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Exercise alters transcriptional profiles of
senescence and gut barrier integrity in
intestinal crypts of aging mice
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Senescence is the gradual process of aging in tissues and cells, and a primary cause of aging-

associated diseases. Among them, intestinal stem cells (ISCs) experience exhaustion during aging,
leading to reduced regenerative capacity in the intestinal crypt, which impairs intestinal function and
contributes to systemic health issues. Given the critical role ISCs play in maintaining intestinal
homeostasis, preventing their senescence is essential for preserving intestinal function. Among the
various strategies proposed to slow cellular senescence, regular exercise has emerged as one of the
most well-known and widely accepted interventions. Here, we examined how exercise affects the
small intestine in an aging mouse model. Using single-cell RNA sequencing, we found that signaling
pathways and gene expression related to DNA replication and cell cycle progression were upregulated
in ISCs. Additionally, genes promoting ribosome biogenesis showed increased expression in both
ISCs and transit amplifying cells. Exercise also recovered Wnt signaling inhibition, potentially
influencing ISC differentiation. Furthermore, exercise increased Reg3g expression in Paneth cells and
improved gut barrier function, contrasting with findings from a diet-induced obese mouse model. This

suggests that regular exercise helps inhibit the aging of ISCs in multiple ways, contributing to the

maintenance of intestinal homeostasis.

Senescence is a complex biological process that characterized by the gradual
decline in cellular and tissue function, leading to increased susceptibility to
disease and a decrease in overall vitality. Among the interventions studied to
combat senescence, exercise is widely recognized for its myriad health
benefits, including its potential to delay the aging process. Regular physical
activity has been shown to improve cardiovascular health, enhance meta-
bolic function, and extend lifespan'~. There are numerous factors that can
accelerate senescence, but when considering exercise, one of the most
straightforward connections is with metabolic dysfunction. Existing
research has shown that metabolic dysfunction, such as hyperglycemia and
insulin resistance caused by senescence or excessive consumption of a

western diet, can accelerate senescence by inducing oxidative stress and
impaired signaling'”.

Among various tissue, the intestine plays a crucial role in nutrient
absorption, immune function, and overall health®. Tt is also a site where
functional alterations frequently occur due to metabolic diseases or aging. In
obese individuals, it is well-documented that the intestinal barrier function
decreases, leading to a phenomenon known as ‘gut leakage*"'. At the
cellular level within the intestinal epithelium, the proliferation and differ-
entiation of intestinal stem cells (ISCs) are impaired, and the secretion of
antimicrobial peptides like Reg3g decreases'*™"*. As aging progresses, ISCs
become exhausted, and the transit time of food through the intestine
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increases, which leads to a decline in intestinal function'>'®. This suggests a
strong correlation between metabolic syndrome and aging, underscoring
the need to investigate whether regular exercise can improve common
aspects of both conditions. While exercise is well-known for its ability to
delay aging across various organ, the specific changes that occur in the
intestine due to exercise remain poorly understood"'”™".

The intestinal crypt, located between villi and forming part of the crypt-
villus unit, is the fundamental unit of the intestinal epitheliumzo. The
intestinal crypt contains various cells, including ISCs, Paneth cells (PCs),
Goblet cells (GCs), enteroendocrine cells (EECs), and tuft cells, all of which
regulate epithelial homeostasis and contribute to interactions with the
microbiome and immune responses”*”. Due to this, we aimed to investigate
how exercise influences the homeostasis of the intestinal crypt to under-
stand its impact on maintaining gut health in the small intestine. Addi-
tionally, we compared the intestinal crypts of obese mice to determine which
aspects were improved through exercise.

Aging also affects ISCs by reducing their proliferative and regenerative
capacities, which are essential for maintaining tissue homeostasis. Studies
have shown that aged ISCs exhibit reduced potential for self-renewal and
differentiation, a hallmark of cellular senescence™. Senescence in ISCs is
influenced by factors such as DNA damage, with radiation-induced DNA
damage triggering the DNA damage response. This process can lead to cell
cycle arrest or apoptosis, depending on the severity of the damage. A key
player in cell cycle arrest is p21, a cyclin-dependent kinase inhibitor that
blocks CDK2 activity, halting cell cycle progression and promoting senes-
cence through p53-dependent and independent mechanisms™*. Over-
expression of p21 further drives the senescence phenotype by upregulating
senescence markers and downregulating proliferative genes.

In addition to DNA damage-induced senescence, chronic inflam-
mation plays a crucial role in driving ISCs dysfunction, particularly in
obesity-associated metabolic stress. Pro-inflammatory cytokines such as
TNF-a, IL-6, and IL-1p are key mediators of inflammation-induced
senescence, activating pathways such as NF-kB and JAK-STAT, which
lead to sustained p21 and pl6INK4a expression, promoting cell cycle
arrest and stem cell exhaustion’*”’. This chronic inflammatory state, often
observed in obesity, is exacerbated by senescence-associated secretory
phenotype (SASP), where senescent cells secrete cytokines, chemokines,
and matrix metalloproteinases that further propagate inflammation and
impair intestinal barrier integrity. Notably, obesity-induced gut inflam-
mation has been linked to increased gut permeability, allowing microbial-
derived endotoxins such as lipopolysaccharides (LPS) to enter circulation
and amplify systemic inflammation®®. This feedback loop accelerates ISC
dysfunction, leading to impaired epithelial regeneration and gut barrier
deterioration, hallmarks of both obesity-related intestinal dysfunction and
aging-associated decline. Given the role of inflammation in perpetuating
senescence, interventions such as exercise may mitigate these effects by
reducing pro-inflammatory cytokine signaling, restoring ISC function,
and enhancing gut barrier integrity”.

Cell cycle arrest is defining feature of cellular senescence and is regu-
lated by tumor suppressor pathways such as the p53/p21 and p16INK4a/Rb
axes”. These pathways ensure that damaged or stressed cells do not pro-
liferative, preventing the spread of mutations. However, the accumulation of
senescent cells over time can disrupt this process, contributing to age-related
pathologies™. Understanding how aging impacts the cell cycle and senes-
cence in ISCs is essential for devising strategies to maintain intestinal
function during aging.

The differentiation of ISCs is regulated by the Notch and Wnt signaling
pathways, which direct differentiation into specific cell types” ™. ISCs
influenced by the Notch signaling pathways are directed to differentiate into
cell types with absorptive characteristics, such as enterocytes™”. Conversely,
when influenced by the Wnt signaling pathway, ISCs are directed to dif-
ferentiate into secretory cell types, including Paneth cells, goblet cells, and
enteroendocrine cells”*. Furthermore, as aging progresses, Wnt signaling
in ISCs decreases, and it has been reported that canonical Wnt signaling
alleviates aging in ISCs™. This suggests that among the various changes

exercise induces in the gut, the involvement of Wnt signaling should also be
examined.

Understanding how exercise influences intestinal health at the cellular
level could provide valuable insights into strategies for promoting healthy
aging and preventing age-associated intestinal disorders. In this study, we
aim to elucidate the effects of exercise on cellular senescence within the
intestinal crypts of aged mice. By utilizing single-cell RNA sequencing, we
compare the transcriptome profiles of intestinal crypt from sedentary aged
mice to those subjected to regular exercise. And then, we examined whether
the so-called “Hallmarks of aging”, such as cell cycle arrest, stem cell
exhaustion, and the expression of senescence markers, were improved'*>”.
We also examined whether the increased intestinal permeability observed in
the intestinal epithelium of obese mice was improved through exercise, as
well as whether the secretion of antimicrobial peptides and other secretory
molecules was enhanced.

Results

Exercise enhances physical performance and reduces the
expression of senescence marker genes in the intestine

To investigate the changes occurring in the intestines of aged mice subjected
to regular exercise, we divided the mice (22 months-old) into control (n = 6)
and exercise group (n = 6) and conducted an 8-weeks experiments. During
this period, we performed power tests and endurance tests twice. At the end
of the experiment, the mice were sacrificed, and intestinal crypts were iso-
lated from the ileum for single-cell RNA sequencing. (Fig. la). When
comparing body weight changes between the two groups, both groups
showed a gradual decrease in weight over time (Supplementary Fig. 1a). At
the end of the experiment, the exercise group exhibited a more significant
reduction in body weight compared to the control group (Supplementary
Fig. 1b). However, this change was considered a natural outcome of the
increased physical activity. Notably, it was observed that the exercise group
showed improved physical performance. The power test, which measures
short-term exercise capacity, and the endurance test, which measures sta-
mina, both indicated that these factors increased in the exercise group
compared to the control group, with greater improvements seen as the
duration of exercise increased (Fig. 1b, c).

To assess changes in mRNA levels, we performed single-cell RNA
sequencing on 3867 cells, with each group consisting of 3 biological repli-
cates (Fig. 1d). On average, each cell expressed 5000 genes (Fig. le). The
vehicle group consisted of 1834 cells, and the exercise group of 2033 cells,
indicating a minimal difference in cell numbers between the two groups.
Considering transit amplifying (TA) cells as a distinct cell type, we identified
a total of six cell types using their respective marker genes (Fig. 1f). Among
the cell types constituting the intestinal crypt, tuft cells were not detected.
First, we investigated whether exercise could delay the progression of aging
in the intestine by assessing the enrichment of the SenMayo, which com-
prises genes highly expressed in senescent cells. Although the entire
intestinal crypt did not show a significant change in SenMayo enrichment
depending on exercise, a reduction was observed in ISCs and TA cells
(p value < 0.01, Normalized enrichment score < —1.67) (Fig. 1g). Specifi-
cally, 10 genes (Bmp2, Egf, Ccl5, Ccl4, Fgfl, Ccl20, Gem, Nrgl, Tnfrsf11b,
Vegfa) within the SenMayo showed a marked decrease in expression in ISCs
(Fig. 1h). These findings indicate that exercise reduces the expression of
genes commonly upregulated in senescent cells.

Exercise restores cell cycle progression in ISCs

Based on the previous finding, we used the PROGENYy package to gain an
overview of the changes in signaling within ISCs in the exercise group™. The
heatmap revealed an increase in signaling pathways related to proliferation,
such as EGFR, VEGEF, and Estrogen. Additionally, there was a noticeable
decrease in inflammation-related pathways like JAK-STAT, TNF, NF-«kB
(Fig. 2a). These results suggest that exercise may be associated with pro-
moting stem cell cycle progression. The comparison of gene expressions
using violin plots further supported this hypothesis. The expression of two
genes involved in the transition from the G1 to the S phase of the cell cycle
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Fig. 1 | Exercise induces a reduction in senescence marker expression in the small
intestine. a Experimental design illustrating the study setup. b, ¢ Results of power
test and endurance test. Data are shown as mean + S.D. d UMAP plot showing the
clustering of various cell types identified in the intestinal crypt. e Displaying the
distribution of nFeature_RNA in crypt cells. f Dot plot indicating the expression
levels and percentage of expression of key marker genes across the identified cell

types. g Enrichment of ISCs and TA cells of SenMayo gene set. h Differential
expression of selected SenMayo gene set in ISCs and TA cells between the control
and exercise group. P value was calculated by 2-way ANOVA. Percent Expres-
sed = Ratio of cells expressing the gene of interest among the total cells. P = p value,
NES = Normalized enrichment score.
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(Ccnel, Cdk2) was found to be increased (Fig. 2b). A pathway analysis was
also conducted to investigate the changes occurring in ISCs during exercise.
The analysis revealed an upregulation of signaling pathways related to DNA
replication (Fig. 2¢). Furthermore, when differentially expressed gene were
extracted from ISCs, an increase in the expression of genes associated with
cell cycle progression was observed (Fig. 2d). Using MsigDB to verify the
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enrichment of individual pathways, we observed an increase in the mitotic
cell cycle (p value <0.03, Normalized enrichment score > 1.75) in the
exercise group (Fig. 2e). These results also influenced the cell cycle phase
distribution of ISCs; while the proportion of cells in the G2/M phase showed
little change between groups, the proportion of cells in the GI1 phase
decreased, and the proportion of cells in the S phase increased (Fig. 2f).
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Fig. 2 | Enhanced proliferation pathways in small intestinal crypt cells of
exercised mouse. a The PROGENYy analysis of signaling pathways in ISCs from
control and exercised mice. b The expression levels of Ccnel and Cdk2. The log(fold
change) (log(FC)) values of the listed genes are greater than or equal to 0.2.

¢ Upregulated pathways in ISCs from exercised mice, highlighting the increased
activity in pathways related to DNA replication. d Volcano plot displaying the
differentially expressed genes associated with cell cycle progression in ISCs. e GSEA
of ISCs showing a significant enrichment of pathways related to mitotic cell cycle in
the exercise group. f Representing the distribution of cell cycle phases in ISCs from

control and exercised mice. g Expression level of Cdknla (p21). h IHC results from
the small intestine. The smaller image on the left was taken at 10x magnification,
with a portion re-captured at 20x magnification. The area is marked with a black
square. The black bar represents the scale bar, indicating 100 pm. i IHC area (The
ratio between the total tissue area and the area where the protein was detected)
between two groups. Data are shown as mean + S.D. P value was calculated using
Nested t-test. *P < 0.05, **P < 0.01, ****P < 0.0001. P = p value, NES = Normalized
enrichment score. The black and white bar in the middle of the violin plot represents
the mean expression level for each group.

Given the observed decrease in cell cycle arrest markers and increased cell
cycle progression, we further analyzed the expression of the well-known
senescence markers p16 (Cdkn2a) and p21 (Cdknla), both of which are key
regulators of cell cycle arrest"’. First, we found a decrease in expression p21
in exercise group; however, p16 expression was not readily detected across
the intestine in our data (Fig. 2g, Supplementary Fig. 2a). To validate these
findings, we conducted immunohistochemistry (IHC) on ileum. Consistent
with the RNA-seq data, we observed a marked reduction in p21 expression
in the exercise group (Fig. 2h, I, Supplementary Data 1). In contrast, p16
expression showed no notable changes in ileum (Supplementary Fig. 2b,
Supplementary Data 2). Additionally, we examined the expression of y-
H2AX, a DNA damage marker associated with aging*'. However, we did not
observe a significant difference between the two groups (Supplementary
Fig. 2c, Supplementary Data 3). This further supports the notion that
exercise mitigates cellular senescence in ISCs by promoting cell cycle pro-
gression and reducing senescence associated with cell cycle arrest.

Exercise promotes ribosome biogenesis in ISCs and TA cells
Cell cycle arrest due to senescence can occur for various reasons, one of
which is impaired ribosome biogenesis caused by intrinsic cellular
factors*>*’. In senescent cells, the expression of genes involved in ribosome
biogenesis, such as RSL1D1 and EBP2, is reduced, leading to this
outcome™*. This reduction inhibits the activity of cyclin and cyclin-
dependent kinases, particularly cyclin D1 (Ccndl) and CDK4, thereby
inducing cellular senescence'*™". Also, the activation of p53 can induce
replicative stress in cells, leading to the onset of senescence*. Consequently,
given the observed increased in signaling pathways and factors related to cell
cycle progression in the ISCs of the exercise group, we hypothesized that
ribosome biogenesis might also be affected in some manner.

Transit-amplifying (TA) cells play a crucial role in maintaining
intestinal homeostasis by acting as a rapidly proliferating intermediary
between ISCs and differentiated epithelial cells. Located above the ISC niche
in the intestinal crypts, TA cells undergo several rounds of division before
committing to either an absorptive (enterocytes) or secretory (Paneth,
goblet, enteroendocrine) lineage”. Their proliferation rate is tightly regu-
lated by key signaling pathways such as Wnt, Notch, and EGFR, which
coordinate the balance between cell renewal and differentiation®. Given
their role as the main proliferative and differentiative force in the intestinal
epithelium, understanding how exercise impacts TA cell dynamics is
essential for uncovering its effects on intestinal regeneration, differentiation,
and senescence.

Pathway analysis of ISCs and TA cells revealed that signaling path-
ways associated with ribosome biogenesis were increased in the exercise
group (Fig. 3a, b). Additionally, signaling pathways related to rRNA were
also elevated (Fig. 3a, b). This suggests that the increased expression of
various genes involved in ribosome biogenesis contributed to these
findings (Fig. 3c). Furthermore, we observed that the expression of key
factors in ribosome biogenesis, Rslld1 and EBP2 (Ebnalbp2), was also
elevated in the exercise group (Fig. 3¢, d). Also, we examined the changes
in the expression of p53, CDK4, and CCND1, which are known to
influence ribosomal protein formation”. Specifically, the expression of
p53 (Trp53) decreased in the exercise group, although the expression of
Mdm2, which binds to p53 and induces cell cycle arrest and senescence,
remained unchanged™” (Fig. 3e). Additionally, the expression of Cdk4

and Ccndl was increased (Fig. 3f). These findings indicated that the
promotion of ribosome biogenesis plays a crucial role in alleviating cell
cyclearrest in ISCs in exercise group, and this effect also contributes to the
improvement in the expression of various senescence-related genes.

Exercise reduces the expression of Wnt signaling inhibitors,
impacting intestinal homeostasis

As previously mentioned, the differentiation of ISCs is influenced by Notch
and Wnt signaling pathways’>*. Given this, we investigated whether exer-
cise also affects the direction of ISC differentiation in aging mouse model. In
ISCs and TA cells, an analysis of the genes involved in Notch signaling
(Notchl-3, Hesl, Olfm4, Adam10) revealed that there was a general trend of
decreases; However, these changes were not significant except for Notch2
(Fig. 4a). Similarly, when examining the changes in genes involved in Wnt
signaling (Wnt3, Ctnnbl, Tcf4, Tcf712), the expression of Wnt3 and
B-catenin (Ctnnbl) showed an increasing trend, but these changes were not
significant (Fig. 4b). However, we observed that the expression of factors
inhibiting Wnt signaling was decreased. Specifically, the expression of Apc,
which is known to inhibit Wnt signaling by promoting the degradation of
B-catenin, was reduced™* (Fig. 4b). Additionally, the expression of Rnf43
and Znrf3, which induce the degradation of Wnt receptors through ubi-
quitination, was also decreased™° (Fig. 4b, c). Thus, while it is difficult to
conclude that exercise directly induces an increase in the expression of
molecules involved in Wnt signaling in ISCs, it can be inferred that exercise
reduces the expression of Wnt signaling inhibitors, thereby maintaining or
indirectly promoting Wnt signaling activity.

To determine whether these changes influence the differentiation
trajectory of ISCs, we first examined the number and proportion of cell types
constituting the intestinal crypt. In the exercise group, both the number and
proportion of enterocytes were smaller than the control group, while the
number and proportion of the three cell types associated with secretion
(Paneth cell, goblet cell, enteroendocrine cell) increased (Fig. 4d). Based on
this, we investigated whether the amount of substances secreted by secretory
cell types (Goblet cell, Paneth cell) increased. However, there were no sig-
nificant changes observed between the two groups in the levels of mucin or
a-defensin produced by goblet cells and Paneth cells (Supplementary
Fig. 3a, b). The genes related to substances secreted by goblet cells (Muc2,
Ern2, Agr2, Pdia3) showed no significant changes between the groups, and
the expression patterns of a-defensin-related genes (Defa3, Defa5, etc.) were
not consistent. A similar trend was observed when examining lysozyme
expression in the intestine, as IHC analysis revealed no significant difference
between the two groups (Supplementary Fig. 3¢, Supplementary Data 4).
However, the expression of two c-type lectins, Reg3b and Reg3g, secreted by
Paneth cells, was increased (Fig. 4e).

In summary, exercise reduces the expression of Wnt signaling inhi-
bitors in ISCs, thereby influencing the activation of Wnt signaling. This, in
turn, promotes the differentiation of ISCs into secretory cell types, affecting
the composition of the intestinal crypt. Additionally, exercise increases the
expression of c-type lectin in Paneth cells, thereby enhancing their activity.

Exercise mitigates gut barrier dysfunction seen in DIO mice in the
aging model

Metabolic diseases, often driven by obesity, are known to cause various
issues, including alterations in ISC function, as well as changes in cell cycle
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the two groups. Values nonspecifically marked indicate non-significant differences.
The factors that inhibit Wnt signaling were marked with red asterisks (*).

¢ Schematic representation of the Wnt signaling pathway, highlighting the roles of
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Rnf43 and Znrf3 in the ubiquitin-mediated degradation of Wnt receptors. d The
number and percentage of different cell types within the intestinal crypts in control
and exercise group. The numbers inside the plot represent actual values.

e Expression of c-type lectins in PCs. The log(fold change) (log(FC)) values of the
listed genes are greater than or equal to 0.2. P value was calculated using t-test.

*P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The black and white bar in the
middle of the violin plot represents the mean expression level for each group.

and lipid metabolism'“”’. To investigate whether factors observed in diet-
induced obese (DIO) mice are improved in the exercise group, we compared
our analysis results with publicly available data (GSE147319)". This dataset
consists of crypts from the whole small intestine of 3 mice fed a chow diet
(CD) and 3 mice fed a high-fat diet (HFD). After quality control, a total of
27,684 cells were analyzed. 6 cell types, including Tutft cells, were annotated
for each cluster (Fig. 5a). On average, each cell expressed 3500 genes
(Fig. 5b). The cluster annotations were performed using the same marker
gene set as in the previous analysis, with tuft cells being further classified
based on the expression of 2 additional genes (Trpm5, Dclk1) (Fig. 5¢).

First, we focused on the fact that obesity leads to defects in Paneth
cells'*". Specifically, it has been reported that in obese mice, the expression
of Reg3g is reduced in Paneth cells”. When comparing the DIO mouse
group with the CD mouse group, the expression of genes related to a-
defensin (Defa3, Defa5, etc.) in Paneth cells showed non-significant change
(Fig. 5d). However, Reg3g was reduced in the DIO mouse group as pre-
viously reported (Fig. 5e). Given the emerging role of Reg3g in alleviating
metabolic dysfunction including glucose tolerance, the increase in Reg3g
observed with exercise suggests that it may play a mechanistic role in
improving metabolic dysfunction of intestine™.

It is known that obesity affects gut permeability and weakens gut
barrier function, leading to a phenomenon known as gut leakage'*”. This is
also evident at the single-cell RNA sequencing level, where GSEA (Gene Set
Enrichment Analysis) revealed a decrease in enterocyte cell junction orga-
nization in the DIO mouse group (p value < 0.03, Normalized enrichment
score < —1.5), with reduced expression of occludin (Ocln), claudin (Cldn2),

and tight junction proteins (Tjp3)""” (Fig. 5f). Conversely, in the exercise
group, cell-cell junction organization was increased (p value < 0.04, Nor-
malized enrichment score > 1.5). Unlike in obesity, the expression of genes
including occluding and claudin (Cldn3) was elevated (Fig. 5g). These
findings suggest that exercise improves gut barrier function, primarily by
enhancing the expression of occludin.

However, other results observed in Figs. 3 and 4 did not show a
consistent correlation in the intestines of the DIO mouse model. While the
proportion of ISCs in the intestinal crypt significantly decreased, the
proportions of TA cells and Paneth cells increased, leading to a lack of
consistency (Supplementary Fig. 4a). Similarly, the Notch and Wnt sig-
naling pathways, which influence the direction of ISCs differentiation,
showed inconsistent patterns. The expression of Hesl, a positive regulator
of Notch signaling, decreased in the ISCs and TA cells of DIO mice.
Similarly, the expression of NotchI-3 also declined, indicating that Notch
signaling is reduced in these cells (Supplementary Fig. 4b). In the case of
Wnht signaling, the expression of inhibitory factors decreased in ISCs and
TA cells, but the expression of Wnt signaling target molecules also
decreased, again leading to a lack of consistency (Supplementary Fig. 4c).
Thus, the changes in signaling pathways that influence ISCs differentia-
tion due to exercise do not appear to be correlated with those observed in
DIO mice. The gene expression related to ribosome biogenesis also did not
appear to be linked to exercise. In DIO mice, compared to CD-fed mice,
the expression of Rs/1d1 and Ebnalbp2 was increased in ISCs and TA cell
(Supplementary Fig. 4d, e). While the expression of Trp53 also showed an
increase, Cdk4 and Ccndl exhibited a slight upward trend, making it
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Fig. 5 | Exercise enhances metabolic homeostasis in intestinal crypts: A com-
parison with HFD-induced changes. a UMAP depicting the clustering of cell types
within the intestinal crypt from GSE147319. b nFeature_RNA in crypt cells from CD
and HFD-fed mice. ¢ Expression levels and percentage of expression of key marker
genes across the identified cell types, used for annotation. d Expression of a-
defensin-related genes in the HFD-fed group compared to the CD-fed group.

e Expression of Reg3g on PCs. The log(fold change) (log(FC)) values of the listed
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genes are greater than or equal to 0.2. f, g GSEA of enterocytes from HFD-fed and
exercise group and expression of related genes. The log(fold change) (log(FC))
values of the listed genes are greater than or equal to 0.2. P value was calculated using
t-test. **¥P < 0.01, ****P < 0.0001. P = p value, NES = Normalized enrichment score.
The black and white bar in the middle of the violin plot represents the mean
expression level for each group.
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difficult to establish consistency in the expression of senescence marker
genes (Supplementary Fig. 4f, g). In summary, there seems to be no cor-
relation between signaling pathways or ribosome biogenesis when com-

paring DIO mice with exercised mice.

Exercise reduces GDF and TNF signaling pathways, improving
senescence profile

In the intestinal crypt, aside from previously examined signaling pathways,
there may be additional pathways influenced by external factors. To
investigate this, we utilized the CellChat package to analyze the incoming

signaling pathways between the exercised and control group®'. Initially, we
assessed the overall number and strength of interactions and found no
significant differences; however, in the exercised group, both the number of
inferred interactions and their strength were reduced (Supplementary
Fig. 5a). When comparing specific signaling pathways between the two
groups, we observed that while there were no major differences overall, the
GDF and TNF signaling pathways were relatively decreased (Purple)
(Fig. 6a). Additionally, when comparing the enrichment of incoming sig-
naling pathways across the intestinal crypt, these two pathways showed
noticeable changes (Red) (Fig. 6b).
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GDF (Growth Developmental Factor) signaling is a pathway influ-
enced by the TGF-B superfamily, with GDF11 and GDF15 previously
known to impact aging*”*. However, the changes observed in the intestine
do not appear to be directly caused by decrease in GDF11 and GDFI5.
When examining the expression of genes involved in GDF signaling across
different cell types, the expression of Gdf11 and Gdf15 was hardly observed
(Supplementary Fig. 5b). Instead, a decrease in the expression of genes
related to GDF signaling receptors (Tgfbr2, Acvrlb, Bmpr2, Acvr2a) was
noted (Fig. 6¢). This is consistent with the previously observed reduction in
the incoming pattern of GDF signaling (Fig. 6B). Similarly, the incoming
signaling pattern of TNF signaling was also observed to decrease. Notably,
while the overall incoming pattern decreased, there was a significant
reduction in cell-cell communication within the pathway, especially in ISCs
(Fig. 6d). When examining gene expression changes, while the decrease in
Tnf between the two groups was not statistically significant (p = 0.077), its
receptor Tnfrsfla showed a significant reduction in the exercise group
(Supplementary Fig. 5¢). Although the impact of TNF signaling on senes-
cence, cell cycle progression, and small intestine homeostasis remains
controversial, previous studies have suggested that TNF signaling con-
tributes to the inhibition of WNT signaling®™ . This could imply that the
changes observed in WNT signaling might also be influenced by the
reduction in TNF signaling. Lastly, FGF signaling also showed a decrease in
both information flow and incoming signaling patterns (Fig. 6a, b). This
reduction appears to be due to the decreased expression of Fgfr2 and Fgfr4
(Supplementary Fig. 5d) although the decrease in these two genes was not
statistically significant (p = 0.159, 0.214).

As with the earlier observations, we examined whether cell-cell com-
munication changed in the DIO mice model. While inferred interactions
and interaction strength showed a slight increase in HFD-fed mice, the
information flow analysis revealed no clear contrast when compared to the
exercise-induced mouse model (Supplementary Fig. 5e, f).

Discussion

In this study, we compared the intestinal crypts of aged mice that underwent
exercise with those of non-exercised aged mice to identify any differences
and assess whether these differences influenced the expression of aging
hallmarks. Additionally, we compared these changes with the intestinal
crypts of DIO mice to determine if there were any effects on the function of
intestinal cells. We observed that exercise induced cell cycle progression,
with key regulatory factors also shifting towards promoting cell cycle
advancement. Notably, ribosome biogenesis enrichment increased in both
ISCs and TA cells. Also, the expression of Trp53 was reduced, while the
expression of Cdk4 and Ccndl was elevated. These findings suggest that
exercise can alleviate cell cycle arrest and support the proliferation and
function of ISCs. Additionally, exercised mice reduced the expression of
Wnht signaling inhibitors like Apc, Rnf43, and Znrf3, thereby maintaining or
promoting Wnt signaling activity, which likely contributes to the differ-
entiation of ISCs into secretory cell types (Fig. 7). The changes in the
intestine induced by exercise also showed positive improvements when
compared to those observed in the intestines of obese mouse models. In
Paneth cell, the level of Reg3g, which had decreased in the obese model, were
increased in the exercise model. Furthermore, the improvements in gut
barrier function, suggest that exercise may protect against the gut leakage
phenomenon commonly seen in obesity and aging (Fig. 7). Lastly, the
reduction in GDF signaling and TNF signaling was observed to correlate
with a decrease in senescence-related signaling in ISCs.

These findings carry several important implications. First, it is neces-
sary to investigate how the observed changes in ribosome biogenesis, and
cell cycle progression in ISCs impact the intestinal crypt and, more broadly,
the small intestine. If ribosome biogenesis is impaired in stem cells, it is
known that they cannot function properly, and this is likely true for ISCs as
well””. Considering that ISCs significantly influence the entire small
intestine by interacting with the microbiome and maintaining intestinal
homeostasis, it is essential to explore how these changes affect the intestine
systemically. This suggests that future studies need to adopt a broader

perspective to fully understand these systemic interactions. The second
point concerns Reg3g, produced by Paneth cells. While Reg3g primarily
functions as an anti-microbial peptide, it has also been shown to support
glucose homeostasis and maintain gut barrier function following bariatric
surgery”". Although there may not be a well-established connection between
Reg3g and senescence, these findings suggest that Reg3g, induced by exer-
cise, could contribute to maintaining gut homeostasis. The final point that
warrants further exploration is the role of TNF signaling in the context of
exercise and intestinal aging. While some studies suggest that TNF may
inhibit Wnt signaling and thereby influence senescence, more research is
needed to clarify these mechanisms®*.

Despite the promising finding, this study also identified several gaps
that require further investigation. One notable issue is the reduction in FGF
(Fibroblast growth factor) signaling observed in the exercise group
(Fig. 6a, b). The FGF pathway is well-known for its role in inhibiting cellular
senescence. Previous studies have shown that FGF stimulation is crucial for
preventing extrinsic senescence and that FGF inhibit cellular senescence
through the PI3K-AKT-MDM?2 pathway’"’>. However, the expression of
key FGF signaling components such as Fgfr2 and Fgfr4 are downregulated in
exercise group compared to control (Supplementary Fig. 2d). This finding is
counterintuitive given the established role in FGFR2 and FGFR4 in pre-
venting senescence, as demonstrated by previous studies showing that the
loss of FGF receptor interaction leads to stem cell senescence, and FGFR4
inhibition can promote senescence’"””. These contradictory results suggest
that the relationship between FGF signaling and exercise-induced effects on
intestinal health may be more complex than previously understood, and
further studies are needed to clarify these interactions.

This study is based on single-cell RNA sequencing, which allows us to
observe key phenotypic changes, such as ISC cell cycle progression and gut
barrier integrity. However, single-cell RNA sequencing alone has limitations
in fully elucidating the mechanistic drivers of these changes. For instance,
while our analysis suggests that exercise promotes ISCs proliferation,
additional validation using EdU incorporation assays or flow cytometry
would further strengthen this finding.

While our analysis revealed an increase in the proportion of secretory
cell types in the exercise group, the levels of mucin and a-defensin secreted
by goblet and Paneth cells did not show significant changes. It is possible that
transcriptional data alone may not fully capture functional protein levels.
Additional validation, such as immunohistochemical staining for markers
like lysozyme and mucin, would have provided more direct evidence of
changes in secretory activity. This discrepancy can be explained by multiple
factors. First, post-transcriptional regulation plays a significant role in
determining secretory output, meaning that increased differentiation into
secretory cell types does not necessarily translate into an immediate increase
in protein secretion’. Studies have shown that goblet cell mucin secretion is
influenced by environmental cues such as microbiome interactions and
inflammatory signals, rather than just cell number”. Similarly, Paneth cell
defensin production is tightly regulated at the translational and post-
translational levels through factors like bacterial interaction’. Furthermore,
exercise may prioritize epithelial maintenance over immediate secretion,
influencing energy allocation and mucosal homeostasis”. Finally, alter-
native protective mechanisms, such as increased expression of C-type lectins
(Reg3b, Reg3g), may compensate for the lack of significant changes in
mucin and a-defensin levels. Taken together, these findings suggest that
while exercise promotes intestinal secretory cell differentiation, additional
factors regulate the actual levels of mucins and antimicrobial peptides,
requiring further investigation into post-transcriptional regulation and
functional assays.

The close relationship between obesity and gut health is well estab-
lished. Previous studies have consistently reported that gut barrier integrity
is compromised in various metabolic disease mouse models, including diet-
induced obesity (DIO) mice and ob/ob mice, when compared to healthy
controls'. In this study, we demonstrated that exercise can improve gut
barrier integrity, specifically by upregulating genes related to tight junction
proteins, such as claudin and occludin. Similarly, although we leveraged
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public datasets from DIO mice to explore the relationship between exercise,
gut barrier function, and Reg3 family proteins in aging, the inherent lim-
itations of public datasets prevent direct one-to-one comparisons with our
experimental data. For a more accurate comparison, it would be necessary to
analyze mice experiencing both aging and obesity simultaneously, along
with an exercise group under the same conditions.

To gain deeper mechanistic insights, further wet-lab experiments, such
as Western blotting, flow cytometry, and genetic or pharmacological inhi-
bition studies, will be necessary. Additionally, due to experimental con-
straints, the number of mice used in this study was limited. Future in vivo
studies with larger sample sizes will be essential to validate these findings
more robustly.

In conclusion, this study underscores the significant role of exercise in
modulating key cellular processes within the intestinal crypts, particularly
those involved in cell cycle, ribosome biogenesis, and Wnt signaling.
Notably, compared to the obese phenotype, we observed an increase in
Reg3g expression and an improvement in gut integrity in the exercised
group. These findings contribute to understanding of how regular physical
activity can influence intestinal health and suggest potential mechanisms
through which exercise may delay the aging process and prevent age-
associated intestinal disorders.

Methods

Mouse

22-month-old male C57BL/6] mice were housed in climate-controlled,
specific pathogen-free barrier facilities under a 12-h light-dark cycle. Mice
were randomly divided into training (n=6) and control (n=6) and
maintained on a normal chow diet. To reduce the environmental variation,
both groups were moved within the same environment during the exercise
period. At the end of the experiment, all mice were euthanized by CO,
inhalation in a dedicated chamber following institutional animal care
guidelines. No animal or data points were excluded during the experiment
or data analysis. All animals completed the full exercise protocol and were
included in the results. All experimental protocols were approved by the
Institutional Animal Care and Use Committee of the Gwangju Institute of
Science and Technology (No. GIST-2021-101).

Exercise

The training group performed running exercises using a treadmill 3 times
per week for the entire experimental period. Before each exercise, the mice
underwent a one-minute incubation in the treadmill machine to facilitate

adaptation. The mice performed exercising using a treadmill speed was set at
5 m/min, with increments of 5 m/min every 5 min, reaching a final speed of
25 m/min over a total duration of 25 min. To prevent exercise adaptation in
the mice, during the second 4 weeks, the initial treadmill speed was set at
5.6 m/min, with increments of 5.6 m/min every 5 min, reaching a final speed
of 28 m/min. All treadmill exercises were conducted at an incline of 5
degrees, with electrical stimulation applied at 0.15 mA. The control group
was exposed to the same environment during the exercise training but did
not perform physical activity, to eliminate environmental effects.

Power and endurance test

The day before the test, a warm-up was conducted to allow the mice to
become accustomed to the treadmill machine. Before initiating the
warm-up, the mice underwent a one-minute incubation in the tread-
mill machine to facilitate adaptation. The warm-up was conducted at a
speed of 15 m/min for a duration of 5 min. In the power test, the initial
speed was set at 10.8 m/min and the speed was increased by 1.2 m/min
per minute. During the endurance test, the starting speed was 10.8 m/
min, with increments of 1.8 m/min every 12 min. Both the power test
and the endurance test measured the time to exhaustion. All treadmill
exercises were conducted at an incline of 5 degrees, with electrical
stimulation applied at 0.15 mA.

Immunohistochemistry (IHC)

After sacrificing the mice, the ileum was separated and immediately
stored in 10% formalin (F2013, Biosesang). The production of par-
affin blocks and IHC slides (n=4) was carried out by KPNT
(Cheongju-si, Chungcheongbuk-do, Republic of Korea), following
their standardized protocol. Antibody was used A0262 (ABclonal) for
p16INK4a, PA1-30399 (Invitrogen) for p21, ab2893 (Abcam) for y-
H2AX, and MA5-32154 (Invitrogen) for lysozyme. Two tissue sec-
tions were taken from each specimen to create replicates. At 4x
(p16INK4a, p21, y-H2AX, lysozyme) or 20x (p21) magnification, two
random images were captured. The captured images were analyzed
using Image] (ij153-win-java8). First, to measure the area occupied
by the tissue, an RGB stack was generated, and the Threshold value
was set to distinguish the tissue from the background. Next, to
quantify the antibody-stained area, the original image was converted
to an HSB stack, and the Threshold value was set to reflect staining
intensity. Finally, the stained area was normalized to the total tissue
area to calculate the p21 area (IHC area).
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Intestinal crypt isolation

Ileum is trimmed and cut into half to open the ring-shaped tube. Minced
ileum is incubated in 5 ml of 20 mM EDTA-PBS solution, 4 °C for 90 min.
The solution is vortexed for 10s every 30 minutes, and the solution is
replaced with fresh one. Apply crypt dissociated solution under microscopy
to check proportion of villi and crypts. Collect solutions with high portion of
crypt and centrifuge for 300 x g, 3 min, 4 °C. Collect the pellets and apply
3 ml of TrypLE for 10 min. Pass the digested crypt through 100 pm filter and
wash with cold PBS for three times. Resuspend the crypt cells into 0.2%
BSA-PBS solution for further application.

Single cell RNA sequencing

Single-cell sequencing was performed using the Seurat package (5.0.3) in R.
We filtered out cells with an nFeature RNA > 500 and used them for
analysis. The “FindVariableFeatures()” function with the vst method was
used to select highly variable genes based on their expression levels (nfea-
tures = 3000). Annotation of clusters was performed by visually inspecting
the expression of marker genes for each cell type using the “DotPlot()”
function. Marker genes were selected based on previous studies or by
referring to data available in PanglaoDB (https://panglaodb.se/search.html).
The identification of DEGs (Differentially expressed genes) was conducted
using the “FindMarkers()” function. Log fold change (log(FC)) threshold of
0.2 was set, and only DEGs with a p value below 0.05 were considered for
analysis. Public dataset GSE147319 was preprocessed using the scanpy
toolkit in Python. Subsequently, the rhdf5 (2.42.0) package and SeuratDisk
(0.0.0.9020) package were utilized to transform the data into a Seurat object,
enabling further analysis. Annotation of clusters was performed using the
genes utilized in the reference study of this dataset. “FeaturePlot()” function
was used to visually confirm the expression patterns of these genes within
the clusters. Identification of DEGs was conducted using “FindMarkers()”.
log(FC) threshold of 0.2 was set, and only DEGs with a p value below 0.05
were considered for analysis.

The gene list of SenMayo was directly downloaded from GSEA
(https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/SAUL_SEN_
MAYO.html) and applied to our dataset. Using the same method employed
for the subsequent pathway analysis, we represented the enrichment of
exercised group compared to control group using an enrichment plot.

Cell cycle scoring was conducted by referring to the cell cycle scoring
vignette included in the Seurat package. Using the “CellCycleScoring()”
function, we examined which phase (S phase or G2/M phase) the cells in
each group were in, based on the associated genes.

Gene expression comparisons were visualized using violin plots and
heatmaps. The Seurat package’s “VInPlot()” function was used to compare
the level of gene expression between the two groups. Additionally, the
“geom_boxplot()” function was utilized to display the position of the mean
within the violin plot for clearer interpretation. To visualize gene expression
using heatmaps, we first extracted the expression levels of genes related to
Notch and Wnt signaling using the “AverageExpression()” function. We
then calculated the difference between the average expression in the Exercise
(or HFD) group and the control (or CD) group. The smallest and largest
values among these differences were set as the breaks for the heatmap, which
was then used to represent the expression differences visually.

Pathway analysis

For the PROGENY (1.20.0), we first performed “progeny()” on the top 1000
genes. We then divided the range between the minimum and maximum
“progeny score” into 100 intervals to create breaks. These breaks were used
to generate a heatmap, visually representing the progeny scores.

GSEA was conducted using the clusterProfiler (4.6.0), DOSE (3.24.2),
msigdbr (7.5.1), fgsea (1.24.0) packages. The GOBP dataset
(m5.g0.bp.v2022.1.Mm.symbols.gmt) from the GSEA website was used as the
database. DEGs were identified using Seurat’s “FindMarkers()” function. The
“fgseaMultilevel()” function was then emplolyed to assess pathway enrich-
ment, with a p value below 0.05 considered indicative of significant

enrichment changes. The enrichment plots were visualized using the “plo-
tEnrichment()” function.

CellChat analysis was performed using the CellChat (1.6.1) package.
During the “computeCommunProb()” process, the “type” parameter was
set to “triMean”, and communication filtering was configured to require a
minimum of 5 cells (min.cells = 5) per communication.

Statistical analysis

The p values for in vivo data, such as body weight, power and endurance
tests, as well as the IHC area, were calculated using GraphPad. P values for
the comparison of gene expression levels in the single-cell dataset were
calculated using the ggpubr (0.5.0). Cross-validation was performed using
the “FindMarkers()” function in the Seurat package. The method used to
calculate each p value is specified in the respective figure legends. In the
pathway analysis, P values were calculated using values obtained from the
clusterProfiler, and fgsea packages.

Data availability
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Code availability

The underlying code for this study is not publicly available but may be made
available to qualified researchers on reasonable requests from the corre-
sponding author.
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