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Graphical Abstract

Study Highlights 
•	 Bacteroides eggerthii was identified as a significantly depleted strain in both MASLD and obese patients through 

16S rRNA-based microbiome analysis.
•	 B. eggerthii supplementation ameliorated MASLD phenotypes in a WD-induced mouse model, restoring gut micro-

bial composition and host transcriptional pathways including FXR–FGF15–CYP8B1.
•	 Untargeted metabolomics revealed HICA as a B. eggerthii–derived metabolite consistently elevated in both feces 

and bacterial culture supernatant.
•	 In vitro validation confirmed that HICA reduced fatty acid–induced lipid accumulation in hepatocyte models, sup-

porting its anti-steatotic effect as a microbiome-derived metabolite.
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INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease 

(MASLD), a chronic liver disease closely associated with 

metabolic syndrome and obesity, is characterized by the 

accumulation of fat within hepatocytes.1 MASLD can prog-

ress to more severe forms such as metabolic dysfunction-

associated steatohepatitis, fibrosis, and cirrhosis.2 With the 

global rise in obesity and type 2 diabetes, MASLD has 

been reported to occur in approximately 25–30% of the 
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population worldwide, thereby becoming an important re-

search focus.3 Currently, effective microbiome-based treat-

ments for MASLD in humans remain unclear, with lifestyle 

modifications, including diet and exercise, being the primary 

therapeutic options.4,5

Recently, the gut microbial community has emerged as a 

key factor in liver disease along the gut–liver axis, influenc-

ing disease onset, progression, and therapeutic response.6 

Obesity is accompanied by general dysbiosis—most nota-

bly a higher Firmicutes/Bacteroidetes (F/B) ratio and in-

creased energy-harvesting capacity. In contrast, MASLD 

exhibits disease-specific microbial signatures that implicate 

bile-acid metabolism, choline utilization, and inflammatory 

pathways, as summarized in recent reviews.7-9 As a West-

ern diet (WD) induces both obesity and hepatic steatosis, 

disentangling obesity-related shifts from MASLD-specific 

alterations is essential. This rationale motivated us to com-

pare healthy controls with two MASLD subgroups (non-

obese MASLD and obese MASLD) and to use a WD mouse 

model to probe causality in vivo. In this framework, distinct 

alterations in gut communities have been linked to MASLD 

progression, wherein imbalances can exacerbate hepatic 

inflammation, lipid accumulation, and metabolic dysre

gulation.10 Harnessing the microbiome for diagnosis, pre-

vention, and therapy therefore remains an attractive ave-

nue for liver diseases.11 

Among taxa differing between MASLD/obesity and healthy 

controls, we prioritized Bacteroides eggerthii based on its 

consistent depletion in patients, commercial availability for 

experimental validation, and literature suggesting immuno-

metabolic relevance (e.g., weak TLR4 activation by lipooli-

gosaccharides).12,13 Reports linking Bacteroides spp. to bile 

acid deconjugation and short-chain fatty acids production 

further support a plausible metabolic interface with host 

pathways. These considerations informed our selection of 

B. eggerthii for in vivo testing. Here, we first delineated 

obesity-related versus MASLD-specific microbial altera-

tions in humans by comparing healthy controls, non-obese 

MASLD, and obese MASLD. We then prioritized B. egg-

erthii and evaluated its effects in a WD-induced mouse 

model using an integrative multi-omics framework (16S 

profiling, fecal metabolomics, and hepatic/intestinal tran-

scriptomics).

MATERIALS AND METHODS

Patients

Fecal samples and clinical data from healthy individuals 

(n=50) and patients with MASLD (n=148) were obtained 

from the Ajou University Hospital Biobank in Suwon, Ko-

rea. Patients with MASLD were recruited from the hepatol-

ogy outpatient clinic of Ajou University Hospital based on 

clinical assessment and imaging criteria consistent with 

MASLD. The diagnosis of MASLD was based on the pres-

ence of hepatic steatosis confirmed by imaging or histolo-

gy, at least one cardiometabolic risk factor, and no history 

of significant alcohol consumption (≥30 g/day for male, ≥20 

g/day for female).1 Healthy controls were recruited through 

institutional advertisements targeting individuals who visit-

ed the hospital or health screening center. Inclusion criteria 

for healthy controls included a body mass index (BMI) <25 

kg/m2, no history of excessive alcohol consumption, and no 

evidence of hepatic steatosis or other chronic liver diseas-

es, including viral hepatitis. All controls underwent abdomi-

nal ultrasonography to exclude steatotic liver disease, and 

serologic tests were performed to exclude hepatitis B and 

C virus infection. FibroScan® (Echosens, Paris, France) 

was provided free of charge to all healthy participants. Fe-

cal samples were obtained at various times during the day 

using a standardized plastic collection kit and stored at 

−80°C until analysis. All clinical information and biospeci-

mens were anonymized and donated to the Ajou University 

Hospital Biobank in accordance with institutional ethical 

guidelines.

Among the 148 patients with MASLD, those with a body 

mass index (BMI) of ≥25 kg/m2 were classified into the 

obese MASLD subgroup (n=110), whereas those with BMI 

<25 kg/m2 were classified as the non-obese MASLD sub-

group (n=38). Baseline characteristics of healthy controls, 

non-obese MASLD, and obese MASLD are presented in 

Supplementary Table 1. 

This study was approved by the Institutional Review Board 

of Ajou University Hospital, Suwon, Korea (AJOUIRB-EX- 

2024-020 and AJOUIRB-SUR-2019-096). The use of ano-

nymized fecal samples and clinical information was ap-

proved by the Ajou University Hospital Biobank, and the 

need for informed consent was waived.

Further experimental details are available in the online 
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supplementary materials and methods section.

Patient and public involvement

Patients or the public were not directly involved in the de-

sign, conduct, reporting, or dissemination plans of this re-

search. However, the study utilized human-derived fecal 

samples obtained from the Ajou University Hospital Bio-

bank, and all procedures were conducted following ethical 

guidelines. The research question and outcome measures 

were informed by current clinical priorities in the field of 

MASLD and gut microbiome research. The findings of this 

study will be shared with relevant clinical and scientific 

communities to inform future patient-centered research and 

therapeutic strategies.

RESULTS

Microbiome community composition and 
clinical features in the healthy, MASLD, and 
obesity groups

We analyzed the gut microbiome composition in the 

healthy, MASLD, and obesity groups using 16S rRNA se-

quencing (Fig. 1A). At the phylum level, the MASLD and 

obesity groups exhibited increased proportion of Firmicutes 

and reduced proportion of Bacteroidetes compared with 

the healthy group. This shift resulted in a higher F/B ratio in 

both MASLD and obesity groups, suggesting a gut micro-

biome imbalance associated with disease progression. At 

the class level, the MASLD and obesity groups demon-

strated a higher abundance of Negativicutes and Bacilli 

and a decreased abundance of Bacteroidia than the 

healthy group. At the order and family levels, Selenomona

dales, Lactobacillales, Veillonellaceae, and Lactobacillace-

ae were enriched, while Bacteroidales and Bacteroidaceae 

were reduced in MASLD and obesity groups.

To assess microbial diversity, we evaluated alpha diversi-

ty using OTUs and the ACE, Chao, and Shannon indices 

(Fig. 1B). Both the MASLD and obesity group exhibited sig-

nificantly reduced alpha diversity compared with the healthy 

group, suggesting a loss of microbial richness and even-

ness. For beta diversity, PCoA based on Bray–Curtis dis-

similarity did not show significant clustering differences 

among the three groups (R2=0.0145, F=1.43, P=0.196) (Fig. 

1C), indicating that while overall diversity was affected, the 

structural composition of the microbial communities re-

mained relatively similar.

To systematically evaluate the association between gut 

microbial composition and clinical characteristics, we per-

formed multivariable association analysis using MaAsLin2 

across the entire cohort (n=198). Age, sex, BMI, and recent 

antibiotic use were included as covariates to adjust for their 

known influence on microbiome composition and clinical 

parameters. The abundance of Bacteroidetes was nega-

tively associated with triglyceride levels, hepatic steatosis, 

and Controlled Attenuation Parameter (CAP) score, where-

as Actinobacteria showed positive associations with triglyc-

eride, CAP score, and liver stiffness (Fibro_Kilopascal 

[kPa]). In addition, Fusobacteria abundance was positively 

associated with dyslipidemia, triglyceride, and HbA1c. Pro-

teobacteria levels correlated positively with MASLD, but 

negatively with hypertension (Fig. 1D). Further analysis re-

vealed that Pseudoflavonifractor abundance negatively 

correlated with BMI, showing the highest predictive area 

under the curve (AUC) value (0.68). Lachnospira abun-

dance positively correlated with liver steatosis (AUC 0.67). 

Proteobacteria levels increased with advancing fibrosis 

stages (AUC 0.73), while Erysipelotrichaceae abundance 

declined in advanced fibrosis stages, demonstrating the 

highest predictive AUC value (0.80) (Fig. 1E).

LEfSe was performed to identify differential abundant 

taxa among the groups. Blautia wexlerae, Ruminococcus 

gnavus, and Blautia hansenii group were consistently en-

riched in both MASLD and obesity compared with the 

healthy group (Fig. 1F). In total, 16 microbial taxa exhibited 

significant differences of the MASLD and obesity groups 

compared to the healthy group. Notably, Alistipes putredi-

nis, Alistipes shahii, B. eggerthii, and B. uniformis de-

creased, whereas Blautia hansenii, B. wexlerae, and R. 

gnavus increased in the MASLD and obesity groups (Fig. 

1G). 

To investigate potential microbial candidates with amelio-

rative effects on MASLD and obesity, we focused on the 

taxa that were consistently decreased in disease condi-

tions. Three taxa, B. uniformis, A. putredinis, and B. egg-

erthii were prioritized for further evaluation according to lin-

ear discriminant analysis (LDA) effect size. B. uniformis 

exhibited the highest LDA effect size (LDA=4.06 for 
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Figure 1. Gut microbiome composition and diversity in the healthy control (Healthy), metabolic dysfunction-associated steatotic liver dis-
ease (MASLD, combined cohort), and the obese MASLD subgroup (“Obesity”) (MASLD=non-obese+obese MASLD; Obesity=obese 
MASLD only, BMI≥25 kg/m2). (A) Relative gut microbiota abundance at the phylum, class, order, and family levels across Healthy, MASLD 
(combined), and Obesity (obese MASLD). (B) Alpha diversity analysis, including ACE, Chao1, OTU count, and Shannon indices, showing a 
significant reduction in microbial diversity in MASLD and obesity groups compared to Healthy. (C) Principal coordinates analysis of fecal 
microbiota composition based on Bray–Curtis dissimilarity among Healthy (green circles), MASLD (blue circles), and Obesity (cyan dia-
monds) subjects. Dashed ellipses represent 95% confidence intervals. PERMANOVA analysis did not detect significant differences in mi-
crobial beta diversity across groups (R2=0.0145, F=1.43, P=0.196). (D) Clustered heatmap of MaAsLin2 coefficients (β) between phylum-
level microbiome and clinical variables. Red indicates positive associations, blue negative. Stars indicate statistical significance: P<0.05 (*), 
P<0.01 (**), with FDR<0.25. (E) For each indicated taxon, the left violin plot shows its relative abundance across the entire cohort (all par-
ticipants). The right panel shows receiver operating characteristic curves classifying healthy controls (HC) versus the MASLD combined 
cohort (non-obese+obese MASLD). Pseudoflavonifractor, Lachnospira, Proteobacteria, and Erysipelotrichaceae were identified as key 
taxa. (F) Linear discriminant analysis effect size analysis showing differentially enriched bacterial taxa among healthy, MASLD (combined), 
and Obesity (obese MASLD). Taxa with Linear Discriminant Analysis (LDA) score >2.0 and P<0.05 are shown. Bar colors indicate the en-
riched group: light orange (healthy), dark orange (MASLD), olive green (obesity). (G) Differentially enriched microbial taxa in the MASLD 
(combined) and Obesity (obese MASLD) compared to the ND group, highlight the potential microbial biomarkers for disease progression. 
Statistically significant differences were determined using one-way analysis of variance (ANOVA) with Tukey’s post-hoc test; ***P<0.001.
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MASLD; 4.00 for obesity), followed by A. putredinis 

(LDA=3.94 and 3.93) and B. eggerthii (LDA=3.28 and 

3.34). B. uniformis has already been extensively character-

ized as a probiotic with beneficial effects in high-fat diet–in-

duced metabolic dysfunction (Supplementary Table 2).14,15 

To explore less characterized but biologically relevant can-

didates, we prioritized A. putredinis and B. eggerthii, which 

demonstrated significant reductions in both MASLD and 

obesity groups, warranting further experimental investiga-

tion. Although we successfully obtained A. putredinis 

(KGMB02772) and B. eggerthii (JCM 12986), repeated an-

aerobic culture attempts for A. putredinis failed due to 

complete loss of viability, a technical limitation commonly 

reported for Alistipes species. In contrast, B. eggerthii ex-

hibited stable anaerobic growth, enabling subsequent func-

tional validation in the WD–induced MASLD model. These 

findings collectively support the rationale for selecting B. 

eggerthii as the most suitable candidate for mechanistic in-

vestigation among the taxa depleted in MASLD.

Oral administration of B. eggerthii improves 
body weight, fat accumulation, and liver 
morphology in the MASLD mouse model

Figure 2A (left panel) shows the animal experimental de-

sign for evaluating B. eggerthii in MASLD and obese mice. 

The normal diet (ND) group represented the ND cohort, 

whereas the WD+PBS group was fed a WD and received 

oral administration of distilled water. The WD+B group was 

fed a WD and received oral administration of B. eggerthii. 

The WD consisted of 42.7% carbohydrates, 42% fat, and 

15% protein and was administered for 12 weeks. Over time, 

the WD group exhibited the greatest increase in body 

weight, whereas the WD+B group showed statistically sig-

nificant improvements in body weight and liver-to-body 

weight ratio (%) compared to the WD group (Fig. 2A, mid-

dle panel). 

Examination of the abdominal cavity revealed that the 

WD+B group had reduced fat levels, resembling those of 

the ND group (Fig. 2A, right panel and 2B, top panel). A 

key characteristic feature of MASLD is liver whitening and 

enlargement. Representative liver images from each group 

showed that the WD group exhibited an enlarged and whit-

ish liver, whereas the WD+B group displayed a liver size 

and color similar to that of the ND group (Fig. 2B, bottom 

panel). 

Histological analysis of H&E-stained liver sections re-

vealed a significant accumulation of lipid droplets in the 

WD group, whereas fat accumulation was markedly re-

duced in the WD+B group (Fig. 2C, top panel). IHC staining 

for Sirius red (collagen), CD68, and α-SMA demonstrated 

that B. eggerthii administration reduced collagen deposi-

tion, α-SMA expression, and lipid accumulation in the liver 

(Fig. 2C, bottom panel and 2D). Masson’s trichrome (M&T) 

staining was used to assess the NAS and fibrosis. NAS 

significantly increased in the WD group; however, this trend 

was mitigated in the WD+B group (Fig. 2E, left panel). Fi-

brosis grading revealed varying stages (1a, 1b, and 2) in 

the WD group, whereas fibrosis severity was reduced to 

stages 1a and 1b in the WD+B group (Fig. 2E, right panel). 

Serum biochemical tests were conducted to evaluate the 

liver function (Fig. 2F). The WD group exhibited increased 

serum ALT, AST, total bilirubin, cholesterol, triglycerides, 

and LDL-cholesterol levels, whereas they were significantly 

Figure 1. Continued.
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reduced in the WD+B group, indicating substantial liver 

function improvement.

Reconfiguration of gut microbiota and 
functional shifts induced by B. eggerthii in 
MASLD mice

To evaluate the effects of B. eggerthii on the gut microbiota 

composition, 16S rRNA sequencing was performed to com-

pare the relative abundance of gut microbial taxa at the ge-

nus and species levels across the ND, WD, and WD+B 

groups. At the genus level, 15 taxa exhibited significant differ-

ences among groups, whereas at the species level, 19 differ-

entially abundant taxa were identified (Fig. 3A). 

Alpha diversity analyses, including ACE, Chao1, OTU 

count, and Shannon indices, did not reveal significant differ-

Figure 2. Effects of Bacteroides eggerthii on body weight, fat accumulation, and liver morphology in the metabolic dysfunction-associated 
steatotic liver disease (MASLD) mouse model. (A) Experimental design and gross phenotypic outcomes. Left: Experimental design for B. 
eggerthii administration in the MASLD mouse model. Middle: Body weight progression and liver-to-body weight ratio in normal diet (ND), 
Western diet (WD), and WD supplemented with B. eggerthii (WD+B) groups over 12 weeks. Right: Quantification of abdominal fat area, 
showing reduced fat accumulation in the WD+B group. (B) Liver morphology and gross features. Top: Representative images of abdominal 
fat deposits in each group, showing reduced fat accumulation in the WD+B group. Bottom: Gross morphology of livers, with whitening and 
enlargement observed in WD, alleviated in WD+B. Hematoxylin and eosin (H&E) staining of liver sections showed marked lipid droplet ac-
cumulation in WD, with reductions in WD+B. (C) Histological and fibrosis assessment. Top: H&E staining of liver sections, shows lipid drop-
let accumulation in WD, with marked reductions in WD+B. Bottom: Immunohistochemistry analysis for Sirius red (collagen), CD68, and 
α-SMA, indicate decreased fibrosis and collagen deposition in WD+B. (D) Quantitative comparison of collagen deposition, CD68-positive 
macrophages, and α-SMA expression among ND, WD, and WD+B groups, supporting the histological improvements observed in Panel C. 
(E) Masson’s trichrome staining and nonalcoholic fatty liver disease activity score (NAS) evaluation, showing reduced fibrosis in the WD+B 
group. (F) Serum biochemical analysis demonstrates improved liver function in WD+B based on alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), total bilirubin, cholesterol, triglyceride, and low-density lipoprotein (LDL)-cholesterol levels.
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ences between the WD and WD+B groups (Fig. 3B). Howev-

er, beta diversity analysis using PCoA demonstrated clear 

segregation in response to dietary intervention and B. egg-

erthii administration (R2=0.588, F=6.42, P=0.001) (Fig. 3C). 

To investigate the functional implications of the observed 

microbial alterations, LEfSe analysis was performed using 

the PICRUSt dataset. Functional orthology analysis pre-

dicted a significant enrichment of ‘choloylglycine hydrolase’ 

in the WD+B group (Fig. 3D, left panel), while pathway 

analysis predicted ‘microbial metabolism in diverse envi-

ronments’ and ‘ribosome’ (Fig. 3D, right panel). These 

computational predictions suggest that the prominently 

identified ‘choloylglycine hydrolase’ may play a role in bile 

acid metabolism, potentially contributing to the observed 

metabolic improvements following B. eggerthii.

To further support the functional relevance of B. egg-

erthii, we verified whether the administered strain could 

colonize the host gut. Using colonic tissue DNA, we per-

formed strain-specific quantitative PCR (qPCR) targeting 

the gyrB gene of B. eggerthii (strain JCM12986). The re-

sults revealed a progressive increase in B. eggerthii signal 

across groups, with the highest abundance detected in the 

WD+B group compared to the WD group, indicating suc-

cessful engraftment and persistence of the administered 

strain (Fig. 3E).

These findings provide molecular-level evidence that B. 

eggerthii not only persists in the gut environment after oral 

administration but also likely contributes to bile acid metab-

olism via enhanced choloylglycine hydrolase activity.

B. eggerthii modulates hepatic RNA 
transcription and metabolic pathways

To investigate the molecular mechanisms underlying B. 

eggerthii-mediated regulation, we analyzed hepatic tran-

scriptomes across ND, WD, and WD+B groups. Heatmap 

analysis revealed distinct expression patterns, and 17 

shared DEGs were identified across comparisons (ND vs. 

Figure 2. Continued.
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WD, WD vs. WD+B) (Fig. 4A). These genes were altered 

by WD feeding but partially or fully restored with B. egg-

erthii treatment, and enrichment analysis linked them to 

fatty acid metabolism, bile acid homeostasis, and PPAR 

signaling (Supplementary Fig. 1). GSEA was performed to 

identify enriched gene sets in each group. In the ND vs. 

WD comparison, the WD group showed significant FATTY_

ACID_METABOLISM enrichment, whereas the ND group 

Figure 3. Gut microbiota composition and functional shifts following Bacteroides eggerthii administration. (A) Relative abundances of gut 
microbiota at the genus and species levels, with significant changes observed in Western diet (WD)+B compared to WD. (B) Alpha diversi-
ty indices (ACE, Chao1, OTU count, Shannon index), showing no significant difference between WD and WD+B groups. (C) Principal coor-
dinates analysis (PCoA) and hierarchical clustering based on Bray–Curtis dissimilarity of fecal microbiota composition. PCoA plot shows 
distinct clustering among normal diet (ND, green), WD (cyan), and WD+B.E. (pink) groups. Dashed ellipses represent 95% confidence in-
tervals. PERMANOVA analysis confirmed significant differences in microbial community composition across groups (R²=0.588, F=6.42, 
P=0.001). Right panel shows hierarchical clustering dendrogram of the top five most abundant taxa per group. (D) Linear discriminant anal-
ysis effect size (LEfSe) analysis based on the PICRUSt functional prediction, showing enrichment of choloylglycine hydrolase in the WD+B 
group, along with predicted enrichment of microbial metabolism in diverse environments and ribosome function. (E) Strain-specific quanti-
tative polymerase chain reaction (qPCR) analysis of B. eggerthii in mouse colon tissue. Colonic DNA was subjected to qPCR using prim-
ers specific for the gyrB gene of B. eggerthii. The relative abundance of B. eggerthii was normalized to total bacterial 16S rRNA levels. 
Data represent mean±standard error of the mean. Statistically significant differences were determined using one-way analysis of variance 
(ANOVA) with Tukey’s post-hoc test; **P<0.01, ***P<0.001.
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showed CHOLESTEROL_HOMEOSTASIS enrichment 

(Fig. 4B, top panel). Similarly, in the WD+B vs. WD com-

parison, WD remained enriched for FATTY_ACID_METAB-

OLISM, whereas the WD+B group was significantly en-

riched for PANCREAS_BETA_CELLS (Fig. 4B, bottom 

panel). GSEA plots further illustrate these trends: FATTY_

Figure 4. Transcriptomic changes in the liver following Bacteroides eggerthii intervention. (A) Left: Heatmap analysis of differentially ex-
pressed genes across the normal diet (ND), Western diet (WD), and WD+B groups, shows a distinct transcriptional profile in WD+B. Right: 
Venn diagram illustrating 17 commonly altered genes across all groups. (B) Gene Set Enrichment Analysis (GSEA) comparing ND vs. WD 
groups. Top: Significant enrichment of FATTY_ACID_METABOLISM in WD and CHOLESTEROL_HOMEOSTASIS in ND. Bottom: PAN-
CREAS_BETA_CELLS enrichment in WD+B suggests partial metabolic restoration. (C) Representative GSEA plots highlighting key meta-
bolic pathways restored in WD+B, including reduced fatty acid metabolism and restored cholesterol homeostasis. (D) Heatmaps of gene 
subsets reversed by B. eggerthii intervention. Left: 85 genes upregulated in WD and downregulated in WD+B. Right: 68 genes downregu-
lated in WD and upregulated in WD+B. (E) Gene Ontology (GO) enrichment analysis of altered gene sets, linking fatty acid metabolism 
and immune responses to MASLD progression and B. eggerthii intervention. (F) RNA-seq and quantitative real-time polymerase chain re-
action analyses of hepatic genes involved in fatty acid metabolism (Pparg, Cd36, Fabp1) and bile acid metabolism (Nr1h4, Cyp8b1) in ND, 
WD, and WD+B groups. (G) Western blot analysis of FXR and CD36 proteins in liver tissue (left), and FXR, FGF15, and CYP8B1 in ileal tis-
sue (right). Densitometric quantification was performed using GAPDH as a loading control. Data are presented as mean±standard error of 
the mean. Statistical significance was determined using one-way ANOVA with Tukey’s post-hoc test. *P<0.05, **P<0.01, ***P<0.001.
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ACID_METABOLISM was positively enriched in WD rela-

tive to ND (NES=1.51) and also in WD compared to WD+B 

(NES=1.86). Conversely, CHOLESTEROL_HOMEOSTASIS 

was enriched in ND relative to WD (NES=–1.97), whereas 

PANCREAS_BETA_CELLS was enriched in WD+B com-

pared to WD (NES=–1.36) (Fig. 4C). These results highlight 

the metabolic shifts induced by WD and suggest that B. 

eggerthii administration may contribute to metabolic resto-

ration by reversing disease-associated transcriptional 

changes.

We further examined the gene expression patterns mod-

ulated by B. eggerthii. In total, 85 genes were significantly 

upregulated in the WD group compared to those in ND 

group, and their expression was subsequently downregu-

lated in WD+B group (Fig. 4D, left panel). Correlation heat-

map analysis indicated that most genes were strongly posi-

tively correlated with microbial taxa (Fig. 4D, left panel). 

Conversely, 68 genes were downregulated in WD com-

pared to ND, but their expression was restored in WD+B 

group (Fig. 4D, right panel). Correlation analysis revealed 

decreased positive correlations and increased negative 

correlations among the 68 genes in response to B. egg-

erthii (Fig. 4D, right panel). 

Gene Ontology enrichment analysis was performed to 

functionally categorize transcriptomic changes. The 85 

genes upregulated in WD and downregulated in WD+B ex-

hibited the highest enrichment in the fatty acid metabolic 

process, which aligns with the transcriptomic findings (Fig. 

4E, left panel). In contrast, the 68 downregulated genes in 

WD with subsequent upregulation in WD+B were primarily 

associated with humoral immune response (Fig. 4E, right 

panel). 

To validate these findings, we examined the expression 

patterns of host hepatic genes related to fatty acid and bile 

acid metabolism following B. eggerthii administration. As 

shown in Figure 4F (left panel), qRT-PCR analysis revealed 

that the mRNA levels of key lipid metabolism–related 

genes —Pparg, Cd36, and Fabp1—were significantly ele-

Figure 4. Continued.
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vated in WD-fed mice compared to ND, indicating hepatic 

lipid accumulation. These aberrant elevations were mark-

edly attenuated in the WD+B group, consistent with the re-

versal of steatotic changes. In contrast, expression of 

Nr1h4 (FXR), a central nuclear receptor involved in bile 

acid and lipid metabolism, was suppressed in WD-fed mice 

but significantly restored in the WD+B group. Western blot 

analysis confirmed these transcript-level changes at the 

protein level (Fig. 4F, right panel), showing that CD36 pro-

tein was increased in WD but normalized in WD+B, where-

as FXR protein was decreased in WD and restored upon B. 

eggerthii administration. 

We next explored FXR-related downstream signaling in 

both liver and intestine. Hepatic expression of CYP8B1, a 

key enzyme that controls bile acid composition and is neg-

atively regulated by FXR, was significantly increased in 

WD-fed mice but reduced in the WD+B group at protein 

levels (Fig. 4G, left). Furthermore, intestinal FXR–FGF15 

axis was evaluated. In the ileum, the expression of FXR 

and its downstream effector FGF15 was decreased in WD-

fed mice, consistent with impaired intestinal FXR signaling. 

Notably, both targets were upregulated in the WD+B group, 

suggesting that B. eggerthii restored intestinal FXR path-

way activity. Intestinal CYP8B1 levels, which were elevated 

in WD-fed mice, were also reduced in parallel upon B. eg-

gerthii treatment (Fig. 4G, right).

These results collectively suggest that B. eggerthii ad-

ministration reactivates the hepatic and intestinal FXR 

pathways, leading to the normalization of lipid and bile acid 

metabolic regulators. This multi-level restoration likely con-

tributes to the observed attenuation of WD-induced hepatic 

steatosis and metabolic dysfunction. Using an external 

publicly available human liver tissue RNA-seq dataset 

(GSE135251), pathway enrichment analysis revealed sig-

nificant enrichment of MASLD-relevant pathways, including 

fatty acid metabolism, cholesterol regulation, and inflam-

matory responses, which closely aligned with the transcrip-

tomic signatures observed in our mouse model (Supple-

mentary Fig. 2).

Metabolomic alterations induced by B. eggerthii 
and network-based analysis of metabolite-
microbiome interactions

To elucidate the metabolic changes induced by B. egg-

erthii, we conducted fecal metabolite profiling across ND, 

WD, and WD+B groups using GC-TOF-MS and UHPLC-

LTQ-Orbitrap-MS/MS. Metabolomic analyses revealed dis-

tinct clustering among the three groups, highlighting signifi-

cant shifts in fecal metabolite composition following WD 

and B. eggerthii intervention (Fig. 5A). Via GC-TOF-MS, 21 

metabolites were identified, whereas 10 bile acids were de-

tected using UHPLC-LTQ-Orbitrap-MS/MS. These metab-

olites included 17 fatty acids, two carbohydrates, and two 

additional metabolites. Most metabolites and bile acids 

were significantly elevated in the WD group compared to 

those in the ND group, whereas WD+B administration led 

to partial restoration of ND levels (Fig. 5B).

ROC curve analysis was performed to evaluate the diag-

nostic potential of specific metabolites. Among the five 

most distinguishing metabolites that differentiated ND and 

WD+B from WD, 1-pentadecanol exhibited the highest 

AUC value (0.90), suggesting its potential as liver-associat-

ed metabolic features (Fig. 5C, left panel). Similarly, 7-sul-

focholic acid, one of the five significantly altered bile acids, 

demonstrated the highest AUC value (0.90), reinforcing its 

potential role as a biomarker of bile acid metabolism (Fig. 

5C, right panel). To confirm the robustness of these ROC 

results, we further calculated 95% confidence intervals us-

ing bootstrap and DeLong methods, and performed strati-

fied cross-validation with FDR-adjusted pairwise compari-

sons. These analyses consistently supported the reliability 

of the findings, as detailed in Supplementary Tables 3 and 4.

To further explore the metabolite-microbiome interac-

tions, network analysis was conducted to assess the asso-

ciations between microbial taxa and fecal metabolites in 

the WD+B group (Fig. 5D). The PAC001186 group exhibit-

ed strong associations with key bile acids, including deoxy-

cholic, cholic, and taurodeoxycholic acids, suggesting its 

functional role in bile acid metabolism. Additionally, 

KE159600_s was closely linked to bile acid transformation 

pathways. The PAC002009_s group showed extensive 

correlations with multiple bile acids such as 3-oxocholic 

and tauro-ursodeoxycholic acids, underscoring its signifi-

cant contribution to bile acid metabolism. Moreover, A. pu-

tredinis displayed robust associations with cholic and che-

nodeoxycholic acids, emphasizing its pivotal role in bile 

acid modification and microbial-metabolite interactions.

These findings highlight the profound impact of B. egg-

erthii on host metabolism, particularly on bile acid transfor-
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Figure 5. Metabolomic alterations induced by Bacteroides eggerthii and network-based analysis of metabolite-microbiome interactions. 
(A) Principal coordinates analysis analysis of fecal metabolomic profiles demonstrates distinct clustering among normal diet (ND), West-
ern diet (WD), and WD+B groups. Green circles represent the ND group, blue circles represent the WD group, and pink circles represent 
the WD+B (B. eggerthii) group. (B) Heatmap of significantly altered metabolites, highlighting increased bile acid and lipid metabolites in 
WD compared to ND, with partial restoration in WD+B. (C) Receiver operating characteristic curve analysis of differentially abundant me-
tabolites (ND and WD+B vs. WD), identifying 1-pentadecanol (area under the curve [AUC]=0.90) and 7-sulfocholic acid (AUC=0.90) as 
liver-associated metabolic features of B. eggerthii treatment. (D) Interaction network depicting associations between microbial taxa and 
fecal metabolites in the WD+B group. Nodes represent microbial taxa (ovals) and metabolites (diamonds, hexagons, or other shapes), 
with bile acids indicated in purple. Edges represent significant correlations.
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mation and fatty acid regulation, suggesting its potential 

therapeutic role in modulating metabolic imbalances asso-

ciated with MASLD.

B. eggerthii -derived 2-hydroxyisocaproic acid 
restoration and its anti-steatotic role

From the mouse fecal metabolomic profiles (GC-TOF-MS 

and UHPLC-LTQ-Orbitrap-MS/MS), 2-hydroxyisocaproic 

acid (HICA) was identified as a metabolite of interest based 

on its distinct regulation across groups: it decreased in the 

WD group (relative intensity: 0.82) compared to the ND 

group (1.22), but was modestly restored in the WD+B group 

(0.96) (Fig. 5B). To confirm that HICA is directly produced 

by B. eggerthii, we analyzed its culture medium and ob-

served a substantial elevation in HICA concentration in the 

B. eggerthii-conditioned medium (relative intensity: 1.91) 

compared to the control medium (0.09), strongly suggest-

ing microbial origin (Fig. 6A, 6B). We further validated 

these findings through statistical comparisons. In fecal 

samples, HICA levels were significantly reduced in the WD 

group versus the ND group, and significantly increased 

again in the WD+B group (P<0.05, one-way ANOVA with 

Tukey’s post-hoc test). Similarly, in the in vitro analysis, 

HICA levels were significantly higher in the B. eggerthii-

conditioned medium compared to control (P<0.001, un-

paired t-test), confirming that oral administration of B. egg-

erthii restores HICA in vivo (Fig. 6C). To further evaluate 

HICA’s functional role, we established an in vitro steatosis 

model using HepG2 and Hepa1-6 cells. First, MTT assays 

confirmed that HICA was non-toxic across all concentra-

tions tested (Fig. 6D). Next, we assessed intracellular lipid 

accumulation using Oil Red O staining, along with cell via-

bility measurements. The results of both assays were that 

HICA treatment attenuated lipid accumulation in a dose-

dependent manner, especially under free fatty acid-in-

duced steatotic conditions (Fig. 6E, 6F). These findings 

support the hypothesis that HICA contributes to the anti-

steatotic effects of B. eggerthii, at least in part, by modulat-

ing hepatic lipid metabolism (Fig. 6G). 

DISCUSSION

Recent evidence has demonstrated the significant role of 

the gut microbiota in the pathogenesis of MASLD, showing 

that gut dysbiosis contributes to liver lesions such as ste-

atosis, metabolic dysfunction-associated steatohepatitis, fi-

brosis, and liver cancer in animal models.16 Despite these 

insights, few studies have analyzed human data. Our study 

bridges this gap by identifying potentially beneficial gut 

bacterial candidates in humans with MASLD and validating 

their therapeutic effects using mouse model experiments. 

This study compared the gut microbiome composition of 

patients with MASLD and healthy controls, confirming B. 

eggerthii reduction in both the MASLD and obesity groups. 

In a mouse model in which MASLD was induced by a WD, 

oral B. eggerthii administration significantly improved body 

weight, liver weight, and liver histology. Furthermore, we 

employed an integrative multi-omics approach—including 

microbiome, fecal metabolomics, and transcriptomics (liver 

and intestine)—to elucidate the microbial–host metabolic 

interaction. Using strain-specific qPCR, we demonstrated 

enhanced colonization of B. eggerthii in the colon of WD+B 

mice. Through transcriptomic analysis (qRT-PCR and 

Western blot), we confirmed regulation of key lipid and bile 

acid–related genes (e.g., CD36, FABP1, PPARG, FXR, 

CYP8B1, FGF15) at the transcript and/or protein levels. No-

tably, untargeted metabolomics revealed 2-hydroxyisoca-

proic acid (HICA) as a commonly upregulated metabolite in 

both B. eggerthii culture supernatants and fecal samples 

from treated mice. We further demonstrated that HICA ex-

erts anti-steatotic effects in FFA-induced steatosis models 

using both HepG2 and Hepa1-6 cells—representing, to our 

knowledge, the first functional validation of this metabolite 

in this context.

Recent evidence highlights distinct gut microbiome 

changes associated with MASLD. Specific bacterial signa-

tures exhibited by patients differentiate early from ad-

vanced fibrosis, and are characterized by increased Pro-

teobacteria and Escherichia col i abundance and 

concurrent Firmicutes and Faecalibacterium prausnitzii 

decrease.17 Additionally, gut microbiome profiles can distin-

guish cirrhotic from non-cirrhotic individuals, regardless of 

disease etiology or geographic location.18 Hepatic steatosis 

is linked to reduced microbial diversity and Coprococcus 

and R. gnavus presence.19 A study in Germany demon-

strated that long-term gut microbiome instability dominated 

by Enterobacteriaceae and Escherichia/Shigella correlates 

with MASLD and type 2 diabetes progression.20 Further-

more, Akkermansia muciniphila has emerged as a benefi-
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Figure 6. Bacteroides eggerthii-derived 2-hydroxyisocaproic acid (HICA) restoration and its anti-steatotic role. (A) PLS-DA score plots of 
fecal metabolomic profiles obtained by GC-TOF-MS and UHPLC-LTQ-Orbitrap-MS/MS, demonstrating distinct clustering between control 
and B. eggerthii–treated groups. (B) Heatmap of discriminant metabolites (VIP>0.7, P<0.05) in the B. eggerthii-conditioned medium and 
the control medium, highlighting HICA as a key metabolite modulated by B. eggerthii. (C) Relative intensity of HICA in mouse fecal sam-
ples (normal diet [ND], Western diet [WD], and WD+B. eggerthii groups) and in vitro culture medium, showing reduced HICA levels under 
WD, restoration with B. eggerthii administration, and direct production by B. eggerthii (***P<0.001, one-way ANOVA with Tukey’s post-
hoc test; unpaired t-test). (D) MTT assays confirming no cytotoxicity of HICA at concentrations up to 500 μM in HepG2 and Hepa1-6 
cells. (E, F) Oil Red O staining and quantification in HepG2 and Hepa1-6 cells demonstrating that HICA treatment attenuates free fatty 
acid-induced lipid accumulation in a dose-dependent manner. *P<0.05, **P<0.01, ***P<0.001. (G) Schematic illustration summarizing the 
mechanism: B. eggerthii produces HICA, which reduces hepatic lipid accumulation and exerts anti-steatotic effects. Data are presented 
as mean±standard error of the mean. Statistical significance was determined by one-way ANOVA with Tukey’s post-hoc test (panels C, 
left, E, F) or unpaired t-test (panel C, right).
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cial bacterium with antiobesogenic benefits, improving 

metabolic parameters in humans with obesity, and the 

membrane protein Amuc-110 contributes to these effects.21 

These findings underscore the critical role of gut microbiota 

in MASLD pathogenesis and highlight the potential of mi-

crobiome-based therapeutic interventions.

Three reports exist on changes in B. eggerthii in MASLD 

or obesity. A recent study analyzed the stool metagenomes 

of >870 individuals from five countries and identified 42 mi-

crobiome species capable of distinguishing between obese 

and healthy individuals. In this study, decreased B. egg-

erthii occurred in the obesity group and is proposed as a 

beneficial broad-spectrum target alongside A. muciniphila, 

F. prausnitzii, Prevotella copri, B. dorei, Alistipes finegoldii, 

A. shahii, Eubacterium sp. CAG_180, and Roseburia homi-

nis.22 Conversely, among children with obesity, increased 

B. eggerthii occurred compared to that in normal-weight 

Mexican children.23 Another study analyzing the gut micro-

biome of 78 obese and 25 eutrophic individuals found in-

creased B. eggerthii in the obesity group, presenting con-

tradictory findings to ours.24 However, all three studies 

performed microbiome analyses alone, without functional 

investigations using animal experiments, to determine B. 

eggerthii effects on MASLD or obesity. In contrast, our 

study integrated human stool sample analysis with animal 

experiments and multi-omics data analysis, providing a 

more comprehensive understanding of B. eggerthii roles in 

MASLD and obesity.

We conducted metagenomic and metabolomic analyses 

using mouse fecal samples and transcriptomic analysis us-

ing mouse liver tissues to investigate how B. eggerthii im-

proves MASLD. Notably, although B. eggerthii abundance 

did not significantly increase in the WD+B group, LEfSe 

analysis of PICRUSt-predicted functions indicated signifi-

cant enrichment of the orthologous group annotated as 

‘choloylglycine hydrolase. Although direct evidence linking 

B. eggerthii to bile acid metabolism is limited, other spe-

cies within the B. genus play critical roles in bile acid de-

conjugation and transformation. For instance, B. thetaio-

taomicron contributes to primary bile acids conversion into 

secondary bile acids via bile salt hydrolase activity.25 Our 

study also observed bile acid profile changes through 

mouse fecal metabolite analysis. Western blot analysis of 

mouse liver tissues revealed increased FXR expression, 

which decreased in the WD group, after B. eggerthii treat-

ment. This finding suggests that B. eggerthii contributes to 

bile acid metabolism, leading to MASLD improvement. 

However, we acknowledge that we did not include direct in 

vitro assays of bile salt hydrolase activity or targeted bile-

acid profiling. Therefore, we suggest that the PICRUSt-de-

rived functional predictions be interpreted with caution.

To reconcile these abundance patterns with the observed 

protective effects, we note that fecal 16S data are inherent-

ly compositional. WD-associated shifts in B. eggerthii re-

flect relative abundance against a changing community 

baseline and do not quantify absolute load or mucosa-as-

sociated colonization. To address this, we performed 

strain-specific qPCR (gyrB) on colonic tissue and observed 

clear engraftment in WD+B but negligible signal in ND, in-

dicating diet-dependent colonization of the administered 

strain. At the functional level, the WD+B group showed res-

toration of intestinal FXR–FGF15 signaling and repression 

of hepatic CYP8B1, and our metabolomics/culture experi-

ments identified HICA as a B. eggerthii–derived metabolite 

with anti-steatotic activity in vitro. These mechanistic out-

puts explain why a higher relative abundance under WD is 

not incompatible with a beneficial role: endogenous B. eg-

gerthii may remain below a functional threshold to counter-

act WD-driven pathology, whereas oral administration en-

hances effective colonization and effector output, leading 

Figure 6. Continued.
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to improved liver outcomes.

To further investigate the functional relevance of HICA, 

we conducted in vitro experiments using fatty acid–induced 

steatosis models in HepG2 and Hepa1-6 cells. Co-treat-

ment with HICA significantly reduced intracellular lipid ac-

cumulation in a dose-dependent manner, as assessed by 

Oil Red O staining. MTT assays confirmed that HICA was 

non-toxic across all tested concentrations. These findings 

support that HICA, a metabolite directly produced by B. 

eggerthii, contributes to the anti-steatotic effects observed 

in vivo by modulating hepatic lipid metabolism. While our 

study focused primarily on experimental validation of HICA 

production and its anti-steatotic effects in FFA-induced ste-

atosis models, previous literature supports HICA’s broader 

biological functions. For instance, Nieminen et al.26 report-

ed that DL-2-hydroxyisocaproic acid attenuates inflamma-

tory responses by reducing matrix metalloproteinase-9 

(MMP-9) and myeloperoxidase (MPO) activity while pre-

serving the expression of developmental endothelial lo-

cus-1 (Del-1) in a murine Candida albicans infection model, 

indicating its general tissue-protective and anti-inflammato-

ry properties. Furthermore, HICA has been identified as a 

natural metabolite produced by lactic acid bacteria during 

kimchi fermentation. In this study, HICA levels increased 

significantly during fermentation and correlated with the ex-

pression of the HicD gene, highlighting its relevance to di-

etary intake and microbial ecology.27 Additionally, a recent 

study identified a novel lipooligosaccharide structure pro-

duced by B. eggerthii that contains galactofuranose and 

shows weak immunostimulatory activity. This finding sug-

gests that B. eggerthii may confer immunometabolic bene-

fits through both structural and metabolic components, in-

cluding HICA.13 We believe these complementary lines of 

evidence collectively strengthen the biological plausibility 

and therapeutic potential of B. eggerthii and its metabolites 

in modulating host metabolism and inflammation. 

Our study had several limitations. First, while the thera-

peutic potential of B. eggerthii is intriguing, we did not es-

tablish a direct mechanistic link between B. eggerthii and 

bile or fatty acid metabolism; thus, the current evidence re-

mains largely correlative and should be interpreted with 

caution. In particular, although we demonstrated anti-stea-

totic effects of HICA, we did not establish a direct mecha-

nistic connection between HICA and bile acid–related 

pathways, which should be addressed in future studies. 

Second, our experimental design did not include an ND+B. 

eggerthii group, which restricts our ability to determine 

whether the observed effects are specific to the pathologi-

cal context of WD–induced MASLD or reflect broader 

physiological actions under normal conditions. Third, al-

though A. putredinis was identified as another depleted 

strain in MASLD and initially considered for validation, it 

was excluded due to repeated culture failure under anaero-

bic conditions, a technical limitation commonly encoun-

tered in microbiome research. Fourth, although we ex-

panded our validation of the FXR–FGF15–CYP8B1 

pathway to include protein-level analyses, we acknowledge 

that additional FXR-independent mechanisms may contrib-

ute to the observed effects and were not fully explored. 

Fifth, the human microbiome dataset used for microbial 

feature selection was cross-sectional, which precludes 

causal inference and should be considered hypothesis-

generating rather than confirmatory. Finally, we did not 

evaluate the safety, host specificity, or long-term coloniza-

tion capacity of B. eggerthii, all of which are critical for its 

development as a therapeutic agent. Future studies incor-

porating safety assessments, host-specific responses, col-

onization tracking, and ultimately human clinical trials will 

be essential to rigorously establish the translational poten-

tial of B. eggerthii.

In conclusion, our findings demonstrate significant prom-

ise of B. eggerthii as a therapeutic target, and offer valu-

able insights into the development of microbiome-based 

strategies for treating and preventing MASLD.
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