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Prebiotic and probiotic treatment of nonalcoholic fatty liver
disease: a systematic review and meta-analysis

Brett R. Loman, Diego Hern�andez-Saavedra, Ruopeng An, and R. Scott Rector

Context: Nonalcoholic fatty liver disease (NAFLD) is a highly prevalent and underdiag-

nosed comorbidity of many chronic diseases that is associated with altered intestinal bac-

terial communities. This association has prompted research into alternative treatments

aimed at modulating intestinal microbiota. Given the novelty of these treatments, scarce

evidence regarding their effectiveness in clinical populations exists. Objective: This

meta-analysis sought to systemically review and quantitatively synthesize evidence on

prebiotic, probiotic, and synbiotic therapies for patients with NAFLD in randomized con-

trolled trials. Data sources: PRISMA guidelines ensured transparent reporting of evi-

dence. PICOS criteria defined the research question for the systematic review. A

systematic keyword search in PubMed and EMBASE identified 25 studies: 9 assessed pre-

biotic, 11 assessed probiotic, and 7 assessed symbiotic therapies for a total of 1309

patients. Data extraction: Basic population characteristics, the primary variables of as-

partate aminotransferase (AST) and alanine aminotransferase (ALT) (utilized for NAFLD

diagnosis), and the secondary variables of body mass index (BMI), gamma-glutamyl

transferase (c-GT), tumor necrosis factor alpha (TNF-a), C-reactive protein (CRP), total

cholesterol, high-density lipoprotein cholesterol (HDL-c), low-density lipoprotein choles-

terol (LDL-c), and triglyceridges (TAG) were extracted. Pooled effect sizes of these variables

were calculated by meta-analysis. No publication bias was identified using Begg’s and

Egger’s tests or Cochrane bias assessment tool. Results: Meta-analysis indicated that mi-

crobial therapies significantly reduced BMI (�0.37 kg/m2; 95% confidence interval [CI],

�0.46 to �0.28; P< 0.001), hepatic enzymes (ALT, �6.9 U/L [95%CI, �9.4 to �4.3];

AST, �4.6 U/L [95%CI, �6.6 to �2.7]; c-GT, �7.9 U/L [95%CI, �11.4 to �4.4];

P< 0.001), serum cholesterol (�10.1mg/dL 95%CI, �13.6 to �6.6; P< 0.001), LDL-c

(�4.5mg/dL; 95%CI, �8.9 to �0.17; P< 0.001), and TAG (�10.1mg/dL; 95%CI, �18.0

to �2.3; P< 0.001), but not inflammation (TNF-a, �2.0 ng/mL; [95%CI, �4.7 to 0.61];

CRP, �0.74mg/L [95%CI, �1.9 to 0.37]). Subgroup analysis by treatment category indi-

cated similar effects of prebiotics and probiotics on BMI and liver enzymes but not total

cholesterol, HDL-c, and LDL-c. Conclusion: This meta-analysis supports the potential

use of microbial therapies in the treatment of NAFLD and sheds light on their potential

mode of action. Further research into these treatments should consider the limitations

of biomarkers currently used for the diagnosis and progression of NAFLD, in addition

to the inherent challenges of personalized microbial-based therapies.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most

prevalent chronic liver disease, the second leading cause

of liver transplantation, and a common comorbidity in

patients with obesity, diabetes, and dyslipidemia.1

Nonalcoholic fatty liver disease is characterized by ex-

cessive fat accumulation in the liver that promotes a

chronic oxidative state and a proinflammatory environ-

ment, which can ultimately lead to liver failure.

Nutritional, environmental, and genetic factors are

known to contribute to the etiology of NAFLD, al-

though these factors are not often integrated into the di-

agnosis, treatment, and monitoring of the disease.2–4

Serum concentrations of hepatic liver enzymes, as-

partate aminotransferase (AST) and alanine amino-

transferase (ALT), are the clinical biomarkers of liver

pathology, and abdominal ultrasound and liver biopsy

are used for confirmation of NAFLD status.5 Although

elevated circulating levels of these enzymes often indi-

cate hepatocellular inflammation or damage, the specif-

icity and sensitivity of such markers present limitations

for accurate clinical diagnosis.6 Nevertheless, current

intervention strategies that aim to improve NAFLD

monitor circulating levels of AST and ALT to assess

treatment effectiveness and progression.

Healthy lifestyle1,7–10 and pharmacological inter-

vention strategies11–15 have been proposed to amelio-

rate and/or reverse NAFLD pathogenesis. The most

prominent among these strategies include supplementa-

tion of specific vitamins, weight reduction through diet

and exercise, and drug therapies that increase insulin

sensitivity and/or reduce inflammation.16

Recent investigations have explored the intestinal

microbiota and how its manipulation can impact initia-

tion, progression, and recession of the disease. This is

mostly related to the intricate connection between the

metabolites produced by intestinal microbes and the

nutrient- and toxin-processing functions of the liver.

Although changes in intestinal microbial composition

are most pronounced in late stages of NAFLD,17 animal

models18,19 and human studies20,21 demonstrate that

microbes can contribute to the development of the dis-

ease through multiple processes. Detrimentally,

microbes can enhance efflux of free fatty acids and de

novo lipogenesis in the liver, overcolonize the small in-

testine (small intestinal bacterial overgrowth), alter in-

testinal barrier function, promote inflammation, and

induce insulin resistance.22 These contributions are not,

however, readily apparent by simple characterization of

microbial abundances in the early stages of disease pro-

gression because there is substantial overlap of bacterial

populations among patients with NAFLD and healthy

individuals.23 Furthermore, comparison of relative

abundances of bacterial populations does not directly

demonstrate activity or metabolite production of the

taxa in question.24

Microbial therapies are treatments, including pre-

biotics and probiotics, that aim to manipulate the intes-

tinal microbiota. Prebiotics are nondigestible food

ingredients that promote growth of beneficial microor-

ganisms in the intestine, although this definition is con-

tinuously under debate25 and could arguably include

conveyance of health benefit(s) to the host. Probiotics

are live microorganisms that, when administered in ad-

equate amounts, confer a health benefit to the host.

Additionally, synbiotics are a combination of prebiotics

and probiotics, the use of which seeks to maximize the

effect of both prebiotics and probiotics. Several mecha-

nisms through which these treatments may positively

impact progression of NAFLD are considered herein.

Enhanced microbial production of short-chain fatty

acids, particularly butyrate, alter energy metabolism in

the intestine and systemically.26,27 Production of anti-

microbial compounds and acidification of the intestinal

lumen by probiotics may limit the proliferation of

pathogens.28 Finally, various microbial products have

been demonstrated to modulate host immune

responses.29

Previous systematic reviews have explored the po-

tential of various therapies in the treatment of NAFLD.

A review with meta-analysis by Younossi and col-

leagues30 investigated many current treatment options

for patients with NALFD, but no attention was paid to

microbial therapies. The authors concluded that more

targeted and personalized treatment options should be

explored. A systematic review by Tarantino and

Finelli31 focused primarily on aspects of obesity rather

than NAFLD, and no meta-analysis was conducted.

Finally, a review with meta-analysis by Ma and col-

leagues32 included only 4 probiotic intervention trials,

but reported a reduction in circulating hepatic amino-

transferases and tumor necrosis factor alpha (TNF-a)

with reduced insulin resistance following prebiotic

(short-chain fructooligosaccharides) and probiotic

(Lactobacillus bulgaricus, Streptococcus thermophiles,

Lactobacillus rhamnosus GG, Bifidobacterium longum)

supplementation. These reviews did not address via

meta-analysis the effects of prebiotics and synbiotics in

the treatment of NAFLD and did not include the nu-

merous probiotic trials that have been conducted more

recently. Furthermore, pertinent factors contributing to

NAFLD etiology, such as body mass index (BMI), se-

rum lipids, and systemic inflammation, also require at-

tention. Given these limitations in the existing

literature, the aim of this work was to conduct a
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systematic review and meta-analysis to assess the effi-

cacy of microbial therapies, including prebiotics, probi-

otics, and synbiotics, to provide evidence regarding the

prescription of these interventions to NAFLD patients.

The hypothesis was that all 3 microbial therapies would

improve serum hepatic aminotransferase concentra-

tions, BMI, inflammatory markers, and serum lipids,

which may help elucidate the underlying mechanisms

by which these treatments improve symptoms of

NAFLD.

METHODS

The Preferred Reporting Items for Systemic Reviews

and Meta-Analysis statement (PRISMA) guidelines

were used to ensure transparent reporting of the scien-

tific evidence (Appendix S1 in the Supporting

Information online).33

Study selection criteria

Studies that met all of the following criteria were

included in the review—study design: randomized, con-

trolled trial, cohort study, pre/post study, or cross-

sectional study; study participants: patients with

NAFLD, nonalcoholic steatohepatitis (NASH), steatosis,

steatohepatitis, hepatic fibrosis, and/or type II diabetes/

metabolic syndrome; main outcome: hepatic steatosis

and function; article type: peer-reviewed publication;

and language: English, Spanish, or Portuguese. PICOS

criteria was used to define the research question for the

systematic review (Table 1).

Studies were excluded from the review for meeting

any of the following criteria: patients with alcoholic

steatohepatitis, alcoholic fatty liver disease, cirrhosis, or

hepatocarcinoma; patients receiving additional drug

therapy or with genetic predisposition (single nucleo-

tide polymorphisms); liver transplant patients;

nonoriginal study or case report; and non–peer

reviewed article (eg, dissertation or conference proceed-

ing) (Table 1).

Search strategy

The selection of an adequate search algorithm was

adapted according to the medical subject heading

(MeSH) terms implemented in PubMed and adapted

for EMBASE on December 14, 2017. The term

“prebiotic” is a relatively new concept; as such, dietary

fiber was included in the algorithm to account for those

papers that did not mention the concept of prebiotic.

Unlike “prebiotic,” “probiotic” is harder to assess given

the ample selection of terms that could identify probi-

otic agents. However, certain probiotic foods were in-

cluded in the search algorithm to account for the MeSH

definition. Given the broad application of prebiotic and

probiotic treatments, together with evidence supporting

the synergic or additive effect of prebiotic and probiot-

ics, this analysis also included studies that implemented

a synbiotic formulation. A keyword search was per-

formed in PubMed (Table S1 in the Supporting

Information online). The search algorithm included all

possible combinations of the MeSH terms from the fol-

lowing 4 groups: (1) NAFLD; (2) prebiotic; (3) probiot-

ics; and (4) synbiotics. These algorithms were also

adapted for searching in EMBASE (Table S2 in the

Supporting Information online). Articles with �1 of the

following keywords were excluded: “alcoholic

steatohepatitis,” “alcoholic fatty liver disease,”

“cirrhosis,” “hepatocarcinoma,” “drug therapy,” and

“hepatitis.” Titles and abstracts of the articles identified

through the keyword search were screened against the

study selection criteria. Potentially relevant articles were

retrieved for evaluation of the full texts. Two reviewers

independently conducted title and abstract screening

and identified potentially relevant articles. Inter-rater

Table 1 PICOS criteria for inclusion and exclusion of studies

Criteria Inclusion criteria Exclusion criteria

Population Male and female patients of any age that presented at
least 1 of the following: NAFLD, steatosis, liver fibro-
sis, steatohepatitis

Patients that presented at least 1 of the following:
alcoholic steatohepatitis, alcoholic fatty liver
disease, cirrhosis, hepatocarcinoma, or hepatitis

Intervention Any prebiotic or probiotic treatment, or a combination
of both (synbiotic)

Pharmacological treatment, genetic predisposition
(SNPs), liver transplant patients

Comparison Compared with placebo N/A
Outcomes Changes after intervention in any of the following

parameters: BMI, ALT, AST, c-GT, CHOL, LDL-c, HDL-c,
TAG, and inflammatory markers TNF-a and CRP

Values for AST and/or ALT not reported

Study design Any randomized control clinical trial Nonoriginal study or case report, and non–peer
reviewed article

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CHOL, cholesterol; CRP, C-reac-
tive protein; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; N/A, not applicable; NAFLD, nonal-
coholic fatty liver disease; SNPs, single nucleotide polymorphisms; TAG, triglycerides; TNF-a, tumor necrosis factor alpha; c-GT, gamma-
glutamyl transferase.
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agreement was assessed using Cohen’s kappa

(j¼ 0.7536 0.0544; P< 0.0001). Discrepancies were re-

solved through discussion between the 2 reviewers.

A cited reference search (ie, forward reference

search) and a reference list search (ie, backward refer-

ence search) were conducted based on the articles iden-

tified from the keyword search. Articles found through

forward/backward reference searches were further

screened and evaluated using the same study selection

criteria. The reference search was repeated on all newly

identified articles until no additional relevant article

was found. The 2 reviewers jointly determined the in-

clusion/exclusion of all articles retrieved in full texts,

and discrepancies were resolved through discussion.34

Data extraction

A standardized data extraction form was used to collect

the following methodological and outcome variables

from each included study (Table 1): author(s), publica-

tion year, study design, type of treatment (prebiotic,

probiotic, synbiotic), sample size, participant character-

istics (ie, sex, age, and country), and NAFLD marker

and treatment effect (ie, increase, decrease, or neutral

change on physiological and biochemical parameters).

Hepatic function was assessed through the parameters

identified during the data extraction process: BMI,

ALT, AST, gamma-glutamyl transferase (c-GT), total

cholesterol (CHOL), low-density lipoprotein cholesterol

(LDL-c), high-density lipoprotein cholesterol (HDL-c),

triglycerides (TAG), and inflammation (TNF-a, inter-

leukin 6, and C-reactive protein [CRP]).

Quantitative data synthesis

A meta-analysis was performed to estimate the pooled

effect size for NAFLD status, assessed by steatosis/fibro-

sis and functional hepatic enzymes. A priori subgroup

analyses by treatment type (prebiotic, probiotic, and

synbiotic) and NAFLD confirmation (confirmed by ul-

trasound or biopsy vs no confirmation) were performed

for all included studies. Study heterogeneity was

assessed using the I2 index. The level of heterogeneity

represented by I2 was interpreted as modest (I2� 25%),

moderate (25%< I2� 50%), substantial

(50%< I2� 75%), or considerable (I2> 75%). A fixed-

effect model was estimated when modest to moderate

heterogeneity was present, and a random-effect model

was estimated when substantial to considerable hetero-

geneity was present. Publication bias was assessed by a

visual inspection of the funnel plot and Begg’s and

Egger’s tests, as well as by the Cochrane bias assessment

tool.35 All statistical analyses were conducted using the

Stata 14.2 SE version (StataCorp, College Station, TX,

USA). All analyses used 2-sided tests, and P < 0.05 was

considered statistically significant.

Study quality assessment

The assessment was adapted from Littell et al36 using

the following criteria: 1) research question was clearly

stated; 2) inclusion and exclusion criteria were clearly

defined; 3) study participants represented the pathologi-

cal population; 4) study findings were appropriately

reported; 5) age and sex distribution were matched be-

tween healthy and pathological group; (6) hepatic func-

tion was clearly defined; (7) assessment assay was

uniformly applied; (8) appropriate methodology was

used to measure hepatic function; (9) sample size was

justified using a power analysis; and (10) potential con-

founders were controlled for. Scores for each criterion

range from 0 to 2, depending on whether the criterion

was unmentioned or unmet (0), partially met (1), or

completely met (2). The possible total study score

ranges between 0 and 20. The study quality score helped

measure the strength of study evidence but was not

used to determine the inclusion of studies. The 2 eval-

uators of this review independently scored each study

based on these 10 criteria.

RESULTS

Study selection

Figure 1 shows the study selection flow chart. A total of

3111 unduplicated articles were identified through the

keyword and reference search, from which 2720 nonhu-

man studies were excluded. The remaining 391 articles

went through title and abstract screening, and 357 of

them were excluded. The remaining 34 articles were

assessed in full texts. Nine articles were excluded after

full-text review due to the following reasons: not avail-

able in English, Spanish, or Portuguese; studied a differ-

ent population that was not relevant to NAFLD or

NASH-related pathologies; was conducted in combina-

tion with transplant therapy; and/or had no prebiotic,

probiotic, or relevant treatment that interacted directly

with the microbiome (eg, fiber). In addition, 2 study

protocols were eliminated because no experiment was

conducted. Finally, 25 articles were included in the

review.

Basic characteristics of the selected studies

Table 237–51,53–62 reports the basic characteristics of the

selected studies. Of the 25 articles included in the re-

view, 9 assessed prebiotic, 11 assessed probiotic, and 7

assessed symbiotic therapies. Notably, Javadi et al54

Nutrition ReviewsVR Vol. 76(11):822–839 825
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investigated 1 prebiotic, 1 probiotic, and their synbiotic

combination (displayed as “Javadi . . . (PRE),”

“Javadi . . .(PRO),” and “Javadi . . .(SYN)” on the fig-

ures) and compared each with placebo control. Mobini

et al57 investigated 2 separate doses of the same probi-

otic (displayed as “Mobini . . .(LOW)” and “Mobini

. . .(HIGH)” on the figures). The effect sizes of these dif-

ferent treatments were separated to investigate their

variable contributions to overall effect size. Regarding

the age of the participants included in the studies, pro-

biotic studies tended to enroll a younger population,

with a mean value of 35.46 19.6 years, than did prebi-

otic and synbiotic studies (47.76 15.9 and 47.66 11.1,

respectively). All patients included in the selected stud-

ies were ambulatory and did not require hospitalization.

Sex distribution from all of the studies was approxi-

mately 59% males (n¼ 772) and 41% females (n¼ 537).

Sample sizes were different between treatment types,

with probiotic and synbiotic studies yielding a higher

number of total participants (treatment and control

combined) per study (n¼ 124.96 40.9 and

103.16 39.5, respectively) than prebiotic studies

(n¼ 70.66 30.6). Studies included in the review were

conducted globally, with at least 1 study from each con-

tinent except Oceania included.

Patients receiving probiotic treatments represented

the majority of the total patient population (43.3% for

probiotic vs 34.0% and 16.5% for synbiotic and prebi-

otic, respectively), and most had confirmed cases of

NAFLD or NASH by ultrasound or liver biopsy

(68.0%). The average intervention duration was

2.96 1.4months.

The dose and characteristics of the treatments were

more variable across the prebiotic class. Treatments in-

cluded beta-glucan–supplemented cereals, psyllium husk,

fructooligosaccharides (FOS), xylooligosaccharides (XOS),

chicory inulin, and fiber extracts (ie, Chlorella vulgaris).

For the synbiotic group of studies, the main source of pre-

biotic was FOS (n¼ 5 of 7 studies); the other 2 studies

used inulin. Similar to the prebiotic studies, the probiotic

“Prebiotic” AND 

“NAFLD”

“Probiotic” AND 

“NAFLD”
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N
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IO
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2190 total 837 total
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E

E
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in full text
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qualitative synthesis
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Prebiotic 

studies in 

meta-analysis

(n= 9)
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Probiotic 
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262 Clinical 109 Clinical
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20 Clinical
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Figure 1 Study selection flow chart. *One study investigated 1 prebiotic, 1 probiotic, and their synbiotic combination. Abbreviation: NAFLD,

nonalcoholic fatty liver disease.
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studies were highly divergent by the species of microor-

ganisms supplemented (Lactobacillus reuteri, Lactobacillus

bulgaricus, Lactobacillus acidophilus, Lactobacillus rham-

nosus, Lactobacillus lactis, Lactobacillus casei, Lactobacillus

plantarum, Lactobacillus sporogenes, Lactobacillus del-

brueckii, Bifidobacterium bifidum, Bifidobacterium longum,

Bifidobacterium infantis, Bifidobacterium breve, and

Streptococcus thermophilus), and most studies supple-

mented multiple organisms. Lactobacillus acidophilus was

the most commonly used species in both probiotic and

synbiotic treatments.

Fourteen of 25 studies included in the review

showed an effect on at least 1 liver enzyme (ie, AST,

ALT, or c-GT). The proportion of success was similar

between treatments: 75% among prebiotic studies, 70%

among probiotic studies, and 75% among synbiotic

studies. Other parameters, such as anthropometric

measurements (eg, waist-to-hip ratio), insulin sensitiv-

ity, and serum very-low-density lipoprotein cholesterol

(VLDL-c), were not analyzed because very few of the in-

cluded studies measured or reported them.

Effect on body mass index

The results of the meta-analysis on BMI are displayed in

Figure 2.37–42, 46–49, 54–60,62 All 3 treatment types combined

reduced BMI by 0.37 kg/m2 (95% confidence interval [CI],

�0.46 to �0.28; P< 0.001). Furthermore, each treatment

type individually reduced BMI: prebiotics reduced BMI by

0.54 kg/m2 (95%CI, �0.87 to �0.21; P< 0.001)

(Figure 2B), probiotics reduced BMI by 0.51 kg/m2

(95%CI, �0.86 to �0.16; P< 0.001) (Figure 2C), and syn-

biotics reduced BMI by 0.13 kg/m2 (95%CI, �0.22 to

�0.05; P< 0.001) (Figure 2D). Subgroup analyses of stud-

ies that confirmed NAFLD diagnosis for all treatment

types combined was performed. Because the study per-

formed by Malaguarnera et al55 does not include a

treatment-free or no-exercise control group (reference

group was dietary intervention plus exercise), this study

was excluded from all subgroup analyses. Consistently,

microbial therapies decreased BMI in confirmed NAFLD

studies by 0.55 kg/m2 (95%CI, �0.69 to �0.41; P< 0.001);

although studies without NAFLD confirmation did not

produce a change in BMI (�0.12 kg/m2; 95%CI, �0.27

to 0.03).

Effect on liver function and inflammation

Figures 3–537–51,53–62 display the results of the meta-

analysis on serum liver enzymes. All 3 treatment types

combined reduced ALT by 6.85U/L (95%CI, �9.37 to

�4.33; P< 0.001) (Figure 3A). Prebiotics reduced ALT

by 9.75U/L (95%CI, �15.77 to �3.72; P< 0.001)

(Figure 3B), and probiotics reduced ALT by 6.60U/L
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(95%CI, �9.37 to �3.84; P< 0.001) (Figure 3C), but

synbiotics did not affect ALT (Figure 3D). Subgroup

analysis by confirmed NAFLD diagnosis (excluding

Malaguarnera et al55) demonstrated that microbial ther-

apies reduced ALT by 11.74U/L (95%CI, �14.55 to

�8.93; P< 0.001), whereas studies without NAFLD

confirmation showed no change in ALT (�2.56U/L;

95%CI, �5.41 to 0.28).

Likewise, all 3 treatment types combined reduced

AST by 4.64U/L (95%CI, �6.56 to �2.71; P< 0.001)

(Figure 4A). In contrast with ALT, each treatment

type individually reduced AST; prebiotics reduced

AST by 5.73U/L (95%CI, �8.05 to �3.41; P< 0.001)

(Figure 4B), probiotics reduced AST by 3.50 U/L

Figure 2 Effect of prebiotic, probiotic, and synbiotic therapies

on body mass index (BMI). A, Forest plot for meta-analysis of

BMI for all treatments. Subgrouping of prebiotic only (B), probiotic

only (C), and synbiotic (D). Overall estimate is pooled estimate of

BMI values. A dashed line indicates an average of the control

group, and a solid line indicates an average of the overall pooled

estimate. Weights are from random effects; DerSimonian-Laird esti-

mator. Abbreviations: BMI, body mass index; CI, confidence interval.

Figure 3 Effect of prebiotic, probiotic, and synbiotic therapies

on alanine aminotransferase (ALT). A, Forest plot for meta-anal-

ysis of ALT for all treatments. Subgrouping of serum ALT levels

with prebiotic only (B), probiotic only (C), and synbiotic (D). Overall

estimate is pooled estimate of serum ALT values. A dashed line

indicates an average of the control group, and a solid line indicates

an average of the overall pooled estimate. Weights are from ran-

dom effects; DerSimonian-Laird estimator. Abbreviations: ALT, ala-

nine aminotransferase; CI, confidence interval.
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(95%CI, �5.56 to �1.45; P< 0.001) (Figure 4C), and

synbiotics reduced AST by �7.73 U/L (95%CI, �13.85

to �1.62; P< 0.001) (Figure 4D). Subgroup analysis

by confirmed NAFLD diagnosis (excluding

Malaguarnera et al55) demonstrated that microbial

therapies reduced AST by 8.56 U/L (95%CI, �10.65 to

�6.47; P< 0.001), and once again this effect was ab-

sent in the group with no NAFLD confirmation

(�1.65U/L; 95%CI, �3.49 to 0.19). Finally, c-GT was

also decreased by all treatment types combined by

�7.86 U/L (95%CI, �11.36 to �4.36; P< 0.001)

(Figure 5A). Subgroup analysis by NAFLD confirma-

tion (excluding Malaguarnera et al55) demonstrated

that c-GT was reduced by microbial therapies both in

studies with confirmed NAFLD (�8.69 U/L; 95%CI,

�13.46 to �3.92; P< 0.001) and, to a lesser extent, in

studies with no NAFLD confirmation (�5.56; 95%CI,

�9.24 to �1.88; P< 0.001).

Figure 539,41,46,48,49,55,57,61displays the results of the

meta-analysis on markers of acute inflammation mea-

sured in serum. A marginal decrease was observed for

both serum TNF-a (�2.04 ng/mL; 95%CI, �4.70 to

0.61) (Figure 5B) and hepatic cytokine CRP (�0.74mg/

L; 95%CI, �1.85 to 0.37) (Figure 5D) for all treatment

types combined, but both failed to reach significance.

However, subgroup analysis by confirmed NAFLD di-

agnosis (excluding Malaguarnera et al55) revealed that

microbial therapies reduced CRP by 1.35mg/L (95%CI,

�2.54 to �0.15; P< 0.001), whereas CRP was not re-

duced in studies with no NAFLD confirmation

(�0.11mg/L; 95%CI, �0.44 to 0.22). Only 1 study that

measured TNF-a did not confirm NAFLD diagnosis

(Dugan et al46), so subgroup analysis could not be

performed.

Effect on lipid profile

A meta-analysis of serum lipid profile was performed

among studies that reported CHOL (Figure 6),39,42–

47,50,55–60,62 LDL-c (Figure 7),39,42–47,50,55–60,62 HDL-c

(Figure 8),39,42–47,50,55–59,62 and TAG (Figure 9).38,39,42–

47,50,55–60,62 Microbial therapies reduced total serum

CHOL by 10.10mg/dL (95%CI, �13.56 to �6.64;

P< 0.001) (Figure 6A). Conversely, individually prebi-

otic and probiotic treatment types did not decrease

CHOL (Figure 6B and 6C) but synbiotics did

(Figure 6D); synbiotics reduced CHOL by 14.89mg/dL

(95%CI, �17.34 to �12.44; P< 0.001), although only 2

synbiotic studies reported CHOL. Subgroup analysis by

confirmed NAFLD diagnosis (excluding Malaguarnera

et al55) also failed to identify changes in CHOL

(�6.42mg/dL; 95%CI, �19.34 to 6.50). However, mi-

crobial therapy did decrease CHOL in the studies with

no NAFLD confirmation (�11.15mg/dL; 95%CI,

�19.33 to �2.97; P< 0.001).

All 3 treatment types combined reduced serum

LDL-c by �4.52mg/dL (95%CI, �8.87 to �0.17;

P< 0.001) (Figure 7A). Analysis by treatment type dem-

onstrated that prebiotics reduced LDL-c (�6.67mg/dL;

95%CI, �12.03 to �1.30; P< 0.001) (Figure 7B), but

Figure 4 Effect of prebiotic, probiotic, and synbiotic therapies

on aspartate aminotransferase (AST). A, Forest plot for meta-

analysis of AST for all treatments. Subgrouping of serum AST levels

with prebiotic only (B), probiotic only (C), and synbiotic (D). Overall

estimate is pooled estimate of serum AST values. A dashed line

indicates an average of the control group, and a solid line indicates

an average of the overall pooled estimate. Weights are from ran-

dom effects; DerSimonian-Laird estimator. Abbreviations: AST, as-

partate aminotransferase; CI, confidence interval.
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probiotics and synbiotics did not (Figure 7C and 7D).

Subgroup analysis (excluding Malaguarnera et al55)

failed to identify changes in LDL-c for studies with

NAFLD confirmation (�4.78; 95%CI, �12.63 to 3.07),

as well as for studies with no NAFLD confirmation

(�2.99; 95%CI, �7.40 to 1.42).

Given the great inconsistencies in the values for

HDL-c reported in Sheu et al,60 this study was removed

for the analysis of overall and subgroup analysis of HDL-

c. All 3 treatment types combined did not affect serum

HDL-c (0.56mg/dL; 95%CI, �1.55 to 2.67) (Figure 8A).

Prebiotic treatement increased HDL-c by 2.25mg/dL

(95%CI, 0.68 to 3.81; P< 0.001) (Figure 8B), probiotics

reduced HDL-c by 1.32mg/dL (95%CI, �2.00 to �0.65;

P< 0.001) (Figure 8C), and synbiotics had no effect on

HDL-c (1.08mg/dL; 95%CI, �6.69 to 8.84) (Figure 8D).

Subgroup analysis (excluding Malaguarnera et al55 and

Sheu et al60) failed to identify an effect on HDL-c for

studies with NAFLD confirmation (0.66; 95%CI, �1.97

to 3.39), as well as for studies with no NAFLD confirma-

tion (0.36mg/dL; 95%CI, �1.81 to 2.53, respectively).

Finally, microbial therapies reduced circulating

TAG by 10.14mg/dL (95%CI, �18.02 to �2.22;

P< 0.001) (Figure 9A). No significant effect was ob-

served for any individual treatment type (Figure 9B–

D). Subgroup analysis by confirmed NAFLD diagnosis

(excluding Malaguarnera et al55) failed to identify an

effect on TAG (�9.46; 95%CI, �21.60 to 2.67), but in

studies without NAFLD confirmation serum, TAG de-

creased by 10.86mg/dL (95%CI, �20.40 to �1.31;

P< 0.001).

Meta-analysis summary

Overall, these results highlight important effects of mi-

crobial therapies on BMI, hepatic enzymes, inflamma-

tory markers, serum cholesterol, and triglycerides. A

Figure 5 Effect of prebiotic, probiotic, and synbiotic therapies

on gamma-glutamyl transferase (c-GT) and inflammation.

Forest plot for meta-analysis of c-GT (A), tumor necrosis factor al-

pha (TNF-a) (B), and C-reactive protein (CRP) (C) for all treatments.

Overall estimate is pooled estimate of serum c-GT and inflamma-

tory cytokines. A dashed line indicates an average of the control

group, and a solid line indicates an average of the overall pooled

estimate. Weights are from random effects; DerSimonian-Laird esti-

mator. Abbreviations: CI, confidence interval; CRP, C-reactive pro-

tein; TNF-a, tumor necrosis factor alpha; c-GT, gamma-glutamyl

transferase.

Figure 6 Effect of prebiotic, probiotic, and synbiotic therapies

on total cholesterol (CHOL). A, Forest plot for meta-analysis of

CHOL for all treatments. Subgrouping of serum CHOL levels with

prebiotic only (B), probiotic only (C), and synbiotic (D). Overall esti-

mate is pooled estimate of serum CHOL values. A dashed line indi-

cates an average of the control group, and a solid line indicates an

average of the overall pooled estimate. Weights are from random

effects; DerSimonian-Laird estimator. Abbreviations: CHOL, choles-

terol; CI, confidence interval.
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pictorial summary of these results is displayed in

Figure 10.

Study quality assessment

Table 3 reports criterion-specific and global ratings

from the study quality assessment. The average score

for the publications included in the study was

16.246 2.29 out of 20. Most studies included the crite-

ria, scoring between 1.15 and 1.85 out of 2.0 points. In

contrast, only about half of the studies provided justifi-

cation for sample size selection.38,39,50,52,53,56,58,59,62

Risk-of-bias assessment

No publication bias was identified, as neither Egger’s

tests nor Begg’s tests were statistically significant. The

Cochrane bias assessment tool was used to evaluate

overall bias and within-study bias of the included stud-

ies. The general and within-study risks of bias are

shown in Figure S1A in the Supporting Information on-

line. Individual study bias can be found in Figure S1B

in the Supporting Information online. Most studies

(84.0%) were randomized; for 4 studies, the randomiza-

tion process was not clearly described or was omitted.

Methods of allocation concealment were extensively de-

scribed in 68.0% (n¼ 17) of the studies, and most of

them described a blinding method in the study design

(n¼ 18). Much of the studies provided sufficient

(80.0%) but not extensive information regarding the

blinding outcome assessment, but given the quantitative

nature of the outcome variables, it was unlikely that the

outcome measurement would be influenced by the

blinding of participants. Incomplete outcome data or

attrition bias was considered low if the studies had no

Figure 7 Effect of prebiotic, probiotic, and synbiotic thera-

pies on low-density lipoprotein cholesterol (LDL-c). A,

Forest plot for meta-analysis of serum LDL-c for all treatments.

Subgrouping of serum LDL-c levels with prebiotic only (B), probi-

otic only (C), and synbiotic (D). Overall estimate is pooled estimate

of serum LDL-c values. A dashed line indicates an average of the

control group, and a solid line indicates an average of the overall

pooled estimate. Weights are from random effects; DerSimonian-

Laird estimator. Abbreviations: CI, confidence interval, LDL-c, low-

density lipoprotein cholesterol.

Figure 8 Effect of prebiotic, probiotic, and synbiotic therapies

on high-density lipoprotein cholesterol (HDL-c). A, Forest plot

for meta-analysis of HDL-c for all treatments. Subgrouping of se-

rum HDL-c levels with prebiotic only (B), probiotic only (C), and

synbiotic (D). Overall estimate is pooled estimate of serum HDL-c

values. A dashed line indicates an average of the control group,

and a solid line indicates an average of the overall pooled estimate.

Weights are from random effects; DerSimonian-Laird estimator.

Abbreviations: CI, confidence interval; HDL-c, high-density lipopro-

tein cholesterol.
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dropouts, if an intention-to-treat data analysis was con-

ducted and provided adequate explanation for exclu-

sion, and there were even numbers of dropouts between

treatments and controls (as applicable). Most studies

(88.0%) included in the analysis had low attrition bias,

as well as low selective reporting (96.0%). Individual

within-study bias assessment can be found in Figure

S1B in the Supporting Information online.

DISCUSSION

This study systematically reviewed and quantitatively

synthesized scientific evidence regarding microbial

therapy (ie, prebiotics, probiotics, and synbiotics) in the

treatment of NAFLD. A total of 1309 patients from 25

different studies were included in the review. The meta-

analysis found important reductions in BMI, hepatic

enzymes (ALT, AST, and c-GT), serum cholesterol, and

triglycerides following treatment (summarized in

Figure 10). Subgroup analyses by treatment type (ie,

prebiotics, probiotics, and synbiotics) indicated similar

effects of prebiotics and probiotics on BMI, liver

enzymes, and HDL-c but differential effects on LDL-c.

Improvement of hepatic function in NAFLD

patients is clinically assessed by quantifying the stan-

dard clinical diagnostic markers of liver dysfunction

(systemic liver enzymes ALT, AST, and sometimes c-

GT), and the presence of elevated enzymes in circula-

tion is regarded as a reliable indicator of liver damage.

Probiotic interventions are found to be effective at re-

ducing serum hepatic enzymes in NAFLD and other

clinical populations, including those who are preg-

nant,63 those who have hepatitis,64 and those who have

alcoholic fatty liver disease.65 Prebiotic interventions re-

main an understudied area, although NAFLD is the pri-

mary patient population in whom hepatic enzymes

have been investigated in association with these treat-

ments. In this review, both prebiotics and probiotics

were associated with a decrease in AST, ALT, and c-GT,

indicating a protective effect through potential alter-

ation of intestinal microbial composition and metabo-

lism in patients with NAFLD. Aspartate

aminotransferase, ALT, and c-GT are markers of liver

health but only serve as general markers of liver damage

(ie, hepatic cell death) rather than markers of specific

liver function. Therefore, the mechanisms contributing

to their decreased concentration in response to micro-

bial therapies are likely to be multifactorial. In NAFLD

patients, inflammation of the intestine is thought to

promote the translocation of bacteria and their prod-

ucts, which, in turn, stimulate liver resident Kupffer

cells66 and stellate cells67 to promote a highly inflamma-

tory and fibrotic state that leads to liver cell death and

the concomitant leakage of hepatic enzymes. Despite

the great amount of evidence in animals68–71 and

humans72 that demonstrates the efficacy of microbial

therapies in the treatment of liver diseases,73 the mecha-

nisms that link prebiotics or probiotics with decreased

serum hepatic enzymes are not fully elucidated. A major

weakness of these studies is the complete lack of any in-

vestigation into the intestinal microbiota, which assum-

edly would change in composition and/or function in

response to microbial therapy. In a review, Wieland

et al74 investigated composition of intestinal microbiota

in both animals and humans with NAFLD. Although

the methodologies and findings from the 5 human stud-

ies were heterogeneous, at least 2 of the human studies

reported relationships between increased Proteobacteria

taxa (notable for its Gram-negative, pathogenic

Figure 9 Effect of prebiotic, probiotic, and synbiotic therapies

on serum triglycerides (TAG). A, Forest plot for meta-analysis of

TAG for all treatments. Subgrouping of serum TAG levels with pre-

biotic only (B), probiotic only (C), and synbiotic (D). Overall estimate

is pooled estimate of serum TAG values. A dashed line indicates an

average of the control group, and a solid line indicates an average

of the overall pooled estimate. Weights are from random effects;

DerSimonian-Laird estimator. Abbreviations: CI, confidence interval;

TAG, triglycerides.
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members) and decreased butyrate-producing genera

(namely Roseburia and Faecalibacterium) and NAFLD sta-

tus. However, these studies did not apply microbial ther-

apy and/or measure selected markers of hepatic function

longitudinally. Future studies should strive to collect such

data so that these alterations can be associated with

changes in markers of liver function and inflammation,

supporting or rebutting proposed mechanisms.

Unlike previous reviews and meta-analyses regard-

ing NAFLD,31,32 this meta-analysis addressed markers

of weight loss, lipid metabolism, and inflammation for

the first time. Extensive evidence exists for the impact

of microbial therapies on weight loss and improved

lipid profiles in the treatment of obesity.31,75 Patients

with NAFLD and type 2 diabetes show chronic hepatic

fat deposition and inflammation, as well as altered he-

patic export of lipoproteins, which lead to metabolic

dysfunction. The mechanisms by which these therapies

improve cholesterol and inflammatory statuses is likely

similar, given the considerable overlap between these

patient populations. In NAFLD, processes, including

bile acid metabolism, alterations in cholesterol and lipid

metabolism, altered barrier function and inflammation,

and increased satiety signaling, have been proposed, al-

though no direct evidence for these mechanisms cur-

rently exists in humans.76 However, the findings that

microbial therapy reduces serum CHOL and TAG lend

further plausibility to these mechanisms.

Figure 10 Summary of the effect of prebiotic, probiotic, and synbiotic treatments that lead to nonalcoholic fatty liver disease improve-

ment. Intestinal effects of prebiotics, probiotics, and synbiotics have been attributed to a number of mechanisms, such as delayed

macronutrient absorption, bile acid interactions, bacterial fermentation byproduct absorption (short-chain fatty acid), improved bar-

rier function to decrease toxic product filtration (trimethylamine, lipopolysaccharide, etc), and enhanced immune surveillance to re-

duce intestinal inflammation,. Such effects will act in concert to promote weight loss, improve liver function, and elicit an anti-inflammatory

and hypolipidemic effect. These factors will contribute, together with weight reduction, to the improvement of hepatic function and disease

prognosis. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CHOL, cholesterol; CRP, C-reac-

tive protein; HDL-c, high-density lipoprotein cholesterol; IFN-c, interferon c; IL-1b, interleukin 1b; IL-6, interleukin 6; LDL-c, low-density lipopro-

tein cholesterol; SCFA, short-chain fatty acid; TAG, triglycerides; TNF-a, tumor necrosis factor alpha; c-GT, gamma-glutamyl transferase.
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The limited amount of clinical evidence exploring

prebiotic and probiotic treatments for liver disease

speaks to the need to implement large cohort studies to

confirm the findings of these trials with small sample

sizes. Synbiotic treatments were the least represented

(only 7 studies were identified), yet this combinatorial

therapy may be associated with the most complex and

individualized alterations in microbial and host physiol-

ogy. Absence of effect in synbiotic subgroup analyses

where effects were seen in probiotic and/or prebiotic

analyses (eg, decreased ALT and LDL-c and increased

HDL-c with prebiotics and decreased HCL-c with pro-

biotics) may reflect an underpowered analysis or that

these complex biological interactions cannot simply be

considered the sum of the components (eg, prebiotic ef-

fect plus probiotic effect) but have a unique synbiotic

effect. The high heterogeneity in treatment characteris-

tics (prebiotic, probiotic, synbiotic) and their durations

(0.5–7months) among identified studies should be

noted, especially in that no 2 studies implemented the

same intervention. This, along with discordant baseline

characteristics among studies (age, sex, location, disease

severity, etc) that are known to affect intestinal micro-

biota, may account for the high variation in treatment

responses for each outcome variable. Future studies

should also strive to appropriately control for each com-

ponent of their treatments (ie, isolated prebiotic or pro-

biotic interventions to compare with combinatorial

treatments). Javadi et al54 (investigated prebiotic, probi-

otic, and synbiotic separately) and Ebrahimi-

Mameghani et al47 (provided vitamin E with both pla-

cebo and prebiotic interventions) are model studies in

this respect. Conversely, the majority of the included

studies (72.0%) used nutritional controls, mostly in the

forms of 3-day dietary recalls before and after the study

and/or “healthy dietary advice” being provided during

the study to both treatment and control groups. This

analysis accounted for heterogeneity by using random-

effect models and running subgroup analyses as appro-

priate. Despite the high heterogeneity, a consensus was

achieved regarding the effect on BMI and liver enzymes.

However, unfortunately, given the limited number of

studies and the heterogeneity in the study designs and

the outcomes assessed, it is not possible to determine

risk reduction based on dosage, duration, or type of mi-

crobial therapy from the current analyses.

Most NAFLD intervention studies use prescription

drugs to improve hepatic lipid metabolism, inflammation,

and fibrosis. However, such drugs are costly, have known

side effects, and have not been overly successful in the

general NAFLD/NASH population. Lombardi et al77 have

summarized the pharmacological efforts to treat NAFLD,

and they found limited evidence for the effective treat-

ment of NAFLD or steatohepatitis. Therefore, safer alter-

natives, including lifestyle and nutritional modifications

(including prebiotic and probiotics), are needed to sub-

stantially improve overall liver health. Mechanisms of

microbe–intestine–liver crosstalk that cannot be readily

addressed by conventional therapies include increased en-

ergy harvest by the obese microbe phenotype, the capabil-

ity of short-chain fatty acids reaching circulation to alter

hepatic metabolism of lipids and cholesterol (as well as

fatty acid oxidation by muscle and brown adipose tissue),

alteration of inflammatory cytokines from adipose and in-

testine via microbial metabolites such as lipopolysaccha-

ride, and in some cases probiotic- or prebiotic-induced

weight loss. Furthermore, microbial therapies can be

implemented at substantially less cost than traditional

pharmacotherapies.

CONCLUSION

This review raises the need for accurate and effective

noninvasive biomarkers of NAFLD incidence and pro-

gression. This analysis demonstrates high variability in

concentration of serum hepatic enzymes, currently the

Table 3 Study quality assessment

Criterion Mean (SD)

1. Was the research question clearly stated? 1.80 (0.41)
2. Were the inclusion and exclusion criteria clearly stated? 1.69 (0.46)
3. Were the participants in the study representative of the pathological population? 1.56 (0.66)
4. Were the main findings of the study clearly described? 1.85 (0.36)
5. Did healthy controls’ age and sex match those of the pathological group? 1.59 (0.57)
6. Was hepatic function well defined? 1.57 (0.53)
7. Was the assessment assay clearly stated and uniformly applied to all participants? 1.83 (0.38)
8. Was methodology appropriate to measure hepatic function? 1.63 (0.49)
9. Was a sample size justification via power analysis provided? 1.15 (0.88)
10. Were potential confounders properly controlled in the analysis? 1.57 (0.49)
Total score 16.24 (2.29)

Adapted from Moon et al. (2016)34 and Littell et al. (2018).36 Scores for each criterion range from 0 to 2, depending on whether the cri-
terion was unmentioned or unmet (0), partially met (1), or completely met (2). The total study score ranges between 0 and 20.
Abbreviation: SD, standard deviation.
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most commonly used noninvasive clinical criteria for

diagnosis of NAFLD. Although other methods, such as

ultrasound or biopsy, confirm liver steatosis, these

methods are more invasive or prone to subjectivity and

do not easily lend themselves to long-term monitoring

of the disease. This study demonstrates that cholesterol

subfractions improved concomitantly with hepatic

enzymes, which may represent promising targets for fu-

ture investigation. Ensuring accurate and complete

reporting of anthropometric parameters in clinical

study populations will also help identify relevant clinical

markers in future meta-analyses. Altogether, these

measurements may help increase the predictive power,

target the mechanisms, and facilitate personalization of

these interventions. Additional trials are required to

evaluate the effect of treatment type on inflammatory

markers, investigate the effect of combinatorial synbi-

otic therapeutic strategies, and elucidate the underlying

mechanisms. Moreover, the independent and combina-

torial use of microbial therapies and factors such as die-

tary pattern changes, lifestyle modifications, change in

BMI, and micronutrient supplementation43,47 (ie, vita-

mins E, C, etc.) that may confound but potentiate the

benefits should be dissected in future investigations.

Although fecal microbial transplant has been effectively

implemented in the treatment of patients with intestinal

conditions, including inflammatory bowel disease and

especially Clostridium difficile infection,78 the systemic

nature of NAFLD, potential for unforeseen side effects,

and complete lack of reported attempts to use this ther-

apy in this clinical population may discourage wide im-

plementation of this option at present. Alternative

treatments of NAFLD that aim to improve intestinal

microbial dysbiosis should consider the limitations of

the available biomarkers for the progression of the dis-

ease, in addition to the inherent challenges of personal-

ized microbial-based therapies.
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