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Age-related alterations in gut
homeostasis are microbiota dependent
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Accumulating data suggest that remodeling aged gut microbiota improves aging-related imbalance in
intestinal homeostasis. However, evidence in favor of the beneficial effect of remodeling gut
microbiota on intestinal stress and immune responses during aging is scarce. The current study
revealed that old mice presented impaired gut barrier integrity. Transcriptome sequencing coupled
with bioinformatics analysis revealed that aging altered gene expression profiles of the colon and
mesenteric lymph nodes, which are involved mainly in stress and immune responses, respectively.
Notably, gut microbiota was closely related to the differentially expressed genes. Microbiota depletion
in old mice ameliorated gut barrier integrity and partially reversed the inflammatory factors upregulated
in aging mice. Furthermore, fecal microbiota transplantation from young mice to old mice resulted ina
significant improvement in intestinal barrier integrity and immune homeostasis. These findings
highlight the potential of microbiota-targeted interventions on aging-related physiological processes

and call for further investigation.

Aging is a complex, progressive process driven mostly by the accumu-
lation of DNA damage, metabolic alterations in cells, the activation of
chronic inflammation, and intestinal microbiota dysbiosis, all of which
culminate in the systemic deterioration of multiple organs'”. The
integrity of intestinal function is crucial for the well-being of an
organism throughout its lifespan. In recent years, increasing researches
have focused on aging-associated intestinal dysfunction’. Intestinal
aging is characterized mainly by the destruction of the intestinal barrier’.
The intestinal barrier comprises chemical, mechanical, immune, and
biological barriers, which together orchestrate ion and nutrient traf-
ficking, immune modulation, and the intricate balance of gut microbiota
diversity’. As the aging phenomenon progresses, the protective mucosal
layer becomes thinner, and the expression of tight junction proteins,
such as Occludin and ZO-1, decreases’. This disruption of physical
barriers alters the microenvironment of bacterial growth, leading to
excessive proliferation of harmful bacteria, thereby facilitating the influx
of antigen-related and toxic metabolites in the circulation'’. Clinical
experiments and basic research on animal models have demonstrated
that aging alters the composition of gut microbiome''™“. An imbalance
in gut microbiota structure alters the metabolism of intestinal epithelial
cells, causing sustained inflammation in the intestine'’. These observa-
tions suggest the existence of a feedback loop in which microbial dys-
biosis drives the aging process. In addition, gut microbiota critically

affects the regulation of systemic immune responses and intestinal
function in both health and disease.

The intestines are among the main target organs of stress in the human
body, and approximately 70-80% of immune cells are located within the
intestine'’. Interventions targeting the gut microbiota, including antibiotics,
probiotics, and fecal microbiota transplantation (FMT), have provided both
direct and indirect evidence in favor of the importance of gut microbiota in
maintaining intestinal integrity and immunity. Aimée Parker and colleagues
reported that the transfer of microbiota from a young donor to aged mice
ameliorated the aging-related breakdown of epithelial barrier integrity and
systemic inflammation'’. Marcus Boehme and colleagues reported that
EMT of the microbiota derived from young donors could improve aging-
induced immune impairments“‘. Furthermore, the administration of
Akkermansia muciniphila to aged mice alleviated aging-induced damage to
intestinal barrier function and limited the infiltration of proinflammatory
molecules”. A study demonstrated that beneficial commensals, such as
Christensenellaceae and Bifidobacteria, could improve age-related immune
and homeostasis impairments™. Antibiotic-mediated microbiota depletion
was demonstrated to inhibit the aging-related upregulation of proin-
flammatory cytokines, such as IFN-y and IL-17a, in the choroid plexu®.
Therefore, the scientific community has developed a renewed interest in the
interplay between the microbiota and immune alterations along with gut
homeostasis during the lifespan of an organism.
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The intricate relationships among gut microbiota, intestinal integrity,
and the intestinal immune response remain a priority topic in aging-related
research. Therefore, the present study aimed to understand the impact of gut
microbiota remodeling via antibiotic administration and FMT on intestinal
homeostasis in aged mice while identifying the aging-related intestinal genes
that might be responsible for the observed changes.

Results

Aging-related intestinal permeability was decreased
Aging-related gut dysfunction is reflected in impaired intestinal barrier
integrity and an enhanced inflammatory response. When FITC-labeled
dextran (4kDa) was administered via gavage to assess intestinal barrier
integrity, the plasma fluorescence intensity significantly increased in aged
mice but decreased in young mice (Fig. 1a). Moreover, the levels of barrier-
related tight junction proteins (ZO-1 and Occludin) were lower in aged mice
than in young mice (Fig. 1b-e). These data indicated that gut permeability
was significantly greater in aged mice than in control mice, potentially due to
the decreased expression of tight junction components.

Aging altered the gene expression profile of the colon of the mice
The molecular mechanism underlying the effect of aging on gut function
was explored next, for which colonic RNA sequencing was performed to
identify the DEGs between aged and young mice. The volcano map and
heatmap generated using the results obtained in the differential
expression analysis of young vs. aged mice are depicted in Fig. 2a, b. A
total of 85 DEGs (p-adjust < 0.05; |log2FC| > 1) were identified, among
which 33 genes were markedly upregulated, and 52 genes were sig-
nificantly downregulated in the aged mice. Next, the DEGs were sub-
jected to traditional bioinformatics analysis using the target set, which
included gene ontology (GO) functional enrichment analysis, gene set
enrichment analysis (GSEA), etc. GO functional enrichment analysis
revealed that the evaluated gene sets were involved in the immune
response, regulation of the immune response, the innate immune
response, the response to bacteria, and the defense response to bacteria

(Fig. 2c). The GSEA results demonstrated that aging upregulated
pathways related to inflammation, such as the adaptive immune
response, lymphocyte activation, and the regulation of cell activation,
including the regulation of leukocyte activation and the regulation of
lymphocyte activation (Fig. 2d). Whether the cellular composition also
varies between aged and young mice was investigated by performing
cell-type deconvolution using CIBERSORTx™, which revealed the pro-
portions of various cell types in different tissues. The results obtained for
the colon samples revealed no significant differences in the estimated
relative proportions of the leukocyte subtypes between young and aged
mice (data not presented). The gut is a target organ sensitive to stress in
the human body. Therefore, the DEGs related to the response to stress
between young and aged mice were investigated. The heatmap generated
from the results revealed 14 DEGs whose expression was upregulated
and 31 DEGs whose expression was downregulated in young mice
compared with aged mice (Fig. 2e). Among these DEGs, Adig, Bex1, Cfd,
Cyp2el, Lpl, and Mrap were significantly downregulated in aged mice
compared with young mice, and these DEGs were related mainly to
energy metabolism, cell cycle regulation, and the complement pathway.
On the other hand, Cxcr6, Gbp6, H2-M2, Ido1, Ccl21d, and Pdx1 were
significantly upregulated in aged mice compared with young mice, and
these DEGs were related mainly to the immune response and immune
regulation (Fig. 2e). The above data suggest that with aging, the ability of
the intestine to restore homeostasis decreases, which gradually leads to a
chronic inflammatory state.

Aging altered the gene expression profile of mesenteric lymph
nodes (MLNSs)

Most immune cells (70-80%) in the human body are located in gut-related
lymphoid tissues. (GALTs). MLNs play an important role in GALTs.
Therefore, the gene expression profiles of MLNs were determined for both
young and aged mice. The volcano map and heatmap generated using
differential expression analysis between young and aged mice are presented
in Fig. 3a, b. A total of 737 DEGs (p-adjust < 0.05; [log2FC| > 1) were
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Fig. 1 | Aging is accompanied by a decline in intestinal function. a Intestinal
permeability was assessed by measuring the FITC intensity in serum after oral
gavage of FITC-dextran. b, ¢ Quantification of ZO-1 and Occludin immunor-
eactivity (red), with representative immunofluorescence microscopy images of the

occludin

colon. d, e Quantification of ZO-1 immunoreactivity and Occludin immunor-
eactivity (red), with representative immunofluorescence microscopy images of the
colon. DAP], blue; scale bar, 50 pm.
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Fig. 2 | Aging-induced alterations in gene expression within the colon tissue

of mice. a Volcano plot illustrating the differential (upregulated and downregulated)
genes in the colon between aged and young mice. Green indicates downregulated
genes; red indicates upregulated genes; gray indicates non-differentially expressed
genes (no signal). b Heatmap illustrating the DEGs in the colon between aged and
young mice. ¢ GO enrichment analysis revealed the DEGs between young and aged
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mice; the size of each bubble is proportional to the number of DEGs assigned to the
GO terms. d Enrichment plot of the DEGs identified in the GSEA of the colon,
depicting the profile of the running enrichment score and the positions of gene set
members on the rank-ordered list. e Heatmap depicting the expression of genes
associated with the response to stress, as detected using RNA-seq.
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Fig. 3 | Aging-related alterations in gene expression within the MLNSs of mice.
a Volcano plot illustrating the differential (upregulated and downregulated) genes in
the colon between aged and young mice. Green indicates downregulated genes; red
indicates upregulated genes; gray indicates non-differentially expressed genes (no
signal). b Heatmap illustrating the DEGs in the colon between aged and young mice.
¢ GO enrichment analysis revealed the DEGs between young and aged mice; the size
of each bubble is proportional to the number of DEGs assigned to the GO terms.

d Enrichment plot of the DEG sets revealed in the GSEA of the MLNs, depicting the
profile of the running enrichment score and the positions of the gene set members on
the rank-ordered list. e Quantitative analyses of the relative abundance of the 22
digital cell types that differ between young and old mice via digital cytometry were
conducted via CIBERSORTx, **p < 0.01. f Heatmap depicting the expression of
genes related to the cytokine-cytokine receptor interaction pathway, as detected via
RNA-seq.
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identified, among which 486 genes were markedly upregulated and 251
genes were significantly downregulated in aged mice. Next, the DEGs were
subjected to traditional bioinformatics analysis using the target set,
including GO functional enrichment analysis and GSEA. The GO enrich-
ment analysis revealed that the DEGs were enriched mainly in pathways
related to the immune response, such as the production of molecular
mediators of the immune response, the immune response-regulating cell
surface receptor signaling pathway, the immune response-regulating sig-
naling pathway, positive regulation of leukocyte activation, and activation of
the immune response (Fig. 3c). The GSEA results revealed enrichment of
the upregulated pathways associated with aging, particularly the antigen
receptor-mediated signaling pathway, the immune response-regulating cell
surface receptor signaling pathway, the immune response-regulating sig-
naling pathway, and leukocyte- and lymphocyte-mediated immunity (Fig.
3d). Protein-protein interaction network analysis of the DEGs associated
with the enriched cytokines revealed that FasL, Cxcl2, Ccr8, Cer3, Ccl4,
Cxcr6, Ccl3, Cer5, Cer2, Cxcll, Ccl5, IL-10, IL-1b, IL-17a, IL-6, and TNF-y
were hub genes (Supplementary Fig. 1). Next, cell-type deconvolution was
performed using CIBERSORTx”. A comparison of the results between
young and aged mice revealed that the evaluated tissue samples had 22
leukocyte subtypes with different estimated relative proportions (Fig. 3e). In
particular, four cell types, namely, neutrophils, T follicular helper (T},) cells,
T-cell regulatory (Treg) cells, and T-cell gamma delta (y0) T cells, were
significantly different between young and aged mice (Fig. 3e). Heatmap
visualization revealed that most of the genes encoding cytokines and che-
mokines were significantly upregulated in aged mice (Fig. 3f) and were
associated with an increased inflammatory response to senescence. Sub-
sequent analysis of the DEGs related to the cytokine-cytokine receptor
interaction pathway revealed 3 DEGs whose expression was upregulated
and 31 DEGs whose expression was downregulated in young mice com-
pared with aged mice (Fig. 3f). Among these DEGs, Cxcl2, Ccr8, Ccr3, Ccl4,
Cxcr6, Ccl3, Cer5, Cer2, Cxdll, Ccl5, IL10, IL-1p, IL17a, IL6, and Ifng were
significantly upregulated in aged mice compared with young mice. These
findings collectively demonstrated that the proportion of immune reg-
ulatory cells significantly decreased while the proportion of proin-
flammatory cells significantly increased in aged mice, which was consistent
with the upregulation of cytokines with the advancement of aging.

Correlation between the differentially expressed genes and the
microbiota

The DEGs between the young and aged mouse groups in the colon and
MLNSs underscored an intriguing relationship between aging-related gene
expression changes and alterations in gut microbiota. According to previous
data obtained by our research group”, the relative abundance of commensal
microbiota, such as Lactobacillus, Dubosiella, and Bifidobacteriales, was
significantly decreased in aged mice, whereas the relative abundance of
commensal microbiota, such as Alistipes, Bacteroides, and Clostridium, was
distinctly increased in aged mice. A correlation analysis was subsequently
conducted in the present study to determine the associations between the
DEGs in the colon/MLNs and the microbiota (Fig. 4). The heatmap gen-
erated via this correlation analysis revealed that the DEGs enriched in the
colon of young mice, such as Adig, Bex1, Cfd, Cyp2el, Lpl, and Mrap, were
positively correlated with Prevotellaceae_UCG-001, Dubosiella, and Lacto-
bacillus and negatively correlated with Bacteroides. The immune-related
DEGs, such as Cxcr6, Gbp6, H2-M2, Idol, Pdx1, and Ccl21d, which were
significantly upregulated in the colon of aged mice compared with young
mice, were positively correlated with the relative abundance of Bacteroides
and negatively correlated with the relative abundances of Pre-
votellaceae_UCG-001, Dubosiella, and Lactobacillus (Fig. 4a). Similarly,
cytokines and chemokines such as Fasl, Cxcl2, Ccr8, Ccr3, Ccl4, Cxcr6, Ccl3,
Cer5, Cer2, Cxcll, Ccl5, IL10, IL1b, IL17a, IL6, and Ifng, which were sig-
nificantly upregulated in the MLNs of aged mice compared with young
mice, were positively correlated with the relative abundances of Bacteroides
and Alistipes and negatively correlated with the relative abundances of
Prevotellaceae_UCG-001, Dubosiella, and Lactobacillus (Fig. 4b).

Microbiota depletion restored aging-dependent gut functional
defects

Considering the pivotal role of the microbiota in regulating gut barrier
integrity and influencing gut-mediated inflammation, the impact of
intestinal microbiota depletion on intestinal permeability was investi-
gated next in the present study. As depicted in Fig. 5a, the permeability
of the gut barrier was significantly greater in aged mice than in young
mice, and this effect was reversed after exposure to the antibiotic.
Moreover, the permeability of the gut barrier in young mice did not
differ significantly with or without exposure to antibiotics. Next, the
expression of tight junction proteins in the colon was estimated.
Consistent with the leaky gut phenotype, the colons of aged mice
presented reduced gene expression of ZO-1 and Occludin. However,
antibiotic exposure significantly upregulated the expression of ZO-1,
whereas the expression of Occludin remained unaffected (Fig. 5b, c).
Conversely, the gene expression levels of ZO-1 and Occludin in young
mice did not differ significantly with or without exposure to the anti-
biotic. The extent to which intestinal microbiota depletion impacted
the intestinal immune response-related DEGs between young and aged
mice was subsequently assessed. The PCR data revealed that the gene
expression levels of H2-M2 and GBP6 were significantly greater in the
aged mice than in the young mice, and a downward trend was observed
following antibiotic exposure, which did not reach a statistically sig-
nificant level in the aged mice (Fig. 5d, e). The gene expression of Cxcr6
demonstrated a trend similar to that of H2-M2 and GBP6 among all
four groups, although no marked distinction was noted between young
and aged mice (Fig. 5f). We also measured the levels of common
inflammatory factors (IL-1p, TNF-a, and IL-6). The data revealed that
the gene expression levels of TNF-a and IL-6 were significantly greater
in aged mice than in young mice, which was reversed by microbiota
depletion in old mice. With respect to the gene expression of IL-1f,
there were no significant differences among the four groups (Supple-
mentary Fig. 2). The above data suggest that the age-dependent
microbiome affects the expression of certain colonic genes and thereby
affecting intestinal permeability.

Microbiota depletion altered the expression of inflammation-
related genes in the MLNs

Next, whether intestinal microbiota depletion was involved in the MLNs-
related immune response was investigated. QRT-PCR analysis revealed
that the expression of cytokine-related genes, such as Ccr2, Cer3, Ccr5,
Cxcr6, and IFN-y, was increased in the MLNs of aged mice. However,
antibiotic exposure significantly downregulated the expression of Ccr2,
Ccr3, Cxcr6, and IFN-y but not the expression of Ccr5 toward the levels
recorded in young mice. Furthermore, the gene expression levels of Ccr2,
Ccr3, Ccr5, Cxcr6, and IFN-y in young mice were not evidently altered
regardless of exposure to the antibiotic (Fig. 6a-d, h). In addition, the
expression of Ccr8, Ccl3, Ccl4, and 1I-17A did not significantly differ
among the four groups (Fig. 6e-g, i). These findings suggested that
microbiota depletion partially altered the expression of immune
response-related genes in the MLNs and alleviated the inflammatory
microenvironment in the intestine.

FMT from young mice reversed the aging-dependent breakdown
of epithelial barrier integrity and intestinal inflammation

The data above demonstrated that the alteration of gut microbiota
affected gut homeostasis. Furthermore, we designed rescue experiments
involving the transplantation of microbiota from young mice into old
mice (YO group) and the transplantation of microbiota from old mice
into old mice (OO group) to observe the effect of the young gut micro-
biota on the intestinal function of old mice. Figure 7a shows that the
intestinal barrier integrity of old mice improved with the intervention of
young gut microbiota. Additionally, young gut microbiota transplanta-
tion markedly restored the expression of ZO-1 and Occludin (Fig. 7b).
The PCR data revealed that the transplantation of microbiota from
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Fig. 4 | Correlations between the DEGs and community composition. a Heatmap
analysis of the correlation results obtained for the DEGs identified in the colon and
the community composition between young and aged mice at the genus level.
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young mice into old mice significantly reversed the old-induced increase
in TNF-a and IL-6 levels but not in the expression of H2-M2, Gbpé6,
Cxcr6, and IL-1 in the colonic tissue (Fig. 7b). Moreover, the PCR data
revealed that age-induced increases in Ccr3, Ccl3, Ccl4 and IFN-y, which

were mediated by the transplantation of microbiota from young mice
into old mice in MLNs (Fig. 7c). These data demonstrated that the young
gut microbiota exerted a protective effect on intestinal barrier integrity
and gut homeostasis.
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Fig. 5 | Microbiota depletion altered gut permeability and the expression of
colon-related genes. a Intestinal permeability was assessed by measuring the FITC
intensity in the serum after oral gavage of FITC-dextran in young and aged mice with
and without antibiotic exposure. b, ¢ The expression levels of tight junction genes
(ZO-1 and Occludin) in the colon were determined through quantitative PCR.

d-f The expression levels of intestinal stress response genes (H2-M2, Gbp6, and
Cxcr6) in the colon were determined through quantitative PCR; *p < 0.05 compared
with the aged mice group; **p < 0.01 compared with the aged mice group (ABX:
antibiotic cocktail treatment).

Discussion

Gut homeostasis and gut microbiome have attracted increasing attention in
the context of research on the pathophysiological mechanism underlying
aging. In the present study, the features of aging-related changes in the gene
expression profiles of the colon/MLNs were revealed through RNA
sequencing. Furthermore, the regulatory effects of gut microbiome on gut
homeostasis were explored by using microbiome depletion and FMT from
young to aged mice. The results revealed that gut microbiota influences the
expression characteristics of certain genes in the colon and MLNs with
increasing age while also regulating gut barrier integrity in aged mice. These
findings suggest that targeting gut microbiota could be used as a novel
intervention strategy with the potential to reverse immune aging and
thereby enhance the overall health of older individuals.

Both clinical studies on aging and research using animal models of
aging have reported that intestinal function is disrupted with advancing age.
Reduced intestinal barrier integrity, decreased expression of tight junction
proteins, and altered intestinal tissue morphology contribute to intestinal
dysfunction™. In the present study, aged mice presented increased intestinal
barrier permeability and decreased expression of the tight junction protein
ZO-1. The intestinal barrier is composed of an overlying mucus layer,
epithelial cells, and lamina propria. Epithelial cells are interconnected
through tight junction proteins [zonulin and occludin] to prevent pathogens
and toxins from infiltrating the epithelium™. A study in non-human pri-
mate models reported that age-associated remodeling of intestinal epithelial
tight junctions (such as ZO-1 and Occludin) was a pivotal contributing
factor to the increased permeability of the intestinal barrier. Jongoh Shin

and colleagues reported that an increase in systemic inflammation and a
decrease in the expression of genes encoding barrier-forming tight junction
proteins (ZO-1, Cldn3, and Cldn4) were accompanied by an age-dependent
increase in intestinal permeability'’. The administration of Akkermansia
muciniphila improves intestinal integrity and homeostasis by decreasing
systemic inflammation and increasing the expression levels of tight junction
proteins'’. Furthermore, reshaping gut microbiota of elderly mice amelio-
rated intestinal barrier integrity and reduced inflammation'””. These
findings suggest that intestinal inflammation may be an important trigger
and intervention target for age-associated disruption of intestinal barrier
function. Furthermore, transcriptomic analysis revealed differences in the
colons of young and aged mice. GO enrichment analysis revealed that most
of the DEGs were enriched in immune response-related signaling pathways.
Proinflammatory factors, such as H2-M2, Gbp6, and Cxcr6, are highly
expressed in the colons of aged mice. H2-M2 is a conserved mouse class Ib
gene that is translated into a surface-expressed MHC class I molecule,
suggesting a role in the immune system™. Gbpé is an interferon-inducible
guanylate-binding protein (GBP) family gene. The upregulation of GBP6
was observed in experimental models of multiple sclerosis and myocarditis
patients and was shown to have an important effect on the inflammatory
axis, contributing to the pathogenesis of diseases*". GBP6 is also involved
in inflammation- and apoptotic-related processes and might be a potential
therapeutic target for nanoparticle-induced retinal injury’'. CXC chemo-
kine receptor 6 (CXCR6), a seven-transmembrane domain G protein-
coupled receptor, plays a pivotal regulatory role in inflammation and tissue
damage™. CXCR6 is highly expressed in the colon of patients with Crohn’s
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Fig. 6 | Microbiota depletion altered the expression of genes associated with the
MLN-related immune response. a—i The expression levels of intestinal immune
response genes (Ccr2, CcR3, Ccr5, Cxcr6, Cer8, Ccl3, Ccl4, IEN-y, and IL-17a) in the

MLN were determined through quantitative PCR; *p < 0.05 compared with the aged
mice group; **p < 0.01 compared with the aged mice group.

disease (CD)” and in the inflamed small intestine of mice™. Although
evidence shows that these genes are involved in immune regulation,
inflammation, and tissue damage, the correlation between the three genes
and the intestinal barrier still needs to be elucidated.

Gut dysbiosis might also activate mucosal immune cells in the GALT,
thereby affecting systemic inflammation®. The MLNs are the most pro-
minent region for immune activation in GALT and, therefore, serve as a
firewall between the intestine and other regions in the body™. MLNs are
sentinel sites of enteral immunosurveillance and immune homeostasis”.
Therefore, transcriptomic analysis of MLNs was subsequently performed.

GO enrichment analysis revealed that the DEGs were enriched in immune
response functions. The MLNs contain many types of immune cells, with
multiple immune-related receptors on the surface, and can secrete different
cytokines and chemokines under different conditions™. We found that
among the numerous differentially expressed cytokines in young and elderly
MLNS, cytokines such as FasL, Cxcl2, Ccr8, Cer3, Ccl4, Cxcr6, Ccl3, Cer5,
Ccr2, Cxdll, Ccls, IL-10, IL-1B, IL-17a, IL-6, and TNF-y play important
roles through PPI analysis. Ccr2-dependent monocytes exacerbate intest-
inal inflammation, and targeting Ccr2” monocyte-dependent responses
could provide a better understanding of TBI-induced gut inflammation™. In
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Fig. 7 | Young gut microbiota protected the intestinal barrier and reduced
inflammation. a Intestinal permeability was assessed by measuring the FITC
intensity in the serum after oral gavage of FITC-dextran in the OO and YO groups.
b The expression levels of tight junction genes (ZO-1 and Occludin) and H2-M2,
GBP6, CXCR6, IL-1p, TNF-a and IL-6 in the colon were determined through

quantitative PCR. ¢ The expression levels of Ccr2, Ccr3, Ccr5, Cxcr6, Cer8, Ccl3,
Ccl4, IFN-y, and IL-17a in the MLN were determined through quantitative PCR;
*p <0.05 compared with the OO group; **p < 0.01 compared with the OO group
(OO: transplantation microbiota from old mice into old mice; YO: transplantation
microbiota from young mice into old mice).

the inflamed colons of CD patients, Ccr2* and Ccr5" CD4" T cells are
enriched, whereas Cenicriviroc, a dual Ccr2/Ccr5 antagonist, displays a
protective effect in experimental colitis models by inhibiting the generation
of the proinflammatory cytokines IFN-y, IL-17, IL-6, and IL-1f during
colitis, which further prevents intestinal inflammation and preserves epi-
thelial barrier integrity’. In Ccr2-deficient mice, the infiltration of Th2-type
T cells in the lamina propria is absent, but increased levels of IL-10 and
decreased levels of IFN-y may downregulate mucosal inflammation”’. The
chemokine receptor Ccr3 plays a pivotal role in the local and systemic
recruitment and activation of eosinophils. However, targeting eosinophils
via the Ccr3 axis has anti-inflammatory effects on the inflamed intestine™.
Inhibition of the Ccr3-eotaxin axis prevents inflammation-induced func-
tional changes in the gastrointestinal tract”. Intestinal lymphocytes are
responsible for immune effector functions and can be modulated by certain
probiotics. Bifidobacterium pseudocatenulatum CECT7765 decreases the
expression of the proinflammatory chemokine receptors Ccr6, Ccr9, Cxcr3
and Cxcr6 and reduces intestinal permeability, which contributes to
improved gut homeostasis in experimental chronic disease*’. IFN-y induces
the recruitment of Thl cells to the proinflammatory chemokine Cxcl10/
IP10 in the primary murine intestinal crypt epithelium*. Furthermore, IFN-
y induces a decrease in the permeability of the intestinal barrier and mor-
phological disruption of tight junctions in intestinal epithelial cells*. The
literature has demonstrated that multiple cytokines can mediate intestinal
inflammation, which further affects intestinal integrity. The application of
CIBERSORTX revealed that the proportion of immune regulatory cells (T},
cells and Tregs) was significantly decreased in aged mice, whereas the
proportion of proinflammatory cells (neutrophils and y§ T cells) was

significantly increased in these mice. These observations were consistent
with the upregulation of cytokines in the MLNs with advancing age. The
above findings underscore the intricate interplay among aging, gut micro-
biota, and immune dysregulation, providing insights into the potential
mechanisms underlying aging-related intestinal dysfunction and systemic
inflammation.

The colon serves as a barrier tissue and presents a unique immune
environment in which immune cells exhibit tolerance toward various
microbial communities, which are collectively referred to as the microbiome.
The microbiome is important for several aspects of health, and an imbalance
between the commensals and the pathogenic microbiota is associated with
several disease states””*’. The intestinal microbial composition and abun-
dance are dramatically altered with advancing age, which could promote the
onset of chronic diseases®. In the present study, proinflammatory factors
were highly expressed in the colon and MLNS of aged mice, and these factors
were negatively correlated with beneficial symbiotic bacteria, such as Pre-
votellaceae_UCG-001 and Dubosiella, and positively correlated with Alis-
tipes and Bacteroides. L-Arabinose attenuates LPS-induced intestinal
inflammation and injury by partly restoring the abundance of nor-
ank_f _Muribaculaceae, Faecalibaculum, Dubosiella, Prevotellaceae_UCG-
001, and Paraasutterella™. Deferasirox alleviates DSS-induced ulcerative
colitis in mice by increasing the abundance of Prevotellaceae_UCG-001,
norank_f__Muribaculaceae, Lachnospiraceae_NK4A136_group, ~Odor-
ibacter and Blautia™. Yanan Zhang and colleagues reported that Dubosiella
could ameliorate the immune microenvironment by downregulating the
proinflammatory factors 1117 and Ifng and upregulating the anti-
inflammatory factors 1110 and Tgfb, which is beneficial for the restoration
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of intestinal mucosal barrier function™. Alistipes is a relatively new genus of
bacteria isolated primarily from medical clinical samples. Recent studies
illustrate emerging chronic intestinal immunological and mechanistic
implications by which Alistipes correlate with dysbiosis and disease™. The
Bacteroides species, on the other hand, are significant clinical pathogens
detected in most anaerobic infections, with an associated mortality rate of
over 19%*”. The Alistipes and Bacteroides microbial communities are
closely associated with intestinal inflammation and ferroptosis in iron
overload-induced colitis™. Transplantation of HFD-fed gut microbes into
normal diet-fed mice (HFD-FMT) showed a profound increase in the genera
Bacteroides and Prevotella, both of which likely contributed to metabolic
endotoxemia in HFD-FMT mice”. There was also a positive correlation
between blood endotoxin and Bacteroides abundance”. Yi Wan and col-
leagues reported that a diet with a relatively high fat content was associated
with an increased abundance of Alistipes and Bacteriodes and induced
relatively high levels of proinflammatory factors in the plasma, suggesting
the potential role of these bacteria in the metabolic health of the host™.
Studies have suggested that the commensal microbiota might maintain gut
homeostasis by modulating intestinal inflammation, which plays a critical
role in affecting human health.

Increasing evidence suggests that the transfer of fecal microbiota from
young mouse donors or gut microbiota depletion achieved using an anti-
biotic cocktail could reshape gut function toward the alleviation of aging-
related deficits'”*'. Intriguingly, the results of the present study demon-
strated that antibiotic treatment of aged mice reversed the impairment of gut
barrier integrity induced by aging. The intestinal stress response and
immune microenvironment are inherently correlated with gut microbiota.
In addition, qRT-PCR was performed to assess alterations in the associated
DEGs in the colon and MLNs of aged mice subjected to microbiota
depletion. Aging significantly increased the levels of H2-M2 and Gbp6, in
addition to a tendency toward increased Cxcr6, and this difference, although
not statistically significant, appeared to be reduced after microbiota expo-
sure. These findings suggest that the gut commensal microbiome is essential
for intestinal inflammation in the host. In addition, the expression of Ccr2,
Ccr3, Cxcr6, and IFN-y was increased in the MLNs of aged mice, and this
difference was reduced after microbiota depletion. Furthermore, aging
significantly increased the expression of Ccr5, in addition to a tendency
toward increased Ccl3 and Ccl4 expression, and this difference, although
not significantly different, appeared to be reduced after microbiota expo-
sure. Liu et al. reported that stroke could induce macrophages derived from
the intestine to express TREM1 and migrate to ischemic lesions, thereby
exacerbating brain injury through secondary immune responses™. In
addition, studies on animal models of intracranial hemorrhage and focal
cerebral ischemia revealed that numerous CD4" T lymphocytes in the
intestine migrated to the periphery of the intracranial hematoma and the
ischemic brain region, synergistically inducing neuroimmune
occurrence™”'. Furthermore, Joana S. Cruz-Pereira and colleagues reported
that microbiota depletion could partially reduce the accumulation of CD4*
T cells at the lateral and 3rd ventricles in aged mice”'. These data suggest that
abolishing intestinal microbial signals could impact the accumulation and
migration of immune cells by affecting the chemotaxis of immune cells and
the secretion of cytokines from these cells, although this possibility needs to
be further investigated prior to reaching a conclusion.

Furthermore, a key issue regarding inflammaging and age-dependent
intestinal immunity is whether age-associated changes in gut microbiota are
causal in the breakdown of barrier integrity and the immune micro-
environment. Our data showed that gut microbiota depletion and trans-
plantation of young donor microbiota into old recipients led to reduced
intestinal barrier permeability and restrained intestinal inflammation, sup-
porting the positive influence of young microbiota on age-related gut
immunity. In addition, gut microbiota from aged donors deteriorates
inflammation and paracellular permeability'>*. These findings did not rule
out the possibility that the progression of intestinal inflammation during
aging may drive changes in gut microbiota. It has been reported that intestinal
inflammation disrupts the microenvironment of gut microbiota and

promotes an imbalance in gut microbiota'®”’. Gut dysbiosis could further
exacerbate the disruption of intestinal homeostasis through feedback loop
mechanisms involving metabolites, neurotransmitters, cytokines, etc.*"*.
In the context of the inextricable connection between the aged gut
microbiota and changes in intestinal homeostasis, gut microbiota sig-
nificantly affects intestinal metabolism and the immune response rather
than affecting intestinal barrier integrity. Here, we demonstrated that
removing the age-related microbiota or transplanting the microbiota from
young mice into aged mice can ameliorate gut homeostasis. We further
explored how gut microbiota orchestrated these improvements. Several
types of gut and MLNs-associated immunity are restored following gut
microbiota remodeling, suggesting that alterations in the gut microbiota in
aged mice drive impairments in immune functions, which may underlie the
loss of age-associated integrity in the intestinal epithelial barrier. Future
studies should focus on how specific gut microbiota drive these alterations to
uncover the direct mechanistic basis of the aged gut. Our data provide
fundamental evidence that targeting gut microbiota may be a potential
approach for treating age-associated inflammatory and functional decline.

Methods

Animals

Adult female C57BL/6] mice (3 months old) and aged female C57BL/6]
mice (22 months old) were procured from the Center of Experimental
Animals, Capital Medical University, Beijing, China. All the mice were
housed in an air-conditioned room at a temperature of 22 + 2 °C, a relative
humidity of 55 + 10%, and a standard 12 h light/12 h dark photoperiod.
Food and water were available ad libitum to all the animals. The animal
experiment protocols used in the present study were approved by the
Animal Care and Use Committee of Capital Medical University (approval
no. AEEI-2022-157).

Experimental grouping

Part I included 16 animals, 9 young mice, and 7 old mice. Blood was
collected to test intestinal barrier permeability, colonic tissue was collected
to detect Occludin and ZO-1 by immunofluorescence, and colonic and
MLNs were collected for transcriptome sequencing.

Part II: Antibiotic intervention: 16 animals were divided into four
groups: 8 young mice were divided into antibiotic and no antibiotic groups,
with 4 animals in each group; 8 old mice were divided into antibiotic and no
antibiotic groups, with 4 animals in each group; 10 days after the inter-
vention, blood was collected to test intestinal barrier permeability, and
colonic and MLNs were taken for RT-PCR to detect changes in specific
inflammatory factors.

Part III: FMT intervention: 8 animals, 4 young mice and 4 old mice.
Fecal microbiota from healthy young mice and old mice were respectively
transplanted into old mice, which were then divided into YO and OO
groups. Before FMT, mice were orally gavaged with 100 puL antibiotic
cocktails for one week, containing neomycin (0.5g/L), vancomycin
(0.5 g/L), metronidazole (1 g/L), and ampicillin (1 g/L). Subsequently, mice
were orally gavaged with 100 pL microbiota suspension, daily for 4 weeks.
Four weeks after the intervention, blood was collected to test intestinal
barrier permeability, and colonic and MLNs were collected for RT-PCR to
detect changes in inflammatory factors.

FITC-dextran permeability assay

All the mice were subjected to 14h of fasting and then administered
isothiocyanate-dextran fluorescein (FITC-dextran, 4 kDa; 46944; Sigma
Aldrich, Madrid, Spain; 60 g of FITC-dextran per 100 g of body weight in a
volume of 0.2mlL) via gavage. After 4 h, blood samples were obtained
through cardiac puncture. The collected blood in each sample was allowed
to coagulate for 30 min and then centrifuged at 6000xg for 90s. The
resulting supernatant was diluted with an equal volume of sterile PBS, and
100 uL of the dilution was placed in a single well in a 96-well plate. The
fluorescence in each well was measured using a plate reader (EnSpire; Perkin
Elmer) at an excitation wavelength of 481 nm and an emission wavelength
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of 524 nm. The FITC-dextran concentration was calculated using a standard
curve generated through measurements conducted on the same plate.

Immunofluorescence

The mice were anesthetized using pentobarbital sodium (35 mg/kg, i.p.)
and then perfused with 0.1 M PBS (pH 7.4, 37 °C) followed by 4% (w/v)
paraformaldehyde in 0.1 M PBS. The colonic sections were equilibrated
in 0.1 M Tris-buffered saline for 10 min, followed by incubation in 0.3%
hydrogen peroxide for 30 min. Afterward, the sections were permeabi-
lized with 0.1% Triton X-100 for 30 min. After being blocked with 10%
normal goat serum in PBS for 1 h, the sections of the spinal cord were
incubated with primary antibodies, namely, rabbit polyclonal anti-ZO-1
(1:100, ab216880, Abcam) or rabbit monoclonal anti-occludin (1:100,
ab216327, Abcam), for 1 h. Afterward, the slides were rinsed with PBS
and then incubated with the secondary antibody. The slides were then
covered by placing a cover slip over a drop of glycerin-containing
medium and then examined under a fluorescence microscope. The
relative gray value was calculated using Image-Pro Plus 7.0 (Media
Cybernetics, Silver Spring, MD, USA).

RNA extraction and sequencing

Colonic tissue (1 cm inlength up to the cecocolic junction) was collected.
MLNSs were excised by microdissection along the length of the superior
mesenteric artery lying behind the MLNs to the aortic root. Total RNA
was extracted from tissues using TRIzol Reagent according to the
manufacturer’s instructions (Invitrogen) and then subjected to a quality
assessment using a 5300 Bioanalyzer (Agilent). The extracted RNA was
quantified using an ND-2000 (NanoDrop Technologies). High-quality
RNA samples (0OD260/280 =1.8-2.2, OD260/230>2.0, RIN>6.5,
285:185>1.0, >1 pg) were then used for library construction. RNA
purification, reverse transcription, library preparation, and sequencing
were performed at Shanghai Majorbio Bio-Pharm Technology Co. Ltd.
following Illumina protocols. The RNAseq transcriptome library was
prepared following the TruSeqTM RNA sample preparation Kit from
Mlumina (San Diego, CA) using 1 ug of total RNA, and the process
involved mRNA isolation using poly-A selection, cDNA synthesis using
random hexamer primers, and end-repair using ‘A’ base addition. Size-
selected libraries (300 bp) were then PCR amplified and sequenced on a
NovaSeq 6000 sequencer (2 x 150 bp) according to the standard pro-
tocols of Majorbio Bio-Pharm Technology Co. Ltd.

Bioinformatics analysis

Raw paired-end reads were subjected to quality trimming and control using
fastp” with default parameters. The clean reads were then aligned to the
reference genome (GRCm39) using HISAT2® in orientation mode. The
mapped reads were assembled using StringTie™ in a reference-based man-
ner. A differential expression analysis was then performed using DESeq2”’,
considering the differentially expressed genes (DEGs) with |log2FC| > 1 and
p-adjust < 0.05, where the p-values were adjusted for multiple testing using
the Benjamini-Hochberg method. Next, a functional enrichment analysis
was conducted, which included the GO analysis conducted using GO
TOOLS”", with the significance established at the Bonferroni-corrected p-
value of <0.05. The above data analysis was conducted using the free online
Majorbio Cloud Platform (http://www.majorbio.com). Finally, GSEA was
performed using the ClusterProfiler (4.7.1) package in R software (4.2.3),
with multiple comparisons corrected using the Benjamini-Hochberg
method, and the results were visualized using Enrichpolt (1.18.3).

Antibiotic treatment

Gut microbiota depletion was performed by administering an antibiotic
cocktail mixed in the drinking water containing 1 g/L ampicillin, 0.5 g/L
neomycin, and 0.35 g/L vancomycin to adult mice for 10 consecutive days as
described in a previous study”””. The antibiotics were dissolved in water,
and the water was refreshed every other day. The control animals received
water without antibiotics, and this water was also refreshed every other day.

Preparation of donor fecal transplant material

The fecal material was collected and isolated as previously reported”.
Young healthy C57BL/6] mice were kept in the same housing and
environmental conditions. Antibiotic-untreated young healthy mice
were used as donors to collect gut microbiota. The donor fecal pellets
were collected under SPF conditions. Stools from donor mice were
pooled, and 100 mg was resuspended in 1 mL of sterile saline. The
solution was vigorously mixed for 10s via a benchtop vortex before
centrifugation at 800xg for 3 min. The supernatant was collected and
used as transplant material, as described below. Donor stool was freshly
prepared on the day of transplant within 2 h before gavage adminis-
tration to prevent changes in bacterial composition.

PCR array
The total RN A from the colon and MLN’s was extracted using the RNA Easy
Fast Tissue/Cell Kit (DP451; TIANGEN, Beijing, China) and then reverse-
transcribed into cDNA using the PrimeScript RT Master Mix (RR036B;
Takara, Dalian, China). Real-time qPCR was then performed on an Applied
Biosystems 7500 Real-time PCR system using SYBR Premix Ex Taq (Tl
RNase H Plus) (RR820A; Takara, Dalian, China) and the following primer
sequences:

Z0O-1: forward (5-AGGACACCAAAGCATGTGAG-3') and reverse
(5-GGCATTCCTGCTGGTTACA-3");

Occludin: forward (5-TTGGCTACGGAGGTGGCTATGG-3’) and
reverse (5'-ACTAAGGAAGCGATGAAGCAGAAGG-3");

H2-M2: forward (5'-GCCCTGGGTTTCTACCCTTC-3’) and reverse
(5'-AACCAGGCCAACAGCAACTA-3");

Gbp6: forward (5-AGCAACTGAGAAGGAAGCTGGA-3') and
reverse (5'-GGAAAGCCTTTTGATCCTTCATTAG-3");

Cxcr6: forward (5-GTTTCTGCTGAACTTGCCCC-3') and reverse
(5-CCCAAATGAGCAAGCAAATGAC-3');

Ccr2: forward (5-ACGATGATGGTGAGCCTTGTC-3') and reverse
(5-TGCAGCATAGTGAGCCCAGA-3");

Ccr3: forward (5-CGCTATCCAGAGGGTGAAGAAG-3’) and
reverse (5'-AAGGAGAACCAGGTTGTACGGG-3");

Cer5: forward (5-CTGTCATCTATGCCTTTGTTGGA-3') and
reverse (5-AGCTTGCACGATCAGGATTGTCT-3');

Ccr8: forward (5-GGGAACAGCCTGGTCATCTTA-3') and reverse
(5-CACATCGCAGTCCCAAACAC-3");

Ccl3: forward (5-CCATATGGAGCTGACACCCC-3') and reverse
(5-GAGCAAAGGCTGCTGGTTTC-3');

Ccl4: forward (5-CCCAGCTCTGTGCAAACCTA-3’) and reverse
(5-CCATTGGTGCTGAGAACCCT-3');

IFN-y: forward (5-ATGAACGCTACACACTGCATCTT-3') and
reverse (5-TGACTGTGCCGTGGCAGTAA-3');

IL17A: forward (5-TCCACCGCAATGAAGACCCT-3’) and reverse
(5'-CATGTGGTGGTCCAGCTTTCC-3");

IL-1B: forward (5-AGGCTCCGAGATGAACAACAAA-3') and
reverse (5-GTGCCGTCTTTCATTACACAGGA-3');

TNF-a: forward (5-CCGTCAGCCGATTTGCTATCT-3)
reverse (5'-GCAATGACTCCAAAGTAGACCTG-3');

IL-6: forward (5-CCCCAATTTCCAATGCTCTCC-3’) and reverse
(5'-CGCACTAGGTTTGCCGAGTA-3");

GAPDH: forward (5-CCTCGTCCCGTAGACAAAATG-3') and
reverse (5-TGAGGTCAATGAAGGGGTCGT-3');

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as
the internal control to normalize the transcript levels of target genes.

and

Statistical analysis

The data are presented as the means and standard errors of the means and
were analyzed statistically using SPSS 17.0 (SPSS Inc., Chicago, IL, USA).
The statistical significance was determined using one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test. Two-tailed unpaired ¢-tests
were conducted to compare the two groups. Spearman correlation analysis
was conducted to determine the correlation between the bacterial taxa and
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the key DEGs. All the statistical tests were conducted using GraphPad Prism
9.0 software (San Diego, CA). The threshold of statistical significance was set
to p < 0.05.

Data availability

All data needed to evaluate the conclusions in the paper are present in
the paper. RNA sequencing data have been deposited in the Sequence
Read Archive (SRA) with the accession number PRINA1112029. The
raw reads of 16S rRNA gene amplicon sequencing were deposited into
the NCBI Sequence Read Archive database (Accession Number:
SRP485545).
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