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ARTICLE INFO ABSTRACT
Keywords: Metabolic dysfunction-associated steatohepatitis (MASH) is a chronic liver disease characterized by persistent
MASH inflammation, oxidative stress, and progressive fibrosis. There is currently no effective pharmacological therapy

Gut-liver axis

for MASH. We investigated whether two defined probiotic bacteria strains, Lactobacillus delbrueckii subsp. lactis
Gut microbiome

Nrf2 (L. lactis) CKDB0O1 and Lactiplantibacillus plantarum (L. plantarum) Q180, attenuate MASH pathology in associ-

Glutathione ation with modulation of gut-liver redox signaling. Using diet-induced preventive and therapeutic mouse models

ROS of MASH, we showed that oral administration of these strains significantly improved hepatic steatosis, robustly

Probiotics attenuates fibrosis, and reduced inflammatory and oxidative stress markers. Probiotic treatment was associated
with increased intestinal glutathione availability, and was accompanied by activation of hepatic nuclear factor
erythroid 2-related factor 2 (Nrf2) signaling and upregulation of canonical antioxidant enzymes, consistent with
improved hepatic redox homeostasis and reduced hepatocellular injury. Microbiome profiling revealed suc-
cessful intestinal persistence of the administered strains and enrichment of other bacterial taxa associated with
gut barrier integrity and metabolic resilience, including Akkermansia muciniphila, Parabacteroides goldsteinii, and
Mediterraneibacter butyricigenes. Functional prediction analysis further suggested enhancement of microbial
glutathione metabolism pathways, supporting a potential role for microbiota-driven redox modulation in host
protection. Therapeutic efficacy was maintained after disease establishment and under conditions recapitulating
features of a lean MASH-like phenotype, highlighting obesity-independent mechanisms of action. Collectively,
our findings support a probiotic-driven association between intestinal glutathione dynamics and hepatic Nrf2
activation within the gut-liver axis, providing a mechanistically informed and translationally relevant framework
for MASH intervention.

1. Introduction accumulation, oxidative stress, and inflammation [1,2].
Lipotoxicity-induced mitochondrial dysfunction and reactive oxygen

Metabolic dysfunction-associated steatohepatitis (MASH), formerly species (ROS) overproduction play pivotal roles in hepatocellular injury
known as nonalcoholic steatohepatitis, is a severe and progressive form and fibrogenesis, amplifying the inflammatory cascade that drives dis-
of fatty liver disease characterized by excessive hepatic lipid ease progression [3-5]. Although lifestyle modifications such as dietary
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control, physical activity, and weight reduction remain the current
first-line therapies for MASH [6], their long-term adherence and clinical
sustainability are limited.

A substantial proportion of patients develop MASH in the absence of
obesity, a condition referred to as “lean MASH,” which is increasingly
recognized worldwide [7]. Lean MASH patients often exhibit severe
hepatic inflammation and fibrosis despite a normal body mass index,
and they respond poorly to weight loss-based interventions, under-
scoring the involvement of non-adiposity-driven pathogenic mecha-
nisms such as oxidative stress and gut-derived metabolic disturbances
[8]. Recently, resmetirom and semaglutide have shown clinical benefits
and gained approval for MASH management, yet significant limitations
remain regarding their efficacy, accessibility, and long-term outcomes
[9,10]. This underscores the urgent need for novel, safe, and mecha-
nistically grounded therapeutic approaches.

Accumulating evidence implicates the gut-liver axis as a central
modulator of MASH pathogenesis [11]. Dysbiosis, characterized by
decreased microbial diversity, gram-negative bacterial overgrowth, and
altered microbial metabolites in the intestine, contributes to metabolic
inflammation and hepatic injury due to increased gut permeability and
endotoxin translocation [12,13]. Beyond immune and metabolic
signaling, emerging studies highlight the significance of intestinal redox
imbalance as a key upstream driver of hepatic oxidative stress [14].
Perturbations of gut antioxidant capacity may contribute to systemic
ROS elevation and disrupt hepatic redox homeostasis, thereby aggra-
vating lipid peroxidation and fibrogenic signaling.

Among the endogenous antioxidant systems, nuclear factor erythroid
2-related factor 2 (Nrf2) serves as a master transcriptional regulator that
maintains cellular redox balance. Nrf2 orchestrates the expression of
detoxifying enzymes such as NAD(P)H quinone oxidoreductase 1
(NQO1), glutathione S-transferases (GSTs), and heme oxygenase-1 (HO-
1), thereby limiting oxidative injury [15]. Impaired Nrf2 signaling has
been consistently observed in MASH, resulting in diminished antioxi-
dant defenses [16]. Enhancement of Nrf2-associated antioxidant re-
sponses thus represents a promising strategy for alleviating redox-driven
liver injury. Notably, both genetic and pharmacological studies have
demonstrated that Nrf2 plays a protective role against steatohepatitis
and liver injury [17,18]. Intriguingly, recent findings indicate that
gut-derived metabolites, including glutathione (GSH), have been
implicated in the regulation of hepatic redox signaling and systemic
redox status [19]. Because the intestine contributes significantly to
systemic GSH biosynthesis, maintenance of intestinal GSH pools may
play an important role in sustaining hepatic antioxidant capacity [20].

Probiotic-based interventions have emerged as attractive candidates
for rebalancing the gut-liver axis because of their multi-layered bio-
logical effects, including modulation of gut microbial composition, in-
testinal barrier integrity, and metabolic signaling [21]. Specific strains
within the Lactobacillus genera possess intrinsic antioxidant potential
and are capable of stimulating host GSH synthesis and scavenging free
radicals [22,23]. However, the mechanistic link between
probiotic-driven intestinal redox enhancement and hepatic antioxidant
responses remains poorly defined.

In the present study, we investigated the therapeutic potential of two
probiotic strains, Lactobacillus delbrueckii subsp. lactis (L. lactis)
CKDBO001 and Lactiplantibacillus plantarum (L. plantarum) Q180, in
attenuating MASH progression by modulating the gut-liver redox axis.
Using diet-induced mouse models recapitulating key features of lean
MASH, we demonstrate that oral administration of these probiotic
strains significantly alleviates hepatic steatosis, inflammation, and
fibrosis. We observed a robust increase in intestinal GSH levels following
probiotic treatment, which was associated with enhanced hepatic Nrf2-
related antioxidant responses and upregulation of downstream antioxi-
dant enzymes. Our findings delineate a potential gut-derived redox
communication, whereby probiotic-induced intestinal GSH elevation is
associated with enhanced hepatic NRF2 signaling and reduced oxidative
stress and liver injury. These findings support L. lactis CKDB0O1 and
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L. plantarum Q180 as promising microbiome-based therapeutic candi-
dates for restoring redox homeostasis in MASH.

2. Material and methods
2.1. Animals and experimental MASH

All animal experiments were approved by the Animal Care and Use
Committee of the Yonsei University College of Medicine (IACUC:
2023-0164). Male C57BL/6J mice (Japan SLC, Inc., SLC-M-0133) aged
7 weeks were used in all animal experiments to minimize potential
variability associated with sex-dependent differences in MASH pro-
gression and redox responses. A one-week acclimation period was pro-
vided. All mice had free access to water and food and were housed in
cages maintained at 23 +2°C under a 12h light/12h dark cycle and
50%-70% humidity. Mice were assigned to three groups: mice fed a
normal chow diet (NC; LabDiet, 5053) for non-treated wild type, mice
fed a high-fat, high cholesterol diet (Dyets 600024; Purina #5015 Mouse
Chow with 27.5% Palm Oil, 2.5% Cholesterol, & 2% Cholic Acid) with
2.3% fructose water (Sigma F0127) for MASH development, and MASH
mice treated with L. lactis CKDBOO1 or L. plantarum Q180. For the pre-
vention model, mice received oral gavage of each strain five times per
week for 8 weeks at 1.0 x 10° CFU/day. For the therapeutic model,
MASH was induced by feeding mice a MASH diet for 4 weeks, followed
by oral gavage of each strain five times per week for an additional 4
weeks at either a low dose (L; 1.0 x 10° CFU/day) or a high dose (H;
5.0 x 10° CFU/day). All experimental mice in this study were reared
under humane conditions and monitored weekly for weights.

2.2. Preparation of probiotic strain

L. lactis CKDBOO1 and L. plantarum Q180 were prepared as previ-
ously described, with minor modifications [24,25]. Briefly, each strain
was cultured in optimized media under strain-specific optimal growth
conditions until reaching the late exponential phase. Bacterial cells were
harvested by centrifugation and lyophilized under the appropriate
conditions. The viable cell count was determined based on
colony-forming units (CFU) before administration. Mice were orally
administered either a low dose (1.0 x 10° CFU/day) or a high dose
(5.0 x 10° CFU/day) of each probiotic strain by gavage for the indicated
treatment period. Fresh bacterial suspensions were prepared daily to
ensure viability and consistency of dosing.

2.3. Analysis of gut environment based upon 16s rRNA sequencing

At the end of the treatment period, fecal samples were collected
aseptically, immediately snap-frozen in liquid nitrogen, and stored at
—80 °C until analysis. Microbial genomic DNA was extracted using the
QIAamp® DNA Stool Mini Kit (QIAGEN, Hilden, Germany) according to
the manufacturer's instructions. The V3-V4 hypervariable regions of the
bacterial 16S rRNA gene were amplified using region-specific primers,
and purified amplicons were sequenced on an Illumina MiSeq platform
(Illumina Inc., San Diego, CA, USA). Raw sequencing reads were pro-
cessed using the QIIME2 pipeline. Quality filtering, denoising, paired-
end read merging, chimera removal, and feature table construction
were performed using the DADA2 plugin. Alpha diversity was evaluated
using the Chaol index, while beta diversity was assessed by principal
coordinate analysis (PCoA) based on Bray-Curtis. Taxonomic classifi-
cation was performed using the NCBI and SILVA reference databases.
Species-level annotation was conducted via local BLASTN (ncbi-blast-
2.10.0+) against the NCBI RefSeq 16S rRNA database (updated
February 11, 2020), and representative sequences were additionally
classified using the SILVA v138 99% full-length 16S rRNA database.
Microbial composition was analyzed at the phylum level. Differentially
abundant taxa between groups were identified using linear discriminant
analysis effect size (LEfSe). Functional pathway prediction was
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conducted using PICRUSt2 based on 16S rRNA gene profiles. All
sequencing procedures and bioinformatic analyses, including DNA
extraction and library preparation, were performed by 3BIGS Co., Ltd.
(Hwaseong, Republic of Korea).

2.4. Histological and immunohistochemical analysis

The livers of mice were fixed in 10% formalin solution (Sigma-
Aldrich, HT501128). Ileum tissues were rolled, fixed in 10% formalin
solution for 24 h, incubated in 30% sucrose, re-fixed in 10% formalin
solution, and embedded in paraffin. Paraffin-embedded tissues were
sectioned at a thickness of 5 pm. Paraffin liver sections were stained with
hematoxylin and eosin (H&E), Masson's trichrome (MTS), and Sirius red,
or subjected to immunohistochemical analysis using antibodies against
4-hydroxynonenal (4-HNE; Jaica MHN-D20P), 3-nitrotyrosine (3-NT;
Millipore, 06-284), and Nrf2 (Invitrogen, PA5-27882). Paraffin ileum
sections were immunostained for occludin (OCLN; Cell Signaling Tech-
nology, 91131). Histological scoring was performed in a blinded manner
by independent investigators. Collagen-positive areas in Sirius red- and
Masson's trichrome-stained liver sections were manually evaluated by
microscopic examination in a blinded manner and expressed as the
percentage of stained area.

2.5. Measurement of superoxide levels by DHE staining

Intracellular superoxide production was assessed using dihy-
droethidium (DHE; D11347). Cryosections of liver tissue (5 pm thick)
were fixed in acetone at —20 °C for 10 min, air-dried, and incubated
with 20 pM DHE for 45min at 37 °C in the dark. Sections were then
mounted with Fluoroshield with DAPI (Sigma-Aldrich, F6057) and
incubated overnight. Images were acquired using a confocal microscope
(Carl Zeiss, LSM 780). The relative fluorescence intensity was quantified
by averaging fluorescence signals from randomly selected fields per
section after subtraction of background fluorescence using ImageJ
(NIH).

2.6. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) analysis

To evaluate apoptosis in mouse livers, a TUNEL assay kit (Promega,
G3250) was used according to the manufacturer's instructions. Paraffin-
embedded liver sections were deparaffinized and permeabilized by in-
cubation with proteinase K solution (20 pg/mL) for approximately
10 min at room temperature. After washing, sections were re-fixed in
formalin for 5 min and incubated with 100 pL of equilibration buffer per
slide for 10 min at room temperature. For labeling, 50 pL of TdT reaction
mix was applied to each slide, covered with plastic coverslips, and
incubated at 37 °C for 1 h in the dark. The reaction was stopped by in-
cubation with 2x SSC for 15 min, followed by washing. All washing
steps during the TUNEL assay were performed using 1x dulbecco
phosphate buffered saline (DPBS). Sections were mounted with Fluo-
roshield with DAPI and coverslipped. Fluorescence signals were detec-
ted using a confocal microscope (Carl Zeiss, LSM 780). Apoptosis was
quantified by calculating the percentage of TUNEL-positive cells in three
randomly selected microscopic fields.

2.7. Immunoblot analysis

For immunoblot analysis, the liver tissues were homogenized in lysis
buffer containing 20 mM HEPES-KOH (pH 8.0), 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40 (NP-40), 0.3% Triton X-100, 10% glycerol,
1 mM NagVOy4, 5mM NaF, and protease inhibitors (aprotinin and leu-
peptin). The liver lysates were centrifuged (13,500 rpm for 15 min), and
the resulting supernatants were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE); the separated proteins
were transferred to polyvinylidene fluoride membranes (PVDF;
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Millipore, IPVH00010). After blocking with 5% skim milk in Tris-
buffered saline and 0.1% Tween 20 (TBS-T) for 30 min, the mem-
branes were then incubated with the specific primary antibodies at 4 °C
overnight. The membranes were then incubated with horseradish
peroxidase-conjugated secondary antibodies at room temperature for
1 h. The proteins were visualized using an enhanced chemiluminescence
solution (Thermo Scientific, 34580). Densitometric analysis of protein
bands was performed using Fiji/ImageJ software (NIH). The following
antibodies were used to detect the target proteins: anti-COL1A1 (Cell
Signaling Technology, 72026); anti-aSMA (Abcam, ab5694); anti-
GAPDH (Santa Cruz Biotechnology, SC-25778); anti-Fibronectin
(Abcam, ab2413); anti-p-IkBa (Ser32) (Cell Signaling Technology,
2859); anti-IkBo (Cell Signaling Technology, 9242); anti-Occludin
(Abcam, abl167161); anti-f-actin (Santa Cruz Biotechnology, sc-
47778); anti-Nrf2 (Proteintech, 16396-1-AP); anti-Lamin B1 (Pro-
teintech, 12987-1-AP); anti-HO-1 (Santa Cruz Biotechnology, sc-
136960); anti-NQO1 (Santa Cruz Biotechnology, sc-32793); anti-
a-tubulin (Santa Cruz Biotechnology, sc-5286).

2.8. Measurement of pro-inflammatory cytokines and LPS by ELISA

The levels of pro-inflammatory cytokines in liver tissue were detec-
ted using commercial ELISA kits (TNFa, R&D Systems, MTAOOB; IL-6,
R&D Systems, M6000B) according to the manufacturers’ instructions.
Lipopolysaccharide (LPS) levels were measured separately in serum and
stool samples using a commercial ELISA kit (Aviva Systems Biology,
OKEH02594). For serum LPS measurement, blood samples were
collected and centrifuged to obtain serum. For stool LPS measurement,
fecal samples were homogenized in endotoxin-free buffer and centri-
fuged, and the supernatant was used for analysis. Optical density was
measured at 450 nm using a microplate reader (Molecular Devices,
VersaMax).

2.9. Analysis of hepatic mRNAs using quantitative RT-PCR

Total RNA (1 pg) was extracted using TRIzol Reagent (Invitrogen,
15596018) and reverse-transcribed into cDNA with a cDNA synthesis kit
(Takara, RRO36A). Quantitative PCR was conducted using SYBR® Green
(ABI, 4367659) on a QuantStudio 3 (Applied Biosystems) with the
mouse-specific primer pairs (forward and reverse). For qPCR analysis,
RNA was extracted from pooled samples within each experimental
replicate. Although experiments were performed independently, pool-
ing precluded visualization of individual sample dots. The PCR reaction
was initiated by heating at 55°C for 2min and at 95°C for 10 min,
followed by 40 amplification cycles with denaturation at 95 °C for 15,
annealing and extension at 60 °C for 1 min. The expression of specific
genes was quantified by the 2—AACt (delta-delta Ct) method. The
mRNA expression levels of each gene were normalized to those of 18S
mRNA, which was a housekeeping gene and not altered by our
interventions.

e Mouse-specific primer pairs (forward and reverse) used for cDONA were
as follows:

Acta2, 5-CTGACAGAGGCACCACTGAA-3' and 5-CATCTCCAGAGT
CCAGCACA-3’; Tgfp, 5-TTGCTTCAGCTCCACAGAGA-3' and 5-TGGTTG
TAGAGGGCCAAGGAC-3’; Collal, 5-GAGCGGAGAGTACTGGATCG-3'
and 5-GCTTCTTTTCCTTGGGGTTC-3’; Col3al, 5-TGTTCAGCTTTGTG-
GACCTC-3' and 5-TCAAGCATACCTCGGGTTTC-3’; Gstal, 5-TGCC
CAATCATTTCAGTCAG-3' and 5-CCAGAGCCATTCTCAACTA-3’; Nqol,
5-TTCTCTGGCCGATTCAGAG-3' and 5-GGCTGCTTGGAGCAAAATAG-
3’; Ho-1, 5-GAGCAGAACCAGCCTGAACTA-3' and 5- GGTACAAGGAAG
CCATCACCA-3’; Adgrel, 5-CTTTGGCTATGGGCTTCCAGT-3' and 5-
GCAAGGAGGACAGAGTTTATCGTG-3’; II-1f, 5-AACCTGCTGGTGTGT-
GACGTTC-3' and 5-CAGCACGAGGCTTTTTTGTTGT-3’; Ccl2, 5'-TCTCT
CTTCCTCCACCACCATG-3' and 5-GCGTTAACTGCATCTGGCTGA-3’;
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Tnfa, 5-GCCTCTTCTCATTCCTGCTTG-3' and 5-CTGATGAGAGGGAGG
CCATT-3’; 18S, 5-CGCTCCCAAGATCCAACTAC-3' and 5-CTGAGAAA
CGGCTACCACATC-3’.

2.10. Analysis of serum biochemical parameters

Blood samples were obtained from cardiac puncture of mice. Serum
was separated by centrifuging at 3000 rpm for 10 min. The serum
samples were stored at —80 °C for further use. Serum alanine amino-
transferase (ALT; 3250), aspartate aminotransferase (AST; 3150), alka-
line phosphatase (ALP; 3550), total cholesterol (TCHO; 1450), high-
density lipoprotein cholesterol (HDL-C; 2650), and triglyceride (TG;
1650) levels were measured via colorimetric determination using an
activity assay kit (Fujifilm, Tokyo, Japan) according to the manufac-
turer's instructions.

2.11. Lipid accumulation measurement in the liver

For Oil Red O (ORO) staining, a 0.7% Oil Red O solution was pre-
pared by dissolving Oil Red O powder (Sigma-Aldrich, 00625) in pro-
pylene glycol (Duksan Pure Chemicals, 57-55-6), followed by incubation
in a 60 °C water bath with agitation overnight. The solution was filtered
two to three times before use. Frozen liver tissues were embedded in
OCT compound in cryomolds and stored at —80 °C. Frozen sections
(5pm thick) were prepared using a cryostat. Cryosections were air-
dried, fixed in 10% formalin, dehydrated with propylene glycol, and
stained with Oil Red O solution for approximately 10 min at 60 °C.
Nuclei were counterstained for 1 min at room temperature. Hepatic
triglyceride content was quantified using a triglyceride colorimetric
assay kit (Cayman Chemical, ETGA-200) according to the manufac-
turer's instructions.

2.12. Measurement of hepatic hydroxyproline content

Liver tissues (20mg) were hydrolyzed in 200 pL of 12N HCI in
Teflon-sealed pressure vials at 120 °C for 3 h. After hydrolysis, aliquots
of the samples (10 pL) were dried at 65 °C in a 96-well plate. Hydroxy-
proline levels were then quantified using a hydroxyproline colorimetric
assay kit (Abcam, ab222941) according to the manufacturer's in-
structions for the colorimetric detection step.

2.13. Statistical analysis

Data were analyzed using two-tailed Student's t-tests for comparisons
between two groups or one-way analysis of variance (ANOVA) followed
by Tukey's post hoc test for multiple-group comparisons. Statistical an-
alyses were performed using GraphPad Prism 10 (GraphPad Software,
La Jolla, CA, USA), and a P value < 0.05 was considered statistically
significant. Correlation analysis between species-level microbial relative
abundance and predicted functional pathway abundance was performed
using Pearson's correlation coefficients to assess the associations be-
tween microbial composition and functional potential.

2.14. Nuclear fractionation

Nuclear and cytoplasmic fractions were prepared using cytoplasmic
and nuclear extraction reagents according to the manufacturer's proto-
col. Mouse liver tissues were first homogenized in cytoplasmic extrac-
tion buffer composed of 10 mM HEPES (bioWORLD, 40820042-1),
1.5mM MgCl,, 10 mM KCl, 0.05% IGEPAL® CA-630 (Sigma Aldrich,
56741), 0.5mM dithiothreitol (DTT) (Sigma Aldrich, 10197777001),
2 mM PMSF (Sigma Aldrich, 10837091001), 1 mg/mL aprotinin (Sigma
Aldrich, A3428), and 1 mg/mL leupeptin (Sigma Aldrich, L2884). The
homogenates were centrifuged at 3000 rpm for 10 min to separate the
cytoplasmic fraction. The resulting pellets were then resuspended in
nuclear extraction buffer containing 5mM HEPES (pH 8.0), 1.5mM
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MgCly, 0.2mM EDTA, 26% glycerol, and 0.5mM DTT. Subsequently,
NaCl was added to the suspension (final concentration, 300 mM) to
facilitate efficient lysis, followed by incubation on ice. Subsequently, the
samples were centrifuged at 15,000 rpm for 30 min, and the collected
supernatants were used as nuclear extracts. Protein levels of Nrf2 and
Lamin B1 (a nuclear protein marker) were analyzed by immunoblotting
as described previously [26,27]. Protein concentrations in each fraction
were determined using the Bradford protein assay.

2.15. Measurement of glutathione and GSH/GSSG ratio

Glutathione levels in cecal contents and liver tissues were measured
using a commercially available enzymatic assay kit (EnzyChrom™ GSH/
GSSG Assay Kit, BioAssay Systems, EGTT-100) according to the manu-
facturer's instructions. Cecal contents and liver tissues were immediately
homogenized in cold phosphate buffer (50 mM, pH 7.0) containing
1 mM EDTA to minimize thiol oxidation during sample preparation. All
sample preparation procedures were performed on ice, and sample were
processed immediately after collection. For GSSG measurement, scav-
enger reagent provided in the assay kit was added to mask reduced
glutathione (GSH). Samples were centrifuged at 10,000 x g for 5 min at
4 °C, and the resulting supernatants were collected for further analysis.
For total glutathione measurement, samples without scavenger reagent
were centrifuged at 10,000 x g for 15min at 4 °C prior to supernatant
collection. Glutathione levels were determined using an enzymatic
recycling method in which 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB)
reacts with GSH, coupled with glutathione reductase and NADPH, and
absorbance was measured at 412nm using a microplate reader. The
assay was performed according to the manufacturer's validated protocol
designed to minimize interference from non-glutathione thiols. Total
glutathione and GSSG concentrations were calculated from standard
curves, and reduced GSH levels were determined by subtracting twice
the GSSG value from total glutathione. The GSH/GSSG ratio was
calculated as an indicator of redox balance.

3. Results

3.1. Probiotic treatment reduces hepatic steatosis and inflammation in a
MASH preventive model

To evaluate the effects of L. lactis CKDB0O01 and L. plantarum Q180 on
MASH progression, we established a MASH preventive model in eight-
week-old male C57BL/6 mice. Following a one-week oral adaptation
period, mice were assigned to four experimental groups. The normal
chow diet (NC) group received standard chow and a phosphate-buffered
saline (PBS) vehicle, whereas the remaining groups were fed a MASH
diet (high-fat, high-cholesterol diet with high-fructose drinking water).
Among the three MASH groups, mice received either PBS (vehicle; Veh),
L. lactis CKDBOO1, or L. plantarum Q180 via oral administration five
times per week starting at the initiation of MASH diet feeding and
continuing for 8 weeks (Fig. 1A). Body weight was monitored weekly
throughout the experimental period (Fig. S1A). Liver weight was
significantly increased in all MASH groups compared with the NC group,
and a similar increase was observed in the liver-to-body weight ratio
(Fig. 1B). Gross liver morphology further demonstrated a clear pheno-
typic distinction between the NC and MASH groups; however, no overt
macroscopic differences were observed between the mice treated with
L. lactis CKDBOO1 and those treated with L. plantarum Q180 (Fig. S1B).

The MASH diet used in this study recapitulated features of a lean
MASH model, as evidenced by a marked reduction in adipose tissue
mass. Accordingly, the weights of epididymal white adipose tissue
(eWAT) and subcutaneous white adipose tissue (SWAT) were signifi-
cantly decreased in all MASH groups compared with the NC group
(Fig. S4A-B), with no significant differences observed between the mi-
crobial treatment groups (Fig. S1C). In addition, glucose tolerance was
not markedly impaired (Fig. S4C), suggesting relatively preserved
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Fig. 1. Protective Effects of L. lactis CKDB0O1 and L. plantarum Q180 Against Lipid Accumulation, Inflammation, and Fibrosis in a MASH Prevention
Model.

Experimental scheme: 8-week-old B6 mice were acclimated for one week and then fed either a normal chow diet (NC) or a high-fat, high-cholesterol, high-fructose
(HFHCF) diet for eight weeks, with the latter defined as the MASH group. During the feeding period, bacterial strains were administered orally five times per week
(A). Liver weight (g) and liver-to-body weight (B.W.) ratio (B), mesenteric white adipose tissue (WAT) weight (g) (C), representative liver sections stained with H&E,
Oil Red O, Masson's trichrome (MTS), and Sirius Red, scale bars 100 pm (D), quantification of Oil Red O positive area (%) (E), hepatic triglyceride (TG) content (mg/g
liver) (F), quantification of collagen area (%) and Sirius red collagen area (%) (G, H), immunoblot analysis of COL1A1 and aSMA in liver lysates with GAPDH as a
loading control and quantification of protein levels (I), hepatic TNFa content (pg/mg protein) (J), hepatic IL-6 content (pg/mg protein) (K), and hepatic mRNA levels
of Acta2, Tgf3, Collal, and Col3al (L). Each data point represents an individual mouse (biological replicate), unless otherwise indicated. In the preventive model, the
final number of animals per group was as follows: NC (n = 8), MASH + vehicle (n = 8), MASH + L.lactis CKDBOO1 (n = 6), and MASH + L.plantarum Q180 (n = 8).
For qPCR and immunoblot analyses, samples were pooled within each group and analyzed as independent pooled biological replicates. Data are presented as mean +
SD. Statistical significance was determined by one-way ANOVA with Tukey's multiple comparisons test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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systemic metabolic function. Serum triglyceride (TG) levels were also
not significantly elevated in the MASH groups despite evident hepatic
pathology (Fig. S4D), further supporting the obesity-independent
metabolic features of this model. These findings are consistent with
previous reports that insulin resistance can be variable or less pro-
nounced in lean MASH [7,28,29]. Together, these data suggest that this
model exhibits lean-like, obesity-independent metabolic features of
MASH, although it does not encompass the full clinical heterogeneity of
human lean MASH. In contrast, mesenteric white adipose tissue
(mWAT) weight was partially restored in the L. lactis CKDBOO1-treated
group compared with the MASH vehicle group, whereas no significant
change was observed in the L. plantarum Q180-treated group (Fig. 1C).
Serum alanine aminotransferase (ALT), alkaline phosphatase (ALP),
total cholesterol (TCHO), and TCHO/HDL-C ratio were increased in the
MASH groups relative to the NC group, but were not significantly
improved by probiotic treatment (Fig. S1D-E). In contrast, histological
analysis of liver sections revealed that hepatocellular ballooning was
attenuated in both microbe-treated groups, as assessed by hematoxylin
and eosin (H&E) staining (Fig. 1D). Consistent with these results, Oil
Red O (ORO) staining demonstrated a reduction in hepatic lipid accu-
mulation following probiotic administration, with statistically signifi-
cant attenuation observed in the L. plantarum Q180-treated group
compared with the MASH vehicle group (Fig. 1D and E). In line with
these findings, hepatic triglyceride (TG) content was reduced in the
L. plantarum Q180-treated group relative to the MASH vehicle group,
showing a pattern consistent with the ORO staining results (Fig. 1F).
Consistent with the improvements in hepatic steatosis, hepatic expres-
sion of the inflammatory cytokines TNFa (Fig. 1J) and IL-6 (Fig. 1K), as
assessed by ELISA in liver tissue homogenates, were reduced in both
probiotic treatment groups compared with the MASH vehicle group.
Immunoblot analysis of liver homogenates further demonstrated clear
attenuation of inflammatory signaling in mice treated with either
L. lactis CKDBOO1 or L. plantarum Q180 relative to the MASH vehicle
group (Fig. S1F). In contrast, hepatic mRNA expression of macrophage
and inflammatory markers, including Adgrel, II-14, Ccl2, and Tnfa, as
determined by quantitative PCR, was robustly upregulated in the MASH
groups compared with the NC group. Microbial treatment did not result
in statistically significant attenuation of hepatic mRNA expression of
these markers; however, the mice treated with L. plantarum Q180
exhibited a consistent trend toward reduced expression compared with
the MASH vehicle group (Fig. S1H). Collectively, these results indicate
that probiotic treatment effectively alleviates hepatic steatosis and
inflammation in a MASH preventive model, while exerting modest
modulatory effects on inflammatory gene expression.

3.2. Probiotic treatment attenuates hepatic fibrosis in a MASH preventive
model

To assess the effects of probiotic administration on hepatic fibro-
genesis, we subjected liver sections to Masson's trichrome and Sirius Red
staining. Both histological analyses revealed a marked increase in
fibrotic deposition in MASH mice compared with NC mice, which was
attenuated by treatment with either L. lactis CKDBOO1 or L. plantarum
Q180, as evidenced by reduced collagen deposition in liver tissue
(Fig. 1D, G, and H). Consistent with the histological findings, immuno-
blot analysis of liver tissue demonstrated that the expression levels of
collagen type I alpha 1 (COL1A1) and a-smooth muscle actin (aSMA)
were significantly reduced in both microbe-treated groups compared
with the MASH vehicle group (Fig. 1I). Quantitative PCR analysis
further supported these observations, revealing a trend toward
decreased expression of fibrogenic genes (Acta2, Tgff3, Collal, Col3al) in
mice treated with either L. lactis CKDB0O1 or L. plantarum Q180,
although the magnitude of reduction was less pronounced than that
observed at the protein level (Fig. 1L). In addition, hepatic hydroxy-
proline content, a biochemical indicator of collagen accumulation, was
significantly reduced in the L. plantarum Q180-treated group compared
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with the MASH vehicle group (Fig. S1G). Taken together, these results
indicate that probiotic treatment effectively attenuates hepatic fibrotic
remodeling in a MASH preventive model.

3.3. Probiotic treatment improves gut microbial composition and
intestinal homeostasis in a MASH preventive model

To assess whether probiotic administration modulates the gut envi-
ronment in a MASH preventive model, we analyzed fecal microbiota
composition by 16S rRNA gene sequencing. Stacked bar plots demon-
strated that MASH diet feeding markedly disrupted gut microbial com-
munity structure compared with that in the NC group, whereas
administration of L. lactis CKDB0O1 or L. plantarum Q180 partially
restored the relative abundance of dominant bacterial taxa toward a
normal-like profile (Fig. 2A and B). Although administration of either
probiotic strain did not significantly alter alpha diversity as assessed by
the Chaol index (Fig. 2C), beta diversity analysis visualized by principal
coordinate analysis based on Bray-Curtis dissimilarity revealed a clear
separation between the NC and MASH groups, as well as a distinct
separation of probiotic-treated mice from MASH vehicle group along the
PC2 axis, further supporting probiotic-induced remodeling of the gut
microbial community (Fig. 2D).

To characterize taxonomic and functional alterations, we performed
LEfSe and PICRUSt2 analyses. Escherichia fergusonii, Prevotellamassilia
timonensis, Bacteroides caecimuris, and Lactobacillus delbrueckii were
significantly enriched following L. lactis CKDB0O1 treatment, whereas
Faecalibaculum rodentium, Mucispirillum schaedleri, Ruthenibacterium
lactatiformans, Enterobacter cloacae, Lactiplantibacillus plantarum, and
Eubacterium coprostanoligenes were significantly increased following
L. plantarum Q180 treatment (Fig. 2E). The predicted abundance of the
GSH metabolism pathway, inferred using PICRUSt2, showed a tendency
to increase in the L. lactis CKDBOO1-treated group compared with the
MASH vehicle group (Fig. 2F). To determine whether these predicted
functional changes were reflected at the metabolite level, we measured
GSH levels in the cecal contents. Probiotic treatment increased total
glutathione levels compared with the MASH vehicle group (Fig. 2G). In
addition, the GSH/GSSG ratio, an indicator of redox balance, was also
elevated in probiotic-treated mice, indicating improved intestinal redox
status (Fig. 2H). These findings suggest that probiotic-induced alter-
ations in gut microbiota are associated with increased intestinal gluta-
thione levels and improved redox homeostasis. Correlation analysis
further demonstrated that the relative abundance of each administered
probiotic strain was positively associated with the predicted abundance
of the GSH metabolism pathway (Fig. 2I and J). To further validate these
functional predictions at the genomic level, we performed whole
genome sequencing (WGS) of the two probiotic strains (Table S1).
Genomic analysis revealed that L. plantarum Q180 possesses a robust
genetic repertoire for GSH biosynthesis, including the bifunctional
gshF/AB and gshA genes, along with glutathione peroxidase (gpx).
Additionally, L. plantarum Q180 harbors the glutamate transporter
(yjeM) and glutamate dehydrogenase (gdhA), further supporting its
metabolic capacity for GSH-related pathways. In contrast, while L. lactis
CKDBO0O1 lacks the de novo GSH biosynthetic genes, it carries the
glutamate ABC transporter (glub) and cysteine synthase (cysK), sug-
gesting a specialized role in providing essential amino acid precursors.
Both strains had core redox control genes, specifically thioredoxin (trxA)
and thioredoxin-disulfide reductase (trxB), as well as cysteine synthase
family proteins (cysK-like and metB/cysK). Collectively, these genomic
features provide supportive genomic evidence for the potential
involvement of the administered strains in GSH-related metabolic pro-
cesses. Given the close association between microbial-derived redox
factors and epithelial barrier function, we next examined intestinal tight
junction integrity. Inmunoblotting and quantitative analysis revealed
that the protein expression of the tight junction marker occludin, which
was markedly reduced in MASH vehicle group compared with NC group,
was effectively restored by probiotic treatment (Fig. S3A).
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Fig. 2. Preventive Administration of L. lactis CKDB001 and L. plantarum Q180 Improves Gut Environment and Microbial Balance.

Relative abundance of fecal microbiota at the phylum level shown as stacked bar plots for each experimental group (A) and each sample (B). Alpha diversity assessed
by the Chaol index (C). Beta diversity analysis visualized by principal coordinate analysis (PCoA) based on Bray—Curtis (D). Differentially abundant bacterial species
identified by linear discriminant analysis effect size (LEfSe) following administration of L. lactis CKDBOO1 or L. plantarum Q180 (E). Predicted abundance of the
glutathione metabolism pathway inferred using PICRUSt2 (F). Glutathione levels measured in cecal contents (G) and GSH/GSSG ratio as an indicator of intestinal
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pathway (I, J). Sample size and replicate definitions are as described in Fig. 1. Data are presented as mean =+ SD. Statistical significance was determined as described
in the Methods.
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Immunohistochemical staining further confirmed improved localization
and continuity of tight junction protein along the intestinal epithelium
in the probiotic-treated mice (Fig. S3B and C). Histological examination
by H&E staining showed that probiotic administration also alleviated
MASH diet-induced epithelial damage (Fig. S3B). Taken together, these
results indicate that probiotic treatment reshapes gut microbial
composition and preserves intestinal barrier integrity, thereby restoring
intestinal homeostasis in a MASH preventive model.

3.4. Probiotic treatment attenuates hepatic oxidative stress and enhances
antioxidant responses in a MASH preventive model

Given that probiotic administration reshaped gut microbial compo-
sition and enriched bacterial taxa positively associated with intestinal
GSH levels, we next asked whether these gut redox alterations translated
into reduced hepatic oxidative stress in MASH. Hepatic ROS levels were
first evaluated by dihydroethidium staining, which showed markedly
increased fluorescence in the MASH vehicle group but a significant
reduction in both microbe-treated groups (Fig. 3A and B). Consistently,
TUNEL assays demonstrated that probiotic treatment attenuated
oxidative stress-associated hepatocellular injury, as evidenced by a
decreased percentage of TUNEL-positive cells compared with the MASH
vehicle group (Fig. 3C and D). We further assessed oxidative damage by
immunohistochemistry for 3-nitrotyrosine (3-NT) and 4-hydroxynone-
nal (4-HNE), markers of protein nitration and lipid peroxidation,
respectively. Both markers were elevated in MASH vehicle livers but
were reduced following probiotic treatment, with decreased positive
staining areas (Fig. 3E-G). Finally, to determine whether these antiox-
idant effects were linked to activation of hepatic Nrf2 signaling, we
assessed Nrf2 protein levels and target gene expression. Hepatic Nrf2
expression was increased in probiotic-treated groups compared with
MASH vehicle group (Fig. 3E and H). Consistently, immunoblot analysis
demonstrated increased nuclear accumulation of Nrf2 along with
elevated expression of its downstream targets, HO-1 and NQO1 (Fig. 3I,
Fig. S6A-C). Furthermore, quantitative PCR analysis revealed signifi-
cant upregulation of Gstal, Ho-1, and Nqol in probiotic-treated livers
relative to the MASH vehicle group (Fig. 3J), supporting activation of
the Nrf2-dependent antioxidant program in response to the probiotics.
In parallel, probiotic treatment restored hepatic GSH levels and
improved hepatic GSH/GSSG balance compared with the MASH vehicle
group (Fig. S7A-B), further supporting enhanced hepatic redox ho-
meostasis in the preventive model. These findings suggest that probiotic
treatment alleviates hepatic oxidative stress in association with
enhanced hepatic Nrf2 signaling and antioxidant responses in a MASH
preventive model.

3.5. Probiotic treatment reduces hepatic steatosis and inflammation in a
MASH therapeutic model

To evaluate the therapeutic effects of L. lactis CKDB00O1l and
L. plantarum Q180 after MASH establishment, we fed mice NC or a
MASH diet for 4 weeks to induce disease and then continued the same
diet with concurrent administration of PBS (vehicle) or the microbial
strains at different doses for an additional 4 weeks (Fig. 4A). During the
treatment phase, mice received oral administration of the respective
strains five times per week. To characterize the disease status at treat-
ment initiation, hepatic fibrosis was assessed at 4 and 8 weeks of MASH
diet feeding. Histological and molecular analyses demonstrated that
MASH-associated fibrotic changes were already established at 4 weeks
and further progressed by 8 weeks, as evidenced by increased collagen
deposition and upregulation of fibrogenic markers (Fig. S5). These
findings indicate that probiotic treatment was initiated after MASH
establishment and continued during ongoing disease progression. Liver
weight and liver-to-body weight ratio were significantly increased in all
MASH groups compared with NC group (Fig. 4B). Body weight was
monitored weekly, and gross examination of liver morphology at
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sacrifice revealed no overt macroscopic differences among the MASH
groups (Fig. S2A-B). Consistent with findings from the MASH preventive
model, the weights of eWAT and sWAT were reduced in the MASH group
compared with the NC group, with no apparent differences attributable
to microbial treatment (Fig. S2C). In contrast, mWAT weight exhibited a
modest tendency toward restoration in probiotic-treated mice compared
with MASH vehicle group, although this difference did not reach sta-
tistical significance (Fig. S2C). Histological analysis of liver sections by
H&E staining demonstrated a reduction in hepatocellular ballooning in
the probiotic-treated groups (Fig. 4D). ORO staining further revealed
decreased hepatic lipid accumulation following probiotic administration
(Fig. 4D and F); however, hepatic triglyceride (TG) content showed a
decreasing trend only in the L. plantarum Q180-treated group compared
with the MASH vehicle group (Fig. S2G). Similarly, serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) levels
were elevated in MASH mice compared with NC group. Probiotic
treatment did not result in statistically significant reductions in trans-
aminase levels; however, both L. lactis CKDBO0Ol-fed mice and
L. plantarum Q180-fed mice exhibited a consistent trend toward lower
ALT and AST levels relative to the MASH vehicle group (Fig. S2D).
Likewise, serum total cholesterol levels and the total cholesterol-to-HDL
ratio were increased by the MASH diet, and although probiotic treat-
ment did not significantly alter these parameters, mice treated with
either bacterial strain showed a modest trend toward partial normali-
zation compared with the MASH vehicle group (Fig. S2E). With respect
to hepatic inflammation, immunoblot and quantitative PCR analyses did
not reveal a clear reduction in inflammatory markers in either probiotic-
treated group compared with the MASH vehicle group (Fig. S2F and I).
Nevertheless, hepatic IL-6 levels were reduced in both probiotic-treated
groups relative to the MASH vehicle group (Fig. 4E), whereas TNFa
expression was significantly decreased only in the L. plantarum Q180-
treated group (Fig. S2H). Together, these findings indicate that pro-
biotic treatment partially alleviates hepatic steatosis and selectively
modulates inflammatory responses in a MASH therapeutic model, with
L. plantarum Q180 showing more pronounced effects on lipid accumu-
lation and pro-inflammatory cytokine expression.

3.6. Probiotic treatment attenuates hepatic fibrosis in a MASH therapeutic
model

Therapeutic administration of L. lactis CKDBOO1 or L. plantarum
Q180 significantly attenuated hepatic fibrosis in the MASH therapeutic
model. Masson's trichrome and Sirius Red staining of liver sections
revealed a marked reduction of collagen deposition in both probiotic-
treated groups (Fig. 4D, G, and 4H). Consistent with these histological
findings, immunoblot analysis of liver tissue demonstrated decreased
expression of the fibrotic markers fibronectin (FN) and aSMA (Fig. 4I).
Notably, quantitative PCR analysis showed that mRNA expression levels
of multiple fibrogenic genes, including Acta2, Tgfp3, Collal, and Col3al,
were significantly reduced in the probiotic-treated groups (Fig. 4J).
These results demonstrate that probiotic treatment consistently attenu-
ates hepatic fibrotic remodeling in a MASH therapeutic model.

3.7. Probiotic treatment improves gut microbial composition and
intestinal homeostasis in a MASH therapeutic model

To assess the therapeutic and dose-dependent effects of each pro-
biotic strain on MASH, we analyzed fecal microbiota composition by 16S
rRNA gene sequencing. Stacked bar plots demonstrated that MASH diet
feeding markedly disrupted gut microbial community structure
compared with that in the NC group, and administration of either low or
high doses of L. lactis CKDBOO1 or L. plantarum Q180 did not restore the
relative abundance of dominant bacterial taxa toward a normal-like
profile (Fig. 5A and B). Consistent with these results, administration of
either probiotic strain did not significantly alter alpha or beta diversity
compared with that in the MASH vehicle group (Fig. 5C and D). To
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Fig. 3. Enhanced Hepatic Nrf2-Associated Antioxidant Responses and Reduced Oxidative Stress Underlie the Anti-MASH Effects of L. lactis CKDB001 and

L. plantarum Q180.

Representative liver cryosections (5 pm) stained with DHE and counterstained with DAPI (A). Quantification of DHE fluorescence as fold change in mean gray value
(B). Representative liver sections (paraffin-embedded) stained for TUNEL assay and counterstained with DAPI (C). Quantification of TUNEL-positive cells, expressed
as a percentage (%) (D). Representative liver sections immunostained for 3-nitrotyrosine (3-NT), 4-hydroxynonenal (4-HNE), and NRF2. Scale bars, 100 pm (E).
Quantification of 3-NT, 4-HNE, and NRF2-positive areas, expressed as fold change (F-H). Immunoblot analysis of nuclear and cytosolic fractions from liver tissues
showing protein levels of NRF2 (nuclear fraction), and its downstream targets HO-1 and NQO1 (cytosolic fraction) in the indicated groups. Lamin B1 (nuclear
marker) and a-tubulin (cytosolic marker) were used as loading controls (I). Hepatic mRNA levels of Nrf2 target genes, Gstal, Ho-1, and Nqol (J). Sample size and
replicate definitions are as described in Fig. 1. Data are presented as mean =+ SD. Statistical significance was determined by one-way ANOVA with Tukey's multiple

comparisons test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

characterize taxonomic and functional alterations, LEfSe and PICRUSt2
analyses were performed. Akkermansia muciniphila, Parasutterella excre-
mentihominis, and Mediterraneibacter butyricigenes were significantly
enriched following low-dose L. lactis CKDBOO1 administration, whereas
Faecalibaculum rodentium, Lactobacillus delbrueckii, and Parabacteroides
goldsteinii were significantly increased following high-dose L. lactis
CKDBOO01 treatment. Lactiplantibacillus plantarum was significantly
enriched in the high-dose L. plantarum Q180-treated group (Fig. S5E). The
predicted abundance of the microbial GSH metabolism pathway, infer-
red using PICRUSt2, did not increase in any probiotic-treated group
compared with that in the MASH vehicle group (Fig. 5F). To determine
whether these predicted functional changes were reflected at the
metabolite level, we measured glutathione levels in the cecal contents.
Notably, despite the lack of a significant increase in the predicted
pathway abundance, probiotic treatment increased total glutathione
levels compared with the MASH vehicle group (Fig. 5G). Furthermore,
the GSH/GSSG ratio was elevated in probiotic-treated mice, indicating
improved intestinal redox balance (Fig. 5H). Correlation analysis further
demonstrated that the relative abundance of each administered pro-
biotic species was positively associated with the predicted abundance of
the microbial GSH metabolism pathway (Fig. 5I and J). These findings
were further supported by WGS data, which confirmed the presence of
functional redox-related genes in the administered strains (Table S1).
Specifically, L. plantarum Q180 harbors a comprehensive GSH metabolic
suite, including the bifunctional gshF/AB, gshA, and gpx, while L. lactis
CKDBO0O01 carries the glutamate ABC transporter gluB and cysteine syn-
thase cysK. This strain-specific genetic repertoire may support potential
involvement in GSH-related metabolic processes, despite limited global
restructuring of the microbiome.

Given the close relationship between microbial-driven redox ho-
meostasis and epithelial barrier integrity, we also examined intestinal
tight junction structure. Immunoblotting and immunohistochemical
analyses revealed that the expression and epithelial localization of
occludin were significantly reduced in MASH mice but partially restored
following probiotic treatment (Figs. S3D, S3E, and S3F). Histological
examination further showed attenuation of MASH-induced epithelial
damage in the probiotic-treated animals (Fig. S3E). Consistent with
improved barrier integrity, circulating lipopolysaccharide (LPS) levels
were significantly elevated in MASH mice and reduced following pro-
biotic treatment, indicating decreased gut-to-liver translocation of
endotoxin (Fig. 4C). Fecal LPS levels were also assessed, supporting the
gut as a primary source of endotoxin (Fig. S2J). Overall, these findings
indicate that therapeutic probiotic administration is associated with
fecal detection of administered strains and preservation of GSH-
associated microbial signatures, while exerting only limited effects on
global gut microbiota composition in the presence of established MASH.

3.8. Probiotic treatment is associated with enhanced hepatic Nrf2
signaling and reduced oxidative stress in a MASH therapeutic model

Given that therapeutic probiotic administration preserved GSH-
associated microbial signatures despite limited global changes in
microbiota composition, we next asked whether these intestinal effects
translated into reduced hepatic oxidative stress and enhanced antioxi-
dant responses in the MASH therapeutic model. DHE staining revealed
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that hepatic ROS levels were markedly elevated in the MASH vehicle
group but were significantly reduced following therapeutic adminis-
tration of L. lactis CKDBOO1 or L. plantarum Q180 (Fig. 6A and B).
Consistent with these results, the TUNEL assay demonstrated a decrease
in hepatocellular death in both probiotic-treated groups compared with
the MASH vehicle group, indicating attenuation of oxidative stress-
associated liver injury (Fig. 6C and D). Immunohistochemical analyses
further supported reduced oxidative damage, as staining for 3-NT and
4HNE was diminished in probiotic-treated livers relative to that in the
MASH vehicle group (Fig. 6E-G). Finally, to determine whether these
protective effects were associated with alterations in hepatic Nrf2
antioxidant signaling, we assessed Nrf2 protein levels and target gene
expression. Hepatic NRF2 expression was increased in probiotic-treated
groups compared with MASH vehicle group (Fig. 6E and H). Immuno-
blot analysis further confirmed increased nuclear accumulation of NRF2
along with elevated expression of its downstream targets, HO-1 and
NQO1 (Fig. 6I and Fig. S6D-F). In parallel, quantitative PCR analysis
showed significant upregulation of Nrf2-associated antioxidant genes,
including Gstal, Ho-1, and Ngol in both probiotic-treated groups rela-
tive to the MASH vehicle group (Fig. 6J). In addition, hepatic GSH levels
and hepatic GSH/GSSG ratio were significantly restored following pro-
biotic treatment compared with the MASH vehicle group (Fig. S7C-D),
indicating improved hepatic redox balance in the therapeutic model.
Together, these findings indicate that probiotic administration enhances
hepatic antioxidant responses and limits oxidative stress-associated liver
injury in a MASH therapeutic model.

4. Discussion

MASH is a multifactorial liver disease in which oxidative stress and
inflammatory signaling drive hepatocellular injury and fibrogenesis
[30]. Importantly, an increasing proportion of patients has been found
to develop MASH in the absence of obesity (i.e., lean MASH), high-
lighting obesity-independent mechanisms that sustain redox imbalance
and liver damage [7,8]. Here, we show that oral administration of
L. lactis CKDBOO1 or L. plantarum Q180 alleviates MASH pathology in
association with a probiotic-associated gut-liver redox interaction.
Across preventive and therapeutic settings, probiotic treatment
improved steatosis and, more robustly, attenuated fibrotic remodeling,
which was accompanied by modulation of microbial GSH-related ca-
pacity, enhanced hepatic Nrf2-associated antioxidant responses, and
reduced oxidative stress markers.

Microbiome-targeted approaches have emerged as viable strategies
to modulate diet-induced liver injury, including microbiome replace-
ment to ameliorate steatohepatitis [31,32]. Our data extend this concept
by suggesting that defined probiotic strains modulate a gut-liver redox
interaction associated with intestinal glutathione levels, hepatic Nrf2
accumulation, and enhanced antioxidant gene expression. A central
finding of this work is that increased intestinal glutathione levels were
accompanied by increased hepatic nuclear Nrf2 accumulation and
Nrf2-related antioxidant gene expression. Consistently, increased GSH
levels were also observed in cecal contents, supporting enhanced in-
testinal redox capacity at the site of microbial activity. In parallel,
probiotic treatment restored hepatic GSH levels and improved hepatic
GSH/GSSG balance, supporting enhanced hepatic redox homeostasis in
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association with the observed intestinal redox changes. WGS revealed biosynthetic genes but encodes glutamate transport (gluB) and cysteine
that L. plantarum Q180 harbors genes associated with GSH biosynthesis synthesis (cysK), suggesting a complementary role in supporting GSH
(e.g., gshF/AB, gshA, and gpx), indicating the potential for de novo GSH metabolism via precursor availability [34]. Furthermore, the presence of
production [33]. In contrast, L. lactis CKDB0OO1 lacks canonical GSH the thioredoxin system [35] (trxA and trxB) in both strains, alongside
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Fig. 4. Therapeutic Effects of L. lactis CKDB0OOI and L. plantarum Q180 in Reducing Hepatic Lipid Accumulation, Inflammation, and Fibrosis in a MASH

Model.

Experimental scheme: 8-week-old C57BL/6 mice were acclimated for 1 week and then fed either a normal chow diet (NC) or a high-fat, high-cholesterol, high-
fructose (HFHCF) diet (MASH) for 4 weeks, followed by oral gavage of bacterial strains for an additional 4 weeks while maintaining the respective diets at
either a low dose (L; 1.0 x 10° CFU/day) or a high dose (H; 5.0 x 10° CFU/day) (A). Liver weight (g) and liver-to-body weight (B.W.) ratio (B), serum lipopoly-
saccharide (LPS) levels (C), representative liver sections stained with H&E, Oil Red O, Masson's trichrome (MTS), and Sirius Red, scale bars 100 pm (D). Liver IL-6
levels (E), quantification of Oil Red positive area (%) (F), quantification of collagen area (%) and Sirius red collagen area (%) (G, H). Immunoblot analysis of FN
(Fibronectin) and «aSMA in liver lysates with GAPDH as a loading control and quantification of protein levels (I), and hepatic mRNA levels of Acta2, Tgfp, Collal, and
Col3al (J). Each data point represents an individual mouse (biological replicate), unless otherwise indicated. In the therapeutic model, The final number of animals
per group was as follows: NC + Veh (n = 8), MASH + Veh (n = 6), MASH + L-L.lactis CKDBOO1 (n = 8), MASH + H-L.lactis CKDB0O1 (n = 7), MASH + L-L.plantarum
Q180 (n = 6), and MASH + H-L.plantarum Q180 (n = 8). For qPCR and immunoblot analyses, samples were pooled within each group and analyzed as independent
pooled biological replicates. Data are presented as mean =+ SD. Statistical significance was determined by one-way ANOVA with Tukey's multiple comparisons test:
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

their respective glutamate transport systems (yjeM for L. plantarum
Q180 and gluB for L. lactis CKDB0O01), suggests the potential to support
redox balance within the gut lumen. Together, these findings support a
model in which distinct probiotic strains may contribute to the microbial
GSH pool through different but potentially complementary mechanisms.

Nrf2 is a master transcriptional regulator of detoxification and
antioxidant genes, and impaired Nrf2 signaling has been implicated in
MASH-associated oxidative injury [36,37]. Probiotic treatment
increased hepatic expression of canonical Nrf2 targets and reduced
multiple indices of oxidative damage, including superoxide-associated
signals, protein nitration, and lipid peroxidation. While our data sup-
port an association with enhanced hepatic Nrf2 signaling, we did not
directly test the requirement of Nrf2 using loss-of-function approaches.
Future studies employing genetic or pharmacological inhibition of Nrf2
will be necessary to establish causality. Nevertheless, our previous
studies using genetic and pharmacological approaches have established
a causal protective role of Nrf2 in steatohepatitis [26,38]. In the MASH
therapeutic model, reduced hepatocellular death following probiotic
treatment may further support functional restoration of hepatic redox
resilience.

Our results underscore the intestine as an upstream determinant of
hepatic redox homeostasis. Improved intestinal barrier integrity may
reduce portal delivery of gut-derived pro-inflammatory and pro-oxidant
cues, thereby lowering hepatic oxidative burden. Consistent with this,
improved barrier integrity was associated with reduced circulating
endotoxin levels, supporting a functional link between gut barrier
restoration and hepatic redox modulation. Further studies will be
required to define the precise causal mechanisms underlying this axis. In
the preventive model, probiotics improved microbial richness and
epithelial barrier integrity, and microbial taxa responsive to probiotic
treatments correlated positively with intestinal GSH. In the therapeutic
model, global microbiome shifts were limited, which is consistent with
reduced community plasticity in the presence of established disease and
the shorter intervention window compared with the preventive model;
nevertheless, functional redox-associated signatures were maintained
alongside reduced hepatic oxidative stress. This suggests that thera-
peutic benefit does not strictly require wholesale microbiome remod-
eling but depends on the targeted strain-associated metabolic potential
related to glutathione metabolism.

We next evaluated probiotic-induced alterations in gut microbiota
using fecal samples from both preventive and therapeutic models. In
both models, the administered strains, L. lactis CKDBO0O1 and
L. plantarum Q180, were detected in fecal samples, indicating intestinal
exposure and detectable presence following administration. Probiotic
treatment was associated with an increased abundance of bacterial
species that have been reported to exert beneficial effects on host
metabolic and intestinal health. Notably, A. muciniphila, a mucin-
degrading bacterium linked to enhanced gut barrier integrity, reduced
inflammation, and improved metabolic homeostasis [39], was enriched
in the probiotic-treated groups. Similarly, P. goldsteinii, which has been
associated with anti-inflammatory effects and protection against
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diet-induced metabolic dysfunction [40], and M. butyricigenes, a putative
butyrate-producing bacterium implicated in intestinal epithelial health
and immune regulation [41], were increased following probiotic
administration. In parallel, PICRUSt2-based functional prediction sug-
gested a modest increase in GSH metabolism pathway, and correlation
analysis revealed positive association between the administered strains
and predicted redox-related functions. Although these findings are
based on inferred profiles, they are consistent with an association be-
tween probiotic-driven microbiome modulation and altered intestinal
redox status.

The robust anti-fibrotic phenotype in the probiotic-treated mice may
reflect the sensitivity of fibrogenic remodeling to redox imbalance. ROS
not only amplify inflammatory cues but also promote hepatic stellate
cell activation and extracellular matrix remodeling, including collagen
deposition and stabilization. Thus, Nrf2-driven antioxidant reinforce-
ment may interrupt these redox-dependent, pro-fibrotic circuits, leading
to disproportionately larger effects on fibrosis than on steatosis. This
concept is consistent with our observation that multiple oxidative
damage indices were reduced across both preventive and therapeutic
models. Although our data consistently show increased microbial
glutathione levels, enhanced hepatic Nrf2-associated antioxidant re-
sponses, and reduced oxidative stress, the current study does not
establish a direct causal role of glutathione in mediating these effects.
Pharmacological inhibition of glutathione synthesis (e.g., using
buthionine sulfoximine, BSO) would provide additional insight into the
causal contribution of glutathione and should be explored in future
studies.

Anti-fibrotic efficacy was consistently observed in both preventive
and therapeutic models, supported by reduced collagen deposition and
decreased fibrosis-associated markers. Because the fibrosis stage is a
major determinant of clinical outcomes [42], this dual validation
strengthens the translational relevance of our results. Although several
inflammatory transcripts were not uniformly reduced at the endpoint,
selective decreases in cytokines (e.g., IL-6 and TNFa) and robust im-
provements in redox injury support a model in which Nrf2-driven redox
reinforcement precedes broader inflammatory resolution under ongoing
dietary challenge. Notably, the effects on steatosis and metabolic pa-
rameters were more modest or variable, suggesting that the primary
strength of probiotic intervention lies in fibrosis attenuation and
redox-associated protection rather than complete reversal of all MASH
features.

The relevance of our results to lean MASH is particularly notable.
Our diet paradigm recapitulated features of a lean MASH-like phenotype
[71, with fibrogenesis and oxidative injury developing despite reduced
adiposity (as assessed by body weight and fat mass), indicating
obesity-independent disease mechanisms. However, this model repre-
sents a defined experimental system rather than the full clinical spec-
trum of human lean MASH. Although it reproduces key features of lean
MASH, the relatively severe dietary conditions may not fully capture the
biological heterogeneity observed in patients. Nonetheless,
redox-targeted strategies that operate independently of weight loss may
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Fig. 5. Therapeutic Administration of L. lactis CKDB001 and L. plantarum Q180 Improves Gut Environment and Microbial Balance.

Relative abundance of fecal microbiota at the phylum level shown as stacked bar plots for each experimental group (A) and each sample (B). Alpha diversity assessed
by the Chaol index (C). Beta diversity analysis visualized by principal coordinate analysis (PCoA) based on Bray-Curtis (D). Differentially abundant bacterial species
identified by linear discriminant analysis effect size (LEfSe) following administration of low or high of L. lactis CKDBOO1 or L. plantarum Q180 (E). Predicted
abundance of the glutathione metabolism pathway inferred using PICRUSt2 (F). Glutathione levels measured in cecal contents (G) and GSH/GSSG ratio as an in-
dicator of intestinal redox balance (H). Correlation analysis between the relative abundance of treated probiotic species and the predicted abundance of the
glutathione metabolism pathway (I, J). Sample size and replicate definitions are as described in Fig. 4. Data are presented as mean + SD. Statistical significance was

determined as described in the Methods.
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Fig. 6. L. lactis CKDB0O1 and L. plantarum Q180 Are Associated with Enhanced Hepatic Nrf2 Signaling and Reduced Oxidative Stress Following Thera-

peutic Administration.

Representative liver cryosections (5 pm) stained with DHE and counterstained with DAPI (A). Quantification of DHE fluorescence as fold change in mean gray value
(B). Representative liver sections (paraffin-embedded) stained for TUNEL assay and counterstained with DAPI (C). Quantification of TUNEL-positive cells, expressed
as a percentage (%) (D). Representative liver sections immunostained for 3-nitrotyrosine (3-NT), 4-hydroxynonenal (4-HNE), and NRF2. Scale bars, 100 pm (E).
Quantification of 3-NT, 4-HNE, and NRF2—positive areas, expressed as fold change (F-H). Immunoblot analysis of nuclear and cytosolic fractions from liver tissues
showing protein levels of NRF2 (nuclear fraction), and its downstream targets HO-1 and NQO1 (cytosolic fraction) in the indicated groups. Lamin B1 (nuclear
marker) and a-tubulin (cytosolic marker) were used as loading controls (I). Hepatic mRNA levels of Nrf2 target genes, Gstal, Ho-1, and Nqol (J). Sample size and
replicate definitions are as described in Fig. 4. Data are presented as mean =+ SD. Statistical significance was determined by one-way ANOVA with Tukey's multiple
Eomparisons test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant.

address an unmet need in lean MASH populations.

Several limitations warrant consideration. While our WGS data
provide a genetic rationale for microbial GSH metabolism, the current
study did not directly assess in vivo expression or enzymatic activity of
GSH-related genes, nor did it quantify intermediate metabolites of the
y-glutamyl cycle, including y-glutamylcysteine, cysteine, S-lactoylglu-
tathione, and 5-oxoproline. Therefore, the proposed contribution of
microbial GSH metabolism should be interpreted as functional potential
rather than definitive metabolic activity. In addition, transcriptomic or
proteomic validation of microbial GSH-related pathways was not per-
formed in the current study. Although we incorporated GSH-based redox
measurements, including GSH and GSH/GSSG balance, additional
metabolomic and enzyme-level analyses will be important to further
define mechanistic redox flux between the intestine and liver. In addi-
tion, while PICRUSt2 provided predictive functional insights, and 16S
rRNA sequencing supported treatment-associated microbial alterations,
integrated metagenomic and metabolomics approaches will be required
to more comprehensively define microbial contributions to gut-liver
redox signaling. Longer therapeutic dosing and follow-up studies are
also needed to evaluate durability and translational potential.

In summary, L. lactis CKDB0OO1 and L. plantarum Q180 are associated
with gut-liver redox crosstalk, accompanied by increased intestinal GSH
levels and enhanced hepatic antioxidant responses associated with Nrf2
signaling. The reproducible protection observed in preventive and
therapeutic models-particularly the consistent attenuation of
fibrosis—supports the therapeutic promise of defined probiotic strate-
gies to treat redox-driven MASH, including lean MASH.

5. Conclusions

This study supports the presence of a probiotic-associated gut-liver
redox interaction linked to attenuation of MASH progression. Oral
administration of L. lactis CKDBOO1 or L. plantarum Q180 was associated
with altered intestinal glutathione redox status, activation of hepatic
Nrf2 signaling, and reduction of oxidative stress-associated liver injury.
These effects were accompanied by improved steatosis and marked
attenuation of fibrosis in both preventive and therapeutic MASH models.
Collectively, our findings support microbiome-based redox modulation
as a mechanistically informed and promising therapeutic strategy for
MASH.

Ethical statement

All animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) of Yonsei University College of
Medicine (IACUC: 2023-0164) and were performed in accordance with
the relevant guidelines and regulations.

Funding

This work was supported by National Research Foundation of Korea
(NRF) grants funded by the Korea government (MSIT) (RS-2024-
00354430 to H.W.L.; RS-2025-18362970; RS-2025-00514319; RS-2022-
NRO70091 to S.H.B.; RS-2026-25483580, RS-2021-NR062133 to D.H.
L.); a Faculty Research Grant from the Yonsei University College of

541

Medicine (6-2019-0068 to S.H. Bae); the POSCO Science Fellowship of
POSCO TJ Park Foundation (D.H.L.); and the ABC-based Regenerative
BioTherapeutics (ABC project) grant funded by the Korea government
(MSIT, the Ministry of Health & Welfare) (RS-2024-00432653 to S.H.
Bae). This study was also supported by research funding from Chong
Kun Dang Bio Corp (4-2024-1426 to H.W.L.).

CRediT authorship contribution statement

Da Hyun Lee: Data curation, Investigation, Methodology, Project
administration, Validation, Visualization, Writing — original draft. Da Ye
Kim: Investigation, Methodology, Project administration, Writing —
original draft. Hyunchae Joung: Data curation, Formal analysis, Project
administration, Software, Validation, Writing — original draft. Hyolim
Kim: Methodology, Validation. Yujin Jeon: Investigation, Methodol-
ogy. Sunghee Lee: Software, Validation. Chang Hun Shin: Resources,
Software, Validation. Yu Seol Lee: Data curation, Investigation. Ji Yun
Bang: Investigation, Methodology. Eo Jin Lee: Formal analysis, Inves-
tigation. Shin Young Cha: Formal analysis, Investigation. Soo Han Bae:
Conceptualization, Data curation, Supervision, Writing — review &
editing. Hye Won Lee: Conceptualization, Data curation, Supervision,
Validation, Writing - review & editing.

Declaration of competing interest

Some authors are affiliated with CKDBio, which holds intellectual
property rights and commercial interests in the bacterial strains used in
this study. Specifically, Lactobacillus delbrueckii subsp. lactis CKDBOO1
(KCTC14149BP, KR10-2128098) is patented by CKDBio, and Lacti-
plantibacillus plantarum Q180 (KACC91865P) was transferred from the
Korea Food 425 Research Institute to CKDBio and is commercially
available as a health functional food product. These affiliations and
commercial interests had no role in the study design, data collection,
interpretation, or decision to publish. No other conflicts of interest
relevant to this article have been declared.

Acknowledgements

The authors thank the animal facility at Yonsei University College of
Medicine for providing animal housing and experimental infrastructure.
We also acknowledge the Department of Pathology, Yonsei University
College of Medicine, for histological processing and immunohisto-
chemical staining. The authors also thank BioScience Writers, LLC, for
editing support.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.freeradbiomed.2026.05.338.

Abbreviations
16S rRNA 16S ribosomal RNA

4-HNE 4-hydroxynonenal
3-NT 3-nitrotyrosine


https://doi.org/10.1016/j.freeradbiomed.2026.05.338
https://doi.org/10.1016/j.freeradbiomed.2026.05.338

D.H. Lee et al.

Adgrel adhesion G protein—coupled receptor E1 (F4/80)
ALT alanine aminotransferase

AST aspartate aminotransferase

CCL2 C-C motif chemokine ligand 2

Chaol Chaol richness index

DHE dihydroethidium

DPBS dulbecco's phosphate-buffered saline
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GSH glutathione

Gstal/GSTA1 glutathione S-transferase alpha 1

GST glutathione S-transferase
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HDL high-density lipoprotein

HO-1 heme oxygenase-1
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MASH  Metabolic dysfunction-associated steatohepatitis
mWAT mesenteric white adipose tissue
MTS Masson's trichrome staining
NASH  nonalcoholic steatohepatitis
NC normal chow diet

Nqol/NQO1 NAD(P)H quinone oxidoreductase 1
NRF2/Nrf2 nuclear factor erythroid 2-related factor 2
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PCoA principal coordinate analysis
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TNF« tumor necrosis factor alpha

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling
a-SMA  alpha-smooth muscle actin

a-diversity alpha diversity
p-diversity beta diversity
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