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Introduction: Nonalcoholic steatohepatitis (NASH) is an advanced nonalcoholic 
fatty liver disease characterized by chronic inflammation and fibrosis. A dysbiosis 
of the gut microbiota has been associated with the pathophysiology of NASH, 
and probiotics have proven helpful in its treatment and prevention. Although 
both traditional and next-generation probiotics have the potential to alleviate 
various diseases, studies that observe the therapeutic effect of next-generation 
probiotics on NASH are lacking. Therefore, we investigated whether a next-
generation probiotic candidate, Faecalibacterium prausnitzii, contributed to the 
mitigation of NASH.

Methods: In this study, we conducted 16S rRNA sequencing analyses in 
patients with NASH and healthy controls. To test F. prausnitzii could alleviate 
NASH symptoms, we isolated four F. prausnitzii strains (EB-FPDK3, EB-FPDK9, 
EB-FPDK11, and EB-FPYYK1) from fecal samples collected from four healthy 
individuals. Mice were maintained on a high-fructose high-fat diet for 16 weeks 
to induce a NASH model and received oral administration of the bacterial strains. 
Changes in characteristic NASH phenotypes were assessed via oral glucose 
tolerance tests, biochemical assays, and histological analyses.

Results: 16S rRNA sequencing analyses confirmed that the relative abundance 
of F. prausnitzii reduced significantly in patients with NASH compared to healthy 
controls (p < 0.05). In the NASH mice, F. prausnitzii supplementation improved 
glucose homeostasis, prevented hepatic lipid accumulation, curbed liver damage 
and fibrosis, restored damaged gut barrier functions, and alleviated hepatic 
steatosis and liver inflammation. Furthermore, real-time PCR assays documented 
that the four F. prausnitzii strains regulated the expression of genes related to 
hepatic steatosis in these mice.

Discussion: Our study, therefore, confirms that the administration of F. prausnitzii 
bacteria can alleviate NASH symptoms. We propose that F. prausnitzii has the 
potential to contribute to the next-generation probiotic treatment of NASH.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) refers to a group of 
diseases, including simple steatosis (in which fat is excessively 
accumulated in hepatocytes), nonalcoholic steatohepatitis (NASH, 
with hepatocellular necrosis, inflammation, and fibrosis), and further 
progressive cirrhosis (Brunt, 2001). Although the pathogenesis of 
NASH and cirrhosis is not fully understood, the double-hit hypothesis 
is widely accepted. The first hit comprises fat accumulation in the liver 
due to insulin resistance, and the second hit consists of lipid 
peroxidation and inflammatory processes caused by oxidative stress, 
thereby causing hepatocellular damage and an inflammatory response 
(Day and James, 1998). However, it is now understood that NAFLD 
and particularly NASH progression is caused by more complex and 
diversely parallel metabolic stimuli (known as the multiple parallel hit 
theory), such as insulin resistance, hormones secreted from the 
adipose tissue, nutritional factors, gut microbiota, and genetic and 
epigenetic factors (Arab et al., 2017; Tilg et al., 2021). Moreover, a 
recent study demonstrated that an imbalance in the intestinal 
microbiome is associated with liver disease (Goel et al., 2014).

The human intestinal microbiome consists of 100 trillion 
microorganisms, which is 10 times the number of human somatic and 
reproductive cells (Backhed et al., 2005; Hooper and Macpherson, 
2010). The commensal microbiome metabolizes indigestible 
compounds, produces vitamins, defends against opportunistic 
pathogens, and contributes to the development and regulation of 
mammalian immune systems (Carding et al., 2015; Jandhyala et al., 
2015). A balance in the microbial composition is crucial for 
maintaining the host health. When this balance is disrupted, the host 
may experience dysbiosis, a decreased resistance to pathogens, the 
collapse of pathological immune responses, or the onset of severe 
diseases (Kamada et al., 2013; Carding et al., 2015; Das and Nair, 
2019). Several studies have implicated gut microbial dysbiosis in 
NAFLD and NASH (Zhu et al., 2013; Michail et al., 2015; Boursier 
et al., 2016). Patients with obesity and NASH exhibited decreased 
microbial diversity compared to healthy controls (Zhu et al., 2013); the 
proportion of Bacteroides and Prevotella species increased significantly 
in these patients, whereas those of Blautia and Faecalibacterium 
decreased (Zhu et al., 2013; Michail et al., 2015; Boursier et al., 2016).

The Food and Agriculture Organization and World Health 
Organization defined probiotics as “live microorganisms which, when 
administered in adequate amounts, confer a health benefit on the 
host” in 2001. Probiotics have the potential to prevent or treat various 
health problems such as inflammatory bowel disease, obesity, diabetes, 
and cardiovascular disease by controlling host-gut microbial 
interactions (Kim et  al., 2019). Commercialized Streptococcus, 
Lactobacillus, and Bifidobacterium are well-known probiotics that 
promote an anti-inflammatory environment and assist with gut 
barrier function (Paolella et al., 2014). Recently, microorganism-based 
studies have investigated their potential to alleviate chronic liver 
disease (Li et al., 2003; Ma et al., 2008; Xu et al., 2012; Xin et al., 2014). 
The administration of VSL#3, a multi-strain formulation that contains 
a mixture of the aforementioned three bacterial genera, improved the 
serum alanine aminotransferase (ALT) levels and histological 
spectrum of liver damage in Lepob/ob mice and rats (Li et al., 2003; Ma 
et al., 2008). In addition, the administration of Bifidobacterium longum 
reduced hepatic fat accumulation irrespective of gut permeability 
restoration in a rat model (Xu et al., 2012). Further investigations 

using a high-fat diet mouse model indicated that the administration 
of Lactobacillus johnsonii BS15 also protects against hepatic steatosis 
and hepatocyte apoptosis (Xin et al., 2014).

Increasing knowledge of the human gut microbiome has changed 
the paradigm of probiotics and leads to a natural shift to novel 
therapeutics such as next-generation probiotics (NPGs) and 
pharmaceuticals using dominant gut microbes such as Akkermansia 
muciniphila, Faecalibacterium prausnitzii, and Prevotella copri (Chang 
et al., 2019; Cheng and Xie, 2021; He et al., 2021). Unlike traditional 
probiotics that are derived from fermented foods, NGPs have been 
explored in commensal gut microbiota that supports human health 
(Martín and Langella, 2019). NGPs have been primarily identified 
through comparisons of microbiota compositions between healthy 
and unhealthy individuals, and they comprise various genera (Martín 
and Langella, 2019). Therefore, many NGP candidates have been 
reported to alleviate various diseases, such as obesity and type 2 
diabetes (Munukka et  al., 2017; Depommier et  al., 2019; López-
Moreno et  al., 2021). Although these microorganisms are often 
referred to as novel next-generation therapeutics, studies on the 
preventative mechanism of these microbes on NASH symptoms are 
still lacking. In this study, F. prausnitzii was selected as a next-
generation probiotic candidate in an exploration of the gut microbiota 
of 45 patients with NASH and 99 healthy controls. We investigated the 
effect of four F. prausnitzii isolates on NASH using high-fat and high-
fructose diet mouse models that most closely recapitulate the human 
phenotype of NASH. NASH symptoms, such as glucose homeostasis, 
hepatic lipid accumulation, and liver damage, were evaluated. 
Furthermore, we analyzed gut barrier function and mRNA levels of 
genes related to liver hepatic steatosis and liver inflammation to 
explore mechanistic insights into the anti-NASH effect of F. prausnitzii.

2. Materials and methods

2.1. Human participants

Patients diagnosed with NASH based on liver histology were 
recruited from the Hanyang University College of Medicine (Seoul, 
Republic of Korea). The diagnostic criteria for NASH were satisfied if 
patients met the following three conditions: an alcohol consumption 
of less than 20 g per day, biopsy-proven steatohepatitis, and the 
absence of other chronic liver diseases. The exclusion criteria 
comprised any consumption of probiotics or prebiotics within 
3 months of the study, pregnancy and/or lactation, or any history of 
major gastrointestinal surgery. All participants provided written 
informed consent, and the study was approved by the institutional 
review board of Hanyang University College of Medicine (IRB 
number: 2014–03–008-005). Age-and sex-matched healthy subjects 
recruited in our previous study (Lim M. Y. et al., 2021) were used as 
the control group in this study.

2.2. 16S ribosomal RNA sequencing of 
stool samples

Fresh stool samples were collected from the participants using 
OMR-200 fecal sampling kits (OMNIgene GUT; DNA Genotek, 
Kanata, ON, Canada) and stored at-80°C prior to DNA extraction. 
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Bacterial genomic DNA was extracted from fecal samples according 
to the instructions of the QIAamp DNA Stool Mini Kit (Qiagen, 
Hilden, Germany). The V3/V4 hypervariable region of 16S rRNA 
genes was amplified and sequenced using the Illumina MiSeq 2 × 300 
System (Illumina, San Diego, CA, United States) according to the 
manufacturer’s instructions. Raw sequencing reads were analyzed 
using the QIIME 2 pipeline (Bolyen et al., 2019). Briefly, raw sequence 
data were demultiplexed and filtered for quality using the DADA2 
plugin (Callahan et al., 2016). Only features belonging to the bacterial 
domain and in the range of 380–450 base pairs were assessed. De novo 
chimera filtration was performed using the “vsearch uchime-denovo” 
program (Rognes et al., 2016). Following data filtration, taxonomy was 
assigned using a pre-trained naive Bayes classifier against Silva-138 
reference sequences. Species assignment was conducted with the 
“vsearch usearch_global” tool and was based on a 99% identity 
threshold. The dataset was rarefied to the smallest sample before beta 
diversity analysis. All raw sequencing data presented in this study were 
deposited in the Sequence Read Archive database under accession 
number PRJNA9016281.

2.3. Bacterial strains and culture

Faecalibacterium prausnitzii bacteria were isolated from human 
feces according to the method described by Martín et al. (2017), with 
some modifications. Human feces were collected from healthy Koreans 
aged 7–60 years as approved by the Institutional Review Board of 
Dongguk University Ilsan Hospital in the Republic of Korea (2018–06–
001-012). As detailed in a previous study (Lee et al., 2022), we performed 
polymerase chain reaction (PCR) tests using species-specific primers for 
F. prausnitzii (forward primer: 5’-ACTCAACAAGGAAGTGA-3′; 
reverse primer: 5’-AATTCCGCCTACCTCTG-3′) to identify the 
isolates, producing a single band of the available product size (192 bp). 
Following PCR confirmation, we conducted 16S rRNA gene sequencing 
using 27F primer (5’-AGAGTTTGATCCTGGCTCAG-3′) and 1492R 
primer (5’-GGTTACCTTGTTACGACTT-3′). For our bacterial studies, 
F. prausnitzii strains were cultured in soy peptone-based medium 
containing (per liter): 20 g soy peptone; 10 g yeast extract; 2.5 g K2HPO4; 
0.5 g l-cysteine hydrochloride, and some supplements. The bacteria 
were cultured at 37°C in an anaerobic chamber containing 90% N2, 5% 
CO2, and 5% H2. Cells were harvested via centrifugation at 12,000 × g for 
5 min at 4°C. Thereafter, the pellets were resuspended in pre-reduced 
and sterile phosphate-buffered saline (anaerobic PBS), aliquoted, and 
stored at-80°C in 20% glycerol.

2.4. Antibiotic susceptibility and hemolytic 
activity

The minimum inhibitory concentrations (MIC) were determined 
for the isolates of seven antibiotic classes (piperacillin-tazobactam, 
ceftizoxime, chloramphenicol, clindamycin, meropenem, moxifloxacin, 
metronidazole, and ciprofloxacin) which are effective against anaerobic 

1 https://dataview.ncbi.nlm.nih.gov/object/PRJNA901628?reviewer=1lnsfa

gkg65tcoc2833c8usaff

bacteria using the Wilkins–Chalgren medium according to Clinical and 
Laboratory Standards Institute (2017). All MICs were interpreted using 
the CLSI breakpoints for anaerobes. The hemolytic activity of the 
isolates was determined using tryptic soy agar containing 5% (v/v) 
defibrinated sheep blood, with the plates being incubated at 37°C for 
24 h under the anaerobic conditions listed in Section 2.3. After 
incubation, hemolytic activity was evaluated and classified based on red 
blood cell lysis in the medium surrounding the colonies. Strains with no 
zones around the colonies (γ-hemolysis) were considered safe.

2.5. Study animals and treatments

Six-week-old female C57BL/6 mice were purchased from Daehan 
Biolink Co., Ltd. (Chungbuk, Korea). The use and care of animals were 
reviewed and approved by the Institutional Animal Care and Use 
Committee (IACUC) at Dongguk University (approval number: 
IACUC-2019-041-1) and conformed with the guidelines of the 
International Association for the Study of Pain policies on the use of 
laboratory animals. After 1 week of acclimation, the animals were 
randomly assigned and housed in standard plastic cages (three mice 
per cage). A total of 96 mice were randomized into the following eight 
groups (each group n = 12): a normal control (CON), NASH, NASH 
with silymarin, A2-165, EB-FPDK3, EB-FPDK9, EB-FPDK11, or 
EB-FPYYK1 group. All groups were maintained for 16 weeks under 
different regimens. The normal group was fed a low-fat diet (10 kcal% 
fat; Research Diets, Inc., NJ, United States) and had free access to plain 
tap water. NASH model groups were fed a high-fat diet (60 kcal% fat; 
Research Diets, Inc.) and had free access to water enriched with 30% 
fructose (high-fructose, HF). Mice in the remaining groups started 
receiving oral administrations at 8 weeks, consisting of silymarin 
(NASH with silymarin group) or 1 × 108 CFU of F. prausnitzii strains 
(A2-165, EB-FPDK3, EB-FPDK9, EB-FPDK11, and EB-FPYYK1 
groups). The weight and calorific intake of all mice were measured 
weekly. After the experiment, the mice were anesthetized to collect 
blood samples (see Sections 2.6 and 2.7) and euthanized before 
removal of the spleen, liver, and large intestine. Fresh spleens and 
livers were weighed. The livers and large intestine were partially 
sectioned and fixed for histological analysis (Section 2.8), with the 
remaining tissues stored at-80°C for RNA analysis (Section 2.9).

2.6. Oral glucose tolerance test

An OGTT was performed during the last week of the study. After 
being subjected to 14 h of fasting, the mice were administered oral 
glucose (2 g/kg), and blood was obtained from the tail vein 0, 30, 60, 
and 120 min after glucose treatment. Glucose levels (mg/dL) were 
measured using Accu-Chek test strips on an Accu-Chek Active blood 
glucose meter (Roche Diagnostics, Rotkreuz, Switzerland). The 
glucose area under the curve was calculated by plotting the glucose 
concentration as a function of time (min).

2.7. Biochemical analysis

Whole blood samples were centrifuged (2000 × g for 15 min at 
4°C) to separate the serum. The serum triglyceride (TG), total 
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cholesterol (TC), aspartate aminotransferase (AST), and ALT levels 
were measured using assay kits (Asan Pharmaceutical, Seoul, Korea). 
Lipids were extracted from the liver tissue according to the Folch 
protocol (Folch et al., 1957).

2.8. Histological analysis of liver and large 
intestine tissues

The liver and large intestine were fixed in neutral-buffered 10% 
formalin solution, embedded in paraffin wax, and sectioned at a 
thickness of 4 μm using a microtome. Hematoxylin and eosin (H&E) 
staining, Sirius Red staining, and α-SMA (ab5694; Abcam, Cambridge, 
MA, United States) immunohistochemistry (IHC) were performed on 
the liver sections. To assess the degree of steatosis, lobular 
inflammation, and hepatocyte ballooning, a NAFLD Activity Score 
(NAS) was assigned to each group. The NAS system was proposed by 
the National Institute of Diabetes and Digestive and Kidney Diseases–
NASH Clinical Research Network, and the score range is described in 
Table 1. The thickness of the mucosa and muscularis externa in the 
large intestine tissue sections was measured with a Nikon Eclipse Ni 
microscope (Nikon Corporation, Tokyo, Japan). Large intestine 
sections were stained with anti-zonular-1 antibody (67–7,300; 
Invitrogen, Waltham, MA, United States) and anti-occludin antibody 
(71–1,500; Invitrogen) for the analysis of tight junctions. The area of 
liver fibrosis was quantified using ImageJ software (NIH, Bethesda, 
MD, United States).

2.9. Real-time PCR for assessing mRNA 
expression

Total RNA was extracted from homogenized liver and large 
intestine tissues using TRIzol Reagent (Life Technologies, Carlsbad, 
CA, United States) and purified using RNA PureLink RNA Mini Kits 
(Thermo Fisher Scientific, Waltham, MA, United States) according to 
the manufacturer’s instructions. Complementary DNA (cDNA) was 
synthesized with a reaction micture of volume 20 μl, containing 2 μg 

of pure RNA, oligo dT primer (M-MLV cDNA Synthesis Kit, 
Enzynomics), and an M-MLV reverse transcriptase (M-MLV cDNA 
Synthesis Kit, Enzynomics, Daejeon, Korea) according to the 
manufacturer’s instructions. For quantitative real-time polymerase 
chain reaction (qRT–PCR), the cDNA (2 μl) was mixed with primer 
pairs (250 nM each) and 10 μl of qPCR 2× SYBR Green Premix 
(Enzynomics, Daejeon, Korea) in reaction mixture of volume 20 μl. 
After initial denaturation at 95°C for 10 min, cDNA was amplified for 
40 cycles of denaturation (95°C, 15 s) and annealing (60°C, 1 min) 
using QuantStudio3 (Applied Biosystems). The results were 
normalized to glyceraldehyde-3-phosphatase dehydrogenase 
(GAPDH). All primer sequences are listed in Table 2.

2.10. Analysis of gut microbial populations 
from the cecum

Using the QIAamp® DNA Stool Mini Kit, DNA was extracted 
from cecal samples of control, NASH-induced, EB-FPDK9, and 
EB-FPDK11-treated mice (n = 7 per group). 16S rRNA hypervariable 
regions in V1–V2 were amplified by using primers containing unique 
10-base barcodes and sequenced by using the Ion Torrent PGM 
system according to manufacturer’s instructions. Quality-filtered raw 
sequence reads were clustered into amplicon sequence varients 
(ASVs) using the SILVA rRNA gene database with a 99% sequence 
identity threshold. The software Quantitative Insights into Microbial 
Ecology 2 (QIIME2) was used to select representative reads and 
calculate alpha-and beta-diversity. The linear discriminant analysis 
(LDA) effect size (LEfSe) was used to identify taxa with varying 
abundances between groups, with a logarithmic LDA score threshold 
of 2.0 and an alpha value of 0.05 for the factorial Kruskal-Wallis test.

2.11. Analysis of short chain fatty acids 
from the cecum

To extract short chain fatty acids (SCFAs), the cecum (50 mg) was 
mixed with 800 μl of distilled water and 10 μl of 5 M HCl and after 
adding 400 μl of ether, the mixture was shaken at 4°C for 5 min. After 
spin down, 200 μl of ether layer was derivatized by adding 20 μl of N, 
O-bis (trimethylsilyl) trifluoroacetamide (BSTFA) at 70°C for 20 min 
and then incubated at 37°C for 2 h. The derivatized SCFAs were 
analyzed using a GC/MS system (Shimadzu Corp., Kyoto, Japan) 
equipped with a DB-5MS column (30 m × 0.25 mm, 0.25 μm film 
thickness, Agilent Technologies, Santa Clara, CA, United States) at a 
split ratio of 1: 50. The injector temperature was set at 200°C, and 
helium was used as the carrier gas at a flow rate of 0.89 ml/min. The 
oven temperature program was set as holding at 40°C for 2 min, 
increasing from 40 to 70°C at a rate of 10°C/min, increasing from 70 
to 85°C at a rate of 4°C/min, increasing from 85 to 110°C at a rate of 
6°C/min, increasing from 110 to 290°C at a rate of 90°C/min, and 
holding 290°C for 5 min. The effluent was detected using a GCMS-TQ 
8030 MS (Shimadzu Corp.) system with selected ion monitoring 
(SIM). The ion source and interface temperatures were 200 and 250°C, 
respectively, and detector voltage was 0.1 kV. SCFAs were detected by 
SIM mode with m/z 117, 131, and 145 of acetic acid, propionic acid, 
and butyric acid, respectively. Authentic standard SCFAs were used to 
quantitative analysis of SCFAs.

TABLE 1 Nonalcoholic fatty liver disease activity scores (NAS).

NAS components

Item Score Extent

Steatosis 0 <5%

1 5–33%

2 >33–66%

3 >66%

Lobular inflammation 0 No Foci

1 <2 foci at ×200

2 2–4 foci at ×200

3 >4 foci at ×200

Hepatocyte ballooning 0 None

1 Few balloon cells

2 Many cells/prominent 

ballooning
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2.12. Identification of the microbial 
anti-inflammatory molecule protein

MAM sequences were identified from four F. prausnitzii genomes 
(EB-FPDK3, EB-FPDK9, EB-FPDK11, and EB-FPYYK1) by BLAST 
search with low e-values against the MAM sequence from A2-165 as 
the query (Quévrain et al., 2016; Auger et al., 2022; Hong and Nam, 
n.d.). Translated MAM sequences were aligned by using Clustal 
Omega (Sievers et al., 2011) to investigate MAM-derived peptides 
which were previously identified as pep1–5 (Quévrain et al., 2016). 

Further, homology models of MAM proteins derived from four 
F. prausnitzii strains were provisionally built using the Modeler 
program (Webb and Sali, 2016).

2.13. Statistical analyzes

All data are expressed as the arithmetic mean ± standard error of 
the mean (SEM). We used GraphPad Prism 7 (GraphPad, San Diego, 
CA, United  States) for all statistical analyzes, comprised of 

TABLE 2 Forward primer (F) and reverse primer (R) sequences used for PCR analyzes.

Target NCBI Gene accession number Primer sequence (5′ to 3′)
GAPDH NM_001411843 F: GAC ATC AAG AAG GTG GTG AAG CAG

R: ATA CCA GGA AAT GAG CTT GAC AAA

PPAR-γ NM_011146 F: CAA GAA TAC CAA AGT GCG ATC AA

R: GAG CTG GGT CTT TTC AGA ATA ATA AG

FAS NM_007987 F: TAT CAA GGA GGC CCA TTT TGC

R: TGT TTC CAC TTC TAA ACC ATG CT

LPL NM_008509 F: CTC TGT ATG GCA CAG TGG CT

R: TCC ACC TCC GTG TAA ATC AA

SREBP-1c NM_001358315 F: GCT ACC GGT CTT CTA TCA ATG

R: GCA AGA AGC GGA TGT AGT C

CD36 NM_001159558 F: GCT TGC AAC TGT CAG CAC AT

R: GCC TTG CTG TAG CCA AGA AC

FATP 5 NM_009512 F: GAC TTT TGA TGG GCA GAA GC

R: GGG CCT TGT TGT CCA GTA TG

L-FABP NM_017399 F: ACC TCA TCC AGA AAG GGA AGG

R: ACA ATG TCG CCC AAT GTC ATG

TNF-α NM_001278601 F: CCG ATG GGT TGT ACC TTG TC

R: GGGCTGGGTAGAGAATGGAT

TLR4 NM_021297 F: CCT CTG CCT TCA CTA CAG AGA CTT T

R: TGT GGA AGC CTT CCT GGA TG

MCP1 NM_011333 F: TTA AAA ACC TGG ATC GGA ACC A

R: GCA TTA GCT TCA GAT TTA CGG G

IL-6 NM_031168 F: TCC TAC CCC AAT TTC CAA TGC

R: CAT AAC GCA CTA GGT TTG CCG

Col1a1 NM_007742 F: GCT CCT CTT AGG GGC CAC T

R: CCA CGT CTC ACC ATT GGG G

TIMP-1 NM_011593 F: CGA GAC CAC CTT ATA CCA GCG

R: GGC GTA CCG GAT ATC TGC G

ZO-1 NM_00163574 F: GCC GCT AAG AGC ACA GCA A

R: TCC CCA CTC TGA AAA TGA GGA

Occludin NM_001360538 F: ATG TCC GGC CGA TGC TCT C

R: TTT GGC TGC TCT TGG GTC TGT AT

GPR43 NM_001168512 F: GGC TTC TAC AGC AGC ATC TA

R: AAG CAC ACC AGG AAA TTA AG

GLP-1 NM_008100 F: GGC ACA TTC ACC AGC GAC TAC

R: CAA TGG CGA CTT CTT CTG GG
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Mann–Whitney U tests (two-tailed) or Kruskal–Wallis one-way 
ANOVAs, with Dunn’s test to correct for multiple comparisons (unless 
indicated otherwise). We  considered a p value <0.05 to indicate 
statistical significance.

3. Results

3.1. Gut microbiota composition in patients 
with NASH and healthy individuals

To explore the dysbiosis of gut microbiota in NASH, we performed 
16S rRNA gene amplicon sequencing on fecal samples from patients 
with NASH and compared the results with those obtained for healthy 
individuals. We used our previously published data (Lim M. Y. et al., 
2021) on the gut microbiota composition of healthy Korean subjects 
(n = 99), who were age-and sex-matched with patients with NASH 
(n = 45). Gut microbiota compositional discrimination was observed 
via unweighted UniFrac principal component analysis between the 
NASH and healthy control groups (Figure 1A). Bacterial diversity 
(according to the Shannon index, Faith’s PD index, observed features, 
and Chao1 index) in NASH patients was significantly lower compared 
to the healthy controls (Figure 1B). We also observed dysbiosis in the 
gut microbiota profile, particularly deficient F. prausnitzii and 
abundant Fusobacterium mortiferum (Figure 1C). As a next step, we 
found that two ASVs belonging to F. prausnitzii, 5fdd92ad3225b 
67f02453b5c4590b968 and 692ed0000e9f6e5d47f92a7c59d 
88434, showed significant differences between the groups 
(Supplementary Figure S1A). Using these ASVs, strains EB-FPDK3 
and EB-FPDK9 were matched to ASV 692ed0000e9f6e5d47f92 
a7c59d88434, whereas strains EB-FPDK11 and EB-FPYYK1 were 
matched to ASV 5fdd92ad3225b67f02453b5c685 with only minor 
variations (Supplementary Figure S1B). Therefore, we hypothesized 
that restoration of these strains in the gut could alleviate NASH 
symptoms. To test this hypothesis, we  isolated four F. prausnitzii 
strains (EB-FPDK3, EB-FPDK9, EB-FPDK11, and EB-FPYYK1)  
from fecal samples collected from four healthy individuals 
(Supplementary Figure S2). Before administering these strains to 
mice, we  confirmed their basic safety via laboratory tests for 
hemolytic activity and antibiotic susceptibility. The hemolytic 
activities of five strains (the four isolates plus the type strain, A2-165) 
were evaluated on blood agar plates. None of the tested strains 
showed α-hemolytic or β-hemolytic activities when grown on blood 
agar plates. All five strains showed γ-hemolytic activity, that is, 
negative or no hemolytic activity. Susceptibility to antimicrobial 
agents was assessed according to the CLSI guidelines. All strains, 
including the type strain A2-165, were susceptible to clindamycin 
(MICs <0.125) and metronidazole (MICs ranging from ≤0.125 to 
4 μg/ml). However, all strains were resistant to meropenem (MICs 
>64 μg/ml) and fluoroquinolones (moxifloxacin and ciprofloxacin, 
MICs ranging from 8 to >32 μg/ml; Supplementary Table S1).

3.2. Faecalibacterium prausnitzii 
supplementation improves glucose 
homeostasis in NASH mice

A high-fructose and high-fat (HFHF) diet is widely used to induce 
NASH in animal models to achieve a state that most closely resembles 

the human NAFLD (Rafiq et al., 2009; Im et al., 2021). To examine the 
effect of F. prausnitzii on NASH, five F. prausnitzii strains (comprising 
the reference strain A2-165 and four F. prausnitzii isolates) were orally 
administered to HFHF-fed mice for 9 weeks. Silymarin was used as a 
positive control; it contains a mixture of flavonolignans extracted from 
milk thistle and has been used as a natural drug against liver disease 
for centuries (Kim et al., 2012; Ni and Wang, 2016).

HFHF feeding of mice in the NASH group led to a significant 
increase in body weight and calorie intake compared to mice 
following a normal diet in the CON group (Figures 2A,B). There 
were no significant differences in body weight or calorie intake 
in any of the treatment groups (referring to the groups in which 
either silymarin or a bacterial strain was administered) compared 
to the NASH group. To confirm the effect of F. prausnitzii on 
glucose homeostasis, an OGTT was performed after 16 weeks 
using blood from mice that had been subjected to a fasting state 
for 14 h. The blood glucose level reached its highest level 30 min 
after glucose administration and gradually decreased (Figure 2C). 
The area under the receiver operating characteristic curve was 
significantly higher in the NASH group than in the CON group 
(Figure  2D). Silymarin, A2-165, EB-FPDK9, and EB-FPDK11 
supplementation significantly reduced the blood glucose levels 
compared to those in the NASH group (p < 0.05). This indicates 
that A2-165, EB-FPDK9, and EB-FPDK11 bacterial strains were 
effective at improving glucose tolerance.

3.3. Faecalibacterium prausnitzii prevents 
hepatic lipid accumulation in NASH mice

NASH mouse models are characterized by the accumulation 
of hepatic lipids (Saito et  al., 2015). To investigate lipid 
accumulation in the livers of our study animals, we measured the 
concentrations of TG and TC. Their levels in both the liver and 
serum were significantly increased in the NASH group compared 
to the respective levels in the CON group (Figures 3A–D). All 
treatments significantly decreased TG and TC levels in the liver 
compared to those in the NASH group (Figures 3A,B). Serum TG 
levels were significantly decreased in the groups administered 
with silymarin and all F. prausnitzii strains except EB-FPYYK1; 
the largest decreases were recorded in the EB-FPDK3 and 
EB-FPDK11 groups. Serum TC levels were significantly decreased 
by silymarin, EB-FPDK9, and EB-FPDK11 treatment 
(Figures 3C,D). Serum AST and ALT levels were significantly 
higher in the NASH group than in the CON group (Figures 3E,F). 
Compared to those in the NASH group, the serum AST levels 
were significantly lower in all experimental groups, while the 
serum ALT levels were significantly decreased in all experimental 
groups except EB-FPYYK1.

3.4. Faecalibacterium prausnitzii prevents 
liver damage and fibrosis in NASH mice

Liver images were captured to investigate the extent of liver 
damage. The livers of mice in the NASH group displayed an 
enlarged volume of lipid accumulation characterized by a yellow 
color and hard texture compared to the CON group, in which 
hepatic lipids exhibited a soft texture with a smooth, red-brown 
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surface (Figures 4A,C). For histopathological analysis, microscope 
images were obtained of H&E-stained liver tissues (Figure 4B). In 
the NASH group, we observed microvascular steatosis by lipid 
deposition and abnormal hepatocyte morphology, such as lobular 
inflammation and ballooning. When each group was scored 
according to the NAS criteria listed in Table  1, no abnormal 

morphology was observed in the CON group, whereas the NAS 
scores of the EB-FPDK3, EB-FPDK9, and EB-FPDK11 groups 
were significantly lower than that of the NASH group (Figure 4D). 
These results show that the oral administration of F. prausnitzii 
strains reduces the amount of lipid accumulation in and 
subsequent damage to the liver, as induced by NASH.

A

B

C

FIGURE 1

A comparison of gut microbiota in patients with NASH (n = 45) and sex- and age-matched healthy individuals (n = 99). (A) Principal component analysis 
plot comparing the microbiota of patients with NASH and healthy individuals using unweighted and weighted UniFrac distances. Adonis tests 
confirmed significant differences between the two groups. (B) A comparison of the alpha diversity index between fecal samples of patients with NASH 
and healthy individuals (Mann–Whitney U test; *p ≤ 0.05, ∗∗p < 0.01). (C) A species-level comparison of the relative abundance of gut microbiota 
between participants with NASH and healthy individuals. NASH: nonalcoholic steatohepatitis.
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The progression to fibrosis and cirrhosis is a key challenge in 
human NAFLD. To assess the degree of fibrosis that NASH can 
induce in the liver, we performed Sirius Red assays (Figures 5A–C). 
By measuring the Sirius Red-positive areas of livers with ImageJ 
software, hepatic fibrosis progression was mainly observed in the 
periportal region of all mouse groups. The livers of NASH group 
mice showed a significantly larger Sirius red-positive area than 
those of the EB-FPDK3, EB-FPDK9, EB-FPDK11, EB-FPYYK1, 
and silymarin groups (Figures 5A,B). Our IHC assay used α-SMA 
as a marker for evaluating stellate cell activation and fibrosis 
progression (Akpolat et al., 2005). It identified α-SMA-positive 
areas predominantly in lipid-accumulated foci. These regions were 
significantly larger in the NASH group than in the CON group, 
while they were significantly smaller in all treatment groups 
compared to the NASH group (Figures 5A,C). We also found that 
the expression levels of collagen type 1 a 1 and metallopeptidase 
inhibitor 1 were significantly decreased by F. prausnitzii infection 
(Figures 5D,E). These results indicate a reduction in fibrosis and 
collagen deposition in the liver after the oral administration of 
F. prausnitzii.

3.5. Faecalibacterium prausnitzii improves 
the damaged gut barrier functions of NASH 
mice

The consumption of an HFHF diet can shift the intestinal luminal 
composition and increase the risk of gut leakiness (Moreira et al., 
2012). Using microscope photographs of H&E-stained large intestine 
tissues, we measured the thickness of the mucosa and muscularis 
externa where the damaged colonic barrier appeared thinner 
(Figures 6A–C). In the NASH group, the mucosa and muscularis 
externa were significantly thinner compared to those in the CON 
group. The silymarin group showed significantly increased mucosal 
and muscularis externa thicknesses compared to the NASH group. 
Among the F. prausnitzii strains, EB-FPDK9, EB-FPDK11, and 
EB-FPYYK1 showed significant efficacy in improving both the 
mucosa and muscularis externa thickness.

We investigated the efficacy of barrier function in the large 
intestine via IHC assay, using the expression of zonula occludens-1 
(ZO-1) and occludin (OCLN) proteins as indicators (Figures 6D–F). 
The tight junction protein ZO-1 is essential for barrier function and 

A B

C D

FIGURE 2

Faecalibacterium prausnitzii improves glucose levels in mouse models of NASH induced with a high-fructose and high-fat diet. (A) Body weight 
changes across 12 weeks. (B) Weekly calorie intake. (C) Oral glucose tolerance test results. (D) Glucose area under the curve with glucose 
concentration as a function of time. The data are presented as mean ± SEM (n = 12). Statistical analyzes were performed using Mann–Whitney U test 
(two tailed) (B,D). ∗∗p < 0.01 versus the CON group; ## p < 0.01 versus the NASH group. CON: control, NASH: nonalcoholic steatohepatitis.
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plays a critical role in the effective mucosal repair (Kuo et al., 2021). 
In the NASH group, the ZO-1-positive area was significantly smaller 
compared with that in the CON group, suggesting barrier damage 
(Figure 6E). Among the F. prausnitzii treatments, only that of the 
EB-FPDK11 strain resulted in a significant increase in ZO-1-positive 
area compared to the NASH group. OCLN is another tight junction 
protein that is crucial for maintaining the epithelial barrier (Chelakkot 
et al., 2018). The OCLN-positive area was significantly smaller in the 
NASH group than in the CON group, but the area was recovered in 
mice receiving EB-FPDK9 and EB-FPDK11 treatments (Figure 6F).

3.6. Faecalibacterium prausnitzii alleviates 
hepatic steatosis in NASH mice

To understand the mechanisms underlying the observed effects of 
F. prausnitzii treatment in a NASH mouse model, we evaluated the key 
signaling pathways involved in the modulation of lipid metabolism, as 
quantified by real-time reverse-transcriptase PCR. The levels of mRNA 
expressing the transport proteins CD36 and fatty acid transport protein 
5 (FATP5) were approximately 1.6- and 1.99-fold higher in the NASH 
group than in the CON group, respectively (Figures 7A,B). Additionally, 
the levels of mRNA expressing peroxisome proliferator-activated 
receptor gamma (PPAR-γ), sterol regulatory element-binding 
protein-1c (SREBP-1c), fatty acid synthase (FAS), and lipoprotein lipase 
(LPL) were also significantly higher in the NASH group. Our PCR 
results revealed that the expression level of genes involved in lipid 

metabolism was significantly reduced by oral administration of 
F. prausnitzii (Figures 7C–F). This indicates that F. prausnitzii bacteria 
can regulate the genetic mechanisms underlying lipid metabolism as 
related to the alleviation of hepatic steatosis in NASH mice.

3.7. Faecalibacterium prausnitzii alleviates 
liver inflammation in NASH mice

We also investigated the expression levels of mRNA that encode 
key inflammatory cytokines, namely, tumor necrosis factor-α, 
monocyte chemoattractant protein-1, and interleukin-6. The levels of 
these cytokines in the NASH group were significantly higher than 
those in the CON group (Figures 8A–C). However, oral administration 
of F. prausnitzii strains attenuated the severity of the hepatic 
inflammatory state by preventing an increase in inflammatory gene 
expression levels induced by NASH (Figures 8A–C). In particular, 
F. prausnitzii EB-FPDK9, EB-FPDK11, and EB-FPYYK1 showed a 
significant reduction in gene expression for all three cytokines 
compared with the NASH group. The mRNA expression of Toll-like 
receptor 4 was also significantly higher in the NASH group than in the 
CON group. However, the oral administration of F. prausnitzii 
significantly reduced the mRNA expression of Toll-like receptor 4 as 
induced by NASH (Figure  8D). This receptor is responsible for 
pathogen detection and the initiation of cytokine production. Our 
results, therefore, show that F. prausnitzii alleviated liver inflammation 
by regulating the expression of related genes in NASH-induced mice.

A B C

D E F

FIGURE 3

Effects of Faecalibacterium prausnitzii in preventing lipid accumulation in and damage to the liver. (A) TG and (B) TC concentrations in the liver. (C) TG 
and (D) TC concentrations in serum. (E) Serum AST and (F) serum ALT levels. The data are presented as the mean ± SEM (n = 12). Statistical analyzes were 
performed using Kruskal–Wallis one-way ANOVA with Dunn’s test (A,B) and the Mann–Whitney U test (two-tailed) (C–F). ∗p < 0.05, ∗∗p < 0.01, 
∗∗∗p < 0.001 versus the CON group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the NASH group; $p < 0.05 versus the silymarin group; &p < 0.05 versus the 
A2-165 group. TG, triglycerides; TC, total cholesterol; AST, aspartate aminotransferase; ALT, alanine aminotransferase.
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4. Discussion

This study establishes that healthy individuals and patients with 
NASH display distinct gut microbial structures. F. prausnitzii was 
among the microorganisms that were significantly lower in patients 
with NASH compared to healthy individuals, and we, therefore, 
selected this bacterium to isolate as a next-generation probiotic 
candidate. Indeed, treatment with F. prausnitzii strains in a NASH 
mouse model relieved NASH symptoms such as glucose homeostasis, 
hepatic lipid accumulation, liver damage, and liver fibrosis. 
Additionally, treatment with F. prausnitzii strains restored NASH-
induced gut inflammation and altered gut permeability.

The current focus of treatment for patients with NAFLD is on 
dietary and lifestyle modifications, and no approved pharmacological 
therapies or surgical procedures exist to combat symptoms. Probiotics, 
prebiotics, and fecal microbiota transplants targeting the gut-liver axis 
are emerging as new strategies in precision medicine for both alcoholic 
and non-alcoholic fatty liver diseases (Bluemel et al., 2016). Probiotics 
are widely applied in the management of various diseases involving 
host-gut microbial interactions (Kim et al., 2019), and the development 
of effective probiotics is critical for treating liver disease (Meroni et al., 
2019; Xu et al., 2021). Li et al. (2003) first reported the use of probiotics 
in a NASH animal model. They found that VSL#3 improved the liver 

histology, hepatic lipid accumulation, and serum ALT levels of mice. 
Since then, various studies have investigated the mechanisms 
underlying the effects of VSL#3 supplementation in NAFLD models 
(Loguercio et al., 2005; Esposito et al., 2009; Velayudham et al., 2009). 
Ahn et al. (2019) reported that 12 weeks of treatment with a multi-
species probiotic mixture (Lactobacillus acidophilus, Lactobacillus 
rhamnosus, Lactobacillus paracasei, Pediococcus pentosaceus, 
Bifidobacterium lactis, and Bifidobacterium breve) significantly 
reduced the intrahepatic fat fraction and body weight of patients with 
obesity and NAFLD. Administration of B. longum reduced hepatic fat 
accumulation irrespective of gut permeability restoration in a NAFLD 
rat model (Xu et  al., 2012). However, a single-strain or probiotic 
treatment targeting NASH, an extremely advanced form of NAFLD, 
is still lacking.

We selected F. prausnitzii as a next-generation probiotic candidate 
through an analysis of the gut microbiota in NASH patients, which 
indicated that the abundance of F. prausnitzii was significantly lower 
in patients with NASH than in healthy controls. This finding is 
consistent with previous reports (Da Silva et al., 2018; Iino et al., 2019; 
Zhong et al., 2021; Hu et al., 2022b) and suggests that F. prausnitzii 
may serve a potential role in the treatment of NASH. This approach 
increases the efficiency of probiotic development by targeting only the 
relevant microorganisms affected by NASH. Lim E. Y. et al. (2021) 
similarly developed an effective probiotic for alleviating menopausal 
symptoms by selecting probiotic candidates based on the gut 
microbiota dysbiosis. In this study, we found that F. prausnitzii strains 
had anti-NASH effects in a mouse model where NASH was induced 
via an HFHF diet. Treatment with F. prausnitzii may offer a useful 
therapeutic option for human patients with NASH. However, there is 
still a lack of information regarding the mechanisms underlying the 
NASH improvements observed.

In our study, the F. prausnitzii treatment group displayed an 
improvement in hepatic lipid accumulation compared to the NASH 
group. There is a direct relationship between liver inflammation in 
NASH and TG stored in the liver (Kawano and Cohen, 2013; Simental-
Mendia et al., 2016). TG has been used as a marker for screening 
simple steatosis and NASH (Kawano and Cohen, 2013; Simental-
Mendia et al., 2016). Excess ingested cholesterol is removed from the 
body through hepatic excretion, resulting in the liver exhibiting a 
lower cholesterol concentration than other tissues. The exact 
contribution of cholesterol consumption to NASH has not yet been 
determined, but it has shown a relation to NASH risk and severity 
(Puri et al., 2007). In addition, the induction of NASH results in a 
dysregulation of the hepatic cholesterol homeostasis (Ioannou, 2016).

Circulating free fatty acids are a major source of hepatic lipids in 
NASH models (Bradbury, 2006). The mechanisms promoting liver 
injury are not fully understood, but the involvement of substrates 
derived from adipose tissues, such as free fatty acids, leptin, and 
adiponectin, have been suggested (McPherson et al., 2015). Free fatty 
acid uptake by hepatic fatty acid transporters such as CD36 and 
FATP5 promotes hepatic steatosis by increasing PPAR-γ (Inoue et al., 
2005). SREBP also increases the liver steatosis (Moslehi and 
Hamidi-Zad, 2018); its activation induces the expression of FAS and 
LPL, which regulate the fatty acid metabolism (Kim and Spiegelman, 
1996). In this study, we found that F. prausnitzii strains regulated the 
expression of genes related to hepatic steatosis in NASH mice. This 
suggests that the anti-NASH mechanism of F. prausnitzii may inhibit 
lipid accumulation by regulating the genetic source of hepatic steatosis.
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FIGURE 4

Effects of Faecalibacterium prausnitzii in preventing lipid 
accumulation in and damage to the liver. (A) Photographs of mice 
liver. (B) Microscopic images of liver tissue after H&E staining. Scale 
bar: 0.1 mm. (C) Weights of mice liver samples. (D) NAFLD Activity 
Score (NAS). The data are presented as the mean ± SEM (n = 12). The 
black arrow indicates the lipid deposition site in the liver tissue 
Statistical analyzes were performed using Kruskal–Wallis one-way 
ANOVA with Dunn’s test, ∗∗p < 0.01, ∗∗∗p < 0.001 versus the CON 
group; #p < 0.05, ##p < 0.01 versus the NASH group. NAFLD: 
nonalcoholic fatty liver disease, NASH: nonalcoholic steatohepatitis.
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FIGURE 5

Faecalibacterium prausnitzii prevents the development of fibrosis in the liver. (A) Microscope images of Sirius Red- and α-SMA-stained liver tissues for 
immunohistochemistry assays. Scale bar: 0.1 mm. (B,C) Areas stained positive for Sirius Red and α-SMA in the liver. mRNA levels of hepatic fibrosis 
markers (D) Col1a1 and (E) TIMP-1. The data are presented as the mean ± SEM (n = 12). Statistical analyzes were performed using the Mann–Whitney U 
test (two-tailed) ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 versus the CON group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the NASH group; $p < 0.05 versus the 
silymarin group, &p < 0.05, &&&p < 0.001 versus the A2-165 group. α-SMA, alpha-smooth muscle actin; Col1a1, collagen type 1 a 1; TIMP-1, 
metallopeptidase inhibitor 1; CON, control; NASH, nonalcoholic steatohepatitis.
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Disruption of the gut barrier results in a leaky gut that allows 
harmful substances to pass through mucosal tissues and leads to 
several diseases, including inflammatory bowel disease, celiac disease, 
and type 1 diabetes (Groschwitz and Hogan, 2009). Gut permeability 
is increased in patients with NAFLD patients compared to healthy 
controls and is associated with hepatic steatosis (De Munck et al., 
2020). NASH is characterized by varying degrees of steatosis and 
aggressive inflammation (Hansen et  al., 2017). The inflammatory 
response is a critical component leading to subsequent liver damage 

(Budick-Harmelin et al., 2008; Henao-Mejia et al., 2012). Changes in 
gut microbiota composition can alter gut barrier function, 
complementing the progress and advancement of liver disease (Plaza-
Díaz et  al., 2020). Our further analysis of cecum microbiota 
composition revealed that the intestinal microbial community was 
distinct between the normal and NASH groups, and EB-FPDK11 
exhibited a distinct difference between the NASH and EB-FPDK9 
group (Supplementary Figure S3A). In the alpha-diversity analysis, 
both Shannon index and Chao1 index were significantly lower in the 
NASH group than in the normal group. However, no significant 
difference was observed in the group treated with the two strains 
(Supplementary Figure S3B–C). The linear discriminant analysis 
(LDA) effect size algorithm (LEfSe) identified 11 biomarkers at the 
genus level in the gut microbiome of EB-FPDK9-treated group, such 
as Parabacteroides and Odoribacter (Supplementary Figure S3D), 
which have been reported to be positively correlated with the mRNA 
expression of tight junction proteins such as ZO1 and occludin (Koh 
et al., 2020; Zhao et al., 2020; Jiang et al., 2023). The abundance of 
Lachnospiraceae_NK4A136_group was significantly higher in the 
EB-FPDK11-treated group than in the NASH group 
(Supplementary Figure S3E), and this genus has been reported to play 
a role in maintaining the integrity of the intestinal barrier (Ma et al., 
2020). In addition to Lachnospiraceae_NK4A136_group, Gemella, the 
proportion of which was increased in the EB-FPDK11-treated group, 
has reported to be positively correlated with the expression of tight 
junction proteins (Hu et  al., 2023). The altered microbiota in the 
F. prausnitzii-treated group may have influenced the strength of the 
gut barrier, indicating a potential connection between the two. Several 
studies have reported that F. prausnitzii shows a strong anti-
inflammatory activity (Sokol et al., 2008; Miquel et al., 2015; Lopez-
Siles et  al., 2017). This study recorded an improvement in 
inflammation and gut barrier function in the F. prausnitzii treatment 
groups when compared to conditions in the NASH group. Considering 
these results in combination, we can speculate that F. prausnitzii may 
improve liver histology via the restoration of gut barrier function that 
alleviates liver inflammation. However, the mechanisms underlying 
such gut barrier function modulation remain unexplored and deserve 
further research.

Another possible scenario is that F. prausnitzii can produce short-
chain fatty acids (SCFAs) by breaking down undigested dietary fibers 
(Zhou et al., 2021). SCFAs include acetate, propionate, and butyrate, 
and their ability to alleviate the symptoms of hepatic diseases has been 
demonstrated in vivo and in vitro. In a mouse model of NAFLD, 
butyrate supplementation via gut microbiota attenuated hepatic 
steatosis via AMPK (adenosine 5′-monophosphate-activated protein 
kinase)-dependent SREBP-1c transcriptional inactivation; this effect 
reduced the expression of lipogenesis-related genes such as FAS and 
SCD1 (Zhao et al., 2021). In addition, Deng et al. (2020) reported that 
acetate similarly reduced liver steatosis and inflammation via AMPK 
activation in a mouse model of NASH and in vitro (Deng et al., 2020). 
Therefore, we expected the SCFA levels to decrease in the NASH model 
and increase in the strain-treated group. However, contrary to our 
expectations, in the two groups inoculated with the strain, it was 
observed that the levels of the three SCFAs in the cecum increased in 
the NASH group compared with those in the normal group, and then 
recovered to levels similar to those in the normal group 
(Supplementary Figure S4). Generally, studies in the field of liver 
diseases suggest that SCFAs are metabolically beneficial (Mattace Raso 
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FIGURE 6

Faecalibacterium prausnitzii improves impaired gut barrier functions 
by modulating the tight junctions in the large intestine. 
(A) Microscope images of large intestine after H&E staining. Scale 
bar: 0.1 mm. Yellow arrows indicate the thickness of mucosa tissue, 
and black arrows indicate the thickness of muscularis externa tissue. 
(B) The thickness of the mucosa and (C) muscularis externa of the 
large intestine. (D) Microscope images of large intestine tissue after 
ZO-1 and occludin immunohistochemical staining. Scale bar: 
0.1 mm. (E) The ZO-1-positive and (F) occludin-positive regions. The 
data are presented as the mean ± SEM (n = 12). Statistical analyzes 
were performed using the Mann–Whitney U test (two-tailed) 
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 versus the CON group; #p < 0.05, 
##p < 0.01, ###p < 0.001 versus the NASH group; $p < 0.05, $$p < 0.01 
versus the silymarin group; &p < 0.05, &&p < 0.01, &&&p < 0.001 versus 
the A2-165 group. ZO-1, zonula occludens-1; CON, control.

https://doi.org/10.3389/fmicb.2023.1123547
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Shin et al. 10.3389/fmicb.2023.1123547

Frontiers in Microbiology 13 frontiersin.org

et al., 2013; Jin et al., 2015) and protect against gut inflammation (Kles 
and Chang, 2006). On the contrary, Rau et al. (2018) reported that 
patients with NASH had higher levels of SCFAs and more number of 
SCFA-producing bacteria in their fecal samples than the control group. 
This study established an association between increased levels of SCFAs 
and the progression of disease, along with immune characteristics. In 
patients with NASH, the increased levels of SCFAs has been linked  
to a decrease in the count of resting regulatory T cells 
(CD4 + CD45RA + CD25+) and an increase in the ratio of T helper 17 

cells to resting regulatory T cells in peripheral blood (Rau et al., 2018). 
The study suggests that the higher prevalence of SCFA-producing 
bacteria in the feces of patients with NAFLD could contribute to 
disease progression by sustaining low-grade inflammatory processes 
that influence immune cells in circulation, thereby affecting peripheral 
target organs such as the liver or gut barrier (Rau et al., 2018). They also 
hinder the activity of adenosine monophosphate-activated protein 
kinase, leading to the buildup of hepatic free fatty acids. Similarly, the 
increased levels of SCFAs observed in NASH model in our study may 
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FIGURE 7

Faecalibacterium prausnitzii reduces hepatic steatosis and alleviates liver fat disease. mRNA levels of hepatic steatosis markers (A) CD36, (B) FATP5, 
(C) PPAR-𝛾, (D) SREBP-1c, (E) FAS, and (F) LPL. Statistical analyzes were performed using Kruskal–Wallis one-way ANOVA with Dunn’s test (A,D,E) or 
Mann–Whitney U test (two tailed) (B,C,F). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 versus the CON group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the NASH 
group. FATP5, fatty acid transport protein-5; PPAR-𝛾, peroxisome proliferator-activated receptor gamma; SREBP-1c, sterol regulatory element-binding 
protein-1c; FAS, fatty acid synthase; LPL, lipoprotein lipase; CON, control; NASH, nonalcoholic steatohepatitis.
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have contributed to the persistence of an inflammatory state affecting 
the liver or gut barrier. The administration of F. prausnitzii may have 
played a role in restoring these processes to a normal state. The findings 
obtained in our study were from the caecum and thus may have 
limitations in terms of evaluating systemic physiological phenomena. 
Nevertheless, we opine that our findings are sufficient to support the 
application of the strains studied in clinical trials in humans.

F. prausnitzii possesses exceptional anti-inflammatory properties, 
some of which can be  attributed to the generation of the MAM 
protein (Quévrain et al., 2016). Past phylogenetic investigations have 
revealed diverse phylogroups of F. prausnitzii strains (Fitzgerald et al., 
2018; Hu et al., 2022a). Interestingly, signature MAMs derived from 
different F. prausnitzii phylogroups exhibit varied anti-inflammatory 
properties (Auger et al., 2022). These findings suggest that the MAM 
protein can be  used as a distinctive marker for characterizing 
F. prausnitzii strains as probiotics. The MAM proteins identified from 
the four strains showed genetic variations in their sequences 
(Supplementary Figure S5A). Homology modeling of the MAM 
proteins showed structural differences among F. prausnitzii strains 
(Supplementary Figure S5B). Although we could not shed light on all 

the differences in the probiotic efficacy of each F. prausnitzii strain from 
this study, MAM protein may explain the differences in the efficacy of 
F. prausnitzii as probiotics. Moreover, Xu et  al. demonstrated that 
MAM proteins derived from F. prausnitzii can restore the structure and 
function of the intestinal barrier by regulating the tight junction 
pathway and expression of ZO-1 (Xu et al., 2020). MAMs have the 
ability to suppress Th1 and Th17 immune responses and NF-kB 
activation (Sokol et al., 2008; Breyner et al., 2017). The reduction in 
serum LPS levels that result from the anti-inflammatory effects of 
MAMs (Xu et al., 2020) could also enhance gut barrier integrity and 
potentially decrease the likelihood of hepatic injury in NASH, given 
that inflammation is a contributing factor to the disease. Further 
research is required to examine the therapeutic effects of signature 
MAMs derived from tested strains in NASH.

In summary, our results demonstrated that F. prausnitzii treatment 
significantly ameliorated the symptoms associated with NASH in a 
mouse model, restoring gut barrier function. Furthermore, 
we investigated the potential mechanisms underlying the observed 
effects of F. prausnitzii treatment on lipid metabolism and 
inflammation. Despite the significance of our results, there were some 
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FIGURE 8

Faeclibacterium prausnitzii reduces the expression of inflammatory cytokines in the liver. mRNA levels of the inflammatory cytokines (A) TNF-α, 
(B) TLR4, (C) MCP-1, and (D) IL-6. Statistical analyzes were performed using Mann–Whitney U-test (two-tailed) (A,B) and Kruskal–Wallis one-way 
ANOVA with Dunn’s test (C,D). ∗p < 0.05, ∗∗p < 0.01 versus the CON group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the NASH group. TNF-α, tumor 
necrosis factor-α; TLR4, Toll-like receptor 4; MCP-1, monocyte chemoattractant protein-1; IL-6, interleukin-6; CON, control; NASH, nonalcoholic 
steatohepatitis.
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limitations to our study. The findings of this study indicate the 
potential of F. prausnitzii as a next-generation probiotic agent for 
NASH prevention.

Data availability statement

The data presented in this study are deposited in the NCBI 
Sequence Read Archive (SRA) repository (https://www.ncbi.nlm.
nih.gov), accession numbers PRJNA901628 and PRJNA938166.

Ethics statement

The studies involving human participants were reviewed and 
approved by the institutional review board of Hanyang University 
College of Medicine (IRB number: 2014–03–008-005). The patients/
participants provided their written informed consent to participate in 
this study. The animal study was reviewed and approved by the 
Institutional Animal Care and Use Committee (IACUC) at Dongguk 
University (approval number: IACUC-2019-041-1).

Author contributions

J-GS, DWJ, and Y-DN conceived and designed the project. DL, 
S-YJ, HRB, M-GH, S-NL, and H-JK provided an experimental 
supplement and technical support and managed the animal study. 
J-HS and YL conducted data analysis. J-HS, YL, and E-JS wrote the 
manuscript. All authors read and approved the final version of 
the manuscript.

Funding

This work was supported by the Main Research Program (grant 
number E0170600-07) of the Korea Food Research Institute, funded 
by the Korean Ministry of Science and Information & Communication  
Technology.

Conflict of interest

Authors YL, DL, S-YJ, HRB, M-GH, S-NL, and J-GS were 
employed by Enterobiome Inc.

The remaining 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.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1123547/
full#supplementary-material

References
Ahn, S. B., Jun, D. W., Kang, B.-K., Lim, J. H., Lim, S., and Chung, M.-J. (2019). 

Randomized, double-blind, placebo-controlled study of a multispecies probiotic mixture 
in nonalcoholic fatty liver disease. Sci. Rep. 9:5688. doi: 10.1038/s41598-019-42059-3

Akpolat, N., Yahsi, S., Godekmerdan, A., Yalniz, M., and Demirbag, K. (2005). The 
value of alpha-SMA in the evaluation of hepatic fibrosis severity in hepatitis B infection 
and cirrhosis development: a histopathological and immunohistochemical study. 
Histopathology 47, 276–280. doi: 10.1111/j.1365-2559.2005.02226.x

Arab, J. P., Karpen, S. J., Dawson, P. A., Arrese, M., and Trauner, M. (2017). Bile acids 
and nonalcoholic fatty liver disease: molecular insights and therapeutic perspectives. 
Hepatology 65, 350–362. doi: 10.1002/hep.28709

Auger, S., Kropp, C., Borras-Nogues, E., Chanput, W., Andre-Leroux, G., 
Gitton-Quent, O., et al. (2022). Intraspecific diversity of microbial anti-inflammatory 
molecule (MAM) from Faecalibacterium prausnitzii. Int. J. Mol. Sci. 23:1705. doi: 
10.3390/ijms23031705

Backhed, F., Ley, R. E., Sonnenburg, J. L., Peterson, D. A., and Gordon, J. I. (2005). 
Host-bacterial mutualism in the human intestine. Science 307, 1915–1920. doi: 10.1126/
science.1104816

Bluemel, S., Williams, B., Knight, R., and Schnabl, B. (2016). Precision medicine in 
alcoholic and nonalcoholic fatty liver disease via modulating the gut microbiota. Am. J. 
Physiol. Gastrointest. Liver Physiol. 311, G1018–g1036. doi: 10.1152/ajpgi.00245.2016

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., 
et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science 
using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9

Boursier, J., Mueller, O., Barret, M., Machado, M., Fizanne, L., Araujo-Perez, F., et al. 
(2016). The severity of nonalcoholic fatty liver disease is associated with gut dysbiosis 
and shift in the metabolic function of the gut microbiota. Hepatology 63, 764–775. doi: 
10.1002/hep.28356

Bradbury, M. W. (2006). Lipid metabolism and liver inflammation. I. Hepatic fatty 
acid uptake: possible role in steatosis. Am. J. Physiol. Gastrointest. Liver Physiol. 290, 
G194–G198. doi: 10.1152/ajpgi.00413.2005

Breyner, N. M., Michon, C., de Sousa, C. S., Vilas Boas, P. B., Chain, F., Azevedo, V. A., 
et al. (2017). Microbial anti-inflammatory molecule (MAM) from Faecalibacterium 
prausnitzii shows a protective effect on DNBS and DSS-induced colitis model in mice 
through inhibition of NF-κB pathway. Front. Microbiol. 8:114. doi: 10.3389/
fmicb.2017.00114

Brunt, E. M. (2001). Nonalcoholic steatohepatitis: definition and pathology. Semin. 
Liver Dis. 21, 003–016. doi: 10.1055/s-2001-12925

Budick-Harmelin, N., Dudas, J., Demuth, J., Madar, Z., Ramadori, G., and Tirosh, O. 
(2008). Triglycerides potentiate the inflammatory response in rat Kupffer cells. Antioxid. 
Redox Signal. 10, 2009–2022. doi: 10.1089/ars.2007.1876

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and 
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Carding, S., Verbeke, K., Vipond, D. T., Corfe, B. M., and Owen, L. J. (2015). Dysbiosis 
of the gut microbiota in disease. Microb. Ecol. Health Dis. 26:26191. doi: 10.3402/mehd.
v26.26191

Chang, C.-J., Lin, T.-L., Tsai, Y.-L., Wu, T.-R., Lai, W.-F., Lu, C.-C., et al. (2019). Next 
generation probiotics in disease amelioration. J. Food Drug Anal. 27, 615–622. doi: 
10.1016/j.jfda.2018.12.011

Chelakkot, C., Ghim, J., and Ryu, S. H. (2018). Mechanisms regulating intestinal 
barrier integrity and its pathological implications. Exp. Mol. Med. 50, 1–9. doi: 10.1038/
s12276-018-0126-x

Cheng, D., and Xie, M. (2021). A review of a potential and promising probiotic 
candidate–Akkermansia muciniphila. J. Appl. Microbiol. 130, 1813–1822. doi: 10.1111/
jam.14911

Clinical and Laboratory Standards Institute (2017). Performance Standards for 
Antimicrobial Susceptibility Testing. Clinical and Laboratory Standards Institute, 
Wayne, PA.

Da Silva, H. E., Teterina, A., Comelli, E. M., Taibi, A., Arendt, B. M., Fischer, S. E., 
et al. (2018). Nonalcoholic fatty liver disease is associated with dysbiosis independent of 

https://doi.org/10.3389/fmicb.2023.1123547
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1123547/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1123547/full#supplementary-material
https://doi.org/10.1038/s41598-019-42059-3
https://doi.org/10.1111/j.1365-2559.2005.02226.x
https://doi.org/10.1002/hep.28709
https://doi.org/10.3390/ijms23031705
https://doi.org/10.1126/science.1104816
https://doi.org/10.1126/science.1104816
https://doi.org/10.1152/ajpgi.00245.2016
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1002/hep.28356
https://doi.org/10.1152/ajpgi.00413.2005
https://doi.org/10.3389/fmicb.2017.00114
https://doi.org/10.3389/fmicb.2017.00114
https://doi.org/10.1055/s-2001-12925
https://doi.org/10.1089/ars.2007.1876
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.3402/mehd.v26.26191
https://doi.org/10.3402/mehd.v26.26191
https://doi.org/10.1016/j.jfda.2018.12.011
https://doi.org/10.1038/s12276-018-0126-x
https://doi.org/10.1038/s12276-018-0126-x
https://doi.org/10.1111/jam.14911
https://doi.org/10.1111/jam.14911


Shin et al. 10.3389/fmicb.2023.1123547

Frontiers in Microbiology 16 frontiersin.org

body mass index and insulin resistance. Sci. Rep. 8, 1–12. doi: 10.1038/
s41598-018-19753-9

Das, B., and Nair, G. B. (2019). Homeostasis and dysbiosis of the gut microbiome in 
health and disease. J. Biosci. 44:117. doi: 10.1007/s12038-019-9926-y

Day, C. P., and James, O. F. (1998). Steatohepatitis: a tale of two hits? Gastroenterology 
114, 842–845. doi: 10.1016/s0016-5085(98)70599-2

De Munck, T. J. I., Xu, P., Verwijs, H. J. A., Masclee, A. A. M., Jonkers, D., Verbeek, J., 
et al. (2020). Intestinal permeability in human nonalcoholic fatty liver disease: a 
systematic review and meta-analysis. Liver Int. 40, 2906–2916. doi: 10.1111/liv.14696

Deng, M., Qu, F., Chen, L., Liu, C., Zhang, M., et al. (2020). SCFAs alleviated steatosis 
and inflammation in mice with NASH induced by MCD. J. Endocrinol. 245, 425–437. 
doi: 10.1530/JOE-20-0018

Depommier, C., Everard, A., Druart, C., Plovier, H., Hul, M., Silva, S., et al. (2019). 
Supplementation with Akkermansia muciniphila in overweight and obese human 
volunteers: a proof-of-concept exploratory study. Nat. Med. 25, 1096–1103. doi: 10.1038/
s41591-019-0495-2

Esposito, E., Iacono, A., Bianco, G., Autore, G., Cuzzocrea, S., Vajro, P., et al. (2009). 
Probiotics reduce the inflammatory response induced by a high-fat diet in the liver of 
young rats. J. Nutr. 139, 905–911. doi: 10.3945/jn.108.101808

Fitzgerald, C. B., Shkoporov, A. N., Sutton, T. D., Chaplin, A. V., Velayudhan, V., 
Ross, R. P., et al. (2018). Comparative analysis of Faecalibacterium prausnitzii genomes 
shows a high level of genome plasticity and warrants separation into new species-level 
taxa. BMC Genomics 19, 931–920. doi: 10.1186/s12864-018-5313-6

Folch, J., Lees, M., and Sloane Stanley, G. H. (1957). A simple method for the isolation 
and purification of total lipides from animal tissues. J. Biol. Chem. 226, 497–509. doi: 
10.1016/S0021-9258(18)64849-5

Goel, A., Gupta, M., and Aggarwal, R. (2014). Gut microbiota and liver disease. J. 
Gastroenterol. Hepatol. 29, 1139–1148. doi: 10.1111/jgh.12556

Groschwitz, K. R., and Hogan, S. P. (2009). Intestinal barrier function: molecular 
regulation and disease pathogenesis. J. Allergy Clin. Immunol. 124, 3–20. doi: 10.1016/j.
jaci.2009.05.038

Hansen, H. H., Feigh, M., Veidal, S. S., Rigbolt, K. T., Vrang, N., and Fosgerau, K. 
(2017). Mouse models of nonalcoholic steatohepatitis in preclinical drug development. 
Drug Discov. Today 22, 1707–1718. doi: 10.1016/j.drudis.2017.06.007

He, X., Zhao, S., and Li, Y. (2021). Faecalibacterium prausnitzii: A next-generation 
probiotic in gut disease improvement. Can. J. Infect. Dis. Med. Microbiol. 2021, 1–10. 
doi: 10.1155/2021/6666114

Henao-Mejia, J., Elinav, E., Jin, C., Hao, L., Mehal, W. Z., Strowig, T., et al. (2012). 
Inflammasome-mediated dysbiosis regulates progression of NAFLD and obesity. Nature 
482, 179–185. doi: 10.1038/nature10809

Hong, M. -D., and Nam, Y. -D.. (n.d.). Comparative Genomic Analysis of 
Faecalibacterium prausnitzii and Closely Related Species. Submitted for Publication.

Hooper, L. V., and Macpherson, A. J. (2010). Immune adaptations that maintain 
homeostasis with the intestinal microbiota. Nat. Rev. Immunol. 10, 159–169. doi: 
10.1038/nri2710

Hu, W., Gao, W., Liu, Z., Fang, Z., Wang, H., Zhao, J., et al. (2022b). Specific strains of 
Faecalibacterium prausnitzii ameliorate nonalcoholic fatty liver disease in mice in 
association with gut microbiota regulation. Nutrients 14:2945. doi: 10.3390/nu14142945

Hu, W., Gao, W., Liu, Z., Fang, Z., Zhao, J., Zhang, H., et al. (2022a). Biodiversity and 
physiological characteristics of novel Faecalibacterium prausnitzii strains isolated from 
human feces. Microorganisms 10:297. doi: 10.3390/microorganisms10020297

Hu, S., Ma, Y., Xiong, K., Wang, Y., Liu, Y., Sun, Y., et al. (2023). Ameliorating effects 
of vitamin K2 on dextran sulfate sodium-induced ulcerative colitis in mice. Int. J. Mol. 
Sci. 24:2986. doi: 10.3390/ijms24032986

Iino, C., Endo, T., Mikami, K., Hasegawa, T., Kimura, M., Sawada, N., et al. (2019). 
Significant decrease in Faecalibacterium among gut microbiota in nonalcoholic fatty 
liver disease: a large BMI-and sex-matched population study. Hepatol. Int. 13, 748–756. 
doi: 10.1007/s12072-019-09987-8

Im, Y. R., Hunter, H., de Gracia Hahn, D., Duret, A., Cheah, Q., Dong, J., et al. (2021). 
A systematic review of animal models of NAFLD finds high-fat, high-fructose diets most 
closely resemble human NAFLD. Hepatology 74, 1884–1901. doi: 10.1002/hep.31897

Inoue, M., Ohtake, T., Motomura, W., Takahashi, N., Hosoki, Y., Miyoshi, S., et al. 
(2005). Increased expression of PPARgamma in high fat diet-induced liver steatosis in 
mice. Biochem. Biophys. Res. Commun. 336, 215–222. doi: 10.1016/j.bbrc.2005.08.070

Ioannou, G. N. (2016). The role of cholesterol in the pathogenesis of NASH. Trends 
Endocrinol. Metab. 27, 84–95. doi: 10.1016/j.tem.2015.11.008

Jandhyala, S. M., Talukdar, R., Subramanyam, C., Vuyyuru, H., Sasikala, M., and 
Nageshwar Reddy, D. (2015). Role of the normal gut microbiota. World J. Gastroenterol. 
21, 8787–8803. doi: 10.3748/wjg.v21.i29.8787

Jiang, J., Fu, Y., Tang, A., Gao, X., Zhang, D., Shen, Y., et al. (2023). Sex difference in 
prebiotics on gut and blood–brain barrier dysfunction underlying stress-induced 
anxiety and depression. CNS Neurosci. Ther. 2023:14091. doi: 10.1111/cns.14091

Jin, C. J., Sellmann, C., Engstler, A. J., Ziegenhardt, D., and Bergheim, I. (2015). 
Supplementation of sodium butyrate protects mice from the development of non-

alcoholic steatohepatitis (NASH). Br. J. Nutr. 114, 1745–1755. doi: 10.1017/
S0007114515003621

Kamada, N., Seo, S. U., Chen, G. Y., and Nunez, G. (2013). Role of the gut microbiota 
in immunity and inflammatory disease. Nat. Rev. Immunol. 13, 321–335. doi: 10.1038/
nri3430

Kawano, Y., and Cohen, D. E. (2013). Mechanisms of hepatic triglyceride accumulation 
in non-alcoholic fatty liver disease. J. Gastroenterol. 48, 434–441. doi: 10.1007/
s00535-013-0758-5

Kim, S. K., Guevarra, R. B., Kim, Y. T., Kwon, J., Kim, H., Cho, J. H., et al. (2019). Role 
of probiotics in human gut microbiome-associated diseases. J. Microbiol. Biotechnol. 29, 
1335–1340. doi: 10.4014/jmb.1906.06064

Kim, J. B., and Spiegelman, B. M. (1996). ADD1/SREBP1 promotes adipocyte 
differentiation and gene expression linked to fatty acid metabolism. Genes Dev. 10, 
1096–1107. doi: 10.1101/gad.10.9.1096

Kim, M., Yang, S. G., Kim, J. M., Lee, J. W., Kim, Y. S., and Lee, J. I. (2012). Silymarin 
suppresses hepatic stellate cell activation in a dietary rat model of non-alcoholic 
steatohepatitis: analysis of isolated hepatic stellate cells. Int. J. Mol. Med. 30, 473–479. 
doi: 10.3892/ijmm.2012.1029

Kles, K. A., and Chang, E. B. (2006). Short-chain fatty acids impact on intestinal 
adaptation, inflammation, carcinoma, and failure. Gastroenterology 130, S100–S105. doi: 
10.1053/j.gastro.2005.11.048

Koh, G. Y., Kane, A. V., Wu, X., and Crott, J. W. (2020). Parabacteroides distasonis 
attenuates tumorigenesis, modulates inflammatory markers and promotes intestinal 
barrier integrity in azoxymethane-treated a/J mice. Carcinogenesis 41, 909–917. doi: 
10.1093/carcin/bgaa018

Kuo, W. T., Zuo, L., Odenwald, M. A., Madha, S., Singh, G., Gurniak, C. B., et al. 
(2021). The tight junction protein ZO-1 is dispensable for barrier function but critical 
for effective mucosal repair. Gastroenterology 161, 1924–1939. doi: 10.1053/j.
gastro.2021.08.047

Lee, Y., Byeon, H. R., Jang, S.-Y., Hong, M.-G., Kim, D., Lee, D., et al. (2022). Oral 
administration of Faecalibacterium prausnitzii and Akkermansia muciniphila strains 
from humans improves atopic dermatitis symptoms in DNCB induced NC/Nga mice. 
Sci. Rep. 12, 1–15. doi: 10.1038/s41598-022-11048-4

Li, Z., Yang, S., Lin, H., Huang, J., Watkins, P. A., Moser, A. B., et al. (2003). Probiotics 
and antibodies to TNF inhibit inflammatory activity and improve nonalcoholic fatty 
liver disease. Hepatology 37, 343–350. doi: 10.1053/jhep.2003.50048

Lim, M. Y., Hong, S., Bang, S.-J., Chung, W.-H., Shin, J.-H., Kim, J.-H., et al. (2021). 
Gut microbiome structure and association with host factors in a Korean population. 
Msystems 6, e00179–e00121. doi: 10.1128/mSystems.00179-21

Lim, E. Y., Song, E. J., Kim, J. G., Jung, S. Y., Lee, S. Y., Shin, H. S., et al. (2021). 
Lactobacillus intestinalis YT2 restores the gut microbiota and improves menopausal 
symptoms in ovariectomized rats. Benef Microbes 12, 503–516. doi: 10.3920/
bm2020.0217

Loguercio, C., Federico, A., Tuccillo, C., Terracciano, F., D'Auria, M. V., De Simone, C., 
et al. (2005). Beneficial effects of a probiotic VSL#3 on parameters of liver dysfunction 
in chronic liver diseases. J. Clin. Gastroenterol. 39, 540–543. doi: 10.1097/01.
mcg.0000165671.25272.0f

López-Moreno, A., Acuña, I., Torres-Sánchez, A., Ruiz-Moreno, Á., Cerk, K., 
Rivas, A., et al. (2021). Next generation probiotics for neutralizing obesogenic effects: 
taxa culturing searching strategies. Nutrients 13:1617. doi: 10.3390/nu13051617

Lopez-Siles, M., Duncan, S. H., Garcia-Gil, L. J., and Martinez-Medina, M. (2017). 
Faecalibacterium prausnitzii: from microbiology to diagnostics and prognostics. ISME 
J. 11, 841–852. doi: 10.1038/ismej.2016.176

Ma, X., Hua, J., and Li, Z. (2008). Probiotics improve high fat diet-induced hepatic 
steatosis and insulin resistance by increasing hepatic NKT cells. J. Hepatol. 49, 821–830. 
doi: 10.1016/j.jhep.2008.05.025

Ma, L., Ni, Y., Wang, Z., Tu, W., Ni, L., Zhuge, F., et al. (2020). Spermidine improves 
gut barrier integrity and gut microbiota function in diet-induced obese mice. Gut 
Microbes 12, 1832857–1832819. doi: 10.1080/19490976.2020.1832857

Martín, R., and Langella, P. (2019). Emerging health concepts in the probiotics field: 
streamlining the definitions. Front. Microbiol. 10:1047. doi: 10.3389/fmicb.2019.01047

Martín, R., Miquel, S., Benevides, L., Bridonneau, C., Robert, V., Hudault, S., et al. 
(2017). Functional characterization of novel Faecalibacterium prausnitzii strains isolated 
from healthy volunteers: a step forward in the use of F. prausnitzii as a next-generation 
probiotic. Front. Microbiol. 8:1226. doi: 10.3389/fmicb.2017.01226

Mattace Raso, G., Simeoli, R., Russo, R., Iacono, A., Santoro, A., Paciello, O., et al. 
(2013). Effects of sodium butyrate and its synthetic amide derivative on liver 
inflammation and glucose tolerance in an animal model of steatosis induced by high fat 
diet. PLoS One 8:e68626. doi: 10.1371/journal.pone.0068626

McPherson, S., Hardy, T., Henderson, E., Burt, A. D., Day, C. P., and Anstee, Q. M. 
(2015). Evidence of NAFLD progression from steatosis to fibrosing-steatohepatitis using 
paired biopsies: implications for prognosis and clinical management. J. Hepatol. 62, 
1148–1155. doi: 10.1016/j.jhep.2014.11.034

Meroni, M., Longo, M., and Dongiovanni, P. (2019). The role of probiotics in 
nonalcoholic fatty liver disease: a new insight into therapeutic strategies. Nutrients 
11:2642. doi: 10.3390/nu11112642

https://doi.org/10.3389/fmicb.2023.1123547
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s41598-018-19753-9
https://doi.org/10.1038/s41598-018-19753-9
https://doi.org/10.1007/s12038-019-9926-y
https://doi.org/10.1016/s0016-5085(98)70599-2
https://doi.org/10.1111/liv.14696
https://doi.org/10.1530/JOE-20-0018
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.3945/jn.108.101808
https://doi.org/10.1186/s12864-018-5313-6
https://doi.org/10.1016/S0021-9258(18)64849-5
https://doi.org/10.1111/jgh.12556
https://doi.org/10.1016/j.jaci.2009.05.038
https://doi.org/10.1016/j.jaci.2009.05.038
https://doi.org/10.1016/j.drudis.2017.06.007
https://doi.org/10.1155/2021/6666114
https://doi.org/10.1038/nature10809
https://doi.org/10.1038/nri2710
https://doi.org/10.3390/nu14142945
https://doi.org/10.3390/microorganisms10020297
https://doi.org/10.3390/ijms24032986
https://doi.org/10.1007/s12072-019-09987-8
https://doi.org/10.1002/hep.31897
https://doi.org/10.1016/j.bbrc.2005.08.070
https://doi.org/10.1016/j.tem.2015.11.008
https://doi.org/10.3748/wjg.v21.i29.8787
https://doi.org/10.1111/cns.14091
https://doi.org/10.1017/S0007114515003621
https://doi.org/10.1017/S0007114515003621
https://doi.org/10.1038/nri3430
https://doi.org/10.1038/nri3430
https://doi.org/10.1007/s00535-013-0758-5
https://doi.org/10.1007/s00535-013-0758-5
https://doi.org/10.4014/jmb.1906.06064
https://doi.org/10.1101/gad.10.9.1096
https://doi.org/10.3892/ijmm.2012.1029
https://doi.org/10.1053/j.gastro.2005.11.048
https://doi.org/10.1093/carcin/bgaa018
https://doi.org/10.1053/j.gastro.2021.08.047
https://doi.org/10.1053/j.gastro.2021.08.047
https://doi.org/10.1038/s41598-022-11048-4
https://doi.org/10.1053/jhep.2003.50048
https://doi.org/10.1128/mSystems.00179-21
https://doi.org/10.3920/bm2020.0217
https://doi.org/10.3920/bm2020.0217
https://doi.org/10.1097/01.mcg.0000165671.25272.0f
https://doi.org/10.1097/01.mcg.0000165671.25272.0f
https://doi.org/10.3390/nu13051617
https://doi.org/10.1038/ismej.2016.176
https://doi.org/10.1016/j.jhep.2008.05.025
https://doi.org/10.1080/19490976.2020.1832857
https://doi.org/10.3389/fmicb.2019.01047
https://doi.org/10.3389/fmicb.2017.01226
https://doi.org/10.1371/journal.pone.0068626
https://doi.org/10.1016/j.jhep.2014.11.034
https://doi.org/10.3390/nu11112642


Shin et al. 10.3389/fmicb.2023.1123547

Frontiers in Microbiology 17 frontiersin.org

Michail, S., Lin, M., Frey, M. R., Fanter, R., Paliy, O., Hilbush, B., et al. (2015). Altered 
gut microbial energy and metabolism in children with non-alcoholic fatty liver disease. 
FEMS Microbiol. Ecol. 91, 1–9. doi: 10.1093/femsec/fiu002

Miquel, S., Leclerc, M., Martin, R., Chain, F., Lenoir, M., Raguideau, S., et al. (2015). 
Identification of metabolic signatures linked to anti-inflammatory effects of 
Faecalibacterium prausnitzii. MBio 6:e00300. doi: 10.1128/mBio.00300-15

Moreira, A. P., Texeira, T. F., Ferreira, A. B., Peluzio Mdo, C., and Alfenas Rde, C. 
(2012). Influence of a high-fat diet on gut microbiota, intestinal permeability and 
metabolic endotoxaemia. Br. J. Nutr. 108, 801–809. doi: 10.1017/S0007114512001213

Moslehi, A., and Hamidi-Zad, Z. (2018). Role of SREBPs in liver diseases: a mini-
review. J. Clin. Transl. Hepatol. 6, 1–7. doi: 10.14218/jcth.2017.00061

Munukka, E., Rintala, A., Toivonen, R., Nylund, M., Yang, B., Takanen, A., et al. 
(2017). Faecalibacterium prausnitzii treatment improves hepatic health and reduces 
adipose tissue inflammation in high-fat fed mice. ISME J. 11, 1667–1679. doi: 10.1038/
ismej.2017.24

Ni, X., and Wang, H. (2016). Silymarin attenuated hepatic steatosis through regulation 
of lipid metabolism and oxidative stress in a mouse model of nonalcoholic fatty liver 
disease (NAFLD). Am. J. Transl. Res. 8, 1073–1081.

Paolella, G., Mandato, C., Pierri, L., Poeta, M., Di Stasi, M., and Vajro, P. (2014). Gut-
liver axis and probiotics: their role in non-alcoholic fatty liver disease. World J. 
Gastroenterol. 20, 15518–15531. doi: 10.3748/wjg.v20.i42.15518

Plaza-Díaz, J., Solís-Urra, P., Rodríguez-Rodríguez, F., Olivares-Arancibia, J., 
Navarro-Oliveros, M., Abadía-Molina, F., et al. (2020). The gut barrier, intestinal 
microbiota, and liver disease: molecular mechanisms and strategies to manage. Int. J. 
Mol. Sci. 21:8351. doi: 10.3390/ijms21218351

Puri, P., Baillie, R. A., Wiest, M. M., Mirshahi, F., Choudhury, J., Cheung, O., et al. 
(2007). A lipidomic analysis of nonalcoholic fatty liver disease. Hepatology 46, 
1081–1090. doi: 10.1002/hep.21763

Quévrain, E., Maubert, M. A., Michon, C., Chain, F., Marquant, R., Tailhades, J., et al. 
(2016). Identification of an anti-inflammatory protein from Faecalibacterium prausnitzii, 
a commensal bacterium deficient in Crohn’s disease. Gut 65, 415–425. doi: 10.1136/
gutjnl-2014-307649

Rafiq, N., Bai, C., Fang, Y., Srishord, M., McCullough, A., Gramlich, T., et al. (2009). 
Long-term follow-up of patients with nonalcoholic fatty liver. Clin. Gastroenterol. 
Hepatol. 7, 234–238. doi: 10.1016/j.cgh.2008.11.005

Rau, M., Rehman, A., Dittrich, M., Groen, A. K., Hermanns, H. M., Seyfried, F., et al. 
(2018). Fecal SCFAs and SCFA-producing bacteria in gut microbiome of human NAFLD 
as a putative link to systemic T-cell activation and advanced disease. United Eur. 
Gastroenterol. J. 6, 1496–1507. doi: 10.1177/2050640618804444

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: a 
versatile open source tool for metagenomics. PeerJ 4:e2584. doi: 10.7717/peerj.2584

Saito, K., Uebanso, T., Maekawa, K., Ishikawa, M., Taguchi, R., Nammo, T., et al. 
(2015). Characterization of hepatic lipid profiles in a mouse model with 
nonalcoholic steatohepatitis and subsequent fibrosis. Sci. Rep. 5:12466. doi: 
10.1038/srep12466

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., et al. (2011). Fast, 
scalable generation of high-quality protein multiple sequence alignments using Clustal 
omega. Mol. Syst. Biol. 7:539. doi: 10.1038/msb.2011.75

Simental-Mendia, L. E., Simental-Mendia, E., Rodriguez-Hernandez, H., 
Rodriguez-Moran, M., and Guerrero-Romero, F. (2016). The product of triglycerides 
and glucose as biomarker for screening simple steatosis and NASH in asymptomatic 
women. Ann. Hepatol. 15, 715–720. doi: 10.5604/16652681.1212431

Sokol, H., Pigneur, B., Watterlot, L., Lakhdari, O., Bermudez-Humaran, L. G., 
Gratadoux, J. J., et al. (2008). Faecalibacterium prausnitzii is an anti-inflammatory 
commensal bacterium identified by gut microbiota analysis of Crohn disease patients. 
Proc. Natl. Acad. Sci. U. S. A. 105, 16731–16736. doi: 10.1073/pnas.0804812105

Tilg, H., Adolph, T. E., and Moschen, A. R. (2021). Multiple parallel hits hypothesis 
in nonalcoholic fatty liver disease: revisited after a decade. Hepatology 73, 833–842. doi: 
10.1002/hep.31518

Velayudham, A., Dolganiuc, A., Ellis, M., Petrasek, J., Kodys, K., Mandrekar, P., et al. 
(2009). VSL#3 probiotic treatment attenuates fibrosis without changes in steatohepatitis 
in a diet-induced nonalcoholic steatohepatitis model in mice. Hepatology 49, 989–997. 
doi: 10.1002/hep.22711

Webb, B., and Sali, A. (2016). Comparative protein structure modeling using 
MODELLER. Curr. Protoc. Bioinform. 54, 5.6.1–5.6.37. doi: 10.1002/cpbi.3

Xin, J., Zeng, D., Wang, H., Ni, X., Yi, D., Pan, K., et al. (2014). 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. 98, 6817–6829. doi: 10.1007/s00253-014-5752-1

Xu, J., Liang, R., Zhang, W., Tian, K., Li, J., Chen, X., et al. (2020). Faecalibacterium 
prausnitzii-derived microbial anti-inflammatory molecule regulates intestinal integrity 
in diabetes mellitus mice via modulating tight junction protein expression. J. Diabetes 
12, 224–236. doi: 10.1111/1753-0407.12986

Xu, R. Y., Wan, Y. P., Fang, Q. Y., Lu, W., and Cai, W. (2012). Supplementation with 
probiotics modifies gut flora and attenuates liver fat accumulation in rat nonalcoholic 
fatty liver disease model. J. Clin. Biochem. Nutr. 50, 72–77. doi: 10.3164/jcbn.11-38

Xu, S., Zhao, M., Wang, Q., Xu, Z., Pan, B., Xue, Y., et al. (2021). Effectiveness of 
probiotics and prebiotics against acute liver injury: a meta-analysis. Front. Med. 
(Lausanne) 8:739337. doi: 10.3389/fmed.2021.739337

Zhao, Z.-H., Wang, Z.-X., Zhou, D., Han, Y., Ma, F., Hu, Z., et al. (2021). Sodium 
butyrate supplementation inhibits hepatic steatosis by stimulating liver kinase B1 and 
insulin-induced gene. Cell. Mol. Gastroenterol. Hepatol. 12, 857–871. doi: 10.1016/j.
jcmgh.2021.05.006

Zhao, B., Xia, B., Li, X., Zhang, L., Liu, X., Shi, R., et al. (2020). Sesamol 
supplementation attenuates DSS-induced colitis via mediating gut barrier integrity, 
inflammatory responses, and reshaping gut microbiome. J. Agric. Food Chem. 68, 
10697–10708. doi: 10.1021/acs.jafc.0c04370

Zhong, X., Cui, P., Jiang, J., Ning, C., Liang, B., Zhou, J., et al. (2021). Streptococcus, 
the predominant bacterium to predict the severity of liver injury in alcoholic liver 
disease. Front. Cell. Infect. Microbiol. 11:649060. doi: 10.3389/fcimb.2021.649060

Zhou, Y., Xu, H., Xu, J., Guo, X., Zhao, H., Chen, Y., et al. (2021). F. Prausnitzii and its 
supernatant increase SCFAs-producing bacteria to restore gut dysbiosis in TNBS-
induced colitis. AMB Express 11, 1–10. doi: 10.1186/s13568-021-01197-6

Zhu, L., Baker, S. S., Gill, C., Liu, W., Alkhouri, R., Baker, R. D., et al. (2013). 
Characterization of gut microbiomes in nonalcoholic steatohepatitis (NASH) patients: 
a connection between endogenous alcohol and NASH. Hepatology 57, 601–609. doi: 
10.1002/hep.26093

https://doi.org/10.3389/fmicb.2023.1123547
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/femsec/fiu002
https://doi.org/10.1128/mBio.00300-15
https://doi.org/10.1017/S0007114512001213
https://doi.org/10.14218/jcth.2017.00061
https://doi.org/10.1038/ismej.2017.24
https://doi.org/10.1038/ismej.2017.24
https://doi.org/10.3748/wjg.v20.i42.15518
https://doi.org/10.3390/ijms21218351
https://doi.org/10.1002/hep.21763
https://doi.org/10.1136/gutjnl-2014-307649
https://doi.org/10.1136/gutjnl-2014-307649
https://doi.org/10.1016/j.cgh.2008.11.005
https://doi.org/10.1177/2050640618804444
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1038/srep12466
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.5604/16652681.1212431
https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.1002/hep.31518
https://doi.org/10.1002/hep.22711
https://doi.org/10.1002/cpbi.3
https://doi.org/10.1007/s00253-014-5752-1
https://doi.org/10.1111/1753-0407.12986
https://doi.org/10.3164/jcbn.11-38
https://doi.org/10.3389/fmed.2021.739337
https://doi.org/10.1016/j.jcmgh.2021.05.006
https://doi.org/10.1016/j.jcmgh.2021.05.006
https://doi.org/10.1021/acs.jafc.0c04370
https://doi.org/10.3389/fcimb.2021.649060
https://doi.org/10.1186/s13568-021-01197-6
https://doi.org/10.1002/hep.26093

	Faecalibacterium prausnitzii prevents hepatic damage in a mouse model of NASH induced by a high-fructose high-fat diet
	1. Introduction
	2. Materials and methods
	2.1. Human participants
	2.2. 16S ribosomal RNA sequencing of stool samples
	2.3. Bacterial strains and culture
	2.4. Antibiotic susceptibility and hemolytic activity
	2.5. Study animals and treatments
	2.6. Oral glucose tolerance test
	2.7. Biochemical analysis
	2.8. Histological analysis of liver and large intestine tissues
	2.9. Real-time PCR for assessing mRNA expression
	2.10. Analysis of gut microbial populations from the cecum
	2.11. Analysis of short chain fatty acids from the cecum
	2.12. Identification of the microbial anti-inflammatory molecule protein
	2.13. Statistical analyzes

	3. Results
	3.1. Gut microbiota composition in patients with NASH and healthy individuals
	3.2. Faecalibacterium prausnitzii supplementation improves glucose homeostasis in NASH mice
	3.3. Faecalibacterium prausnitzii prevents hepatic lipid accumulation in NASH mice
	3.4. Faecalibacterium prausnitzii prevents liver damage and fibrosis in NASH mice
	3.5. Faecalibacterium prausnitzii improves the damaged gut barrier functions of NASH mice
	3.6. Faecalibacterium prausnitzii alleviates hepatic steatosis in NASH mice
	3.7. Faecalibacterium prausnitzii alleviates liver inflammation in NASH mice

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

