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Probiotic supplements have been increasingly reported for their usefulness in delaying
the development and progression of non-alcoholic fatty liver disease (NAFLD). Literature
on the impact of probiotics on NAFLD covered various aspects of the disease. This
study was undertaken to systematically review in vivo findings on hepatoprotection
of probiotics against NAFLD. The literature search was performed through Cochrane,
PubMed/MEDLINE, Embase, and Web of Science databases. Interventions of known
probiotics in NAFLD-induced animal model with at least one measurable NAFLD-related
parameter were included. The data were extracted by all authors independently.
Quality assessment was conducted using the Systematic Review Center for Laboratory
animal Experimentation (SYRCLE’s) Risk of Bias (RoB) tool. P-values of measures were
compared inter- and intra-study for each parameter. Forty-four probiotic-based studies
of NAFLD-induced rodents were shortlisted. The majority of the studies were presented
with low/unclear risk of bias. Probiotics improved the histopathology of NAFLD rodents
(primary outcome). Most of the probiotic-supplemented NAFLD rodents were presented
with mixed effects on serum liver enzymes but with improved hepatic and serum lipid
profiles (including increased serum high-density lipoprotein cholesterol). The findings
were generally accompanied by downregulation of hepatic lipogenic, oxidative, and
inflammatory signallings. Probiotics were found to modulate gut microbiota composition
and its products, and intestinal permeability. Probiotics also resulted in better glycaemic
control and reduced liver weight. Altogether, the present qualitative appraisals strongly
implied the hepatoprotective potential of probiotics against NAFLD in vivo.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a major public health issue that affects all
ages and accounts for a pooled prevalence of 25% worldwide (1). It is characterized
by liver histological phenotypes and other accompanying metabolic comorbidities
such as obesity, dyslipidaemia, and diabetes mellitus (2). The burden of NAFLD
is associated with increased risk of extrahepatic diseases including cardiovascular
diseases, chronic kidney disease, and cancers (i.e., colorectal and breast cancers) (3, 4).
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Being a multifactorial disease, NAFLD is often described as
“multiple parallel hits” that involve the host’s genetics, immune
system, epigenetics (5), and derangement of the gut-liver-adipose
axis (6, 7). Excessive nutrient intake, which is associated with
dysbiosis (5, 8, 9), acts as one of the major risk factors of NAFLD
(10, 11) that could lead to elevated free fatty acid (FFA) and
cholesterol, mitochondrial damage (12), insulin resistance (13),
adipocyte dysfunctions and oxidative stress (6, 14). Dysbiosis is
also linked to disruption of the intestinal barrier integrity, which
further increases the delivery of gut-derived insults to the liver
(5, 15), initiating inflammatory responses (16).

To date, there is no FDA-approved drug therapy against
NAFLD. Whilst biopsy-confirmed NASH patients are
recommended with vitamin E (800 LU.) or pioglitazone
(17), the latter, a thiazolidinedione derivative, offers some
degree of liver histopathology improvements (18). There is
also increasing evidence on the use of probiotics as alternative
hepatoprotective agents against NAFLD. The rationale of this
approach lies in their ability in restoring gut homeostasis (5),
which in turn could improve lipid metabolism through the
gut-liver axis.

The use of in vivo models in preclinical studies offers
a thorough examination of the liver not only through
histopathological evaluation but also through the determination
of hepatic lipid profiles, gene and protein expressions, and
systemic and inter-organ effects. Unfortunately, these parameters
are not routinely assessed in all NAFLD patients as these
assessments require liver sampling through biopsy (17). The
present systematic review appraised findings of all in vivo
studies that fulfilled the inclusion criteria. In general, qualitative
appraisal such as this is reliable in preventing biased reporting of
research findings, recognizing proper methodological approach
(19, 20), and uncovering possible relationships and mechanisms
underlying prevention of NAFLD by probiotics in vivo. The
pooled information from the various in vivo studies that covered
a diverse range of disease models, research groups, and study
characteristics would allow the drawing of conclusions that
are relatively more reflective of the issues of human disease
condition (19), whilst minimizing unnecessary duplication of
animal studies (21).

METHODS
Literature Search Strategy

This systematic review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) guidelines (22). The search for published
articles was performed through four electronic databases,
namely, Cochrane, EMBASE, PubMed/Medline, and Web of
Science. The Boolean search involved the combined use of the
terms such as “non-alcoholic fatty liver disease”, “NAFLD”, “fatty
liver”, “non-alcoholic steatohepatitis”, “NASH”, “probiotic”,

» <«

“prebiotic”, “symbiotic”, “lactobacilli”, “bifidobacter”, and “flora”.

Study Selection
The inclusion criteria of this systematic review included (a)
diet-induced or genetically induced NAFLD or NASH animal

models; (b) probiotic intervention(s); (c) fermented food with
known probiotic genus(genera)/ strain(s); (d) at least one of the
following measurable parameters was assessed: liver histology
(steatosis with or without inflammation), liver function tests
[including liver enzymes, i.e., serum alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase
(ALP), and gamma-glutamyl transferase (GGT), and serum
bilirubin], lipid parameters [hepatic and serum profiles
including lipid, triacylglycerol (TAG), total cholesterol (TC),
low-density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C), esterified cholesterol, free
cholesterol, phospholipid (PL), and non-esterified fatty acid
(NEFA)], oxidative markers [e.g., malondialdehyde (MDA)
and transforming growth factor beta (TGF-g)], inflammatory
markers [e.g., tumor necrosis factor alpha (TNF-a), interleukin-6
(IL-6), interleukin 1lbeta (IL-1f), and necrosis factor kappa
B (NF-kB)], glycaemic parameters [i.e., fasting blood glucose
(FBG), fasting insulin, and homeostasis model assessment of
insulin resistance (HOMA-IR)], body or organ weight and gut
related changes [i.e., gut microbiota, gut-derived products [i.e.,
endotoxins, lipopolysaccharide (LPS), short-chain fatty acid
(SCFA)], and intestinal permeability]. The exclusion criteria
included (a) animal models of < 97% genomic similarities
to human (e.g., rooster and fish); (b) in vivo studies of other
diseases that caused steatosis or steatofibrosis (e.g., viral hepatitis
and carcinogenesis); (c) combination of probiotics with other
interventions (e.g., bioactive compounds, drugs, and herbs); (d)
pre- or synbiotics; (e) abstracts or conference proceedings, in
vitro studies, clinical studies, review papers, and non-English
literature; and (f) use of secondary data from other published
works. The eligibility of all potential studies identified for
inclusion was independently assessed by four authors (i.e., FS,
KR, SML, and CEN). Discrepancies on study inclusion were
resolved through discussion and consensus.

Data Extraction

Data from the shortlisted studies (i.e., types of intervention,
inducement of NAFLD, age of the animal model, details of the
probiotics used, duration of intervention, dosage forms, baseline,
and post-intervention values of each parameter) were obtained
independently and extracted by the authors (FS, KR, SML, and
CFN) using a standardized, electronic extraction form.

Assessment of the Risk of Bias Using the
SYRCLE’s RoB Tool

The risks of bias of the shortlisted studies were assessed by
all authors using the Systematic Review Center for Laboratory
animal Experimentation (SYRCLE’s) Risk of Bias (RoB) tool that
was adapted specifically for animal-based intervention studies
(20). The assessment categories included selection, performance,
detection, attrition, reporting, and other possible sources of
biases (see Appendix A in Supplementary Material). The studies
were deemed as low risk of bias when the total number of high
risks by categories <3, moderate risk of bias when the total
number of high risks by categories >3 but <6, or high risk
of bias when the total number of high risks by categories >6.
Disagreement was resolved by discussion.
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RESULTS

Literature Search Outcomes and
Characteristics of Shortlisted in vivo

Studies

This literature search had yielded publications between 1966 and
March 2020. The PRISMA flowchart (Figure 1) shows that out of
the 4,841 studies identified through electronic search, 44 studies
were included in the qualitative synthesis. Appendix B highlights
the findings from all 44 shortlisted studies (see Appendix B in
Supplementary Material); Please note that some included studies
reported findings of more than one interventions.

Risk of Bias of Shortlisted in vivo Studies

This systematic review had utilized the SYRCLEs RoB tool
adapted from the Cochrane risk of bias tool suited for
animal intervention study (20) to evaluate the quality of the
shortlisted studies. Figure 2 shows that the shortlisted studies
were presented with either low or unclear risks of bias under
most of the assessment categories. All studies, however, elicited
high risks of bias in the aspects of “evidence of researcher blinded
to the intervention” (performance bias 2; blinded researcher) and
“selection during assessment were at random” (detection bias 1;
assessment). Besides, all shortlisted studies were presented with
unclear risks of bias for sequence generation and grouping. There
was no mention as to whether sequence allocation was used to
produce comparable groups and no description on assignment of
groups. Additionally, 24 studies (55%) were presented with high
risk on selection bias 2 (baseline characteristics), whereby the
baseline details of the rodents like gender, age, and initial body
weight were not disclosed. On the contrary, the majority of the
shortlisted studies (77%) were presented with a low risk of bias for
housing arrangement, in which the present assessment defined
housing arrangement as identical housing conditions in which
all animals were kept in an area with controlled temperature and
lighting. The remaining studies were presented with unclear risk
of bias as no details on housing arrangement were mentioned.
Besides, seven studies (16%) showed a high risk on attrition
bias given the unexplained missing of #» number which was
detected from inconsistent number of animals mentioned in
the “Methods” and “Results” sections. Five studies (11%) were
deemed having high risk of detection bias 2 (blinded histology
assessor) as liver histology was not assessed. The majority of
the included studies were, however, presented with unclear risk
of bias as they did not specify as to whether the histology
assessments were conducted in a blinded manner. On another
note, there were three studies (7%) that elicited high risks of
other potential biases related to reporting or editorial errors.
One of them was due to an inappropriate experimental design
whereby probiotic-supplemented HFD-induced NAFLD mice
were compared with normal chow-fed mice instead of HFD-
induced NAFLD mice. Nevertheless, this particular study by
Jang, Park (23) was still included in this systematic review
(see Appendix B in Supplementary Material) as it fulfilled the
inclusion criteria. In general, this assessment did not detect
selective reporting in most of the shortlisted studies as the

report of findings corresponded well to the methods that were
appropriately aligned to the respective objectives.

Primary Outcome: Probiotics Reduced the
Severity of Liver Histopathology in NAFLD
in vivo

This qualitative appraisal of the shortlisted studies on liver
histopathology supported the beneficial use of probiotic
supplementations in halting disease progression of NAFLD in
vivo. Probiotic supplementations reportedly reduced the severity
of liver histopathology in NAFLD rodents, with characteristics of
decreased steatosis (n = 52/59), inflammation (n = 15/17), and
fibrosis (n = 7/7) (Figure 3A). There were 24 probiotic-based
studies that had used the total NAFLD activity score (NAS) as
the scoring system for the severity of liver histopathology (see
Appendix B in Supplementary Material for details of probiotics
and findings of each study).

Secondary Outcomes: Biochemical and

Molecular Parameters

Probiotics Yielded Mixed Effects on Liver Function in
NAFLD in vivo

The qualitative appraisal revealed that the probiotic-
supplemented NAFLD rodents were presented with reduced
serum ALP (n = 4/6) (Figure3A), with mixed outcomes
on serum ALT (reduced; n = 25/52, no changes; n = 26/52,
increased; n = 1/52), and with no changes on serum AST (n =
27/38). As for serum bilirubin (i.e., total, direct, and indirect), the
majority of the included studies reported no significant changes
of this parameter despite the supplementation of probiotics (see
Appendix B in Supplementary Material for details of probiotics
and findings of each study).

Probiotics Generally Reduced Hepatic and Common
Serum Lipid Profiles and Downregulated Hepatic
Lipogenic Signaling in NAFLD in vivo

The qualitative appraisal revealed trends of reduced hepatic
[TAG (n = 21/29), TC (n = 10/11), total fatty acid (n = 2/3),
and phospholipid (PL) (n = 2/3)] and serum [TAG (n = 17/25),
TC (n = 17/27), LDL-C (n = 8/14), and FFA (n = 4/4)] lipid
profiles in probiotic-supplemented NAFLD rodents (Figure 3A).
For the regulation of the lipid metabolism, most of the included
probiotic-based in vivo studies reported downregulation of the
lipogenic signaling through reduced hepatic fatty acid synthase
(FAS) (n = 13/14), acetyl-CoA carboxylase (ACC) (n =5/7),
sterol regulatory element-binding protein 1 (SREBP-1) (n = 5/6),
and carbohydrate response-element binding protein (ChREBP)
(n = 2/3) and/or increased fatty acid receptor peroxisome
proliferator-activated receptor alpha (PPARa) (n = 5/7), PPAR
gamma (PPARa) coactivator 1 alpha (PGC-la) (n = 5/5),
carnitine palmitoyltransferase I (CPT1) (n = 4/5), AMP-activated
protein kinase (AMPK) phosphorylation (n = 2/3) and low-
density lipoprotein receptor (LDLR) (n = 2/3) (Figure 3A) (see
Appendix B in Supplementary Material for details of probiotics
and findings of each study).
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FIGURE 1 | PRISMA flowchart of the literature selection process of the present systematic review.

Probiotics Generally Downregulated Oxidative and
Inflammatory Responses in NAFLD in vivo

Oxidative signaling markers were downregulated in probiotic-
supplemented NAFLD rodents. Previous studies reported
reduced MDA (n = 15/17) and TGF-f (n = 3/3) and/or
increased SOD (n = 5/8), nuclear factor Nrf2 (n = 4/5) and
glutathione peroxidase (GSH-Px) (n = 4/5) (Figure 3A). The
inflammatory signaling pathways were also downregulated in
probiotic-supplemented NAFLD rodents, mainly through the
downregulation of serum or hepatic TNF-a (n = 29/37), IL-
6 (n = 16/19), IL-1B (n = 11/12), NF-kB (n = 7/8), and
monocyte chemotactic and activating factor 1 (MCP-1) (n =
4/5), and upregulation of interleukin 10 (IL-10) (n = 5/9) and
interleukin 4 (IL-4) (n = 3/4) (Figure 3A) (see Appendix B in
Supplementary Material for details of probiotics and finding of
each study).

Probiotics Generally Improved Dysbiosis and Gut

Permeability and Altered SCFA Level in NAFLD in vivo
The shortlisted probiotic studies also assessed the differential
gut microbiota composition and SCFA from various sites
along the gut of NAFLD animal models (Figure 3B). Most

of the findings were from samples of the caecum (24-26)
and excreted feces (27-30). The caecal contents of probiotic-
supplemented NAFLD rodents were presented with increased
Lactobacillus spp. (25, 31) (Figure 3B). Whilst the fecal samples
of probiotic-fed NAFLD rodents were presented with increased
Lactobacillus and Bifidobacterium spp. (27, 28), samples from
the proximal and distal small intestines exhibited no differential
changes in the gut microbiota composition (32, 33) (Figure 3B).
As for colonic content, Li, Nie (34) reported on increased
Lactobacillus and Bifidobacterium spp. (Figure 3B). Additionally,
three studies (35-37) reported increased butyrate in caecal
or fecal contents of probiotic-supplemented NAFLD rodents.
On another note, this appraisal found probiotic-supplemented
NAFLD rodents to be presented with improved intestinal
barrier function based on reduced serum LPS (n = 10/11)
and increased tight junction protein (T]) expressions (n =
9/12) (Figure 3A). This qualitative appraisal identified increased
Firmicutes in the distal small intestines and caecum but reduced
Firmicutes in the fecal samples. On the contrary, Bacteroidetes
were reduced in the caecum and colon but were increased in
the feces. The majority of the shortlisted studies reported an
increase in lactobacilli and bifdobacteria following probiotic
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FIGURE 2 | Summary of outcomes derived from the SYRCLE’s RoB risk of bias assessment tool (0 = 44).
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supplementation, suggesting modification of gut microbiota
composition by probiotics.

As for the SCFA, this qualitative appraisal denoted
mixed effects of caecal butyrate and acetate in probiotic-
supplemented rodents. However, increased butyrate was
consistently observed in the fecal samples of mice fed with
probiotics (37). Lee, Yoon (26) reported on the reduction of
fecal endotoxins in probiotic-supplemented NAFLD rodents,
which was reflected by the reduced endotoxins production
in the gut microbiota. Besides, this qualitative appraisal of
probiotic-based in vivo studies noted improved intestinal
permeability through reduced serum LPS and increased
expression of intestinal T] proteins (Figure 3A) (see Appendix B
in Supplementary Material for details of probiotics and finding
of each study).

Probiotics Reduced HOMA-IR, FBG, and Fasting
Insulin of NAFLD in vivo

In terms of the glycaemic control parameters, this appraisal
found that the probiotic-supplemented NAFLD rodents
were presented with reduced HOMA-IR (n = 12/18),

FBG (n = 11/17), and fasting insulin (n = 9/13) and/or
increased glucagon-like peptide-1 (GLP-1) (n = 2/3)
(Figure 3A).

Probiotics Generally Did Not Alter Body Weight Gain
but Lowered the Liver Weight With No Change in
Feed Intake of NAFLD-Induced Rodents

Sixty-nine percent of the included probiotic-based studies
reported no significant changes were detected on body weight
when compared with the control groups (n = 27/39) (Figure 3A).
The majority of probiotic-supplemented studies were presented
with lower liver weight (n = 10/10) and liver weight/bodyweight
ratio (n = 9/14) even though no significant changes were
reported in the feed intake (n = 9/9) (see AppendixB in
Supplementary Material for details of probiotics and findings of
each study).

DISCUSSION

The SYRCLE's RoB tool was used to assess the quality
of the shortlisted studies. It comprises 10 items, of which
four of them (i.e, sequence generation, grouping, housing
arrangement, and random upon assessment) consider the
element of randomization. It appears that having investigators
or caregivers of animal studies blinded from the interventions,
and in this case, probiotics, is not commonly practiced. None
of the studies disclosed such practice. Although it is generally
understood that random pick of animal should be applied
whenever possible, there was no mention of randomization
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FIGURE 3 | Summary of hepatoprotective effects of probiotic supplementations on NAFLD in vivo. (A) The infographic represents the commonly reported biochemical
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during assessment across the shortlisted studies. Concealment
of animal groupings is not a standard practice in animal study
(38). Such practice seems impractical as all rodents used in a
given study should be of the same species and they generally
appear to be identical to one another. As such, selecting any
one of the rodents in an assigned group should suffice. Likewise,
it is also impractical to blind researchers who are usually the
same person who treat the animals. The baseline characteristics
are important in an animal study. The age of rodents, for
example, is commonly translated into the corresponding human
age, and thus, different age reflects different conditions (39).
As for the initial body weight at the beginning of the study,
it is an important information that can be used to determine
as to whether the groups are similar at baseline (20). Animal
deaths in the course of the experiment should be clearly indicated
as different n number of animals described at the beginning
of experiment and in the results section would render the
data questionable. Blinding of assessor for histology analysis
is particularly important as histological evaluation involves
judgement of quality.

The improved steatosis as reported by the majority of the
shortlisted studies generally involved the use of Lactobacillus spp.
of various strains either singly (i.e., Lactobacillus acidophilus,
Lactobacillus  bulgaricus, Lactobacillus casei, Lactobacillus
fermentum, Lactobacillus helveticus Lactobacillus johnsonii,
Lactobacillus  mali, Lactobacillus paracasei, Lactobacillus
plantarum, Lactobacillus reuteri, and Lactobacillus rhamnosus)
or in combination (i.e., VSL#3+, Symbiter, VSL#3++-++,
Poliprobiotic, Probiatop, Lactobacilli spp. + Bifidobacteria
spp. + Streptococcus thermophilus, L. casei + L. helveticus, L.
casei + L. helveticus, L. casei + L. helveticus + Pediococcus
pentosaceus, and L. casei + L. helveticus, L. bulgaricus, six
Lactobacillus and three Bifidobacterium). Nevertheless, there
were also shortlisted studies that reported no significant changes
in steatosis when Lactobacillus spp. were used either singly
or in combination (L. plantarum, L. rhamnosus, VSL#3+++,
VSL#3, mixtures of L. rhamnosus + L. casei + L. acidophilus +
L. plantarum + L. fermentum + B. lactis + B. breve | B. bifidum
+ S. thermophilus. On another note, probiotic strains other
than Lactobacillus spp. were also reported to reduce steatosis
and they included Akkermansia muciniphila, Bifidobacterium
adolescentis, Bifidobacterium animalis, Bifidobacterium longum,
Clostridium butyricum, Enterococcus faecalis, and P. pentosaceus.
The variations in NAFLD-inducement methods, types of rodents
used, and duration of supplementation were amongst the
factors that may contribute to the heterogeneity of findings
related to steatosis (see Appendix B in Supplementary Material
for the details of probiotics used and the findings of each
study). Clinically, although liver biopsy and histopathology are
not routinely performed for NAFLD monitoring purpose, it
remains as the gold standard for definitive clinical diagnosis
of NAFLD and confirmation of NASH given the limitations
of other non-invasive approaches (40). Liver evaluation using
ultrasonography, for instance, is not very sensitive as it detects
steatosis only when there is 20% or more fat accumulation in
the liver (41). Magnetic resonance spectroscopy, yet another
example, is sensitive, but it is costly and not readily available.

Given the asymptomatic nature of NAFLD, its clinical
diagnosis is often initiated from an incidental finding of elevated
liver enzymes (42). In this systematic review, the liver enzyme
that was reduced following probiotic supplementations was
mainly ALP. The shortlisted studies that reported reduced serum
ALP following probiotic supplementations mainly involved
the use of L. plantarum, Lactobacilli spp., and/or B. longum,
Bifidobacteria spp., and S. thermophilus. The use of L. fermentum
and a mixture of 6 Lactobacillus + 3 Bifidobacterium, however,
did not reduce serum ALP (see Appendix A in Supplementary
Material for the details of probiotics used and the findings of
each study). Since increased serum ALT, in particular, occurs
predominantly during NAFL and NASH (43), this parameter
is suitable for the measurement of liver injury in both human
and NAFLD animal models. In general, liver injury can be
assessed based on the levels of liver enzymes in the blood
(44), especially the transaminases. This is because the injury
of hepatocytes would alter cell membrane permeability, leading
to excessive leakage of transaminases like ALT and AST into
the circulation. Although the present shortlisted in vivo studies
reported mixed effects of serum transaminases, close to half
of them observed reduced serum ALT following probiotic
supplementations, implying their potential hepatoprotection
properties against NAFLD-induced liver injury. The mixed
effects observed could be attributed to the different duration of
probiotic supplementations, induction method, and age during
the NAFLD induction. The insignificant findings of serum
bilirubin could possibly be attributed to the mixed effects on
serum ALT and AST as they both correlated significantly with
direct bilirubin, the more soluble form of bilirubin in human
serum (45). Owing to bilirubin’s possible antioxidant effect, the
increment of this parameter has been suggested as a protective
biomarker of human NAFLD (45, 46).

The majority of studies that reported on reduced hepatic
TAG following probiotic supplementations involved the use
of Lactobacillus spp. of various strains either singly or in
combination. There were three shortlisted studies that used
C. butyricum of various sub-strains (see AppendixB in
Supplementary Material for the details). Excessive intrahepatic
TAG is a characteristic of steatosis, the hallmark feature of
NAFLD (47). Basically, the main source of the high hepatic
TAG pool is the FFA, primarily the serum FFA, which originates
from the adipose tissues and dietary fatty acids (48). On the
contrary, reduced circulating FFA denotes increased rate of
export or catabolism and/or decreased import and synthesis
of FFA, which in turn reduces hepatic fat accumulation and
lipotoxicity (hepatocyte injury by lipids) (13). Subsequently,
these events would initiate a downstream effect on mitochondrial
dysfunction, oxidative stress, and ROS production that prevent
inflammatory, apoptosis, and fibrogenesis responses, and liver
injury (6, 49). Also, reduced hepatic PL is a beneficial effect as
it is known as a damaging peroxidative modifier.

As for hepatic cholesterol, the reduced hepatic TC by
probiotics would signify an improved cholesterol homeostasis,
yielding a balance between cholesterol synthesis, transport, and
conversion into bile acids. The bile acids are produced in the
pericentral hepatocytes as part of the cholesterol elimination
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process (50). This appraisal, however, could not draw a general
conclusion on bile acids since there was only one shortlisted study
(34) that reported changes in bile acid profiles following probiotic
supplementation in FXR KO mice. The bile acids function as
signaling molecules to the intestines and liver and involve in
the regulation of energy homeostasis which could alleviate the
severity of NAFLD livers and support hepatic glucose and lipid
metabolisms (51).

With regard to serum lipid profile, this qualitative
appraisal found improved dyslipidaemia (i.e., reduced
hypertriglyceridemia, increased HDL-C levels, and decreased
LDL-C particle concentrations) in the majority of the shortlisted
studies. Clinically, the state of dyslipidaemia is often measured
amongst NAFLD patients to determine the status of their hepatic
metabolism function (52). Serum TAG, in particular, is evaluated
for the interpretation of liver severity and is used to determine
any possible improvement or aggravation of the NAFLD liver
(53). This qualitative appraisal also identified increased LDLR in
NAFLD rodents supplemented with probiotics (Figure 3A). The
LDLR in the liver determines plasma LDL-C levels (54). Basically,
the circulating LDL-C is taken up into the liver through LDLR-
mediated endocytosis before being metabolized in the liver. This
would thus reduce the serum LDL-C (55). The improved hepatic
and serum lipid profiles in probiotic-supplemented NAFLD
rodents were reflected by the downregulation of the lipogenic
pathway. Transcription factors such as ChREBP, SREBP, and
PGC-1a control the expression of enzymes that catalyse the
rate-limiting steps of liver metabolic processes, thus controlling
liver energy metabolism (56). As such, dysfunction of liver
signaling would disturb the energy homeostasis, promoting the
development of NAFLD through the continuous acquisition of
hepatic lipid from circulating FFA (adipose tissue and dietary
origins, including up to 30% of dietary sugars) and de novo
lipogenesis, leading to the accumulation of lipid in the liver (57).

The overall effect of downregulated lipogenic pathway with
reduced lipogenic transcription factors (SREBP-1 and ChREBP)
resulted in the downregulation of subsequent expression of
lipogenic genes. This would reduce the lipogenic enzymes,
FAS and ACC and/or increase the fatty acid receptor, PPARa,
which in turn improve lipid metabolism through induction
of fatty acid oxidation (FAO) or B-oxidation in the liver,
increased degradation of fatty acid, regulation of cholesterol
transport, and reduction of fat storage (58, 59). Furthermore,
increased PGC-1a, a coactivator of PPARa, was also reported
in the majority of the shortlisted probiotic-based in vivo
studies. PGC-1a enhances mitochondrial biogenesis, acts as
a molecular switch for liver metabolism, and promotes
gluconeogenesis and fatty acid p-oxidation (60). This could
explain, at least in part, the significantly reduced hepatic TAG,
which may have led to reduced serum TAG as identified in
this appraisals. Besides, the increased AMPK phosphorylation
and its product, the CPT-1, as reported by majority of
the shortlisted studies, signified activation of AMPK. Owing
to the role of AMPK as the key regulator for energy
homeostasis (61), these outcomes are suggestive of improved
glucose uptake, fatty acid f-oxidation, mitochondrial biogenesis,
and autophagy and suppressed syntheses of fatty acids and

cholesterol, all of which contributed toward the inhibition of
lipogenesis (62).

Reduction of MDA implied the potential of probiotics in
reducing oxidative stress in NAFLD rodents. MDA is a lipid
peroxidation indicator (63), an oxidative biomarker that is
cytotoxic and promotes cell death (12). In general, oxidative
stress refers to an imbalance between the production of ROS
and antioxidant defenses (64). Since oxidative stress contributes,
in part, to disease progression of NAFLD, its downregulation
would delay the progressive worsening of the disease (12).
Furthermore, this qualitative appraisal of the overall oxidative
signaling also revealed reduced TGF-p in probiotic-based in
vivo studies. TGF-B signaling initiates fibrogenic response via
hepatic stellate cell activation (65). The majority of the shortlisted
probiotic-based in vivo studies also reported increased Nrf2, a
major regulator of cellular redox balance. During oxidative stress,
Nrf2 is phosphorylated and activated to interact with antioxidant
response element, which will then promote the expression of
cytoprotective target genes including the antioxidant enzymes
(66). This is consistent with the present qualitative appraisal
which denoted increased antioxidant enzymes like SOD and
GHS-Px in probiotic-supplemented NAFLD rodents. The
increment of these antioxidant enzymes serves as a compensatory
regulatory response toward increased oxidative stress (67).

The downregulation of inflammatory cascade was initiated
through the reduction of NF-kB, a nuclear transcription factor
that regulates various pro-inflammatory cytokines (68), among
which TNF-a, IL-6, and IL-1f were reportedly reduced. Besides,
the majority of the shortlisted probiotic-based in vivo studies
also reported increased anti-inflammatory cytokines like IL-10,
of which their production can be induced by the presence of IL-4
(69). In addition, NAFLD rodents supplemented with probiotics
were presented with reduced MCP-1, a chemokine with pivotal
roles in the development of inflammatory responses and crucial
for immune cell recruitment to inflammation sites (70), both of
which contribute to the progression of hepatic inflammation and
fibrosis (71). Taken together, these findings implied the potential
of probiotic supplementations in halting NAFLD progression in
rodents through the suppression of inflammatory pathway and
prevention of fibrosis (72). In addition, gut microbiota-derived
endotoxins are also pro-inflammatory in nature. Its reduction in
probiotic-supplemented NAFLD rats would help to suppress the
inflammatory cascade.

The level of gut microbiota-derived endotoxins also reflects
dysbiosis of the host (73). Therefore, the reduction of endotoxins
levels in the probiotic groups is suggestive of improved gut
microbiota balance. A previous clinical study reported that
human NAFLD was associated with dysbiosis, independent of
body mass index and insulin resistance (74). On the contrary,
a preclinical study found germ-free mice to be relatively more
resistant to HFD-induced hepatic lipid accumulation when
compared with conventional mice, demonstrating the role
of gut microbiota in NAFLD development (75). These data
implied that altered gut microbiota may play a causal role in
the development of NAFLD, rather than a mere consequence
of it. To date, the specific bacterial species that may have
caused NAFLD and their molecular crosstalk with the host
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during pathogenesis remain elusive (73). Nevertheless, it was
found that NAFLD patients harbored more Gram-negative
bacteria than Gram-positive bacteria when compared with
healthy individuals (76). Gram-negative bacteria belonging to the
family Enterobacteriaceae produces proinflammatory endotoxin,
while at genus level, Enterobacter is an endotoxin-producing
pathogen (77). Together with LPS, the endotoxin-producing gut
microbiota could be the causative agents for NAFLD owing to
the upstream effects on inflammatory pathway (73). Elsewhere, it
was reported that NASH patients were presented with increased
Bacteroidetes and reduced Firmicutes phyla when compared
with healthy subjects (78). At the genus level, stool samples
of NASH patients showed lower proportions of Prevotella spp.
and higher proportions of Bacteroides spp. (15). In a 16-week-
HFD-induced C57BL/6] mice, interindividual differences (i.e.,
responder or non-responder-receivers) were reported, in which
transplantation of their gut microbiota into germ-free mice (fed

with HED for another 16 weeks) revealed aggravation of steatosis,
glycaemia, and insulin resistance in responder-receiver mice (79).
It appears that intestinal microbiome modulates the metabolic
and hepatic consequences of the diet consumed.

Generally, the SCFA is an important energy source and plays
an important role in the regulation of physiological function
which is vital for the intestinal epithelial cells (76). The types
of SCFA and amount produced may vary depending on the
gut microbiota composition and the amount of carbohydrate
consumed (5). The main SCFA produced by gut microbiota
includes acetate, propionate, and butyrate (80). The importance
of Bacteroidetes and Firmicutes lies in their contribution
to the SCFA production. The Bacteroidetes phylum mainly
produced acetate and propionate as its metabolic end products,
while Firmicutes mainly produce butyrate (81). Interestingly,
increased butyrate seems to yield anti-inflammatory effect (37).
Furthermore, Endo, Niioka (82) demonstrated that butyrate
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inhibited NAFLD progression through the activation of AMPK
signaling pathway.

Not all studies that investigated the effects of probiotic
supplementations on gut microbiota in NAFLD investigated
the level of endotoxin or LPS and SCFA production. In
fact, there was only one shortlisted study by Wang, Xu (35)
investigated the effects of probiotic supplements on changes
of intestinal gut microbiota, serum LPS, and caecal SCFA.
Wang, Xu (35) reported that supplementation of probiotics
in HFD-induced C57BL/6N mice with L. plantarum X (1x
108 CFU/ml) + B. bifidum V (2x 108 CFU/ml) mixture
for 6 weeks presented with increased Bacteroidetes/Firmicutes
ratio, increased Bacteroides, Lactobacillus, and Parabacteroides;
reduced serum LPS; and increased butyric and acetic acids (data
available at no 40, Appendix B in Supplementary Material).
The majority of the shortlisted studies that investigated both
gut microbiota and endotoxin or LPS reported changes of gut
microbiota composition which were accompanied by reduced
serum or portal blood LPS in the NAFLD-induced mice following
supplementations of Lactobacillus spp. of various strains, either
singly (L. rhamnosus, L. johnsonii, L. paracasei, L. casei, L.
bulgaricus, L. helveticus) or in combination (L. plantarum +
B. bifidum) (data available in Appendix B in Supplementary
Material). There were, however, three shortlisted studies that
reported no change in gut microbiota and stool endotoxins
despite being supplemented with probiotics containing multiple
strains of Lactobacillus (data available at no 43, Appendix B
in Supplementary Material). On another note, supplementation
with P. pentosaceus altered the gut microbiota composition
and reduced stool endotoxin. Elsewhere, it seems that higher
concentration of L. paracasei is required to produce the desired
effects on gut microbiota and LPS as concentrations lower
than 4 x 10!° cfu reported no change (data available at
no 39, Appendix B in Supplementary Material). The majority
of the shortlisted studies that investigated SCFA production
reported increased SCFA following supplementation with
Lactobacillus spp.

The increased expression of intestinal T] proteins (i.e., ZO-1,
Z0-2, occluding, and claudin) is an indicator of improved gut
barrier function, in which the entry of substances through the
paracellular pathway of the intestinal mucosa would be better
controlled, reducing the entry of insults, particularly the LPS
(83). Alternatively, the gut barrier function in vivo is often
assessed using oral administration of sugar of known molecular
weight and subsequent direct measurement of the sugar level in
the blood (e.g., 4,000 Da dextran) or urine after a duration of
time (e.g., lactulose/ mannitol ratio), or via indirect analysis of
intestinal T] gene expression [e.g., toll-like receptor 4 (TLR4)]
(84, 85).

The mechanism of insulin resistance is related to energy
metabolism, particularly in the liver. In NAFLD, increased
hepatic TAG would lead to steatosis and subsequently
hyperinsulinaemia, thus giving rise to the insulin resistance
state (47). As a result, the insulin-mediated suppression
of glucose production would be impaired and the total
endogenous glucose production increased (13, 86). Probiotic
supplementations, however, improved glycaemic parameters

by reducing HOMA-IR, FBG, and fasting insulin, all of which
are positive routes toward hepatoprotection against insulin
resistance which plays important role in the pathogenesis
of NAFLD (13). On another note, the GLP-1 receptor is
downregulated in NAFLD, and GLP-1 receptor agonist has
been suggested as a potential therapeutic (87). The main
physiological role of GLP-1 is to maintain glucose homeostasis
by promoting insulin release and reducing glucagon secretion,
postprandially. The upregulation of GLP-1 induced by probiotic
supplementations could be crucial against NAFLD.

The reduced organ weight despite of no changes detected
in the feed intake could be attributed to the underlying effect
of adipocyte-derived hormones, leptin, and adiponectin, which
exhibited mixed effects. Leptin is a satiety hormone that inhibits
food intake (88), while adiponectin stimulates food intake (89).
As such, the adiponectin/leptin signaling is essential in regulating
food intake. Given that adipose tissue is the source for FFA
to the liver, reduction of adiposity should contribute to the
reduced circulating FFA. However, mixed effects on adiposity
[Lee index, an obesity index for rodents (90)] by probiotics in
vivo were based on the findings reported by Savcheniuk et al. (91)
and Mohammed et al. (92) (see Appendix B in Supplementary
Material). More studies are required before a conclusion for
probiotics’ effects on adiposity can be drawn.

Figure 4 shows the overview of potential mechanisms
underlying probiotic-driven prevention of NAFLD in vivo.
Supplementation of NAFLD rodents with probiotics improved
the body energy homeostasis through the gut-liver-adipose axis
by regulating lipid and/or glucose metabolisms via the lipogenic
pathway and the oxidative and/or inflammatory pathways.
Probiotic-based interventions could bring about positive changes
to the gut, particularly correcting dysbiosis. This was evident by
the increased Lactobacillus spp. which could in turn change the
production of gut microbiota-derived metabolites (i.e., reduced
endotoxins and LPS but increased SCFA production, particularly
butyrate) (Figure 4A). Concurrently, the increased expression
of intestinal T] proteins would regulate the paracellular
permeability by limiting the delivery of endotoxins and LPS
or other gut microbiota-derived metabolites from the gut,
protecting the liver from inflammatory insults given that the liver
is the first organ to receive the majority of blood drained from the
intestines (Figure 4B). Activation of hepatic AMPK, the energy
sensor for energy metabolism, would ensue to downregulate
the lipogenic pathway (Figure 4C) through the reduction of
transcription factors (i.e., SREBP-1 or ChREBP) and/or reduction
of lipogenic enzymes (i.e., FAS and/ or ACC) but with the
increment of PPAR« and restoration of -oxidation capability of
the liver (Figure 4D). This would, therefore, reduce the hepatic
lipid profile (i.e., reduced hepatic TAG), which may be partly
regulated by bile acid metabolism, leading to reduced steatosis.
In the liver, the diminished presence of LPS would reduce the
activation of the TLR4-dependent NF-kB inflammatory pathway,
leading to the downregulation of inflammatory responses and
injury (Figure4E). At the same time, the reduced hepatic
MDA and increased antioxidants mechanisms would suppress
the oxidative pathway, protecting the liver from inflammation
(Figure 4F). The reduced number of injured hepatocytes would
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release lesser damage-associated molecular pattern molecules
(DAMPs) and therefore reduce the subsequent inflammatory
response and recruitment of immune cells (Figure 4G). The
reduced activation of hepatic stellate cells would also prevent the
progression of NAFLD through downregulation of the fibrogenic
pathway (Figure 4H). On the contrary, the reduced adiposity
would signify reduced secretion of adipokines, TNF-a and IL-6,
reducing the inflammatory insults (Figure 4I). On another note,
butyrate is capable of stimulating the secretion of fasting-induced
adipose factor (FIAF), also known as angiopoietin-like protein-
4 from intestinal epithelium, which reduces lipoprotein lipase
(LPL) that releases triglycerides from circulating chylomicrons
and VLDL, thus reducing the FFA source to the liver. In addition,
reduced FFA also would reduce the activation of TLR4 (5) and
its downstream effects, preventing the progression of the disease
(Figure 4J).

CONCLUSION AND FUTURE
PERSPECTIVE

This systematic review implied the preventive potentials of
hepatoprotective probiotic supplementations against NAFLD
in vivo. Probiotic supplementations against NAFLD in vivo
appear to alleviate the disease presentation itself through marked
improvements of liver histopathology. The evident improvement
of metabolic functions of NAFLD probiotic supplemented
rodents was also suggestive of the alleviation of NAFLD-related
comorbidities like dyslipidaemia. The ability of probiotic
supplementations in modulating the gut microbiota composition
appears to be the driving factor for hepatoprotection mediated
through reduction of gut microbiota-derived endotoxins
production, downregulation of lipogenic, and oxidative and
inflammatory pathways with/without improved gut barrier
function. That having said, the limitations of existing findings
raise the need for further in-depth studies to further understand
the beneficial effects of probiotics against NAFLD. As far as
the gut-liver-adipose axis is concerned, although adipose tissue

REFERENCES

1. Mitra S, De A, Chowdhury A. Epidemiology of non-alcoholic and
alcoholic fatty liver diseases. Transl Gastroenterol Hepatol. (2020)
5:16. doi: 10.21037/tgh.2019.09.08

2. 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

3. Adams LA, Anstee QM, Tilg H, Targher G. Non-alcoholic fatty liver
disease and its relationship with cardiovascular disease and other
extrahepatic diseases. Gut. (2017) 66:1138. doi: 10.1136/gutjnl-2017-3
13884

4. Anstee QM, Mantovani A, Tilg H, Targher G. Risk of cardiomyopathy and
cardiac arrhythmias in patients with non-alcoholic fatty liver disease. Nat Rev
Gastroenterol Hepatol. (2018) 15:425-39. doi: 10.1038/s41575-018-0010-0

5. Leung C, Rivera L, Furness JB, Angus PW. The role of the gut
microbiota in NAFLD. Nat Rev Gastroenterol Hepatol. (2016) 13:412—
25. doi: 10.1038/nrgastro.2016.85

dysfunction was recognized as part of NAFLD pathology, there
remains limited studies on hepatoprotection by probiotics in
terms of the molecular aspects of adipose tissue. Besides, there is
also gap in knowledge on therapeutic effects of probiotics against
NAFLD through modulation of gastrointestinal motility. As
much as the autonomic nervous system is known to innervate the
liver and play a role in energy homeostasis, the effect of probiotic
supplementations on neuroendocrine and neurotransmitter and
their neuro-modulatory effect in the context of NAFLD have yet
to be elucidated.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

FS, SML, CFN, and KR independently searched, extracted,
assessed all the potential studies, and assessed the eligibility and
risk of bias of all potential studies identified for inclusion. FS
drafted the manuscript and conducted the data analyses. KR,
SML, and CEN reviewed and edited the manuscript. All authors
approved the final version of the manuscript.

FUNDING

This work was supported by the Ministry of Education Malaysia
under Fundamental Research Grant Scheme [600-IRMI/FRGS
5/3 (317/2019)].

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.
844374/full#supplementary-material

6. Buzzetti E, Pinzani M, Tsochatzis EA. The multiple-hit pathogenesis of
nonalcoholic fatty liver disease (NAFLD). Metab Clin Exp. (2016) 65:1038-
48. doi: 10.1016/j.metabol.2015.12.012
7. Cave MC, Clair HB, Hardesty JE, Falkner KC, Feng W, Clark BJ, et al. Nuclear
receptors and non-alcoholic fatty liver disease. Biochim Biophys Acta. (2016)
1859:1083-99. doi: 10.1016/j.bbagrm.2016.03.002
8. Boursier ], Diehl AM. Non-alcoholic fatty liver disease and the gut
microbiome. Clin Liver Dis. (2016) 20:1-13. doi: 10.1016/j.c1d.2015.10.012
9. Mohammadi Z, Poustchi H, Motamed-Gorji N, Eghtesad S, Hekmatdoost
A, Saniee P, et al. Fecal microbiota in non-alcoholic fatty liver disease and
non-alcoholic steatohepatitis: A systematic review. Arch Iran Med. (2020)
23:44-52. doi: 10.1016/j.livres.2020.02.003
10. Fan]J-G, Kim S-U, Wong VW-S. New trends on obesity and NAFLD in Asia. |
Hepatol. (2017) 67:862-73. doi: 10.1016/j.jhep.2017.06.003
11. Lai M, Chandrasekera PC, Barnard ND. You are what you eat, or are you? The
challenges of translating high-fat-fed rodents to human obesity and diabetes.
Nutr Diabetes. (2014) 4:e135. doi: 10.1038/nutd.2014.30
12. Borrelli A, Bonelli P, Tuccillo FM, Goldfine ID, Evans JL, Buonaguro EM, et al.
Role of gut microbiota and oxidative stress in the progression of non-alcoholic

Frontiers in Nutrition | www.frontiersin.org

April 2022 | Volume 9 | Article 844374


https://www.frontiersin.org/articles/10.3389/fnut.2022.844374/full#supplementary-material
https://doi.org/10.21037/tgh.2019.09.08
https://doi.org/10.1038/nrgastro.2017.109
https://doi.org/10.1136/gutjnl-2017-313884
https://doi.org/10.1038/s41575-018-0010-0
https://doi.org/10.1038/nrgastro.2016.85
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1016/j.bbagrm.2016.03.002
https://doi.org/10.1016/j.cld.2015.10.012
https://doi.org/10.1016/j.livres.2020.02.003
https://doi.org/10.1016/j.jhep.2017.06.003
https://doi.org/10.1038/nutd.2014.30
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Sabirin et al.

Hepatoprotection of Probiotics Against NAFLD

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

fatty liver disease to hepatocarcinoma: current and innovative therapeutic
approaches. Redox Biol. (2018) 15:467-79. doi: 10.1016/j.redox.2018.01.009
Perla FM, Prelati M, Lavorato M, Visicchio D, Anania C. The role of lipid and
lipoprotein metabolism in non-alcoholic fatty liver disease. Children. (2017)
4:46. doi: 10.3390/children4060046

Manne V, Handa P, Kowdley KV. Pathophysiology of non-alcoholic fatty
liver disease/non-alcoholic steatohepatitis. Clin Liver Dis. (2018) 22:23-
37. doi: 10.1016/j.c1d.2017.08.007

Boursier J, Mueller O, Barret M, Machado M, Fizanne L, Araujo-Perez F, et al.
The severity of non-alcoholic 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

Vancamelbeke M, Vermeire S. The intestinal barrier: A fundamental role
in health and disease. Expert Rev Gastroenterol Hepatol. (2017) 11:821-
34. doi: 10.1080/17474124.2017.1343143

Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi K, Rinella M, et al.
The diagnosis and management of non-alcoholic 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

Munteanu MA, Nagy GA, Mircea PA. Current management of NAFLD. Clujul
Med. (2016) 89:19-23. doi: 10.15386/cjmed-539

Emily SS, Gillian LC, Sarah KM, Malcolm RM, David WH. Systematic
reviews and meta-analysis of preclinical studies: why perform them and
how to appraise them critically. ] Cereb Blood Flow Metab. (2014) 34:737-
42. doi: 10.1038/jcbfm.2014.28

Hooijmans CR, Rovers MM, de Vries RBM, Leenaars M, Ritskes-Hoitinga M,
Langendam MW. SYRCLE’s risk of bias tool for animal studies. BMC Med Res
Methodol. (2014) 14:43. doi: 10.1186/1471-2288-14-43

Sena ES, Briscoe CL, Howells DW, Donnan GA, Sandercock PAG,
Macleod MR. Factors affecting the apparent efficacy and safety of tissue
plasminogen activator in thrombotic occlusion models of stroke: systematic
review and meta-analysis. ] Cereb Blood Flow Metab. (2010) 30:1905-
13. doi: 10.1038/jcbfm.2010.116

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow
CD, et al. The PRISMA 2020 statement: An updated guideline for reporting
systematic reviews. BMJ. (2021) 372:n71. doi: 10.1136/bmj.n71

Jang HR, Park HJ, Kang D, Chung H, Nam MH, Lee Y, et al. A
protective mechanism of probiotic Lactobacillus against hepatic steatosis via
reducing host intestinal fatty acid absorption. Exp Mol Med. (2019) 51:1-
14. doi: 10.1038/512276-019-0293-4

Wang W, Li Q, Chai WH, Sun CY, Zhang TH, Zhao CH, et al. Lactobacillus
paracasei Jlus66 extenuate oxidative stress and inflammation via regulation of
intestinal flora in rats with non-alcoholic fatty liver disease. Food Sci Nutr.
(2019) 7:2636-46. doi: 10.1002/fsn3.1118

Xin ], Zeng D, Wang H, Ni X, Yi D, Pan K, et al. Preventing non-
alcoholic fatty liver disease through Lactobacillus johnsonii BS15 by
attenuating inflammation and mitochondrial injury and improving gut
environment in obese mice. Appl Microbiol Biotechnol. (2014) 98:6817-
29. doi: 10.1007/s00253-014-5752-1

Lee NY, Yoon SJ, Han DH, Gupta H, Youn GS, Shin MJ, et al. Lactobacillus
and Pediococcus ameliorate progression of non-alcoholic fatty liver disease
through modulation of the gut microbiome. Gut Microbes. (2020) 11:882—
99. doi: 10.1080/19490976.2020.1712984

Xu RY, Wan YP, Fang QY, Lu W, Cai W. Supplementation with probiotics
modifies gut flora and attenuates liver fat accumulation in rat non-
alcoholic fatty liver disease model. J Clin Biochem Nutr. (2012) 50:72—
7. doi: 10.3164/jcbn.11-38

Okubo H, Sakoda H, Kushiyama A, Fujishiro M, Nakatsu Y, Fukushima
T, et al. Lactobacillus casei strain Shirota protects against non-alcoholic
steatohepatitis development in a rodent model. Am J Physiol Gastrointest Liver
Physiol. (2013) 305:G911-G8. doi: 10.1152/ajpgi.00225.2013

Kim B, Park KY, Ji Y, Park S, Holzapfel W, Hyun CK. Protective
effects of Lactobacillus rhamnosus GG against dyslipidemia in high-fat
diet-induced obese mice. Biochem Biophys Res Commun. (2016) 473:530-
6. doi: 10.1016/j.bbrc.2016.03.107

Park EJ, Lee YS, Kim SM, Park GS, Lee YH, Jeong DY, et al
Beneficial effects of Lactobacillus plantarum strains on non-alcoholic fatty

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

liver disease in high fat/high fructose diet-fed rats. Nutrients. (2020)
12:542. doi: 10.3390/nu12020542

Chen YT, Lin YC, Lin JS, Yang NS, Chen MJ. Sugary kefir strain
Lactobacillus mali APS1 ameliorated hepatic steatosis by regulation of
SIRT-1/Nrf-2 and gut microbiota in rats. Mol Nutr Food Res. (2018)
62:€1700903. doi: 10.1002/mnfr.201700903

Wagnerberger S, Spruss A, Kanuri G, Stahl C, Schréder M,
Vetter W, et al. Lactobacillus casei Shirota protects from fructose-
induced liver steatosis: A mouse model. J Nutr Biochem. (2013)
24:531-8. doi: 10.1016/j.jnutbio.2012.01.014

Ritze Y, Bardos G, Claus A, Ehrmann V, Bergheim I, Schwiertz A, et al.
Lactobacillus rhamnosus GG protects against non-alcoholic fatty liver disease
in mice. PLoS ONE. (2014) 9:¢80169. doi: 10.1371/journal.pone.0080169

Li C, Nie SP, Zhu KX, Ding Q, Li C, Xiong T, et al. Lactobacillus plantarum
NCU116 improves liver function, oxidative stress and lipid metabolism in rats
with high fat diet induced non-alcoholic fatty liver disease. Food Funct. (2014)
5:3216-23. doi: 10.1039/C4F0O00549]

Wang W, Xu AL, Li ZC, Li Y, Xu SE Sang HC, et al. Combination
of probiotics and Salvia miltiorrhiza polysaccharide alleviates hepatic
steatosis via gut microbiota modulation and insulin resistance improvement
in high fat-induced NAFLD mice. Diabetes Metab ]. (2020) 44:336-48.
doi: 10.4093/dmj.2019.0042

Zhou D, Pan Q, Liu XL, Yang RX, Chen YW, Liu C, et al. Clostridium
butyricum Bl alleviates high-fat diet-induced steatohepatitis in mice
via enterohepatic immunoregulation. Clin Gastroenterol Hepatol. (2017)
32:1640-8. doi: 10.1111/jgh.13742

Liang Y, Lin C, Zhang Y, Deng Y, Liu C, Yang Q. Probiotic mixture
of Lactobacillus and Bifidobacterium alleviates systemic adiposity and
inflammation in non-alcoholic fatty liver disease rats through Gpr109a and
the commensal metabolite butyrate. Inflammopharmacology. (2018) 26:1051-
5. doi: 10.1007/s10787-018-0479-8

Kilkenny C, Parsons N, Kadyszewski E, Festing ME Cuthill IC, Fry
D, et al. Survey of the quality of experimental design, statistical
analysis and reporting of research using animals. PLoS ONE. (2009)
4:e7824. doi: 10.1371/journal.pone.0007824

Jackson SJ, Andrews N, Ball D, Bellantuono I, Gray J, Hachoumi L, et al. Does
age matter? The impact of rodent age on study outcomes. Lab Anim. (2017)
51:160-9. doi: 10.1177/0023677216653984

Fedchuk L, Nascimbeni F, Pais R, Charlotte F Housset C, Ratziu V, et
al. Performance and limitations of steatosis biomarkers in patients with
non-alcoholic fatty liver disease. Aliment Pharmacol Ther. (2014) 40:1209-
22.doi: 10.1111/apt.12963

Giovanna F Livia Beatriz Soares M. Ultrasound-based techniques for
the diagnosis of liver steatosis. World ] Gastroenterol. (2019) 25:6053-
62. doi: 10.3748/wjg.v25.i140.6053

Dyson JK, Anstee QM, McPherson S. Non-alcoholic fatty liver disease: A
practical approach to diagnosis and staging. Frontline Gastroenterol. (2014)
5:211. doi: 10.1136/flgastro-2013-100403

Kasarala G, Tillmann HL. Standard liver tests. Clin Liver Dis. (2016) 8:13-
8. doi: 10.1002/cld.562

Giannini EG, Testa R, Savarino V. Liver enzyme alteration: A guide for
clinicians. Can Med Assoc ]. (2005) 172:367-79. doi: 10.1503/cmaj.1040752
Tian J, Zhong R, Liu C, Tang Y, Gong J, Chang J, et al. Association between
bilirubin and risk of non-alcoholic fatty liver disease based on a prospective
cohort study. Sci Rep. (2016) 6:31006. doi: 10.1038/srep31006

Kwak MS, Kim D, Chung GE, Kang SJ, Park MJ, Kim Y], et al. Serum bilirubin
levels are inversely associated with nonalcoholic fatty liver disease. Clin Mol
Hepatol. (2012) 18:383-90. doi: 10.3350/cmh.2012.18.4.383

Bril F, Barb D, Portillo-Sanchez P, Biernacki D, Lomonaco R, Suman A,
et al. Metabolic and histological implications of intrahepatic triglyceride
content in nonalcoholic fatty liver disease. Hepatology. (2017) 65:1132-
44. doi: 10.1002/hep.28985

Machado MYV, Diehl AM. Pathogenesis of non-alcoholic steatohepatitis.
Gastroenterology. (2016) 150:1769-77. doi: 10.1053/j.gastro.2016.02.066
Chakravarthy MYV, Neuschwander-Tetri BA. The metabolic basis
of nonalcoholic steatohepatitis. Endocrinol Diabetes Metab ]. (2020)
3:¢00112. doi: 10.1002/edm2.112

Frontiers in Nutrition | www.frontiersin.org

April 2022 | Volume 9 | Article 844374


https://doi.org/10.1016/j.redox.2018.01.009
https://doi.org/10.3390/children4060046
https://doi.org/10.1016/j.cld.2017.08.007
https://doi.org/10.1002/hep.28356
https://doi.org/10.1080/17474124.2017.1343143
https://doi.org/10.1002/hep.29367
https://doi.org/10.15386/cjmed-539
https://doi.org/10.1038/jcbfm.2014.28
https://doi.org/10.1186/1471-2288-14-43
https://doi.org/10.1038/jcbfm.2010.116
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1038/s12276-019-0293-4
https://doi.org/10.1002/fsn3.1118
https://doi.org/10.1007/s00253-014-5752-1
https://doi.org/10.1080/19490976.2020.1712984
https://doi.org/10.3164/jcbn.11-38
https://doi.org/10.1152/ajpgi.00225.2013
https://doi.org/10.1016/j.bbrc.2016.03.107
https://doi.org/10.3390/nu12020542
https://doi.org/10.1002/mnfr.201700903
https://doi.org/10.1016/j.jnutbio.2012.01.014
https://doi.org/10.1371/journal.pone.0080169
https://doi.org/10.1039/C4FO00549J
https://doi.org/10.4093/dmj.2019.0042
https://doi.org/10.1111/jgh.13742
https://doi.org/10.1007/s10787-018-0479-8
https://doi.org/10.1371/journal.pone.0007824
https://doi.org/10.1177/0023677216653984
https://doi.org/10.1111/apt.12963
https://doi.org/10.3748/wjg.v25.i40.6053
https://doi.org/10.1136/flgastro-2013-100403
https://doi.org/10.1002/cld.562
https://doi.org/10.1503/cmaj.1040752
https://doi.org/10.1038/srep31006
https://doi.org/10.3350/cmh.2012.18.4.383
https://doi.org/10.1002/hep.28985
https://doi.org/10.1053/j.gastro.2016.02.066
https://doi.org/10.1002/edm2.112
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Sabirin et al.

Hepatoprotection of Probiotics Against NAFLD

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Hofmann AF. The Continuing Importance of Bile
Acids in Liver and Intestinal Disease. Arch Intern
Med. (1999) 159:2647-58. doi: 10.1001/archinte.159.
22.2647

Lin C-H, Kohli R. Bile acid metabolism and signaling: potential therapeutic
target for nonalcoholic fatty liver disease. Clin Transl Gastroenterol. (2018)
9:164. doi: 10.1038/s41424-018-0034-3

DeFilippis AP, Blaha M]J, Martin SS, Reed RM, Jones SR, Nasir K,
et al. Non-alcoholic fatty liver disease and serum lipoproteins: the
multi-ethnic study of atherosclerosis. Atherosclerosis. (2013) 227:429-
36. doi: 10.1016/j.atherosclerosis.2013.01.022

Dai H, Wang W, Chen R, Chen Z, Lu Y, Yuan H. Lipid accumulation product
is a powerful tool to predict non-alcoholic fatty liver disease in Chinese adults.
Nutr Metab. (2017) 14:49. doi: 10.1186/s12986-017-0206-2

B, Wijers M, Herz J.
regulation and  function of  hepatic
receptor and LDLR-related protein 1. Curr
28:241-7. doi: 10.1097/MOL.000000000000041 1
Fon Tacer K, Rozman D. Non-alcoholic
focus on lipoprotein and lipid deregulation.
2011:1-14. doi: 10.1155/2011/783976

Rui L. Energy metabolism in the Liver. Compr Physiol. (2014) 4:177-
97. doi: 10.1002/cphy.c130024

Esler WP, Bence KK. Metabolic targets in non-alcoholic fatty liver disease. Cell
Mol Gastroenterol Hepatol. (2019) 8:247-67. doi: 10.1016/j.jcmgh.2019.04.007
Reddy JK, Sambasiva Rao M. Lipid metabolism and liver inflammation. II fatty
liver disease and fatty acid oxidation. Am ] Physiol Gastrointest Liver Physiol.
(2006) 290:G852-G8. doi: 10.1152/ajpgi.00521.2005

Montagner A, Polizzi A, Fouché E, Ducheix S, Lippi Y, Lasserre F, et al. Liver
PPARa« is crucial for whole-body fatty acid homeostasis and is protective
against NAFLD. Gut. (2016) 65:1202-14. doi: 10.1136/gutjnl-2015-310798
Morris EM, Meers GME, Booth FW, Fritsche KL, Hardin CD, Thyfault JP, et al.
PGC-1a overexpression results in increased hepatic fatty acid oxidation with
reduced triacylglycerol accumulation and secretion. Am J Physiol Gastrointest
Liver Physiol. (2012) 303:G979-G92. doi: 10.1152/ajpgi.00169.2012

Kim J, Yang G, Kim Y, Kim J, Ha J. AMPK activators: mechanisms
of action and physiological activities. Exp Mol Med. (2016)
48:e224. doi: 10.1038/emm.2016.16

Day EA, Ford RJ, Steinberg GR. AMPK as a therapeutic target for
treating metabolic diseases. Trends Endocrinol Metab. (2017) 28:545-
60. doi: 10.1016/j.tem.2017.05.004

Li S, Tan HY, Wang N, Zhang ZJ], Lao L, Wong CW, et al. The role of
oxidative stress and antioxidants in liver diseases. Int J Mol Sci. (2015)
16:26087-124. doi: 10.3390/ijms161125942

Sies H, Berndt C, Jones DP. Oxidative stress. Annu Rev Biochem. (2017)
86:715-48. doi: 10.1146/annurev-biochem-061516-045037

Yang L, Roh YS, Song J, Zhang B, Liu C, Loomba R, et al. Transforming growth
factor beta signaling in hepatocytes participates in steatohepatitis through
regulation of cell death and lipid metabolism in mice. Hepatology. (2014)
59:483-95. doi: 10.1002/hep.26698

Zhang Y-KJ, Wu KC, Klaassen CD. Genetic activation of Nrf2 protects
against fasting-induced oxidative stress in livers of mice. PLoS ONE. (2013)
8:¢59122. doi: 10.1371/journal.pone.0059122

Masarone M, Rosato V, Dallio M, Gravina AG, Aglitti A, Loguercio C,
et al. Role of oxidative stress in pathophysiology of non-alcoholic fatty
liver disease. Oxid Med Cell Longev. (2018) 2018:14. doi: 10.1155/2018/
9547613

Zeng L, Tang W], Yin J], Zhou BJ. Signal transductions and non-alcoholic fatty
liver: A mini-review. Int ] Clin Exp Med. (2014) 7:1624-31.

Vonghia L, Magrone T, Verrijken A, Michielsen P, Van Gaal L,
Jirillo E, et al. Peripheral and hepatic vein cytokine levels in
correlation with non-alcoholic fatty liver disease (NAFLD)-related
metabolic, histological, and haemodynamic features. PloS ONE. (2015)
10:¢0143380. doi: 10.1371/journal.pone.0143380

Mandrekar P, Ambade A, Lim A, Szabo G, Catalano D. An essential role for
monocyte chemoattractant protein-1 in alcoholic liver injury: regulation of
proinflammatory cytokines and hepatic steatosis in mice. Hepatology. (2011)
54:2185-97. doi: 10.1002/hep.24599

molecular
lipoprotein
(2017)

News on the
low-density
Opin  Lipidol.

van de Sluis

disease:
(2011)

fatty  liver
] Lipids.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

84.

85.

86.

87.

88.

89.

Kirovski G, Dorn C, Huber H, Moleda
H, et al. Elevated systemic monocyte
1 in hepatic steatosis without significant
Exp Mol Pathol. (2011) 91:780-3. doi:
08.001

Das SK, Balakrishnan V. Role of cytokines in the pathogenesis of
non-alcoholic fatty liver disease. Indian ] Clin Biochem. (2011) 26:202-
9. doi: 10.1007/s12291-011-0121-7

Fei N, Bruneau A, Zhang X, Wang R, Wang J, Rabot S, et al
Endotoxin producers overgrowing in human gut microbiota as the causative
agents for non-alcoholic fatty liver disease. MBio. (2020) 11:¢03263-
19. doi: 10.1128/mBi0.03263-19

Da Silva HE, Teterina A, Comelli EM, Taibi A, Arendt BM, Fischer
SE, et al. Non-alcoholic fatty liver disease is associated with dysbiosis
independent of body mass index and insulin resistance. Sci Rep. (2018)
8:1466. doi: 10.1038/s41598-018-19753-9

Rabot S, Membrez M, Bruneau A, Gérard P, Harach T, Moser M, et
al. Germ-free C57BL/6] mice are resistant to high-fat-diet-induced insulin
resistance and have altered cholesterol metabolism. FASEB J. (2010) 24:4948-
59. doi: 10.1096/1j.10.164921

Dai X, Hou H, Zhang W, Liu T, Li Y, Wang S, et al. Microbial
metabolites: critical regulators in NAFLD. Front Microbiol. (2020) 11:1-
12. doi: 10.3389/fmicb.2020.567654

Sanders WE, Sanders CC. Enterobacter spp.: pathogens poised
to flourish at the turn of the century. Clin Microbiol Rev. (1997)
10:220-41. doi: 10.1128/CMR.10.2.220

Boursier ], Diehl =~ AM. Implication  of
in non-alcoholic  fatty liver  disease.  PLoS
11:e1004559. doi: 10.1371/journal.ppat.1004559

Le Roy T, Llopis M, Lepage P, Bruneau A, Rabot S, Bevilacqua C, et al.
Intestinal microbiota determines development of non-alcoholic fatty liver
disease in mice. Gut. (2013) 62:1787-94. doi: 10.1136/gutjnl-2012-303816
Cummings JH, Pomare EW, Branch W], Naylor CP, Macfarlane GT. Short
chain fatty acids in human large intestine, portal, hepatic and venous blood.
Gut. (1987) 28:1221-7. doi: 10.1136/gut.28.10.1221

Macfarlane S, Macfarlane G. Regulation of short-chain fatty acid production.
Proc Nutr Soc. (2003) 62:67-72. doi: 10.1079/PNS2002207

Endo H, Niioka M, Kobayashi N, Tanaka M, Watanabe T. Butyrate-
producing probiotics reduce non-alcoholic fatty liver disease progression in
rats: new insight into the probiotics for the gut-liver axis. PLoS ONE. (2013)
8:¢63388. doi: 10.1371/journal.pone.0063388

L, Niessen C, Wobser
chemoattractrant protein-
hepatic  inflammation.
10.1016/j.yexmp.2011.

microbiota
(2015)

gut
Pathog.

. Bischoff SC, Barbara G, Buurman W, Ockhuizen T, Schulzke JD, Serino M,

et al. Intestinal permeability-a new target for disease prevention and therapy.
BMC Gastroenterol. (2014) 14:1-25. doi: 10.1186/s12876-014-0189-7
Volynets V, Reichold A, Bardos G, Rings A, Bleich A, Bischoff SC.
Assessment of the intestinal barrier with five different permeability tests
in healthy C57BL/6] and BALB/c] mice. Dig Dis Sci. (2016) 61:737-
46. doi: 10.1007/s10620-015-3935-y

Wang L, Llorente C, Hartmann P, Yang A-M, Chen P, Schnabl B. Methods
to determine intestinal permeability and bacterial translocation during liver
disease. ] Immunol Methods. (2015) 421:44-53. doi: 10.1016/j.jim.2014.12.015
Bugianesi E, Gastaldelli A, Vanni E, Gambino R, Cassader M, Baldi
S, et al. Insulin resistance in non-diabetic patients with non-alcoholic
fatty liver disease: sites and mechanisms. Diabetologia. (2005) 48:634-
42. doi: 10.1007/s00125-005-1682-x

Gastaldelli A, Marchesini G. Time for glucagon like peptide-1 receptor
agonists treatment for patients with NAFLD? ] Hepatol. (2016) 64:262-
4. doi: 10.1016/j.jhep.2015.11.031

Forbes S, Bui S, Robinson BR, Hochgeschwender U, Brennan MB.
Integrated control of appetite and fat metabolism by the leptin-
proopiomelanocortin pathway. Proc Natl Acad Sci U S A. (2001)
98:4233-7. doi: 10.1073/pnas.071054298

Kadowaki T, Yamauchi T, Kubota N. The physiological and pathophysiological
role of adiponectin and adiponectin receptors in the peripheral tissues and
CNS. FEBS Lett. (2008) 582:74-80. doi: 10.1016/j.febslet.2007.11.070

. Bernardis LL, Patterson BD. Correlation between ’Lee index’ and carcass

fat content in weanling and adult female rats with hypothalamic lesions. J
Endocrinol. (1968) 40:527-8. doi: 10.1677/joe.0.0400527

Frontiers in Nutrition | www.frontiersin.org

April 2022 | Volume 9 | Article 844374


https://doi.org/10.1001/archinte.159.22.2647
https://doi.org/10.1038/s41424-018-0034-3
https://doi.org/10.1016/j.atherosclerosis.2013.01.022
https://doi.org/10.1186/s12986-017-0206-2
https://doi.org/10.1097/MOL.0000000000000411
https://doi.org/10.1155/2011/783976
https://doi.org/10.1002/cphy.c130024
https://doi.org/10.1016/j.jcmgh.2019.04.007
https://doi.org/10.1152/ajpgi.00521.2005
https://doi.org/10.1136/gutjnl-2015-310798
https://doi.org/10.1152/ajpgi.00169.2012
https://doi.org/10.1038/emm.2016.16
https://doi.org/10.1016/j.tem.2017.05.004
https://doi.org/10.3390/ijms161125942
https://doi.org/10.1146/annurev-biochem-061516-045037
https://doi.org/10.1002/hep.26698
https://doi.org/10.1371/journal.pone.0059122
https://doi.org/10.1155/2018/9547613
https://doi.org/10.1371/journal.pone.0143380
https://doi.org/10.1002/hep.24599
https://doi.org/10.1016/j.yexmp.2011.08.001
https://doi.org/10.1007/s12291-011-0121-7
https://doi.org/10.1128/mBio.03263-19
https://doi.org/10.1038/s41598-018-19753-9
https://doi.org/10.1096/fj.10.164921
https://doi.org/10.3389/fmicb.2020.567654
https://doi.org/10.1128/CMR.10.2.220
https://doi.org/10.1371/journal.ppat.1004559
https://doi.org/10.1136/gutjnl-2012-303816
https://doi.org/10.1136/gut.28.10.1221
https://doi.org/10.1079/PNS2002207
https://doi.org/10.1371/journal.pone.0063388
https://doi.org/10.1186/s12876-014-0189-7
https://doi.org/10.1007/s10620-015-3935-y
https://doi.org/10.1016/j.jim.2014.12.015
https://doi.org/10.1007/s00125-005-1682-x
https://doi.org/10.1016/j.jhep.2015.11.031
https://doi.org/10.1073/pnas.071054298
https://doi.org/10.1016/j.febslet.2007.11.070
https://doi.org/10.1677/joe.0.0400527
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Sabirin et al.

Hepatoprotection of Probiotics Against NAFLD

91. Savcheniuk O, Kobyliak N, Kondro M, Virchenko O, Falalyeyeva T, Beregova
T. Short-term periodic consumption of multiprobiotic from childhood
improves insulin sensitivity, prevents development of non-alcoholic fatty liver
disease and adiposity in adult rats with glutamate-induced obesity. BMC
Complement Altern Med. (2014) 14:247. doi: 10.1186/1472-6882-14-247
Mohammed SK, Magdy YM, El-Waseef DA, Nabih ES, Hamouda MA,
El-Kharashi OA. Modulation of hippocampal TLR4/BDNF signal pathway
using probiotics is a step closer towards treating cognitive impairment in
NASH model. Physiol Behav. (2020) 214:112762. doi: 10.1016/j.physbeh.2019.
112762

92.

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.

Copyright © 2022 Sabirin, Lim, Neoh and Ramasamy. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Nutrition | www.frontiersin.org

14

April 2022 | Volume 9 | Article 844374


https://doi.org/10.1186/1472-6882-14-247
https://doi.org/10.1016/j.physbeh.2019.112762
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Hepatoprotection of Probiotics Against Non-Alcoholic Fatty Liver Disease in vivo: A Systematic Review
	Introduction
	Methods
	Literature Search Strategy
	Study Selection
	Data Extraction
	Assessment of the Risk of Bias Using the SYRCLE's RoB Tool

	Results
	Literature Search Outcomes and Characteristics of Shortlisted in vivo Studies
	Risk of Bias of Shortlisted in vivo Studies
	Primary Outcome: Probiotics Reduced the Severity of Liver Histopathology in NAFLD in vivo
	Secondary Outcomes: Biochemical and Molecular Parameters
	Probiotics Yielded Mixed Effects on Liver Function in NAFLD in vivo
	Probiotics Generally Reduced Hepatic and Common Serum Lipid Profiles and Downregulated Hepatic Lipogenic Signaling in NAFLD in vivo
	Probiotics Generally Downregulated Oxidative and Inflammatory Responses in NAFLD in vivo
	Probiotics Generally Improved Dysbiosis and Gut Permeability and Altered SCFA Level in NAFLD in vivo
	Probiotics Reduced HOMA-IR, FBG, and Fasting Insulin of NAFLD in vivo
	Probiotics Generally Did Not Alter Body Weight Gain but Lowered the Liver Weight With No Change in Feed Intake of NAFLD-Induced Rodents


	Discussion
	Conclusion and Future Perspective
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


