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Non-alcoholic fatty liver disease (NAFLD) is a global public health issue, of which 
the prevalence is about 25% worldwide. The incidence of NAFLD is increasing in 
patients with obesity, type 2 diabetes (T2DM) and the metabolic syndrome. The 
crosstalk between gut microbiota and metabolism-related diseases has been 
raised great concern. Patients with NAPLD were observed with disruption of gut 
microbiota. Several researches showed that gut microbiota was the determination in 
the progression of NAFLD by the experiments using fecal microbiota transplants. The 
application of probiotics, as one of the most important strategies for the regulation 
of gut microbiota disorder, have been explored whether it is beneficial to gut-related 
diseases of intestine-distal organs. Some probiotics were showed to improve the liver 
parameters and phenotype in patients with NAFLD. The oral intake of them might 
become the effective management for the prevention and treatment of NAFLD. In this 
review, we summarized the human clinical trials focusing on the effects of probiotics 
on NAFLD to give some evidential reference for the administration of NAFLD.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a global public health care with a prevalence of 
25.2% worldwide, 27.4% in Asia (1, 2) and over 33% in China (3, 4). The main characteristics of 
NAFLD is the accumulation of lipids in hepatocytes over 5% of liver weight without excessive 
alcohol intake (5). The progression of NAFLD encompasses three stages of different but correlative 
pathogenic conditions. The first stage is simple steatosis characterized by the onset of liver fat 
accumulation in hepatocytes. The second stage is non-alcoholic steatohepatitis (NASH), which is 
the outcome of hepatocyte injury in the process of inflammation, ballooning degeneration and 
slight collagen deposition (6, 7). Without prevention of NASH, the progressive form may gradually 
move into the third stage, in which it results in cirrhosis and hepatocellular carcinoma, eventually 
leading to liver failure (8). The epidemiologic researches have shown that approximately 10–20% 
of NAFLD population makes a progression to NASH (9). Therefore, the prevention of NAFLD 
progression in the early stage is crucial for its clinical therapy. Despite the abundance of clinical 
trials on the pharmacological treatments for NAFLD, no specific drugs are available for NAFLD, 
and in the late phase of cirrhosis, surgical procedures seem pointless except for hepatic 
transplantation (10). NAFLD is a multifactorial disease, of which the pathogenic mechanisms are 
still under a limited understanding and the accurate non-invasive biomarkers remain to be lacking 
(11). Therefore, there is no specific pharmacological therapy available to treat NAFLD.
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In general, NAFLD is a metabolic dysbiosis and has been renamed 
metabolic-associated fatty liver disease (MAFLD), recently (11). Here, 
we  still use “NAFLD” in this review to avoid confusion. NAFLD is 
associated with lipid and glucose metabolism, and patients with obesity 
and type 2 diabetes mellitus (T2DM) have the increased risk of NAFLD 
(12). Thus, insulin resistance is reported to be the main mechanism of 
NAFLD development (13). In the current perception, “multiple-hit 
theory” is the consensus on the pathogenesis of NAFLD (14, 15). Several 
researches have been completed to explore the pathogenic mechanisms 
of NAFLD, including endothelial dysfunction (16), excessive hepatic 
lipid-induced inflammatory responses (17–19) and generation of 
reactive oxygen species (ROS) (20–22). All those result in lipid overload 
in liver. The accumulation of fat is due to the imbalance of fatty acid (FA) 
delivery to the liver, lipid synthesis and consumption, and triglyceride 
(TG) export out of the liver (23). The excess dietary FA, de novo-
lipogenesis and FA uptake from circulation contribute to the increased 
FA import. The synthesis of TG, lipoprotein secretion, lipid droplets 
formation and lipophagy are the determination for TG export out of the 
liver (24). In addition, because of the close relationship between lipid 
metabolism and energy production, the role of mitochondria in NAFLD 
progression has been received attention, including the regulation of 
production of FA oxidation and ROS, the activation of the inflammasome 
and cell apoptosis, and interaction of mitochondria with other cell 
organelles (25, 26). In addition, patients with NAFLD are more likely to 
suffer extra hepatic cancer, such as the elderly bladder cancer (13). 
Currently, lifestyle interventions, diet, and exercise are the recommended 
but only subsidiary interventions for NAFLD treatment (27). Recently, 
natural products, such as spirulina, oleuropein, garlic and so on, have 
become an alternative approach in the treatment of NAFLD due to their 
large availability, low-cost and safety. However, the efficacy in patients is 
not clear with the existed animal experiments only (28). Several 
pharmacological treatments with anti-diabetic and anti-lipidemic effects 
have been confirmed to have drawbacks, such as Vitamin E and 
pioglitazone (29). The drugs, which are currently in clinical trials but 
only for the treatment of noncirrhotic NASH, include the farnesoid X 
receptor agonist obeticholic acid (OCA), the thyroid hormone receptor 
THRβ agonist (Resmetirom), and Aramchol (bile acid and FA conjugate, 
cholic acid–arachidic acid) (30–32). Therefore, to explore the new 
therapeutic strategies is crucial to effective treatments for NAFLD.

Recently, based on the theory of “gut-liver” axis, gut microbiota 
and gut-derived metabolites have been proved in the occurrence and 
progression of NAFLD. The improper living lifestyle, especially diets, 
NAFLD itself and the complications all contribute to intestinal 
dysbiosis, including the disorder of gut microbiota structures, 
gut-derived metabolite dysbiosis and the disruption of intestinal 
barrier. These together result in exacerbating NAFLD progression 
(33–36). Therefore, redressing intestinal imbalance may be a potential 
therapeutic strategy for NAFLD treatment.

Probiotics, one of the intestinal flora regulating drugs, are 
non-pathogenic live microorganisms for gut health and generally 
applicated in diarrhea (37, 38) and malnutrition (39, 40). In recent, 
supplements of probiotics have been reported to play a beneficial role 
in more intro-intestinal or extro-intestinal diseases, such as 
inflammatory bowel disease (IBD) (41, 42), rheumatic arthritis (43, 44), 
T2DM (45, 46), chronic kidney disease (CKD) (47, 48), NAFLD (49, 50) 
and so on. Probiotics reform gut microbiota imbalance (51), improve 
lipid and glucose profiles (52, 53), reserve the intestinal barrier integrity 
(54), reduce inflammation (55) and inhibit oxidative stress (56), by 
which NAFLD theoretically may be prevented effectively. The exact 

effect of probiotics on NAFLD in clinical practice is still lacking, 
although abundant animal experiments have been completed to explore 
the mechanisms of probiotics for NAFLD treatment.

In this review, firstly, we  described the manifestation of gut 
dysbiosis in patients with NAFLD. Next, we summarized the clinical 
trials of probiotics on NAFLD to evaluate the practical effects and 
discuss the therapeutic administrations. Finally, we  analyzed the 
challenges of the applications of probiotics for NAFLD treatment and 
the prospect in this promising field.

2. The role of “gut-liver axis” on 
NAFLD

It is confirmed that patients with NAFLD suffer from gut 
dysbiosis, which is characterized by alterations of gut microbiota 
compositions and gut-derived metabolites, dysfunction of gut barriers, 
and microbe translocation (33, 34, 57). Several observational 
researches have described the composition of gut microbiota in 
patients with NAFLD. However, the results are not consistent on 
account of the differences in study design, object region and 
sequencing method. Most importantly, the pathological progression 
of NAFLD may contribute to the changes of gut microbiota structure 
(34). In this part, we summarized the manifestations of gut dysbiosis 
in NAFLD and the mechanisms based on “gut-liver axis” for NAFLD 
pathogenesis, which were showed in Figure 1.

2.1. Gut dysbiosis in patients with NAFLD

Under the process in NAFLD without fibrosis progression, 
Verrucomicrobia, Fusobacteria, and Proteobacteria were increased 
compared to the healthy group (58, 59). Hoyles et  al. found that 
Actinobacteria was significantly correlated, whereas Firmicutes was 
significantly anti-correlated with NAFLD by molecular phenomics 
and metagenomics (58). Another observational study showed that 
non-obese patients with NAFLD had 20% more Bacteroidetes and 
24% less Firmicutes compared to healthy control (60). However, 
Chierico et al. discovered that Bacteroidetes was reduced in NAFLD 
(61). The discordant results may be explained by the differences of 
dietary style and sample alterations.

On the status of liver fibrosis, the changes of gut microbiota 
composition remain unclear, and several studies have conclusions in 
conflict. Loomba et  al. revealed that Proteobacteria was increased, 
whereas Firmicutes was decreased in progression from NAFLD to 
advanced fibrosis (62). Another study supported above conclusion and 
showed that the proportion of Bacteroidetes was significantly reduced, 
whereas Proteobacteria and Fusobacteria were highly abundant in the 
fibrosis group (63). In addition, at family level, the consensus was that 
Streptococcaceae, Enterobacteriaceae, Pasteurellaceae, and 
Veillonellaceae were increased not only in NAFLD but also in advanced 
fibrosis group (59, 63–65). Ruminococcaceae and Bifidobacteriaceae 
were reduced in NAFLD group (65). The changes at genus levels were 
more bewildering. It was confirmed that Bacteroides, Ruminococcus, 
Acidaminococcus, and Akkermansia were increased, whereas Alistipes 
and Faecalibacterium were reduced in NAFLD (64–66). Besides that, 
some bacterial genus exhibited an ambiguous alteration, such as 
Bifidobacterium and Lactobacillus. The researches associated with 
Clostridium and Streptococcus are lacking (64, 65). Therefore, the 
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determination of gut microbe composition in patients with NAFLD 
remains to be difficult for consistence due to the influence of many 
factors, including ages and lifestyle of subjects, severity of NAFLD and 
accompany of complications.

Although patients with NAFLD have the complicated gut microbe 
alterations, the researches on the metabonomic revealed the consistent 
results that the altered microbiota may be  the important factor of 
contributing to NAFLD by the mechanism of impaired production of 
short-chain fatty acids (SCFAs) (67). Rau et  al. found that NAFLD 
patients had higher fecal SCFA levels, and the main differential bacteria 
was SCFA-producing bacteria. Higher fecal propionate and acetate levels 
were related to lower resting regulatory T-cells (rTregs) and higher Th17/
rTreg ratio in peripheral blood, which showed the mechanism by the 
interaction of metabolites and immunoregulation (67). In consideration 
of the accompany of gut microbiota changes, regulation of these bacteria 
and microenvironment may be the novel strategy for NAFLD therapy.

2.2. The mechanism based on “gut-liver 
axis” for pathogenesis of NAFLD

The “gut-liver axis” emphasizes the bidirectional relationship 
between gut and liver, which is established by the special anatomical 
interactions. Portal vein enables the delivery of gut-derived products 
to liver, and the feedback route of bile and antibody secretion is from 
liver to gut. Generally, gut dysbiosis contributes to the pathogenesis of 
NAFLD by leading to leaky gut, bacterial translocation and low-grade 
inflammation related to endotoxemia (68, 69).

The gut barrier is the functional and anatomical structure as a 
playground for “gut-liver axis,” which limits the systemic dissemination 
of microbes and toxins into circulation and liver (68). Patients with 
NAFLD were found to accompany with the disruption of gut barrier 

manifested as the increased intestinal permeability, which may partly 
result from the high-fat diet (69). We describe the gut barrier with 
increased permeability as leaky gut. The leaky condition serves as the 
prerequisite of bacterial translocation and endotoxin leakage (70). The 
endotoxin links gut barrier impairment with systemic low-grade 
inflammation by promoting immune activation. For example, increased 
endotoxins enable macrophages to secret pro-inflammatory cytokines 
partly by toll-like receptor (TLR) signaling pathways (71). Gut-derived 
Th17 contributes to the migration of neutrophils, the maintenance of 
gut homeostasis and the limitation of lipopolysaccharide (LPS) 
translocation to visceral adipose tissue by interleukin-17 (IL-17)/
interleukin-17 receptor (IL-17R) axis (72, 73). In addition, bacteria or 
its product translocation into the blood circulation and liver is another 
result due to leaky gut, which is presented as antigens contributing to 
low-grade inflammation and regulated by β-catenin activation in 
endothelial cells (69). Based on the important role of “gut-liver axis” on 
NAFLD progression, restoring gut dysbiosis have become the promising 
treatments in clinical practice.

3. Effects of probiotics on NAFLD in 
clinical trials

Probiotics supplement is considered as one of the effective 
interventions to regulate gut microbiota. Several animal experiments 
have demonstrated probiotics were beneficial to NAFLD by reducing 
inflammation, the hepatic triglyceride, total body, and visceral adipose 
tissue weight, and by improving the insulin resistance (74, 75). 
Nevertheless, the clinical trials on effects of probiotics on NAFLD 
remain to be  lacking. Here, we summarized recent clinical results 
showed in Table 1 to evaluate the exact effects of probiotics laying the 
foundation for further studies.

FIGURE 1

The role of “gut-liver axis” on NAFLD. Several clinical trials revealed that Fusobacteria, Verrucomicrobia, Proteobacteria, Actinobacteria increased, but 
Firmicutes decreased at phylum level. However, the trend of Bacteroidetes was in conflict. Streptococcaceae, Veillonellaceae, Bacteroides, 
Pasteurellaceae and Enterobacteriaceae increased, but Bifidobacteriaceae and Ruminococcaceae decreased at family level. Ruminococcus, 
Acidaminococcus and Akkermansia increased, but Faecalibacterium and Alistipes decreased at genus level. However, the changes of Bifidobacterium and 
Lactobacillus were in conflict. Gut dysbiosis in NAFLD led to the leaky gut with increased gut permeability, which enabled bacteria and endotoxins into gut 
mucosa, and then into blood circulation. The endotoxins and bacteria activated immune responses and induced the low-grade inflammation. The green 
frame represents the increased change, the orange frame represents the decreased change, and the blue frame represents the change in conflict.
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TABLE 1 The summary of clinical trials on effects of probiotics for NAFLD patients.

Research 
type

Research objects Sample 
size

Probiotics Duration Outcomes related to gut 
dysbiosis

Outcomes related to NAFLD 
progression

References

RCT

obese children with 

biopsy-proven NAFLD

44 VSL#3 4 months not mentioned The decreased index: percentage of moderate and severe 

FL, BMI. The increased index: percentage of none and 

light FL, GLP and aGLP1. No changes with significant 

differences: TG, HOMA and ALT.

(76)

patients with NAFLD 140 unclear probiotics 3 months Conditions of fecal flora in the probiotic 

group were better than those in the 

placebo group

The decreased index: ALT, AST, GGT, TC, TG, HOMA-

IR, NAS.

(77)

patients with NAFLD 110 unclear probiotics 12 weeks The decrease index: triglyceride, ALT, AST, GGT, AKP 

and hs-CRP.

(78)

obese children with 

sonographic NAFLD

64 probiotic capsule (containing 

Lactobacillus acidophilus ATCC 

B3208, Bifidobacterium lactis 

DSMZ 32269, Bifidobacterium 

bifidum ATCC SD6576, 

Lactobacillus rhamnosus DSMZ 

21690)

12 weeks not mentioned The decrease index: ALT, AST, cholesterol, LDL-C, TG, 

and waist circumference. The increased index: the 

percentage of normal liver sonography. No change with 

significant differences: weight, BMI, and BMI z score.

(79)

patients with NAFLD 200 the live “combined Bifidobacterium 

Lactobacillus and Enterococcus 

powder,” two live “combined 

Bacillus subtilis and Enterococcus” 

or both probiotics

1 month Compared with before treatment, fecal 

flora in combined groups was all reduced, 

but it was comparable before and after 

treatment in control group.

The decreased index: blood lipids and glucose, ALT, 

AST, TNF-α. The increased index: HMW-APN. No 

change with significant differences: fatty liver by 

ultrasound.

(80)

patients with histology-

proven NASH

20 probiotic formula containing 

Lactobacillus plantarum, 

Lactobacillus deslbrueckii, 

Lactobacillus acidophilus, 

Lactobacillus rhamnosus and 

Bifidobacterium bifidum

6 months not mentioned The decreased index: IHTG, AST. No change with 

significant differences: BMI, waist circumference, 

glucose and lipid levels

(81)

patients with NASH fed a 

low-fat/low-calorie diet

75 the probiotic cocktail once daily 12 weeks The composition of stool microbiota in 

probiotic-treated patients demonstrated a 

shift toward a normal pattern for all 

bacterial species examined.

The decreased index: serum ALT, liver stiffness, BMI, 

serum cholesterol. No changes with significant 

differences: GGT

(82)

patients with NAFLD 

(diagnosed by liver 

biopsy)

28 one tablet per day with 

Lactobacillus bulgaricus and 

Streptococcus thermophilus

3 months not mentioned The decreased index: ALT, AST and γ-GT. No changes 

with significant differences: anthropometric parameters 

and cardiovascular risk factors.

(83)

patients with NAFLD 35
2 sachets VSL#3® probiotic or 

placebo

twice daily 

for 10 weeks

not mentioned No change with significant difference: biomarkers of 

cardiovascular risk and liver injury

(84)

(Continued)
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Research 
type

Research objects Sample 
size

Probiotics Duration Outcomes related to gut 
dysbiosis

Outcomes related to NAFLD 
progression

References

T2DM patients with 

NAFLD

58 live multi-strain probiotic 

“Symbiter”(concentrated biomass 

of 14 probiotic bacteria genera 

Lactobacillus: Lactococcus, 

Bifidobacterium, Propionibacteriu, 

Acetobacter)

8 weeks

not mentioned

The decreased index: FLI, LS, AST, GGT, TNF-α and 

IL-6. No change with significant differences: serum 

lipids, IL-1β, IL-8, and IFN-γ.

(85)

patients with NAFLD 42 2 capsules per day of probiotics 8 weeks not mentioned The decreased index: insulin, insulin resistance, TNF-α, 

and IL-6. No changes with significant differences: TNF-α

(86)

obese NAFLD patients 68 probiotic mixture included 6 

bacterial species

12 weeks not mentioned The decreased index: body weight, total body fat, IHF 

fraction, TG.

(87)

adult NASH 46 sachets of probiotic mix 

(Lactobacillus 

acidophilus, Lactobacillus 

rhamnosus, Lactobacillus paracasei 

and Bifidobacterium lactis)

24 weeks not mentioned No change with significant differences: BMI, lipid and 

glucose profile, atherogenic indexes including PAI-1 and 

miR-122 levels.

(88)

patients with NAFLD 39
MCP® BCMC® Strains

6 months stabilize the mucosal immune function 

and protect NAFLD patients against 

increased intestinal permeability

No change with significant differences: hepatic steatosis 

and fibrosis levels as measured by transient elastography, 

LiverFAST analysis (steatosis, fibrosis and inflammation 

scores), ALT, TC, TG, fasting glucose, CD4+ T 

lymphocytes, CD8+ T lymphocytes and ZO-1.

(89)

RCT, randomized, controlled trial; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; T2DM, type 2 diabetes; FL, fatty liver; BMI, body mass index; GLP, glucagon-like peptide; TG, triglyceride; HOMA, homeostasis model assessment; ALT, 
alanine aminotransferase; AST, aspartate aminotransferase; GGT, glutamine transferase; TC, total cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; NAS, NAFLD activity score; AKP, alkaline phosphatase; hs-CRP, high-sensitive C-reactive 
protein; LDL-C, low-density lipoprotein cholesterol; TNF, tumor necrosis factor; HMW-APN, high molecular weight adiponectin; IHTG, intrahepatic triglyceride, content; GT, glutamine transaminase; FLI, fatty liver index; LS, liver stiffness; IL, interleukin; IFN, 
interferon; IHF, intrahepatic fat; PAI, plasminogen activator inhibitor; ZO-1, Zonula Occludens-1.

TABLE 1 (Continued)
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Randomized, double-blinded and placebo-controlled trials 
were commonly undertaken. In the aspect of NAFLD severity, the 
probiotics decreased the percentage of moderate and severe FL but 
had no effect on reducing the levels of ALT, AST, TG and insulin 
resistance (76–83). However, another study showed that VSL#3® 
probiotic supplementation did not significantly improve liver 
injury as well as the cardiovascular risk (84). For liver injury, a 
3-month clinical research provided the positive evidence that 
ALT, AST, GGT, TC, TG, HOMA-IR, NAS, and conditions of fecal 
flora in the probiotic group were better than those in the placebo 
group, and the probiotic group was better after treatment than 
before, which showed that probiotics can partly improve liver 
functions, glucose and lipids metabolism, hepatic fatty deposition 
in patients with NAFLD (77). Another 12-week study showed that 
probiotic supplementation was able to decrease TC, ALT, AST, 
GGT, and AKP compared to control group. Hs-CRP significantly 
decreased after intervention, however, there was no significant 
difference compared to control group (78). The multi-probiotic 
“Symbiter” concentrated biomass of 14 probiotic bacteria  
genera Bifidobacterium, Lactobacillus, Lactococcus and 
Propionibacterium. T2DM patients with NAFLD were 
administrated for 8 weeks. For liver injury, the muti-probiotics 
reduced fatty liver index (FLI) and the level of serum alanine 
aminotransferase (AST) and GGT, but not liver stiffness (LS). For 
chronic systemic inflammatory, only TNF-α and IL-6 levels 
decreased significantly in the probiotic group. However, for lipid 
profiles, only TC was significantly reduced after probiotic 
treatment comparing mean changes from baseline. This study also 
mentioned that mono-probiotic strains did not prevent 
NAFLD. Therefore, the research confirmed the benefits of 
probiotics in improving liver enzymes and lipid profile in patients 
with NAFLD, whereas inflammation was not improved (85, 86). 
For obese patients with NAFLD, probiotics reduced ALT, AST, 
cholesterol, LDL-C, TG, and waist circumference but not BMI (79, 
87). For adult NASH, probiotic mixture was showed to have no 
effect on BMI, lipid and glucose profile and atherogenic 
indexes (88).

The effect of probiotics on immune was assessed by Nor et al. They 
found that multi-strain probiotics (MCP® BCMC® strains), containing 
six different Lactobacillus and Bifidobacterium species, did not affect 
CD4+ or CD8 + T lymphocytes. The strains did neither influence 
steatosis, fibrosis, inflammation scores, ALT, TC, TG, and fasting 
glucose in NAFLD patients. The only positive result was that the 
strains stabilized the mucosal immune function in gut 
microenvironment and protected NAFLD patients against increased 
intestinal permeability (89). Only several studies were referred to the 
effect of probiotics on gut dysbiosis, which showed the gut microbiota 
and permeability tended toward a normal pattern after the treatment 
of probiotics (77, 80, 82, 89).

In the past 10 years, the clinical trials on probiotic treatment 
for NAFLD have been improved, however, the effects and 
beneficial roles are still in dispute. In the trials above, it is not 
difficult to find the contradictions, which may be interpreted by 
different study designs, the dosage of probiotic, types and duration 
of supplements, subjects under investigation and so on. In 
summary, probiotics may be beneficial to reduce transferase and 
partly lipid profiles only in the early stage of NAFLD. Long-term 

studies can provide a higher level of evidence, and whether 
probiotics can prevent NAFLD progression to liver fibrosis remain 
to be further explored.

4. Challenges and prospect

Recently, probiotics treatment has been a hot topic for 
metabolic diseases. Although abundant animal experiments have 
confirmed the beneficial effects of probiotics on NAFLD and the 
partial mechanism in this process, the clinical application is still 
conducted by evidence from clinical trials. Currently, there are 
huge challenges of probiotics treatment for NAFLD: (1) The 
selection of probiotics is difficult due to the diversity of probiotics 
strains. The differences of effects may be contributed by different 
strains. Current studies showed that muti-strains were more 
effective single strain. (2) Patients with early-stage NAFLD have 
been improved with decreased transferase after probiotics 
management. However, whether probiotics prevent the progression 
to liver fibrosis is unclear. (3) The duration of study and dosage of 
probiotics both influence the results of efficacy. Nevertheless, 
probiotics treatment is considered as the promising therapeutic 
strategy and hoped to be the effective, substantial, and common 
managements for NAFLD patients.

Author contributions

CC wrote the manuscript. MS and XW proofread the manuscript. 
YY supervised the work and provided financial support. RZ designed 
the work and provided financial support. All authors contributed to 
the article and approved the submitted version.

Funding

This work was supported by the National Natural Science 
Foundation of China (grant numbers 81974087, 81974086, 
and 82170701).

Conflict of interest

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

Publisher’s note

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

https://doi.org/10.3389/fnut.2023.1155306
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Cao et al. 10.3389/fnut.2023.1155306

Frontiers in Nutrition 07 frontiersin.org

References
 1. Lonardo A, Byrne CD, Caldwell SH, Cortez-Pinto H, Targher G, Wymer M. Global 

epidemiology of nonalcoholic fatty liver disease: meta-analytic assessment of prevalence, 
incidence, and outcomes. Hepatology. (2016) 64:1388–9. doi: 10.1002/hep.28431

 2. Wiest R, Albillos A, Trauner M, Bajaj JS, Jalan R. Targeting the gut-liver axis in liver 
disease. Hepatology. (2017) 67:1084–103. doi: 10.1016/j.jhep.2017.05.007

 3. Zhou J, Zhou F, Wang W, Zhang XJ, Ji YX, Zhang P, et al. Epidemiological features 
of NAFLD from 1999 to 2018 in China. Hepatology. (2020) 71:1851–64. doi: 10.1002/
hep.31150

 4. Wong WK, Chan WK. Nonalcoholic fatty liver disease: a global perspective. Clin 
Ther. (2021) 43:473–99. doi: 10.1016/j.clinthera.2021.01.007

 5. Nascimbeni F, Pais R, Bellentani S, Day CP, Ratziu V, Loria P, et al. From NAFLD 
in clinical practice to answers from guidelines. J Hepatol. (2013) 59:859–71. doi: 
10.1016/j.jhep.2013.05.044

 6. Angulo P. Nonalcoholic fatty liver disease. N Engl J Med. (2002) 346:1221–31. doi: 
10.1056/NEJMra011775

 7. Byrne CD. Fatty liver: role of inflammation and fatty acid nutrition. Prostaglandins 
Leukot Essent Fatty Acids. (2010) 82:265–71. doi: 10.1016/j.plefa.2010.02.012

 8. Calzadilla Bertot L, Adams LA. The natural course of non-alcoholic fatty liver 
disease. Int J Mol Sci. (2016) 17:17. doi: 10.3390/ijms17050774

 9. Younossi Z, Anstee QM, Marietti M, Hardy T, Henry L, Eslam M, et al. Global 
burden of NAFLD and NASH: trends, predictions, risk factors and prevention. Nat Rev 
Gastroenterol Hepatol. (2018) 15:11–20. doi: 10.1038/nrgastro.2017.109

 10. Romero-Gomez M, Zelber-Sagis S, Trenell M. Treatment of NAFLD with diet, 
physical activity and exercise. J Hepatol. (2017) 67:829–46. doi: 10.1016/j.
jhep.2017.05.016

 11. Nassir F. NAFLD: mechanisms, treatments, and biomarkers. Biomol Ther. (2022) 
12:824. doi: 10.3390/biom12060824

 12. Mykhalchyshyn G, Kobyliak N, Bodnar P. Diagnostic accuracy of acylghrelin and 
it association with non-alcoholic fatty liver disease in type 2 diabetic patients. J Diabetes 
Metab Disord. (2015) 14:44. doi: 10.1186/s40200-015-0170-1

 13. Tarantino G, Crocetto F, di Vito C, Creta M, Martino R, Pandolfo SD, et al. 
Association of NAFLD and insulin resistance with non metastatic bladder cancer 
patients: a cross-sectional retrospective study. J Clin Med. (2021) 10:346. doi: 10.3390/
jcm10020346

 14. Takaki A, Kawai D, Yamamoto K. Multiple hits, including oxidative stress, as 
pathogenesis and treatment target in non-alcoholic steatohepatitis (NASH). Int J Mol 
Sci. (2013) 14:20704–28. doi: 10.3390/ijms141020704

 15. Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver disease: 
the multiple parallel hits hypothesis. Hepatology. (2010) 52:1836–46. doi: 10.1002/
hep.24001

 16. Hammoutene A, Rautou PE. Role of liver sinusoidal endothelial cells in non-
alcoholic fatty liver disease. J Hepatol. (2019) 70:1278–91. doi: 10.1016/j.jhep.2019.02.012

 17. Cobbina E, Akhlaghi F. Non-alcoholic fatty liver disease (NAFLD)- pathogenesis, 
classification, and effect on drug metabolizing enzymes and transporters. Drug Metab 
Rev. (2017) 49:197–211. doi: 10.1080/03602532.2017.1293683

 18. Pawlak M, Lefebvre P, Staels B. Molecular mechanism of PPARα action and its 
impact on lipid metabolism, inflammation and fibrosis in non-alcoholic fatty liver 
disease. J Hepatol. (2015) 62:720–33. doi: 10.1016/j.jhep.2014.10.039

 19. Saadati S, Sadeghi A, Mansour A, Yari Z, Poustchi H, Hedayati M, et al. Curcumin 
and inflammation in non-alcoholic fatty liver disease: a randomized, placebo controlled 
clinical trial. BMC Gastroenterol. (2019) 19:133. doi: 10.1186/s12876-019-1055-4

 20. Farzanegi P, Dana A, Ebrahimpoor Z, Asadi M, Azarbayjani MA. Mechanisms of 
beneficial effects of exercise training on non-alcoholic fatty liver disease (NAFLD): roles 
of oxidative stress and inflammation. Eur J Sport Sci. (2019) 19:994–1003. doi: 
10.1080/17461391.2019.1571114

 21. Rives C, Fougerat A, Ellero-Simatos S, Loiseau N, Guillou H, Gamet-Payrastre L. 
Oxidative stress in NAFLD: role of nutrients and food contaminants. Biomol Ther. 
(2020) 10:1702. doi: 10.3390/biom10121702

 22. Hong T, Chen Y, Li X, Lu Y. The role and mechanism of oxidative stress and 
nuclear receptors in the development of NAFLD. Oxidative Med Cell Longev. (2021) 
2021:6889533. doi: 10.1155/2021/6889533

 23. Alves-Bezerra M, Cohen DE. Triglyceride metabolism in the liver. Compr Physiol. 
(2017) 8:1–8. doi: 10.1002/cphy.c170012

 24. Fujita K, Nozaki Y, Wada K, Yoneda M, Fujimoto Y, Fujitake M, et al. Dysfunctional 
very-low-density lipoprotein synthesis and release is a key factor in nonalcoholic 
steatohepatitis pathogenesis. Hepatology. (2009) 50:772–80. doi: 10.1002/hep.23094

 25. Nassir F, Ibdah JA. Role of mitochondria in nonalcoholic fatty liver disease. Int J 
Mol Sci. (2014) 15:8713–42. doi: 10.3390/ijms15058713

 26. Koliaki C, Szendroedi J, Kaul K, Jelenik T, Nowotny P, Jankowiak F, et al. 
Adaptation of hepatic mitochondrial function in humans with non-alcoholic fatty liver 
is lost in steatohepatitis. Cell Metab. (2015) 21:739–46. doi: 10.1016/j.cmet.2015.04.004

 27. Semmler G, Datz C, Reiberger T, Trauner M. Diet and exercise in NAFLD/NASH: 
beyond the obvious. Liver Int. (2021) 41:2249–68. doi: 10.1111/liv.15024

 28. Tarantino G, Balsano C, Santini SJ, Brienza G, Clemente I, Cosimini B, et al. It is 
high time physicians thought of natural products for alleviating NAFLD. Is there 
sufficient evidence to use them? Int J Mol Sci. (2021) 22:13424. doi: 10.3390/
ijms222413424

 29. Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi K, Rinella M, et al. The 
diagnosis and management of nonalcoholic fatty liver disease: practice guidance from 
the American Association for the Study of Liver Diseases. Hepatology. (2018) 67:328–57. 
doi: 10.1002/hep.29367

 30. Younossi ZM, Ratziu V, Loomba R, Rinella M, Anstee QM, Goodman Z, et al. 
Obeticholic acid for the treatment of non-alcoholic steatohepatitis interim analysis from 
a multicentre, randomised, placebo-controlled phase 3 trial. Lancet. (2019) 394:2184–96. 
doi: 10.1016/S0140-6736(19)33041-7

 31. Harrison SA, Bashir M, Moussa SE, McCarty K, Pablo Frias J, Taub R, et al. Effects 
of resmetiromon noninvasive endpoints in a 36-week phase 2 active treatment extension 
study in patients with NASH. Hepatol Commun. (2021) 5:573–88. doi: 10.1002/
hep4.1657

 32. Ratziu V, de Guevara L, Safadi R, Poordad F, Fuster F, Flores-Figueroa J, et al. 
Aramchol in patients with nonalcoholic steatohepatitis: a randomized, double-blind, 
placebo-controlled phase 2b trial. Nat Med. (2021) 27:1825–35. doi: 10.1038/
s41591-021-01495-3

 33. Chen J, Vitetta L. Gut microbiota metabolites in NAFLD pathogenesis and 
therapeutic implications. Int J Mol Sci. (2020) 21:5214. doi: 10.3390/ijms21155214

 34. Aron-Wisnewsky J, Vigliotti C, Witjes J, le P, Holleboom AG, Verheij J, et al. Gut 
microbiota and human NAFLD: disentangling microbial signatures from metabolic 
disorders. Nat Rev Gastroenterol Hepatol. (2020) 17:279–97. doi: 10.1038/
s41575-020-0269-9

 35. Ji Y, Yin Y, Li Z, Zhang W. Gut microbiota-derived components and metabolites 
in the progression of non-alcoholic fatty liver disease (NAFLD). Nutrients. (2019) 
11:1712. doi: 10.3390/nu11081712

 36. Canfora EE, Meex RCR, Venema K, Blaak EE. Gut microbial metabolites in 
obesity, NAFLD and T2DM. Nat Rev Endocrinol. (2019) 15:261–73. doi: 10.1038/
s41574-019-0156-z

 37. Newberry SJ, Newberry SJ, Maher AR, Wang Z, Miles JN, Shanman R, et al. Probiotics 
for the prevention and treatment of antibiotic-associated diarrhea: a systematic review and 
meta-analysis. JAMA. (2012) 307:1959–69. doi: 10.1001/jama.2012.3507

 38. Mantegazza C, Molinari P, D'Auria E, Sonnino M, Morelli L, Zuccotti GV. 
Probiotics and antibiotic-associated diarrhea in children: a review and new evidence on 
Lactobacillus rhamnosus GG during and after antibiotic treatment. Pharmacol Res. 
(2018) 128:63–72. doi: 10.1016/j.phrs.2017.08.001

 39. Liu X, Zhang Y, Chu J, Zheng J, Cheng X, Li X, et al. Effect of probiotics on the 
nutritional status of severe stroke patients with nasal feeding that receive enteral 
nutrition: a protocol for systematic review and meta-analysis of randomized controlled 
trials. Medicine (Baltimore). (2021) 100:e25657. doi: 10.1097/MD.0000000000025657

 40. Pan Y, Yang L, Dai B, Lin B, Lin S, Lin E. Effects of probiotics on malnutrition and 
health-related quality of life in patients undergoing peritoneal dialysis: a randomized 
controlled trial. J Ren Nutr. (2021) 31:199–205. doi: 10.1053/j.jrn.2020.04.008

 41. Glassner KL, Abraham BP, Quigley EMM. The microbiome and inflammatory 
bowel disease. J Allergy Clin Immunol. (2020) 145:16–27. doi: 10.1016/j.jaci.2019.11.003

 42. Tarasiuk A, Eibl G. Nutritional support and probiotics as a potential treatment of 
IBD. Curr Drug Targets. (2020) 21:1417–27. doi: 10.2174/138945012166620050407551
9

 43. Pereira L, Monteiro R. Tailoring gut microbiota with a combination of vitamin K 
and probiotics as a possible adjuvant in the treatment of rheumatic arthritis: a systematic 
review. Clin Nutr ESPEN. (2022) 51:37–49. doi: 10.1016/j.clnesp.2022.08.002

 44. Sanchez P, Letarouilly J, Nguyen Y, Sigaux J, Barnetche T, Czernichow S, et al. 
Efficacy of probiotics in rheumatoid arthritis and spondyloarthritis: a systematic review 
and meta-analysis of randomized controlled trials. Nutrients. (2022) 14:354. doi: 
10.3390/nu14020354

 45. Salgaço MK, Oliveira LGS, Costa GN, Bianchi F, Sivieri K. Relationship between 
gut microbiota, probiotics, and type 2 diabetes mellitus. Appl Microbiol Biotechnol. 
(2019) 103:9229–38. doi: 10.1007/s00253-019-10156-y

 46. Kim YA, Keogh JB, Clifton PM. Probiotics, prebiotics, synbiotics and insulin 
sensitivity. Nutr Res Rev. (2018) 31:35–51. doi: 10.1017/S095442241700018X

 47. Zhu H, Cao C, Wu Z, Zhang H, Sun Z, Wang M, et al. The probiotic L. casei Zhang 
slows the progression of acute and chronic kidney disease. Cell Metab. (2021) 
33:1926–1942.e8. doi: 10.1016/j.cmet.2021.06.014

 48. Li H, Xu M, Xu X, Tang Y, Jiang H, Li L, et al. Faecalibacterium prausnitzii 
attenuates CKD via butyrate-renal GPR43 axis. Circ Res. (2022) 131:e120–34. doi: 
10.1161/CIRCRESAHA.122.320184

 49. Arellano-García L, Portillo MP, Martínez JA, Milton-Laskibar I. Usefulness of 
probiotics in the management of NAFLD: evidence and involved mechanisms of action 

https://doi.org/10.3389/fnut.2023.1155306
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1002/hep.28431
https://doi.org/10.1016/j.jhep.2017.05.007
https://doi.org/10.1002/hep.31150
https://doi.org/10.1002/hep.31150
https://doi.org/10.1016/j.clinthera.2021.01.007
https://doi.org/10.1016/j.jhep.2013.05.044
https://doi.org/10.1056/NEJMra011775
https://doi.org/10.1016/j.plefa.2010.02.012
https://doi.org/10.3390/ijms17050774
https://doi.org/10.1038/nrgastro.2017.109
https://doi.org/10.1016/j.jhep.2017.05.016
https://doi.org/10.1016/j.jhep.2017.05.016
https://doi.org/10.3390/biom12060824
https://doi.org/10.1186/s40200-015-0170-1
https://doi.org/10.3390/jcm10020346
https://doi.org/10.3390/jcm10020346
https://doi.org/10.3390/ijms141020704
https://doi.org/10.1002/hep.24001
https://doi.org/10.1002/hep.24001
https://doi.org/10.1016/j.jhep.2019.02.012
https://doi.org/10.1080/03602532.2017.1293683
https://doi.org/10.1016/j.jhep.2014.10.039
https://doi.org/10.1186/s12876-019-1055-4
https://doi.org/10.1080/17461391.2019.1571114
https://doi.org/10.3390/biom10121702
https://doi.org/10.1155/2021/6889533
https://doi.org/10.1002/cphy.c170012
https://doi.org/10.1002/hep.23094
https://doi.org/10.3390/ijms15058713
https://doi.org/10.1016/j.cmet.2015.04.004
https://doi.org/10.1111/liv.15024
https://doi.org/10.3390/ijms222413424
https://doi.org/10.3390/ijms222413424
https://doi.org/10.1002/hep.29367
https://doi.org/10.1016/S0140-6736(19)33041-7
https://doi.org/10.1002/hep4.1657
https://doi.org/10.1002/hep4.1657
https://doi.org/10.1038/s41591-021-01495-3
https://doi.org/10.1038/s41591-021-01495-3
https://doi.org/10.3390/ijms21155214
https://doi.org/10.1038/s41575-020-0269-9
https://doi.org/10.1038/s41575-020-0269-9
https://doi.org/10.3390/nu11081712
https://doi.org/10.1038/s41574-019-0156-z
https://doi.org/10.1038/s41574-019-0156-z
https://doi.org/10.1001/jama.2012.3507
https://doi.org/10.1016/j.phrs.2017.08.001
https://doi.org/10.1097/MD.0000000000025657
https://doi.org/10.1053/j.jrn.2020.04.008
https://doi.org/10.1016/j.jaci.2019.11.003
https://doi.org/10.2174/1389450121666200504075519
https://doi.org/10.2174/1389450121666200504075519
https://doi.org/10.1016/j.clnesp.2022.08.002
https://doi.org/10.3390/nu14020354
https://doi.org/10.1007/s00253-019-10156-y
https://doi.org/10.1017/S095442241700018X
https://doi.org/10.1016/j.cmet.2021.06.014
https://doi.org/10.1161/CIRCRESAHA.122.320184


Cao et al. 10.3389/fnut.2023.1155306

Frontiers in Nutrition 08 frontiersin.org

from preclinical and human models. Int J Mol Sci. (2022) 23:3167. doi: 10.3390/
ijms23063167

 50. Carpi RZ, Barbalho SM, Sloan KP, Laurindo LF, Gonzaga HF, Grippa PC, et al. The 
effects of probiotics, prebiotics and synbiotics in non-alcoholic fat liver disease (NAFLD) 
and non-alcoholic steatohepatitis (NASH): a systematic review. Int J Mol Sci. (2022) 
23:8805. doi: 10.3390/ijms23158805

 51. Kim S, Guevarra RB, Kim Y, Kwon J, Kim H, Cho JH, et al. Role of probiotics in 
human gut microbiome-associated diseases. J Microbiol Biotechnol. (2019) 29:1335–40. 
doi: 10.4014/jmb.1906.06064

 52. Rodríguez-Pastén A, Fernández-Martínez E, Pérez-Hernández N, Soria-Jasso LE, 
Cariño-Cortés R. Prebiotics and probiotics: effects on dyslipidemia and NAFLD/NASH 
and the associated mechanisms of action. Curr Pharm Biotechnol. (2022) 24:633–46. doi: 
10.2174/1389201023666220818145350

 53. Dai Y, Quan J, Xiong L, Luo Y, Yi B. Probiotics improve renal function, glucose, 
lipids, inflammation and oxidative stress in diabetic kidney disease: a systematic review 
and meta-analysis. Ren Fail. (2022) 44:862–80. doi: 10.1080/0886022X.2022.2079522

 54. Liu Q, Yu Z, Tian F, Zhao J, Zhang H, Zhai Q, et al. Surface components and 
metabolites of probiotics for regulation of intestinal epithelial barrier. Microb Cell 
Factories. (2020) 19:23. doi: 10.1186/s12934-020-1289-4

 55. Torres S, Fabersani E, Marquez A, Gauffin-Cano P. Adipose tissue inflammation 
and metabolic syndrome. The proactive role of probiotics. Eur J Nutr. (2019) 58:27–43. 
doi: 10.1007/s00394-018-1790-2

 56. Den H, Dong X, Chen M, Zou Z. Efficacy of probiotics on cognition, and 
biomarkers of inflammation and oxidative stress in adults with Alzheimer's disease or 
mild cognitive impairment-a meta-analysis of randomized controlled trials. Aging 
(Albany NY). (2020) 12:4010–39. doi: 10.18632/aging.102810

 57. Safari Z, Gérard P. The links between the gut microbiome and non-alcoholic fatty 
liver disease (NAFLD). Cell Mol Life Sc. (2019) 76:1541–58. doi: 10.1007/
s00018-019-03011-w

 58. Hoyles L, Fernández-Real JM, Federici M, Serino M, Abbott J, Charpentier J, et al. 
Molecular phenomics and metagenomics of hepatic steatosis in non-diabetic obese 
women. Nat Med. (2018) 24:1070–80. doi: 10.1038/s41591-018-0061-3

 59. Shen F, Zheng RD, Sun XQ, Ding WJ, Wang XY, Fan JG. Gut microbiota dysbiosis 
in patients with non-alcoholic fatty liver disease. Hepatobiliary Pancreat Dis Int. (2017) 
16:375–81. doi: 10.1016/S1499-3872(17)60019-5

 60. Wang B, Jiang X, Cao M, Ge J, Bao Q, Tang L, et al. Altered fecal microbiota 
correlates with liver biochemistry in nonobese patients with non-alcoholic fatty liver 
disease. Sci Rep. (2016) 6:32002. doi: 10.1038/srep32002

 61. Del Chierico F, Nobili V, Vernocchi P, Russo A, De Stefanis C, Gnani D, et al. Gut 
microbiota profiling of pediatric nonalcoholic fatty liver disease and obese patients 
unveiled by an integrated meta-omics-based approach. Hepatology. (2017) 65:451–64. 
doi: 10.1002/hep.28572

 62. Loomba R, Seguritan V, Li W, Long T, Klitgord N, Bhatt A, et al. Gut microbiome 
based metagenomic signature for non-invasive detection of advanced fibrosis in human 
nonalcoholic fatty liver disease. Cell Metab. (2017) 25:1054–1062.e5. doi: 10.1016/j.
cmet.2017.04.001

 63. Chen Y, Yang F, Lu H, Wang B, Chen Y, Lei D, et al. Characterization of fecal 
microbial communities in patients with liver cirrhosis. Hepatology. (2011) 54:562–72. 
doi: 10.1002/hep.24423

 64. Raman M, Ahmed I, Gillevet PM, Probert CS, Ratcliffe NM, Smith S, et al. Fecal 
microbiome and volatile organic compound metabolome in obese humans with 
nonalcoholic fatty liver disease. Clin Gastroenterol Hepatol. (2013) 11:868–875.e3. doi: 
10.1016/j.cgh.2013.02.015

 65. Zhu L, Baker SS, Gill C, Liu W, Alkhouri R, Baker RD, et al. Characterization of 
gut microbiomes in nonalcoholic steatohepatitis (NASH) patients: a connection between 
endogenous alcohol and NASH. Hepatology. (2013) 57:601–9. doi: 10.1002/hep.26093

 66. Boursier J, Mueller O, Barret M, Machado M, Fizanne L, Araujo-Perez F, et al. The 
severity of nonalcoholic fatty liver disease is associated with gut dysbiosis and shift in 
the metabolic function of the gut microbiota. Hepatology. (2016) 63:764–75. doi: 
10.1002/hep.28356

 67. Rau M, Rehman A, Dittrich M, Groen AK, Hermanns HM, Seyfried F. Fecal 
SCFAs and SCFA-producing bacteria in gut microbiome of human NAFLD as a putative 
link to systemic T-cell activation and advanced disease. United European Gastroenterol 
J. (2018) 6:1496–507. doi: 10.1177/2050640618804444

 68. Tilg H, Adolph TE, Trauner M. Gut-liver axis: pathophysiological concepts and 
clinical implications. Cell Metab. (2022) 34:1700–18. doi: 10.1016/j.cmet.2022.09.017

 69. Mouries J, Brescia P, Silvestri A, Spadoni I, Sorribas M, Wiest R, et al. Microbiota-
driven gut vascular barrier disruption is a prerequisite for non-alcoholic steatohepatitis 
development. J Hepatol. (2019) 71:1216–28. doi: 10.1016/j.jhep.2019.08.005

 70. Camilleri M. Leaky gut mechanisms, measurement and clinical implications in 
humans. Gut. (2019) 68:1516–26. doi: 10.1136/gutjnl-2019-318427

 71. Kazankov K, Jørgensen SMD, Thomsen KL, Møller HJ, Vilstrup H, George J, et al. 
The role of macrophages in nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. 
Nat Rev Gastroenterol Hepatol. (2019) 16:145–59. doi: 10.1038/s41575-018-0082-x

 72. Pérez MM, Martins LMS, Dias MS, Pereira CA, Leite JA, Gonçalves ECS, et al. 
Interleukin-17/interleukin-17 receptor axis elicits intestinal neutrophil migration, 
restrains gut dysbiosis and lipopolysaccharide translocation in high-fat diet-induced 
metabolic syndrome model. Immunology. (2019) 156:339–55. doi: 10.1111/imm.13028

 73. Hong C, Park A, Yang B, Yun CH, Kwak M, Lee G, et al. Gut-specific delivery of 
T-helper 17 cells reduces obesity and insulin resistance in mice. Gastroenterology. (2017) 
152:1998–2010. doi: 10.1053/j.gastro.2017.02.016

 74. Velayudham A, Dolganiuc A, Ellis M, Petrasek J, Kodys K, Mandrekar P, et al. 
VSL#3 probiotic treatment attenuates fibrosis without changes in steatohepatitis in a 
diet-induced nonalcoholic steatohepatitis model in mice. Hepatology. (2009) 49:989–97. 
doi: 10.1002/hep.22711

 75. Kobyliak N, Falalyeyeva T, Beregova T, Spivak M. Probiotics for experimental 
obesity prevention: focus on strain dependence and viability of composition. Endokrynol 
Pol. (2017) 68:659–67. doi: 10.5603/EP.a2017.0055

 76. Alisi A, Bedogni G, Baviera G, Giorgio V, Porro E, Paris C, et al. Randomised 
clinical trial: the beneficial effects of VSL#3  in obese children with non-alcoholic 
steatohepatitis. Aliment Pharmacol Ther. (2014) 39:1276–85. doi: 10.1111/apt.12758

 77. Cai GS, Su H, Zhang J. Protective effect of probiotics in patients with non-alcoholic 
fatty liver disease. Medicine (Baltimore). (2020) 99:e21464. doi: 10.1097/
MD.0000000000021464

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

 79. Famouri F, Shariat Z, Hashemipour M, Keikha M, Kelishadi R. Effects of probiotics 
on nonalcoholic fatty liver disease in obese children and adolescents. J Pediatr 
Gastroenterol Nutr. (2017) 64:413–7. doi: 10.1097/MPG.0000000000001422

 80. Wang W, Shi LP, Shi L, Xu L. Efficacy of probiotics on the treatment of non-
alcoholic fatty liver disease. Zhonghua Nei Ke Za Zhi. (2018) 57:101–6. doi: 10.3760/cm
a.j.issn.0578-1426.2018.02.004

 81. Wong VW, Won GL, Chim AM, Chu WC, Yeung DK, Li KC, et al. Treatment of 
nonalcoholic steatohepatitis with probiotics. A proof-of-concept study. Ann Hepatol. 
(2013) 12:256–62. doi: 10.1016/S1665-2681(19)31364-X

 82. Manzhalii E, Virchenko O, Falalyeyeva T, Beregova T, Stremmel W. Treatment 
efficacy of a probiotic preparation for non-alcoholic steatohepatitis: a pilot trial. J Dig 
Dis. (2017) 18:698–703. doi: 10.1111/1751-2980.12561

 83. Aller R, De Luis DA, Izaola O, Conde R, Gonzalez Sagrado M, Primo D, et al. 
Effect of a probiotic on liver aminotransferases in nonalcoholic fatty liver disease 
patients: a double blind randomized clinical trial. Eur Rev Med Pharmacol Sci. (2011) 
15:1090–5.

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

 85. Kobyliak N, Abenavoli L, Mykhalchyshyn G, Kononenko L, Boccuto L, Kyriienko 
D, et al. A multi-strain probiotic reduces the fatty liver index, cytokines and 
aminotransferase levels in NAFLD patients: evidence from a randomized clinical trial. 
J Gastrointestin Liver Dis. (2018) 27:41–9. doi: 10.15403/jgld.2014.1121.271.kby

 86. 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 randomized clinical trial. 
J Am Coll Nutr. (2016) 35:500–5. doi: 10.1080/07315724.2015.1031355

 87. Ahn SB, Jun DW, Kang BK, Lim JH, Lim S, Chung MJ. Randomized, double-blind, 
placebo-controlled study of a multispecies probiotic mixture in nonalcoholic fatty liver 
disease. Sci Rep. (2019) 9:5688. doi: 10.1038/s41598-019-42059-3

 88. Barcelos STA, Silva-Sperb AS, Moraes HA, Longo L, de Moura BC, Michalczuk 
MT, et al. Oral 24-week probiotics supplementation did not decrease cardiovascular risk 
markers in patients with biopsy proven NASH: a double-blind placebo-controlled 
randomized study. Ann Hepatol. (2023) 28:100769. doi: 10.1016/j.aohep.2022. 
100769

 89. Nor MHM, Ayob N, Mokhtar NM, Ali RAR, Tan GC, Wong Z, et al. The effect of 
probiotics (MCP® BCMC® strains) on hepatic steatosis, small intestinal mucosal 
immune function, and intestinal barrier in patients with non-alcoholic fatty liver 
disease. Nutrients. (2021) 13:3192. doi: 10.3390/nu13093192

https://doi.org/10.3389/fnut.2023.1155306
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3390/ijms23063167
https://doi.org/10.3390/ijms23063167
https://doi.org/10.3390/ijms23158805
https://doi.org/10.4014/jmb.1906.06064
https://doi.org/10.2174/1389201023666220818145350
https://doi.org/10.1080/0886022X.2022.2079522
https://doi.org/10.1186/s12934-020-1289-4
https://doi.org/10.1007/s00394-018-1790-2
https://doi.org/10.18632/aging.102810
https://doi.org/10.1007/s00018-019-03011-w
https://doi.org/10.1007/s00018-019-03011-w
https://doi.org/10.1038/s41591-018-0061-3
https://doi.org/10.1016/S1499-3872(17)60019-5
https://doi.org/10.1038/srep32002
https://doi.org/10.1002/hep.28572
https://doi.org/10.1016/j.cmet.2017.04.001
https://doi.org/10.1016/j.cmet.2017.04.001
https://doi.org/10.1002/hep.24423
https://doi.org/10.1016/j.cgh.2013.02.015
https://doi.org/10.1002/hep.26093
https://doi.org/10.1002/hep.28356
https://doi.org/10.1177/2050640618804444
https://doi.org/10.1016/j.cmet.2022.09.017
https://doi.org/10.1016/j.jhep.2019.08.005
https://doi.org/10.1136/gutjnl-2019-318427
https://doi.org/10.1038/s41575-018-0082-x
https://doi.org/10.1111/imm.13028
https://doi.org/10.1053/j.gastro.2017.02.016
https://doi.org/10.1002/hep.22711
https://doi.org/10.5603/EP.a2017.0055
https://doi.org/10.1111/apt.12758
https://doi.org/10.1097/MD.0000000000021464
https://doi.org/10.1097/MD.0000000000021464
https://doi.org/10.1111/1750-3841.15367
https://doi.org/10.1097/MPG.0000000000001422
https://doi.org/10.3760/cma.j.issn.0578-1426.2018.02.004
https://doi.org/10.3760/cma.j.issn.0578-1426.2018.02.004
https://doi.org/10.1016/S1665-2681(19)31364-X
https://doi.org/10.1111/1751-2980.12561
https://doi.org/10.1186/s12876-021-01660-5
https://doi.org/10.15403/jgld.2014.1121.271.kby
https://doi.org/10.1080/07315724.2015.1031355
https://doi.org/10.1038/s41598-019-42059-3
https://doi.org/10.1016/j.aohep.2022.100769
https://doi.org/10.1016/j.aohep.2022.100769
https://doi.org/10.3390/nu13093192

	Effects of probiotics on non-alcoholic fatty liver disease: a review of human clinical trials
	1. Introduction
	2. The role of “gut-liver axis” on NAFLD
	2.1. Gut dysbiosis in patients with NAFLD
	2.2. The mechanism based on “gut-liver axis” for pathogenesis of NAFLD

	3. Effects of probiotics on NAFLD in clinical trials
	4. Challenges and prospect
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

