
rsc.li/food-function

Food &
Function
Linking the chemistry and physics of food with health and nutrition

rsc.li/food-function

ISSN 2042-650X

PAPER
Xian Wu, Hang Xiao et al. 
A metabolite of nobiletin,  4' -demethylnobiletin and 
atorvastatin synergistically inhibits human colon cancer cell 
growth by inducing G0/G1 cell cycle arrest and apoptosis 

Volume 9
Number 1
January 2018
Pages 1-658Food &

Function
Linking the chemistry and physics of food with health and nutrition

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  X. Yang, X. Li, X.

Zhang, L. Meng, J. Wang and N. Zheng, Food Funct., 2026, DOI: 10.1039/D5FO05394C.

http://rsc.li/food-function
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5fo05394c
https://pubs.rsc.org/en/journals/journal/FO
http://crossmark.crossref.org/dialog/?doi=10.1039/D5FO05394C&domain=pdf&date_stamp=2026-02-26


of Ministry of Agriculture and Rural Affairs; Chinese Academy of 
Agricultural Sciences Institute of Animal Science, Laboratory of Quality 
and Safety Risk Assessment for Dairy Products of Ministry of Agriculture 
and Rural Affairs ; State Administration for Market Regulation, Key 
Laboratory of Dairy Quality Digital Intelligence Monitoring Technology

 

Page 1 of 32 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/1
9/

20
26

 4
:0

9:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5FO05394C

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


Comparative evaluation of the short-chain fatty acids formate, 

propionate, and valerate on intestinal barrier maturation and bone 

development in neonatal mice

Xue Yang a,b,c,†, Xinke Lia,b,c,,†, Xuan Zhang a,b,c, Lu Meng a,b,c, Jiaqi Wang a,b,c, Nan Zheng a,b,c, *

a. Laboratory of Quality Safety Control for Milk and Dairy Products of Ministry of Agriculture and 

Rural Affairs, Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijing 

100193, China

b. Laboratory of Quality and Safety Risk Assessment for Dairy Products of Ministry of Agriculture 

and Rural Affairs (Beijing), Institute of Animal Sciences, Chinese Academy of Agricultural 

Sciences, Beijing 100193, China 

c. Key Laboratory of Dairy Quality Digital Intelligence Monitoring Technology, State 

Administration for Market Regulation, Shanghai 201114, China

† These authors contributed equally to this work.

*Corresponding author

E-mail: zhengnan@caas.cn; 

Page 2 of 32Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/1
9/

20
26

 4
:0

9:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5FO05394C

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


1 Abstract：

2 Short-chain fatty acids (SCFAs) are key microbial metabolites that support 

3 intestinal and skeletal development, yet their coordinated effects during early life 

4 remain poorly defined. In this study, neonatal mice were administered SCFAs for 28 

5 days to evaluate their impacts on growth, intestinal barrier integrity, immune 

6 modulation, bone development, and gut microbiota composition. Valerate 

7 supplementation significantly increased body weight and intestinal length. It enhanced 

8 villus structure, crypt depth, and goblet cell number, alongside upregulation of tight 

9 junction and mucin genes, indicating improved barrier function. Valerate and 

10 propionate also promoted the expression of interleukin-4 (IL-4) and interleukin-10 (IL-

11 10), and reduced pro-inflammatory cytokines, suggesting an immunomodulatory shift. 

12 In the skeletal system, valerate improved microarchitecture, increased bone mineral 

13 density (BMD), and upregulated osteogenic genes runt-related transcription factor 2 

14 (Runx2), fibroblast growth factor receptor 1 (FGFR1), and growth hormone receptor 

15 (GHR). Microbiota profiling showed enrichment of several genera (e.g., Fructobacillus, 

16 Pantoea, and Ralstonia) that correlated with intestinal and bone parameters. 

17 Collectively, these data indicate that valerate supplementation is associated with 

18 concurrent improvements in neonatal intestinal and skeletal outcomes, accompanied by 

19 shifts in microbiota and changes related to the barrier and immune systems; however, 

20 causal links among these intermediate steps remain to be established.

21 Keywords: Short-chain fatty acids；Intestinal barrier；Bone development；Valerate；

22 Gut microbiota, gut-bone axis
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23 Introduction

24 The gut microbiota is essential for maintaining host health, influencing not only 

25 intestinal functions but also immune modulation and skeletal metabolism 1-3. Among 

26 its key metabolites, short-chain fatty acids (SCFAs), primarily generated through 

27 microbial fermentation of dietary fibers, emerged as central mediators of gut-organ 

28 communication 4, 5. SCFAs play a fundamental role in preserving gut health by 

29 strengthening epithelial barrier integrity, regulating immune signaling, and sustaining 

30 microbial homeostasis 4, 6. Moreover, accumulating evidence shows that SCFAs 

31 support bone development by modulating bone metabolism and mineral balance 7, 8.

32 The neonatal period represents a critical window for gut and skeletal development 

33 9, 10. Maturation of the intestinal barrier and rapid bone mineralization are essential for 

34 ensuring healthy growth. While the gut facilitates nutrient uptake and contributes to 

35 immune defense, the skeleton provides structural support and regulates calcium-

36 phosphorus balance 11, 12. Proper development of both systems during early life has 

37 lasting impacts on health, underscoring the importance of investigating their interplay 

38 to inform early-life nutritional strategies and disease prevention.

39 An expanding body of evidence highlights the critical contribution of SCFAs to 

40 early-life intestinal maturation and immune homeostasis. They enhance barrier function 

41 by upregulating tight junction proteins (Claudin-1, Occludin, ZO-1) and stimulating 

42 mucin (e.g., MUC2) secretion from goblet cells 13. Additionally, SCFAs exert 

43 immunomodulatory effects by suppressing inflammatory pathways like NF-κB and 

44 inducing anti-inflammatory cytokines such as IL-10, primarily through G protein-
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45 coupled receptor (GPCR) activation and histone deacetylase (HDAC) inhibition 14, 15. 

46 Consistently, inhibition of the TRAF6–NF-κB axis has been linked to improved 

47 intestinal inflammatory outcomes in colitis models16. During early life, SCFAs also act 

48 as signaling molecules mediating host–microbe–milk crosstalk, facilitating epithelial 

49 maturation and microbiota stabilization 17. However, the specific functions of SCFAs 

50 in neonatal intestinal development remain incompletely understood.

51 Recent studies also suggest that SCFAs regulate bone development by enhancing 

52 osteogenic processes and suppressing osteoclast differentiation, thereby improving 

53 bone density and structure 7, 8. Butyrate and propionate have been shown to enhance 

54 bone formation via HDAC inhibition and Wnt signaling activation 8, and support 

55 calcium homeostasis by promoting intestinal calcium absorption and solubility (18. 

56 SCFAs also stimulate IGF-1 signaling and GPR41-mediated pathways that influence 

57 bone remodeling 19, 20. They also suppress osteoclastogenesis by downregulating 

58 TRAF6 and NFATc1 expression in precursor cell 7. However, most current evidence 

59 derives from adult or disease models, and little is known about how different SCFAs 

60 influence neonatal bone development affect bone development during the neonatal 

61 period.

62 Although acetate, propionate, and butyrate are typically regarded as the major 

63 SCFAs in adult gut ecosystems, early-life microbial metabolite profiles differ 

64 substantially. Longitudinal infant studies have shown that formate can be elevated 

65 during early infancy and is linked to Bifidobacteriales-dominant communities, whereas 

66 propionate and butyrate tend to increase later during microbiota maturation 21. In 
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67 addition, propionate is a well-characterized SCFA with systemic bioavailability and has 

68 been implicated in immune regulation and bone-related pathways (e.g., IGF-1-

69 associated mechanisms) 22. By contrast, valerate (C5) is less studied in early life but is 

70 increasingly recognized as a bioactive microbial metabolite; it can be generated via 

71 microbial cross-feeding and has been reported to support intestinal barrier function, and 

72 C3-C5 SCFAs (including propionate and valerate) show relatively high potency at 

73 SCFA receptors such as FFAR3/GPR4123. Collectively, these considerations motivated 

74 us to focus on formate (an early-life–relevant microbial organic acid), propionate (a 

75 canonical SCFA with established host signaling relevance), and valerate (an 

76 underexplored C5 SCFA with emerging gut-related bioactivity) to compare their effects 

77 on neonatal gut and bone development.

78 To fill this research gap, we investigated the effects of three SCFAs formate, 

79 propionate, and valerate, on gut and bone development in neonatal mice. We 

80 systematically assessed their impacts on body growth, intestinal barrier integrity, 

81 immune responses, bone morphology, and gut microbiota composition. Furthermore, 

82 we explored correlations between SCFA-induced microbial shifts and host phenotypes 

83 to uncover regulatory patterns within the early-life gut–bone axis.

84 Materials and methods 

85 Animals and housing

86 All experimental procedures involving animals were reviewed and approved by 

87 the Animal Ethics Committee of the Chinese Academy of Agricultural Sciences 

88 (Approval number: IAS2022-108), following ethical guidelines for animal treatment. 
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89 Newborn C57BL/6J mice were obtained from Cyagen (Gu'an) Biotechnology Co., Ltd. 

90 All mice were housed in an SPF (Specific Pathogen-Free) barrier system at the Suzhou 

91 Taicang Animal Experiment Platform under controlled conditions (12-hour light/dark 

92 cycle, 22 ± 2°C, and 50 ± 10% humidity), with standard laboratory chow and water 

93 provided ad libitum. Pups of both sexes were used; sex was not treated as an 

94 experimental factor because pups were randomly allocated prior to sex determination. 

95 Because litter size varied naturally and was not predetermined, pups were assigned to 

96 the seven experimental groups using a litter-stratified randomization approach: within 

97 each litter, pups were randomly allocated across groups as evenly as possible, and 

98 allocation across litters continued until the target sample size was reached. Ultimately, 

99 42 pups were included for analysis (n=6 per group), and each group contained offspring 

100 derived from multiple dams to minimize potential maternal/litter effects. Weaning 

101 occurred at postnatal day (PND) 18; thereafter, dams were removed, and pups remained 

102 in the same cage (no re-caging).

103 Study design and SCFA administration

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

105 groups. The experimental groups were as follows:

106 The experimental groups were as follows: 

107 Formic acid: 900 mg/kg body weight (BW) (SF-900), 1400 mg/kg BW (SF-1400)

108 Propionic acid: 2 mg/kg BW (SP-2), 200 mg/kg BW (SP-200)

109 Valeric acid: 5 mg/kg BW (SV-5), 20 mg/kg BW (SV-20)

110 The control group (CTL) received physiological saline. 
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111 The SCFAs were sodium formate (Aladdin, S104884-5g, 99.998%), sodium 

112 propionate (Sigma-Aldrich, P1880-100G, ≥99.0%), and sodium valerate (Aladdin, 

113 S194180-5g, ≥97%). Doses were determined based on SCFA concentrations measured 

114 in human milk, bovine milk, and infant formula (Table.S1A) and converted to mouse-

115 equivalent exposures using standard body surface area (BSA) scaling. Briefly, infant-

116 equivalent intake (mg/kg/day) was estimated from measured milk concentrations 

117 assuming a daily intake of 750 mL and an infant body weight of 6.5 kg, and then 

118 converted to a mouse-equivalent dose using a mouse-to-human BSA conversion factor 

119 of 9.1. Final experimental doses were selected to approximate the calculated mouse-

120 equivalent exposure range and were rounded to practical dosing levels (Table.S1B).

121 Animal treatment and sample collection

122 Gavage was administered daily for PND1 to PND28 days, covering both the 

123 neonatal period and part of the peri-weaning period, during which their body weight 

124 was monitored at 3-day intervals. Weaning occurred at PND18, and the pups remained 

125 in the same cage. The day before dissection, fresh stool samples were collected using a 

126 metabolic cage. Following carbon dioxide anesthesia, blood samples were collected by 

127 cardiac puncture, and serum was obtained by centrifugation (10,000 rpm, 6 min). After 

128 euthanasia by cervical dislocation, the major organs, intestines, femora, and tibiae were 

129 promptly harvested for subsequent biochemical and histological analyses. 

130 Measurement of body length and tail length.

131 Body length and tail length were measured using a digital caliper. Body length 

132 was defined as the distance from the tip of the nose to the base of the tail, and tail length 

Page 8 of 32Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/1
9/

20
26

 4
:0

9:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5FO05394C

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


133 was measured from the base of the tail to the tail tip. All measurements were taken to 

134 the nearest 0.01 mm.

135 Determination of organ index

136 The brain, heart, liver, kidneys, spleen, and thymus were harvested and rinsed 

137 three times with phosphate-buffered saline (PBS) to remove surface blood and 

138 impurities. Any surrounding adipose tissue was carefully dissected away. Each organ 

139 was then weighed, and the organ index was calculated using the following formula:

140 Organ Index (%) = (Organ Weight / Body Weight) × 100

141 Histological observation 

142 Intestinal samples were fixed in 4% paraformaldehyde, embedded in paraffin, and 

143 sliced into sections for microscopic examination. Tissue morphology was visualized 

144 using hematoxylin and eosin (H&E) staining. To assess the distribution of acidic mucus 

145 in the jejunum, Alcian Blue–Periodic Acid–Schiff (AB-PAS) staining was used, with 

146 acidic mucus appearing blue. Stained sections were scanned using a digital pathology 

147 scanner, and representative images were randomly selected. Morphometric analysis 

148 was conducted using ImageJ software: villus height and crypt depth were conducted 

149 manually, and goblet cells were counted in the stained regions. All measurements were 

150 averaged to ensure accuracy.

151 Micro-CT analysis and bone mineral density determination of femurs 

152 The left femurs were scanned using micro-computed tomography (micro-CT) to 

153 evaluate bone mineral density (BMD) and microstructure. Scanning was performed 

154 with a high-resolution micro-CT system (SkyScan 1275, Bruker) with a voxel size of 9 
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155 µm, 400 layers, 46 kV voltage, and 75 µA current. Three-dimensional reconstruction 

156 was conducted using NRECON software. Quantitative analysis was carried out using 

157 CTAN software.

158 FITC-dextran permeability assay

159 Each mouse was fasted overnight prior to gavage and then orally administered 0.2 

160 mL of 40-kDa fluorescein isothiocyanate–dextran (FITC-dextran, Sigma-Aldrich, 

161 Spain) at a dose of 200 mg/kg BW. Mice were kept for 3 h before euthanasia. Blood 

162 samples were collected, and serum fluorescence intensity was measured using an 

163 Infinite M200 multimode microplate reader. The entire gastrointestinal tract was 

164 excised and imaged ex vivo using the Invivosmart LF imaging system (VLEWORKS, 

165 USA).

166 Determination of serum inflammatory cytokines and metabolic markers.

167 Serum levels of lipopolysaccharide (LPS), D-lactic acid, C-terminal peptide of 

168 type I collagen (CTX-1), N-terminal peptide of type I collagen (PINP), interleukin-4 

169 (IL-4), interleukin-10 (IL-10), interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor 

170 necrosis factor-α (TNF-α) were quantified using commercially available ELISA kits 

171 (Beijing Xinso Biotechnology Co., Ltd.).

172 Real-time quantitative (RT)-PCR analysis

173 Total RNA was isolated from tissue with the Tissue RNA Extraction Kit 2.0 Plus, 

174 using the VNP-96P automated nucleic acid extraction system (Vazyme, China), in 

175 accordance with the manufacturer’s protocol. High-purity RNA was obtained through 

176 lysis, isolation, and washing. cDNA synthesis was performed in a 10 μL reaction 
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177 volume using a commercial reverse transcription kit. RT-qPCR was conducted on a 

178 QuantStudio 3 PCR system (Thermo Fisher Scientific) with gene-specific primers 

179 (Table S2). PCR conditions were optimized based on the kit’s instructions. The 

180 2^−ΔΔCt algorithm was applied to determine relative transcript levels with the 

181 corresponding CTL group as the calibrator. All reactions were performed in triplicate 

182 for technical replication, with six biological replicates per group to ensure data 

183 reliability.

184 16S rDNA amplicon sequencing of fecal microbiota

185 Fecal DNA was extracted and sequenced by Guangzhou Base Biotechnology Co., 

186 Ltd. The V3–V4 region of the bacterial 16S rRNA gene was amplified using primer 

187 341F (5′- CCTACGGGNGGCWGCAG -3′) and 806R (5′-

188 GGACTACHVGGGTWTCTAAT-3′), and PCR products were verified by agarose gel 

189 electrophoresis. Amplicons were pooled and sequenced on the Illumina MiSeq platform 

190 (Illumina, San Diego, CA, USA). Raw paired-end reads were quality-filtered using 

191 fastp (v0.18.0) (removing reads with adapter contamination, ≥10% ambiguous bases, 

192 or >50% bases with Q ≤ 20) and merged using FLASH (v42) (minimum overlap 10 bp, 

193 maximum mismatch rate 2%). Clean tags were obtained by additional stringent filtering 

194 (truncation at three consecutive low-quality bases, Q ≤ 3, and removal of reads retaining 

195 <75% of the original length). OTUs were clustered at 97% similarity using UPARSE 

196 in USEARCH (v11.0.667), with the most abundant sequence as the representative 

197 sequence, and chimeras were removed using UCHIME. Taxonomy was assigned using 

198 the RDP classifier (v2.2) against SILVA (v138.1) (confidence threshold 80%). The 
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199 OTU table was rarefied to the minimum sequencing depth across samples (50,000 

200 reads/sample) prior to downstream analyses. Diversity and community composition 

201 analyses were conducted in QIIME2 (via Omicsmart, http://www.omicsmart.com).

202 Statistical analysis 

203 The results are expressed as mean ± SD. For longitudinal body-weight 

204 measurements, differences over time were analyzed by two-way repeated-measures 

205 ANOVA (treatment × time) with Geisser-Greenhouse correction, followed by 

206 Dunnett’s multiple comparisons test versus the control group at each time point. For 

207 non-microbiota variables involving comparisons among more than two groups, one-

208 way ANOVA followed by Tukey’s multiple-comparisons post hoc test was used for 

209 normally distributed data. For gut microbiota data, the Wilcoxon test was applied to 

210 compare groups. Statistical significance was defined as *p<0.05, **p<0.01, 

211 ***p<0.001, and ****p<0.0001.

212 Results

213 SCFAs promote neonatal body growth and intestinal elongation

214 As illustrated in Fig. 1A, neonatal mice were supplemented with SCFAs, resulting 

215 in enhanced postnatal growth. Longitudinal body-weight analysis (two-way repeated-

216 measures ANOVA, treatment × time) indicated a significant treatment effect over time, 

217 with group differences emerging from day 12 onward (Fig. 1B, Table S3). At the 

218 endpoint (day 30), body weight was higher in the SP-2, SP-300, SV-5, and SV-20 

219 groups compared with CTL (Fig. 1B). Body length was also significantly increased in 

220 the SP-2, SV-5, and SV-20 groups (Fig. 1C), whereas tail length remained unchanged 
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221 (Fig. 1D). A notable elongation of the intestine was observed following valeric acid 

222 treatment (SV-5, SV-20) (Fig. 1E). Organ index analysis revealed a decreasing trend in 

223 spleen index in the SF-1400 group and an increase in the SV-20 group, while indices 

224 of other organs remained unchanged (Fig. S1A-F).

225
226 Fig. 1 Effects of SCFAs on neonatal mice body growth and intestinal elongation. (A) 
227 Experimental design and groups. (B) Changes in body weight from day 0 to day 30 
228 (two-way repeated-measures ANOVA with Geisser-Greenhouse correction; Dunnett’s 
229 multiple comparisons vs CTL; significance annotated at day 30). (C) Body length. (D) 
230 Tail length. (E) Intestinal length of the mice. with significance levels labeled: *p<0.05, 
231 **p<0.01, ***p<0.001 (n = 6)

232 SCFAs enhance intestinal function and barrier integrity
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233 Effect on intestinal motility and permeability

234 Intestinal permeability and motility were evaluated using the FITC-dextran assay. 

235 SCFA-treated mice showed significantly improved intestinal motility, as evidenced by 

236 an increased propulsion rate of the fluorescent tracer (Fig. 2A). Serum fluorescence 

237 levels were notably reduced in the SV-5 and SV-20 groups (Fig. 2B), indicating 

238 enhanced intestinal barrier function. Additionally, serum levels of LPS and D-lactic 

239 acid were reduced in the SV-20 mice (Fig. 2C-D), reinforcing the role of valeric acid 

240 in enhancing intestinal barrier integrity.

241  
242 Fig. 2 Effects of SCFAs on intestinal development in neonatal mice. (A)Representative 
243 images of intestinal in vitro imaging. (B) The content of FD4 in serum. (C-D) The level 
244 of LPS and D-lactic acid in serum. Data were expressed as mean ± standard deviation 
245 (mean ± SD), and differences between groups were assessed by One-way ANOVA 
246 followed by Tukey's multiple-comparisons test: *p<0.05, **p<0.01, ***p<0.001, 
247 ****p<0.0001 (n = 6).

248 Effects on barrier-related gene expression and histology

249 To further assess barrier integrity, the expression levels of key barrier-related 
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250 genes Claudin-1, Occludin, MUC1, MUC2, and ZO-1 were measured in both the 

251 jejunum and colon. In the jejunum, Claudin-1 and Occludin expression were 

252 significantly upregulated in the SP-200 and SV-20 groups (Fig.3A-B). Mucin 1 and 

253 Mucin 2 levels were elevated following valeric acid treatment (SV-5 and SV-20) 

254 (Fig.3C-D). ZO-1 expression was significantly increased in SP-200, SV-5, and SV-20 

255 groups (Fig. 3E). Similarly, in the colon, these barrier-related genes were markedly 

256 upregulated in response to valeric acid treatment (Fig. 3F-G), suggesting that valeric 

257 acid may enhance intestinal barrier integrity through modulation of tight junction and 

258 mucin-related gene expression.

259
260 Fig. 3 Effects of SCFAs on the intestinal barrier-related gene expression in neonatal 
261 mice. (A-E) Relative expression of Claudin, Occludin, Mucin 1, Mucin 2, and ZO-1 in 
262 the jejunum. (F-J) Relative expression of Claudin, Occludin, Mucin 1, Mucin 2, and 
263 ZO-1 in the colon. Data were expressed as mean ± standard deviation (mean ± SD), and 
264 differences between groups were assessed by One-way ANOVA followed by Tukey's 
265 multiple-comparisons test: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (n = 6).

266 Histological analysis showed well-preserved epithelial morphology across all 

267 SCFA-treated groups. HE staining revealed intact epithelial structures (Fig. 4A), while 

268 AB-PAS staining showed expanded mucus coverage and more goblet cells in the colon 
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269 of the SV-20. Quantitative analysis confirmed significantly elongated villi, deeper 

270 crypts, and a higher villus-to-crypt ratio in the SV-20 group in the jejunum (Fig. 4B-

271 C). Additionally, a notable increase in goblet cells was observed both villi and crypts 

272 of the colon (Fig. 4D-E), suggesting enhanced secretory capacity and epithelial renewal.

273
274 Fig. 4 The effects of SCFAs on intestinal morphology. (A) Representative HE staining 
275 and AB-PAS staining images of the jejunum and colon. (B) Villus length measured in 
276 the jejunum. (C) Crypt depth measured in the jejunum. (D) Number of goblet cells in 
277 each villus of the colon. (E) Number of goblet cells in each crypt of the colon. Data 
278 were expressed as mean ± standard deviation (mean ± SD), and differences between 
279 groups were assessed by One-way ANOVA followed by Tukey's multiple-comparisons 
280 test: *p<0.05, **p<0.01, ****p<0.0001 (n = 6).

281 SCFAs modulate immune responses in neonatal mice

282 To assess the immunomodulatory effects of SCFAs, serum cytokines were 
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283 measured. Propionic acid and valeric acid treatments significantly elevated the levels 

284 of the anti-inflammatory cytokines IL-4 and IL-10 (Fig 5A-B). In contrast, valeric acid 

285 markedly reduced concentrations of the pro-inflammatory mediators IL-6 and TNF-α 

286 (Fig. 5C-D). IL-1β levels showed a non-significant downward trend across all groups 

287 (Fig. 5E).

288
289 Fig. 5 Effects of SCFAs on serum inflammatory factors in neonatal mice. (A-E) Serum 
290 levels of IL-4, IL-10, IL-6, TNF-α, and IL-1 in each group of neonatal mice. Data were 
291 expressed as mean ± standard deviation (mean±SD), and differences between groups 
292 were assessed by One-way ANOVA followed by Tukey's multiple-comparisons test: 
293 *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (n = 6).

294 SCFAs influence gut microbiota composition

295 To determine whether SCFA supplementation reshapes the neonatal gut 

296 microbiota, we performed 16S rRNA sequencing across the control and the formate-, 
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297 propionate-, and valerate-treated mice (Fig. 6; Fig. S3–S4). Microbiota profiles for the 

298 valerate groups are shown in Fig. 6, while equivalent analyses for the formate and 

299 propionate groups are provided in Fig. S3-S4. Analysis of α-diversity indices revealed 

300 no significant differences between the treatment and control groups (Fig. 6A-E). 

301 However, PLS-DA analysis demonstrated clear separation of microbial clusters, 

302 indicating distinct microbial profiles between the groups (Fig. 6F). Firmicutes and 

303 Bacteroidetes predominated the microbial community at the phylum level (Fig. 6G). At 

304 the genus level, specific taxa were enriched in the SV-20 group, including Lactobacillus, 

305 Alistipes, and Lachnospiraceae_NK4A136_group (Fig. 6H). Furthermore, LEfSe 

306 analysis revealed bacterial taxa with significant differences between the treatment 

307 groups, with an LDA score > 2.5 (Fig. 6I). In the SV-20 group, Cyanobacteria, 

308 Lactobacillaceae, and Fructobacillus, while in the SV-5 group, Aerococcaceae, 

309 Aerococcus, and Parabacteroides. Subsequent Wilcoxon analysis revealed a marked 

310 enrichment of several genera, including Aerococcus, Fructobacillus, Proteus, Ralstonia, 

311 Vibrio, Pantoea, and Photobacterium in the SV-20 group relative to controls (Fig.S2). 

312 KEGG-based functional prediction suggested treatment-associated shifts in the 

313 predicted microbial functional profile (Fig. S5). several pathways showed distinct 

314 patterns across CTL, SV-5, and SV-20. These included predicted gene sets related to 

315 SCFA-associated carbon metabolism (e.g., pyruvate and butanoate/propanoate 

316 metabolism), bile acid–related pathways, and cell envelope components (e.g., 

317 lipopolysaccharide and peptidoglycan biosynthesis), as well as energy/redox-associated 

318 pathways (e.g., lipoic acid metabolism and fatty acid degradation). These predicted 
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319 patterns may be relevant to the improved barrier integrity and reduced circulating LPS 

320 observed in valerate-treated neonatal mice.

321
322 Fig 6. Effect of valerate on intestinal microbiota in neonatal mice (n=6). (A-D) Alpha-
323 diversity of gut microbes (ACE, Chao1, Shannon, Simpson, Sob). (E) Beta-diversity of 
324 gut microbes (PLS-DA analysis). (F) Circos diagram of microbial composition at the 
325 phylum level. (G) Genus horizontal species composition stack diagram. (H-I) LEfSe 
326 analysis of intestinal bacteria in neonatal mice (LDA score and cladogram). 

327 SCFAs promote bone development 

328 To assess the impact of SCFAs supplementation on skeletal development, femur 

329 length was measured. No significant intergroup differences were detected (Fig. 7A-B). 

330 Representative femoral micro-CT reconstructions are presented in Fig. 7C. Notably, 

331 valeric acid treatment significantly increased bone volume to total volume ratio 

332 (BV/TV), BMD, trabecular number (Tb.N), and trabecular thickness (Tb.Th) (Fig. 7D-
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333 G). Conversely, the structure model index (SMI) was significantly reduced in both SV-

334 5 and SV-20 groups compared to the CTL group (Fig. 7H), indicating improved 

335 trabecular structure. However, no significant changes in trabecular separation (Tb.Sp) 

336 were observed across all groups (Fig. 7I). 

337
338 Fig. 7 Effects of SCFAs on skeletal development in neonatal mice. (A-B) The length of 
339 the left femur and the right femur. (C) Representative Microscopic imaging (micro-
340 CT). (D) bone volume/total volume. (E) bone mineral density. (F) trabecular number. 
341 (G) Trabecular thickness. (H) Structure model index. (I) Trabecular separation. Data 
342 were expressed as mean ± standard deviation (mean ± SD), and differences between 
343 groups were assessed by One-way ANOVA followed by Tukey's multiple-comparisons 
344 test: *p<0.05, **p<0.01, ***p<0.001 (n = 6).

345 SCFAs modulate bone metabolism

346 To further investigate the effect of SCFAs on bone metabolism, serum markers of 
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347 bone turnover, including CTX, PINP, and the CTX/PINP ratio, were quantified using 

348 ELISA. PINP levels were significantly elevated in the SV-5 and SV-20 groups (Fig. 

349 8A). In contrast, serum CTX levels and the CTX/PINP ratio remained stable across all 

350 groups (Fig. 8B-C), suggesting that valeric acid minimally influences bone resorption 

351 while preferentially promoting bone anabolism.

352 To explore the effect of SCFAs on osteogenesis-related genes, expression levels 

353 in the femur were examined. Runx2, a master regulator of osteoblast differentiation, 

354 was significantly upregulated in both SV-5 and SV-20 groups compared to the CTL 

355 group (Fig. 8D). Similarly, FGFR1 expression, essential for osteoprogenitor 

356 proliferation and differentiation, was markedly increased in valeric acid-treated groups 

357 (Fig. 8E). Additionally, growth hormone receptor (GHR) expression was significantly 

358 enhanced in the SV-20 group (Fig. 8F).
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359
360 Fig. 8 Effects of SCFAs on expression of bone transformation markers and osteogenic 
361 genes in neonatal mice. (A-C) Serum CTX, PINP and CTX-I/PINP contents. (D-F) 
362 Relative expression levels of Runx2, FGFR1, and GHR in the femur. Data were 
363 expressed as mean ± standard deviation (mean ± SD), and differences between groups 
364 were assessed by One-way ANOVA followed by Tukey's multiple-comparisons test: 
365 *p<0.05, **p<0.01 (n = 6).

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

368 Given that valeric acid produced the most pronounced improvements in intestinal 

369 barrier function and skeletal outcomes among the tested SCFAs, downstream 

370 microbiota–host association analyses were performed focusing on the CTL, SV-5, and 

371 SV-20 groups, for which matched microbiome sequencing data and corresponding 

372 intestinal/bone phenotypes were available (Fig. 9). To investigate potential links 

373 between gut microbial taxa and host readouts, we examined correlations among 

374 bacterial composition, intestinal function markers, and bone parameters within these 
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375 groups. The Mantel test identified significant positive correlations between the 

376 abundances of Fructobacillus, Pantoea, and Ralstonia and barrier-related genes in the 

377 colon and jejunum (Fig. 9A). Correlation analysis further revealed that the expression 

378 of barrier-related genes, goblet cell numbers, and intestinal length were positively 

379 correlated with bone development indices, while IL-1β and D-lactate levels were 

380 negatively correlated with these bone indices (Fig. 9B). Canonical correspondence 

381 analysis showed clear separation of microbial community structures among the CTL, 

382 SV-5, and SV-20 groups, indicating that microbial composition varied with treatment 

383 dosage. Ralstonia, Fructobacillus, Pantoea, and Photobacterium exhibited strong 

384 associations with bone-related variables (Fig.9C). Together, these analyses indicate that 

385 specific bacterial taxa and community patterns are associated with intestinal barrier-

386 related readouts and bone parameters in in the control and valerate-treated neonatal 

387 mice.
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388
389 Fig. 9 Relationships between the abundances of intestinal microbial taxa and intestinal 
390 characteristics, bone indices of the mice (n=6). (A) Mantel’s test correlations between 
391 the abundances of intestinal microbial taxa and the expression of genes related to 
392 intestinal barrier function. (B) Heatmap of the Pearson correlations of the abundances 
393 of intestinal indices and bone indices. (C) Distance-based redundancy analysis triplot 
394 showing the relationships of the abundances of intestinal microbial taxa and the bone 
395 indices.

396 Discussion

397 Intestinal and skeletal development during the neonatal period are tightly 

398 interlinked, laying the foundation for growth, nutrient utilization, and immune balance 

399 throughout life24, 25. During early life, milk is the primary dietary input, and its 

400 composition varies across lactation and between sources, which may influence 

401 microbial colonization and metabolite production26, 27. In this context, the gut 

402 microbiota and its metabolic products, particularly SCFAs, are increasingly recognized 

403 as key coordinators of gut–bone communication. In this study, we investigated the 

404 effects of three SCFAs, formate, propionate, and valerateon intestinal and skeletal 
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405 development in neonatal mice. Our results demonstrate that SCFA supplementation, 

406 especially valerate, promotes body growth, enhances intestinal structure and barrier 

407 integrity, regulates immune responses, reshapes gut microbial composition, and 

408 supports bone formation.

409 Among the three SCFAs tested, valerate (SV-5, SV-20) and propionate (SP-2) 

410 were associated with greater increases in body weight in neonatal mice, consistent with 

411 previous findings in piglet models 28. This growth-promoting effect is likely driven by 

412 enhanced intestinal function. Histological and morphometric analyses showed that 

413 SCFA treatment, particularly with valerate, significantly increased villus height, crypt 

414 depth, and goblet cell numbers-hallmarks of improved absorptive and secretory 

415 capacity. These structural changes not only expand the intestinal surface area for 

416 nutrient uptake but also strengthen mucosal protection through increased mucus 

417 secretion29, 30. Our observations align with earlier reports that SCFAs promote mucosal 

418 development and epithelial maturation in the gut 29-31

419 During early life, the immature intestinal barrier predisposes neonates to increased 

420 permeability and microbial translocation 32. In our study, SCFA supplementation, 

421 particularly valerate, significantly improved barrier integrity, as evidenced by reduced 

422 FITC-dextran permeability and decreased serum levels of D-lactate and LPS. Valerate 

423 increased the expression of tight junction genes (Claudin-1, ZO-1) and mucin-related 

424 genes (MUC1, MUC2), and increased goblet cell differentiation. These changes are 

425 believed to enhance epithelial defense and mucosal stability 33. Nevertheless, the 

426 upstream signaling pathways underlying these effects remain to be elucidated and 
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427 warrant further investigation.

428 In addition to enhancing the barrier function, SCFAs modulated mucosal immune 

429 responses. Valerate treatment significantly increased anti-inflammatory cytokines (IL-

430 4, IL-10) while suppressing pro-inflammatory mediators (IL-6, TNF-α), suggesting a 

431 shift toward an anti-inflammatory immune state. This immune shift facilitates mucosal 

432 tolerance and safeguards intestinal development during early life 34-36. These findings 

433 support previous evidence that SCFAs contribute to immune regulation and highlight 

434 their role in coordinating epithelial and immune maturation during early life31, 37.

435 Importantly, valerate also exhibited anabolic effects on skeletal development. 

436 Micro-CT analysis showed significant increases in BV/TV, BMD, and Tb.Th in the 

437 SV-5 and SV-20 groups. These structural improvements were accompanied by elevated 

438 serum PINP levels and upregulated expression of osteogenic markers such as Runx2, 

439 FGFR1, and GHR, while bone resorption markers remained unchanged. These findings 

440 suggest that valerate promotes bone formation primarily by enhancing osteoblast 

441 activity. The anabolic effect may be partially mediated by improved intestinal calcium 

442 absorption and the activation of systemic IGF-1 signaling, mechanisms previously 

443 reported for other SCFAs19, 38. 

444 Emerging evidence suggests that these physiological effects may be partially 

445 mediated by shifts in gut microbial composition 39-41. In our study, valerate 

446 supplementation reshaped microbiota profiles, particularly enriching genera such as 

447 Fructobacillus, Pantoea, and Ralstonia in the SV-20 group. These taxa are known to 

448 promote gut health through SCFA production, mucosal support, and immune 
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449 modulation. Fructobacillus are obligate heterofermentative lactic acid bacteria that 

450 metabolize carbohydrates to produce SCFAs such as acetate and propionate, 

451 contributing to intestinal pH regulation and mucosal stability 42. Pantoea has been 

452 associated with suppression of pathogenic microbes and maintenance of microbial 

453 homeostasis, likely through antimicrobial metabolite production and ecological 

454 competition 43-45, However, Ralstonia are recognized as plant pathogens, and their role 

455 in mammalian gut ecosystems remains unclear and warrants further investigation 46, 47. 

456 Current evidence does not definitively support their roles in SCFA production or 

457 immune modulation; however, their enrichment may reflect either a microbial 

458 adaptation to valerate or host-mediated selection. These compositional changes suggest 

459 that SCFAs, particularly valerate, may shape microbial communities in ways that favor 

460 intestinal and immune development, although further mechanistic studies are needed to 

461 validate the functions of less-characterized taxa.

462 Correlation analysis further confirmed strong associations between specific 

463 bacterial taxa and both intestinal and skeletal parameters. Mantel test revealed that 

464 Fructobacillus, Pantoea, and Ralstonia were positively correlated with intestinal barrier 

465 markers (e.g., ZO-1, MUC2), villus morphology, and bone indices such as BMD and 

466 trabecular number. These findings support the gut–bone axis model, suggesting that 

467 SCFA-induced microbial reshaping-particularly under valerate treatment—may 

468 mediate systemic developmental benefits. This aligns with prior reports that SCFAs 

469 promote beneficial microbes contributing to immune and metabolic homeostasis30, 39.

470 Overall, our data show that SCFAs supplementation, especially valerate, is 
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471 associated with concurrent improvements in intestinal and skeletal outcomes in 

472 neonatal mice. These phenotypic changes occurred alongside increased barrier-related 

473 transcripts and morphology, shifts in mucosal immune-related readouts, and alterations 

474 in gut microbial community composition. However, the proposed gut–microbiota–

475 barrier–bone framework in this study is primarily supported by association analyses, 

476 and the causal relationships among intermediate steps (e.g., specific microbial 

477 metabolites, host signaling pathways, and barrier components at the protein level) 

478 remain to be determined. Our findings broaden the current understanding of SCFA 

479 biology in early life and support further investigation of microbiota-informed 

480 nutritional strategies to promote neonatal gut and bone health.

481 Limitations

482 Several limitations should be acknowledged. First, while SCFA supplementation 

483 produced clear phenotypic changes, the proposed gut microbiota–barrier–bone 

484 framework is supported mainly by associative analyses; key mechanistic intermediates 

485 were not directly assessed in the current study. Second, 16S rRNA profiling limits 

486 functional interpretation, and the observed taxa associations do not establish causal 

487 contributions of individual genera. Third, these findings were obtained in neonatal mice 

488 under controlled conditions, and their generalizability to other developmental windows 

489 and to humans remains to be determined. Future studies using targeted metabolite 

490 quantification and causal designs will be valuable to validate the proposed framework.
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