Current Microbiology (2025) 82:282
https://doi.org/10.1007/500284-025-04246-6

=

Check for
updates

Co-variation of Host Gene Expression and Gut Microbiome
in Intestine-Specific Spp1 Conditional Knockout Mice

Na Li' - Guangqi Gao' - Tao Zhang' - Chunyan Zhao' - Yue Zhao' - Yong Zhang? - Zhihong Sun'

Received: 6 November 2024 / Accepted: 14 April 2025
© The Author(s) 2025

Abstract

Osteopontin, which is a highly phosphorylated and glycosylated acidic secreted protein encoded by the secreted phosphopro-
tein 1 (Spp1l) gene, plays a crucial role in immune regulation, inflammatory responses, and cell adhesion. However, its impact
on intestinal gene expression and gut microbiota remains underexplored. In this study, we developed an Spp1 conditional
knockout mouse model to investigate alterations in the intestinal transcriptome and microbiome, with particular emphasis
on changes in gene expression and predicted metabolic pathways. Our findings demonstrated that Spp1 gene conditional
knockout significantly modified the expression of genes involved in immune regulation and lipid metabolism. Moreover,
metagenomic analysis revealed marked shifts in gut microbial diversity and predicted the metabolic pathways associated with
digestion, absorption, and lipid metabolism. These results suggest that Spp1 is instrumental in maintaining gut microbial
equilibrium and in regulating host lipid metabolism and immune responses. This study offers new insights into the role of

Spp1 in host—microbiota interactions and the potential foundations for developing related therapeutic strategies.

Introduction

Osteopontin (OPN), a highly phosphorylated and
glycosylated acidic secretory protein, encompasses an Arg-
Gly-Asp (RGD) integrin-binding sequence, a concealed
integrin-binding domain, and a CD44 binding site [1].
Initially identified in osteoblasts, OPN results from the
expression of the secreted phosphoprotein 1 (Spp1) gene [2]
Its expression extends to osteocytes, epithelial cells, neurons,
lymphocytes, and macrophages and is widely distributed in
tissues, including the bone, brain, kidney, and intestine [3].
OPN has vital functions in mammalian organisms, including
bone formation, immune regulation, cell migration,
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inflammatory responses, tissue repair, and modulation
of cellular functions [4, 5]. There are two primary forms
of OPN: secreted osteopontin (SOPN) and intracellular
osteopontin (iOPN). In intestinal tissues, various cell
types, such as intestinal epithelial cells and activated T
lymphocytes, secrete sOPN, which primarily facilitates
cell adhesion, migration, and immune regulation [1]" In
contrast, iIOPN is retained within cells such as macrophages
and dendritic cells, where it contributes to intracellular
signaling, immune responses, and cell regulation without
being secreted extracellularly [6, 7]. Studies have
demonstrated that OPN modulates intestinal immune cell
activity and cytokine secretion, thereby maintaining the
immune equilibrium and responses in the gut. Additionally,
OPN influences gut microbiota composition and function,
as well as its metabolites, mitigating intestinal inflammation
and safeguarding the gut against injury [8—10]. Thus, OPN
not only plays a pivotal role in immune system regulation
and gut health maintenance but may also perform more
intricate biological functions through its interactions with
the gut microbiota. Recent investigations have suggested that
OPN could be instrumental in modulating the composition
and functionality of the gut microbiota, potentially through
mechanisms that directly affect microbial populations or
indirectly influence the microbiome by altering the intestinal
microenvironment and immune responses [11].
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This study used an intestine-specific Spp1 conditional
knockout mouse model to investigate how OPN deficiency
affects gut gene expression and microbiota composition. The
primary objective of this study was to elucidate the impact
of OPN deficiency on gene expression and the gut micro-
ecosystem and to analyze the potential correlation between
these two factors. This research not only contributes to the
understanding of the biological function of OPN within the
gut, but also illuminates the intricate interactions between
the gut microbiota and host gene regulation, providing novel
insights and theoretical foundations for future research into
the mechanisms underlying intestinal diseases.

Materials and Methods
Experimental Animals

This study utilized specific pathogen-free (SPF) C57BL/6
mice with intestine-specific conditional knockout of the
Sppl gene (Spp1lfiox/iox. Vill=erely “ Ap apnimal model was
established by crossing male Spp 111X mice with female
Spp1flox/iox; Vill=crel ice Tn the Spp1io¥iox] genotype, LoxP
sites flank the Spp1 gene, whereas the Spp1Vill=Crel geno-
type expresses Cre recombinase specifically in the intestinal
epithelium. Offspring were genotyped, and those exhibit-
ing intestine-specific OPN deficient were designated as the
CKO (conditional knockout) group (n= 3), whereas their
wild-type littermates served as the wild-type (WT) control
group (n= 3). All animals were housed in an SPF-grade
facility under controlled environmental conditions: a 12 h/12
h light—dark cycle, a temperature of 22 +2 °C, and a humid-
ity of 50 +10%. Food and water were provided ad libitum
throughout the study. The mice were monitored daily and
euthanized at the end of the study period at 2 months of age.
Colonic content and tissues were collected for metagenomic
and transcriptomic sequencing, and additional colon samples
were collected for histopathological analysis. This study was
performed in strict compliance with the GB/T35823-2018
guidelines for animal research and strictly adhered to ethical
standards. This study was approved by the Animal Welfare
and Ethics Committee of Beijing Huafukang Bioscience Co.,
Ltd. (approval number: HFK-AP-20230523).

Mouse Genotyping

Genomic DNA was extracted from mouse tail tissue
using an EasyPure® Genomic DNA Kit with RNase A
(TransGen Biotech, Beijing, China). Two primer sets were
used for polymerase chain reaction (PCR) amplification:
set 1 (F1:5'-GTAGAGCGTCATTGCAGTTTCAT-3'and
R1:5-TTATTGTAGTTGAGCACCCATGTTC-3") and set
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2 (Vill-cre-F:5'-CCATAGGAAGCCAGTTTCCCTTC-
3'and Vill-cre-R:5'-TTCCAGGTATGCTCAGAAAACGC-
3"). The presence of target bands at 207 bp for primer set
1 and 304 bp for primer set 2 in PCR products indicated
homozygous knockout status for Spp1iox/iox.Vill=crel

Histological Analysis

Mouse colon tissues were fixed in paraformaldehyde,
embedded in paraffin, and sectioned. Subsequently, Alcian
Blue-Periodic Acid-Schiff (AB-PAS) staining was per-
formed on the tissue sections (n =3). Mucin and polysac-
charide distributions were observed using a 3DHISTECH
P250 FLASH panoramic scanner (3DHISTECH, Hungary).

Transcriptomic Analysis

Colon tissue samples weighing 100 mg were collected from
WT and CKO mice (n= 3), immediately flash-frozen in
liquid nitrogen, and stored at —80°C for subsequent RNA-
seq analysis. Total RNA was extracted using an Agilent
2100 Bioanalyzer RNA 6000 Nano Kit (catalog number
5067-1511, Agilent Technologies, USA). Following quality
control, paired-end sequencing (PE150) was performed on
an [llumina Novaseq X Plus platform using the Mus mus-
culus genome (GRCm39) for gene annotation [12]. Differ-
ential gene expression analysis was performed using DESeq
(v1.38.3), with a threshold for differentially expressed genes
set at [log, Fold Changel> 1 and p < 0.05.

Gene Ontology (GO) enrichment analysis was carried
out using topGO (v2.50.0). The hypergeometric distribution
method was applied to calculate p-values, with significant
enrichment defined as p < 0.05, to identify the significantly
enriched GO terms and determine the primary biological
functions of the differentially expressed genes. To inves-
tigate pathway-level changes, the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis
was conducted using clusterProfiler (v4.6.0), with pathways
considered to be significantly enriched at p < 0.05. Gene
Set Enrichment Analysis (GSEA, v4.1.0) was employed to
further explore relevant gene sets.

Metagenomic Sequencing

At the end of the experiment, approximately 100 mg
of colon fecal samples from each mouse were used
for metagenomic sequencing (n= 3). Total DNA was
extracted from colonic fecal samples using a QIAamp
DNA Stool Mini Kit (QIAGEN, Hilden, Germany).
Sequencing libraries were prepared using the NEBNext
Ultra DNA Library Preparation Kit (New England
Biolabs Inc., Ipswich, MA, USA). The Illumina HiSeq
2500 sequencing platform generated raw data, which
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were subsequently processed using Kneaddata software
(http://huttenhower.sph.harvard.edu/kneaddata) to remove
low-quality and host-contaminated reads. The resulting
data were subjected to species annotation and functional
analysis using the Kraken2 and HUMAnN?2, respectively
[13].

Statistical Analysis

All experimental data were reported as mean + standard
deviation (SD). Transcriptomic analysis and metagenomic
sequencing statistical analyses were conducted using the
R (v4.1.1), and the Wilcoxon test was used to assess the
differences between the two groups (without FDR correc-
tion). Statistical significance was set at p < 0.05. Graphi-
cal representations were generated using GraphPad Prism
9.5, along with R packages and STAMP software (v2.1.3).
In the Spearman correlation analysis, threshold values
were set to p < 0.05, Irhol> 0.4, and multiple corrections
were performed using Benjamini Hochberg FDR.

WT

CKO

200 um

Fig. 1 Representative micrographs of Alcian Blue-Periodic Acid-
Schiff (AB-PAS)-stained colon tissue sections. WT represents wild-
type mouse colon sections stained with AB-PAS, whereas CKO
represents colon sections from intestinal epithelial-specific OPN-

Result

Knockout of the Spp1 Gene Leads to a Reduction
in the Colonic Mucus Layer in Mice

AB-PAS staining was used to visualize mucus distribution
and integrity to evaluate alterations in the colonic mucus
layer and its composition in mice. The findings revealed
that colon sections from WT mice (WT group) exhibited
a reddish-purple hue following AB-PAS staining (Fig. 1),
indicative of positive PAS staining and abundant acidic
mucus, which was predominantly secreted by goblet cells
and distributed uniformly along the epithelial cell surface
at a healthy thickness. In contrast, Sppl gene intestine-
specific conditional knockout mice (CKO group) exhibited
a markedly reduced colonic mucus layer and diminished
staining intensity (Fig. 1), suggesting an impairment
in both the number and function of goblet cells. These
findings demonstrated that OPN is essential for preserving
the structure and function of the intestinal mucus layer. The
observed reduction in the mucus layer in CKO mice likely

P«
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deficient mice stained with AB-PAS. The color intensity indicates the
amount of mucin secreted; the darker the color, the higher the amount
of mucin secreted
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compromises the intestinal barrier, potentially increasing
susceptibility to infections and inflammation.

Gene Expression Pattern Changes in the Colon
Tissues of Spp1 Conditional Knockout Mice

To investigate the effects of OPN deficiency on gene
expression in colon tissues, transcriptomic sequencing was
performed on colonic samples. Analysis of the sequencing
data against the reference genome yielded annotations for
21,959 expressed genes. A comparison between WT and
CKO mice revealed significant differences in the expression
of 169 genes in the colonic tissues of CKO mice (p <
0.05, llog, Fold Changel> 1). Of these, 115 genes were
upregulated and 54 were downregulated in the CKO group
(Fig. 2a and b, Table S1). These findings suggest that the
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Fig.2 CKO-induced differential gene expression and functional
enrichment in the gut. a Volcano plot of differentially expressed
genes in the gut of CKO mice. The x-axis represents log, Fold
Change, and the y-axis represents the negative log,, of the
significance level. The two vertical dashed lines represent the
thresholds for fold change in gene expression, and the horizontal
dashed line represents the significance threshold. Red dots represent
significantly upregulated genes (log, Fold Change >1 and p < 0.05),
blue dots represent significantly downregulated genes (log, Fold
Change <—1 and p< 0.05), and gray dots represent genes with no
significant differences. b Changes in differentially expressed genes in
the gut of CKO mice. In b, the x-axis shows the comparison groups
used for differential analysis and the y-axis represents the number
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extracellular matrix structural constituen!

absence of OPN-encoding genes induces modifications in
the gene expression profiles of colon tissues.

To ascertain the functional implications of these differ-
entially expressed genes, GO functional enrichment and
KEGG analyses were performed. GO analysis revealed that
the differentially expressed genes were predominantly asso-
ciated with processes such as cell adhesion (GO:0007155),
biological adhesion (GO:0022610), acute inflammatory
response (GO:0002526), extracellular matrix organization
(G0:0030198), extracellular space (GO:0005615), cell
surface (GO:0009986), extracellular structure organiza-
tion (GO:0043062), cell—cell signaling (GO:0007267), and
multicellular organism development (GO:0007275) (p <
0.05, Fig. 2¢). Furthermore, KEGG enrichment analysis
revealed that differentially expressed genes in CKO mice
relative to the WT group were notably linked to immune
and metabolic functions. The implicated pathways involved
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of differentially expressed genes. Red indicates the total number of
upregulated genes in the CKO group, whereas blue indicates the
total number of downregulated genes. ¢ GO functional enrichment
of differentially expressed genes in the gut of CKO mice: the x-axis
represents the GO terms and the y-axis represents the — log,
(p-value) of GO term enrichment. Different colors indicate the
KEGG categories: Cellular Component (CC), Biological Process
(BP), and Molecular Function (MF). d KEGG functional enrichment
of differentially expressed genes in the gut of CKO mice; the x-axis
represents the pathways and the y-axis represents the — log,
(p-value) of pathway enrichment. Blue, organismal systems; red,
metabolism; green, human diseases; and purple, environmental
information processing
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encompassed fat digestion and absorption (Pathway ID:
mmu04975), antigen processing and presentation (Pathway
ID: mmu04612), regulation of lipolysis in adipocytes (Path-
way ID: mmu04923), ether lipid metabolism (Pathway ID:
mmu00565), alpha-linolenic acid metabolism (Pathway ID:
mmu(00592), mucin type O-glycan biosynthesis (Pathway
ID: mmu00512), nicotinate and nicotinamide metabolism
(Pathway ID: mmu00760), linoleic acid metabolism (Path-
way ID: mmu00591), pyrimidine metabolism (Pathway
ID: mmu00240), cell adhesion molecules (Pathway ID:
mmu04514), and the cGMP-PKG signaling pathway (Path-
way ID: mmu04022). Notably, pathways with strong connec-
tions to immune responses included antigen processing and
presentation, mucin O-glycan biosynthesis, cell adhesion,
and the cGMP-PKG signaling pathway (p < 0.05, Fig. 2d).

The investigation revealed that Sppl gene deletion-
induced alterations in colon tissue resulted in compro-
mised digestive absorption, lipid metabolism, and immune
response functions. Specifically, genes related to inflamma-
tion and signaling, including C3 (Complement Component
3), Adoral, and Cdh3, were markedly upregulated in the
CKO group, while those associated with lipid metabo-
lism and cell adhesion, such as Pla2 gi2b, glucosaminyl
(N-acetyl) transferase 3 (Gcnt3), and Adra2a, were signifi-
cantly downregulated (Table 1). Intestine-specific condi-
tional Knockout of the OPN gene modified intestinal gene
expression patterns, particularly affecting lipid metabolism
and intercellular adhesion. These alterations potentially con-
tribute to functional disruptions in colon tissues, impacting
the immune response and barrier functions, thus increasing
the risk of colitis and other intestinal disorders.

Based on these observations, we can infer that OPN
expression in colon tissues substantially influences the
development of intestinal diseases in mice, as well as the
signaling, cell adhesion, and lipid metabolism processes.
This influence may operate through two mechanisms: First,
endogenous OPN modulates gut-associated gene expression,
and second, OPN may affect the intestinal symbiotic
microbiota, thereby indirectly affecting intestinal health. To

further investigate this mechanism, metagenomic sequencing
was used to conduct a comprehensive analysis of the gut
microbiota in the two groups.

Effects of Spp1 Gene Conditional Knockout
on the Structure and Composition of Gut Microbiota
in Mice

Analysis of microbial diversity revealed no significant
differences in Shannon and Simpson indices between the
two mouse groups; however, the CKO group exhibited
a trend toward increased a-diversity compared to the
control group (Fig. 3a). Additionally, Bray-Curtis
distance analysis indicated a notable divergence in the
gut microbiota structure between the CKO and control
groups, suggesting potential structural differences in the
microbial composition (Fig. 3b). Further examination
of the gut microbiota species composition identified 15
components (Fig. 3c, Table S2), including various bacterial
species such as Akkermansia muciniphila, Duncaniella
dubosii, Muribaculum gordoncarteri, Paramuribaculum
intestinale, Ligilactobacillus murinus, and Duncaniella
sp. C9, Muribaculum intestinale, Bacteroides caecimuris,
Duncaniella spp. B8, Blautia pseudococcoides, Phocaeicola
vulgatus, Bacteroides faecium, Bacteroides uniformis,
Parabacteroides distasonis, and Bacteroides caccae
(Fig. 3e). Among these, A. muciniphila is normally a notable
member of the gut flora, but its abundance was significantly
reduced in the OPN-CKO mice relative to WT (p < 0.05)
(Fig. 3d).

Alterations in the gut microbiota may induce changes
in intestinal metabolic pathways. Annotation of gut
functions using HUMAnNN2 software identified 274
metabolic pathways within the microbiota of all mice,
with 25 pathways showing significant differences between
groups (p < 0.05) (Fig. 4, Table S3). Notably, eight of these
differential pathways were related to fatty acid biosynthesis
and metabolism, including stearic acid biosynthesis,
saturated fatty acid elongation, oleic acid biosynthesis

Table 1 Candidate gene screened by transcriptome analysis between WT and CKO mice

Gene Description Expression
pattern in
CKO

c3 C3 protein is a complement protein that regulates inflammation UP

Cdh3 Members of the cadherin family exhibit abnormal regulation in various cancers UP

Adoral ADORAL is an adenosine receptor closely associated with early Parkinson's disease and cognitive impairment UP

Pla2 g12b It is a member of phospholipase A2, crucial for cell signaling, inflammation, and lipid metabolism Down

Gent3 This gene activates f—1,6-N-acetylglucosamine transferase activity for O-glycosylated glycoproteins Down

Adra2a This gene activates adrenergic receptor activity and regulates synaptic vesicle exocytosis Down

“Gene” refers to the genes selected from the differentially expressed genes, “Description” provides a description of the gene, and “Expression
pattern in CKO” indicates the expression pattern of the gene in the CKO group
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«Fig.3 The microbial diversity and species-level map of the CKO
mouse gut microbiota. a Changes in the Shannon index and Simpson
index of the gut microbiota between the two groups (n =3): The box
plot in a shows the interquartile range of the values for each group.
The line inside the box represents the median, and the dashed lines
indicate the minimum and maximum values within 1.5 times the
interquartile range. The points above or below the upper and lower
lines are outliers. b Changes in gut p-diversity, PCA, and PCoA
between the two groups. The symbols representing the samples from
the two groups are shown in different colors, and the results of the
Adonis test are displayed in the bottom-right corner of the PCoA plot.
¢ Changes in the gut microbiota structure between the two groups
of mice. In ¢, the species with significantly different abundances
between the two groups are shown, with different colors representing
different species. d Changes in the abundance of Akkermansia
muciniphila in the gut between the two groups of mice; the y-axis
represents species abundance, and the x-axis represents the groups
(*: p < 0.05). e Bar plot of the species composition and abundance
of the gut microbiota between the two groups; the y-axis represents
species abundance, and the x-axis represents the groups. Statistical
significance was assessed using a two-sided Wilcoxon rank-sum test,
with p < 0.05 considered statistically significant

IV (anaerobic), palmitic acid biosynthesis I (from
(5Z)-dodecenoic acid), (5Z)-dodecenoic acid biosynthesis,
cerotic acid biosynthesis, cis-vaccenic acid biosynthesis,
and the super fatty acid biosynthesis pathway initiated by
Escherichia coli. Additionally, functional differences in the
gut microbiota involved pathways associated with glycolysis,
amino acid biosynthesis, nucleotide and phospholipid
biosynthesis, and vitamin and cofactor biosynthesis. These
findings suggest that OPN may act as a signaling molecule,
indirectly regulating host metabolic and physiological
states through its influence on gut microbiota structure and
function.

Notably, the observed differences in gut microbiota func-
tions between CKO and WT mice were closely related to
digestive absorption, lipid metabolism, and synthesis func-
tions, aligning with the functional alterations detected in
the transcriptomic profiles of colon tissues. These findings
underscore the multifaceted role of OPN in gut function reg-
ulation, including its direct effects on host cell activity and
indirect effects on host metabolism through the gut micro-
biota. Moreover, the observed host-microbial compositional
changes exhibited synergistic interactions.

Coordinated Changes in Gene Expression
and Compositional Microbiota of Mouse Gut Tissue
Induced by Spp1 Gene Conditional Knockout

The investigation revealed that modifications in the
expression of the OPN-encoding gene (Sppl) exerted
both direct effects on host cell functions and potential
alterations to the gut environment, consequently affecting
the composition and function of the gut microbiota.
These findings highlight the intricate interactions between
host genes and the gut microorganisms. To elucidate the

relationship between gut microbes and host gene expression,
researchers conducted Spearman correlation analysis to
quantify the associations between the relative abundances
of gut microbes and differentially expressed genes in mouse
colon tissues. As shown in Fig. 5a, C3 and Abi3bp were
positively correlated with Pusillibacter faecalis, whereas
Gcent3 was negatively correlated with Duncaniella dubosii.
Alistipes indistinctus exhibited an inverse relationship with
Prelp, whereas Ruminococcus torques demonstrated a
positive association with m#-Nd5 and GremI. Interestingly,
A. mucimiphila displayed a strong negative correlation with
proprotein convertase subtilisin/kexin type 9 (Pcsk9) (tho
= —0.94, p = 0.016), as well as weak negative corelation
with Ly6¢2 (tho = — 0.83, p = 0.058) and Fcamr (tho =
—0.37, p =0.50) (Fig. 5b, Table S4). Collectively, these
results highlight the complex interactions between the gut
microorganisms and host gene expression.

Discussion

As a key physiological protein, osteopontin deficiency can
exacerbate inflammatory reactions and damage intestinal
health [14]. This study utilized an intestine-specific Sppl
conditional knockout mouse model to elucidate the coor-
dinated role of OPN in regulating host gene expression and
gut microbiota. Spp1 deletion resulted in a thinned colonic
mucus layer and dysregulated expression of lipid metabo-
lism or immune-related genes, such as C3, Cdh3, Adoral,
Pla2 g12b, Gent3, and Adra2a. Besides, insufficient expres-
sion of endogenous OPN also lead to a marked reduction in
mucin-dependent A. muciniphila abundance. These findings
suggested that OPN maintains gut homeostasis through mul-
tifaceted mechanisms, including modulation of host gene
expression, microbial metabolic pathways, and immune
microenvironments.

While our data demonstrated correlations between
gene expression and microbiota shifts in Spp1 conditional
knockout mice, the directionality of causality remains
unresolved. However, existing knowledge has shown that
OPN affects intestinal immunity and barrier function
through complex network regulation, which may occur
through multiple pathways. On the one hand, host genes
directly shaping microbial niches via mucus secretion or
inflammatory cues, and abnormal expression of genes
leads to disruption of immune balance. In this study,
the upregulation of C3 and Cdh3 could be considered to
be associated with enhanced immune and inflammatory
responses [15, 16], while Cdh3 overexpression may
compromise normal cell adhesion, weaken the gut
barrier, and elicit inflammatory responses [17]. On the
other hand, OPN may affect the integrity of the gut
barrier through lipid metabolism pathways. For instance,
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Fig.4 Functional metabolic pathway analysis of gut microbiota.
Based on KEGG database, functional metabolic pathways were
predicted by HUMANN2 (v3.6.0). The differential pathways between
CKO (n =3) and WT group (n =3) were screened and visualized

the downregulation of Gent3 and Pla2 g12b was initially
linked to lipid metabolism, and their roles may extend
to epithelial integrity and glycosylation. Gcnt3, a
glycosyltransferase critical for O-glycosylation of mucins,
may compromise mucus layer glycoprotein structure and
barrier function when suppressed [18]. Similarly, Pla2
g12b, a phospholipase A2 family member, could influence
epithelial cell junctions via membrane phospholipid
dynamics [19], suggesting that Spp1 conditional knockout
disrupts intestinal barrier through multiple pathways (e.g.,
glycosylation defects, membrane instability).

@ Springer

graphically by STAMP (v2.1.3) software. Benjamini Hochberg
procedure was used for correction for testing, corrected p < 0.05 was
considered statistically significant

Furthermore, our data support a hypothesized OPN-
mediated positive feedback loop between A. muciniphila and
the mucus layer. Specifically, OPN may sustain A.
muciniphila colonization by maintaining mucus layer
integrity, while mucin degradation by this bacterium
generates metabolites such as SCFAs [20].These metabolites
have been shown to stimulate goblet cell proliferation
and enhance mucin secretion [21], thereby thickening
the mucus layer and providing sustained carbon sources
for A. muciniphila, establishing a self-reinforcing cycle
[22, 23]. For instance, the concurrent reduction in mucus
thickness and A. muciniphila abundance in Spp1 conditional
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knockout mice suggests that OPN deficiency disrupts this
loop. This mechanism not only explains A. muciniphila's
dependency on host mucins but also highlights OPN's dual
role in regulating epithelial regeneration through microbial
metabolites. Future studies should employ metabolomic
profiling and goblet cell-specific conditional knockout
models to directly validate causal links within this feedback
system.

Numerous studies have highlighted the critical role of
gut microbiota in regulating host health [24]. This micro-
biota—host relationship is highly symbiotic and characterized
by mutual dependence. Gut microorganisms support host
gut health by modulating immune responses, aiding meta-
bolic functions, and protecting against pathogenic infections
[25]. Conversely, genetic variations in the host can influence
the composition of gut microbiota [26]. In this study, gene
knockout altered the physiological state and gene expres-
sion of the host, leading to direct and indirect changes in
the structure and function of the gut microbiota. It is worth
considering whether changes in host gene expression drove
alterations in the gut microbiota or whether changes in the
gut microbiota caused differences in the host’s gene expres-
sion. It was hypothesized that initial changes in host gene
expression might have triggered the upregulation or down-
regulation of other genes, leading to physiological changes
in the host that subsequently influence the composition and
functionality of the gut microbiota. Alternatively, certain
gene alterations could directly affect the gut microbiota,
resulting in changes in microbial composition, inducing
modifications in other host genes, and consequent physiolog-
ical changes. This intricate and tightly connected interaction
between the host and gut microbiota underscores the com-
plexity of their relationship, and the specific mechanisms
remain to be fully elucidated.

While this study elucidates the impact of intestine-specific
Spp1 conditional knockout on host gene expression and gut
microbiota, several limitations should be noted. First, the
small sample size (n= 3 per group) was constrained by the
rigorous littermate-controlled design (WT and CKO born
from the same litter), sex-specific selection (male-only), and
genetic homogeneity requirements. Although this design
minimized confounding effects from genetic variability and
early-life microbiota colonization, supporting the robustness
of observed significant differences (p < 0.05, llog, Fold
Changel> 1), limited sample size may increase the risk of
false negatives. Future studies will expand cohorts across
multiple litters to enhance generalizability. Second, while
focusing on two-month-old mice allowed us to capture early
effects of Spp1 deletion, the study did not address outcomes
in critical physiological stages (e.g., aging or lactation).
For instance, lactating mice with hormonal and metabolic
fluctuations may exhibit exacerbated gut barrier dysfunction,
while chronic OPN deficiency in aged individuals could

drive systemic inflammation or metabolic compensation.
Follow-up investigations will systematically evaluate Spp1’s
roles across diverse age groups and physiological states
to fully delineate its dynamic contributions to intestinal
homeostasis.

Despite these limitations, our work provides critical
evidence for OPN’s central role in gut gene-microbiota
crosstalk and proposes a framework for its regulation of
homeostasis via immune-metabolic-microbial axes. Our
findings highlight gut microbiota dysbiosis and metabolic
perturbations in Spp1 conditional knockout mice, suggesting
microbiome-targeted interventions (e.g., OPN supplemen-
tation or probiotics) as potential therapeutic strategies. For
instance, exogenous OPN supplementation has been shown
to restore mucus layer integrity and modulate immune
microenvironments [27], while probiotic colonization (e.g.,
Akkermansia muciniphila) improves metabolic syndrome
and mucosal barrier function [28, 29]. Future studies could
explore the following: (1) OPN supplementation: Admin-
istering recombinant OPN protein (oral or intraperitoneal)
to assess its ability to rescue mucus defects, gene expres-
sion, and microbiota composition in CKO mice; (2) Pro-
biotic interventions: Supplementing A. muciniphila or its
metabolites to determine if lipid metabolism and inflamma-
tory phenotypes are reversed; (3) Utilizing germ-free mice
or fecal microbiota transplantation (FMT) to dissect causal
host-microbe interactions. For example, transplanting CKO
microbiota into WT mice could test whether microbial shifts
drive host phenotypes, and vice versa. These approaches
would clarify OPN-microbiota mechanistic links and inform
therapeutic strategies targeting gut ecosystems.

Conclusion

In this study, we revealed the significant impact of endog-
enous intestinal epithelial OPN deficiency on colonic poly-
saccharide mucus secretion, intestinal gene expression, and
gut microbiota composition in two-month-old mice. The
results demonstrate that intestine-specific Spp1 conditional
knockout leads to reduced colonic polysaccharide mucus
secretion, which may compromise the intestinal barrier func-
tion and further alter the composition and stability of the
gut microbiota. Concurrently, the lack of OPN significantly
alters the gene expression profiles related to immune regu-
lation and lipid metabolism, highlighting the critical role
of OPN in maintaining intestinal immune homeostasis and
metabolic balance. Additionally, changes in the gut micro-
biota, particularly the reduction of beneficial bacteria such as
A. muciniphila, may be closely associated with the thinning
of the mucus layer and alterations in the intestinal environ-
ment induced by OPN deficiency. These findings underscore
the essential role of endogenous intestinal epithelial OPN

@ Springer
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«Fig.5 Correlation network a Correlation network of gut microbiota
and differential genes in CKO mice (p< 0.05, Irhol> 0.4). b
Correlation between Akkermansia muciniphila and differentially
expressed genes in CKO Mice. Solid lines represent positive
correlations between species abundance and differentially expressed
genes, whereas dashed lines represent negative correlations. The
thickness of the lines indicates the strength of the correlation and
the size and color of the points represent the number of correlated
entities. Correlation analysis was conducted by multiple tests using
Benjamini Hochberg FDR for calibration

in maintaining gut health and provide new insights into the
potential mechanisms of OPN in intestinal diseases. Future
studies could further explore the therapeutic potential of
OPN in intestinal barrier repair and microbiota modulation.
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