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Abstract : Dysbiosis of gut microbiota is one of the important factors associated with metabolic dysfunction-as-
sociated steatotic liver disease (MASLD). Antibiotic use, especially in early life, could profoundly disrupt an es-
tablishing process of stable gut microbiota, and the influence on gut environment may persist throughout life. In
this study, we examined effects of ampicillin exposure (AMP) in early life on the temporal changes of fecal micro-
biota and severity of MASLD in western diet-fed C57BL/6J mice. Histological evaluation of MASLD showed that
steatosis in female mice and lobular inflammation was significantly influenced with AMP, and that NAS (MASLD
activity score constituting from score of steatosis, lobular inflammation, and ballooning degeneration) tended
to be high in female of AMP-treated group. 16S metagenome analyses of fecal microbiota showed significant de-
crease of a-diversity and remarkable shift to normally minor bacterial species at 4 weeks of age in AMP-treated
mice, and the influence was continuously observed even after finishing the western diet feeding period. a-Diver-
sity at 4weeks of age negatively correlated with combined scores of steatohepatitis and fibrosis. These results
suggest that AMP in early life induced dysbiosis of gut microbiota and could promote the development of western

diet-associated steatotic liver disease. J. Med. Invest. 73:186-207, February, 2026
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INTRODUCTION

The intestinal tracts of humans and other higher animals
are home to a wide variety of symbiotic microorganisms that
outnumber the host cells (1, 2). From immediately after birth,
gut microbiota starts to be shaped by microbes inherited from
the mother. At first, facultative anaerobes and aerobes colonize
and make an anaerobic environment in infant’s gut to help se-
quential colonization of strict anaerobes such as Bifidobacterium,
Bacteroides and Clostridium, which are popular inhabitants in
adult gut. During early life until weaning, infant’s gut microbi-
ome dynamically changed under influences of the host’s genetic
background and of peri- and post-natal factors such as delivery
mode, diet, and antibiotic exposure. Host-microbe interactions
and microbe-microbe interactions also affect the gut microbiota
composition, resulting in establishment of a diverse and stable
microbial community (1, 3-5). Structure of gut microbiota have
been known to become like that of adult until approximately 3
years of age in human, while in mice it lasts until around 3—4
weeks of age (3, 6, 7) and once established microbiota could
remain highly stable in healthy adults. Juan Miguel Rodriguez
et al. (8) have emphasized an importance of increasing diversity
of gut microbiota over the course of several years from birth,

Received for publication November 24, 2025 ; accepted December 24,
2025.

Address correspondence and reprint requests to Keiko Kataoka, PhD.,
Department of Microbiology and Genetic Analysis, Graduate School
of Biomedical Sciences, Tokushima University, Tokushima 770-
8503, Japan and Fax : +81-88-633-9061. E-mail : kataokakeiko@
tokushima-u.ac.jp

which could contribute to subsequent stability of gut microbiota
throughout the life. Proper host—microbe interactions during
this critical period are essential for establishing a diverse and
plastic gut microbiota (3-5, 9).

Gut microbiota is closely associated with overall health status.
It plays crucial roles in host intestinal barrier function, immune
and metabolic homeostasis and disturbance of gut microbiota
composition have been known to influence the risk of various
diseases (1, 10, 11-13). Colonization of gut microbes strengthen
intestinal barrier function through increasing expression of
intercellular tight junction proteins and increasing secretion
of mucin and antimicrobial substances in epithelial cells, and
crosstalk between gut microbe and the host cells also contribute
to regulate excessive host immune responses (14). Moreover, gut
microbiota possesses metabolic pathways distinct from humans,
producing organic acids such as acetate and butyrate from
indigestible dietary components, and participating in bile acid
metabolism. These microbial metabolites are absorbed and dis-
tributed throughout the body, exerting profound effects on host
physiology (1, 11, 15, 16).

In contrast to healthy state, dysbiosis of gut microbiota char-
acterized by reduced diversity and compositional shifts are
known in patients with various non-communicable diseases
(1,5, 10). Intervention with dietary fiber and specific nutrients
have been reported to reduce disease risk via modulation of
the gut environment (17). Gut microbes and their metabolites
influenced the expression of barrier-related molecules, hepatic
lipid metabolism, and cellular functions (11). Therefore, dis-
ruption of gut microbiota composition and its metabolites could
continuously promote the development of a wide range of disor-
ders, including lifestyle-related metabolic diseases. Metabolic
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dysfunction-associated steatotic liver disease (MASLD, formerly
NAFLD) is one of the lifestyle-related diseases and is charac-
terized by the accumulation of triglycerides in the liver, leading
to hepatic injury (13). MASLD may sometimes be accompanied
by inflammation and degeneration, which are termed meta-
bolic dysfunction-associated steatohepatitis (MASH, formerly
NASH), which may progress to cirrhosis and hepatocellular
carcinoma. The liver is highly susceptible to microbial compo-
nents and their metabolites from the gut via the portal vein, and
many studies have suggested contributions of gut microbiota in
the pathogenesis of fatty liver disease (1, 11, 13, 18-21). High-fat
diets themselves alter the gut microbiota (12), and these chang-
es, along with microbial metabolites, are thought to contribute
to the onset and progression of steatohepatitis (13). Difference
of basic structure, stability and resilience of gut microbiota are
present among individuals, and such differences probably affect
the responses of gut microbiota to high-fat diet and development
of fatty liver disease (18-21).

Antibiotic use is one of the most significant factors influencing
the gut environment (22, 23). While gut microbiota is relative-
ly stable in adults, antibiotic exposure during early life could
profoundly disrupt the gut environment, with effects that may
persist throughout life (5, 6, 23-26). As described above, proper
host—microbe and microbe-microbe interactions before the es-
tablishment of microbial community, are considered essential for
establishing a diverse and resilient gut microbiota (9). Disrup-
tion or dysbiosis during this critical period may have long-term
effects on microbial composition and host physiological functions,
potentially contributing to earlier onset and exacerbation of life-
style related diseases such as steatohepatitis.

In the present study, we intervened in gut microbiota from
birth to weaning by ad libitum administration of ampicillin in
drinking water, and then, mice were fed western diet from 8 to
28 weeks of age. We analyzed the effects of ampicillin exposure
on onset and severity of steatotic liver disease, temporal changes
in gut microbiota composition, and alterations in microbiota-de-
rived organic acids. We further investigated the relationship
between ampicillin-induced dysbiosis in gut microbiota and the
onset/development of MASLD.
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MATERIALS AND METHODS
Materials

C57BL/6dJ mice (six males and six females, all 8-10 weeks
old) was purchased from Jackson Laboratory Japan, Inc. (Yo-
kohama, Japan). Two types of rodent diets were used in this
study : MFG, a normal chow diet (Oriental Yeast Co. Ltd., Tokyo,
Japan, 359 kcal/100 g) ; Western diet (D12079B, Research
Diets, Inc., New Brunswick, NdJ, USA, 468.6 kcal/100 g). The
latter contains 21% fat, 34% sucrose, and 0.15% cholesterol, and
is commonly used to induce obesity-related insulin resistance
leading to hepatic steatosis and steatohepatitis (27). Ampicillin
sodium (Fujifilm Wako Pure Chemical Corporation, Tokyo,
Japan) was used for early-life antibiotic exposure. For the analy-
sis of the gut microbiota in mouse feces, molecular biology-grade
reagents and sequencing reagents from Illumina Singapore Pte.
Litd. (Singapore, Singapore) were used as described below.

Animal treatment in western diet-induced NASH model

Animal experiments were conducted as described in Fig 1
in accordance with the Guidelines for Animal Experiments
of Tokushima University under approval by the Animal Ex-
periment Committee of Tokushima University (Approval No.
T2021-103). C57BL/6J mice (both sexes) were acclimated to
the housing environment, mated at 10-12 weeks of age, and
pregnant females were transferred to individual cages before
delivery. Offspring from 5 mother mice (both sexes) were used
for three experimental groups : negative control (NC) group,
positive control (PC) group, and ampicillin exposure (AMP)
-treated group (AMP-treated -1, -I1, -III). The NC group (3 males,
3 females, littermate from a mother No.1) was fed a normal chow
diet from weaning until the end of the experiment. The PC group
(3 males, 4 females, littermate from a mother No.2) was allowed
ad libitum access to the western diet from 8 to 28 weeks of age.
The AMP-treated group (11 males, 9 females, littermates from 3
mother mice No.3, 4, 5) was exposed to 1 g/L ampicillin sodium
as drinking water from birth to 3 weeks of age as described in
Castro-Mejia JL er al. (28). Ampicillin solution was provided to
the dams from 1-2 days prior to delivery, and offsprings were
exposed to ampicillin until weaning while housed together with

a/r\ < Offsprings Offsprings Offsprings End of experimental
Day  atbirth weaning Diet change period
CS7BL/GI 2~  Day0 g//\my 21 Day 56-64 Day 196-203
Pregnant female ! l 1 w - | d w ! @ w
Negative Control | NCD Normal chow diet (NCD) n3 (), 03 (9)
[ (offsprings from mother No.1)
o ' ) n=3 (). n=4(%)
Positive Control H NCD Western diet (D12079B) (offsprings from mother No2)
AMP-treated { jo/1 [Ampicillin . =11 (@), 1=9(%)
-L I, T i (ad%i/bim as g’inking water) NCD Western diet (D12079B) (offsprings from mother No. 3, 4, 5)
_______ U U U
(4 weeks of age) (8 weeks of age) (28 weeks of age)
Feces * Feces * Feces % , Cecal contents 3%
% Analysis of fecal microbiot v .
nalysis of fecal microbiota Blood, Liver, EpiAT
% Analysis of organic acids Evaluation of MASLD severity
Figure 1. Experimental schedule. Offsprings from 5 mother mice were used for three experimental groups and treated as described in

Material & Methods. Negative control group from a mother (No.1) was not exposed to ampicillin and fed normal chow diet (NCD) throughout
the experimental period. Positive control group from a mother (No.2) was fed western diet from 8 to 28 weeks of age. AMP-treated group (-1,
11, III) from three mothers (No.3, 4, 5) were exposed to ampicillin until weaning and were fed western diet in the same way as positive control

group.
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their mothers. Ampicillin solution was replaced to fresh one
every 2—3 days. After weaning 3 weeks of age, mice were main-
tained on a normal chow diet, and they were fed the western diet
from 8 weeks of age for 20 weeks like in PC group. Body weight
was measured weekly from 4 weeks of age. Feces (about ~50mg)
were collected at 4, 8, and 28 weeks of age for analysis of fecal
microbiota. Fecal samples were washed with TE buffer, resus-
pended at 0.1g feces/ml to prepare Gram-stained specimens
(10ul/cm?) for preliminary observation of microbiota changes.
Fecal suspensions were centrifuged again, and the sediments
were stored at —30 °C until analysis of the gut microbiota.

At the end of experimental period, under anesthetizing with
isoflurane, whole blood samples were obtained via orbital venous
puncture, and mice were subsequently euthanized by cervical
dislocation. Liver, epididymal adipose tissue (EpiAT) were re-
sected and weighed. Portions of the liver were fixed in formalin,
embedded in paraffin, and processed for evaluation of severity
of steatotic liver disease. Cecal contents were collected and
stored at —30 °C until analysis of organic acids produced by gut
microbiota. Collected blood was allowed to clot at room tempera-
ture for approximately 30 minutes, followed by centrifugation
to separate serum, which was stored at —30 °C for analyses of
hepatopathy biomarker. In case of body weight loss exceeding
20% or persisted for more than four weeks, humane endpoints
were applied on the mice and samples were collected even before
the end of experiment.

Evaluation of severity of steatotic liver disease

The severity of steatotic liver disease was evaluated by mea-
suring serum liver injury markers and histological assessment
on the liver tissue sections. Serum collected at the end of the ex-
periment was sent to Nagahama Life Science Laboratory, Orien-
tal Yeast Co., Ltd. (Nagahama, Japan) for measurement of ALT
(standardized JSCC method) and total bile acids (TBA, enzy-
matic cycling method). Histological evaluation for steatohepatitis
and fibrosis was performed according to the scoring system in
Kleiner er al. (29). Steatosis (distribution of lipid droplets, grade
0-3), lobular inflammation (grade 0-3), and ballooning degenera-
tion (grade 0-2) were assessed on HE-stained liver sections and
sum of the three scores constituted the MASLD activity score
(NAS). NAS values > 5 was judged to be onset of steatohepatitis.
The degree of fibrosis (stage 0-4) was evaluated on serial sec-
tions, which were stained with Sirius Red—Fast Green Collagen
staining kit (Chondrex, Inc., USA, cat.no. 9046) according to the
manufacturer’s instruction.

Fecal microbiota analysis

Detailed analysis of fecal microbiota composition at 4, 8, and
28 weeks of age was performed using 16S metagenomic sequenc-
ing as described below. Bacterial genomic DNA was extracted
according to the method of Morita H ez al. (30). Frozen fecal
samples were thawed and treated with lysozyme and achromo-
peptidase (Wako Pure Chemical Industries, Ltd., Tokyo, Japan),
followed by proteinase K (Nacalai Tesque, Inc., Kyoto, Japan)
and SDS, and then DNA was extracted and purified by phenol—
chloroform method. Quality and quantity of DNA was checked
by Nanodrop 2000 (Thermo Fisher Scientific, Inc., MA, USA)
and agarose gel electrophoresis.

Sequencing libraries were prepared as described in the [1lumi-
na 16S Metagenomic Sequencing Library Preparation protocol
(15044223 Rev. B JPN). The V3—V4 region of 16S rDNA was
amplified, and a second PCR was performed with Nextera XT
index kit v2 Set A (cat.no. 15052163, Illumina, Inc.), following
purification with AMPure XP beads (Beckman Coulter, Inc.).
The integrity of the DNA amplicon was checked by agarose gel
electrophoresis. The loading DNA concentration was adjusted to

R. Ishikawa, et al. Ampicillin-induced dysbiosis and MASLD

4pM each using a Qubit dsDNA HS assay kit (Thermo Fisher
Scientific, Inc.). The libraries were spiked with 25% PhiX control
v3, sequenced on a MiSeq system (Illumina, Inc.) with MiSeq®
Reagent Kit v3 (cat.no. MS-102-3003, 600 cycles, Illumina,
Inc.) to generate paired-end reads of 300 bases in length in each
direction. Operational taxonomic unit (OTU) clustering of the
sequencing reads was performed with Qiime2 with the UCLUST
algorithm at 97% similarity against the Greengenes reference
database (v.13.8). In total, 12,998,440 reads with an average of
135,400 reads per sample were obtained.

Microbiome analyses were performed using the phyloseq
package (v.1.50.0) in R (v.4.4.2). Calculation of a-diversity indices
was performed using the MicrobiotaProcess package. -diversity
(Bray—Curtis distances) among samples was calculated with
the vegan R package (v.2.6-10) based on the relative abundances
of observed OTUs. Clustering of the samples was visualized
by performing a principal coordinates analysis (PCoA) using
the Bray—Curtis distance metric. Differential analyses of OTU
abundances were performed with linear discriminant analy-
sis effect size (LEfSe) implemented in the MicrobiotaProcess
package.

Quantification of Bifidobacterium

To examine the influence of AMP exposure on the number of
genus Bifidobacterium at 4, 8, and 28 weeks of age, genus-specific
quantitative PCR was performed as described by Matsuki T et al.
(31) using primers g-Bifido-F (5-CTC CTG GAA ACG GGT GG-
3’) and g-Bifido-R (5-GGT GTT CTT CCC GAT ATC TAC A-3’).
Reactions were performed with Fast SYBR™ Green Master Mix
(Life Technologies Japan Ltd., Tokyo, Japan, cat.no. 4385612)
on a QuantStudio® 3 Real-Time PCR System (Thermo Fisher
Scientific K.K.), using cycling conditions : 95C for 30 s, followed
by 50 cycles of 95C for 5 s, 55C for 30 s, and final extension at
72C for 30 s, with melt curve analysis. Bifidobacterium longum
JCM 1217 (1077 cells/tube) was used as a standard. Its DNA
was extracted in the same way as for fecal samples. Serially
diluted standard DNA was simultaneously assayed to calibrate
the amount of Bifidobacterium in fecal samples. The number of
Bifidobacterium cells per gram of feces was calculated as : Cell
count (cells/g) = Quantity Mean x Dilution Factor/Fecal weight
for DNA extract (g)

Analysis of organic acids in cecal contents

Organic acid composition in cecum contents at 28 weeks of age
was analyzed by Techno Suruga Laboratory Co., Ltd. (Shizuo-
ka, Japan). Following nine organic acids were quantified using
high-performance liquid chromatography with a Shimadzu or-
ganic acid analysis system : succinate, lactate, formate, acetate,
propionate, iso-butyrate, n-butyrate, iso-valerate, and n-valerate.
The lower limit of quantification was 0.05 mg/g for succinate,
lactate, acetate, and propionate, and 0.1 mg/g for the other acids.

Statistical analysis

To explore the features of gut microbiota which are strongly
associated with the severity of steatotic liver disease, machine
learning approaches were employed. At first, mice were classi-
fied into three groups based on their NAS : High (>5), Middle
(4), and Low (0-3), and random forests classification model (32)
was built for prediction of severity of MASLD as a function of
microbiota features such as diversity indices and the composi-
tions at phylum level (limited to phylum due to small sample
size) from the 16S metagenomic data at 4, 8, and 28 weeks of age.
Important features of microbiota to predict High or Low NAS
group were calculated and confirmed by feature selection with
the Borta Package (33).

The data were statistically analyzed by using Excel Statistics,
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Statcel 3. Kruskal-Wallis test and/or Steel-Dwass test for
comparisons among multiple groups, and Welch’s t-test (when
variances were unequal) or Mann—Whitney U test (for non-para-
metric data) for comparisons between two groups. Correlations
between features of gut microbiota composition and histological
severity of steatotic liver disease were analyzed using Spear-
man’s correlation coefficient by rank test. Differences with p-val-
ues < 0.05 were considered statistically significant.

RESULTS
Body weight changes, organ weights, and serum markers in mice

According to the experimental schedule in Fig 1, offspring
mice were treated with or without AMP from birth to 3 weeks
of age and fed normal chow diet (NCD) until 8 weeks of age.
After collecting feces at 8 weeks of age, diet for PC group and
AMP-treated group was changed to western diet. During the ex-
perimental period from 8 to 28 weeks of age, the average of total
caloric intake (Kcal/mouse) in male mice was 1445.4 in negative
control maintained on normal chow diet, 1769.0 in the positive
control fed western diet, and 1900.1 in the AMP-treated group
fed western diet, while in females it was 1395.5, 1638.0, and
1572.5, respectively. Total caloric intakes were higher in males
than in females across all groups. The total ampicillin exposure
per cage in early life was estimated based on water consumption
to be 273.4 mg (AMP-treated-1, 4 pups), 396.6 mg (AMP-treated-
II, 7 pups), and 430.2 mg (AMP-treated-I11I, 9 pups).

Table 1 summarized the parameters at the end of experimen-
tal period. Western diet-fed groups, PC group and AMP-treated
group showed significantly greater body weight increase (%)
during 8-28 weeks of age compared to NC group. The weight
gain in female mice was less pronounced than that in males.
Body weight in AMP-treated group was slightly lower at 4—5
weeks of age but became comparable to those in the positive
control from 6 weeks of age. Western diet significantly increased
EpiAT and the liver weight with a greater increase in males,
compared to NC group. Livers in the western diet-fed groups
macroscopically showed steatotic features. While no significant
influences of ampicillin exposure were found on organs weight,
3 mice in AMP-treated group (1 male in AMP-treated-II, 2

189

females in AMP-treated-I1I) showed liver atrophy. Serum ALT
and TBA, biomarkers of liver injury, tend to be high in western
diet-fed mice compared to NC group. AMP-treated group in both
sexes showed a significantly elevated ALT value, although the
difference was not statistically significant in male mice of the PC
group due to inter-individual variation. Fasting blood glucose at
28 weeks of age also showed a similar trend. Serum TBA level
was not significantly different among the groups, but mice with
macroscopic liver atrophy in AMP-treated group had elevated
values. Two female mice in NC group were excluded from the
following analyses because of the abnormally high TBA value
and abnormal liver tissue finding. These results indicate that
western diet from 8 weeks of age induced obesity-associated
steatotic liver disease, although consistent statistical difference
with AMP in early life was not detected in these parameters in
either sex.

Histological evaluation of steatohepatitis

Histological severity of MASLD was microscopically evalu-
ated on mouse liver sections. Fig. 2 a, b, ¢ shows representative
micrographs of the HE-stained liver tissues. Table 2 presents
grade of steatosis, lobular inflammation and ballooning degen-
eration, and the sum of these scores, NAS, in each mouse. In
male mice, steatosis was prominent in western diet-fed groups.
Individuals with NAS >5, indicative of steatohepatitis, appeared
in male of both the PC group and AMP-treated group. In female
mice, steatosis grade in PC group was lower than in males and
the NAS remained below 5. However, steatosis grade in female
of AMP-treated group was significantly higher than PC group,
and NAS tend to be high with two individuals having devel-
oped MASH. Differences attributable to AMP treatment were
also detected in lobular inflammation level between NC group
and AMP-treated group. Fibrosis (0—4) was assessed on Sirius
Red—Fast Green—stained sections, with red-stained regions
indicating fibrosis, using the negative control group as baseline
(Fig. 2 d, e). Fibrosis stage significantly correlated with serum
TBA level (Spearman’s rank correlation coefficient = 0.511, p <
0.001), supporting the validity of histological severity results.
The severity of fibrosis was individually varied in both male and
female mice, but in AMP-treated group, individuals with mac-
roscopic liver atrophy exhibited higher fibrosis stage. Although

Table 1. Body weight increase, adipose tissue weight, liver weight, and serum biochemical parameters in male and female mice at the end of
experimental period.
(Male mice)
Ampl(:llhp Diet for mice | . Body Weolght ) Liver weight Fasting blood Serum ALT | Serum TBA
exposure in | 8-28 weeks number | Hcrease (%) for | EpiAT (g) @ glucose (IU/ml) (umol/1)
early life of age 8-28 weeks of age g (mg/dl) "
Negative Control ) NCD 3 130.4 + 3.7 1.0+0.3 1.3+£0.2 94.7+12.9 23.7+3.2 7.7+£3.1
Positive Control ) Western diet 3 1955+ 15.56%% | 2.4+ 0.1%* | 3.1+0.6** | 126.0+17.7 [299.7+189.5| 23.0+18.1
AMP-treated G Western diet 11 191.3 £ 21.7%% | 2.3+£0.5%* | 2.7+0.7% |145.5+21.8*%188.8 + 75.7**| 20.8 +27.9
(Female mice)
Amplcllhp Diet for mice | . Body weight Liver Fasting blood Serum ALT | Serum TBA
exposure in | 8-28 weeks number | increase (%) for weight (g) glucose (IU/ml) (umol/1)
early life of age 8-28 weeks of age gatis (mg/dl) "
Negative Control ) NCD 3 124.6 £4.7 0.9+0.2 81.0+8.7 20.0 + 3.6 20 (n=1)
Positive Control ) Western diet 4 148.6 £ 9.0* 1.3+£0.2% | 126.5+294 | 50.0 +8.6* 8.5+29
AMP-treated (+) Western diet 9 159.8 + 17.7* 1.5+£0.3% | 123.8+22.0% | 65.0+23.6% | 46.8+69.7

Values are Mean+SD.

Significantly different from negative control group. *p<0.05, **p<0.001 (Welch’s t-test)
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(magnified)

Figure 2. Representative micrographs of the liver tissues of mice at the end of experimental period. a) Normal liver of negative control group
(X100 magnification; HE stained). b) Steatosis and lobular inflammation, and c¢) Ballooning degeneration in the liver of AMP-treated group
(X200 ; HE stained). d) Normal liver of negative control group and e) Fibrosis in the liver of AMP-treated group (X200 ; stained with Sirius Red-

Fast Green staining kit).

differences between PC group and AMP-treated females were
not statistically significant overall, the occurrence of more severe
MASH in some AMP-treated mice with dependent on the differ-
ence of mother mouse suggests that early-life antibiotic exposure
may predispose to onset and/or development of MASLD through
interfering with gut microbiota developing process.

Fecal microbiota analysis (16S metagenomic analysis)

A total of 96 fecal samples collected at 4, 8, and 28 weeks of
age were subjected to 16S metagenomic sequencing to analyze
microbiota composition. Fig. 3a and Table S1 shows the relative
abundances of 65 major genera comprising the fecal microbiota
of individual mice in each experimental group at 4, 8, and 28
weeks. Early-life AMP, from birth until 3 weeks of age, had a
profound impact on the fecal microbiota at 4 weeks of age, with
a clear reduction in the number of constitutive bacterial taxa.
All groups ate normal chow diet after weaning, and the impact
of AMP became less at 8 weeks of age. At 28 weeks of age, the
microbiota composition in western diet-fed groups (PC group,
AMP-treated group) differed from those in NC group, while
there was no significant decrease in the Bacteroidetes/Firmicutes
ratio at the phylum level.

Richness of gut microbiota in early life is one of the important
factors for stable gut microbiota. At 4 weeks of age, AMP treat-
ment remarkably decreased a-diversity compared with untreat-
ed groups (NC, PC) in both Chaol-based and Shannon diversity
(Fig. 3b). Significant decrease of a-diversity remained at 8 weeks
of age in both male and female mice. At 28 weeks of age, western
diet feeding for 20 weeks increased the a-diversity in the PC
group, whereas the significantly lower diversity remained in the
AMP-treated group despite the similar intake of western diet.

To see an effect of early life AMP on age-dependent change of
fecal microbiota, B-diversity of the fecal microbiota was assessed

by principal coordinate analysis (PCoA) based on Bray—Curtis
distances of operational taxonomic units (Fig. 3c). At 4 weeks of
age, fecal microbiota in AMP-treated mice clustered distinctly
from unexposed NC and PC groups, indicating strong effects of
early-life AMP on microbiota composition just after the treat-
ment. Interestingly, among AMP-treated groups (AMP-treat-
ed-I, II, IIT) the microbiota clustered within each littermate,
suggesting maternal influence on fecal microbiota in early stage.
Difference of microbiota composition between AMP-treated and
untreated groups was detected at 8 weeks of age. Western diet
feeding greatly influenced on microbiota and western diet-fed
groups (PC, AMP-treated) showed different compositions from
NC group at 28 weeks of age. But AMP-treated groups exhibited
notably distinct microbiota from PC group, suggesting that ear-
ly-life AMP altered the trajectory of microbiota changes follow-
ing western diet feeding.

To identify bacterial biomarkers differentiating the five groups
(NC, PC, AMP-treated-I, II, IIT), LEfSe (Linear Discriminant
Analysis Effect Size) analysis was performed (Fig. 3d). Bacterial
taxa with significant difference (Kruskal-Wallis test, p<0.05)
and with LDA scores > 2.0 were identified as biologically import-
ant biomarkers. At 4 weeks of age, g_Granulicatella and g_Entero-
coccus were enriched in AMP-treated 11T (accounting for 89-99%
of the total), whereas g_Bifidobacterium and g Turicibacter were
characteristic of another antibiotic-exposed group AMP-treated
I (47-91% of the total). Although relative abundance was very
low, g_Staphylococcus in AMP-treated 1, g_Dehalobacterium and
g_Clostridium in PC, were also characteristic. Thus, early-life
AMP shifted the microbiota composition toward dominance by
a few genera, consistently with the reduced a-diversity (Fig.
3b). However, dominant genera in AMP-treated groups differed
across mother mice : Enterococcus and Granulicatella were pre-
dominant in AMP- II, III, whereas Bifidobacterium was more
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Figure 3. Effect of ampicillin exposure in early life and western diet feeding on fecal microbiota of mice at 4, 8, and 28 weeks of age. a)
Relative abundance of main 65 genera. b) a-Diversity of the fecal microbiota in mice groups at each age. Values are median for each group at 4,
8 and 28 weeks of age. Significant difference from negative control (NC) group at the same age, *p<0.05, **p<0.001 (Mann-Whitney’s U test).
Significant difference from positive control (PC) group at the same age, p < 0.05, p < 0.001 (Mann-Whitney’s U test). c) Principal coordinate
analysis (PCoA) based on the Bray-Curtis distance of operational taxonomic units at 4, 8, and 28 weeks of age. f-Diversity of fecal microbiota
composition was compared among the groups, negative control (NC), positive control (PC) and AMP-treated group (AMP-I, II, III, male and
female mice born from mother No.3, 4, 5). d) Linear discriminant analysis effect size (LEfSe). Differential analyses of OTU abundances were

performed as described in Material and Methods.

abundant in AMP-treated-1, II. At 8 weeks of age, characteristic
genera were g_Akkermansia, g_Bifidobacterium and g_Coprobacil-
lus in PC, g_Ruminococcus and g_SMB in NC, and g_Rc4-4 in
AMP-treated-1. Influence of early-life AMP on fecal microbiota
composition was found at this age, but the overall differences
became less pronounced in parallel with partially recovered
a-diversity. At 28 weeks of age, NC group were enriched in
g_S24-7_UCG, g_Bifidobacterium, g_Lactobacillus, g_Turicibacter
and g_Coriobacteriaceae_UCG, as well as less abundant in genera
such as g Christensenellaceae_UCG, g_Anaerofustis, and g_Clos-
tridium. In contrast, PC group fed western diet were enriched
in g_Bacteroides, g_Parabacteroides, and g_Mucispirillum, a minor
genus. While western diet feeding for 20 weeks markedly modu-
lated the fecal microbiota composition in PC group, fecal micro-
biota in AMP-treated groups differently changed in response to
western diet. In AMP-treated groups, g_Rc4-4 was enriched in
AMP- treated-I, but relative abundance of the genera enriched
in PC group did not increase. AMP in early life was found to
modulate microbiota responses to western diet feeding. These
results (Fig. 3a—d) demonstrate that early-life AMP exposure
strongly influenced microbial diversity and composition of fecal
microbiota at 4 weeks of age, with persisting into 8 weeks of
age, and that western diet-responding alteration of microbiota
composition was also modulated in early-life AMP- treated mice.

Abundance of Bifidobacterium

As Bifidobacterium is well-known important bacteria in early
life for establishing gut microbiota, we examined an influ-
ence of early-life AMP on its amount in fecal samples. Signifi-
cant differences among the experimental groups (NC, PC and
AMP-treated) were not detected at 4, 8, or 28 weeks of age
(Kruskal-Wallis test). Since fecal microbiota composition and
relative abundance of Bifidobacterium at 4 weeks of age varied
among AMP-treated groups I, II, and III (Fig 3c, Table S1),
we further compared the amount of Bifidobacterium among the
5 groups (NC, PC, AMP-treated-I, II, and III) using non-para-
metric multiple comparisons (Fig. 4). Amount of Bifidobacterium
in AMP-treated-I1I group was significantly lower compared to
NC, PC and AMP-treated II group (p<0.05, Steel-Dwass test).
Although AMP in early stage of life strongly perturbed the gut
microbiota, amount of Bifidobacterium at 4 weeks of age varied
among AMP-treated groups with at least partially dependent
on difference of transferred bacteria from mother mouse during
delivery and nursing.

Organic acid composition in cecal contents

To examine the impact of early-life AMP on the intestinal
environment in western diet-fed mice, organic acid composition
in cecum contents was analyzed at the end of the experiment



The Journal of Medical Investigation Vol. 73 February 2026

(Table 3). Major microbial metabolites, acetate, propionate,
and butyrate were reduced in both PC group and AMP-treated
groups, and concentration of acetate, butyrate, and sum of organ-
ic acids were significantly lower compared to NC group, probably
attributable to western diet feeding. Although early-life AMP did
not significantly affect the organic acid profiles, branched-chain
organic acids (iso-valerate, iso-butyrate) were detected in some
individuals, potentially reflecting the influence of western diet
feeding and/or AMP treatment.

Association between gut microbiota and histological severity of
steatotic liver disease

To explore relationships between the features of gut microbi-
ota in the experimental groups and MASLD development, we
tried to search explanatory variables to predict high or low NAS
from 16S metagenomic data. In the random forest model, a-di-
versity at 4 weeks of age, relative abundance of Firmicutes at 28
weeks of age, Actinobacteria at 4 weeks of age, Proteobacteria at 4,
8, and 28 weeks of age, and Deferribacteres at 4 weeks of age were
selected as candidates to predict the low NAS class, whereas
a-diversity at 28 weeks of age, relative abundance of Firmicutes
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at 4 weeks of age were candidates to predict the high NAS class.
For these attributes, correlations with severity of MASLD were
assessed by Spearman’s correlation coefficient by rank test.
Among these, a-diversity (Shannon index) at 4 weeks of age was
significantly lower in the low NAS (< 3) group compared to the
others (4 <) (p<0.05, Mann—Whitney U-test) (Fig 5). Significant
correlation was observed between Shannon index and combined
NAS + fibrosis score (rs =—0.3948, p<0.05, Spearman’s rank cor-
relation), while Shannon index tended to correlate with NAS (rs
=-0.3747, p = 0.0515). Amount of fecal Bifidobacterium at 4 weeks
of age tended to be lower in the high NAS group, but the differ-
ence between high NAS group and the other were not statisti-
cally significant (Mann—Whitney U test). Correlation between
Bifidobacterium abundance and NAS or NAS + fibrosis scores
were also not significant. The other attributes of gut microbiota
also did not significantly corelate with the MASLD severity on
liver tissue. These findings suggest that early-life AMP-induced
dysbiosis, particularly the reduction in microbial diversity at 4
weeks of age, might be important factor to increase susceptibility
to steatohepatitis development.
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Figure 4. Effect of ampicillin exposure in early life on the amount of Bifidobacterium in mice feces
at 4 weeks of age. The data are expressed as mean + SD. Data with different letters are significantly

different (p<0.05, Steel-Dwass test).

Table 3. Organic acids in cecum contents of mice at the end of experimental period.

Organic acids concentration in cecum contents (umole/g)
.. . - iso- . n-
Succ.1n10 Lactic acid Formlc Acetic acid PI'Opl.OIIlC Butyric e 50 | Valeric Sum
acid acid acid ; Butyric acid |Valeric acid -
acid acid
Negagv‘:* Z‘)’nml 0.97+0.50 | 4.78+1.76| ND | 49.09+10.44 |7.59+0.43| ND [17.19+4.82| ND ND | 79.62+16.27
Positive control | g1, 090 |5.72:1.94| ND |21.69+859%|304179| ND |338x130%| 098 14T a5 .94 1429+
(n=4) m=1) n=1)
AMP-treated | ) g, 058 |4351.30| ND |2241+624% |214+114| 20 |309:137¢| FTLE0T8 ) \p | 344659504
n=14) n=1) (n=4)

Values are mean + SD.

Some samples in PC and AMP-treated group were pooled before analysis because of their too small volume.
Results from male and female samples are combined and statistically compared.
Significant difference from negative control (*p<0.05 ; **p<0.01, Welch’s t-test).
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Figure 5. Negative correlation between MASLD activity and o-diversity of fecal microbiota at 4 weeks of age. a) a-Diversity (Shannon
index) was compared between Low NAS group and Middle + High NAS group as described in Material and Methods. Significant differences
were examined by Mann-Whitney U-test. b) Correlation analysis between the a-diversity of microbiota and histological severity of MASLD by

Spearman’s signed rank test.

DISCUSSION

In this study, we examined effects of early-life AMP from birth
to weaning on the onset and severity of steatotic liver disease
in western diet-fed adult mice. We also examined the effects of
AMP treatment on fecal microbiota composition at 4, 8, 28 weeks
of age and on organic acids composition in cecum contents at the
end of experiment, and then association of antibiotic-induced
changes of gut environment with the severity of MASLD was
examined.

Western diet used in this study induced hepatic steatosis and
some male mice in PC group developed MASH with elevated
serum ALT as described by DeLeve et al. (27). On the other hand,
almost female mice in the PC group had a lower level of hepatic
steatosis and no mice were judged with MASH. In AMP-treated
group female mice tend to be high in grades of steatosis, lobular
inflammation and NAS. Three of AMP-treated mice showed
more severe liver tissue fibrosis accompanied by gross liver atro-
phy and elevated serum TBA levels at the end of the experiment.
Compared with PC group, lobular inflammation grade was
significantly high in AMP-treated group. and the occurrence of
more severe MASH in some AMP-exposed mice with dependent
on the difference of dam. These results suggest that early-life
AMP may predispose to the disease through interfering with gut
microbiota developing process.

Individually different developments of MASH have been re-
ported to be at least partially dependent on the compositional
differences and susceptibility to dysbiosis in the gut microbiota
in both humans and experimental animal models (1, 11, 13, 18-
21). Le Roy et al. (18) have reported that donation of intestinal
microbiota from high fat diet-responder mice promoted more

development of steatohepatitis in the receiver mice. Generally,
gut microbiota begins to be formed just after birth and the
development is thought to be influenced by many factors such
as maternal microorganisms, breast milk components, genetic
background, host-microbe interactions, and microbe-microbe
interactions (1, 3-5), resulting in the establishment of a individu-
ally-specific gut microbiota until 3-4 weeks of age in mice (7) and
around 3 years of age in humans (3, 6). The early stage of life
has been recognized as a critical period for establishing stable
microbiota and maintaining resilience of microbiota throughout
life (3-5, 9). Among various kinds of environmental factors,
antibiotic use, particularly during infancy, could deeply modify
intestinal microbiota and intestinal environment and impact on
short- and long-term health (23, 25, 26).

So, we performed 16S metagenomic analysis of fecal microbio-
ta at 4, 8 and 28 weeks of age to examine the effects of ampicillin
exposure on fecal microbiota and tried to clarify important fea-
tures of the microbiota correlating with the severity of MASH. At
4 weeks of age, just after exposure to 1g/L ampicillin for 3 weeks
from birth, greatly reduced the diversity of fecal microbiota and
changed the microbiota composition to be markedly biased (Fig.
3, Table S1). At 8 weeks of age, compositional difference between
AMP-treated and untreated mice became smaller than at 4
weeks of age, but significant decrease of a-diversity remained.
Furthermore, the bacterial composition at 28 weeks of age after
feeding a western diet also differed between the AMP-exposed
and PC groups (Fig. 3c). The concentration of ampicillin was to
induce a seemingly germfree state as described in Castro-Mejia
etal. (28), so that AMP treatment in our study strongly impact on
fecal microbiota and the influences persisted over a long period.
These results indicate a long-term continuing effect of early -life
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AMP on fecal microbiota. The western diet also affected the
composition of the fecal microbiota in mice at 28 weeks of age
(Fig. 3, Table S1). Compared with the NC group, the PC group
had a different microbiota composition, specifically lowered
proportions of Bifidobacterium, Lactobacillus, Turicibacter, Christe-
cenenella and Bacteridales S24-7 as previously reported in diet-in-
duced MASH model mice (12, 34, 35). Microbiota composition
in the AMP-exposed group was also affected by the western diet
but differed from that in the PC group. Parabacteroides, which
were highly prevalent in the PC group, were significantly lower
in the AMP-treated group. Turicibacter and Christencenellaceae
were rather minor population in PC group and became moreover
decreased in the AMP-treated group. These bacterial species
which were lowered in AMP-treated group have been reported
to be negatively correlated with obesity and obesity-related
metabolic disorders, through producing organic acids, modifying
bile acid metabolism, strengthening the intestinal barrier, or
exerting anti-inflammatory effects (36-41).

Several studies have reported the effects of early-life antibiotic
exposure on metabolic disorders and steatotic liver disease. Cox
LM et al. (26) showed that low-dose penicillin (6.67 mg/L as
drinking water) perturbed the microbiota transiently but was
sufficient to induce lasting metabolic consequences. Nobel YR et
al. (42) used therapeutic-dose pulsed antibiotic treatment (PAT,
0.167mg/ml Amoxicillin and/or 0.333mg/ml Tylosin as drink-
ing water) and showed that early-life PAT accelerated total body
mass and bone growth. They further demonstrated PAT-medi-
ated progressive changes in gut microbiome and its influence
on microbiota adaptation to a change of diet from normal chow
to high fat diet. In our study, early-life AMP was performed at
higher concentration as described in Castro-Mejia er al. (28) than
in the above reports (26, 42), and its influence was observed even
after western diet feeding. Miao ZH et al. (43) investigated effects
of higher dose of ceftriaxone (CTRX, 100 mg/kg once daily from
2 to 4 weeks of age) on the gut microbiota composition and the
association between high fat diet-induced dysmetabolism and
dysbiosis of the gut microbiota. They showed that CTRX expo-
sure significantly decreased o-diversity just after exposure, and
the difference of microbiota composition between CTRX-treated
and nontreated group continued to the end of their experiment.
Considering these previous studies and the above results of our
study, antibiotic exposure-mediated disturbance of gut microbi-
ota in early life until completing the weaning is thought to be
one of the important factors affecting the severity of diet-induced
steatotic liver disease in adulthood. Bacterial metabolites such
as organic acids and secondary bile acids have also been known
to have suppressing effects on obesity-related onset and progres-
sion of MASH (1, 11, 13, 15, 16). Then, we analyzed organic acid
composition in the cecal contents at the end of experimental peri-
od. Long-term feeding of the western diet significantly decreased
main organic acids, but no significant effect of AMP exposure
was detected (Table 3).

To identify the features of fecal microbiota as explanatory
variables that could predict the Low or High NAS group, we
utilized random forest classification. Among the identified fea-
tures of microbiota, only the lower a-diversity (Shannon index)
of fecal microbiota at 4 weeks of age significantly correlated with
more severe steatohepatitis. These results indicate that reduced
diversity of fecal microbiota at the age of 4 weeks of age in the
AMP-treated group is an important factor associated with se-
verity of steatotic liver disease. Ampicillin-mediated decrease of
multiple bacterial species, which could adapt to western diet and
involve in metabolic homeostasis, may potentially promote the
development to more advanced MASH.

Sequential colonization of a diverse range of gut bacteria
during early life are essential to establish and maintain a
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stable symbiotic relationship between gut microbiota and the
host throughout life (3, 44). During this “neonatal window of
opportunity “(44), a transient immune response (weaning reac-
tion) occurs against the increased number of Clostridia and other
microorganisms. Meanwhile, gut-specific regulatory T cells are
induced through interaction with gut microbiota-derived bacteri-
al antigens and bacterial metabolites, especially butyrate to pro-
vide a protective role against the weaning reaction (45-47). The
immune system imprinting by gut microbiota has an important
role in long-term immune tolerance to the intestinal microbiota,
which may contribute to future susceptibility to immune and in-
flammatory diseases. In addition to promotion of well-balanced
T cell development, secretory IgA has been known to contribute
to forming and maintaining the intestinal environment (48).
Supporting role of some gut bacteria SFB (49), Limosilactobacillus
and Muribaculaceae (50) in induction of IgA production have been
reported. In AMP-treated mice of present study, significantly
reduced a-diversity and decrease of relative abundance of Clos-
tridium and Muribaculaceae (the family name given to Bacteroidales
S524-7) were observed at 4 weeks of age, and lobular inflamma-
tion in the liver tissue was significantly higher compared to NC
group. This dysbiosis of the gut environment in early life may
probably affect the risk of developing steatohepatitis in western
diet-fed adult mice, although further detailed analysis of con-
stitutive species of gut microbiota and the composition of their
metabolite SCFAs at this early stage of life, as well as bacterial
load are required.

Bifidobacterium transferred from mother during delivery and
nursing is one of the important constituents of the juvenile gut
microbiota to establish resilient gut environment (1-5). It has
been reported to promote the colonization of other intestinal
bacteria and affect their gene expression (51, 52). The intake of
Bifidobacteria as a probiotic could stabilize the balance of healthy
intestinal microbiota (53, 54). In this study, relative abundance
of phylum Actinobacteria at 4 weeks of age was selected as a
potential predictor for high NAS group. Although significant
correlation with the severity of steatohepatitis was not found,
AMP-treated group- IIT had extremely low Bifidobacterium loads
(Fig. 4) and some mice in this group developed advanced MASH
with higher stage of fibrosis (Table 2), suggesting the possibility
of protective role by Bifidobacterium in early life against western
diet-induced MASH. Presence of naturally antibiotic-insensitive
Bifidobacteria (55) and their role in keeping resilience of gut mi-
crobiota (56) have been recently reported. It is possible that am-
picillin insensitive or low-sensitive Bifidobacterium derived from
some mother mice may happen to be transferred and be kept in
offspring under AMP treatment.

Our study has following limitations. Due to the small number
of mice in experimental groups, sex-dependent difference could
not be statistically analyzed. Gender differences in the gut mi-
crobiota exist in both model animals and humans, and their as-
sociation with the onset of various diseases including metabolic
syndrome, has been attracting attention (57-59). It is important
to examine the association of antibiotic exposure-mediated
temporal changes in the gut microbiota with the progression
of steatotic liver disease in both sexes separately. Secondary,
composition of bacterial metabolites at earlier age should be
analyzed. Total bacterial load in fecal microbiota should also be
counted. Finally, fecal microbiota in maternal mice should be an-
alyzed to consider what kind of differences of the gut microbiota
derived from mother mice influenced the infant’s gut microbiota
and the diet-induced steatotic liver disease.

In this study, we examined effects of AMP in early life on the
temporal changes of fecal microbiota and severity of MASLD
in western diet-fed C57BL/6dJ mice. Histological evaluation
of MASLD showed that steatosis in female mice and lobular
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inflammation was significantly influenced with AMP, and that
NAS tended to be high in female of AMP-treated group. 16S
metagenome analyses of fecal microbiota showed significant
decrease of a-diversity and remarkable shift to normally minor
bacterial species at 4 weeks of age in AMP-treated mice, and
the influence was continuously observed even after finishing the
western diet feeding period. Organic acid composition in cecal
contents was decreased in western diet-fed group, but no influ-
ence with AMP treatment. a-Diversity at 4weeks of age negative-
ly correlated with combined scores of steatohepatitis and fibrosis.
These results suggest that AMP in early life induced dysbiosis
of gut microbiota and could promote the development of western
diet-associated steatotic liver disease.
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