoprotein lipase and promotes lipogenesis; (2) an
increase in lipopolysaccharides, leading to inflammation
and liver damage through the activation of the NF-kB
pathway; (3) an increase in polysaccharide absorption,
resulting in the production of short-chain fatty acids and
hepatic lipogenesis; and (4) the conversion of choline into
methylamines, which reduces choline availability and
leads to fat accumulation and the production of reactive
oxygen species in the liver [4, 42—44]. Dysbiosis can also
enhance the permeability of the gut wall, enabling the
translocation of bacteria and the uptake of endotoxins,
and hence contributes to the development of metabolic
dysfunction in NAFLD, whereas probiotic supplementa-
tion can mitigate these effects [4, 42—44]. Interestingly,
probiotic supplementation can activate genes involved in
fatty acid oxidation, thereby delaying NAFLD progression
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through the lipopolysaccharides/toll-like receptor 4 sig-
naling pathway [4, 42—44].

In addition to probiotic supplementation, the interac-
tion of the gut microbiota with exercise may exert differ-
ent effects on NAFLD, since the gut microbiota acts as an
endocrine organ and is sensitive to several environmen-
tal conditions [45]. A bidirectional relationship between
exercise and gut microbiota composition has been high-
lighted, whereby exercise can enhance the variety of
microbiota positively impacting metabolic health, while
the composition of gut microbiota can influence adapta-
tion to exercise by modulating factors such as inflamma-
tion, oxidative stress, energy balance, intestinal barrier
integrity, nutrient absorption, gas production, gastroin-
testinal motility, and immune modulation [45, 46]. Fur-
thermore, combining probiotics with exercise can serve
as an enhanced approach to stimulate the antioxidant
defense system and reduce the risk factors associated
with certain NAFLD-related cardiovascular diseases [47].

Based on the current meta-analysis, the dosing regi-
mens of probiotic supplementation varied between one
strain of Bifidobacterium (Bifidobacterium animalis) and
nine strains of Lactobacillus (Lactobacillus salivarius,
Lactobacillus rhamnosus, Lactobacillus plantarum, Lac-
tobacillus paracasei, Lactobacillus delbrueckii subsp,
Lactobacillus acidophilus, Lactobacillus acidophilus, and
Lacticaseibacillus) for 12—-48 weeks. However, further
research is of pivotal importance in optimizing bacte-
rial strains, doses, and supplementation durations. It is
certainly plausible that other combinations of probiotic
strains may have differential effects on liver enzymes and
cardiometabolic outcomes in patients with NAFLD.

It is worth mentioning that there is a specific caution
regarding the use of probiotics in populations at risk,
including individuals with compromised immune func-
tion, elderly individuals, newborns (especially preterm
infants), pregnant women who have mild to morbid obe-
sity, and individuals with certain medical conditions such
as life-threatening pneumonia, endocarditis, and sepsis
[36]. Furthermore, probiotic supplementation may not
be a suitable choice in cases where there are anatomi-
cal changes caused by surgical procedures, such as short
bowel syndrome, or bariatric surgery [36].

The strengths and limitations of this systematic review
and meta-analysis must be discussed. To the best of our
knowledge, this is the most comprehensive meta-analysis
addressing the effects of probiotic supplementation in
concert with exercise in patients with NAFLD. Although
meta-analyses of RCTs are at the top of the evidence
hierarchy, intrinsic clinical limitations are conceivable
due to particular differences between studies that cannot
be fully controlled. These differences may be due to dif-
ferences in (1) probiotic strains, quality of supplements,
prior probiotic intake, and study duration [4]; (2) dietary
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intake and medication control [48-50]; (3) lifestyle
behaviors and other participant sociodemographic fac-
tors [51]; (4) and differences in genetic factors [52], all of
which could modify the responses to a specific interven-
tion. The intensity, timing, and type of exercise may also
affect the outcomes of an exercise intervention [45, 53].
To further elucidate the potential for additive or syner-
gistic effects when combining probiotic supplementation
with exercise, long-term and well-controlled RCTs with
sufficient power are needed not only in laboratory mark-
ers but also for primary medical outcomes in individuals
with NAFLD. Lastly, it is necessary to evaluate the cost-
effectiveness of probiotic supplementation in a real-life
setting.

Conclusion

Probiotic supplementation combined with exercise train-
ing improved liver enzymes, lipid markers, and insu-
lin resistance compared with exercise training alone in
patients with NAFLD. More specifically, probiotics plus
exercise significantly decreased AST, GGT, LDL, TC, and
HOMA-IR when compared with exercise alone. Several
of these effects were clinically modest; however, such a
combination deserves attention in research and practice
as a safe and effective non-pharmacological approach to
partially mitigate alterations in liver enzymes and tradi-
tional cardiometabolic markers in NAFLD.
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