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ABSTRACT: Breastfeeding is universally acknowledged as pivotal for optimal infant development, yet early
weaning remains a common choice among young mothers. Accumulating evidence indicates that early weaning
disrupts intestinal development and induces gut dysbiosis; however, the impact of human milk oligosaccharides
(HMOs) on intestinal function remains unclear. In this study, we aimed to investigate the effects of two major HMOs,
2’-fucosyllactose (2°-FL) and lacto-N-neotetraose (LNnT), on intestinal barrier function and their underlying
mechanisms. Two-week-old mice were weaned and supplemented with 2°-FL, LNnT, or a combination of both
(referred to as 2’-FL/ LNnT) for one week while being maintained on a liquid diet to support normal growth. We
observed that both 2°-FL and LNnT, individually and in combination, alleviated early-weaning-induced gut barrier
damage in the jejunum. RNA sequencing and subsequent validation revealed that the 2’-FL/LNNnT combination
activated the AMPK/SREBPs signaling pathway more robustly than either one alone. Interestingly, in vitro
experiments demonstrated that HMOs did not directly affect the AMPK/SREBPs signaling. By 16S rDNA
sequencing, we found that early weaning significantly reduced the microbial diversity, which was restored only in the
2’-FL/LNNT group. Finally, through antibiotic treatment and fecal microbiome transplantation (FMT) experiments, we
confirmed that the protective effects of 2°-FL/LNNT on intestinal barrier function were gut microbiota-dependent.
Collectively, these findings suggest that 2°-FL and LNnT protect against gut barrier dysfunction in early-weaned mice
and may offer novel therapeutic strategies.
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1. Introduction

The World Health Organization (WHO) advocates exclusive breastfeeding for the first six months of life,
followed by continued breastfeeding alongside appropriate complementary foods up to two years of age. Early
weaning (EW) remains a pressing global public-health challenge, linked to heightened lifetime risks of
numerous diseases. Globally, only 37% of infants are exclusively breastfed for the full first six months,
leaving the majority without this vital nutritional foundation X1, Extensive research has demonstrated that EW
contributes to the pathogenesis of multiple adverse health outcomes, including allergies 2, obesity [,

malnutrition [, severe respiratory infections [, and impaired oral motor development . Notably, early
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weaning has been strongly associated with gastrointestinal pathogenesis, including increased risks of diarrhea
morbidity and mortality in HIV-exposed uninfected infants, as well as elevated intestinal permeability and
inflammatory markers in infants with genetic susceptibility to type 1 diabetes ["°1. Accumulating evidence
indicates that EW leads to compromised gut barrier, characterized by accelerated microbial colonization
dynamics 1% compromised mucosal integrity ™ increased intestinal permeability, and dysregulated
expression of tight junction proteins 2. Although the adverse consequences of EW are well documented, the
precise mechanisms underlying its detrimental impact on gut barrier remain elusive.

Human milk is considered the best source of nutrition for infants, offering vital nutrients in exquisitely
balanced proportions during the first six months of life. Beyond its fundamental constituents—water,
carbohydrates, fats, proteins, vitamins, and minerals—it delivers various bioactive components, such as
oligosaccharides, immune factors, growth factors, and hormones 3. Human milk contains approximately
7% carbohydrates, of which lactose accounts for about 80% and human milk oligosaccharides (HMOs)
make up the remaining 20% 4. 2°-fucosyllactose (2’-FL) and lacto-N-neotetraose (LNNnT) are two abundant
HMOs, with concentrations ranging from 0.7 to 3.4 g/L for 2°-FL and 0.3 to 1.0 g/L for LNnT. Collectively,
they occupy up to 40% of the total HMOs in human milk 1. Clinical studies have revealed that infant
formulas supplemented with 2°-FL and LNnT are safe and conferred vital health benefits such as reduced
incidence of bronchitis and respiratory tract illnesses 16181, Moreover, the infant formula supplemented with
2’-FL and LNnT has been found to positively modulate the gut microbiome by increasing the relative
abundance of Bifidobacterium and Lactobacillus, while drastically reduced the abundance of Clostridium,
Veillonella, and Eubacterium in infants '8 1 In preclinical studies, in vivo and in vitro studies have proved
that 2°-FL and LNNnT showed prebiotic, antibacterial, antiviral, and immunomodulatory properties, while also
modulating the glycome (such as intestinal epithelial glycocalyx) of the host’s epithelial cell surface [2% 2,
Under pathological conditions, 2’-FL could restore the intestinal mucosal barrier in a mouse model of
ulcerative colitis by suppressing the palmitoylation and phosphorylation of signal transducer and activator of
transcription 3 (STAT3) [?2, Additionally, LNNT stimulated intestinal epithelial growth and maturation
during the early life of mice [°l. These positive outcomes are strongly related to the beneficial modulation of
infant gut microbiota development 241, Therefore, while existing evidence highlights the beneficial roles of
HMOs in gut microbiota modulation, their specific mechanisms in the context of EW remain unknown.

In this study, we developed a mouse model of EW to systematically investigate the effects of 2°-FL,
LNnT and the combination of both (referred to as 2’-FL/LNNT) on intestinal barrier function and gut
microbiota composition. Specifically, we aimed to determine whether these HMOs exert their beneficial
effects through gut microbiota modulation, and to characterize the underlying molecular mechanisms.

2. Materials and Methods

2.1 Establishment of the EW mice model

C57BL/6J mouse pups were weaned at postnatal day 14 (PND 14) as previously described 2°1. Briefly,
dams were separated from their litters for 18 hours (3:00 pm-9:00 am) on PND 14, followed by a 6-hour
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reunion period (9:00 am—3:00 pm) to facilitate adaptation. Following this interval, pups were permanently
weaned and supplemented with an AIN-93G liquid diet to maintain growth until PND 21 [261,

2.2 Animal study on HMO supplementation

At postnatal day 14 (PND 14), mouse pups were randomly divided into five experimental groups: (1)
Normal suckling; (2) EW group (early weaning at PND 15); (3) EW+2’-FL/ LNnT (2 g/L 2°-FL + 0.5 g/L
LNnT) group; (4) EW + 2’-FL (2 g/L) group; and (5) EW + LNnT (0.5 g/L) group. Body weight and food
intake were monitored daily. 2’-FL and LNNnT (purity > 92%) were donated by dsm-firmenich (Kaiseraugst,
Switzerland). All animals were euthanized at PND 21. Blood, intestine, and fecal samples were collected for

further analysis.
2.3 Pharmacological inhibition of the AMPK signaling pathway

Littermate pups were randomly assigned to three groups: (1) EW + vehicle (5% DMSO); (2) EW +
2’-FL/LNnT; (3) EW + 2’-FL/LNnT + Compound C (CC). CC was administered intraperitoneally at 10 mg/kg
once daily for 7 days ?". Body weight was recorded daily. On day 7 post-weaning, mice were euthanized, and
jejunal tissues were collected for analysis.

2.4 Antibiotic (ABX) treatment and fecal microbiota transplantation (FMT)

Following EW, mice were randomly divided into 4 groups (n = 5 per group): (1) Suckling group; (2) EW
model group; (3) EW + 2’-FL/LNNT group; and (4) EW + ABX + 2’-FL/LNNT group. To deplete the gut
microbiota, mice received twice-daily oral gavage of a broad-spectrum antibiotic cocktail consisting of
ampicillin (200 mg/kg/day), neomycin sulfate (200 mg/kg/day), metronidazole (200 mg/kg/day), and
vancomycin hydrochloride (100 mg/kg/day) for five consecutive days. Following microbiota depletion,
animals were supplemented with a mixture of 2’-FL and LNnT for 7 days.

The FMT experiments were conducted as previously described 21, using mice from either the EW group
or the EW + 2’-FL/LNNT group as donors, with EW mice as recipients. For FMT preparation, 1 g of feces was
homogenized in PBS (0.125 g/mL), followed by centrifugation at 500 g for 3 min at 4 °C. Fresh fecal
microbiota suspensions were freshly prepared to ensure bacterial viability.

2.5 Cell culture and treatment

Caco-2 cells were cultured at 37°C in a humidified atmosphere of 5% CO: in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (Gibco, USA), 1% penicillin-streptomycin
(100x) (Servicebio, Wuhan, China). 2’-FL (2.4 g/L), LNnT alone (0.6 g/L), a combination of 2’-FL and
LNnNT, and fecal supernatants from mice in the EW (Weaned-M) or 2’-FL/LNnT (2’-FL/LNnT-M) groups
were co-cultured with Caco-2 cells. After 24 hours, cellular proteins were extracted for further analysis.

2.6 RNA extraction and real-time qPCR

Total RNA was extracted from intestinal tissue using Trizol reagent. RNA quality was assessed by
determining concentration and purity using a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA).
The RNA was reverse transcribed into cDNA and gPCR was performed with SYBR Green Master Mix
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(YYeasen, Shanghai, China) following the manufacturer's instructions. Gene expression was quantified using
the 2—AACt method, with B-actin as the internal control. Primer sequences for gPCR are listed in Table 1.

Table 1. Primer sequences for qPCR

Gene Name Forward Sequence Reverse Sequence
Actb GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
Tjpl ACTCCCACTTCCCCAAAAAC CCACAGCTGAAGGACTCACA
Cldn1 CGATGAGGTGCAGAAGATGA CCAGTGAAGAGAGCCTGACC
Ocln GTATAAGTCACCGCCTCTG ACTCTTCGCTCTCCTCTC
Cdhl GTCACTGACACCAACGATAATCCT TTTCAGTGTGGTGATTACGACGTTA
Tnfa GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG
Ifng ATGAACGCTACACACTGCATC CCATCCTTTTGCCAGTTCCTC
Srebfl CAGTCTAGCAGACGGAACGG TCCTTCATATGTGTAGGTCTGGA
Fasn CCGTGAGACCCACAACAGAA GCCATGAACTGGGAGGCTAT
Accl GGCTCCAAGTCCCATTGTCA AATGTACGTCCACAACGGCT
Scdl GAGGCCACCATCATGACGAA GGTGACCAGGGTCTTGACAT
16S rRNA GTGSTGCAYGGYTGTCGTCA ACGTCRTCCMCACCTTCCTC
A. muciniphila AGAGGTCTCAAGCGTTGTTCGGAA TTTCGCTCCCCTGGCCTTCGTGC

2.7 Protein extraction and western blot analysis

Proteins were extracted from intestinal tissue or Caco-2 cells using cell lysis buffer containing protease
and phosphatase inhibitors. Proteins were subjected to 10% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and electroblotted to nitrocellulose membranes. Antibodies against CLAUDIN-1,
OCCLUDIN, AMPK, p-AMPK, and B-ACTIN were purchased from Cell Signaling Technology (Danvers,
MA). Antibodies against ZO-1 and SREBP1/2 were purchased from Bioss Biotechnology Co., Ltd. (Beijing,
China). Anti-rabbit IgG and anti-mouse 1gG secondary antibodies were purchased from Cell Signaling
Technology (Danvers, MA).

2.8 Intestinal permeability assay

Intestinal permeability was assessed using FITC-dextran (4 kDa) as previously described 21, After an
overnight fast, mice were orally gavaged with FITC-dextran dissolved in PBS (600 mg/kg body weight).
Blood was collected from the orbital plexus 4 h post-gavage under anesthesia. Serum was obtained by
centrifugation and diluted. FITC-dextran levels were quantified fluorometrically (excitation 485 nm, emission

520 nm) using a standard curve for calibration.
2.9 RNA sequencing

RNA-seq libraries were prepared from total RNA, with ribosomal RNA removed, and sequenced on the
[llumina NovaSeq™ 6000 platform (LC Bio Technology Co Ltd., Hangzhou, China). Raw reads were
trimmed using Cutadapt % and aligned to the mouse reference genome (GRCm39/mm39) with HISAT2 B4,
Differentially expressed genes (DEGs) were identified using DESeq2 2], with a fold change (FC) > 1.5 and
false discovery rate (FDR) < 0.05 considered significant, followed by KEGG pathway analysis 33, Upstream
regulator analysis was conducted on differentially expressed genes using Ingenuity Pathway Analysis (IPA)
software v01-23-01. An absolute Z-score >2 is considered significant. Sequence data were registered at NCBI
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under BioProject PRINA1295196. The accession number for RNA-seq data reported in this study was GEO:
GSE303393.

2.10 DNA Extraction and 16S rDNA sequencing

Bacterial DNA was extracted from mouse stool samples using the TIANamp stool DNA kit (TIANGEN,
Beijing, China). The 16S rDNA sequencing was performed as previously described B4, Briefly, the V3-V4
region of the 16S rDNA were amplified and sequenced on the Illumina Miseq platform (Majorbio Co., Ltd.,
Shanghai, China). Raw sequence reads have been deposited in the NCBI SRA with BioProject
PRINA1292824.

2.11 Fecal SCFA measurement

SCFAs were quantified using a triple-quadrupole gas chromatograph mass spectrometer (Suzhou
PANOMIX Biomedical Tech Co., Ltd). Briefly, 300 mg of mouse feces were homogenized in 100 pL of
pre-cooled phosphate buffer using zirconia steel beads. Subsequently, 1 mL of ethyl acetate was added, and
the mixture was thoroughly vortexed. After centrifugation at 3,000 r/min for 10 min at 4 °C, the supernatant

was collected and passed through a 0.22-pum organic membrane filter prior to GC-MS analysis.
2.12 Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0 software, and the results are expressed as
the mean £s.e.m. One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests
were used for statistical analysis of differences among three or more experimental groups, with P < 0.05

considered statistically significant.

3. Results
3.1 Effects of HMOs on the intestinal development in EW mouse model

To assess the effects of HMOs on growth and intestinal development in EW, we established a modified
mouse model of EW based on a previous publication [24]. The experimental design is shown in Fig. 1A.
Overall, the body weight and food intake showed no significant differences among the groups during the
7-day treatment period (Fig. 1B-D). Similarly, small intestinal length did not differ significantly across
groups (Fig. 1E-F). Histological analysis by H&E staining revealed no notable differences in villus height
(Fig. 1G) or crypt depth (Fig. 1H) between groups. Next, we investigated the effects of HMOs on ileum and
colon. By H&E staining, we found that both ileum and colon showed conserved villus architecture and
epithelial integrity mucosal organization without observable structural damage (Fig. S1A, Fig. S2A).

As the jejunum serves as the primary site for nutrient sensing and absorption, we next examined jejunal
ultrastructural changes using transmission electron microscopy (TEM). Notably, both the length and the area
of jejunal microvilli were significantly reduced in the EW group compared with the suckling group, and
these morphological alterations were effectively restored by either LNnT or 2’-FL/LNnT (Fig. 11-J). Since
EW predominantly affects jejunal morphology, we subsequently investigated how HMOs modulate jejunal

barrier function under EW conditions.
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Figure 1. Effects of HMOs on intestinal development in a mouse model of early weaning (EW). Mice were divided into

five groups: (1) Normal suckling; (2) EW group; (3) EW + 2’-FL/LNnT (2’-FL + LNnT) group; (4) EW + 2’-FL group; and
(5) EW + LNnT group. (A) Animal experimental design. (B) Body weight was monitored daily during the experiment. (C)

The average daily energy intake (kcal/day) was measured during the experiment. (D) The weight gain was determined at the
end of the experiment. (E) Representative images of small intestines, H&E staining, and transmission electron microscopy
(TEM) on jejunum of mice from the five groups. (F-H) The length of small intestine, villous height, and crypt depth were

determined. (1-J) Length of the microvilli (Lm) and area of the microvilli (um?). n =10 per group. **P < 0.01, ***P < 0.001,

****p < 0.0001.

3.2 HMOs improved intestinal barrier integrity in EW mice
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To study the effect of HMOs on the integrity of the jejunal epithelium in EW mice, we conducted the
FITC-dextran assay and measured the expression of tight junctions-related genes by qPCR. We found that
serum of EW mice exhibited higher absorption of fluorescence relative to the suckling group, reflecting a
leaky gut, which was reduced in the LNnT or 2°-FL/LNNnT groups (Fig. 2A). Compared with the suckling
group, the EW group exhibited significantly suppressed mRNA levels of Tjpl (encodes ZO-1), Ocln, and
Cldnl. This suppression was effectively restored by the combined supplementation of 2’-FL/LNNT. In
contrast, 2’-FL supplementation only elevated Tjpl expression, while LNNT alone specifically restored the
expression of both Tjpl and Cldnl (Fig. 2B). Consistently, the protein levels of CLAUDIN-1 and
OCCLUDIN were significantly decreased in the jejunum of the EW group, while HMO supplementation
upregulated their expression. The expression of ZO-1 showed a similar trend, although it did not reach
statistical significance (Fig. 2C-D). As expected, the expression levels of tight junction-related genes and
proteins remained unchanged in the ileum (Fig. S1B-E) and colon (Fig. S2B-E).

TEM analysis demonstrated EW-induced damage to intercellular junctions (red arrows) and
mitochondrial swelling (blue arrows) (Fig. 2E-F). These morphological defects were markedly attenuated by
HMO treatment, with the 2’-FL/LNNnT group showing the most pronounced restoration of microvillus
structure and cellular organization. Taken together, these findings demonstrate that EW induces jejunal

epithelial injury, while HMO supplementation exerts protective effects.
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Figure 2. HMOs protect against early weaning (EW)-induced intestinal barrier dysfunction in mice. Mice divided into

five groups: (1) Normal suckling; (2) EW group; (3) EW + 2°-FL/LNNT group; (4) EW + 2’-FL group; and (5) EW + LNnT

group. (A) Concentrations of FITC-dextran in serum. (B) The mRNA levels of Tjpl, Ocln, and Cldnl in the jejunum. (C-D)

Protein levels of ZO-1, CLAUDIN-1, and OCCLUDIN determined by western blotting (n =4 per group). (E-F) Representative

images of transmission electron microscopy (TEM) for jejunum epithelium in all groups. Red arrows indicate the intercellular

space of the epithelial cells. Blue arrows indicate mitochondria. n =10 per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****p
< 0.0001.

3.3 2°-FL/LNNT regulate gut barrier function through the AMPK/SREBPSs signaling pathway

To investigate the molecular mechanisms underlying HMO function in EW, we performed RNA-seq
analysis on jejunal tissues. IPA revealed that the synthesis of lipid, cholesterol biosynthesis, and metabolism
of cholesterol pathways was activated in the EW group, with SREBF1 and SREBF2 identified as key
transcriptional regulators (Fig. 3A). Upstream regulator analysis of the DEGs revealed 27 transcriptional
regulators, of which 23 were activated (top 10 shown in the graph) and 4 were inhibited (Fig. 3B). When we
compared the suckling group vs. the EW group and the EW vs. the 2°-FL/LNnT group, we found that the
AMPK signaling pathway was significantly enriched in both datasets (Fig. 3C-D).
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Figure 3. HMOs regulate the intestinal barrier function through activating the AMPK/SREBPs signaling pathway.
Mice divided into three groups: (1) Normal suckling; (2) EW group; and (3) EW + 2°-FL/LNNT group. (A) Graphical
summary of comparison between the early weaning (EW) and the suckling groups by Ingenuity Pathway Analysis (IPA). (B)
Bar graph showing the top 10 and 4 up-and downstream transcription regulators predicted by IPA. (C-D) Pathway enrichment
analyses of differentially expressed genes based on the KEGG database. Comparisons were made between sucking vs. EW
(C) and EW vs. 2°-FL/LNNT (D).

Previous research suggest that AMPK is a crucial regulator of cellular energy balance, metabolism, and
stress responses %1, and it upregulates the expression of epithelial tight junctions [, Given that SREBF is a
downstream target of AMPK B we next performed Western blot on AMPK and SREBP1/2. Our findings
revealed a significant decrease in phosphorylated AMPK (p-AMPK) levels in the EW group. While 2’-FL
treatment significantly restored AMPK phosphorylation, LNnT alone showed no significant effect.
Interestingly, the 2’-FL/LNnT demonstrated synergistic enhancement of p-AMPK beyond individual
treatments (Fig. 4A-B). Consistently, EW led to a significant upregulation of SREBP1/2 expression, which

were inhibited by 2’-FL/LNNT (Fig. 4C-D). Correspondingly, mRNA levels of SREBP1 downstream targets
(Fasn, Scd1, Accl) mirrored these regulatory patterns (Fig. 4E).
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To determine whether 2°-FL or LNNnT directly phosphorylates AMPK, we treated Caco-2 cells with

2’-FL, LNnT, 2’-FL/LNnT, fecal supernatant from EW mice, and fecal supernatant from EW mice
supplemented with 2’-FL/LNnT. We found that neither 2’-FL nor LNnT phosphorylated AMPK (Fig.

4F-G). These data suggests that AMPK activation was mediated by microbiota metabolites derived from

2’-FL/LNnNT-treated mice,

rather than by direct activation by the 2°-FL/LNNT themselves.
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Figure 4. HMOs activate the AMPK/SREBPs signaling pathway in early weaning (EW) mice. Mice divided into five

groups: (1) Normal suckling; (2) EW group; (3) EW + 2°-FL/LNnT (2’-FL + LNnT) group; (4) EW + 2’-FL group; and (5)
EW + LNNT group. (A-D) Protein levels of p-AMPK, AMPK, SREBP1, and SREBP2 in the jejunum determined by western
blotting (n =4 per group). (E) The mRNA levels of Fasn, Scdl, and Accl in the jejunum, as assessed by gPCR. (F-G) Western
blotting analysis of p-AMPK and AMPK in Caco-2 cells treated with control, 2’-FL/LNnT, 2’-FL, LNnT, fecal supernatant
from EW mice, and fecal supernatant from EW mice supplemented with 2°-FL/LNnT. *P < 0.05, **P < 0.01, ***P < 0.001,

****p < 0.0001.
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3.4 2’-FL/LNNT protect against EW-induced intestinal barrier injury through AMPK signaling pathway

To further validate that 2’-FL/LNNT exert their effects via AMPK pathway activation, we treated EW
mice with 2’-FL/LNNT in the presence or absence of the AMPK inhibitor Compound C (CC). Compared
with the EW group, the 2’-FL/LNNT + vehicle group exhibited a significant increase in jejunal villus length,
which was abolished by CC treatment (Fig. 5A-B). Interestingly, the crypt length was decreased in the
2’-FL/LNNT + CC group compared with the 2°-FL/LNnT + vehicle group (Fig. 5C).
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Figure 5. The effects of AMPK inhibitor Compound C (CC) on the intestinal barrier integrity in early weaning (EW)
mice. (A) Representative images of H&E staining on jejunum in the EW, 2’-FL/LNNT + Vehicle group, and the 2’-FL/LNnT
+ CC groups. (B) Villous height and (C) crypt depth were determined in mice (n = 5 per group). (D) The mRNA levels of
Tjpl, Ocln, and Cldn1 in the jejunum, assessed by gPCR. (E-F) The protein level of p-AMPK, AMPK, SREBP1, ZO-1,
OCCLUDIN, and CLAUDIN-1, as determined by western blotting. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Moreover, gPCR analysis revealed significant upregulation of tight junction-related genes (Tjp1, Cldn,
Ocln, and Cldnl) in the 2’-FL/LNnT + vehicle group, which were reversed by CC treatment (Fig. 5D).
Western blot analysis confirmed that CC treatment reversed the 2’-FL/LNnT-induced upregulation of
p-AMPK, ZO-1, Occludin, and Claudin-1, while conversely increasing SREBP1 expression (Fig. 5E-F).
These findings suggest that 2°-FL and LNNnT protect against EW-induced intestinal barrier dysfunction by
activating AMPK/SREBPs.

3.5 2-FL/LNNT restored the microbial diversity in EW mice

Previous studies suggest that EW induces gut dysbiosis in piglet models [%. To examine whether 2°-FL
or LNNT affect the gut microbiota, we performed 16S rDNA sequencing using fecal samples. The Shannon
index showed a decreasing trend in EW mice compared with the suckling group, which was reversed by
2’-FL/LNNT supplementation (Fig. 6A). PCA plot revealed a distinct separation between the EW model
group and the suckling group, which was reversed by 2’-FL/LNNnT supplementation (Fig. 6B). The
Microbial Dysbiosis Index (MDI), a quantitative indicator of gut microbiota imbalance, was significantly
higher in the EW group relative to the suckling group. However, supplementation with 2’-FL, LNnT, or a
combination of 2’-FL/LNNT did not lead to any further changes in MDI scores compared with the EW group
(Fig. 6C). Interestingly, neither the 2’-FL nor the LNnT alone affected the microbial diversity (Fig. 6A-C),
indicating that only the combined 2’-FL/LNNT are required to ameliorate EW-induced gut dysbiosis. At the
phylum level, the EW group exhibited a lower Bacillota (formerly Firmicutes)-to-Bacteroidota (formerly
Bacteroidetes) ratio than the suckling group. Although 2’-FL/LNnT supplementation significantly
counteracted this reduction, neither 2'-FL nor LNnT treatment led to a significant elevation in the ratio (Fig.
6D-E). At the genus level, we found that the Akkermansia and Paramuribaculum were both increased in the
EW group, while their levels were reduced by 2’-FL/LNNT supplementation (Fig. 6F). These findings
suggest that while individual 2’-FL and LNnT treatments were ineffective, their combined action may
restore gut microbiota homeostasis in EW mice through potential cross-feeding mechanisms among
microbial communities.
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Figure 6. Effect of HMOs on the gut microbiota in early weaning (EW) mice. Mice were divided into five groups: (1)
Normal suckling; (2) EW group; (3) EW + 2’-FL/LNNT (2’-FL + LNnT) group; (4) EW + 2’-FL group; and (5) EW + LNnT
group. (A) The Shannon index of gut microbiota in 16S rDNA sequencing. (B) PCA plot at the OTU level. (C) The MDI was
calculated for the five groups. (D) The microbial composition at the phylum level. (E) The ratio of Bacillota-to-Bacteroidota.

n =5 per group. (F) Alterations in abundance of differential bacterial species across the five groups. *P < 0.05, **P < 0.01,

***p < 0.001.

3.6 2-FL/LNNT attenuate intestinal epithelial damage in a microbiota-dependent manner

To determine if the gut microbiota mediates the protective effects of 2’-FL/LNNnT on gut barrier
integrity, we administered a broad-spectrum antibiotic cocktail to HMO-supplemented EW mice (ABX-EW
mice, Fig. 7A), which resulted in an efficient depletion of the gut microbiota as confirmed via 16S rRNA
gene gPCR (Fig. S3A). Notably, 2’-FL/LNNT treatment failed to ameliorate intestinal permeability in
ABX-EW mice. Furthermore, jejunal histology appeared comparable across all groups, including suckling
controls, EW mice, 2’-FL/LNnT-treated EW mice, and ABX-EW mice receiving 2’-FL/LNnT (Fig. 7B).
Similarly, the villous height (Fig. 7C) and crypt depth (Fig. 7D) showed no statistical difference. Moreover,
we evaluated the expression levels of tight junction-related protein and p-AMPK in the jejunum. We found a
significant reduction in the expression of ZO-1, OCCLUDIN, and p-AMPK in both the EW and ABX +
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2’-FL/LNNT groups compared with the suckling and 2’-FL/LNnT group (Fig.7E-F). gPCR analyses showed
the mRNA levels of Tjpl, Cldnl, Ocln, and Cdhl were comparable between the EW mice and ABX-EW
mice receiving 2°-FL/LNNT (Fig.7G).
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Figure 7. Impact of gut microbiota depletion on 2°-FL/LNnT-mediated protection against early weaning
(EW)-induced intestinal dysfunction in mice. (A) Schematic diagram of the establishment of an antibiotic-induced gut
microbiota depletion model (ABX mice). (B) H&E staining of jejunum in the suckling, EW, 2’-FL/LNnT, and ABX +
2’-FL/LNNT groups. (C) Villous height and (D) crypt depth were determined in mice. (E-F) Protein levels of ZO-1,
OCCLUDIN, p-AMPK, and AMPK in the jejunum, as determined by western blotting (n=4 per group). (G) The mRNA
levels of Tjp1, Ocln, and Cldn1 in the jejunum, assessed by qPCR. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Next, we performed FMT experiments by transplanting the fecal supernatants from
2’-FL/LNnT-treated mice into ABX-treated EW mice (Fig.8A). The successful engraftment of donor
microbiota was confirmed by tracking the levels Akkermansia muciniphila, an indicator species whose
reduction in FMT groups mirrored the 2°-FL/LNNT treatment effect (Fig. S3B-D). Compared with the EW
group, the 2’-FL/LNnT-FMT group significantly increased the jejunal villus height (Fig.8B-C), with no
notable difference in crypt depth (Fig. 8B and D). The compromised gut barrier in the EW mice was
significantly recovered after receiving gut microbiota from 2’-FL/LNnT-treated mice, as evidenced by the
upregulated protein levels of ZO-1, OCCLUDIN, and p-AMPK (Fig. 8E-F), as well as mRNA levels of
Tjpl, Cldnl, Ocln, and Cdhl (Fig.8G). These data suggest that the protective effects of 2°-FL/LNnT on

intestinal barrier integrity can be transferred through gut microbiota.
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Figure 8. Fecal transplants of 2°-FL/LNNT exhibit protection against early weaning (EW)-induced intestinal
dysfunction in mice. (A) Antibiotic-treated mice (ABX mice) received fecal microbiota transplantation (FMT) from
2’-FL/LNNT mice as donors for 7 days. (B) H&E staining on jejunum in the sucking, EW, 2’-FL/LNnT, and FMT groups. (C)
Villous height and (D) crypt depth were determined in mice. (E-F) Protein levels of ZO-1, OCCLUDIN, p-AMPK, and
AMPK in the jejunum, as determined by western blotting (n =4 per group). (D) The mRNA levels of Tjp1, Ocln, and Cldn1 in
the jejunum. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Finally, we quantified fecal concentrations of SCFASs (acetic, propionic, isobutyric, butyric, isovaleric,
and valeric acids) in all treatment groups. Interestingly, SCFA levels were comparable between the suckling
and EW groups, whereas all HMO groups showed an upward trend. Furthermore, no significant differences
in SCFA levels were observed among the 2’-FL/LNnT, 2’-FL, and LNnT groups. These results suggest that
the synergistic effects of the 2’-FL/LNNT combination on the AMPK/SREBP1c pathway are independent of
SCFA production (Fig. S4).

4. Discussion

EW is associated with abnormalities in intestinal epithelial function, thereby elevating the risk of
gastrointestinal disease development. In this study, we established a mouse model of EW with isocaloric
intake to investigate the pivotal role of 2°-FL and LNNT in mitigating intestinal dysfunction. Our data
demonstrated that 2’-FL/LNNnT activated the AMPK/SREBPs signaling pathway, leading to an upregulation
of tight junction protein expression, which is crucial for maintaining intestinal barrier integrity. The protective
effects of 2’-FL/LNNT in EW mice negated upon antibiotic administration and were transmissible via FMT.

In daily life, some breastfeeding mothers may need to cease nursing early due to individual
circumstances, health conditions, or societal demands. Such early weaning is associated with increased risk of
gastrointestinal diseases and can lead to intestinal atrophy in mammals. According to the precise age
correlation between mice and humans, weaning at 14 days in mice is equivalent to weaning at around 3
months in humans [38]. We have developed an optimized early weaning (EW) mouse model based on
established two-week-weaning protocols, incorporating stringent nutritional controls to minimize
malnutrition-related confounders [24, 39]. A key advantage of our EW model over conventional systems is the
use of isocaloric nutrition, which prevents malnutrition-associated metabolic disruptions and enables specific
investigation of weaning-induced intestinal dysfunction.

The jejunum is the primary location for nutrient sensing and absorption. Previous studies using mouse
and piglet weaning models have consistently shown that EW results in: (1) significant growth retardation, as
evidenced by reduced body weight; (2) impaired intestinal development, characterized by decreased small
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intestine length and diminished jejunal villus height; and (3) elevated pro-inflammatory mediators 251 281, OQur
results align with emerging evidence demonstrating that early weaning compromises jejunal barrier integrity.
Contrary to previous reports, weaned mice receiving liquid diet supplementation exhibited comparable body
weight, intestinal length, and histopathology to controls. This normalization of gross and microscopic
parameters suggests that caloric supplementation prevents intestinal atrophy and restores homeostasis
between enterocyte proliferation and apoptosis. Although liquid diet supplementation normalized growth
metrics and ameliorated intestinal atrophy in weaned mice through restoration of enterocyte turnover, it did
not correct EW-induced jejunal barrier dysfunction. Persistent epithelial hyperpermeability and sustained
downregulation of tight junction proteins revealed a nutritionally resistant, segment-specific pathology
(jejunum > ileum/colon).

Both 2’-FL and LNnT upregulate intestinal tight junction proteins, while 2’-FL providing additional
protection against colitis through its triad of actions: prebiotic microbiota modulation, TLR4/NF-xB-mediated
immunoregulation, and barrier enhancement via goblet cell stimulation and junctional protein induction B9,
Also, postoperative 2’-FL supplementation promotes mucosal adaptation in short bowel syndrome “%, LNnT
promotes intestinal epithelial growth and maturation during the early life of infant mice 2. Here, we
demonstrate that 2'-FL and LNnT significantly elevated tight junction protein levels and improved intestinal
permeability through activation of the AMPK/SREBPs signaling pathway.

AMPK functions as a cellular energy sensor that can be activated by falling energy status [?). It maintains
cellular energy balance, regulates metabolism, responds to energy stress, and promotes tight junction
assembly in intestinal epithelial cells 25411 Importantly, AMPK plays a critical role in inhibiting fatty acid and
cholesterol synthesis by directing phosphorylating and inhibiting the expression of acetyl-CoA carboxylase
(ACC) and 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), respectively 3. As downstream targets
of AMPK, SREBP1/2 were significantly upregulated in the EW group, suggesting that EW may enhance
jejunal fatty acid and cholesterol synthesis, thereby impairing intestinal epithelial membrane integrity.
Furthermore, AMPK downregulation was found to directly disrupt tight junction assembly. Notably, our
results demonstrate that 2°-FL/LNnT significantly reduced the expression of both SREBF1 and SREBP2,
along with their downstream target genes (Fasn, Scdl, Accl), while HMOs supplementation had a synergistic
effect.

Given that our in vitro experiments demonstrated that neither 2°-FL nor LNNnT directly activated AMPK,
and considering previous reports that their combination enhances gut barrier integrity via modulation of gut
microbiota and SCFA production 8 24 we further investigated their in vivo effects. Our results show that
supplementation with 2’-FL and LNnT effectively restores gut dysbiosis and increased a-diversity in EW
mice, resulting in a microbial profile resembling that of control animals. However, the synergistic benefits of
the 2’-FL/LNNnT combination on gut barrier function do not appear to be mediated by changes in SCFA levels.
Instead, we speculate that these oligosaccharides may directly interact with host epithelial or immune
receptors, modulate the gut microbiota through mechanisms beyond SCFA production, or promote the
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synthesis of other functional microbial metabolites. In support of this notion, Zhu, et al. 21 reported that
cognitive improvement was associated with gut microbiota modulation and elevated 5-hydroxytryptophan
levels—an example of a non-SCFA-mediated mechanism. Therefore, future studies should focus on clarifying
the individual and combined effects of 2’-FL and LNNT on specific microbial taxa and their metabolic outputs
to elucidate the precise basis of their synergistic action.

While our study elucidates the beneficial effects of 2°-FL/LNNT in a murine model, the clinical
translatability of these findings to EW infants requires further validation. Caution should be exercised when
extrapolating these results due to inherent interspecies differences in gut physiology and microbiota
composition between mice and humans. Another limitation is that the specific taxa through which
2’-FL/LNNnT mediate the intestinal epithelial tight junctions remain undetermined. Future studies are
warranted to identify the functional microbiota and validate their roles in intestinal barrier function.

In conclusion, we demonstrate that 2°-FL and LNNT, by reshaping the gut microbiota and activating the
AMPK/SREBPs signaling pathway, synergistically enhance tight junction protein expression and improve
intestinal barrier function. This study provides potential therapeutic strategies for addressing intestinal barrier
dysfunction and gut dysbiosis in the context of EW.
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