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Early-life exercise extends healthspan but
not lifespan in mice

Mengya Feng 1,2,9, Min Li2,9, Jing Lou2, Guiling Wu2, Tian Gao3, Fangqin Wu2,
Yanzhen Tan4, Nini Zhang2, Yong Zhao5, Lin Zhao6, Jia Li 2, Changhong Shi5,
Xing Zhang 2 , Jiankang Liu 1,7,8 & Feng Gao 2

It is well-known that physical activity exerts health benefits, yet the potential
impacts of early-life regular exercise on later-life health and lifespan remains
poorly understood. Here, we demonstrate that 3 months of early-life exercise
in mice results in lasting health benefits, extending healthspan, but not life-
span. C57BL/6J mice underwent swimming exercise from 1 to 4months of age,
followed by detraining for the remainder of their lives.While early-life exercise
did not extend theoverall lifespan, it significantly improvedhealthspan in both
male and female mice, as evidenced by enhanced systemic metabolism, car-
diovascular function, and muscle strength, as well as reduced systemic
inflammation and frailty in aged mice. Multiple-organ transcriptome analyses
identified enhanced fatty acid metabolism in skeletal muscles as a major fea-
ture in aged mice that underwent early-life exercise. These findings reveal the
enduring long-term health benefits of early-life exercise, highlighting its
pivotal role in improving healthspan.

Physical inactivity poses a major public health threat, contributing
significantly to the rise of noncommunicable diseases (NCDs) and
associated mortality worldwide1,2. The highest NCDs prevalence from
physical inactivity is observed among persons whowent on to develop
type 2 diabetes, (overall median, 43%), followed by those eventually
dying, and those developing colon cancer, coronary heart disease, and
breast cancer (overall medians, 43, 43, 42, and 41%, respectively)3.
Exercise is widely recognized as the most effective and cost-efficient
intervention to promote overall health and reduce the burden of
NCDs4,5. However, latest global estimates show that 1.4 billion adults
(27.5% of the world’s adult population) fall short of meeting the
recommended level of physical activity6; and the situation is equally, if
not more alarming among school-aged children and adolescents. It is
estimated that the majority (81%) of boys and girls aged 11–17 years

failed to meet the recommended level of physical activity7. In China,
which constitutes one-sixth of the world’s youth population, this issue
is of particular concern, as the prevalence of inactivity, sedentary
behavior, and smartphone addiction is on the rise8. These trends have
been linked to an increasing incidence of NCDs8,9. Unfortunately, the
significance of physical activity during childhood has not received
sufficient attention.

Emerging evidence supports that early-life experiences and fit-
ness affect long-term health outcomes10. Recent epidemiological stu-
dies highlight a positive correlation between higher levels of physical
activity in childhood and enhanced aerobic fitness, elevated bone
mineral density (BMD) and reduced risks of metabolic diseases,
including obesity, hypertension, type 2 diabetes mellitus, and cardiac
disease later in life11–13. We recently reported that early-life exercise
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enhances anti-inflammatory immunity in middle-aged male mice14.
These findings suggest the enduring potential of early-life physical
activity to positively impact human health over time. However, the
precise influence of early-life exercise on adult health remains uncer-
tain, given that individuals with higher physical activity during child-
hood tend to sustain elevated activity levels into adulthood15. In
addition, due to the relatively short follow-up periods in human stu-
dies, it is unknownwhether early-life exercise confers lifelong benefits.
In this study, we investigated the impact of early-life exercise alone on
overall health in later life in mice and found that 3-month exercise
during early-life exerts significant long-termhealth benefits, improving
healthspan in both male and female mice.

Results
Early-life exercise does not extend lifespan in both male and
female mice
Male and female C57BL/6J mice were subjected to either sedentary
conditions or swimming exercise (90min per day for 3 months) at
1–4months of age and then rearedwithout exercise training in the rest
of the life (Fig. 1a). In female mice, early-life exercise resulted in
increased bodyweight from4 to 29months of age. Conversely, inmale
mice, early-life exercise led to a reduction in body weight at 4 months
of age, but with no significant impact on body weight at other time
points (Fig. 1b, c). Early-life exercise did not extend overall survival by
Tarone-Ware and Gehan-Breslow-Wilcoxon tests in both male and
female mice (Supplementary Table 1), although it seemed to increase
day-by-day survival within a narrow timeframe throughout the life-
span, as indicated by daily chi-square test, with a more obvious effect
observed in females (Supplementary Fig. 1). However, early-life exer-
cise increased the maximum lifespan (lifespan of the longest lived 5%
of individuals) in both male (34.08 vs. 29.5 months) and female (36.25
vs. 32.86 months) mice, without substantial difference in median life-
span (Fig. 1d, e, Supplementary Table 1). These results suggested that
early-life exercise had no significant impact on the median and overall
lifespan in mice.

Early-life exercise increased leanmass anddecreased circulating
insulin in aged mice
Given that metabolic alterations accumulated over time are closely
associated with fundamental aging processes16, the metabolic health
was evaluated in later life (Fig. 2a). Early-life exercise showed no
significant effects on food intake and voluntary physical activity in
adulthood in both male and female mice (Fig. 2b–d). Body compo-
sition analyses by nuclear magnetic resonance (NMR) revealed that
early-life exercise increased lean mass and decreased fat mass in
aged male and female mice (24-month-old), while there were no
substantial differences in body composition at the age of 14 months
in both sexes (Fig. 2e, f). Although early-life exercise decreased total
fat mass in aged mice, it increased the mass of brown adipose tissue
(BAT) in aged male mice (24-month-old) and subcutaneous white
adipose tissue (sWAT) in aged female mice (25-month-old) (Supple-
mentary Fig. 2b, c). In addition, early-life exercise had no effects on
circulating lipids but decreased the mass of epididymal white adi-
pose tissue (eWAT) in aged male mice (Supplementary Fig. 2d, e),
indicating a fat reduction and redistribution induced by early-life
exercise in aged mice.

Regarding blood glucosedisposal, early-life exercise did not show
significant effects on fasting blood glucose at ages of 4-34 months in
both sexes (Fig. 2g). Similarly, there was no substantial differences in
random blood glucose and dynamic blood glucose in response to
fasting and refeeding in aged male and female mice (19-month-old)
(Supplementary Fig. 2f). Interestingly, early-life exercise decreased the
circulating levels of insulin at the age of 22–24 months in both sexes,
despite no changes in glucose tolerance and insulin tolerance
(Fig. 2h, i), suggesting that early-life exercise attenuated age-
associated insulin resistance. In addition, metabolic chamber experi-
ments were conducted with aged mice (24-month-old) to assess their
metabolic status, in which mice were allowed free access to food for
24 h, followed by a 24 h food deprivation period. There were no dif-
ferences between mice with and without early-life exercise in terms of
energy expenditure, oxygen consumption, carbon dioxide exhalation,

Fig. 1 | Early-life exercise does not extend lifespan in mice. a Experimental
timeline. Mice were subjected to sedentary or swimming exercise at 1 to 4 months
of age and then reared without exercise training in the rest of the life. b and c Body
weight over the indicated age in female (b) andmale (c) mice. n = 14, 29, 28, 20, 20,
28, 19, and4 for 1, 4, 9, 14, 19, 24, 29, and 34months of ages for sedentarymice in (b)
respectively. n = 16, 40, 38, 15, 20, 29, 24, and 11 for 1, 4, 9, 14, 19, 24, 29, and
34 months of ages for exercise mice in (b) respectively. n = 20, 37, 19, 15, 32, 16, 7,

and 0 for 1, 4, 9, 14, 19, 24, 29, and 34 months of ages for sedentary mice in (c)
respectively. n = 20, 49, 29, 29, 30, 16, 11 and 4 for 1, 4, 9, 14, 19, 24, 29, and
34 months of ages for exercise mice in (c) respectively. d and e Survival curves of
female (d) andmale (e) mice. Data are presented asmean ± SEM. Data are analyzed
by two-tailed unpaired Student’s t test (b and c) and the overall survival was tested
by Tarone-Ware test (d and e).
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activity, respiratory exchange ratio, carbohydrate oxidation (CHO),
and fat oxidation (FO) under feeding condition (Fig. 2j, k, Supple-
mentary Fig. 3). However, after more than 12 h of food deprivation,
early-life exercise increased energy expenditure, CHO, and FO level in
both agedmale and female mice (Fig. 2l). These results suggested that
early-life exercise induced metabolic reprogramming in aged mice.

Early-life exercise attenuates cardiovascular aging in aged mice
Aging induces changes in the heart and blood vessels that increase
the risks of developing cardiovascular disease. Cardiovascular

health was evaluated in adulthood (Fig. 3a). Early-life exercise
showed no significant effects on heart rate, blood pressure and
cardiac systolic function in both female and male mice at the ages of
5–28 months (Fig. 3b, c and Supplementary Fig. 4a–d). However, it
improved the cardiac diastolic function at the age of 19 months
(Fig. 3d). Detection of heart weight and cardiac structure revealed
no significant changes between mice with and without early-life
exercise at the age of 24–25months. Nevertheless, early-life exercise
decreased cardiac fibrosis in aged mice (25-month-old for female
mice and 24-month-old for male mice) (Fig. 3e, f). In terms of
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vascular function, a significant decrease of heart-carotid pulse wave
velocity (hcPWV), a biomarker of vascular aging, was observed in
both aged male and female mice with early-life exercise (19-month-
old), although no significant changes in vascular structure as evi-
denced by common carotid artery (CCA) diameter and H&E-stained
sections of thoracic aortas have been observed (Fig. 3g–j and Sup-
plementary Fig. 4). In addition, examination of vascular function in
isolated thoracic aortas revealed that early-life exercise improved
endothelial-dependent vascular relaxation without affecting endo-
thelium integrity and smooth muscle cell-dependent relaxation in
both aged male and female mice (Fig. 3k–m). Given that cardiac
diastolic dysfunction, cardiac fibrosis, upregulated PWV, and endo-
thelial dysfunction are typical biomarkers of cardiovascular aging17,
these results suggested that early-life exercise attenuated cardio-
vascular aging in aged mice.

Early-life exercise improvesmusculoskeletal health in agedmice
Skeletal muscle, which accounts for over 40% of body weight, under-
goes a decline in both mass and function with aging, leading to dys-
regulation in mobility, thermo-homeostasis, metabolism, and
immunity18. The exercise capacity and musculoskeletal health were
evaluated in adult mice (Fig. 4a). There were no differences in grip
strength and motor coordination between mice with and without
early-life exercise at the ages of 5–29 months (Fig. 4b, c). In addition,
the differences in endurance exercise capacity were not observed in
male and femalemice at the age of 18months (Supplementary Fig. 5a),
suggesting that early-life exercise did not change exercise capacity in
agedmice. However, tetanic force of tibialis anterior (TA) muscles was
increased in 16-month-old male mice with early-life exercise (Fig. 4d).
Kyphosis and BMD were measured to assess age-related alterations in
bones. Aged mice with early-life exercise had higher kyphosis index
(i.e., lower outward curve of the spine) than mice without early-life
exercise in both sexes (Fig. 4e). Osteoporosis characterized by bone
tissue loss is the primary cause of bone fractures in elderly indivi-
duals, particularly among postmenopausal women.We observed that
early-life exercise increased BMD merely in aged female mice
(Fig. 4e). Detection of muscle mass showed no significant differences
induced by early-life exercise in female and male mice at the age of
24 and 25 months (Supplementary Fig. 5a, b). However, morphology
analyses revealed that early-life exercise increased the myofiber
cross-section area (CSA) in female andmale mice at the age of 24 and
25 months (Fig. 4f). Early-life exercise also reduced fibrosis and
increased capillary density (capillaries per fiber) in skeletal muscles
in aged mice (Fig. 4g, h). Immunofluorescence showed that early-life
exercise decreased resident macrophages (CD11b-positive) in skele-
tal muscles of aged mice (Fig. 4i). Early-life exercise also decreased
the contents of Atrogin 1, a marker of muscle atrophy, in skeletal
muscles of aged mice (Fig. 4j). Furthermore, we assessed the mRNA
expression levels of major skeletal muscle-derived exerkines in aged

male mice (24-month-old) and found that nearly half of the detected
exerkines were upregulated in expression in mice subjected to early-
life exercise, including Il6, Vegfd, Vegfa, and Cxcl1 (Fig. 4k). These
results suggested that early-life exercise improved bone and muscle
strength in aged mice.

Early-life exercise decreases inflammation and frailty in
aged mice
Inflammaging, or age-related multi-organ chronic inflammation, is a
fundamental hallmark of aging19. We observed an elevated fraction of
granulocytes among circulating leukocytes, which serves as an indi-
cator of ongoing inflammation, in aged mice; nevertheless, early-life
exercise decreased the fraction of granulocytes in aged female and
male mice (Fig. 5a, b). The percentage of lymphocytes (Lym%) among
circulating leukocytes declined with aging and early-life exercise
attenuated this process in aged female and male mice (Fig. 5c). No
differences were observed in circulating platelet count, hemoglobin
content, red blood cell count, and white blood cell count between
mice with and without early-life exercise in both sexes at the ages of 4
months and 26 months (Supplementary Fig. 6a–d). C-reactive protein
(CRP), not only an inflammatory biomarker but also an important risk
factor for aging-relateddiseases, was not changedby early-life exercise
in agedmalemice (Supplementary Fig. 6e). Serum cytokines were also
detectedby a cytokine/chemokine array in agedmale and femalemice.
The results showed that some of the cytokines/chemokines were
decreased in aged mice with early-life exercise (Fig. 5d). Furthermore,
reduced inflammaging was also evidenced by the lower number of
histologically discernable perivascular inflammatory infiltrates in livers
(Fig. 5e) and alveolar inflammatory infiltrates in the lungs of agedmice
with early-life exercise (Supplementary Fig. 6g). CD11b-positive cells,
representingmacrophages, were also reduced in livers and lungs from
aged mice with early-life exercise (Supplementary Fig. 6h, i). These
results suggested that early-life exercise reduces inflammation
in aging.

Mice become increasingly frail with age, and their frailty was
assessed at 24–28 months old (Fig. 5a). Notably, early-life exercise
resulted in observational alleviation in alopecia and fur color loss
(change in fur color from black to gray or brown) in aged mice
(Fig. 5f). The total frailty index score, an average of 31 frailty phe-
notypes, showed an increase corresponding to aging phenotypes.
Both male and female mice with early-life exercise exhibited lower
frailty index score in aged mice, indicating that early-life exercise
attenuates age-related phenotypes (Fig. 5g). Further analysis of the
frailty index showed variations in the effects of early-life exercise on
frailty phenotypes between sexes, both in terms of degree and inci-
dence (Fig. 5h, i and Supplementary Fig. 7). For example, early-life
exercise decreased the degree of kyphosis frailty, coat condition,
loos of fur color, and alopecia in both sexes, but only decreased the
degree of cataracts in female mice and loss of whiskers in male mice

Fig. 2 | Early-life exercise increases leanmass and decreases circulating insulin
in agedmice. a Experimental timeline. b and c Food intake over the indicated ages
in female (b) andmale (c)mice. n = 9, 9, 8, 8, and 4 for 4, 11, 18, 25, and 32months of
ages for sedentarymice in (b) respectively. n = 10, 12, 8, 8, and 7 for 4, 11, 18, 25, and
32months of ages for exercisemice in (b) respectively. n = 11, 11, 8, 6, and0 for 4, 11,
18, 25, and 32 months of ages for sedentary mice in (c) respectively. n = 11, 11, 9, 8,
and 3 for 4, 11, 18, 25, and 32 months of ages for exercise mice in (c) respectively.
d Voluntary physical activity within one day at 20-month age (up) and voluntary
physical activity per day over the indicated ages (down, 14 mo, SED female n = 12,
EXE female n = 19, SED male n = 15, EXE male n = 32; 20 mo, SED female n = 8, EXE
femalen = 11, SEDmalen = 8, EXEmalen = 16). e and fAbsolute fatmass (e) and lean
mass (f) over the indicated ages (14 mo, SED female n = 15, EXE female n = 15, SED
male n = 13, EXE male n = 14; 24 mo, SED female n = 9, EXE female n = 9, SED male
n = 10, EXE male n = 10). g–i Fasting blood glucose (g, up, n = 25, 16, 16, 23, 21, 13,

and 0 for 4, 9, 14, 19, 24, 29, and 34months of ages for sedentary femalemice in (g)
respectively. n = 25, 20, 15, 19, 19, 19, and 6 for 4, 9, 14, 19, 24, 29, and 34months of
ages for exercise femalemice in (g) respectively. down, n = 45, 18, 15, 16, 13, 3, and0
for 4, 9, 14, 19, 24, 29, and 34 months of ages for sedentary male mice in (g)
respectively. n = 49, 30, 28, 25, 17, 10, and 1 for 4, 9, 14, 19, 24, 29, and 34months of
ages for exercise male mice in (g) respectively.), serum insulin (h, up, n = 9 per
group; down, SED n = 8, EXE n = 11), glucose tolerance, and insulin tolerance (i) in
female and male mice. j Energy expenditure normalized to body mass within 48h
under feeding or fasting condition in mice at 24-month age. k Quantified exergy
expenditure, carbohydrate oxidation, and fat oxidation under feeding condition.
l Quantified exergy expenditure, carbohydrate oxidation, and fat oxidation under
fasting condition. Data are presented as mean± SEM. Data are analyzed using
unpaired, two-tailed Student’s t test (h) and two-way ANOVA with Šídák’s multiple
comparisons test (e and f, l).
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(Fig. 5h). Interestingly, early-life exercise tended to decrease the
incidence of age-related phenotypes, including alopecia, loss of fur
color, loss of whiskers, coat condition, and kyphosis, only in male
mice (Fig. 5i). A detailed pathological examination of dead mice
revealed that early-life exercise had no obvious effects on tumor
burden at death, which is the leading cause of death in both sexes in

C57BL/6J mice (Fig. 5j). According to two recently developed indexes
for quantifying healthspan20, Frailty-Adjusted Mouse Years and
Gauging Robust Aging when Increasing Lifespan, early-life exercise
increased the healthspan of mice by 0.20–0.51 years (Fig. 5k). These
results suggested that early-life exercise mitigates age-associated
frailty.

Fig. 3 | Early-life exercise attenuates cardiovascular aging in aged mice.
a Experimental timeline. b Systolic blood pressure (SBP) over the indicated ages in
female and male mice (up, n = 10, 8 and 10 for 5, 19 and 26 months of ages for
sedentary femalemice in (b) respectively.n = 10, 8 and 10 for 5, 19 and26months of
ages for exercise femalemice in (b) respectively. down,n = 10, 8 and 10 for 5, 19 and
26months of ages for sedentarymalemice in (b) respectively.n = 10, 8, and 10 for 5,
19, and 26 months of ages for exercise male mice in (b) respectively). c Cardiac
systolic function over the indicated ages in female and male mice (up, n = 8, 10, 11,
and 8 for 5, 20, 24, and 28 months of ages for sedentary female mice in (c)
respectively. n = 7, 10, 10, and 8 for 5, 20, 24, and 28 months of ages for exercise
femalemice in (c) respectively. down,n = 8, 10, 8, and 2 for 5, 20, 24, and 28months
of ages for sedentarymalemice in (c) respectively.n = 8, 8, 8, and4 for 5, 20, 24, and
28 months of ages for exercise male mice in (c) respectively). d Cardiac diastolic
function in male mice at the age of 19 months (n = 8). e Heart weight/body weight

over the indicated age (SED femalen = 6, EXE female n = 7, SEDmalen = 6, EXEmale
n = 6). f Cardiac fibrosis stained by Masson at 25-month age for female mice (n = 6)
and 24-month age for male mice (n = 6). g Heart-carotid pulse wave velocity
(hcPWV) inmice at 19-month age (female, n = 6 per group; male, n = 10 per group).
h Common carotid artery (CCA) diameter in mice at 19-month age (SED female
n = 6, EXE female n = 6, SED male n = 7, EXE male n = 10). i and j H&E-stained thor-
acic aorta sections in female (25-month-old) (i) and male (24-month-old) (j) mice.
k and l Acetylcholine (ACh)- and sodium nitroprusside (SNP)-induced vasodilation
in isolated thoracic aortas in female (k, SED n = 7, EXE n = 6) and male (l, n = 7 per
group) mice.m Immunofluorescence of CD31 and α-smooth muscle actin (α-SMA)
in thoracic aorta sections in female and male mice (n = 6). Endothelium integrity
was quantified. Data are presented as mean ± SEM. Data are analyzed using
unpaired, two-tailed Student’s t test (d, f and g) and two-way ANOVA with Šídák’s
multiple comparisons test (k and l).
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Fig. 4 | Early-life exercise improves musculoskeletal health in aging.
a Experimental timeline.bGrip strength over the indicated ages in female andmale
mice (left, n = 25, 15, 8, 22, and 19 for 5, 11, 17, 23, and 29 months of ages for
sedentary femalemice in (b) respectively.n = 25, 15, 8, 25, and 24 for 5, 11, 17, 23, and
29months of ages for exercise femalemice in (b) respectively. right,n = 25, 15, 8, 25,
and 3 for 5, 11, 17, 23, and 29 months of ages for sedentary male mice in (b)
respectively. n = 25, 15, 8, 25, and 7 for 5, 11, 17, 23, and 29 months of ages for
exercise male mice in (b) respectively.). c Motor coordination over the indicated
ages (left, n = 9, 10, and 9 for 5, 11, and 24months of ages for sedentary femalemice
in (c) respectively. n = 10, 10, and 8 for 5, 11, and 24 months of ages for exercise
female mice in (c) respectively. right, n = 10, 10, and 13 for 5, 11, and 24 months of
ages for sedentary male mice in (c) respectively. n = 10, 10 and 15 for 5, 11, and
24 months of ages for exercise male mice in (c) respectively). d Tetanic force-
frequency relationships of tibialis anterior muscles from male mice at the ages of
16 months (n = 6). e Kyphosis index (SED female n = 5, EXE female n = 6, SED male

n = 6, EXE male n = 8) and bone mineral density (BMD) in aged mice (SED female
n = 5, EXE female n = 5, SED male n = 3, EXE male n = 4). f H&E-stained gastro-
cnemius muscle sections and quantified myofiber cross-section area (CSA) at the
indicated age (n = 6). g Masson-stained gastrocnemius muscle sections and quan-
tified fibrosis (n = 6). The collagen volume fraction (%) was calculated as the ratio of
collagen volume to fiber volume. h CD31 immunofluorescence in gastrocnemius
muscle sections from aged male mice (n = 6). i CD11b immunofluorescences in the
gastrocnemius muscle from aged mice (n = 5). Arrows indicated CD11b-positive
cells. j Atrogin 1 contents in gastrocnemius muscles from young and aged mice
(Young, 4 mo; old, 18 mo; n = 6). k Expressions of genes encoding exerkines in
gastrocnemius muscles from aged male mice. n = 4. Data are presented as
mean ± SEM. Data are analyzed using unpaired, two-tailed Student’s t test (e–i, k),
one-way ANOVA with Tukey’s multiple comparisons test (j) and two-way ANOVA
with Šídák’s multiple comparisons test (d).
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mRNA sequencing reveals an attenuated aging by early-life
exercise
To gain molecular insights into the effects of early-life exercise on
promotinghealthy aging,weperformed transcriptional profilingof the
liver, gastrocnemius muscle, heart, and eWAT from male mice at dif-
ferent ages (4, 18, and 24months). Principal-component analysis (PCA)
showed that while the transcriptome of SED and EXE mice at 4-month
age substantially overlapped, it diverged as the mice aged, indicating
distinct aging processes at molecular level between mice with and

without early-life exercise (Fig. 6a). The number of differentially
expressed genes (DEGs) was also increased with age (Fig. 6b). Aging
DEGs (Old-SED vs. Young-SED) and Exercise DEGs (Old-EXE vs. Old-
SED) were initially analyzed for further identifying anti-aging effects of
early-life exercise. Genes that changed in opposite directions between
Aging DEGs and Exercise DEGs were categorized as Rev-aging DEGs,
while Pro-aging DEGs referred to genes that changed in the same
manner (Fig. 6c). The validation of this methodology was also per-
formed, and the results showed that Aging DEGs mainly enriched in
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aging related genes and pathways (Supplementary Fig. 8f, g). Rev-
aging DEGs displayed anti-aging effects of early-life exercise (Supple-
mentary Fig. 8h). The number and ratio of Rev-aging DEGs were higher
than Pro-aging DEGs in the liver, muscle, and heart, especially at
18 months of age (Fig. 6d and Supplementary Fig. 8a). Functionally,
enrichment analysis showed that the upregulated Rev-aging DEGs
converged into energy metabolism and cell morphogenesis related
gene ontology (GO) pathways, including fatty acid oxidation and oxi-
dative phosphorylation (Fig. 6e). In contrast, the downregulated Rev-
aging DEGs across tissue types were enriched in GO terms associated
with inflammation, stress, cell death, DNA damage, and aging (Fig. 6e).
In addition, fold changes of DEGs among multiple tissues in mice with
early-life exercise (Old-EXE vs. Young-EXE) were decreased as com-
pared to the fold changes of DEGs in sedentary mice (Old-SED vs.
Young-SED) (Fig. 6f), indicating that early-life exercise attenuated age-
related changes. If there were no rescue by early-life exercise, the data
points would fall on the unity line (slope = 1). The anti-aging effects of
early-life exercise were further confirmed by senescence-associated
β-galactosidase (SA-β-gal) staining andWestern blots. SA-β-gal activity
in the liverwas decreasedby early-life exercise in bothmale and female
mice at 18 months of age (Fig. 6g). Consistently, levels of hepatic and
muscular p16 and p21 were down-regulated by early-life exercise in
18-month-old mice (Fig. 6h). These results suggested that early-life
exercise attenuates aging at the molecular level, especially in the
muscle, heart, and liver.

Early-life exercise improves fatty acid utilization in skeletal
muscles in aged mice
Considering the beneficial effects of early-life exercise on systemic
metabolism in agedmice and the significant role ofmetabolic disorder
in aging process, we investigated the molecular-level metabolic reg-
ulation induced by early-life exercise. Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses of DEGs in liver, skeletal
muscle, heart, and eWAT revealed that early-life exercise tended to
affect lipid metabolism more significantly, with enrichment in path-
ways, such as peroxisome proliferator-activated receptor (PPAR) sig-
naling and fatty acid metabolism (Fig. 7a and Supplementary Fig. 9).
These changes were most prominent in skeletal muscles and hearts
(Fig. 7a). Gene set enrichment analysis (GSEA) showed that genes
involved in lipid and fatty acidmetabolic processes were upregulated
in skeletal muscles but not in the liver of aged mice with early-life
exercise (Fig. 7b). Specifically, early-life exercise upregulated the
expression of almost all genes coding proteins in the fatty acid
metabolism pathway, including fatty acid transport, lipolysis, fatty
acid oxidation, TCA cycle, and oxidative phosphorylation, and these
changes were not observed in the liver (Fig. 7c). Protein contents of
several key enzymes linked to fatty acidmetabolismwere analyzed in
the muscles and livers from young (4-month-old) and aged (18-
month-old) mice. Carnitine palmitoyl transferase 1B (CPT1B, trans-
locating fatty acids across the mitochondrial membranes), CD36
(translocating fatty acids into cells) and acyl-Coenzyme A

dehydrogenase-long chain (ACADL, catalyzing the initial step of
mitochondrial β-oxidation) contents were increased, and fatty acid
synthase (FASN) (FASN, catalyzing the synthesis of long-chain fatty
acids) content was reduced in muscles of aged mice with early-life
exercise (Fig. 7d). While in the liver, FASN protein was upregulated
and CPT1A and CD36 were downregulated by early-life exercise in
aged mice (Fig. 7d). Detection of mitochondrial function-related
proteins in skeletal muscles revealed no differences between mice
with and without early-life exercise at the age of 18 months (Fig. 7d
and Supplementary Fig. 9d). Oxygen respiration analysis was per-
formed to detect the fatty acid oxidation and CHO directly in per-
meabilized muscle fibers from male mice at the age of 16 months.
The results showed that early-life exercise increased both the resting
and the maximal OXPHOS capacity of fatty acid oxidation without
significant effects on CHO of muscle fibers (Fig. 7e, f). Additionally,
mRNA expression level of genes involved in fatty acid metabolism
were significantly increased in eWAT in aged mice with early-life
exercise (Supplementary Fig. 9g, h). mTOR signaling generally
dampens with exercise and closely related to longevity and fatty acid
oxidation, which were enriched in skeletal muscles (Fig. 7a). How-
ever, no changes in mTOR signaling pathway were observed in ske-
letal muscles from agedmice with early-life exercise (Supplementary
Fig. 9e, f). These results indicated that early-life exercise improves
fatty acid utilization in skeletal muscles in aged mice, which may
contribute to the anti-aging effect of this intervention.

Discussion
Physical inactivity is a growing public health concern worldwide. This
trend is particularly alarming among youth populations, who are
increasingly leading sedentary lifestyles due to factors, such as
smartphone addiction, screen time, excessive homework and reduced
physical activity opportunities. The lifestyle in this population can
impact the risk of adverse health outcomes and healthcare costs in
adulthood from a life course perspective. However, the significance of
early-life exercisehasnot received sufficient attention. In this study,we
investigated the effects of early-life exercise alone on overall health
and healthspan in mice. Our findings provided evidence that early-life
exercise did not extend lifespan, but significantly extended healthspan
in both male and female mice, as evidenced by improved metabolism,
cardiovascular function, muscle strength, and mitigated inflammation
and frailty in aged mice (Fig. 8). These findings provide valuable
insights into understanding the long-term effects of exercise and
underscore the importance of regular physical activity from an early
age to optimize health outcomes over lifetime and promote heal-
thy aging.

Physical inactivity represents a major independent risk factor for
mortality, with physically active persons exhibiting a 20–35% reduc-
tion in the risk of all-cause mortality21,22, and considering that a 40%
lowermortality rate corresponds to an approximately 5-year higher life
expectancy23, it is anticipated that physically active individuals may
gain around 3.5–4.0 additional years of life. Previous studies have

Fig. 5 | Early-life exercise decreases frailty and inflammation in aging.
a Experimental timeline. b Fraction of granulocytes among circulating leukocytes
in young and aged mice (n = 10). c Percentage of lymphocytes among circulating
leukocytes in young and aged mice (n = 10). d Cytokine array of serum from old
male and female mice (n = 3, *P <0.05). Typical images and heatmap of quantified
serumcytokineswere shown. eRepresentative images ofH&E-stained liver sections
from aged mice (n = 6). Perivascular and perinecrotic immune cell infiltrates were
enlarged in boxed areas. f Typical mice photos at 24-25 months old. g Frailty
indexes over the indicated ages (up, n = 23, 19, and 17 for 24, 26, and 28 months of
ages for sedentary femalemice in (g), respectively. n = 29, 24, and 19 for 24, 26, and
28 months of ages for exercise female mice in (g), respectively. down, n = 20, 15,
and 8 for 24, 26, and 28months of ages for sedentarymalemice in (g), respectively.
n=29, 18, and 13 for 24, 26, and 28 months of age for exercise male mice in (g),

respectively). h Average frailty index score in different types of frailty phenotypes
in mice at the age of 26 months (SED female n = 19, EXE female n = 24, SED male
n = 15, EXE male n = 18; *P <0.05, **P <0.01). i Incidence of frailty phenotypes in
mice at the age of 26months (SED female n = 19, EXE female n = 24, SEDmalen = 15,
EXE male n = 18; *P <0.05, **P <0.01). j Tumor burden in mice that died of natural
causes. Presence of apparent neoplastic lesions at the time of sacrifice was recor-
ded. k Early-life exercise extended the healthspan of mice as evaluated by FAMY
and GRAIL (SED female n = 18, EXE female n = 24, SEDmale n = 15, EXE male n = 18).
Data are presented as mean± SEM. Data are analyzed using unpaired, two-tailed
Student’s test (d and h), Chi-square test (i and j), one-way ANOVA with Tukey’s
multiple comparisons test (k) and two-way ANOVA with Šídák’s multiple compar-
isons test (b, c and g).
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reported a higher life expectancy in physically active subjects, ranging
from0.43 to 6.9additional years24. However, direct evidence regarding
the effects of physical activity or exercise on lifespan is limited. Animal
studies show inconsistent results. It is reported that life-long

spontaneous aerobic exercise did not prolong longevity in mice, but
extended healthspan as observed in other studies25. It is also reported
that treadmill training for 50 weeks extended lifespan in rats26. The
causal relationship between exercise and lifespan needs to be further

Fig. 6 | mRNA sequencing reveals an attenuated aging by early-life exercise.
a PCA analyses of the transcriptome data of the liver, gastrocnemius muscle, heart,
and eWAT from 4-month-old, 18-month-old, and 24-month-old male mice. n = 3 for
heart of 18 mo SED and EXE, others n = 4. b Volcano plot for differently expressed
genes (DEGs) (EXE vs. SED) in different tissues from mice over the indicated ages.
Red denotes upregulated genes; blue denotes downregulated genes. c Venn dia-
grams showing the overlapped DEGs between Aging DEGs and Exercise DEGs in
skeletal muscles based on RNA-seq data from 4mo (Young) and 18 mo (Old) mice.
Aging DEGs is defined as Old-SED vs. Young-SED and Exercise DEGs is defined as
Old-EXE vs. Old-SED. If a DEGwas increased in aging, but decreased between early-
life exercise group, it belongs to “Rev-aging DEGs” group. If changed in the same
manner, the gene belongs to “Pro-aging DEGs” group. d Bar plots showing the ratio
(up) and number (down) of Rev-aging, Pro-aging and Aging-specific DEGs in

different tissues based on RNA-seq data from 4 and 18 mo mice. Aging DEGs
excluding Rev-aging and Pro-aging DEGs are defined as Aging-specific DEGs.
e Heatmaps showing the enriched GO pathways for upregulated and down-
regulated Rev-aging DEGs by early-life exercise among multiple tissues based on
RNA-seq data from 4 and 18 mo mice. f Spearman correlation plots comparing
changes in DEGs expression between SED and EXE groups based on RNA-seq data
from 4 mo and 18 mo mice. g Senescence-associated beta galactosidase staining
analysis (SA-β-gal) in liver sections fromagedmale (18mo) and female (18mo)mice
(n = 6).h Immunoblotting analyses of senescence biomarkers (p53, p21, and p16) in
liver and muscle from young (4 mo) and old (18 mo) mice (n = 6). Data are pre-
sented as mean± SEM. Data are analyzed using hypergeometric test (e), one-way
ANOVA with Tukey’s multiple comparisons test (g) and two-way ANOVA with
Šídák’s multiple comparisons test (h).
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examined. Here, we observed that early-life exercise for 3months only
increased the maximum lifespan without affecting the medium life-
span and overall survival in bothmale and femalemice, although early-
life exercise induced a healthier phenotype in aged mice.

Previous studies often focus on the transient beneficial effects
afforded by exercise, while recent studies have revealed a long-term
beneficial effect of exercise through epigenetic modulation27,28. For
example, it is reported that physical activity in youth was associated
with lower rates of occurrence of chronic diseases in adulthood, and
higher physical activity in childhood is associated with increased
aerobicfitness andBMD, anddecreased risks for developingmetabolic
diseases later in life11–13. These advances suggest that early-life exercise
benefits human health in adulthood. In addition, maternal or paternal
exercise prevents age-associated and high-fat diet-induced metabolic
dysfunction in offspring29,30. Here, we found that early-life exercise
promotes healthy aging without inducing significant increase in

physical activity in adulthood. Early-life exercise increased lean mass,
decreased fat mass and serum insulin, elevated energy expenditure
under fasting condition, improved cardiac diastolic function, atte-
nuated vascular aging, enhancedmuscle strength, decreased systemic
inflammation, and attenuated frailty in aged mice. The anti-aging
effects of early-life exercise were further validated by multiple-tissue
transcriptome analyses. Early-life exercise increased the expression of
anti-aging genes in aged mice, especially at age of 18 months. It is
reported that exercise induces extensive epigenetic modulation31,32,
which may contribute to the long-term effect of early-life exercise.
Further studies are warranted to explore the underling mechanisms.

Aging andmetabolismshare an intricate relationship, wheremany
age-related metabolic changes, including shifts in body composition,
dysregulated nutrient-sensing, and mitochondrial dysfunction, are
fundamentally associated with aging processes19,33. Aging is often
associated with gain in body fat, reduction in lean mass, insulin

Fig. 7 | Early-life exercise improves fatty acid utilization in skeletal muscles
in aging. aKEGGenrichment analysis identifying the effects of early-life exerciseon
metabolic pathways in aged mice (18 mo). Size and color of dot indicate number
and significance of genes mapped to specific pathways. Significant (p <0.05)
pathways are shown with color. Rich factor refers to the ratio of DEG numbers
annotated in this pathway term to all gene numbers annotated in this pathway
term. b Gene set enrichment analysis showing relative gene expression involved in
lipid and fatty acid metabolic processes in muscle (left) and liver (right) tissues
from aged mice based on 18 mo RNA-seq data. c Pathway diagrams involving gly-
colysis, fatty acid transport, lipolysis, lipogenesis, fatty acid oxidation, TCA cycle
and oxidative phosphorylation, showing gene expression changes induced by
early-life exercise inmuscles and livers from agedmice (18 mo). d Immunoblotting
analyses of lipid metabolic proteins and mitochondrial function biomarkers in

muscles and livers fromyoung (4mo) andold (18mo)malemice (n = 6). FASN, fatty
acid synthase; CPT1A/B, carnitine palmitoyltransferase 1A/B; ACADL, acyl-
Coenzyme A dehydrogenase, long chain; PGC-1α, PPARγ coactivator-1α.
e Representative records of O2 consumption rate and quantified respiration of
permeabilized muscle fibers from male mice (16 mo) using octanoylcarntine and
malate as substrates. Adenosine diphosphate (ADP) was added to stimulate fatty
acid oxidation respiration. To achieve maximal physiological oxidative phosphor-
ylation capacity, succinate was added (n = 3). f Representative records of O2 con-
sumption rate and quantified respiration of permeabilizedmuscle fibers frommale
mice (16 mo) using pyruvate as substrates (n = 3). Data are presented as mean±
SEM. Data are analyzed using hypergeometric test (a), permutation test (b) and
two-way ANOVA with Šídák’s multiple comparisons test (d and e).
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resistance, decreased energy production and expenditure, impaired
fatty acid oxidation, and compromised metabolic flexibility and
elasticity17,34,35. Here, we provided evidence that early-life exercise
increased lean mass, decreased fat mass, lowered circulating insulin,
improved fatty acidmetabolism, and increasedmetabolites utilization
and energy expenditure in response to fasting in agedmice, indicating
an improvement in metabolic health. Specifically, transcriptome ana-
lyses revealed that the enhanced fatty acid metabolism in skeletal
muscles is one of the most significant changes induced by early-life
exercise in aging.During agingprocesses, the circulating levels ofmost
lipid subclasses increase36, and the capacity of fatty acid oxidation is
decreased in multiple organs19,37,38. Conversely, elevated fatty acid
oxidation is identified as themost significantmetabolic feature in long-
lived individuals39, and improvement in fatty acidmetabolism tends to
promote healthy aging and prolong lifespan40. The altered fatty acid
metabolism in aging is accompanied with lipid accumulation in non-
adipose tissue, inflammation, insulin resistance, oxidative stress,
chromatin modifications, and energy deficiency which accelerate cel-
lular senescence41. Thus, it is suggestive that enhanced fatty acid
metabolism in skeletal muscles is a key mechanism underlying the
early-life exercise-afforded benefits in promotion of healthy aging.
These findings align with previous studies linking metabolic adapta-
tions to exercise and highlight the importance of metabolic health in
promoting healthy aging. As we only analyzed gastrocnemius muscle
in the study, more experiments arewarranted to detect the changes of
different muscles in response to early-life exercise to get a more
comprehensive understanding.

Sex disparities in aging and lifespan are notable due to factors
such as sex hormones, genome, risk exposure, lifestyle, and others. In
general, females exhibit longer lifespans but they may experience
greatermorbidity particularly in later life, although evidence inmice is
inconsistent42. One of the most obvious features of sex differences in
aging is that age-related decline in BMD ismore pronounced inwomen
than in men43. Females also experience greater age-related cardiovas-
cular phenotypes, including wall thickening, myocardial stiffening,

cardiac diastolic dysfunction, earlier onset of coronary microvascular
dysfunction, and arterial stiffness44. Exercise-induced adaptations also
exhibit sex differences. For example, women’s executive processes
may benefit more from exercise than men45, and females demonstrate
a higher fatty acid utilization and lesser fatigue following endurance
running exercise46. In this study, although most of the effects induced
by early-life exercise exhibited similar trends in males and females,
therewere subtledifferences in the extent and specific aspects of these
improvements. Specifically, early-life exercise increased BMD in
females but not males in aged mice. We also notice that female mice
subjected to early-life exercise gained weight during adulthood and
aging. These female mice showed higher lean mass and healthier
outcome. This phenomenon may be attributed to the metabolic pat-
terns established by early-life exercise. A young Finns study revealed
that youth physical activitymight reducebodyweight in youth butwas
not directly associated with adult abdominal obesity in either men or
women47. Another finding demonstrated that juvenile 5-week climbing
exercise established a muscle memory boosting the effects of adult
exercise and led to leaner animals with lower body weight48. However,
due to the complexity of the situation in humans and the inherent
limitations of animal studies, more longitudinal studies involving
human populations are needed to demonstrate the effects of early-life
exercise on body weight in adulthood.

In conclusion, our study demonstrates that early-life exercise
extends healthspan, but not overall lifespan, in both male and
female mice. The improvements in cardiovascular function and
muscle strength, as well as reductions in inflammation and frailty,
underscore the importance of implementing early-life interventions to
optimize long-term health outcomes. The identification of enhanced
fatty acid metabolism as a potential underlying mechanism provides
valuable insights into how exercise during critical developmental
periods can shape lifelong health trajectories. Future studies are war-
ranted to explore the mechanisms underlying the enduring long-term
health effects of early-life exercise and to translate these findings to
human populations.

Fig. 8 | Schematic depicting long-term effects of early-life exercise on lifespan
and healthspan. Early-life exercise exerts enduring long-term health benefits,
improving healthspan, but not lifespan, in both male and female mice. Enhanced

fatty acid metabolism in skeletal muscles is identified as a major feature in aged
mice that underwent early-life exercise.
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Methods
Animal handling, welfare, and monitoring
All procedures involving animals were approved by Laboratory Animal
Welfare and Ethics Committee of Fourth Military Medical University
(Approval No. 20180303), in compliance with the Guide for the Care
and Use of Laboratory Animals published by the US National Institutes
of Health. Male and female C57BL/6J mice (4-week-old) were obtained
from the Experimental Animal Center of Fourth Military Medical Uni-
versity and housed in a SPF room with controlled temperature
(22–24 °C) and humidity (40–60%). All mice were housed in a room
with a 12 h light-dark cycle, free access to food and water and fed ad-
libitum with regular rodent chow (#DOSSYJY-001, DOSSY). Sterilized
cages and bedding were changed weekly. Regular monitoring for
infectious agents was performed, and all tests were negative
throughout the study. The mice were randomly divided into 2 groups:
those with early-life exercise (EXE), and those without early-life exer-
cise (SED). Mice involved in lifespan analysis were kept in the same
room housing 5 males or 5 females per cage in the same room but
without mating throughout their entire life.

Animals were checked daily during experiments and were mon-
itored for agility, basic awareness and general well-being. Body weight
and food intakewere regularly examined throughout their lifespan.We
adhered to 3R principles of animal welfare. All animals involved in our
studies were well cared for and free from unnecessary pain or stress.

Exercise model
C57BL/6J mice (4-week-old) swam 90min once daily for 5 days a week
for 3 months. Mice were adapted to swimming training with a 30min
session on the first day. Sessions were then progressively increased to
90min/day over a 1-week period. All exercise sessions took place during
19:00 p.m.–20:30p.m. and the temperature of water was kept between
33–35 °C. The above training protocol was modified from a published
article49. Tanks used for swimming were about 80 cm for length, 50 cm
for width and 40 cm for height. Each tank contained 15–20 mice with
same gender during swimming. The depth of water was 13–15 cm.
Sedentary mice were age-matched and were kept in the same condition
with 1–3 cm depth of water. Following 3 months of exercise training,
mice were routinely housed without further training until death.

Survival
The principal endpoint of lifespan study was natural death. All mice were
examined at least once daily. We recorded the age at which mice were
found dead or selected for euthanasia. Euthanasia was performed on
mice deemed unlikely to survive for the next 48h and experiencing
enormous discomfort. The criteria for euthanasia was based on an
independent assessment by a veterinarian, which include severe
lethargy, rapid weight loss (over two weeks >20%), severe distended
abdomen andbody condition scorewith signs of pain (grimace), inability
to move despite the stimuli, severe ulcer or bleeding tumor, severe
temperature loss with abnormal breathing rate.Micewere euthanized by
intraperitoneal injection of not less than 150mg/kg of sodium pento-
barbital (Merck). A complete necropsy was performed on all mice and
discernable tumors were recorded by a veterinarian and a clinician who
were blinded to experimental conditions. The sample size was deter-
mined based on the ability to detect a 10% increase in lifespan with 80%
power, using mean and standard deviations from published data50.

Body composition
Measurements of lean and fat mass in live mice were acquired by NMR
using the Minispec LF90 (Bruker Optics, Billerica, MA) based on Time-
Domain NMR.

Multi-parameter metabolic assessment
Mouse metabolic rate was assessed by CLAMS lab animal monitoring
system (Oxymax-CLAMS, Columbus Instruments, USA). Briefly, mice

with free access to water were subjected to a standard 12 h light/12 h
dark cycle, which consisted of a 24 h acclimation period followed by
48 h of sampling. Sampling time included a 24 h free access of food
and 24 h fasting time followed. Sample air was passed through an O2

sensor for determination of O2 content. O2 consumption was deter-
mined bymeasuring oxygen concentration in air entering the chamber
compared with air leaving the chamber. All the sensor was calibrated
before test. The concentrations of O2 and CO2 were monitored at the
inlet and outlet of the sealed chambers to calculate oxygen con-
sumption. Each chamber was measured for 30 s at 30-min intervals.
Effective body mass was calculated by ANCOVA analysis. Respiratory
quotient (RQ) was calculated as the ratio of VCO2/VO2, and total
energy expenditure was calculated as VO2 × (3.815 + 1.232 × RQ), nor-
malized to effective body mass, and expressed as kcal/h/kg Eff.Mass.
FO and CHO were calculated as FO= 1.69 VO2 – 1.69 × VCO2 and
CHO=4.57 × VCO2– 3.23 × VO2 and expressed as g/d/kgEff.Mass 51.

Frailty index assessment
The frailty index originally established by Whitehead et al.52 are
widely recognized as an effective index for mice frailty assessment.
Deficits in body weight (g) and body surface temperature (°C) were
scored based on deviation from reference values in young adult
animals. The body surface temperature was assessed using an
infrared thermometer (DELIXI Electric, China). Twenty-nine other
items across the integument, physical/musculoskeletal, oscular/
nasal, digestive/urogenital, and respiratory systems were scored on
a scale of 0, 0.5, and 1 depending on the severity of the deficit in a
blinded manner. Total score across the items was divided by the
number of items measured to give a frailty index score between 0
and 1. It should be pointed out that for kyphosis frailty score from
physical/musculoskeletal, inspection was needed for the mouse for
its curvature of the spine or hunched posture. Then 0, 0.5, and 1
were used to score the kyphosis degree of mice: 0 means absent
curvature, 0.5 means mild curvature and 1 means clearly hunched
posture. The lower kyphosis frailty score means the less curvature
of spine.

Micro-CT
Thewhole body of themicewas scanned usingQuantumGX2microCT
Imaging System (PerkinElmer, USA). Scan parameters were set as fol-
lows: 90 kV, 80μA and pixel size 288μm. Based on the results of
micro-CT scanning and reconstruction, the BMD was analyzed.
Kyphosis index was calculated as the distance between the caudal
margin of the last cervical vertebra to the caudal margin of the sixth
lumbar vertebra (usually corresponding to the cranial border of the
wing of the ilium) divided by a line perpendicular to this from
the dorsal edge of the vertebra at the point of greatest curvature. The
higher kyphosis indexmeans less curvature of spine. Carewas taken to
avoid overextension or flexion of limbs.

Voluntary wheel running test
C57BL/6 mouse was randomly assigned to a running wheel-equipped
cage (Vertical Wireless Running Wheel, Med Associates, USA). Free
access to the wheel was allowed for every mouse in its cage. Running
activity was monitored through a counter provided with each cage
which counts whole counts of the activity wheel. For adaptation, all
mice had access to wheels for 4 days before recording, and an average
of running activity of the other 4 days were calculated as voluntary
physical activity per day.

Glucose and insulin tolerance tests
Glucose tolerance test was performed by fasting the mice for 14 h
overnight, followed by an intraperitoneal injection of glucose (1 g/kg).
Insulin tolerance test (ITT) was performed by fasting mice for 4–6 h
starting at lights on, and then injecting insulin (0.75U/kg)
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intraperitoneally53. Blood glucose levels were measured using a blood
glucose meter and test strips (ACCU-CHEK, Roche, Swiss).

Ultrasonic imaging
Echocardiography was performed using a Vevo 2100 high-resolution
in vivo imaging system (VisualSonics Inc., Toronto, Canada) to assess
the cardiac function. Mice were anesthetized by 1% isoflurane to
maintain stable heart rate and body temperature. M-mode and two-
dimensional measurements were acquired to assess cardiac function.
Systolic function was evaluated using the parasternal short-axis view.
Diastolic function was assessed from the apical 4-chamber view by
measuring E/A and E/E’ ratios. E wave (early filling) and A wave (atrial
filling) were measured using pulse-wave Doppler mode between the
tips of themitral valve. The above training protocolwasmodified from
a published article54. hcPWV wasmeasured by capturing flow pressure
waveforms generated by cardiac activity and arterial pulses and cal-
culated by dividing the distance length by the transit time. CCA dia-
meter was measured under pulse-wave Doppler mode.

Measurement of vascular function
Mice were euthanized and the descending aorta was carefully excised
and placed in ice-cold physiological saline solution. The contractile
force was recorded using a Powerlab Chart v 7.2.1 program (model
610M, Danish Myo Technology, Denmark). Aortic rings were pre-
contracted with phenylephrine (PE, 10−3 M, Sigma, USA). Endothelium-
dependent vasorelaxation was evoked by acetylcholine (ACh, 10−9 to
10−3 M, Sigma, USA), while endothelium-independent vasorelaxation
was evoked by cumulative sodium nitroprusside (SNP, 10−9 to 10−3 M,
Sigma, USA). The above training protocol was modified from a pub-
lished article55.

Muscle performance tests
The forelimb grip strength ofmicewasmeasured using a grip-strength
meter (BIO-GS3; Bioseb, Pinellas Park, FL, USA) with 5 measurements
eachmouse, and the average valuewas calculated. Prior to the test, the
mice were acclimated to the rotarod with 3 trials every day for 3 days.
The rotarod system (JLBehv-RRTG; Shanghai Jiliang Software Tech-
nology, Shanghai, China) accelerated from4 rpm to 40 rpmover 5min
and maintained the maximum speed until the mice fell off. For the
treadmill running capacity test, the mice were acclimated to the
treadmill system (ZH-PT/5S, ZH, China) with 3 trials every day for
3 days. The treadmill was set at a 0° incline and initial speed of 5m per
minute. The speed was increased by 1m per minute until exhaustion.
Mice weremotivated to run by a shock grid at the rear of the belt, and
exhaustion time was recorded when the mice remained on the shock
grid for more than 10 consecutive seconds. The above training pro-
tocol was modified from a published article56.

Muscle force tests
Mice were anesthetized by 1.5% isoflurane before detaching the mus-
cle, and maintenance of isoflurane was supplied during whole proce-
dure. Then the TA muscle was gently detached and attached to the
apparatus (Aurora Scientific, Aurora, ON, Canada). Optimal resting
length (L0) was determined through a series of twitches with each
twitch separated by 30 s. L0 was the initial resting length where the
muscle returned to after several pulses were administered. Force-
frequency tests were assessed through electrical stimulations (10 V) at
increasing frequency. Pause 5min between stimulation bouts. Record
force (in N) for each isometric contraction (P0). After testing, specific
force (N/cm2)wasdetermined for theTAbynormalizing absolute force
to physiological cross-sectional area, which was calculated as (P0N)/
[(muscle mass mg/1.06mg/mm3)/Lf mm]. 1.06mg/mm3 is the mam-
malian muscle density. Lf = L0 × 0.6, where 0.6 is the muscle to fiber
length ratio in TA muscle57,58.

Respirometry of muscle fiber
Dissected gastrocnemiusmuscle strips were first immersed in ice-cold
isolation solution (10mMCa-EGTA buffer, 0.1μM free calcium, 20mM
imidazole, 20mM taurine, 49mM K-MES, 3mM K2HPO4, 9.5mM
MgCl2, 5.7mM ATP, 15mM phosphocreatine, 1μM leupeptin, pH 7.1).
Individual fiber bundles were then separated with two pairs of sharp
forceps and then the fiber bundles were permeabilized for 30min in
3ml of ice-cold isolation solution with saponin (50μg/ml). After che-
mical permeabilization, the tissue was rinsed twice for 10minutes in
chilledmitochondrial respirationmediumMiR05 (0.5mMEGTA, 3Mm
MgCl2.6H2O, 60mM potassium-lactobionate, 20mM taurine, 10mM
KH2PO4, 20mM HEPES, 110mM mannitol, 0.3mM dithiothreitol, 1 g/l
BSA, at pH 7.1). The fiber bundles were then transferred immediately
into the respirometer (Oxygraph-2k; Oroboros Instruments,
Innsbruck, Austria). Fiber samples were run in duplicate in the two-
chamber system after calibration. All experiments were performed at
37 °C. Resting respiration was assessed by addition of octanoylcarni-
tine (1mM) and malate (2mM) in the absence of adenylates. OXPHOS
capacity of fatty acid oxidationwith octanoylcarnitinewas achieved by
addition of ADP (5mM). OXPHOS capacity with convergence of phy-
siological electron supply to theQ-junction throughComplexes I and II
was stimulated by addition of succinate (10mM). OXPHOS capacity of
CHO was assessed by addition of 5mM pyruvate, ADP and succinate
step by step59. Allmeasurementswere conducted blinded to treatment
groups.

Complete blood counts
For complete blood counts, blood sampleswereobtained from the tail
vein. The blood was collected into EDTA-coated collection tubes and
analyzed using a Mindray BC-30 Vet hematology analyzer (Mind-
ray, China).

ELISA
The following commercially available ELISA kits were used to measure
protein levels in plasma: mouse Insulin Elisa kit (Cusabio, Wuhan,
China) and mouse CRP Elisa kit (Cusabio, Wuhan, China). Relative
levels of cytokines and chemokines in plasma were determined by
using the Mouse cytokine array panel A array kit (ARY006, R&D Sys-
tems, Minneapolis, USA). The manufacturer’s instructions were
followed.

Histology and immunofluorescence
Tissueswere collected aftermicewere anesthetizedwith 2% isoflurane.
Fresh tissuewas immediatelyfixedwith 4%paraformaldehyde for 24 h.
The tissue was then trimmed and dehydrated. Following OCT
embedding, the tissue was sliced at a thickness of 10μm. For gastro-
cnemius muscle, the region with the maximum cross-sectional area
was sliced. H&E and Masson trichrome were used to evaluate tissue
morphology and fibrosis, respectively. During the dewaxing process,
environmentally friendly dewaxing transparent liquid (G1128, Servi-
cebio) was used. The collagen volume fraction (%) was calculated as
the ratio of collagen volume to fiber volume. For SA-β-Gal staining,
sections were incubated with SA-β-Gal staining solution (9860, Cell
Signaling Technology) overnight at 37 °C. After staining, slides were
examined under a bright-field microscope (Zeiss).

For immunofluorescence, the sections were immersed in a 1X
antigen retrieval solution (P0081, Beyotime) and then incubated at
95 °C for 10min for antigen retrieval. Tissue sections were permeabi-
lized by 0.2% Triton X (T8787, Sigma) for 10min, and blocked in 1%
bovine serum albumin for 20min. The sections were incubated with
primary antibodies overnight at 4 °C, including CD31 (ab9498,
Abcam), CD11b (12-0112-82, Invitrogen) and laminin (ab11575, Abcam).
Then slideswere incubatedwith secondary antibodies conjugatedwith
Alexa Fluor 488 (4408, Cell Signaling Technology) or Alexa Fluor 555
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dyes (4413, Cell Signaling Technology) for 1 hour at room temperature.
Nuclei were counterstained with DAPI (Invitrogen).

Imaging and quantification
The fluorescence was imaged using an inverted confocal microscope
(Zeiss) or a slide scanner (OLYMPUS VS200). Endothelial integrity was
quantified by calculating the ratio of CD31-positive aorta endothelial
length to the entire aorta length. For quantification of the capillaries,
all fibers in the slide were quantified by a blind observer. Capillaries
were expressed as numbers per fiber. Automated quantitative analyses
of capillary density were done by ImageJ software (v1.53). The images
were converted into 8-bit grayscale images. For CD31 signal, the
“Subtract Background” function (radius = 50 pixels) is applied to
remove background noise, and then “Auto Threshold” (Otsu algo-
rithm) is used to perform binary segmentation. The “Analyze Particles”
module (particle size range: 5–100μm², roundness 0.1–1.0) is used to
identify capillary cross sections and exclude non-specific signals. The
number of muscle fibers was then counted, and the capillary density
was calculated. One tenth samples were randomly selected for manual
review (ImageJ manual counting tool), and the results showed that the
correlation coefficient between automatic and manual counting was
R2 > 0.92 (Pearson test). For confocal imaged results, an average value
of each slide was calculated from five random microscopic fields by a
blind observer.

Western blot
Proteins from tissues were quantified using a bicinchoninic acid pro-
tein assay kit (23225, Thermo Fisher). Western blot analysis was per-
formed using standard procedures, which was detected using an
enhanced chemiluminescence western blotting detection kit (32106,
Thermo Fisher), and was quantified by scanning densitometry
according to the manufacturer’s protocols. Proteins were separated
through electrophoresis and transferred to PVDF membranes. The
membranes were incubated overnight at 4 °C with appropriate pri-
mary antibodies followed by incubation with the corresponding sec-
ondary antibodies at room temperature for 2 h. The primary
antibodies were as follows: FASN (FASN, 3180S, Cell Signaling Tech-
nology), PPARγ coactivator-1α (PGC-1α, 2178S, Cell Signaling Tech-
nology), Atrogin 1 (67172-1-Ig, Proteintech), complex I (Invitrogen,
438800), complex II (Invitrogen, 459200), complex III (Invitrogen,
457125), complex V (Invitrogen, 459240), CD36 (18836-1-AP, Pro-
teintech), carnitine palmitoyltransferase 1B (CPT1B, 22170-1-AP, Pro-
teintech), carnitine palmitoyltransferase 1 A (CPT1A, 15184-1-AP,
Proteintech), acyl-Coenzyme A dehydrogenase, long chain (ACADL,
17526-1-AP, Proteintech), p53 (10442-1-AP, Proteintech), p21 (28248-1-
AP, Proteintech), p16 (554079, BD Pharmingen), phospho-p70S6K
(Thr389) (9234, Cell Signaling Technology), total p70S6K (2708, Cell
Signaling Technology), phospho-Akt (Ser473) (4060, Cell Signaling
Technology), Akt (9272, Cell Signaling Technology), GAPDH (2118, Cell
Signaling Technology) and α-tubulin (2125S, Cell Signaling Technol-
ogy). α-Tubulin was used as a loading control. The original Western
blots were provided in Source Data file.

Transcriptional profiling and analysis
Malemice used for transcriptional profiling were euthanized following
an overnight fast. RNA was extracted from the heart, liver, gastro-
cnemius, and eWAT from male mice at different ages. Total RNA was
extracted using Trizol reagent kit (Invitrogen, Carlsbad, CA, USA)
according to themanufacturer’s protocol. RNAqualitywas assessedon
an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA)
and checked using RNase free agarose gel electrophoresis. The cDNA/
DNA/Small RNA libraries were sequenced on the Illumina sequencing
platform by Genedenovo Biotechnology Co., Ltd (Guangzhou, China).

RNAs differential expression analysis was performed by
DESeq2 software between two different groups. The genes with the

parameter of p value below 0.05 were considered differentially
expressed genes (DEGs). DEGs between young SED and old SED group
were recognized as Aging DEGs, for these genes change due to aging.
Exercise DEGs were identified by comparing between old SED and old
EXE group. DEGs that increasedwith aging but decreasedwith exercise
were categorized as “Rev-aging DEGs”, while those changing in the
same direction were categorized as “Pro-aging DEGs.” DEGs classifi-
cation was based on the established protocols outlined in a recent
study60.

PCA, GO, KEGG pathway, and SEA analyses were performed using
the OmicShare tools, a free online platform for data analysis (http://
www.omicshare.com/tools).

Statistical analysis
All values are presented asmean± SEM.Repeats (n)mean experiments
performed using distinct samples. Survival analyses were compared
using Log-rank, Breslow, and Tarone-Ware test. The maximal lifespan
was defined as the lifespan of the longest lived 5% of individuals. Daily
Chi-square tests were used to assess differences between pairwise
groups on each day of the lifespan61. Kolmogorov–Smirnov normality
test was used to analyze the normal distribution of the data. Catego-
rical data were compared by Chi-square test, and intergroup com-
parisons were conducted using two-sided t tests. For analyses
involving multiple comparisons, one-way or two-way ANOVA was
applied, as specified in thefigure legends.Differenceswere considered
significant when P < 0.05, with statistical results presented precisely in
figures or as: * p <0.05, and ** p < 0.01.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The accession number for the original mRNA sequencing data repor-
ted in this paper can be obtained from China National Center for
Bioinformationwith the accession code CRA025394. All other data are
available within the Article and Supplementary Files. Source data are
provided with this paper.
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