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Moderate intensity exercise may protect cardiac
function by influencing spleen
microbiome composition

Jie Xiao,1,2,3,5 Xing Chen,1,2,3,5 Weina Guo,4,5 Yang Li,1,2,3 and Jinping Liu1,2,3,6,*

SUMMARY

The beneficial effects of physical exercise on human cardiorespiratory fitness might be through reduced
systemic inflammation, but the mechanism remains a controversy. Recent studies have highlighted the
importance of spleen microbiomes in immune regulation. Hence, we conducted a study using a high-fat
diet and exercise mouse model to investigate the relationships among different exercise intensities,
spleenmicrobiome composition, and cardiac function. Themice spleen contained a diverse array of micro-
biota. Different intensities of exercise resulted in varying compositions of the spleen microbiome, Treg
cell levels, and mouse heart function. Additionally, the abundance of Lactobacillus johnsonii in the mouse
spleen exhibited a positive correlation with Treg cell levels, suggesting that Lactobacillus johnsonii may
contribute to the production of Treg cells, potentially explaining the protective role ofmoderate-intensity
exercise on cardiac function. In conclusion, our findings provide evidence thatmoderate-intensity exercise
may promote cardiac function protection by influencing the spleen microbiome composition.

INTRODUCTION

According to the American Heart Association’s (AHA) annual report1 and the annual report on cardiovascular health and disease in China

2021,2 cardiovascular diseases (CVDs) are the leading cause of mortality worldwide. Considerable evidence has underscored the positive

impact of physical exercise on cardiovascular diseases, including the reduction of cardiovascular risk factors, mitigation of cardiovascular

events, enhancement of cardiorespiratory fitness, and lowered rates of all-cause mortality and mortality related to cardiovascular diseases.3,4

The potential mechanisms responsible for the protective effects of physical exercise in cardiovascular diseases include reducing myocardial

oxidative stress, promoting physiological cardiac hypertrophy, and inducing vascular responses, cardiacmetabolic adaptations, and systemic

immune responses.5 In particular, a significant advantage of regular exercise is its ability to effectively mitigate chronic systemic inflammation,

which is strongly implicated in the development and progression of cardiovascular diseases6; however, the underlying mechanism remains a

subject of controversy and requires further clarification.

The spleen, being the largest andmost essential immuneorgan, has received increasing attention for its critical role inmodulating immune

balance in both humans and rodents.7 Carnevale et al. presented compelling evidence that underscores the spleen’s pivotal role as a central

hub connecting the nervous and immune systems, particularly in the context of cardiovascular and metabolic diseases.7 Lembo et al. discov-

ered that placental growth factor (PIGF) facilitates a neuroimmune interaction within the spleen, leading to the onset of hypertension.8 Pot-

teaux et al. demonstrated that angiotensin II mobilizes spleen monocytes, which in turn promote the development of abdominal aortic aneu-

rysm in ApoE�/�mice.9 These results demonstrate the pivotal role of the spleen in the development of cardiovascular diseases. Furthermore,

a recent study shed light on the impact of exercise on the spleen.10 However, whether exercise exerts a protective role on cardiac function via

the spleen remains to be clarified.

Tissue residentmicrobiomes have gained increased attention in current studies. Multiple compelling studies have demonstrated the pres-

ence of the microbiome in various tissues, including adipose tissue,11 kidney,12 liver,13 brain,14 tumors,15 and other tissues.16,17 The micro-

biome may be associated with the progression of diseases. Recently, a novel concept highlighted the pivotal role of the spleen resident mi-

crobiome in disease progressionwithin the experimental autoimmune encephalomyelitis (EAE)mousemodel.18 Enterobacterwas enriched in

the spleens of the EAE group, and oral inoculation of live Enterobacter sp. significantly accelerated the clinical scores of EAE mice. However,

few studies have investigated the relationship between physical exercise and the spleen microbiome. Herein, we conducted a study to
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investigate the relationship among various intensities of physical exercise, the spleen microbiome, and cardiac function, and attempted to

investigate whether physical exercise could impact heart function by influencing the microbiome composition within the spleen.

RESULTS

The effect of exercise on HFD-fed mouse body weight, serum lipid levels, and cardiovascular function

Figure 1A represents the experimental design flowchart. All mice survived the 8-week training period except for one mouse in the HIE group,

which died onDay 44. OnDay 57, the serum lipid level of eachmousewasmeasured. The results revealed that the high-fat diet (HFD) led to an

increase in TC levels (NC group: 6.13G 1.82, MIE group: 3.68G 0.61, HIE group: 4.22G 0.44), TG levels (NC group: 1.18G 0.28, MIE group:

0.84 G 0.13, HIE group: 0.93 G 0.16) and LDL-C levels (NC group: 0.84 G 0.23, MIE group: 0.60 G 0.11, HIE group: 0.63 G 0.16). However,

different intensities of exercise significantly decreased the levels of TC, TG, and LDL-C compared with the NC group (p < 0.05, Figure 1B).

Additionally, the mice in each group exhibited similar body weights prior to the experiment (NC group: 21.87 G 0.77, MIE group:

21.93G 0.56, HIE group: 21.31G 0.57). After 1 week of training, a significant difference was observed between the NC group and HIE group

(NC group: 25.99G 1.26 versus HIE group: 24.73G 1.08, p < 0.05). However, no significant difference was found between the NC group and

MIE group (NC group: 25.99 G 1.26 versus MIE group: 25.20 G 0.93, p > 0.05) at this point (Figures 1C and S1A). Nonetheless, after seven

weeks of training, a significant difference was found between the NC group and MIE group (NC group: 39.29 G 4.39 versus MIE group:

35.36 G 3.28, p < 0.05) (Figures 1C and S1A). Ejection fractions and fractional shortening were measured at 0 w, 4 w, and 8 w of exercise.

No significant difference was observed within each group prior to exercise (EF values in the NC, MIE, and HIE groups: 65.98 G 12.33,

73.59G 10.79, 65.08G 10.34, respectively) (FS values in the NC, MIE, and HIE groups: 31.97G 9.06, 37.71G 8.51, 31.19G 8.28, respectively)

(Figures 1D and S1B). After 4 weeks of training, both theMIE group and theHIE group exhibited a significant difference in EF values compared

with the NC group (NC group: 52.68G 12.81 versus MIE group: 65.39G 7.83, p < 0.05, NC group: 52.68G 12.81 versus HIE group: 66.57G

14.18, p < 0.05) (Figures 1D and S1B). At the conclusion of the training period, a significant difference in EF values was found between theMIE

group and NC group (NC group: 54.95 G 8.39 versus MIE group: 69.71 G 11.92, p < 0.05, Figures 1D and S1B), whereas no significant dif-

ference in EF values was observed between the NC group and the HIE group (NC group: 54.95 G 8.39 versus HIE group: 55.61 G 10.93,

p > 0.05, Figures 1D and S1B). In terms of the value of FS within each group, a significant difference was observed between the NC group

and the HIE group after 4 weeks of training (NC group: 23.33G 7.59 versus HIE group: 32.70G 9.87, p < 0.05, Figures 1E and S1C), whereas

no difference was found after 8 weeks of training (NC group: 24.22 G 4.84 versus HIE group: 24.79 G 6.69, p > 0.05, Figures 1E and S1C).

Simultaneously, a significant difference was observed in the FS value between the NC group and MIE group after 8 weeks of training (NC

group: 24.22G 4.84 versus MIE group: 34.75G 9.55, p < 0.05, Figures 1E and S1C), whereas no difference was found after 4 weeks of training

(NC group: 23.33 G 7.59 versus MIE group: 31.02 G 5.48, p > 0.05, Figures 1E and S1C).

Exercise ameliorates pathological changes in the heart and aorta of mice fed a high-fat diet

Mouse hearts and aortas were collected after eight weeks of treadmill running and subjected to histological and immunohistochemical stain-

ing. Compared with the NC group, both the MIE group and HIE group exhibited a significant reduction in inflammatory cell infiltration and a

decrease in the extent of interstitial fibrosis (p < 0.05, Figure 1F). Furthermore, we extracted mouse hearts to perform western blotting. We

observed a significant reduction in the levels of ANP, BNP, and collagen 1 in both theMIE group andHIE group compared with theNC group

(p < 0.05, Figure 1G). When comparing the effects of exercise on the mouse aorta, the results of HE staining revealed that the NC group ex-

hibited a significantly higher infiltration of inflammatory cells than both the MIE group and HIE group (p < 0.05, Figure 1H). However, no sig-

nificant difference was observed when comparing the NC group with either the MIE group or HIE group in terms of EVG scores (p > 0.05,

Figure 1H).

The impact of exercise intervention on spleen alterations in high-fat diet (HFD)-fed mice

To assess the impact of exercise intervention on the spleens of mice fed an HFD, we collected spleen samples for histological and immuno-

histochemical staining, western blotting, and flow cytometry analysis. Histological and immunohistochemical staining revealed a significant

increase in the infiltration of inflammatory cells, particularly macrophages, in the NC group when fed a HFD. However, various levels of ex-

ercise intervention resulted in a significant decrease in inflammatory cell infiltration andmacrophages compared with theNC group (p < 0.05,

Figure 2A). Additionally, we observed a significant reduction in the level of TNF-a in the spleens of both the MIE group and HIE group when

compared with the NC group (p < 0.05, Figure 2A). Similarly, western blot analysis revealed a significant decrease in the level of TNF-a in the

spleens of both the MIE group and HIE group when compared with the NC group (p < 0.05, Figure 2C). In the same way, both the MIE group

Figure 1. The effect of physical exercise on high-fat diet fed mice

(A) Experimental design flowchart; (B) Serum lipid levels within each group (TC: F (DFn, DFd) = 12.44 (2, 27), p = 0.0001; TG: F (DFn, DFd) = 7.641 (2, 27), p = 0.0023;

LDL-C: F (DFn, DFd) = 5.672 (2, 27), p = 0.0088; n = 11: 10: 9); (C) Body weights within each group (n = 11: 10: 9); (D) EF values within each group (n = 11: 10: 9); (E) FS

values within each group (n = 11: 10: 9); (F) HE andMasson staining of mice hearts within each group (HE: F (DFn, DFd) = 11.50 (2, 27), p = 0.0002; Masson: F (DFn,

DFd) = 22.26 (2, 27), p < 0.0001; n = 11: 10: 9), scale bar: 200 mm; (G)Western blotting results of ANP, BNP, and collagen 1 in each group (ANP: F (DFn, DFd) = 105.9

(2, 6), p < 0.0001; BNP: F (DFn, DFd) = 21.00 (2, 6), p = 0.0020; Col 1: F (DFn, DFd) = 16.43 (2, 6), p = 0.0037; n = 3: 3: 3); (H) HE and EVG staining ofmice aortas within

each group (HE: F (DFn, DFd) = 23.26 (2, 27), p < 0.0001; EVG: F (DFn, DFd) = 1.885 (2, 26), p = 0.1721; n = 11: 10: 9), scale bar: 100 mm. Data are presented as the

mean G SD.
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and the HIE group exhibited a decrease in mouse spleen weight compared with the NC group. Specifically, the spleen weight of the MIE

group exhibited a significant reduction (p < 0.05, Figure 2D). However, there was a significant increase in the level of Treg cells in the spleens

of both the MIE group and HIE group when compared with the NC group (p < 0.05, Figure 2A). Additionally, flow cytometry analysis demon-

strated that the MIE group exhibited a significantly higher level of Treg cells in mouse spleens than the HIE group and NC group (p < 0.05,

Figure 2B). Moreover, western blotting revealed a significant increase in the level of foxp3 in the spleens of theMIE group compared with the

HIE group and NC group (p < 0.05, Figure 2C).

Exercise intervention alters spleen microbiome composition in the HFD-fed mice

Recently, Duan et al. reported that the microbiome of the spleen may play a role in the progression of an experimental autoimmune enceph-

alomyelitis mouse model.18 Interestingly, our TEM examination results revealed the presence of bacteria in the spleens of mice (Figure 2E).

Consequently, we conducted 16S rRNA sequencing to investigate the alterations in the spleen microbiome among the NC, MIE, and HIE

groups. First, the Venn diagram illustrated a significant decrease in the number of OTUs in the MIE group and HIE group compared with

the NC group (Figure 3A). The taxonomic composition plots at the phylum level demonstrated that Proteobacteria, Actinobacteria, Firmi-

cutes, and Bacteroidetes were the dominant bacterial communities in the spleens of the NC group, MIE group, and HIE group (Figure 3B).

Moreover, the dominant phylum observed in the spleen microbiome of mice from all groups was Proteobacteria (Figures 3G and 3H). Addi-

tionally, we discovered a significant increase in the abundance of L. johnsonii at the species level in both the MIE group and HIE group

comparedwith theNCgroup (Figures 3C and 3D). Interestingly, a correlation analysis revealed a positive association between the abundance

of Lactobacillus johnsonii and Treg cells in the spleens of mice (R2 = 0.8616, Figure 3E). Antibiotic-treated mice fed L. johnsonii exhibited a

significant increase in spleen Treg cells compared with the control group (p < 0.05, Figure 3F). However, no significant difference was found

when comparing the inactive Lacto group with the control group (p > 0.05, Figure 3F). These results suggest that Lactobacillus johnsoniimay

contribute to the production of Treg cells.

Next, we used aChao 1 estimator, the Shannondiversity index, and drew a rank-abundance curve to assess the richness and diversity of the

spleen microbiota (Figures 4A–4C). Although no significant differences were observed in either the Chao 1 estimator or Shannon diversity

index, we found that the NC group exhibited lower richness than the MIE group and HIE group, whereas the MIE group exhibited lower di-

versity than theNCgroup andHIE group. Furthermore, we employed PCoA analysis to evaluate beta diversity (Figure 4D), and ANOSIM anal-

ysis indicated that the differences between groups weremore pronounced than the differences within groups (NC toMIE, R = 0.11, p = 0.007;

NC to HIE, R = 0.096, p = 0.032, Figure 4E). These findings suggest that the protective effects of physical exercise may be mediated through

the spleen microbiome.

Species differences and marker species analysis in each group

To identify the key species responsible for these differences, we constructed a species composition heatmap and utilized linear discriminant

analysis effect size (LEfSe) and random forest analysis. These analyses allowed us to determine the species that played a primary role in

shaping the dissimilarities among the groups and aided in filtering out the most significant species within each group. The species compo-

sition heatmap revealed that the NC group was enriched in Bifidobacterium pseudolongum, Hymenobacter sp., Pseudonocardia sp., Nocar-

dioides marinquilinus, Nocardioides lentus, Spirosoma pomorum, Rhodococcus corynebacterioides, andGeodermatophilus sp. (Figures 5A

and 5B). Conversely, the MIE group exhibited enrichment in Lactobacillus delbrueckii, Akkermansia muciniphila, and Pseudomonas rhizos-

phaerae, whereas the HIE group exhibited enrichment in Ralstonia insidiosa, L. johnsonii, Lactobacillus reuteri, Lactobacillus salivarius,

Corynebacterium pyruviciproducens, Acinetobacter venetianus, Lachnospiraceae bacterium, and Bacteroides vulgatus (Figures 5A and

5B). Moreover, the random forest analysis emphasized the importance of B. pseudolongum in the NC group, Akkermansia muciniphila in

the MIE group, and Lactobacillus johnsonii in the HIE group (Figure 5C). Similarly, the LEfSe analysis also highlighted the significance of

B. pseudolongum in the NC group and L. johnsonii in the HIE group, with Acinetobacter harbinensis being prominent in the MIE group

(Figures 5D and 5E).

We utilized PICRUSt2 (phylogenetic investigation of communities by reconstruction of unobserved states) to predict the potential roles

of the spleen microbiome. The findings revealed that the dominant function of the spleen microbiota was biosynthesis, particularly in

amino acid biosynthesis, cofactors, prosthetic groups, electron carriers, and vitamin biosynthesis, as well as nucleoside and nucleotide

biosynthesis (Figure 6). In addition, the spleen microbiome demonstrated other functions, such as degradation/utilization/assimilation,

detoxification, generation of precursor metabolites and energy, glycan pathways, macromolecule modification, and metabolic clusters

(Figure 6).

Figure 2. The impact of physical exercise on spleens of high-fat diet fed mice

(A) The results of HE, CD68, Foxp3, and TNF-a staining of mice spleens in each group (HE: F (DFn, DFd) = 10.19 (2, 12), p = 0.0026; CD68: F (DFn, DFd) = 15.46

(2, 12), p = 0.0005; Foxp3: F (DFn, DFd) = 90.54 (2, 12), p < 0.0001; TNF-a: F (DFn, DFd) = 34.36 (2, 12), p < 0.0001; n = 6: 4: 5), scale bar: 100 mm; (B) Treg cell levels in

mice spleens within each group were measured by the Flow cytometer analysis (TNF-a: F (DFn, DFd) = 8.578 (2, 11), p = 0.0057; n = 4: 5: 5); (C) Western blotting

results of Foxp3 and TNF-a in each group (Foxp3: F (DFn, DFd) = 6.297 (2, 6), p = 0.0336; TNF-a: F (DFn, DFd) = 6.379 (2, 6), p = 0.0327; n = 3: 3: 3); (D) Spleen

weights within each group (TNF-a: F (DFn, DFd) = 17.01 (2, 27), p < 0.0001; n = 11: 10: 9); (E) the results of TEM examination in mice spleens within each group.

Data are presented as the mean G SD.
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DISCUSSION

Consumption of a HFD has been shown to be an independent risk factor for human health,19 potentially contributing to various diseases, such

as obesity,20 cardiovascular diseases,21 and immune system imbalance.22 As indicated above, the echocardiographic analysis revealed a

decrease in the left ventricular ejection fraction and fractional shortening when mice were fed a HFD. These findings are consistent with

the study conducted by Ge et al., where they observed a decrease in EF and FS values in mice following HFD intake.23 Moreover, the con-

sumption of a HFD also induces an augmented infiltration of inflammatory cells (such as macrophages), along with an enhanced secretion of

inflammatory cytokines (such as TNF-a). Conversely, there is a decrease in Treg cell infiltration within the spleens of mice, indicating that HFD

intake disrupts the balance between inflammation and anti-inflammation in this organ. TNF-a has been validated as a marker for monitoring

the dynamic fluctuations in inflammation in response to high-fat meals and exercise.24 In the present study, we have demonstrated that

various intensities of exercise can mitigate the detrimental effects of a HFD and prevent abnormal damage to the hearts and aortas of

mice. Physical exercise has been proven to be beneficial for cardiac function,3,4 particularly when conducted as a moderate intensity exercise.

Xiao et al. discovered that moderate exercise plays a protective role against myocardial infarction.25 However, in our study, the HIE group

exhibited impaired cardiac function in mice. Richard et al. conducted a study to assess the effects of high-intensity exercise on left ventricular

systolic and diastolic function.26 The results revealed a decrease in LVEF in the high-intensity exercise group comparedwith the normal group.

Similarly, Darren and his colleagues also observed damage to LVEF during high-intensity exercise.27 The potential mechanism underlying

impaired cardiac function following strenuous exercise is that high-intensity exercise induces significant physiological stress, which affects

the secretion of catecholamines. Sustained elevations in catecholamines are believed to desensitize cardiac beta receptors, resulting in

impaired cardiac function.28 Therefore, moderate-intensity exercise is encouraged as a daily practice rather than high-intensity exercise.

Furthermore, physical exercise resulted in alterations in the composition of the spleenmicrobiome, suggesting that themicrobiome of the

spleenmay play a vital role in the protective effects of physical exercise. Based on the findings of the HumanMicrobiome Project (HMP),29 it is

well established that a vast array of commensal (nonpathogenic) and pathogenic microbial species reside in the human body, having co-

evolved with the human genome, adaptive immune system, and diet. In recent years, the tissue microbiota has gained recognition for its

role in maintaining homeostasis, thereby emerging as a promising therapeutic target for numerous diseases.30 As mentioned earlier,

Duan et al. observed an enrichment of Enterobacter in the spleens of the EAE group. Furthermore, they found that oral administration of

live Enterobacter sp. significantly accelerated the clinical scores of EAE mice.18 In our study, we discovered alterations in the spleen micro-

biome of mice following different intensity exercises. The species composition map revealed a significant enrichment of Lactobacillus

Figure 3. 16S rRNA sequencing revealed alterations in the spleen microbiota in each group

(A) Venn plot; (B) phylum level; (C) species level; (D) relative abundance of Lactobacillus johnsonii in each group (F (DFn, DFd) = 16.08 (2, 27), p < 0.0001; n = 11:

10: 9); (E) correlation ship between Lactobacillus johnsonii and Treg cells (R^2 = 0.8616); (F) Treg cell levels in the mouse spleens within each group were

measured by the flow cytometry analysis (Treg: F (DFn, DFd) = 5.684 (2, 12), p = 0.0183; n = 5: 5: 5); (G) taxonomic tree in packed circles; (H) Krona analysis of

the bacterial community structures of each group. Data are presented as the mean G SD, n = 11: 10: 9.

Figure 4. Alpha and beta diversities of the microbiota

(A) Chao1 estimator; (B) Shannon diversity index; (C) rank-abundance curve; (D) PCoA analysis; (E) ANOSIM analysis, NC toMIE, R = 0.11, p = 0.007; NC toHIE, R =

0.096, p = 0.032, n = 11: 10: 9.
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Figure 5. Species differences and marker species analysis

(A) Species composition heatmap in eachmouse; (B) Species composition heatmap in each group; (C) Random Forest analysis to identify the important species in

each group; (D and E) LEfSe analysis, n = 11: 10: 9.
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johnsonii in both the MIE group and HIE group compared with the NC group. Lactobacillus johnsonii (L. johnsonii) has been identified as a

beneficial bacterium belonging to the Lactobacillus genus. Current research has demonstrated the potential of L. johnsonii in enhancing

memory function through the brain-gut axis and its role in regulating metabolic-related disorders.31 Additionally, it has been demonstrated

that L. johnsonii stimulates the STAT3 pathway, enhances CD206+ macrophage activation, and increases the secretion of IL-10.31 Further-

more, Luo et al. revealed that supplementation with L. johnsonii can ameliorate renal dysfunction and improve survival in mice with experi-

mental lupus nephritis. Moreover, L. johnsonii has the ability to shift the Treg-Th17 balance in favor of Treg cells.32 These findings emphasize

the anti-inflammatory role of L. johnsonii in maintaining human homeostasis. In our study, we observed a positive correlation between the

level of L. johnsonii and the level of Treg cells in the spleens of mice, antibiotic-treated mice supplemented Lactobacillus johnsonii exhibited

a significant increase in spleen Treg cells compared with the control group. Several studies have examined the impact of physical exercise on

Treg cell production and have reached varying conclusions regarding the underlying mechanisms.33,34 Therefore, further investigations are

needed to clarify whether the potential mechanism by which physical exercise affects Treg cell production is mediated through L. johnsonii.

This will be the focus of our future studies.

Figure 6. PICRUSt2 analysis to predict the potential role of the spleen microbiome and spleen microbiota participating in biosynthesis pathways

ll
OPEN ACCESS

iScience 27, 108635, February 16, 2024 9

iScience
Article



LEfSe analysis and random forest analysis were utilized to identify the primary species responsible for these differences and to pinpoint

the key species within each group. The results unequivocally showcased the significant roles of B. pseudolongum in the NC group, Ak-

kermansia muciniphila in the MIE group, and L. johnsonii in the HIE group. B. pseudolongum, a member of the Actinobacteria phylum,

is consistently recognized as a beneficial bacterium involved in maintaining host homeostasis. A recent study reported that the acetate

produced by B. pseudolongum can inhibit the proliferation of hepatocellular carcinoma associated with nonalcoholic fatty liver disease

and induce apoptosis in tumor cells.35 However, it should be noted that B. pseudolongum may exhibit a bidirectional role in host meta-

bolism. Weaver et al.36 demonstrated that B. pseudolongum was highly expressed in the offspring of mice fed an HFD. This observation

suggests that various strains of B. pseudolongum may have different metabolic effects, potentially explaining its dual impact on host meta-

bolism. Marco et al.37 conducted a phylogenomic analysis of the genome sequences of 60 B. pseudolongum strains, suggesting that the

B. pseudolongum species is composed of two subspecies: B. pseudolongum subsp. globosum and B. pseudolongum subsp. pseudolon-

gum. It is plausible that these subspecies may play distinct roles in maintaining host homeostasis. In our study, we observed an increase in

the abundance of B. pseudolongum in the NC group. Therefore, further investigations are warranted to identify the specific subspecies of

B. pseudolongum and elucidate their respective roles in the spleen of mice fed a HFD in future studies. A. muciniphila, first documented in

2004, has been extensively studied to explore its potential role in humans.38 Previous research has highlighted A. muciniphila as a prom-

ising candidate for the treatment of microbiota-related disorders, such as colitis, metabolic syndrome, and immune diseases.39 However,

further studies are needed to elucidate the role of A. muciniphila in the spleen. Additionally, PICRUSt2 analysis indicated that the main

function of the spleen microbiome is biosynthesis, suggesting that the microbes may influence the immune microenvironment of the

spleen through biosynthesis pathways.

Sample contamination is a major concern in tissuemicrobiome sequencing. Contaminant DNA can originate from various sources, such as

the sampling and laboratory environments, researchers themselves, plastic consumables, nucleic acid extraction kits, laboratory reagents

(including PCR mastermixes), and cross-contamination from other samples and sequencing runs.40 Therefore, in our study, all sample collec-

tions were meticulously conducted in a clean bench environment to mitigate the risk of contamination.

In conclusion, our study revealed the impact of moderate-intensity exercise on the composition of the spleen microbiome in mice and

demonstrated reduced risks of cardiovascular diseases in HFD-fed mice. Additionally, we identified the significant roles of

B. pseudolongum in the NC group, A. muciniphila in the MIE group, and Lactobacillus johnsonii in the HIE group, respectively.

Limitations of the study

In this study, we discovered the impact of moderate-intensity exercise on the spleen microbiome composition in mice and reduced risks of

cardiovascular diseases in HFD-fed mice. Furthermore, we observed that the abundance of L. johnsonii in the spleen influenced the produc-

tion of Treg cells. However, the potential mechanism by which L. johnsonii promotes Treg cell production remains to be validated in future

studies.
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ACTCCTACGGGAGGCAGCA, reverse primer:

GGACTACHVGGGTWTCTAAT
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FlowJo software FlowJo, Ashland, OR, USA https://www.flowjo.com/solutions/flowjo
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Materials availability

This study did not generate new unique reagents.

Data and code availability

� The raw 16s RNA-seq data generated in this study is available on SRA under the accession code: PRJNA1029919. The names of the

repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1029919.
� The data utilized to support the findings of this study can be obtained from the corresponding author upon request.
� The code used to call ASVs, assign taxonomic annotations, perform the analysis, and create figures is available at https://www.

genescloud.cn/chart/chartOverview.
� Any additional information required to reanalyze the data reported in this work is available from the lead contact upon reasonable

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and protocols

A total of 30 male C57BL/6J mice aged 8 weeks and weighing 20-25 g were purchased from Wuhan Shulaibao Biotechnology Co., Ltd. and

used in this study. All mice were housed in a specific pathogen-free (SPF) environment on a 12 h light/dark cycle and were fed a 60% kcal high-

fat diet (HFD) (D12492, Shuyushengwu Biotechnology, Shanghai, China). All procedures were approved by the Ethical Approval for Formation

Review of Experimental Animal Welfare and Ethics, Zhongnan Hospital of Wuhan University (ZN2023102).

Mice were randomly divided into three groups: NC group (HFD, n = 10), MIE group (HFD + moderate intensity exercise, n = 10), and HIE

group (HFD + high intensity exercise, n = 10). A small animal treadmill (SA101, Science Biotechnology, Jiangsu, China) was used for mouse

exercise intervention. At the onset of the experiment, all mice underwent a week-long assimilation training program on the treadmill. Each

session lasted 30 minutes, with a speed of 5 m/min and a frequency of six sessions per week. Following the assimilation training, the mice in

theMIE group received 30-minute sessions ofmoderate-intensity exercise at a speed of 10m/min six times a week.Meanwhile, themice in the

HIE group engaged in high-intensity exercise for 30minutes per session, at a speed of 20m/min, six times a week. Moreover, the body weight

of mice in each groupwasmeasured on aweekly basis, and ultrasonic cardiogram (VINNO, Jiangsu) was utilized to assess the ejection fraction

(EF) and fractional shortening (FS) of the mice every four weeks.

After eight weeks of training, the mice were euthanized using an overdose of 1% pentobarbital sodium. Blood samples were collected

from the retro-orbital sinuses of the mice into Eppendorf tubes and then centrifuged to obtain the plasma, which was subsequently frozen

at -80�C. Additionally, the hearts, spleens, and aortas of themice were collected for histological and immunohistochemical staining, as well as

western blotting. Moreover, a portion of the spleen was sent for 16S rRNA sequencing. It is important to highlight that after euthanizing the

mice, the mice were immersed in 75% ethanol for 5 minutes. Subsequently, the mice were dissected, and the aforementioned tissues were

immediately collected on a clean bench to avoid contamination.

Microbiota transplantation

Lactobacillus johnsonii solution (DSM 10533) was purchased from Mingzhou Biotechnology Co., Ltd. (BMZ133557) and then stored at 4�C in

an anaerobic bag.

To verify the effect of Lactobacillus johnsonii on Treg production, we conducted the following study. First, we treated the mice with an

antibiotic cocktail (0.5 g/L vancomycin, 1 g/L neomycin sulphate, 1 g/L metronidazole, 1 g/L ampicillin) in the drinking water for 4 weeks

to clear any existing bacteria. Then, we administered a daily dose of 1 x 10^8 CFU/ml Lactobacillus johnsonii to the mice for one month

via gavage. We measured the level of Treg cells in the spleen using flow cytometry analysis. The mice were randomly divided into three

groups: the control group (receiving 180 ml of PBS via gavage, n = 5), the Lacto group (receiving 180 ml of Lactobacillus johnsonii via gavage,

n = 5), and the inactive Lacto group (receiving 180 ml of heat-killed Lactobacillus johnsonii via gavage, n = 5).

16S rRNA sequence

Spleen bacterial DNA was extracted, and the 16S rRNA gene was sequenced by Personalbio Technology Co., Ltd. (Shanghai, China). Briefly,

approximately 80mgof spleen sample permousewas collected, andDNAwas extractedby aQIAampDNAMini Kit (51304,QIAGEN,Hilden,

Germany) based on the manufacturer’s protocol. Then, a NanoDrop 2000 (Thermo Scientific) was used to evaluate the DNA concentration

and purity. The primers (forwards primer: ACTCCTACGGGAGGCAGCA, reverse primer: GGACTACHVGGGTWTCTAAT) were used to

amplify the V3-V4 hypervariable regions of the 16S rRNA gene from the DNA extracts. The Illumina NovaSeq 6000 PE 250 system was utilized

to sequence the samples and obtain raw data. The raw data underwent denoising using QIIME2 and DADA2, resulting in the generation of

clean amplicon sequence variants (ASVs) or operational taxonomic units (OTUs). QIIME2 (version 2019.4) was employed to annotate each

ASV/OTU sequence, compute the alpha diversity index, perform beta diversity analysis, and conduct random forest analysis. R software

(version 4.0.2) was utilized for various tasks, including drawing rank abundance curves (using the R ggplot2 package), conducting principal

coordinate analysis (PCoA) (with the R ape package), generating heatmaps of genus abundance (using the R pheatmap package), and con-

ducting pairwise comparisons of sample groups using the MetagenomeSeq method (via the R metagenomeSeq package).
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METHOD DETAILS

Measurement of TC, TG, and LDL-C

Each mouse’s plasma was sent to Baiqiandu Biotechnology (Wuhan, China) to measure the levels of total cholesterol (TC), triglyceride (TG),

and low-density lipoprotein C (LDL-C).

Transmission electron microscopy (TEM) analysis

Each mouse spleen was collected and fixed in 2.5% glutaraldehyde and sent to Baiqiandu Biotechnology (Wuhan, China) for sample prep-

aration and image acquisition.

Histological and immunohistochemical staining

Mouse samples were harvested for histological analysis after anesthesia with 1% pentobarbital sodium. The heart, aortic and spleen speci-

mens were incubated in 4% formalin for 24 h, paraffin embedded, and cut into 5-mm sections. Five consecutive sections from each heart or

aortic specimen were prepared for hematoxylin and eosin (H&E) staining, elastic van Gieson (EVG) staining, Masson trichrome staining and

immunostaining (Foxp3, TNF-a and Mac2). Medial elastic layer destruction was graded as I (mild) to IV (severe). The images were acquired

using a Leica microscope with a 403 objective and analyzed using Image J software.

Western blotting

A PRO-PREP protein extraction kit (Intron Biotechnology, USA) was used to extract protein from the homogenized heart or aortic tissues, and

the extract was then used for western blotting. Total protein was boiled in sample buffer (200 mmol/l Tris [pH 6.8], 20% glycerol, 2% sodium

dodecyl sulfate (SDS), 0.1% bromophenol blue, and 10% b-ME), and equal amounts of protein were loaded onto a 10% SDS-polyacrylamide

gel. After electrophoresis at 100 V for 1 h to ensure that proteins were transferred onto the nitrocellulose membrane filter, the membrane was

then blocked with 4% nonfat dry milk in Tris-buffered saline (TBS) and incubated overnight with primary antibodies against COL1 (72026S,

CST, 1:1000), ANP (abs123943, Absin, Shanghai, China, 1:1000), BNP (A2179, ABclonal, Wuhan, China, 1:1000), Foxp3 (A4953, ABclonal, Wu-

han, China, 1:1000) and TNF-a (A0277, ABclonal, Wuhan, China, 1:1000). Then, the membranes were washed and incubated for 1 h at room

temperature with horseradish peroxidase-labelled species-appropriate secondary antibodies (Cedarlane, Canada). An enhanced chemilumi-

nescence (ECL) kit (GE Healthcare) was used to develop the blots, and the bands were quantified by scanning densitometry with ImageJ soft-

ware. Finally, intergroup analyses were performed for relative protein levels (GAPDH ratio).

Flow cytometry analysis

Treg cell enrichment was assessed using fluorescence-activated cell sorting (FACS) with a flow cytometer (BD Fortessa; BD Biosciences, San

Jose, CA, USA) and analyzedwith FlowJo software (FlowJo, Ashland,OR, USA) following labelling of Treg cells with phycoerythrin (PE)-anti-rat

Foxp3 monoclonal antibody (A4953, ABclonal, Wuhan, China). The results are expressed as the mean fluorescence intensity.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 9 (GraphPad Software, La Jolla, CA) was used for statistical analysis, the data are presented as the means G SDs. P

values < 0.05 was considered statistically significant. One-way analysis of variance (ANOVA) using the Bonferroni correction was suitable

for comparing multiple groups.
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