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Introduction

Comparative evaluation of the short-chain fatty
acids formate, propionate, and valerate on
intestinal barrier maturation and bone
development in neonatal mice

Xue Yang, < Xinke Li,*>< Xuan Zhang,?®< Lu Meng,®”< Jiagi Wang®®< and
Nan Zheng () *aP€

Short-chain fatty acids (SCFAs) are key microbial metabolites that support intestinal and skeletal develop-
ment, yet their coordinated effects during early life remain poorly defined. In this study, neonatal mice
were administered SCFAs for 28 days to evaluate their impacts on growth, intestinal barrier integrity,
immune modulation, bone development, and gut microbiota composition. Valerate supplementation sig-
nificantly increased body weight and intestinal length. It enhanced the villus structure, crypt depth, and
goblet cell number, alongside upregulation of tight junction and mucin genes, indicating improved barrier
function. Valerate and propionate also promoted the expression of interleukin-4 (IL-4) and interleukin-10
(IL-10) and reduced pro-inflammatory cytokines, suggesting an immunomodulatory shift. In the skeletal
system, valerate improved the microarchitecture, increased bone mineral density (BMD), and upregulated
osteogenic genes runt-related transcription factor 2 (Runx2), fibroblast growth factor receptor 1 (FGFR1),
and growth hormone receptor (GHR). Microbiota profiling showed enrichment of several genera (e.g.,
Fructobacillus, Pantoea, and Ralstonia) that correlated with intestinal and bone parameters. Collectively,
these data indicate that valerate supplementation is associated with concurrent improvements in neonatal
intestinal and skeletal outcomes, accompanied by shifts in microbiota and changes related to the barrier
and immune systems; however, causal links among these intermediate steps remain to be established.

The neonatal period represents a critical window for gut
and skeletal development.”’® Maturation of the intestinal

The gut microbiota is essential for maintaining host health, influ-
encing not only intestinal functions but also immune modulation
and skeletal metabolism."™ Among its key metabolites, short-
chain fatty acids (SCFAs), primarily generated through microbial
fermentation of dietary fibers, have emerged as central mediators
of gut-organ communication.*> SCFAs play a fundamental role
in preserving gut health by strengthening epithelial barrier integ-
rity, regulating immune signaling, and sustaining microbial
homeostasis.*® Moreover, accumulating evidence shows that
SCFAs support bone development by modulating bone metab-
olism and mineral balance.”®
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barrier and rapid bone mineralization are essential for ensur-
ing healthy growth. While the gut facilitates nutrient uptake
and contributes to immune defense, the skeleton provides
structural support and regulates calcium-phosphorus
balance.'"? Proper development of both systems during early
life has lasting impacts on health, underscoring the impor-
tance of investigating their interplay to inform early-life nutri-
tional strategies and disease prevention.

An expanding body of evidence highlights the critical con-
tribution of SCFAs to early-life intestinal maturation and
immune homeostasis. They enhance barrier function by upre-
gulating tight junction proteins (claudin-1, occludin, and
ZO-1) and stimulating mucin (e.g., MUC2) secretion from
goblet cells.”® Additionally, SCFAs exert immunomodulatory
effects by suppressing inflammatory pathways like NF-kB and
inducing anti-inflammatory cytokines such as IL-10, primarily
through G protein-coupled receptor (GPCR) activation and
histone deacetylase (HDAC) inhibition."*"> Consistently, inhi-
bition of the TRAF6-NF-kB axis has been linked to improved
intestinal inflammatory outcomes in colitis models.’® During
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early life, SCFAs also act as signaling molecules mediating
host-microbe-milk crosstalk, facilitating epithelial maturation
and microbiota stabilization."” However, the specific functions
of SCFAs in neonatal intestinal development remain incomple-
tely understood.

Recent studies also suggest that SCFAs regulate bone devel-
opment by enhancing osteogenic processes and suppressing
osteoclast differentiation, thereby improving the bone density
and structure.””® Butyrate and propionate have been shown to
enhance bone formation via HDAC inhibition and Wnt signal-
ing activation,® and support calcium homeostasis by promoting
intestinal calcium absorption and solubility.'® SCFAs also
stimulate IGF-1 signaling and GPR41-mediated pathways that
influence bone remodeling.’®*° They also suppress osteoclasto-
genesis by downregulating TRAF6 and NFATc1 expression in
precursor cells.” However, most current evidence derives from
adult or disease models, and little is known about how different
SCFAs influence bone development during the neonatal period.

Although acetate, propionate, and butyrate are typically
regarded as the major SCFAs in adult gut ecosystems, their
early-life microbial metabolite profiles differ substantially.
Longitudinal infant studies have shown that formate can be
elevated during early infancy and is linked to Bifidobacteriales-
dominant communities, whereas propionate and butyrate tend
to increase later during microbiota maturation.”" In addition,
propionate is a well-characterized SCFA with systemic bio-
availability and has been implicated in immune regulation
and bone-related pathways (e.g,, IGF-1-associated mecha-
nisms).>* By contrast, valerate (C5) is less studied in early life
but is increasingly recognized as a bioactive microbial metab-
olite; it can be generated via microbial cross-feeding and has
been reported to support intestinal barrier function, and C3-
C5 SCFAs (including propionate and valerate) show relatively
high potency at SCFA receptors such as FFAR3/GPR41.>
Collectively, these considerations motivated us to focus on
formate (an early-life-relevant microbial organic acid), propio-
nate (a canonical SCFA with established host signaling rele-
vance), and valerate (an underexplored C5 SCFA with emerging
gut-related bioactivity) to compare their effects on neonatal gut
and bone development.

To fill this research gap, we investigated the effects of three
SCFAs formate, propionate, and valerate, on gut and bone
development in neonatal mice. We systematically assessed
their impacts on body growth, intestinal barrier integrity,
immune responses, bone morphology, and gut microbiota
composition. Furthermore, we explored correlations between
SCFA-induced microbial shifts and host phenotypes to uncover
regulatory patterns within the early-life gut-bone axis.

Materials and methods
Animals and housing

All experimental procedures involving animals were reviewed
and approved by the Animal Ethics Committee of the Chinese
Academy of Agricultural Sciences (approval number: 1AS2022-
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108), following ethical guidelines for animal treatment.
Newborn C57BL/6] mice were obtained from Cyagen (Gu’an)
Biotechnology Co., Ltd. All mice were housed in an SPF
(Specific Pathogen-Free) barrier system at the Suzhou Taicang
Animal Experiment Platform under controlled conditions
(12-hour light/dark cycle, 22 + 2 °C, and 50 + 10% humidity),
with standard laboratory chow and water provided ad libitum.
Pups of both sexes were used; sex was not treated as an experi-
mental factor because pups were randomly allocated prior to
sex determination. Because the litter size varied naturally and
was not predetermined, pups were assigned to the seven experi-
mental groups using a litter-stratified randomization approach:
within each litter, pups were randomly allocated across groups
as evenly as possible, and allocation across litters continued
until the target sample size was reached. Ultimately, 42 pups
were included for analysis (n = 6 per group), and each group
contained offspring derived from multiple dams to minimize
potential maternal/litter effects. Weaning occurred at postnatal
day (PND) 18; thereafter, dams were removed and pups
remained in the same cage (no re-caging).

Study design and SCFA administration

The intervention began at PND1, with pups randomly assigned
to experimental groups.

The experimental groups were as follows:

Formic acid: 900 mg per kg body weight (BW) (SF-900) and
1400 mg per kg BW (SF-1400).

Propionic acid: 2 mg per kg BW (SP-2) and 200 mg per kg
BW (SP-200).

Valeric acid: 5 mg per kg BW (SV-5) and 20 mg per kg BW
(SV-20).

The control group (CTL) received physiological saline.

The SCFAs were sodium formate (Aladdin, S104884-5g,
99.998%), sodium propionate (Sigma-Aldrich, P1880-100G,
>99.0%), and sodium valerate (Aladdin, S194180-5 g, >97%).
Doses were determined based on SCFA concentrations
measured in human milk, bovine milk, and infant formula
(Table S1A) and converted to mouse-equivalent exposures
using standard body surface area (BSA) scaling. Briefly, infant-
equivalent intake (mg kg™’ day ') was estimated from
measured milk concentrations assuming a daily intake of
750 mL and an infant body weight of 6.5 kg and then con-
verted to a mouse-equivalent dose using a mouse-to-human
BSA conversion factor of 9.1. Final experimental doses were
selected to approximate the calculated mouse-equivalent
exposure range and were rounded to practical dosing levels
(Table S1B).

Animal treatment and sample collection

Gavage was administered daily for PND1-PND28, covering both
the neonatal period and part of the peri-weaning period, during
which their body weight was monitored at 3-day intervals.
Weaning occurred at PND18, and the pups remained in the
same cage. The day before dissection, fresh stool samples were
collected using a metabolic cage. Following carbon dioxide
anesthesia, blood samples were collected by cardiac puncture

This journal is © The Royal Society of Chemistry 2026
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and serum was obtained by centrifugation (10 000 rpm, 6 min).
After euthanasia by cervical dislocation, the major organs, intes-
tines, femora, and tibiae were promptly harvested for sub-
sequent biochemical and histological analyses.

Measurement of body length and tail length

Body length and tail length were measured using a digital
caliper. Body length was defined as the distance from the tip
of the nose to the base of the tail, and tail length was
measured from the base of the tail to the tail tip. All measure-
ments were taken to the nearest 0.01 mm.

Determination of the organ index

The brain, heart, liver, kidneys, spleen, and thymus were har-
vested and rinsed three times with phosphate-buffered saline
(PBS) to remove surface blood and impurities. Any surround-
ing adipose tissue was carefully dissected away. Each organ
was then weighed, and the organ index was calculated using
the following formula:

Organ index (%) = (organ weight/body weight) x 100.

Histological observation

Intestinal samples were fixed in 4% paraformaldehyde,
embedded in paraffin, and sliced into sections for microscopic
examination. Tissue morphology was visualized using hema-
toxylin and eosin (H&E) staining. To assess the distribution of
acidic mucus in the jejunum, Alcian Blue-Periodic Acid Schiff
(AB-PAS) staining was used, with acidic mucus appearing blue.
Stained sections were scanned using a digital pathology
scanner, and representative images were randomly selected.
Morphometric analysis was conducted using Image] software:
villus height and crypt depth were measured manually, and
goblet cells were counted in the stained regions. All measure-
ments were averaged to ensure accuracy.

Micro-CT analysis and bone mineral density determination of
femurs

The left femurs were scanned using micro-computed tomography
(micro-CT) to evaluate the bone mineral density (BMD) and
microstructure. Scanning was performed using a high-resolution
micro-CT system (SkyScan 1275, Bruker) with a voxel size of
9 pm, 400 layers, 46 kV voltage, and 75 pA current. Three-dimen-
sional reconstruction was conducted using NRECON software.
Quantitative analysis was carried out using CTAN software.

FITC—-dextran permeability assay

Each mouse was fasted overnight prior to gavage and then
orally administered 0.2 mL of 40 kDa fluorescein isothio-
cyanate-dextran (FITC-dextran, Sigma-Aldrich, Spain) at a
dose of 200 mg per kg BW. The mice were maintained for 3 h
before euthanasia. Blood samples were collected, and serum
fluorescence intensity was measured using an Infinite
M200 multimode microplate reader. The entire gastrointesti-
nal tract was excised and imaged ex vivo using an Invivosmart
LF imaging system (VLEWORKS, USA).

This journal is © The Royal Society of Chemistry 2026
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Determination of serum inflammatory cytokines and
metabolic markers

Serum levels of lipopolysaccharide (LPS), p-lactic acid, C-terminal
peptide of type I collagen (CTX-1), N-terminal peptide of type I
collagen (PINP), interleukin-4 (IL-4), interleukin-10 (IL-10), inter-
leukin-6 (IL-6), interleukin-1p (IL-1p), and tumor necrosis factor-o
(TNF-a) were quantified using commercially available ELISA kits
(Beijing Xinso Biotechnology Co., Ltd).

Real-time quantitative (RT)-PCR analysis

Total RNA was isolated from tissue with a Tissue RNA
Extraction Kit 2.0 Plus using a VNP-96P automated nucleic
acid extraction system (Vazyme, China) in accordance with the
manufacturer’s protocol. High-purity RNA was obtained
through lysis, isolation, and washing. cDNA synthesis was per-
formed in a 10 pL reaction volume using a commercial reverse
transcription kit. RT-qPCR was conducted using a
QuantStudio 3 PCR system (Thermo Fisher Scientific) with
gene-specific primers (Table S2). PCR conditions were opti-
mized based on the kit’s instructions. The 274" algorithm
was applied to determine relative transcript levels with the
corresponding CTL group as the calibrator. All reactions were
performed in triplicate for technical replication, with six bio-
logical replicates per group to ensure data reliability.

16S rDNA amplicon sequencing of fecal microbiota

Fecal DNA was extracted and sequenced by Guangzhou Base
Biotechnology Co., Ltd. The V3-V4 region of the bacterial 16S
rRNA gene was amplified using 341F (5-CCTACGGGNGG-
CWGCAG-3) and 806R (5-GGACTACHVGGGTWTCTAAT-3)
primers, and PCR products were verified by agarose gel electro-
phoresis. Amplicons were pooled and sequenced on the
Ilumina MiSeq platform (Illumina, San Diego, CA, USA). Raw
paired-end reads were quality-filtered using fastp (v0.18.0)
(removing reads with adapter contamination, >10% ambiguous
bases, or >50% bases with Q < 20) and merged using FLASH
(v42) (minimum overlap 10 bp and maximum mismatch rate
2%). Clean tags were obtained by additional stringent filtering
(truncation at three consecutive low-quality bases, Q < 3, and
removal of reads retaining <75% of the original length). OTUs
were clustered at 97% similarity using UPARSE in USEARCH
(v11.0.667), with the most abundant sequence as the representa-
tive sequence, and chimeras were removed using UCHIME.
Taxonomy was assigned using the RDP classifier (v2.2) against
SILVA (v138.1) (confidence threshold 80%). The OTU table was
rarefied to the minimum sequencing depth across samples
(50000 reads per sample) prior to downstream analyses.
Diversity and community composition analyses were conducted
in QIIME2 (via Omicsmart, https:/www.omicsmart.com).

Statistical analysis

The results are expressed as mean + SD. For longitudinal body-
weight measurements, differences over time were analyzed by
two-way repeated-measures ANOVA (treatment x time) with
Geisser-Greenhouse correction, followed by Dunnett’s multiple

Food Funct.


https://www.omicsmart.com
https://www.omicsmart.com
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo05394c

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 February 2026. Downloaded on 4/9/2026 1:43:01 AM.

(cc)

Paper

comparison tests versus the control group at each time point.
For non-microbiota variables involving comparisons among
more than two groups, one-way ANOVA followed by Tukey’s mul-
tiple comparisons post-hoc test was used for normally distribu-
ted data. For gut microbiota data, the Wilcoxon test was used to
compare groups. Statistical significance was defined as *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results
SCFAs promote neonatal body growth and intestinal elongation

As illustrated in Fig. 1A, neonatal mice were supplemented
with SCFAs, resulting in enhanced postnatal growth.

View Article Online
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Longitudinal body-weight analysis (two-way repeated-measures
ANOVA, treatment x time) indicated a significant treatment
effect over time, with group differences emerging from day 12
onward (Fig. 1B, Table S3). At the endpoint (day 30), body
weight was higher in the SP-2, SP-300, SV-5, and
SV-20 groups compared with CTL (Fig. 1B). Body length was
also significantly increased in the SP-2, SV-5, and
SV-20 groups (Fig. 1C), whereas tail length remained
unchanged (Fig. 1D). A notable elongation of the intestine was
observed following valeric acid treatment (SV-5 and SV-20)
(Fig. 1E). Organ index analysis revealed a decreasing trend in
the spleen index in the SF-1400 group and an increase in the
SV-20 group, while indices of other organs remained
unchanged (Fig. S1A-F).
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Fig. 1 Effects of SCFAs on neonatal mice body growth and intestinal elongation. (A) Experimental design and groups. (B) Changes in body weight
from day O to day 30 (two-way repeated-measures ANOVA with Geisser—Greenhouse correction; Dunnett’'s multiple comparisons vs. CTL; signifi-
cance annotated at day 30). (C) Body length. (D) Tail length. (E) Intestinal length of the mice, with significance levels labeled: *p < 0.05, **p < 0.01,

and ***p < 0.001 (n = 6).
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SCFAs enhance intestinal function and barrier integrity

Effect on intestinal motility and permeability. Intestinal per-
meability and motility were evaluated using the FITC-dextran
assay. The SCFA-treated mice showed significantly improved
intestinal motility, as evidenced by an increased propulsion
rate of the fluorescent tracer (Fig. 2A). The serum fluorescence
levels were notably reduced in the SV-5 and SV-20 groups
(Fig. 2B), indicating enhanced intestinal barrier function.
Additionally, the serum levels of LPS and p-lactic acid were
reduced in the SV-20 mice (Fig. 2C and D), reinforcing the role
of valeric acid in enhancing intestinal barrier integrity.

Effects on barrier-related gene expression and histology. To
further assess barrier integrity, the expression levels of key
barrier-related genes claudin-1, occludin, MUC1, MUC2, and
Z0O-1 were measured in both the jejunum and colon. In the
jejunum, claudin-1 and occludin expression was significantly
upregulated in the SP-200 and SV-20 groups (Fig. 3A and B).
Mucin 1 and Mucin 2 levels were elevated following valeric
acid treatment (SV-5 and SV-20) (Fig. 3C and D). ZO-1
expression was significantly increased in the SP-200, SV-5, and
SV-20 groups (Fig. 3E). Similarly, in the colon, these barrier-
related genes were markedly upregulated in response to valeric
acid treatment (Fig. 3F and G), suggesting that valeric acid
may enhance intestinal barrier integrity through modulation
of the tight junction and mucin-related gene expression.

Histological analysis showed a well-preserved epithelial
morphology across all SCFA-treated groups. HE staining
revealed intact epithelial structures (Fig. 4A), while AB-PAS
staining showed expanded mucus coverage and more goblet
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cells in the colon of the SV-20 group. Quantitative analysis con-
firmed significantly elongated villi, deeper crypts, and a higher
villus-to-crypt ratio in the SV-20 group in the jejunum (Fig. 4B
and C). Additionally, a notable increase in goblet cells was
observed in both villi and crypts of the colon (Fig. 4D and E),
suggesting enhanced secretory capacity and epithelial renewal.

SCFAs modulate immune responses in neonatal mice

To assess the immunomodulatory effects of SCFAs, serum cyto-
kines were measured. Propionic acid and valeric acid treatments
significantly elevated the levels of the anti-inflammatory cytokines
IL-4 and IL-10 (Fig. 5A and B). In contrast, valeric acid markedly
reduced the concentrations of the pro-inflammatory mediators
IL-6 and TNF-« (Fig. 5C and D). The IL-1f levels showed a non-
significant downward trend across all groups (Fig. 5E).

SCFAs influence gut microbiota composition

To determine whether SCFA supplementation reshapes the neo-
natal gut microbiota, we performed 16S rRNA sequencing across
the control and the formate-, propionate-, and valerate-treated
mice (Fig. 6; Fig. S3 and S4). Microbiota profiles for the valerate
groups are shown in Fig. 6, while equivalent analyses for the
formate and propionate groups are provided in Fig. S3 and S4.
Analysis of a-diversity indices revealed no significant differences
between the treatment and control groups (Fig. 6A-E). However,
PLS-DA analysis demonstrated clear separation of microbial clus-
ters, indicating distinct microbial profiles between the groups
(Fig. 6F). Firmicutes and Bacteroidetes predominated the
microbial community at the phylum level (Fig. 6G). At the genus
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Fig. 2 Effects of SCFAs on intestinal development in neonatal mice. (A) Representative images of intestinal in vitro imaging. (B) The content of FD4 in
serum. (C and D) The levels of LPS and p-lactic acid in serum. Data were expressed as mean + standard deviation (mean + SD), and differences between
groups were assessed by one-way ANOVA followed by Tukey's multiple comparisons test: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (n = 6).
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Fig. 5 Effects of SCFAs on serum inflammatory factors in neonatal mice. (A—E) Serum levels of IL-4, IL-10, IL-6, TNF-«, and IL-1 in each group of
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followed by Tukey's multiple comparisons test: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (n = 6).

level, specific taxa were enriched in the SV-20 group, including
Lactobacillus, Alistipes, and Lachnospiraceae_ NK4A136_group
(Fig. 6H). Furthermore, LEfSe analysis revealed bacterial taxa
with significant differences between the treatment groups, with
an LDA score >2.5 (Fig. 6I). In the SV-20 group, Cyanobacteria,
Lactobacillaceae, and Fructobacillus were significantly enriched,
whereas Aerococcaceae, Aerococcus, and Parabacteroides were
enriched in the SV-5 group. Subsequent Wilcoxon analysis
revealed a marked enrichment of several genera, including
Aerococcus, Fructobacillus, Proteus, Ralstonia, Vibrio, Pantoea, and
Photobacterium in the SV-20 group relative to controls (Fig. S2).
KEGG-based functional prediction suggested treatment-associ-
ated shifts in the predicted microbial functional profile (Fig. S5).
Several pathways showed distinct patterns across CTL, SV-5, and
SV-20. These included predicted gene sets related to SCFA-
associated carbon metabolism (e.g., pyruvate and butanoate/pro-
panoate metabolism), bile acid-related pathways, and cell envel-
ope components (e.g., lipopolysaccharide and peptidoglycan bio-
synthesis), as well as energy/redox-associated pathways (e.g,
lipoic acid metabolism and fatty acid degradation). These pre-
dicted patterns may be relevant to the improved barrier integrity
and reduced circulating LPS observed in valerate-treated neo-
natal mice.

This journal is © The Royal Society of Chemistry 2026

SCFAs promote bone development

To assess the impact of SCFA supplementation on skeletal
development, femur length was measured. No significant
intergroup differences were detected (Fig. 7A and B).
Representative femoral micro-CT reconstructions are presented
in Fig. 7C. Notably, valeric acid treatment significantly
increased the bone volume to total volume ratio (BV/TV), BMD,
trabecular number (Tb.N), and trabecular thickness (Tb.Th)
(Fig. 7D-G). Conversely, the structure model index (SMI) was
significantly reduced in both the SV-5 and SV-20 groups com-
pared to the CTL group (Fig. 7H), indicating improved trabecu-
lar structure. However, no significant changes in trabecular
separation (Tb.Sp) were observed across all groups (Fig. 71).

SCFAs modulate bone metabolism

To further investigate the effect of SCFAs on bone metabolism,
serum markers of bone turnover, including CTX, PINP, and
the CTX/PINP ratio, were quantified using ELISA. PINP levels
were significantly elevated in the SV-5 and SV-20 groups
(Fig. 8A). In contrast, serum CTX levels and the CTX/PINP ratio
remained stable across all groups (Fig. 8B and C), suggesting
that valeric acid minimally influences bone resorption while
preferentially promoting bone anabolism.
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To explore the effect of SCFAs on osteogenesis-related
genes, expression levels in the femur were examined. Runx2, a
master regulator of osteoblast differentiation, was significantly
upregulated in both the SV-5 and SV-20 groups compared to
the CTL group (Fig. 8D). Similarly, FGFR1 expression, essential
for osteoprogenitor proliferation and differentiation, was
markedly increased in the valeric acid-treated groups (Fig. 8E).
Additionally, growth hormone receptor (GHR) expression was
significantly enhanced in the SV-20 group (Fig. 8F).

Relationships between the abundances of bacterial taxa,
intestinal, and bone characteristics

Given that valeric acid produced the most pronounced
improvements in intestinal barrier function and skeletal out-
comes among the tested SCFAs, downstream microbiota-host
association analyses were performed focusing on the CTL,
Sv-5, and SV-20 groups, for which matched microbiome

Food Funct.

sequencing data and the corresponding intestinal/bone pheno-
types were available (Fig. 9). To investigate potential links
between gut microbial taxa and host readouts, we examined
correlations among bacterial composition, intestinal function
markers, and bone parameters within these groups. The
Mantel test identified significant positive correlations between
the abundances of Fructobacillus, Pantoea, and Ralstonia and
barrier-related genes in the colon and jejunum (Fig. 9A).
Correlation analysis further revealed that the expression levels
of barrier-related genes, goblet cell numbers, and intestinal
length were positively correlated with bone development
indices, while IL-1p and p-lactate levels were negatively corre-
lated with these bone indices (Fig. 9B). Canonical correspon-
dence analysis showed clear separation of microbial commu-
nity structures among the CTL, SV-5, and SV-20 groups, indi-
cating that microbial composition varied with treatment
dosage. Ralstonia, Fructobacillus, Pantoea, and Photobacterium

This journal is © The Royal Society of Chemistry 2026
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exhibited strong associations with bone-related variables
(Fig. 9C). Together, these analyses indicate that specific bac-
terial taxa and community patterns are associated with intesti-
nal barrier-related readouts and bone parameters in the
control and valerate-treated neonatal mice.

Discussion

Intestinal and skeletal developments during the neonatal
period are tightly interlinked, laying the foundation for
growth, nutrient utilization, and immune balance throughout
life.>**> During early life, milk is the primary dietary input,
and its composition varies across lactation and between
sources, which may influence microbial colonization and
metabolite production.>®?” In this context, the gut microbiota
and its metabolic products, particularly SCFAs, are increas-
ingly recognized as key coordinators of gut-bone communi-

This journal is © The Royal Society of Chemistry 2026

cation. In this study, we investigated the effects of three SCFAs,
formate, propionate, and valerate, on intestinal and skeletal
development in neonatal mice. Our results demonstrate that
SCFA supplementation, especially valerate, promotes body
growth, enhances intestinal structure and barrier integrity,
regulates immune responses, reshapes gut microbial compo-
sition, and supports bone formation.

Among the three SCFAs tested, valerate (SV-5 and SV-20) and
propionate (SP-2) were associated with greater increases in body
weight in neonatal mice, consistent with previous findings in
piglet models.*® This growth-promoting effect is likely driven by
enhanced intestinal function. Histological and morphometric
analyses showed that SCFA treatment, particularly with valerate,
significantly increased villus height, crypt depth, and goblet cell
numbers, hallmarks of improved absorptive and secretory
capacity. These structural changes not only expand the intesti-
nal surface area for nutrient uptake but also strengthen
mucosal protection through increased mucus secretion.>**°
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0.01 (n = 6).

Our observations align with earlier reports that SCFAs promote
mucosal development and epithelial maturation in the gut.>*>!

During early life, the immature intestinal barrier predis-
poses neonates to increased permeability and microbial trans-
location.** In our study, SCFA supplementation, particularly
valerate, significantly improved barrier integrity, as evidenced
by reduced FITC-dextran permeability and decreased serum
levels of p-lactate and LPS. Valerate increased the expression
levels of tight junction genes (claudin-1 and ZO-1) and mucin-
related genes (MUC1 and MUC2) and increased goblet cell
differentiation. These changes are believed to enhance epi-
thelial defense and mucosal stability.® Nevertheless, the
upstream signaling pathways underlying these effects remain
to be elucidated and warrant further investigation.

In addition to enhancing the barrier function, SCFAs modu-
lated mucosal immune responses. Valerate treatment signifi-
cantly increased anti-inflammatory cytokines (IL-4 and IL-10)
while suppressing pro-inflammatory mediators (IL-6 and TNF-
a), suggesting a shift toward an anti-inflammatory immune
state. This immune shift facilitates mucosal tolerance and
safeguards intestinal development during early life.>**® These
findings support previous evidence that SCFAs contribute to
immune regulation and highlight their role in coordinating
epithelial and immune maturation during early life.*"*’

Food Funct.

Importantly, valerate also exhibited anabolic effects on skel-
etal development. Micro-CT analysis showed significant
increases in BV/TV, BMD, and Tb.Th in the SV-5 and
SV-20 groups. These structural improvements were
accompanied by elevated serum PINP levels and upregulated
expression of osteogenic markers such as Runx2, FGFR1, and
GHR, while bone resorption markers remained unchanged.
These findings suggest that valerate promotes bone formation
primarily by enhancing osteoblast activity. The anabolic effect
may be partially mediated by improved intestinal calcium
absorption and the activation of systemic IGF-1 signaling,
mechanisms previously reported for other SCFAs."**®

Emerging evidence suggests that these physiological effects
may be partially mediated by shifts in gut microbial
composition.***' In our study, valerate supplementation
reshaped microbiota profiles, particularly enriching genera
such as Fructobacillus, Pantoea, and Ralstonia in the
SV-20 group. These taxa are known to promote gut health
through SCFA production, mucosal support, and immune
modulation. Fructobacillus are obligately heterofermentative
lactic acid bacteria that metabolize carbohydrates to produce
SCFAs such as acetate and propionate, contributing to intestinal
pH regulation and mucosal stability.** Pantoea has been associ-
ated with suppression of pathogenic microbes and maintenance

This journal is © The Royal Society of Chemistry 2026
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of microbial homeostasis, likely through antimicrobial metab-
olite production and ecological competition,”™*> However,
Ralstonia are recognized as plant pathogens, and their role in
mammalian gut ecosystems remains unclear and warrants
further investigation.”®*” Current evidence does not definitively
support their roles in SCFA production or immune modulation;
however, their enrichment may reflect either a microbial adap-
tation to valerate or host-mediated selection. These compo-
sitional changes suggest that SCFAs, particularly valerate, may
shape microbial communities in ways that favor intestinal and
immune development, although further mechanistic studies are
needed to validate the functions of less-characterized taxa.

Correlation analysis further confirmed strong associations
between specific bacterial taxa and both intestinal and skeletal
parameters. The Mantel test revealed that Fructobacillus, Pantoea,
and Ralstonia were positively correlated with intestinal barrier
markers (e.g, ZO-1 and MUC2), villus morphology, and bone
indices such as BMD and trabecular number. These findings
support the gut-bone axis model, suggesting that SCFA-induced
microbial reshaping, particularly under valerate treatment, may
mediate systemic developmental benefits. This aligns with pre-
vious reports that SCFAs promote beneficial microbes contribut-
ing to immune and metabolic homeostasis.>**°

Overall, our data show that SCFA supplementation,
especially valerate, is associated with concurrent improve-
ments in intestinal and skeletal outcomes in neonatal mice.

This journal is © The Royal Society of Chemistry 2026

These phenotypic changes occurred alongside increased
barrier-related transcripts and morphology, shifts in mucosal
immune-related readouts, and alterations in gut microbial
community composition. However, the proposed gut-micro-
biota-barrier-bone framework in this study is primarily sup-
ported by association analyses, and the causal relationships
among intermediate steps (e.g., specific microbial metabolites,
host signaling pathways, and barrier components at the
protein level) remain to be determined. Our findings broaden
the current understanding of SCFA biology in early life and
support further investigation of microbiota-informed nutri-
tional strategies to promote neonatal gut and bone health.

Limitations

Several limitations should be acknowledged. First, while SCFA
supplementation produced clear phenotypic changes, the pro-
posed gut microbiota-barrier-bone framework is supported
mainly by associative analyses; key mechanistic intermediates
were not directly assessed in the current study. Second, 16S
rRNA profiling limits functional interpretation, and the
observed taxa associations do not establish the causal contri-
butions of individual genera. Third, these findings were
obtained in neonatal mice under controlled conditions, and
their generalizability to other developmental windows and to
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humans remains to be determined. Future studies using tar-
geted metabolite quantification and causal designs will be
valuable to validate the proposed framework.
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