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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- An atlas of age-, tissue-, and cell-type-specific benefits of long-term exercise.

- Exercise protects tissues from infectious injury, especially in younger ones.

- Exercise promotes rejuvenation in aged tissues, especially in the nervous system.

- Exercise exerts geroprotective effects, especially by resetting circadian programs via the circadian clock protein BMAL1.
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Exercise benefits the whole organism, yet, how tissues across the body
orchestrally respond to exercise remains enigmatic. Here, in young and
old mice, with or without exercise, and exposed to infectious injury, we char-
acterized the phenotypic and molecular adaptations to a 12-month exercise
across 14 tissues/organs at single-cell resolution. Overall, exercise protects
tissues from infectious injury, although more effectively in young animals,
and benefits aged individuals in terms of inflammaging suppression and tis-
sue rejuvenation, with structural improvement in the central nervous system
and systemic vasculature being themost prominent. In vascular endothelial
cells, we found that readjusting the rhythmic machinery via the core circa-
dian clock protein BMAL1 delayed senescence and facilitated recovery
from infectious damage, recapitulating the beneficial effects of exercise.
Our study underscores the effect of exercise in reconstituting the youthful
circadian clock network and provides a foundation for further investigating
the interplay between exercise, aging, and immune challenges across the
whole organism.

INTRODUCTION
Physical exercise profoundly affectsmultiple tissues and iswell accepted to be

beneficial to numerous aspects of human health.1–3 The nervous system gov-
erns the execution of physical exercise and its coordination with activities of
the cardiovascular and pulmonary systems to increase blood flow to theworking
skeletomuscular system.4,5 Accordingly, exercise is beneficial not only to the
musculoskeletal system but also to the heart, lung, and nervous systems.2,6,7

As exercise engagesmultiple tissues and organs in synchronized and integrated
activities, it ultimately benefits physical and mental health.6–8 However, how
tissues and organs are coordinated to execute such whole-body physiological
functions is poorly understood. Conventionally, the majority of studies on exer-
cise biology have focused on the skeletal muscle in an isolated setting, and led
to the identification of a panel of critical signaling pathways induced by exercise,
including IGF1/PI3K/Akt, AMPK, mTOR, and PGC-1a.9–12 However, the molecu-
lar events associatedwith exercise, especially beyond the experimental paradigm
of skeletal muscle, remain largely unknown. Hence, to identify exercise-associ-
ated molecular mechanisms that drive a broader spectrum of biological
processes in a variety of tissues and organs, there is a need to complement
the current “myocentric” paradigm by pursuing investigations of non-skeletal
muscle tissues across the whole body.

An unresolved question in exercise biology is whether exercise confers similar
effects in young and aged individuals. And, relatedly, whether exercise confers a
similar degree of protective effects against external and internal stimulus (e.g.,
acute severe infection and chronic low degree of inflammation) in individuals
of different ages. For example, studies on young animals show that exercise

counteracts obesity.13,14 Although studies of exercise biology have been con-
ducted in older animals, many of them focused on investigating exercise as a
robust intervention to restore mitochondrial function and achieve reactivation
of aged adult stem cells, such as muscle stem cells.15–18 However, how the
whole-body transcriptomic landscape adapts as a result of a long-term exercise
regimen and whether such adaptations differ between young and old animals
remain largely unknown. Moreover, investigations stand to identify age-associ-
ated underlyingmolecular processesmediating the beneficial effects of exercise,
which in turn might help inform the development of strategies that promote
healthy aging.19,20

Since both aging and exercise involve distinct organs, tissues, and cell
types,4,6,21–24 a systemic and integrative study across multiple tissues, dissect-
ing the molecular programs in tissue- and cell type-specific manner, is of critical
importance.25–29 In the past few years, high-throughput single-cell transcrip-
tomeshavebeenconstructed for aging and its interventions,30–32 such as caloric
restriction and heterochronic parabiosis in mammalian species,33–40 providing
unprecedented resolution of the cellular andmolecular changes in aged animals.
However, whether and how exercise rewires the transcriptome at the systemic
level, especially in aged animals, remains largely unexplored.
Here, we subjected young and aged mice to up to 12 months of voluntary

exercise or standard housing, and constructed a comprehensive single-cell tran-
scriptomic atlas that integrates exercise, aging, and acute infectious challenges
acrossmultiple tissues/organs.We also dissected divergent tissue- and cell type-
specific responses to long-term exercise in young and aged individuals, and es-
tablished molecular programs linked with protection against acute severe infec-
tion in young individuals and geroprotective effects in their aged counterparts.
We further unraveled that exercise rebuilds the BMAL1-mediated rhythmic regu-
latory network and dampens the expression of pro-inflammatory genes that
become dysregulated as a consequence of aging. Our rich dataset constitutes
a valuable resource for exploring targets that can be investigated for therapeutic
potential in mediating exercise-like effects on delaying aging and age-related
degenerative diseases.

RESULTS
Exercise exerts an overall health-promoting effect
Here, we investigated the effects of long-term aerobic exercise on physical

function and gene expression regulation at the systemic level in young (2months
old) and old (16 months old) male C57BL/6J mice (Figure 1A). Throughout the
exercise process, during which we recorded voluntary exercise activity on the
rotating running wheel in real time, we found that young individuals generally
exercised faster and longer per day than old individuals (Figures 1B and S1A).
This difference was particularly pronounced in the first 3 months, but gradually
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diminished between the two age groups later in the 12-month process, indicating
that young and old mice adapt convergently in physical activity during the pro-
cess of long-term exercise (Figures 1B and S1A).

After 12 months of spontaneous exercise, the body weight of the exercising
groups was reduced, with the overall physiological status remaining stable, as
examined by the metabolic cage, compared with control groups of both young

and old mice without exercise (Y-Ex versus Y-Ctrl, O-Ex versus O-Ctrl)
(Figures 1C, S1B, and S1C). Both exercising groups achieved higher physical
scores (Figure 1C) and stronger motor coordination and endurance, as demon-
strated by better performance in the treadmill and rotarod tests (Figure 1D). In
contrast, all these parameters declined with age in sedentary mice (Figures 1C
and 1D). Grip strength was also enhanced with exercise in young and old mice

Figure 1. Construction of single-cell transcriptomic atlas of exercise-induced effects across multiple tissues in mice (A) Schematic diagram of mouse exercise and multi-
dimensional analysis of its systematic effects. Y-Ctrl, young control; Y-Ex, young exercise; O-Ctrl, old control; O-Ex, old exercise. (B) Boxplot showing the average running distance (km
per day) ofmice in the Y-Ex and O-Ex groups every 3months. n = 22–24mice per group. (C) Body weights (top) and physical score (bottom) ofmice from different groups as indicated.
n = 22–24mice per group. (D) Bar plots showing themean time on a rotarod (top left), grip strength of four limbs (top right), distance on the treadmill (bottom left), and the percentage
of correct alternations by Y-maze test (bottom right) of mice from indicated groups. n = 15–24 mice per group. (E) ELISA analysis of the concentration of IL-1b (top) and the
concertation ratio of AST to ALT (bottom) in the serum of indicated groups. n = 5–12mice per group. (F) t-SNE plots showing different cell types across the five tissues based on data
from snRNA-seq (left) or nine tissues by scRNA-seq (right). Oligo, oligodendrocyte; Ast, astrocyte; ExN, excitatory neuron; InN, inhibitory neuron; Granule, granule cell; MLI, molecular
layer interneuron; Epe, ependymal cell; OPC, oligodendrocyte precursor cell; Mic, microglia; Men, meningeal cell; Tendon, tendon fibroblast; Fast IIX, type IIX fast-twitch fiber; Fast IIA,
type IIA fast-twitch fiber; Fast IIB, type IIB fast-twitch fiber; NMJ_post, postsynaptic muscle fiber of neuromuscular junction; Adi, adipocyte; MTJ, myotendinous junction; MuSC,
muscle stem cell; Fib, fibroblast; Car, cardiocyte; Per, pericyte; EC, endothelial cell; SMC, smooth muscle cell; TC, T cell; M1, type I macrophage; M2, type II macrophage; AT1, type I
alveolar epithelial cell; AT2, type II alveolar epithelial cell; Epi, epithelial cell; AM, alveolar macrophage; CD-IC, collecting duct intercalated cell; CD-PC, collecting duct principal cell; CD-
Trans, collecting duct transitional cell; DCT, distal convoluted tubule; LOH, ascending loop of Henle; DLOH, descending loop of Henle; PT-S1, segment1 of proximal tubule; PT-S2,
segment2 of proximal tubule; PT-S3, segment3 of proximal tubule; Hep, hepatocyte; Cho, cholangiocyte; Kup, Kupffer cell; NKT, natural killer T cell; SPG, spermatogonia; RS, round
spermatid; ES, elongated spermatid; SPC, spermatocyte; Neu, neutrophil; Mono, monocyte; Bas, basophil; LP-B, late pro-B cell; Mega, megakaryocyte; mDC, myeloid dendritic cell; pDC,
plasmacytoid dendritic cell; CD4_Naive, CD4+ naive T cell; CD4_Mem, CD4+ memory T cell; CD8_Naive, CD8+ naive T cell; CD8_Mem, CD8+ memory T cell; CD8_CTL, CD8+ cytotoxic
T cell; BC, B cell; Pla, plasmocyte. The quantification data in (C)–(E) are shown as the means ± SEM, and two-tailed Student’s t test p values are indicated.
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Figure 2. Exercise reprograms transcriptional profiles across tissues in an age-dependent manner (A) Venn diagram showing the YE-specific DEGs, OE-specific DEGs, as well as
common DEGs overlapping between YE DEGs (Y-Ex/Y-Ctrl) and OE DEGs (O-Ex/O-ctrl) based on data from scRNA-seq and snRNA-seq. The DEG numbers were calculated by
summing the cell type-specific DEGs from the 14 tissues or organs, yielding the total number of upregulated and downregulated genes. (B) Bar plots showing the DEG number (left) or
DEG relative ratio (corresponding DEG number to total number of DEGs including YE-specific DEGs, common DEGs, and OE-specific DEGs, right) of indicated DEGs across different
tissues based on data from scRNA-seq and snRNA-seq. (C) Bubble plot showing the difference in the DEG ratio of YE DEG number or OE DEG number to total DEG number in different
cell types of the 14 tissues based on data from scRNA-seq and snRNA-seq. Cell types that have a DEG ratio difference of more than 60% are named YE-specific cell types or OE-
specific cell types. Cell types that have a DEG ratio difference lower than 20% are named Common cell types. (D) Network plots showing the enriched GO terms/pathways of up-
regulated DEGs during exercise in the indicated groups (left) or indicated tissues (right) based on data from scRNA-seq and snRNA-seq. (E) WGA staining of skeletal muscle tissues
from the indicated groups. The relative cross-sectional areas are quantified as fold changes. Scale bars, 100 mm. n = 7–12 mice per group. (F) Electron microscopy analysis of the
number of intermyofibrillar mitochondria in skeletal muscle (top) and the percentage of total interfibrillar mitochondrial area in heart tissues (bottom) from the indicated groups. Scale
bars, 1 mm. n = 4mice per group and 10 images were taken from eachmouse. (G) Immunofluorescence analysis of ChAT-positive motor neurons (MNs) in themotor cortex and spinal

(legend continued on next page)
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(Figure 1D). As proof of the effect of exercise on systems other than the skeleto-
muscular system, long-termexercise also improved spatial learning andmemory
in aged mice, as assessed by Y maze performance (Figure 1D). At the systemic
level, the plasma concentration of IL-1b, an inflammatory cytokine, was reduced
by exercise in aged mice (Figure 1E). Likewise, the ratio between the
concentrations of aspartate transaminase (AST) and alanine transaminase
(ALT), a prognostic indicator in plasma for monitoring liver damage,41 which
increased during aging in the control group, was suppressed by exercise in the
O-Ex group (Figure 1E). These observations validate that exercise can provide
comprehensivehealthbenefits throughout thebody inbothyoungandagedmice.

Construction of a comprehensive transcriptomic atlas across multiple
tissues with different ages and physical activities

To investigate how exercise modulates gene expression across tissues, we
performed genome-wide RNA sequencing (RNA-seq) on 13 types of tissue sam-
ples (brain, spinal cord, skeletal muscle, heart, lung, aorta, kidney, liver, small in-
testine, testis, spleen, bone marrow, and peripheral blood) from the Y-Ex, Y-Ctrl,
O-Ex, and O-Ctrl groups (Figures 1A and S1D). Interestingly, based on principal-
component analysis (PCA), broad patterns of gene expression of each tissue
segregate with age on one dimension, and with or without exercise, albeit to a
various extent between tissues, in the other direction (Figures S1E and S1F). In
addition, PCA indicated that the tissue-specific transcriptome often changed in
divergent directions between young and old tissues after exercise (e.g., liver
and skeletal muscle) (Figure S1E), suggesting that exercise-associated tissue
adaptation may vary in relation to age. Collectively, these RNA-seq results
capture both an age-dependent and tissue-specific effect of exercise, which
prompted us to further dissect the response of exercise in young and old mice
by molecular profiling at a higher resolution.

To achieve single-cell resolution across diverse tissues, we performed single-
cell RNA-seq (scRNA-seq) for lung, aorta, kidney, liver, small intestine, testis,
spleen, bone marrow, and peripheral blood, as well as single-nucleus RNA-seq
(snRNA-seq) for the brain, cerebellum, spinal cord, heart, and skeletal muscle
(Figures 1F and S2A). After stringent quality control, we obtained 507,636
high-quality transcriptomes from which we constructed an unprecedentedly
comprehensive cellular atlas of exercise encompassing 14 tissues of different
ages and diverse physical activities at the single-cell level (Figures S1G, and S2A).

Overall, we identified 305 cell clusters that could be classified into 101 major
cell types in 14 tissues (Figures 1F, S2B, and S2C; Table S1). Of these cell types,
more than 38were tissue specific, such as Pcp4+ Purkinje cells in the cerebellum
and Tnnt2+ cardiomyocytes in heart tissue (Figures 1F, S1G, S2B, and S2C). In
contrast, Pecam1+ endothelial cells (ECs) were present inmost tissues, including
the brain, spinal cord, skeletal muscle, heart, liver, and aorta (Figures 1F, S1G, and
S2C). Likewise, mesenchymal and stromal cells, including fibroblasts (as in
skeletal muscle, heart, lung, aorta, small intestine, and testis), pericytes (as in
the brain, spinal cord, skeletal muscle, and heart), and smooth muscle cells (as
in the brain, skeletal muscle, heart, and aorta), were identified from at least
four organs (Figure S1G). Notably, immune cells marked by specific expression
of protein tyrosine phosphatase receptor type C were present in the bone
marrow, blood, and spleen but also in the other 10 solid tissues we analyzed
(Figure S1G). These immune cells were further classified into 27 immune cell
subtypes, includingmicroglia, Kupffer cell, alveolarmacrophage, megakaryocyte,
neutrophil, basophil, mast cell, monocyte, M1 (pro-inflammatory) macrophage
(M1), M2 (anti-inflammatory) macrophage (M2), dendritic cell, natural killer cell,
CD4+ T cell, CD8+ T cell, B cell, and plasma cell (Figures 1F, S2B, and S2C). In
conclusion, we present amulti-tissue atlas covering a broad spectrum of cellular
identities that establishes a framework to untangle the effects of exercise and ag-
ing, and constitutes a cellular roadmap for follow-up studies.

Exercise induces extensive molecular reprogramming across tissues in
an age-dependent manner

To further discern age-dependent and cell type-specific effects of exercise, we
initially characterized exercise-related differentially expressed genes (DEGs) in

the young group (YE DEGs, Y-Ex versus Y-Ctrl) and old group (OE DEGs, O-Ex
versus O-Ctrl) (Figure 2A; Table S2, seematerials andmethods). Upon character-
izing YE and OE DEGs in each tissue, we found that the majority of YE DEGs and
OE DEGs were different between the two age groups, and distributed unevenly
among tissues (Figure 2B). In most tissues, the extent of gene expression
changes, reflected in the number of DEGs, is highly age dependent. For example,
young kidney, small intestine, aorta, and testis appear more responsive to
exercise than their older tissue counterparts, and YEDEGswere strongly concen-
trated in specific cell types, including ECs, smooth muscle cells, and macro-
phages of the kidney (Figures 2B, 2C, S3A, and S3B). In contrast, tissues from
the nervous system (i.e., spinal cord, cerebellum, and brain) were more prone
to be affected by exercise in aged mice compared with their counterparts from
young mice; and OE DEGs were overpowered in ECs, pericytes, and excitatory
and inhibitory neurons of the brain, as well as Purkinje cells and granule cells
of the cerebellum (Figures 2B, 2C, S3A, and S3B).
Consistently, overall functional profiling of YE and OE DEGs also revealed such

age-dependent effects of exercise in different tissues (Figures 2D, S3C, and S3D).
For example, exercise activates genes enriched in nervous system function-
related pathways (such as neuron projection development and cognition) mainly
in the aged brain, cerebellum, and spinal cord, while it promotes the expression of
genes related to small-molecule catabolic processes and oxidative phosphoryla-
tionmainly in the young kidney, aorta, and lung (Figures 2D and S3C). Also, in the
young group, exercise downregulated genes associated with immune activation
and cell death inmost tissues (Figure S3D). These data show that exercise repro-
grams transcriptional regulatory networks in an age-dependent and tissue-spe-
cific manner.
Therewere also tissues inwhichwe detecteda similar extent of transcriptional

changes between age groups but through different genes (Table S2). For
example, the skeletal muscle and heart harbored almost comparable numbers
of exercise-induced DEGs between young and old mice (Figure 2B). At the sin-
gle-cell level, the numbers of YE and OE DEGs were similar across ECs, fibro-
blasts, cardiomyocytes, pericytes from the heart, and fast-twitch myofibers in
the skeletalmuscle (Figures 2C and S3A). Although very few in number, common
DEGs shared between age groups were identified in fast-twitch myofibers in the
skeletalmuscle and ECs in the heart (Figures 2C and S3A). Moreover, nuclear-en-
coded mitochondrial genes related to mitochondrial function and genes related
to AMPK, amaster signaling pathway for cellular energy homeostasis, were pref-
erentially activated in the kidney and aorta of the Y-Ex group and in the nervous
system of the O-Ex group, and convergently upregulated in the heart and skeletal
muscle of both the Y-Ex andO-Ex groups (Figures S3E andS4A). Finally, the bone
marrow, peripheral blood, and spleen were much less responsive to exercise
compared with other tissues, regardless of age (Figures 2B, 2C, S3A, and S3B).
For example, gene expression changes affected by exercise were quite modest
in the bone marrow, which may reflect a relatively stable cellular state and
microenvironment.
Finally, we tested whether the molecular changes observed were reflected at

the phenotypic level. When we evaluated the effect of long-term exercise on the
skeletal muscle, we observed an enlarged overall fiber cross-sectional area with
an increased number of intermyofibrillar mitochondria in both young and aged
mice (Figures 2E, 2F, and S4B). Likewise, voluntary physical training also
increased the contents of interfibrillar mitochondria in the hearts of both young
and oldmice (Figure 2F).Moreover, exercise increasedmotor neuron numbers in
themotor cortex and spinal cord, alongwith a higher content of neurofilaments in
themotor terminals of the skeletalmuscle, indicating strengthenedmuscle inner-
vation in the skeletal muscle of both the Y-Ex and O-Ex groups relative to their
counterparts in sedentary groups (Figures 2G and 2H). Strikingly, in the nervous
system, the thickness of the cortex was substantially increased in both young
and old mice after 12 months of exercise compared with non-exercising young
and old animals (Figures 2I and S4C). These tissue phenotypes were in overall
accordance with the exercise-induced transcriptional changes profiled in corre-
sponding tissues and cell types, and helped explain the previously reported
enhancement of physical and cognitive capacity conferred by exercise.42,43

cord from the indicated groups. Scale bars, 50 mm. n = 7–12 mice per group. (H) Immunofluorescence analysis of neurofilament (NF)-positive terminal buttons in skeletal muscle
tissues from the indicated groups. The number of terminal buttons per 0.6 mm2 is measured across different groups. Scale bars, 50 mm. n = 7–12 mice per group. (I) Immuno-
chemistry analysis of NeuN-positive neurons in the brain cortex from the indicated groups. The thickness of the cortex from the indicated regions was measured across different
groups. Scale bars, 50 mm. n = 7–12 mice per group. 1# and 2# cortexes are the motor and sensory cortex above the corpus callosum (CC) and dentate gyrus (DG) regions,
respectively. The quantification data in (F)–(I) are shown as the means ± SEM, and two-tailed Student’s t test p values are indicated.
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Figure 3. Exercise safeguards young mice against acute inflammatory damage (A) Schematic diagram of mice treated with vehicle or LPS after a 12-month exercise period and
subsequent analysis of five tissues as indicated. (B) Venn diagrams showing the overlapped genes between Y-LPS (Y-LPS/Y-Ctrl) and YE-LPS (Y-Ex-LPS/Y-LPS) (top), as well as
between O-LPS (O-LPS/Y-Ctrl) and OE-LPS (O-Ex-LPS/O-LPS) (bottom), based on data from scRNA-seq and snRNA-seq. YE-rev-LPS-DEGs or OE-rev-LPS-DEGs were defined as
subsets of overlapped DEGs that were changed in the opposite direction in young control and young exercise samples, or old control and old exercise samples, respectively. (C) Bar
plots showing the DEG number (top) and DEG ratio (bottom) of LPS-specific DEGs and Ex-rev-LPS DEGs to total LPS DEGs (Y-LPS and O-LPS) across different tissues in both young

(legend continued on next page)
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Thus, exercise reshapes the transcriptomic landscape in an age-dependent
manner, albeit at divergent degrees and through different programs in different
cell types and tissues, conferring multifaceted health benefits across the body.

Exercise protects young individuals from severe inflammatory injury
Next, we asked whether exercise can precondition young and old animals

against damage from acute infection. To this end, four groups of mice (Y-Ex,
O-Ex, and their respective controls) received a single intraperitoneal injection of
lipopolysaccharide (LPS) at a dose previously proven to induce systemic inflam-
mation (Figure 3A; seematerials andmethods).43,44 After 24 hours, the organism
usually starts to recover fromacute infection, whereas a prolonged inflammatory
responsemay lead to tissue damage.45 Tissuesharboring first-line responders to
LPS and critical tissues susceptible to acute inflammatory injury, i.e., liver, lung,
aorta, bone marrow, and peripheral blood, were subjected to scRNA-seq or
snRNA-seq (Figures 3A, S5A, andS5B). To unveilmolecular hallmarks associated
with a protective role of exercise, DEGs upregulated by LPS but repressed by ex-
ercise and DEGs downregulated by LPS but restored by exercise were identified
for each age group, hence the Rev-LPS DEGs (Figure 3B). Their ratios in relation
to DEGs induced by LPS in the non-exercising group (i.e., Rev-LPS DEGs versus
LPS DEGs) in the corresponding cell and tissue type of each age group were
calculated, and a higher ratio implied stronger potential to repress acute inflam-
matory injury upon exercise (Figures 3C and 3D; Table S2).

Overall, preconditioning youngmicewith exercise prevented the otherwise dra-
matic gene expression changes triggered by LPS in the sedentary group
(Figures 3C and 3D). The most prominent exercise-associated protection was
observed in hepatocytes, ECs, Kupffer cells in the liver, and various immune cells
(e.g., neutrophils andCD8+ naive T cells) in the lung in youngmice post-LPS treat-
ment (Figure 3D). This tissue-specific tendency to suppress LPS-induced genes
was consistent, but to a much lesser extent, in corresponding groups of aged
mice, suggesting that aged individuals are susceptible to acute inflammation
even with routine exercise (Figures 3C and 3D). Consistently, a stronger age
bias in the protective effects of the exercise was observed at the bulk tissue level,
as the ratio of Rev-LPS DEGs to LPS DEGs remained comparable with that de-
tected by scRNA-seq with younger age, while few Rev-LPS DEGs were identified
in the aged group for all four tissues tested (Figures 3C and S5C).

Enrichment analysis of Rev-LPS DEGs showed that the expression of classic
LPS-responsive genes, such as Gbp2, Arid5a, Hmgb1, and Hmgb2, was amelio-
rated by exercise in young mice (Figure 3E). Moreover, genes known to drive
detrimental signaling events in response to LPS, including genes enriched in
the NF-kB signaling pathway, mitogen-activated protein kinase signaling
pathway, complement and coagulation, NOD-like receptor, autophagy, and che-
mokine signaling pathway, along with other pathways promoting inflammatory
responses or cell death, were attenuated in the liver and lung of young exercised
mice compared with sedentary control mice (Figures 3F, S6A–S6E, and S7A).
Indeed, multiple pro-inflammatory pathways, such as cytokine production and
neutrophil degranulation, as well as apoptotic pathways that were activated by
LPS, were convergently suppressed by long-term exercise in young mice
(Figures 3F, and S6A). Accordingly, transcriptional network analysis revealed
that LPS-triggered activation of Hif1a, Stat2/3, Cebpb, and Arid5a-regulated net-
works in the Y-Ctrl group was abolished in the Y-Ex group (Figures S7B and
S7C). Similar protective effects were also detected by bulk RNA-seq, indicating
that exercise can protect multiple cell types in the same tissue against LPS-
induced damage (Figures S7D and S8A).

Consistent with the bioinformatic results, LPS-induced immune cell infiltration
(as shown by marker immunostaining of CD45 (total immune cells), neutrophil,
and F4/80 (macrophages)) in the liver and lung and excessive expression of
IL-1bwith elevated apoptosis in the liver were both effectively prevented by exer-

cise in young mice (Figures 3G–3K, and S7E). Moreover, LPS-induced secretion
of ALT and increased lungweight/body weight ratio, all of which are indicators of
acute inflammatory injury to the liver and lung, were ameliorated by exercise in
youngmice (Figures S8B and S8C). Together, these results indicate that exercise
can at least partially protect against LPS-induced systemic inflammation and
acute tissue damage, although with a strong age bias towards younger animals.

A global reversal of aging-related gene expression changes across
tissues by exercise
Next, we asked whether long-term voluntary exercise started in middle-aged

mice could prevent the progressive loss of tissue homeostasis associated with
aging. To dissect the underlying molecular changes, we classified cell type-spe-
cific DEGs into several types. First, we defined genes that were differentially ex-
pressed between the young and old sedentary groups as Aging DEGs (O-Ctrl
versus Y-Ctrl) (Figure 4A). Then, when comparing the exercising and sedentary
groups of old mice, we classified aging-DEGs that change further in the same di-
rection with exercise as Pro-aging DEGs, while aging-DEGs reversed by exercise
were classified as Rev-aging DEGs. Overall, and in each tissue type, Rev-aging
DEGs were found in much higher ratios than Pro-aging DEGs, with the exception
of bone marrow, which may be hardly responsive to exercise with only a few
DEGs identified with exercise (Figures 4B, 4C, and S9A; Table S2). These data
indicate that exercise exerts a globally beneficial effect across the body, attenu-
ating aging-associated cell type-specific gene expression changes in a tissue-
dependent manner.
Strikingly, out of all tissues examined in this study, we found that the aged ner-

vous system was most strongly rescued by exercise, i.e., the spinal cord, brain,
and cerebellum (Figures 4B and 4C). To further unravel cell type-specific ag-
ing-reversing effects caused by exercise, we quantified the corresponding
rescued ratio by dividing the number of Rev-aging DEGs by total aging DEGs in
the given cell type, and distinguished cell types with high rescued ratios (Fig-
ure 4D). At the cellular level, we found that a variety of cell types were strongly
transcriptionally rescued to a younger state in theO-Ex group (namelyependymal
and meningeal cells, pericytes, oligodendrocytes, and ECs in the spinal cord, as
well as astrocytes and excitatory neurons in the brain (Figures 4C and 4D).
Outside of the nervous system, the skeletalmuscle and heart in the O-Ex group

also harbored aging DEGs that were rescued by exercise (Figure 4B). Myofibers,
including slow and fast-twitch fiber types in the skeletal muscle, and pericytes
and fibroblasts in the heart, were also rescued to a similar extent as neural cell
types (Figures 4C and 4D). In addition,major cell types in the aorta (e.g., ECs, peri-
cytes, and fibroblasts), kidney (e.g., PT-S1, PT-S2, and PT-S3), lung (e.g., ECs,
CD8+memoryT cells, andCD8+ naive T cells), liver (e.g., Kupffer cells, neutrophils,
and ECs), and testis (e.g., SPC) were also reprogrammed by exercise with
discernable proportional Rev-aging DEGs (Figure 4C).
Of note, a few cell types that were distributed across divergent tissue types

were generally rescued by exercise with a small degree of variability across tis-
sues. For example, we found that ECs in the spinal cord, skeletal muscle, aorta,
heart, and lung were universally reprogrammed by exercise to a younger state
(Figure 4E). This was also the case for immune cells, especially CD8+ naive
T cells in the peripheral blood, liver, lung, and bone marrow, although the overall
rescue effect was not prominent in tissues of the hematopoietic and immune
systems (Figure 4E). In addition, we found that aged CD8+ cytotoxic T lympho-
cytes and CD8+ memory T cells in the peripheral blood and spleen of O-Ex
mice were still effectively rescued by exercise (Figure 4E).
Functionally, enrichment analysis showed that the upregulated Rev-aging

DEGs converged into cell morphogenesis- and regeneration-related GO terms,
such as tube morphogenesis (e.g., Egfr, Col3a1, and Nrp1), vasculature develop-
ment (e.g., Angpt1, Fgfr2, and Errfi1), and Wnt signaling (e.g., Wnt5b, Foxo1, and

and aged mice based on data from scRNA-seq and snRNA-seq (left) or bulk RNA-seq (right). LPS DEGs excluding EX-rev-LPS DEGs are defined as LPS-specific DEGs. (D) Bar plots
showing the DEG number (top) and DEG ratio (bottom) of LPS DEGs and Ex-rev-LPS DEGs to total LPS DEGs in different cell types across five tissues in both young and aged mice
based on data from scRNA-seq and snRNA-seq. (E) Heatmaps showing the expression profile of genes in response to LPS across different tissues in indicated groups based on data
from scRNA-seq and snRNA-seq. (F) Network plots showing enriched GO terms/pathways for the Rev-LPS DEGs downregulated by exercise in the indicated comparisons (top) or
indicated tissues (bottom). (G) Immunofluorescence analysis of CD45-positive cells (immune cells) in liver (left) and lung (right) tissues from the indicated groups. The percentages of
CD45-positive cells were quantified. Scale bars, 50 mm. n = 7–12mice per group. (H) Immunofluorescence analysis of neutrophils (anti-granulocytes antibody, HIS48) in liver (left) and
lung (right) tissues from the indicated groups. The percentage of neutrophils was quantified. Scale bars, 50 mm. n = 7–12 mice per group. (I) Immunochemistry analysis of F4/80-
positive cells in liver (left) and lung (right) tissues from the indicated groups. The percentages of F4/80-positive cells were quantified. Scale bars, 50 mm. n = 7–12 mice per group. (J)
TUNEL staining in liver tissues from the indicated groups. The percentages of TUNEL-positive cells were quantified. Scale bars, 50 mm. n = 7–12mice per group. (K) Immunochemistry
analysis of IL-1b-positive cells in liver tissues from the indicated groups. The percentages of IL-1b-positive cells were quantified. Scale bars, 50 mm. n = 7–12 mice per group. The
quantification data in (G)–(K) are shown as the means ± SEM, and two-tailed Student’s t test p values are indicated.
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Figure 4. Exercise reverses aging-related gene expression across tissues (A) Venn diagrams showing the overlapped DEGs between Aging DEGs (O-Ctrl/Y-Ctrl) and OE DEGs (O-Ex/
O-Ctrl) based on data from scRNA-seq and snRNA-seq. Pro-aging DEGs were the subset of OE DEGs changed in the same direction as Aging DEGs, and Rev-aging DEGs were the
subset of OE DEGs changed in the opposite direction as Aging DEGs. The DEG numbers were calculated by summing the cell type-specific DEGs from the 14 tissues or organs, yielding
the total number of upregulated and downregulated genes. (B) Bar plots showing the DEG ratio (left) and DEG number (right) of Rev-aging, Pro-aging DEGs, and Aging-specific DEGs
across different tissues based on data from scRNA-seq and snRNA-seq. The DEG ratio was calculated by comparing Rev-aging, Pro-aging DEGs, and Aging-specific DEGs with total
Aging DEGs. Aging DEGs excluding Rev-aging and Pro-aging DEGs are defined as Aging-specific DEGs. (C) Bar plots showing the DEG number (top) and DEG ratio (bottom) of
Rev-aging, Pro-aging DEGs, and Aging-specific DEGs to total Aging DEGs across different cell types based on data from scRNA-seq and snRNA-seq. (D) Dot plot showing the ratios of
rescued DEGs (comparing upregulated or downregulated Rev-aging DEGs with total aging-DEGs) across all cell types of different tissues. The size of dots indicates the number of
Rev-aging DEGs. (E) Bar plots showing the DEG ratio of Rev-aging DEGs, Pro-aging DEGs, and Aging-specific DEGs to total Aging DEGs in endothelial cell and seven T cell sub-
populations as indicated across different tissues. (F) Heatmaps showing the enriched GO terms/pathways for upregulated (top) and downregulated (down) Rev-aging DEGs by
exercise across different tissues in aged mice based on data from scRNA-seq and snRNA-seq. (G) Heatmaps showing the changes in ligand-receptor interactions between different
cell types across all the tissues in the Aging (O-Ctrl/Y-Ctrl) and OE (O-Ex/O-Ctrl) comparison groups based on data from scRNA-seq and snRNA-seq. (H) Bubble plots showing the
enriched GO terms/pathways for exercise-erased (left) or exercise-rescued (right) ligand-receptor interactions across all the cells in the indicated tissues.
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Arntl), as well as neurogenesis-related Gene Ontology terms, such as synapse or-
ganization (e.g., App, Nptn, and Grm5), axon guidance (e.g., Epha4, Nptn, and
Nrp1), and neuron projection development (e.g., Actb, Aplp1, and Cdc42), espe-
cially concentrated in the spinal cord and brain (Figure 4F). In contrast, the down-
regulated Rev-aging DEGs across cell types were enriched in Gene Ontology
terms associated with inflammation (e.g., Relb,Hif1a, and Hp), and the apoptotic
signaling pathway (e.g.,Atf3, Egr1, andTimp3), especially concentrated in the liver
and aorta of the O-Ex group (Figures 4F and S9B). Furthermore, aberrant intercel-
lular communication, an integrative hallmark of aging, was also largely reset to a
younger pattern, as indicated by computational prediction (Figures 4G, 4H, and
S9C–S9E). For instance, interactions between ECs and immune cells mediated
by VCAM-1 were elevated in the aged brain, whereas those mediated by ICAM-1
were elevated in the aged aorta and spinal cord (Table S5). These deleterious in-
teractions, which may lead to increased leukocyte recruitment and excessive
vascular inflammation and damage, were predicted to be abolished by exercise
(Table S5). Altogether, our results suggest that exercise confers a systemic reju-
venation and anti-inflammatory effect.

We next verified the tissue-specific anti-inflammatory and geroprotective
effects of exercise by examining a spectrum of aging-related hallmarks. In the
O-Ex group, we found that exercise reduced aging-associated expression of
IBA1 (a classic marker for microglia, the activation of which indicates neuroin-
flammation) and GFAP (a classic marker for astrocytes, the activation of which
indicates reactive astrocytosis)-positive cells in multiple anatomic regions in the
aged central nervous system, including the cerebral cortex, hippocampus, cere-
bellum, and spinal cord (Figures 5A and 5B). As for the inflammation status in
other aged tissues, exercise ameliorated the exacerbated infiltration of CD45+

immune cells and neutrophils in the liver, lung, and kidney (Figures 5C and 5D).
Exercise also decreased aging-associated IL-1b expression in the liver and kidney
(Figure 5E). In addition, other hallmarks of aging, including elevated SA-b-gal-pos-
itive cells in the cerebellum, higher levels of p21 expression in the liver, lung,
spleen, and kidney, fibrosis in the liver, lung, and spleen, as well as accumulation
of lipid droplets in the liver, were all inhibited in old mice subjected to exercise
(Figures S10A–S10D). Moreover, the decreased expression of GLUT-1, associ-
ated with aging in both the hippocampus and spinal cord, was restored by exer-
cise, indicating that exercise prevents the breakdown of the blood-brain barrier or
blood-spinal cord barrier (Figures S10E and S10F). At the histological level, and
related to organ function in the liver, lung, testis, and kidney, we observed rescue
of inflammation area, the diameter of alveoli and seminiferous tubules, and area
of glomeruli, respectively (Figure S10G). In aged skeletal muscle, the proportion
of type IIA fast fibers that normally decreased was replenished by exercise in the
O-Ex group (Figure S10H). Altogether, exercise reversed aging-related gene
expression changes and thereby senescence and chronic inflammation pheno-
types across tissues of thewhole organism, through tissue- and cell type-specific
molecular events.

Exercise resets circadian clock-centered molecular programs in aged
tissues to a younger state

To pinpoint key exercise-driven mediators capable of delaying aging across
tissues, we utilized three levels of screening strategies. These included transcrip-
tional network analysis to identify core transcription factors, projection of cell
type-specific DEGs with bulk RNA-seq DEGs to identify those with significant
changes even at the tissue level, and cross-reference cell type-specific DEGs
for high-frequency ones shared by more than 20 cell types (Figures 6A–6C).
Accordingly, we first used SCENIC to predict core transcription factors regulating
transcriptional changes during aging or induced by exercise in all tissues
(Figure 6A; Table S4). Strikingly, a combination of core circadian transcriptional
regulators dysregulated during aging was restored by exercise in aged mice,
including Dbp, Tef, Nr1d1, Nr1d2, and Bhlhe41 (Figure 6A). Key regulators of
the circadian rhythm, Bmal1 and Dbp, were among the top DEGs whose expres-
sion changes were clearly detectable even at the tissue level by bulk RNA-seq
(Figure 6B). In addition, Bmal1 and Dbp stood out as genes that were rescued
by exercise in more than 30 cell types across tissues (Figure 6C).

The circadian clock consists of two interwoven loops, one positive loop
dictated by the BMAL1/CLOCK heterodimer, and a negative feedback loop
controlled through Dbp, Nr1d1, Nr1d2, and Per2.46–50 When inspecting the
expression of rescued circadian clock genes in each cell type, we found that
the aging-related disruption of the circadian regulatory machinery was reestab-

lished by exercise via three patterns in different tissues. First, both the downregu-
lated positive loop and the upregulated negative loopwere rescued by exercise in
the aged heart (e.g., cardiomyocytes and ECs) and skeletal muscle (e.g., ECs and
FAP) in the O-Ex group (Figure 6D). Second, circadian genes controlling the
positive loop (e.g., Bmal1) that were downregulated in the aged spinal cord
(e.g., ECs and astrocytes) were reactivated by exercise (Figure 6D). Third, circa-
dian genes controlling the negative loop (e.g., Dbp, Nr1d1, and Nr1d2) that
were upregulated in the aged aorta (e.g., ECs and fibroblasts), intestine (e.g.,
ECs and fibroblasts), kidney (e.g., ECs), lung (e.g., ECs), and liver (e.g., ECs)
were repressed by exercise (Figure 6D). Taken together, all three exercise-driven
programs converge to rescue dysregulated circadian genes across a broad spec-
trum of tissues and in a cell type-restricted manner.

BMAL1-dependent regulation of exercise-mediated circadian
reprogramming
We hypothesized that the circadian clock is one of the central mediators

through which exercise defies tissue aging. Indeed, the expression of Bmal1,
the core component of the positive loop and necessary for clock function, was
restored in 27 cell types (i.e., cardiomyocytes in the heart), especially in various
ECs distributed across the heart, skeletal muscle, and spinal cord (Figure 7A).
Accordingly, the rhythmic index, indicating the overall expression level of circa-
dian-related genes, was especially rescued in ECs by prolonged exercise (Fig-
ure 7B), including cardiac ECs (CAECs), the main vascular ECs in the heart,
and the inner lining of the coronary artery, which are critical to the blood supply
to the heart and, in turn, the blood supply to the whole body.51,52 Therefore, we
focused on CAECs for further investigation of circadian reprogramming and
phenotypic validation. RNA in situ hybridization confirmed that Bmal1 mRNA in
CAECs declined during aging and was restored by exercise (Figure 7C).
BMAL1 expression was also decreased in senescent primary CAECs (Figure 7D).
Consistently, knockdown of Bmal1 led to accelerated senescence demonstrated
by increased SA-b-gal activity, upregulated expression of p16 and p21, and
increased monocyte-EC adhesion with augmented VCAM-1, ICAM-1, and Il1b
expression in CAECs (Figures 7E–7H). Moreover, BMAL1 deficiency in cardio-
myocytes also resulted in accelerated aging (Figures S11A–S11E).
Given that BMAL1 expression was reactivated by exercise in aged ECs, we

tested whether the age-defying effects of exercise can be mimicked by overex-
pressing Bmal1 alone in CAECs (Figure 7I). Indeed, BMAL1 overexpression de-
layed the cellular senescence of CAECs with decreased SA-b-gal levels as well
as p16 and p21 expression (Figures 7J and 7K). BMAL1 overexpression also in-
hibited VCAM-1, ICAM-1, and Il1b expression, and IL-6 secretion, in line with over-
all repression of endothelial aging (Figures 7K and 7L), and led to reinforced pro-
liferation, migration, and tube formation capabilities of CAECs (Figures 7M�7O).
Moreover, overexpression of BMAL1 protected CAECs from LPS-induced dam-
ages, reducing the accumulation of endothelial dysfunction indicators (e.g.,
VCAM-1, ICAM-1, p16, p21, and Il1b) and alleviating monocyte adhesion to
LPS-treatedCAECs (Figures S11F andS11G). These results underscored the vas-
oprotective and angiogenic effects of BMAL1, which is consistent with the histo-
logical analysis that demonstrates a pronounced exercise-induced recovery of
CD31+ ECs and reduction of VCAM-1+ ECs in aged individuals, with a distribution
pattern resembling that of the young heart (Figures 7P and S11H). These results
indicate that cardiovascular cells are particularly responsive to a reset of the
BMAL1-centered circadian clock by exercise, and that this sensitive response
may mediate the geroprotective effect of exercise on aging-related cardiovascu-
lar degeneration.

DISCUSSION
Here, we comprehensively survey the health-promoting effects of exercise in

14 important mouse tissues/organs at the single-cell level. We found that exer-
cise imposes strong protection against infectious inflammation in young ani-
mals. In older animals, we found that exercise, as a systemic intervention known
to affect several different tissues, rescues awide spectrumof age-related pheno-
types. Furthermore, we found that long-term exercise reprograms dysregulated
circadian activity in agedmice to a youthful state and identified that BMAL1, as a
central mediator of exercise-driven geroprotective effects, coordinates down-
stream circadian genes in multiple tissues and cell types. Thus, we have unrav-
eled the effect of exercise in a systematic and integrated fashion, taking into
consideration age, external stimuli, tissues, and cell types, thereby greatly
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expanding our understanding of whole-body mechanisms underpinning exer-
cise-induced benefits to both physical and mental health (Figure S11I).

LPS administration, conventionally used to mimic acute bacterial
infection, is recognized as a potent initiator of systemic inflammatory

response syndrome and sepsis. Here we dissected the effects of the com-
bination of exercise and age in the acute infection setting, thereby address-
ing critical questions about the physiology of exercise biology in disease
and aging. Consistent with our findings, recent studies report an

Figure 5. Exercise alleviates a panel of aging-associated phenotypes across tissues (A) Immunofluorescence analysis of IBA1-labeledmicroglial cells in the cortex and hippocampal
DG region, cerebellum, spinal gray matter (GM), and white matter (WM) from the indicated groups. Scale bars, 50 mm. The percentages of IBA1-positive microglia were quantified. n =
7–12mice per group. (B) Immunostaining of GFAP in the hippocampus, cerebellum, spinal graymatter (GM), andwhitematter (WM) from the indicated groups. Scale bars, 50 mm. The
percentages of GFAP-positive cells were quantified. n = 7–12mice per group. (C) Immunostaining of CD45 in lung, liver, heart, kidney, skeletal muscle, and small intestine tissues from
the indicated groups. Scale bars, 50 mm. The percentages of CD45-positive immune cells were quantified. n = 5–12mice per group. (D) Immunofluorescence analysis of neutrophils in
liver, lung, and kidney tissues from the indicated groups. Scale bars, 50 mm. The percentages of neutrophils were quantified. n = 5–12mice per group. (E) Immunochemistry analysis of
IL-1b-positive areas in liver and kidney tissues from the indicated groups. The percentages of IL-1b-positive cells were quantified. Scale bars, 50 mm. n = 7–12 mice per group. The
quantification data in (A)–(E) are shown as the means ± SEM, and two-tailed Student’s t test p values are indicated.
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anti-inflammatory role associated with exercise in mice and hu-
mans.43,53,54 Our study advances the current knowledge by implying that
the extent of protection against acute inflammatory injury is more robust
in young individuals.

Importantly, we examined how exercise segregates with delayed aging at
the cellular, tissue, and organismal levels, describing strong preferential im-
pacts on nervous tissues and ECs across different systems. Our data highlight
that the neural cells of the spinal cord, as well as structural support cells, har-
bor the highest percentages of aging-related transcriptomic signatures that
were rescued by exercise, consistent with the coordinating role of the spinal
cord in movement control.55,56 In support of our data, the geroprotective effect

of exercise has been linked with both neurons and glial cells of the brain, which
may help explain why regular exercise also confers mental benefits in elderly
adults.2,57,58 Furthermore, by combining our comprehensive bioinformatic anal-
ysis with histological validation across tissues, we unveiled core features of ex-
ercise-induced geroprotective effects, namely minimized vascular degeneration,
strengthened peripheral muscles, counteracted fibrosis, and lipid accumulation,
as well as alleviated inflammation across the whole body. In support of our
results, both aged male and female mice benefit from aerobic exercise,43,58–61

in terms of muscle strengthening,61,62 cardiac remodeling,63,64 etc., as reported
previously. Here, we focused on male mice in this study as other previous
studies did,15,65 and further work with both genders will broaden our

Figure 6. Exercise resets the circadian clock machinery across aged tissues (A) Network plots showing the upregulated aging TFs (left) and downregulated aging TFs (right). (B)
Heatmaps showing the expression profiles of overlapped Rev-aging DEGs based on the sc/snRNA-seq and bulk RNA-seq data across different cell types from different tissues. The
color key from blue to yellow indicates gene expression levels from low to high. (C) Bubble plots showing the cell type frequency and tissue frequency (more than 5 tissues and 20 cell
types) of upregulated (left) and downregulated (right) rescued DEGs. (D) Heatmaps showing the expression profiles of circadian rhythm-related Rev-aging DEGs for different cell types
across different tissues. The color key from blue to red indicates gene expression levels from low to high.
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Figure 7. BMAL1 plays a protective role in endothelial cells (A) Bar plot showing the expression changes of Arntl (Bmal1) in different cell types from all the tissues analyzed in the
indicated groups. (B) Bar plots showing the rhythm index of different cell types from all the tissues analyzed in the indicated groups. (C) Transverse sections of heart tissues from the
indicated groups of mice were subjected to RNA in situ hybridization (RNA-ISH) with Bmal1 riboprobes. Left, representative ISH images; right, the relative expression level of Bmal1 in
mouse hearts was quantified. Scale bars, 50 mm. n = 7 mice per group. (D) Western blotting of BMAL1 protein levels in CAECs at the indicated passages. n = 3 biological repeats per
group. Young, passage 4; Senescent, passage 11. RS, replicative senescence. (E) Western blotting of BMAL1 protein levels in CAECs transduced with lentivirus with non-targeting or
Bmal1-targeting sgRNAs in the CRISPR-Cas9-mediated knockout system. (F) SA-b-gal analysis of CAECs transduced with lentivirus with non-targeting or Bmal1-targeting sgRNAs in
the CRISPR-Cas9-mediated knockout system. Scale bars, 100 mm. n = 4 biological repeats per group. (G) Transcript levels of indicated genes in CAECs transduced with lentivirus with
non-targeting or Bmal1-targeting sgRNAs in the CRISPR-Cas9-mediated knockout system. n = 3 biological repeats per group. (H) Monocyte adhesion assay in CAECs transduced with
lentivirus with non-targeting or Bmal1-targeting sgRNAs in the CRISPR-Cas9-mediated knockout system. Scale bars, 50 mm. n = 3 biological repeats per group. (I) Western blotting of
BMAL1 protein levels in CAECs transduced with lentivirus-expressing Flag-tagged GAL4 or BMAL1. n = 3 biological repeats per group. (J) SA-b-gal analysis of CAECs transduced with
lentivirus-expressing Flag-taggedGAL4 or BMAL1. The percentage of SA-b-gal-positive cells was quantified. Scale bars, 100 mm. n = 3 biological repeats per group. (K) Transcript levels
of the indicated genes associated with endothelial cell dysfunction in CAECs transduced with lentivirus-expressing Flag-tagged GAL4 or BMAL1. n = 3 biological repeats per group. (L)

(legend continued on next page)
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understanding of exercise. Altogether, these studies including ours help pave
the way for the development of therapies that mitigate the severity of
chronic diseases, such as neurodegenerative disorders and cardiovascular
diseases.64–68

Disturbance of circadian rhythms can negatively affect mental and physical
health and is a well-known hallmark of aging.69,70 Although previous reports
demonstrated that physical activity could resynchronize the circadian clock,71,72

little is known about whether circadian rhythms are regulators of cellular homeo-
stasis and aging during exercise. Here, we found that voluntary exercise corrects
cellular circadiandisorders inagedmiceand that exercise rescued theexpression
of circadiangenesdysregulatedwith aging in a broadspectrumof tissues in a cell
type-restricted manner. Our data pinpoint BMAL1 as a central mediator of such
exercise-drivengeroprotectiveeffects, at least inpartdue to its critical role in reset-
ting the dysregulated circadian clock to a youthful state in multiple aged tissues
and cell types, especially in vascular ECs.73,74 We found that overexpression of
BMAL1 in cardiac ECs consolidated angiogenesis and conferred protection
againstsenescenceandLPS-inducedhyperinflammationandcell death.Support-
ing our findings, a recent study found that Bmal1 exerted a vasoprotective role in
an ischemic injurymodel.75 Taken together, ourwork linksexercise to vasoprotec-
tive and vascular regeneration effects downstream of BMAL1, thereby achieving
geroprotective effects at a systemic level. Consistent with the well-established
central role of BMAL1 in circadian regulation,76–80 our study now positioned
BMAL1as a core downstreameffector of long-termexercise via circadian reprog-
ramming, thus providing further understanding of the molecular mechanism un-
derlying exercise-inducedbenefits and for the development of potential surrogate
compound of exercise.

Collectively, we have constructed a comprehensive single-cell roadmap that
provides insights into the complexity of cellular networks responsive to exercise
in young and old animals and helps guide investigations of molecular events
mediating the effects of exercise. By generating this atlas, we captured core
mechanismsunderlying exercise-associated geroprotective effects across organ
systems. Our work underscores the vital role of the circadian regulatory network
in orchestrating adaptations to exercise, and lays the groundwork for future ther-
apeutic development of “exercisemimetics” that can combat sedentarism-medi-
ated disorders and aging.

MATERIALS AND METHODS
Materials andmethods related to this work are available in the supplemental information.
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