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Pharmacological glucagon-like peptide-1receptor (GLP-1R) activation reduces food
intake and is an effective therapy for type 2 diabetes and obesity". The use of GLP-1
medicines has revealed pleiotropic beneficial effects beyond glucose and weight
control*®, but little is known about the underlying basis of the pleiotropic effects.
Here, treatment of 20-month-old female C57BL/6 mice with the GLP-1R agonist
semaglutide for 3 months improved physiological function, attenuated hallmarks of
ageing and modulated nutrient sensors and conserved genetic regulators of ageing.
Continued treatment extended mouse lifespan. These effects parallel key features

of calorierestriction, a dietary intervention that slows ageing, extends lifespan and
alleviates a wide spectrum of ageing-associated diseases®. Inalongitudinal study in
direct comparison to matched calorie restriction, semaglutide treatment preserved
baseline function and recapitulated many functional benefits of calorie restriction

by attenuating age-associated decline, while also producing improvements above
baseline and more favourable trajectories than calorie restriction in exploratory
drive, spatial memory and glucose control. Together, these findings demonstrate that
GLP-1R activationinitiated late in life slows ageing and extends lifespan in female mice,
supportingits function as a calorie restriction mimetic and providing a mechanistic
framework that may help to explain its broad beneficial effects while revealing effects

beyond those attributable to reduced calorie intake.

Calorierestriction, typically defined as reduced calorie intake without
malnutrition, slows ageing and extends lifespan across species®. This die-
tary regimenalsoimproves physiology and ameliorates awide spectrum
of seemingly unrelated diseases, such as metabolic diseases, neurode-
generative diseases, cancer and immune disorders®. Calorie restriction
engages several evolutionarily conserved signalling pathways, such as
sirtuins and insulin-IGF1 signalling, to elicit a beneficial response’’.
However, it is difficult to practice sustained calorie restriction. There
isaneedtoidentify calorierestriction mimetics that capture the health
and longevity benefits and are suitable for human applications.
GLP-lissecreted fromgut endocrine cellsin response to food inges-
tion, potentiates glucose-dependent insulin secretion and inhibits
food intake™. Pharmacological GLP-1 receptor (GLP-IR) activation is
an effective therapy for type 2 diabetes and obesity". The use of GLP-1
medicines hasrevealed pleiotropic beneficial effects beyond glucose
and weight control, such as reduction of heart, kidney and liver dis-
eases, and neurodegeneration®, Little isknown about the underlying
basis of the pleiotropic effects. As GLP-1administration inhibits food
intake through brain GLP-1R activation®, we hypothesized that GLP-1
medicines might function as amimetic of calorierestriction that slows
ageing and alleviates various ageing-associated diseases. The effects
of calorie restriction are influenced by individual characteristics,

including factors such as age and health condition*™. These consid-
erations raise the question of how long-term use of GLP-1 medicines
influences the ageing process and lifespan, particularly when treatment
isinitiated latein life.

Lifespan

We treated 20-month-old female C57BL/6 mice daily with either vehi-
cle or semaglutide, a GLP-1R agonist, through subcutaneous injec-
tion. For lifespan study, treatment continued for the duration of the
lifespan. For physiological, molecular and cellular studies, a separate
cohortwastreated for 3 months. Semaglutide treatment reduced food
intake by 24% (Extended Data Fig. 1a,b), but did not significantly alter
locomotor activity (Extended Data Fig. 1c,d), respiratory exchange
ratio (Extended Data Fig. 1e,f; an indicator of fuel utilization), oxy-
gen consumption (Extended Data Fig. 1g,h), carbon dioxide produc-
tion (Extended Data Fig. 1i,j) and energy expenditure (Extended Data
Fig.1k,1) after adjustment using analysis of covariance (ANCOVA) with
body weight as a covariate. As described previously” ", mice in the con-
trol group maintained body weight after 20 months of age (Extended
DataFig. 2a). There was no difference in body weight between groups
before treatment (Extended Data Fig.2a), and semaglutide treatment
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Fig.1|GLP-1R activationlateinlife extendslifespan and improves
physiological function. a,20-month-old female C57BL/6 mice were treated
with vehicle (control, Ctrl) or semaglutide (sema) for the duration of the
lifespan.Kaplan-Meier survival curves. The dashed lines indicate the median
lifespan.b-q, Comparison of 20-month-old female C57BL/6 mice treated

with vehicle or semaglutide for 3 months. b-d, Representative traces (b),

total movement (c) and centre cumulative duration (d) in the open-field test.
e-h, Total movement (e), the number of armentries (f), the percentage of open
armentries (g) and timeinthe openarms (h) in the elevated plus maze test.

reduced body weight and tissue weight (Extended Data Fig. 2a-e) as
reported previously. The weight loss predominantly came frombody
fatloss, as semaglutide treatment did not reduce the percentage of
weight for most tissues except for the white adipose tissues, result-
ing in areduced percentage of fat mass and increased percentage
of lean mass (Extended Data Fig. 2b—e). The lifespan of the control
group was within the reported range for C57BL/6 mice'*? (Fig. 1a).
Notably, semaglutide-treated mice showed significantly longer life-
spans (median lifespan, 742 days (control) and 834 days (semaglutide);
Fig.1a). The distribution of end-point categories was consistent with the
literature', and did not differ significantly between groups (Extended
DataFig.3a). Age at death appeared to be delayed by semaglutide across
several categories unrelated to tumour (Extended DataFig.3b-g), con-
sistent withabroad delay in age-associated physiological deterioration.

Physiological function

Ageing leads to physiological decline, including reduced locomotor
activity and exploratory behaviour inanovel environment?, decreased
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i-k, Timeintarget quadrant (i), the percentage of holes searched in target
quadrant (j) and the latency to the escape hole (k) in the Barnes maze test.

I, Thelatency tofallinthe rotarod test.m, The latency to fallin the inverted
screentest.n,0, Time (n) and distance to exhaustion (o) in the treadmill
exhaustiontest. p,q, Blood glucose (p) and area under the curve (AUC) (q) in
theglucose-tolerance test. Dataare mean +s.e.m. Pvalues are showninthe
figuresand are provided assource data. The statistical tests used are described
inthesource data. Sample sizes (the numbers of mice) are shownin the figures.

motor coordination?, poor muscle function*, metabolic dysregula-
tion® and cognitive decline®. Semaglutide-treated aged mice showed
increased locomotor and exploratory activitiesin anovel environment,
asdemonstrated by increased total movementin the open-field testand
the elevated plus mazetest, increased centre cumulative durationinthe
open-field test and increased entries to the open armsin the elevated
plusmazetest (Fig.1b-h).Inthe Barnes maze test, semaglutide-treated
mice showed increased time in the target quadrant, increased holes
searchedinthetarget quadrantandreduced latency totheescape hole,
indicative ofimproved cognition (Fig. 1i-k). Semaglutide-treated mice
showed improved motor function based on the rotarod test (Fig. 11) and
improved muscle function, asevidenced by increased latency tofallin
theinverted screen test (Fig. Im) and increased time and distance to
exhaustion in the treadmill exhaustion test (Fig. 1n,0). To determine
whether improvements in rotarod and inverted screen performance
were independent of body weight, we performed ANCOVA with body
weight as a covariate. After adjustment for body weight, the semaglu-
tide group retained a significant increase in latency to fall compared
withthe controls (Extended DataFig. 3h,i). Semaglutide treatment also
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Fig.2|GLP-1R activationlateinlife ameliorates stem cellageing. Comparison
of 20-month-old female C57BL/6 mice treated with vehicle or semaglutide for

3 months. a, The gating strategy of HSCs in the bone marrow. LSK, Lin"SCAT'KIT"
cells; HSC, Lin"'SCAI'KIT'CD48°CD150" cells. APC, allophycocyanin; Cy7,
cyanine 7; FITC, fluoresceinisothiocyanate; PB, pacific blue; PE, phycoerythrin.
b,c, The frequency (b) and number (c) of HSCs in the bone marrow (BM).d, Bone
marrow cellularity normalized tobody weight. e,f, Representativeimages (e) and
quantification of the number of colonies (f) for the colony-forming unit assay.
g,h, Representative images for colonies (g) and quantification of colony

size (h) for the colony-forming unit assay. Scale bar,1 mm. i,j, Gating strategy (i)

improved metabolichomeostasisin aged mice, as semaglutide-treated
mice cleared glucose more effectively in the glucose-tolerance test
(Fig.1p,q). Insulin sensitivity wasimproved, as evidenced by increased
phosphorylation of protein kinase B (PKB, also known as AKT) in meta-
bolic tissues (Extended Data Fig. 3j-m). Together, these data suggest
that GLP-1R activation late in life improves physiological function.

Hallmarks of ageing

Ageingisassociated with well-characterized hallmarks of ageing, such
as stem cell attrition, inflammation, cellular senescence, mitochon-
drial dysfunction, loss of proteostasis and genomic instability”. We
examined the effects of semaglutide treatment on the established

and quantification (j) of myeloid-biased HSCs (Lin ' KIT'SCA1'CD135 CD34~
CD150"#" and lineage-balanced HSCs (Lin"KIT'SCA1'CD135"CD34 CD150"")
inthe bone marrow. k,l, Gating strategy (k) and quantification (I) of lineage
differentiation (B cells, B220"; T cells, CD3"; myeloid cells, GRI'MACL1") in the
peripheral blood mononuclear cells (PBMCs). m,n, Inmunostaining (m) and
quantification (n) of BrdU" cellsin the dentate gyrus (DG). Scale bar, 100 pum.
o,p, Immunostaining (o) and quantification (p) of DCX' cellsin the dentate
gyrus.Scalebar, 50 pm. Dataare mean +s.e.m. Pvalues areincludedinfigures
andsource data. Statistical testsareincluded in source data. Sample sizes
(thenumbers of mice) areshowninthe figures.

hallmarks of ageing. Maintenance of the haematopoietic system
throughout the adult life relies on the persistence of haematopoietic
stem cells (HSCs). HSCs are capable of self-renewing to give rise to
daughter stem cells and of differentiating to give rise to all the blood
celltypesincluding the lymphoid and myeloid lineages. During ageing,
the number of phenotypically defined HSCs is increased, while aged
HSCs have diminished regenerative capacity and differentiation poten-
tial biased toward the myeloid lineage? . Semaglutide-treated aged
mice showed reduced phenotypically defined enriched (Lin"SCAT'KIT",
LSK cells) and highly enriched (Lin"'SCAI'KIT'CD150*CD48") HSCs
in the bone marrow (Fig. 2a-c). Despite areduced number of HSCs,
semaglutide-treated mice had comparable bone marrow cellular-
ity (Fig. 2d), suggesting an increased regenerative capacity per cell.
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Fig.3|GLP-1Ractivationlateinlife alleviates the hallmarks of ageing and
mimics the calorierestrictionresponse. RNA-seqanalysis of the livers of
20-month-old female C57BL/6 mice treated with vehicle or semaglutide for

3 months.n=5micepergroup.a, Summary of the DEGs (red, upregulatedin
semaglutide-treated mice; blue, downregulated insemaglutide-treated mice;
adjusted P (P,q) < 0.1). Wald test with Benjamini-Hochberg correction. FC, fold
change.b,c, Gene Ontology (GO) pathway analysis for genes downregulated (b)
and upregulated (c) in thelivers of semaglutide-treated mice. Statistical analysis
was performed using Fisher’s exact test. ER, endoplasmicreticulum; ERAD,
ER-associated degradation; IFN, interferon.d, Transcription factor binding

Consistent with reduced number of HSCs and increased regenerative
capacity in semaglutide-treated mice, the number of colony-forming
cellsinthe bone marrow was reduced (Fig. 2e,f), while the colony size
was bigger (Fig.2g,h). Semaglutide treatment reduced the percentage
of myeloid-biased HSCs in the bone marrow (Fig. 2i,j) and reduced
myeloid-biased differentiationin the peripheral blood (Fig. 2k,1). Thus,
GLP-1R activation late in life alleviates HSC ageing.

The dentate gyrus of the hippocampus is a brain region involved
inlearning, memory formation and spatial coding. Neural stem cells
(NSCs) inthe subgranular zone of the dentate gyrus generate new gran-
ule cells throughout life and this neurogenesis process contributes to
learning and memory formation®. Ageing resultsinadeclinein NSCs,
neurogenesis and cognitive function®?*, Adult hippocampal neuro-
genesisis disrupted in patients affected by several neurodegenerative
disorders®. Semaglutide treatment increased the numbers of 5-bromo-
2’-deoxyuridine-positive (BrdU") cells (Fig.2m,n), and newly differenti-
ated doublecortin-positive (DCX") neurons (Fig. 20,p) in the dentate
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prediction analysis for DEGs. Statistical analysis was performed using Fisher’s
exact tests. e,f, GO pathway analysis for genes upregulated in the liver with age
and downregulated by semaglutide (e) and downregulated in the liver with age
and upregulated by semaglutide (f). Statistical analysis was performed using
the hypergeometrictest. T, 17, T helper17.g,h, GO pathway analysis for genes
downregulated (g) and upregulated (h) in the liver by calorie restriction (CR)
and semaglutide. Statistical analysis was performed using the hypergeometric
test. Fore-h, datafor the DEGs by ageing and calorie restriction were adapted
fromref.42undera CCBY 4.0 licence.

gyrus, suggesting that GLP-1R activation late in life ameliorates NSC
ageing and promotes neurogenesisin the dentate gyrus, contributing to
enhanced cognition and amelioration of neurodegeneration (Fig. 1i-k).
Semaglutide treatment reduced ageing-associated inflammation,
manifested by increased expression levels of inflammatory cytokines
andtissue infiltration of macrophages®. Insemaglutide-treated mice,
the expression of inflammatory cytokines was reduced (Extended
Data Fig. 4a,b). In the tissues of mice treated with semaglutide, the
percentage of CD68" cells expressing high levels of IL-6 was reduced
(Extended Data Fig. 4¢,d) and the number of Ly6C"¢" monocytes that
differentiate into pro-inflammatory macrophages (CD11b*CCR2"¢") was
also reduced® (Extended Data Fig. 4¢,f). Semaglutide treatment also
reduced cellular senescence, based on the well-established markers,
such as the expression of p16 and p21 (Extended Data Fig. 4g-i) and
senescence-associated B-galactosidase (SA-B-gal) staining® (Extended
DataFig. 4j-m). Genomic stability wasimproved by semaglutide treat-
ment, as the number of cells positive for the phosphorylated form of
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Fig.4|GLP-1Ractivationlate inlife modulates the genetic regulators of
ageing. Comparison of 20-month-old female C57BL/6 mice treated with vehicle
or semaglutide for 3 months. a-d, Relative NAD" levels (a,c) and the ratio of
NAD'/NADH (b,d) intheliver (a,b) and the muscle (c,d). e,f, Quantitative PCR
withreverse transcription (RT-qPCR) analyses of SirtI-7in the liver (e) and the
muscle (f). g, h, Immunostaining (g) and quantification (h) of MCM2" cells

histone variant H2AX (y-H2AX) was reduced™ (Extended DataFig. 5a-d).
Semaglutide also increased the expression of mitochondria-related
genes (Extended DataFig. Se) and the oxidative-stress-response genes
(Extended DataFig. 5f), increased ATP content (Extended Data Fig. 5g)
and reduced the levels of reactive oxygen species (Extended Data
Fig. 5h), indicating improved mitochondrial function and oxidative
stress response.

Cellular protein homeostasis, or proteostasis, is maintained by
an array of protein quality-control mechanisms. The unfolded pro-
tein response (UPR) is activated in response to the accumulation of
unfolded proteins in the mitochondria (UPR™) or the endoplasmic
reticulum (UPR®™), resulting in suppression of protein translation
and increased production of chaperones and proteases to help cells
return to proteostasis. The mitochondrial protein folding stress is
increased in HSCs and NSCs during ageing®?33, and was suppressed
by semaglutide treatment, as evidenced by the expression of mito-
chondrial chaperones and proteases?** (Extended Data Fig. 6a—c).
Endoplasmic reticulum stress is increased in the liver during aging®,
and was suppressed by semaglutide treatment, as indicated by the
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expressing SIRT7 inthe dentate gyrus. Blue, DAPI; red, SIRT7; green, MCM2.
Scalebar, 25 um. i, Enzyme-linked immunosorbent assay (ELISA) analyses of
IGF1levelsinthe plasma.j,k, RT-qPCR analysis of Oserl in theliver (j) and the
muscle (k). Dataaremean ts.e.m. Pvalues areincludedin figures and source
data. The statistical tests used are described in source data. Sample sizes (the
numbers of mice) areshown in the figures.

expression of the endoplasmic reticulum-stress-responsive genes and
phosphorylation of elF2a, which controls translation in response to
stress*** (Extended Data Fig. 6d-g).

RNA-sequencing (RNA-seq) analysis confirmed that semaglutide
treatment reduced the hallmarks of ageing (Fig. 3aand Supplementary
Table 1). Pathway analysis of differentially expressed genes (DEGs)
revealed that semaglutide downregulated lipid metabolism and inflam-
matory responses while upregulating adaptive immune response,
insulinresponse and proteostasis (Fig. 3b,c). Transcription factor bind-
ing prediction analysis for DEGs suggested that semaglutide-induced
transcriptional changes were influenced by key transcription factors
that regulate lipid and glucose metabolism (SrebfI, Hnf4a, Ppara,
Pparg and Hifla), inflammation (Nfkb1, Egr1, Stat3 and Irf3), apopto-
sis (Trp53 and Trp73), proteostasis (Xbpl, Atf4), stress response (Jun,
Fosll, Fos and Nfe2[2) and longevity (Foxo4, Foxol, Foxo3 and SirtI)
(Fig. 3d). Comparing semaglutide-regulated genes in old mice with
ageing-regulated changes revealed that genes thatincreased with age
and were suppressed by semaglutide were enriched in inflammation
and lipid metabolism, while genes that decreased with age and were

Nature | Vol 657 | 10 September 2026 | 473



Article

o

Slope P
—e— Ctrl -3.120 0.0001
——#— Sema -0.6055 0.3972
= «a=« CR -1.346 0.0665

Pairwise slope comparisons

Ctrl versus Sema P = 0.0452
Ctrl versus CR P =0.1946
Sema versus CR P =0.7397

Total movement (m)
Centre cumulative duration (s)

Time (months) Time (months)

-}
(1]

Slope P

-11.54  0.0012
5.319 0.1179
-6.410  0.0610

—e— Ctrl
~—@— Sema
= ==+ CR

Pairwise slope comparisons

Ctrl versus Sema P = 0.0023
Ctrl versus CR P =0.5275
Sema versus CR P =0.0430

Time in the open arms (s)
Time in target quadrant (s)

Time (months)

Time (months)

=

g Slope P
250 —e— Ctrl  -28.89 5.6x10°
—#— Sema -1.933  0.5802

200 =e=:CR -5067 0.1539

150 i
Pairwise slope comparisons

Ctrl versus Sema P =22 x 107
Ctrl versus CR P =0.0001
Sema versus CR P =0.7987

100

Latency to fall (s)

50

Time to exhaustion (min)

0 2 4 0 2 4

Time (months) Time (months)

Fig.5|Direct comparison of GLP-1Ractivationand calorierestrictionlate
inlife. Comparison of 20-month-old female C57BL/6 mice treated with vehicle,
semaglutide or calorie restriction for 5 months. Mice were assessed at the
baseline or after 2or4 months of treatment. a,b, Total movement (a) and centre
cumulative duration (b) in the open-field test. c¢,d, Totalmovement (c) and time
intheopenarms (d) inthe elevated plus maze test.e, Time in target quadrantin

induced by semaglutide were enriched in adaptiveimmune response,
DNA repair and glucose/insulin response* (Fig. 3e,f). Furthermore,
comparing semaglutide’s effects with calorie restriction, we observed a
sharedimpact: genes suppressed by both calorie restriction and sema-
glutide were enriched in inflammation and lipid metabolism, while
genesinduced by both treatments were enriched in adaptiveimmune
response, glucose/insulin response and proteostasis*? (Fig. 3g,h).
Together, these data indicate that GLP-1R activation late in life mim-
icsthe beneficial effects of calorie restriction and effectively alleviates
the hallmarks of ageing.

Geneticregulators of ageing

Ageingisregulated by conserved geneticfactors, including the sirtuin
family of nicotinamide adenine dinucleotide (NAD*)-dependent dea-
cetylases and theinsulin-IGF1 pathway*®. During ageing, the NAD' levels
are reduced® and the expression of sirtuins is also reduced?28 303344
while calorie restriction reduces the levels of IGF1* and induces the
expression of sirtuins, which mediate aspects of the calorie restric-
tion response®’. Semaglutide treatment increased the levels of NAD*
(Fig. 4a-d), induced the expression of several sirtuins (Fig. 4e-h) and
reduced the levels of IGF1 (Fig. 4i). Transcription-factor-binding pre-
diction analysis for DEGs also revealed that semaglutide-induced tran-
scriptional changes were influenced by SIRT1and FOXOs—transcription
factors downstream of the insulin-IGF1pathway (Fig. 3d). Semaglutide
induced the expression of Oser1, encoding a conserved FOXO-regulated
protein that increases lifespan in multiple species*® (Fig. 4j,k). These
results are consistent with the notion that GLP-1R activation late inlife
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functions asacalorie restriction mimetic thatimpinges onthe nutrient
sensors and genetic regulators of ageing.

Comparison with calorie restriction

We next compared directly semaglutide treatment with matched calo-
rierestriction for slowing ageing-associated physiological decline. We
treated 20-month-old female C57BL/6 mice daily with vehicle, sema-
glutide or 24% calorie restriction for 5 months, and assessed physi-
ological measures at the baseline (Extended Data Fig. 7) and after 2
(Extended Data Fig. 8) or 4 months (Extended Data Fig. 9) of treat-
ment. No differences were observed among groups at the baseline
(Extended Data Fig. 7). Although mice treated with semaglutide and
calorie restriction had a similar daily food intake, their feeding pat-
terns differed markedly (Extended Data Fig. 8s,t). Calorie-restricted
mice consumed their daily food allotment soon after feeding and then
underwent a prolonged fasting period, whereas semaglutide-treated
mice consumed food more gradually throughout the day, consistent
with appetite suppression (Extended Data Fig. 8s). Correspondingly,
calorie-restricted mice showed an increase in locomotor activity late
in the light cycle when anticipating the next feeding, consistent with
foraging behaviour, which was not observed in semaglutide-treated
mice (Extended Data Fig. 8u). Calorie-restricted mice showed the
expected dynamic changes in respiratory exchange ratio, with
high values after feeding and lower values during the fasting phase
(Extended Data Fig. 8w,x). Moreover, calorie-restricted mice showed
comparable adjusted oxygen consumption, adjusted carbon dioxide
production, adjusted energy expenditure during the dark cycle, but



lower daytime adjusted carbon dioxide productionand trends toward
lower daytime adjusted oxygen consumption and adjusted energy
expenditure (Extended Data Fig. 8y,z,aa,ab,ac,ad), consistent with
the literature'. These results indicate that semaglutide and calorie
restriction produce asimilar reduction in overall calorie intake through
distinct mechanisms and physiological states. Calorie restriction is
associated with hunger-driven temporal behavioural and metabolic
adaptations, whereas semaglutide reduces intake in the context of
suppressed appetite and is therefore not accompanied by the same
feeding-associated rhythms.

Both semaglutide treatment and calorie restriction led to compa-
rable body weight and fat loss (Extended Data Fig. 10a-c). Control
mice exhibited progressive declines inlocomotor activity and explora-
tory behaviour in novel environments, motor coordination, muscle
function, glucose control and spatial memory over the course of the
longitudinal study (Fig. 5). Semaglutide-treated mice showed signifi-
cantly different trajectories from control mice across measures (Fig. 5).
Semaglutide treatment preserved baseline function and produced
trajectories comparable to those of calorie-restricted mice for total
locomotor activity in the open-field (Fig. 5a) and elevated plus maze
(Fig. 5¢) tests, rotarod performance (Fig. 5f), inverted screen perfor-
mance (Fig. 5g) and treadmill endurance (Fig. 5h). Notably, semaglutide
treatment led to improvements above the baseline, as well as to more
favourable trajectoriesin contrast to calorierestriction, in open-field
centre time (Fig. 5b), Barnes maze performance (Fig. 5e) and glucose
tolerance (Fig. 5i). These findings indicate that GLP-1R activation late
in life recapitulates many functional benefits of calorie restriction
by attenuating age-associated decline, while conferring additional
benefits in exploratory drive, spatial memory and glucose control,
suggesting effects beyond reduced calorie intake alone.

Discussion

Preclinical studies in disease mouse models*° and clinical studies'”
haverevealed pleiotropic beneficial effects of GLP-1R activation, includ-
ingimproved glucose and weight control, and reduced cardiovascular,
renal, hepatic and neurodegenerative disease burden. We found that
GLP-1R activation late in life improved physiological function and
extended lifespan in an ageing mouse model (20-month-old female
C57BL/6) treated with a defined semaglutide regimen that reduced
food intake by 24% (Fig. 1). Female mice were selected to minimize
confounding effects of male aggression and injury, consistent with
previous long-term ageing studies™. Within the end points monitored
inthe study, we did not observe adverse effects attributable to semaglu-
tide. While GLP-1medicines are widely used clinically, whether GLP-IR
activation modulates ageing trajectories and lifespan in humans will
require long-term clinical studies designed to evaluate ageing-related
outcomesin older populations.

Our findings establish that GLP-1R activation late in life alleviates
broadly ageing-associated decline and phenocopies the molecular and
physiological benefits of calorie restriction. In aged female C57BL/6
mice, semaglutide treatment extended lifespan, improved physiologi-
calfunction (Fig.1and Extended Data Figs. 2 and 3), reduced hallmarks
of ageing (such as stem cell attrition, inflammation, cellular senescence,
genomic instability, mitochondrial dysfunction and loss of proteo-
stasis; Figs. 2 and 3 and Extended Data Figs. 4-6) and modulated the
genetic regulators of ageing and nutrient sensors in the same manner
ascalorierestriction (Fig.4). Therestoration of NSCs and neurogenesis
inaged mice was particularly marked (Fig.2), considering the emerging
evidencethat GLP-1medicines have beneficial effects on neurodegen-
eration®*°, Direct comparison of semaglutide treatment with matched
calorie restriction further showed comparable effects across several
aspects of ageing-associated physiological decline (Fig. 5a,c,f,g,h),
consistent with theidea that GLP-1 medicines canactas calorierestric-
tion mimetics. As ageingis the biggest risk factor for numerous chronic
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diseases and calorie restriction slows ageing and ameliorates a broad
spectrum of ageing-associated diseases, our findings raise the pos-
sibility that GLP-1 medicines may influence a wide array of seemingly
unrelated diseases by slowing ageing.

While some semaglutide effects are similar to calorie restriction,
there are mechanistic and functional differences. Calorie restriction
was accompanied by hunger-driven behavioural and metabolic adapta-
tions, whereas semaglutide suppressed food intake without eliciting the
same compensatory feeding-associated metabolic rhythms (Extended
DataFig. 8s-ad). Our study also reveals that GLP-1R activation late in
life exerts effects beyond those attributable to reduced calorie intake
alone (Fig. 5b,e,i). Whereas calorie restriction generally maintained
exploratory drive, spatial memory and glucose control near the baseline
levels, semaglutide treatment significantly improved these outcomes
abovebaseline, raising the possibility that GLP-1 medicines may not only
slowbutalsoreverse aspects of ageing-associated functional decline.
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Methods

Mice

C57BL/6 mice (female, aged 20 months) were obtained from the Nati-
onalInstitute on Aging. Mice were acclimatized for aweek after arrival
atthefacility and before starting experimental treatments or baseline
measurements. As described previously’, group housing is standard
practice for calorie-restriction studies. Mice were group housed under
al2h-12 hlight-dark cycle at20-26 °C and 30-70% humidity. Control
and semaglutide-treated groups had ad libitum access to water and
standard laboratory chow diet (LabDiet, Rodent Diet 5053). Calorie-
restricted mice were provided with unlimited access to water and meas-
ured amount of food daily. Competition for food was minimized by
placing food directly into the bottom of the cage, allowing individual
mice to get a pellet. The degree of restriction was based on the mean
reductioninfoodintakeinduced by semaglutide and not adjusted over
time. Mice received daily subcutaneous injection of 10 nmol per kg
semaglutide or an equal volume of saline. For the lifespan study, 39 mice
received saline and 40 mice received semaglutide for the duration of the
lifespan. For physiological, molecular and cellular studies, a separate
cohort was treated for 3 months. Ten pairs for physiological assess-
ments, five pairs for neural stem cell studies requiring tissue fixation,
and six pairs for other molecular and cellular analyses. For longitudinal
study, a separate cohort was treated with saline, semaglutide or calo-
rie restriction for 5 months (10 mice per group). Measurements were
assessed at the baseline, after 2 or 4 months of treatment.

For subcutaneous injection, we followed the standard operating
protocol established by the animal care committee at the University of
California, Berkeley. In brief, subcutaneous injections were performed
daily using a 28-gauge needle in the dorsal subcutaneous region. To
reduce discomfort, anew needle was used for each animal. To minimize
localtissueirritation and therisk of chronic inflammation, the operator
systematically rotated injection sites across the dorsal surface, ensur-
ing no single site was used repeatedly in consecutive days. Animals
were monitored daily for local reactions, including erythema, swelling,
ulceration or tissue damage. No adverse effects were observed at any
timepoint. On-site veterinarians were overseeing health status checks.
Allanimal procedures were performed in accordance with the animal
care committee at the University of California, Berkeley.

Lifespan

Mouse lifespan was determined according to previous studies™. In
brief, mice were examined daily for survival and signs of illness. Mice
found dead were noted at daily inspection. Severely moribund mice
werekilled and recorded. A mouse was considered severely moribund
ifit showed one of the following clinical signs: (1) tumour formation;
(2) untreatable wounds; (3) untreatable skin ulceration or abscesses;
(4) severerectal prolapse; (5) inability to eat or drink or any condition
that interferes with the ability to eat or drink, lack of response after
stimulation; (6) severe dehydration; (7) respiratory distress, agonal
breathing, cyanosis; (8) paralysis/paresis; (9) uncontrollable haem-
orrhage; (10) unrelievable, progressive hypothermia; (11) body con-
dition score <2 out of 5. Following established practice'?, both mice
euthanized or found dead were represented as deaths in the survival
curves. No mice were removed from the study for reasons unrelated to
age-associated decline and censored in the survival analysis.

Body composition

Body composition of mice was measured using an EChoMRI-100V Body
Composition Analyzer (EchoMRI). Fat mass and lean mass data were
collected.

Open-field test
Asdescribed previously®, mice were acclimatized to the testing room
under normallight for 1 hbefore testing. Mice were placed at the centre

ofaplasticchamber (50 x 50 cm) and allowed to move freely for 15 min.
Mouse activity was recorded using a digital video cameraand analysed
with EthoVision (XT14, Noldus Information Technology). The central
zone of thechamber was defined by the distance to the wall equivalent
to the length of the mouse.

Elevated plus maze

Asdescribed previously®, mice were acclimatized to the testing room
under red light for 1 h before testing. The maze consisted of two open
arms and two closed arms. Mice were placed at the centre of the elevated
plus maze, facing one of the closed arms, and allowed to explore freely
for 10 min. Mouse activity was recorded using a digital video camera
and the videos were analysed with EthoVision.

Barnes maze test

Asdescribed previously®, the Barnes maze test was conducted using a
92 cm diameter circular acrylic platform with 20 evenly spaced holes
(5cmindiameter), one of which was the target hole with an escape box.
Thetestincluded three phases: habituation (day 1), training (days 2-3)
and probetrials (day 5). Mice were acclimatized to the behavioural test-
ingroomfor1hbefore eachsession. Onday 1, mouse was placed under
aclearbeaker at the maze centre for 30 s with noise (65 dB,1 Hzmetro-
nome), and was guided toward the target hole and allowed 3 minto enter
the escape box. If unsuccessful, mouse was placed directly into the box
for 1 min with the noise turned off. On day 2-3, the mouse was placed
under an opaque beaker for 10 s before release. After removal, noise
was initiated and the mouse was given 2 min to enter the escape box. If
unsuccessful, it was guided tothe target hole by aclear beaker and given
3 minto escapeinto thebox. Ifunsuccessful, mouse was placed directly
intothe box for1 minwith the noise turned off. Onday 5, asingle 2 min
probe trial was conducted with noise turned on but without the escape
box to assess spatial memory. All trials were recorded using a digital
video camera and the videos (day 5) were analysed with EthoVision.

Rotarod test

As described previously?, mice were put on a 3-cm-diameter rotating
rod with an elevation of 44.5 cm (Rotamex-5, Columbus Instruments).
During training days (days 1-3), mice were given habituated trialsata
constantspeed at4 rpmfor 60-300 s.Onthe test day (day 4), the mice
were acclimatized to the testing room for 30 min before the experi-
ment. The accelerated rotarod test consisted three trials where the
speedincreased from4to40 rpmin300 s.Eachtrial was separated by
alhinterval. Thefalllatency was automatically recorded withinfrared
sensors, and the average fall latency was calculated.

Inverted screen test

Asdescribed previously*, mice were acclimatized to the testing room
for30 min before the experiment. Mice were placed at the centre of the
wire cagelid, theninverted and suspended 40-50 cm above a padded
surface. Timing commenced once the mice assumed a fully inverted
position. Thelatency to fallwas recorded. Eachmouse underwent three
trialswithalhinterval betweentrials, and the average fall latency was
calculated.

Treadmill exhaustion test

Asdescribed previously**, mice were placed onto the treadmill (Colum-
bus Instruments, Exer-6M Open Treadmill). The mice were food
deprived for 2 h before the training (days 1and 2) and test (day 4). On
day 1, mice were habituated on the stationary treadmill for 30 s, then
run for10 min with astepwise increase inspeed: 5 m min™(0-2.5 min),
6 mmin™(2.5-5min)and 8 m min™(5-10 min). Onday 2, the protocol
was repeated with speeds of 5 m min™(0-2.5 min), 7 m min™(2.5-5 min)
and 10 m min™(5-10 min). On day 4, the mice were habituated for30's,
and started running at 12 m min for 40 min. The speed was then
increased by 1 m min~ every 10 min. Exhaustion was defined as the
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inability to resume running for at least 20 s despite gentle prodding.
Time and distance were recorded.

Glucose-tolerance test

Asdescribed previously”, mice were fasted for 14 hwith free access to
water. Blood glucose levels were measured from tail vein blood using
a CONTOUR NEXT glucometer. Following the baseline measurement,
mice received an intraperitoneal injection of 2 g per kg body weight
D-glucose. Blood glucose levels were then measured.

Metabolic cage
Metabolic parameters were measured using the Oxymax Comprehen-
sive Lab Animal Monitoring System (CLAMS; Columbus Instruments).

RNA-seq analysis

Total RNA of liver samples was extracted using the RNeasy Mini Kit
(Qiagen). Poly(A)-enriched RNA-seq libraries were prepared by Novo-
gene and sequenced on the NovaSeq X Plus (Illumina) system. Data
analysis was processed on the Galaxy public server (https://usegalaxy.
org).Inbrief, after removing low-quality reads and adaptor sequences,
reads were aligned to the mouse genome (mm10) using HISAT2 (Galaxy
v.2.2.1). Gene-level raw counts were generated using HTSeq (Galaxy
v.2.0.5). Differential gene expression was analysed using DESeq?2 (Gal-
axy v.2.11.40.8). Volcano plots were generated using the Volcano Plot
tool (Galaxy v.0.0.7). Pathway enrichment analysis was performed
using GSEAPy (v.1.0.6). Transcription factor enrichment analysis of
DEGs with P,4< 0.1was performed using TRRUST. Overlap between
DEGsinduced by semaglutide, aging** or calorie restriction*? was pro-
cessed for GO enrichment analysis using the enrichGO function in
clusterProfiler (v.4.16.0).

RT-qPCR

Asdescribed previously*’, total RNA was extracted using TRIzol reagent
(Invitrogen).cDNA was synthesized using the qScript cDNA SuperMix
(QuantaBiosciences). Gene expression was determined by qPCR using
the Eva qPCR SuperMix kit (BioChain Institute) on the ABI StepOne-
Plus system. All data were normalized to actin expression. The primer
sequences are described in Supplementary Table 2.

NAD"*and NAD*/NADH detection

Tissues were homogenized using PBS/bicarbonate/0.5% DTAB buffer.
NAD* and NADH levels were quantified using NAD/NADH-Glo (Pro-
mega). Acid-treated samples were used to measure NAD", and base-
treated samples were used to detect NADH. Luminescence intensity was
measured using the SpectraMax i3 plate reader (Molecular Devices).

ATP quantification

ATP was quantified using ATP Assay Kit (Sigma-Aldrich). The protein
concentration was determined using the BCA Protein Assay (Thermo
Fisher Scientific). ATP levels were normalized to protein content.

PlasmalGF1levels

Asdescribed previously*, plasmasamples were pretreated with acid-
ethanol extraction solution to release IGF1 from binding proteins.
IGF1 concentrations were quantified using the mouse IGF1 ELISA Kit
(Invitrogen).

Western blotting

As described previously*, tissues were homogenized using RIPA
buffer containing protease and phosphatase inhibitors. Protein con-
centration was determined by BCA Protein Assay Kit. Equal amounts
of protein were separated by 12% SDS-PAGE gels and transferred to
nitrocellulose membranes (Bio-Rad). After blocking with 5% BSA for
1hatroomtemperature, the membranes were incubated overnight at
4 °C with primary antibodies: phospho-AKT (Ser473) antibody (CST,

9271,1:1,000), AKT antibody (CST, 9272,1:1,000), HSP90 antibody
(CST, 4877,1:1,000), p-elF2a (Ser52) polyclonal antibody (Invitro-
gen, 44-728G, 1:1,000), elF2a antibody (CST, 9722, 1:1,000), GRP78
antibody (Santa Cruz, 166490, 1:1,000), 3-actin antibody (Santa
Cruz, 47778,1:2,000). The next day, membranes were incubated with
horseradish-peroxidase-conjugated secondary antibodies (BioLegend,
406401,405306,1:4,000) for 2 h at room temperature. Bands were
visualized withenhanced chemiluminescence substrate (PerkinElmer,
NEL103001EA) using iBright CL1500 Imaging System (Invitrogen).
Quantitative analysis was performed using Fiji/Image]J (v.1.54p).

Immunostaining

Cryosections were fixed, permeabilized, blocked and incubated with
primary antibodies: anti-CD68 antibody (BioLegend, 137001, 1:200),
anti-IL-6 antibody (CST, 12912S, 1:200), PE-CD11b antibody (BioLeg-
end, 101208,1:200), FITC-CCR2 antibody (BioLegend,150607,1:100),
anti-y-H2AX antibody (CST, 2577,1:200) at 4 °C overnight, followed by
incubation with secondary antibodies to the CD68, IL-6 and y-H2AX
antibodies (Thermo Fisher Scientific, SA5-10018 (1:500), A-11036
(1:500),A32731(1:2,000)) at room temperature for 2 h. DAPI was used
for nuclear staining. Images were taken on the Zeiss LSM 880 confocal
microscope. Five fields per mouse were randomly selected for analysis.
Fiji/ImageJ was used for image quantification.

For staining of brain sections?***, mice received intraperitonealiinjec-
tions of BrdU (50 mg per kg body weight) once daily for 3 days and were
euthanized on day 4. Mice were perfused with10 ml of PBS containing
10 U mI™" heparin, followed by 40 ml of PBS with 4% paraformaldehyde.
The brains were carefully dissected and post-fixed overnight at 4 °C
in PBS with 4% paraformaldehyde. The brains were transferred into
PBS with15% sucrose at 4 °C overnight, then moved into PBS with 30%
sucrose at 4 °C overnight. Brains were sectioned coronally at 40 pm
using cryomicrotome (Leica) and stored in cryoprotective medium.
For immunostaining, brain sections were pretreated with 2 N HCl at
37 °Cfor 30 min (for BrdU), then blocked at room temperature for2 h
andincubated at4 °C overnight with the following primary antibodies:
anti-BrdU (Abcam, ab6326,1:500), anti-DCX (Abcam, ab18723,1:750),
anti-HSP60 (CST, 12165, 1:500), anti-MCM2 (BD Biosciences, 610700,
1:250) and anti-SIRT7 (21st Century Biochemical, custom antibody,
1:500). The next day, the sections were incubated with the correspond-
ing secondary antibodies (Thermo Fisher Scientific, A11006, A32731,
A32733 and A-11029;1:1,000).

For quantification, immunopositive cells in the granule cell and
subgranular cell layer of the dentate gyrus were counted on every
sixth coronal hemibrain section. The average number of positive cells
per section was calculated and then multiplied by the total number
of sections and multiplied by 2 to estimate the total cell counts for
both dentate gyri. Double-positive cells were identified based on the
co-localization of HSP60 or SIRT7 and MCM2 signals encircling the
same DAPI-stained nucleus. The proportion of activated NSCs express-
ing HSP60 or SIRT7 was calculated as the ratio of HSP60*"MCM2"*
or SIRT7"MCM2" double-positive cells to the total number of MCM2*
cells.

SA-B-gal staining

SA-B-gal staining was conducted using the Senescence beta-
Galactosidase Staining kit (CST, 9860). In brief, cryosections were fixed
withthe supplied fixative solution for 15 minat room temperature. After
fixation and washing, the sections wereimmersed in a fresh 3-gal stain-
ingsolutionandincubated at 37 °C overnight. Images were taken on the
Zeiss Axio Imager M2 microscope. Five fields per mouse were randomly
selected for analysis. Fiji/ImageJ] was used for image quantification.

Colony-forming unit assay
Intotal, 2 x 10* bone marrow cells were resuspended in MethoCult GF
M3434 medium (StemCell Technologies) and culturedin cellincubator.



Colony-forming units (CFUs) were quantified on day 12. Bright-field
images were taken on the Zeiss Axio Imager M2 microscope, and colony
areas were measured using Fiji/Image].

Flow cytometry and cell sorting

For HSC analysis, bone marrow cells were obtained in staining media
(PBS with 2% FBS) by crushing the long bones, and stained with APC/
Cy7-conjugated lineage antibodies, KIT-APC, SCA1-PB, CD48-FITC and
CD150-PE antibodies (BioLegend, 101226,108424,116223,100222,
100414, 100714, 103224, 105812, 108120, 103404, 115904; 1:100)
for 20 min at 4 °C. Lineage antibodies included MAC1 (CD11b), GR1
(Ly-6G/C), Ter119 (Ly-76), CD3, CD4, CD8a (Ly-2) and B220 (CD45R)
(BioLegend). For analysing lineage-biased HSCs, bone marrow cells
were stained with PerCP/Cy5.5-conjugated lineage antibodies, KIT-APC/
Cy7,SCA1-PB, CD150-PE, CD135-APC and CD34-FITC antibodies (Bio-
Legend, 101228,108428, 116228,100218,100434, 100734, 103236,
105826,108120, 115904, 135310, eBioscience, 11-0341-81; 1:100) for
20 min at 4 °C. For MitoSOX analysis, cells were incubated with 5 pM
MitoSOX Red Mitochondrial Superoxide Indicator (Thermo Fisher
Scientific) for 30 min at 37 °C in the dark after HSC staining (BioLeg-
end, 101226,108424,116223,100222,100414,100714,103224,105812,
108120, 115916;1:100).

For lineage differentiation in the peripheral blood, blood was col-
lected through the submandibular veininto EDTA-treated tubes (BD),
and lysed with 500 pl of 1x BD FACS lysing solution (BD) for 5 min at
room temperature. Lysis was stopped with 3 ml of PBS, and stained
with MACI1-PE, GR1-FITC, B220-APC and CD3-PB (BioLegend, 101208,
108406,103212,100214;1:100) for 20 min at 4 °C. Alldatawere acquired
using the LSRFortessa flow cytometer (BD) and analysed using FlowJo
(v.10.9.0).

For HSC sorting, bone marrow cells were lysed with ACK buffer
and enriched for KIT* cells with KIT microbeads (Miltenyi Biotec).
KIT-enriched cells were stained with APC-Cy7-conjugated lineage
antibodies, KIT-APC, SCA1-PB, CD48-FITC and CD150-PE antibodies
(BioLegend) for 20 min at 4 °C, and stained with propidiumiodide
(0.5 ug mI™). Live HSCs were sorted using the FACSAria sorter (BD).

Statistical analysis

The number of mice chosen for each experiment was based on the
principle that the minimal number of mice is used to have sufficient
statistical power and is comparable to published literature for the
same assay performed. Mice were randomized to groups. Data col-
lection and analysis of mice and tissue samples were performed by
investigators blinded to the treatment of the animals, except for
data collection for calorie-restricted mice, as their feeding regimens
were distinguishable. Measurements were taken from distinct sam-
ples. Experiments in the study were repeated twice, except for Fig. 3.
Findings in Fig. 3 were validated by experiments assessing hallmarks
of ageing, genetic regulators of ageing and nutrient sensors in Figs. 2
and 4 and Extended Data Figs. 3-6. GraphPad Prism 10, Excel (v.16.84)
andjamovi (v.2.7.26) were used for statistical analyses. Data were tested
for normality using the Shapiro-Wilk test. Normally distributed data
were tested for homoscedasticity using F-test or Brown-Forsythe test.
For two-group continuous data, non-normally distributed data were
analysed using the Mann-Whitney U-test. Student’s t-tests were used

for datawith equal variances and Welch’s t-test was used for data with
unequal variances. For three-group continuous data, Kruskal-Wallis
tests were used for non-normally distributed data, followed by Dunn’s
multiple-comparison test, one-way ANOVA for normally distributed
data with equal variance, followed by Tukey’s multiple-comparison
test, and Welch’s ANOVA for normally distributed data with unequal
variances, followed by Games-Howell’s multiple-comparison test.
Covariate-adjusted analyses were performed using ANCOVA. Count
data were analysed using generalized linear models with Poisson or
negative binomial distribution when there was overdispersion. Percent-
age datawere analysed using betaregression. GTT datawere analysed
using two-way repeated-measures ANOVA followed by Sidak-adjusted
pairwise comparisons between groups at each timepoint. Lifespan data
were analysed using the log-rank test. Categorical distribution data
were analysed using the Fisher-Freeman-Halton exact test. Weekly
body weight data were analysed using linear mixed-effects model,
followed by Holm-adjusted pairwise comparisons between groups
ateach timepoint. Other longitudinal continuous data were analysed
using linear mixed-effects models to assess ageing trajectories. Slopes
for each group were determined and pairwise comparisons of slopes
were performed with Tukey adjustment. Longitudinal percentage data
were analysed using  mixed-effects models to assess ageing trajec-
tories, with pairwise comparisons of slopes performed using Tukey
adjustment. Dataare presented as means and the error bars represent
thes.e.m.

Reporting summary
Furtherinformationonresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Sequencing data have been deposited at the Gene Expression Omnibus
(GSE338091). Uncropped gels and blots are provided in Supplementary
Fig. 1. Source data are provided with this paper.
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Extended DataFig.4|GLP-1Ractivationlateinlifereducesaging-associated Blue:DAPI. Green: CCR2.Red: CD11b. Scale bar: 50 pm. g-i, Quantitative real-
inflammation and cellular senescence. Comparison of 20-month-old female time PCR analyses of p16 and p21lintheliver (g), the VWAT (h), and the spleen (i).
C57BL/6 micetreated with vehicle or semaglutide for 3months. a,b, Quantitative  j-m, Representative images of SA-B-gal staining and quantificationin the
real-time PCR analyses of pro-inflammatory cytokinesin theliver (a) and the kidney (j, k) and the spleen (I, m) sections. Scale bar: 300 pum. Data are shown as
muscle (b).c,d,Representative images (c) and quantification ofimmunostaining  mean + SEM.Pvaluesareincludedinfigures and source data. Statistical tests
for CD68" cells that express high levels of IL-6 (d) of liver sections. Blue: DAPI. areincludedinsource data. Sample sizes (the numbers of mice) areincluded in
Green: CD68.Red:IL-6.Scalebar: 50 um.e, f, Representative images (e) and figures.

quantification ofimmunostaining for CCR2"€"CD11b* cells (f) of liver sections.
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Extended DataFig. 5| GLP-1R activationlateinlifeimproves genomic
stability, mitochondrial function, and the oxidative stress response.
Comparison of 20-month-old female C57BL/6 mice treated with vehicle or
semaglutide for 3months. a-d, Representative immunostaining images and

quantification of y-H2AX" cellsin the liver (a,b) and the spleen (c, d) sections.

Blue: DAPI. Green:y-H2AX. Scalebar: 25 um. e, f, Quantitative real-time PCR
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analyses of mitochondrial genes in the muscle (e) and the oxidative stress
response genesinthe vVWAT (f). g, Quantification of ATP in the muscle.

h, Quantification of flow cytometry analysis of MitoSOX staining of HSCs.
Dataareshownasmean + SEM. P values areincludedin figures and source data.
Statistical testsareincludedinsource data. Sample sizes (the numbers of mice)
areincludedinfigures.
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Extended DataFig.7|Baseline physiological measuresin the longitudinal
study. A longitudinal study of 20-month-old female C57BL/6 mice treated with
vehicle, semaglutide, or calorierestriction for 5months. Datashown are
baseline physiological measures. a, Body weight.b, ¢, The percentage of fat
mass (b) and lean mass (c). d, e, Total movement (d) and centre cumulative
duration (e) in the open field test. f-i, Total movement (f), number of arm entries
(g), the percentage of openarmentries (h), timein the openarms (i) in the
elevated plus maze test. j-I, Timein target quadrant (j), percentage of holes
searchedintarget quadrant (k), latency to the escape hole (I) in the Barnes
maze test.m, Latency to fallinthe rotarod test.n, Latency tofallin the inverted
screentest. o, p, Time (0) and distance to exhaustion (p) in the treadmill
exhaustiontest. q, r,Blood glucose (q) and the area under the curve (AUC) (r) in

theglucosetolerancetest.s-ad, Measurements inmetabolic cage. s, t, Cumulative
food intake (s) and summarized (t). u, v, Locomotor activity (u) and summarized
bylightanddark cycles (v). w, x, Respiratory exchange ratio (w) and summarized
by lightand dark cycles (x).y, z, Oxygen consumption absolute value (y) and
summarized by light and dark cycles after adjustment using ANCOVA with body
weightasacovariate (). aa, ab, Carbon dioxide production absolute value (aa)
and summarized by light and dark cycles after adjustment using ANCOVA with
body weightasa covariate (ab).ac, ad, Energy expenditure absolute value (ac)
and summarized by lightand dark cycles after adjustment using ANCOVA with
body weight asa covariate (ad). Dataare shown as mean + SEM. P values are
includedinfigures and source data. Statistical testsare included in source
data.Samplesizes (the numbers of mice) areincludedin figures.
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Extended DataFig. 8| Physiological measures after 2 months of treatment
inthelongitudinal study. A longitudinal study of 20-month-old female
C57BL/6 mice treated with vehicle, semaglutide, or calorierestriction for
Smonths. Datashown are physiological measures after 2months of treatment.
a,Bodyweight.b, c, The percentage of fat mass (b) and lean mass (c). d, e, Total
movement (d) and centre cumulative duration (e) in the open field test. f-i, Total
movement (f), number of arm entries (g), the percentage of openarmentries
(h), timeinthe openarms (i) in the elevated plus maze test.j-I, Timein target
quadrant (j), percentage of holes searched in target quadrant (k), latency to
theescapehole (I) inthe Barnes maze test. m, Latency to fallin the rotarod test.
n, Latency tofallintheinverted screentest.o, p, Time (0) and distance to
exhaustion (p) in the treadmill exhaustion test. q, r, Blood glucose (q) and the
areaunder the curve (AUC) (r) inthe glucose tolerance test.s-ad, Measurements

inmetabolic cage. s, t, Cumulative food intake (s) and summarized (t).
u,v,Locomotoractivity (u) and summarized by light and dark cycles (v).

w, X, Respiratory exchange ratio (w) and summarized by light and dark cycles (x).
y,z, Oxygen consumption absolute value (y) and summarized by light and dark
cycles after adjustment using ANCOVA with body weight as a covariate (z). aa,
ab, Carbon dioxide production absolute value (aa) and summarized by light and
dark cycles after adjustment using ANCOVA with body weight as a covariate
(ab).ac, ad, Energy expenditure absolute value (ac) and summarized by light
and dark cycles after adjustment using ANCOVA withbody weight as acovariate
(ad). Dataare shown as mean + SEM. Pvaluesare included in figures and source
data. Statistical tests areincluded insource data. Sample sizes (the numbers of
mice) areincludedinfigures.
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Extended DataFig. 9 | Physiological measures after 4 months of treatment
in thelongitudinal study. A longitudinal study of 20-month-old female
C57BL/6 mice treated with vehicle, semaglutide, or calorie restriction for
Smonths. Datashown are physiological measures after 4 months of treatment.
a,Body weight.b, ¢, The percentage of fat mass (b) and lean mass (c). d, e, Total
movement (d) and centre cumulative duration (e) in the open field test. f-i, Total
movement (f), number of armentries (g), the percentage of openarmentries (h),
timeintheopenarms (i) inthe elevated plus maze test. j-1, Time in target

quadrant (j), percentage of holes searched in target quadrant (k), latency to the
escapehole (l) in the Barnes maze test. m, Latency to fallin the rotarod test.

n, Latency tofallintheinverted screentest. o, p, Time (o) and distance to
exhaustion (p) in the treadmill exhaustion test. q, r, Blood glucose (q) and the
areaunder the curve (AUC) (r) inthe glucose tolerance test. Data are shown as
mean + SEM. Pvaluesareincludedin figures and source data. Statistical tests
areincludedinsource data. Sample sizes (the numbers of mice) areincludedin
figures.



Article

a slope P
35+ —e— Ctrl 0.0525 0.7913
—&— Sema -1.470  58x107°

> -A-: CR -1210 89x10°

= 30

.% Pairwise slope comparisons

3 Ctrl vs Sema p=1.3x10"°

% 25+ Ctrl vs CR p=0.0003

] SemavsCR  p=0.6231

20 T T T Time (months)
0 2 4
b c
logit slope P logit slope p
—e— Ctrl -0.0627  0.0367 90 —e— Ctrl 0.0627  0.0367
30 —#— Sema -0.2959 1.0x10'% —#— Sema 0.2959  1.0x10""°
_ - 4A-: CR -0.2040 3.1x10° < - <A=-- CR 02040 3.1x10°
9 e,
° - . @ 80~ - )
& 204 Pairwise slope comparisons E Pairwise slope comparisons
E Ctrlvs Sema  p=2.7x10"° £ Ctrlvs Sema  p=2.7x10®
= Ctrlvs CR p=0.0055 g Ctrlvs CR p=0.0055
w 107 SemavsCR  p=0.1614 . . SemavsCR  p=0.1614
0 T T T Time (months) T T T Time (months)
0 2 4 0 2 4

Extended DataFig.10|Direct comparison of GLP-1R activation and calorie b, ¢, The percentage of fat mass (b) and lean mass (c). Data are shown as
restrictionlate inlife. Comparison of 20-month-old female C57BL/6 mice mean + SEM. Pvaluesareincludedinfigures and source data. Statistical tests
treated with vehicle, semaglutide, or calorierestriction for Smonths. Micewere  areincludedinsource data.n=10 mice per group.

assessed at the baseline or after 2 or 4 months of treatment. a, Body weight.



nature portfolio

Corresponding author(s):  Danica Chen

Last updated by author(s): Jul 12, 2026

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q)
Q
(o
)
§e;
o)
=
o
=
_
)
O
le)
=
i}
Q@
(%3]
e
=
S
Q
=
2

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX X XX

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O OO0 000s

OO0 X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection EchoMRI™-100V Body Composition Analyzer (EchoMRI™).
Rotamex-5 (Columbus Instruments).
Exer-6M Open Treadmill (Columbus Instruments).
CONTOUR NEXT glucometer.
Oxymax Comprehensive Lab Animal Monitoring System (CLAMS; Columbus Instruments).
NovaSeq X Plus (Illumina).
ABI StepOnePlus system.
SpectraMax i3 plate reader (Molecular Devices)
iBright CL1500 Imaging System (Invitrogen).
Zeiss LSM 880 confocal microscope
Zeiss Axio Imager M2 microscope.
LSRFortessa Flow Cytometer (BD).
FACSAria sorter (BD).




Data analysis Ethovision (XT14, Noldus Information Technology).
HISAT2 (Galaxy Version 2.2.1).
HTSeq (Galaxy Version 2.0.5).
DESeq?2 (Galaxy Version 2.11.40.8).
Volcano Plot (Galaxy Version 0.0.7).
GSEAPy (v1.0.6).

TRRUST.

clusterProfiler (v4.16.0).
FlJI/Image) (v1.54p).
FlowJo(10.9.0).
GraphPad Prism 10.
Excel (16.84).

jamovi (2.7.26).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Sequencing data are deposited at the Gene Expression Omnibus (GSE338091). Source data are provided with this paper. Uncropped gels and blots are provided in
Supplementary Figure 1.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical tests were used to pre-determine sample sizes. The number of mice chosen for each experiment was based on the principle that
the minimal number of mice is used to have sufficient statistical power and is comparable to published literature for the same assays
performed.

Data exclusions  No data exclusion
Replication The data points in the graphs represent biological replicates. Number of biological replicates is described in the figures.

Randomization  Assessment of mice was randomized.

>
Q
Q)
(e
@
§e;
o)
=
o
=
_
@
O
o)
=
i}
Q@
(92]
C
=
S
Q
=
A




Blinding Data collection and analysis of mice and tissue samples were performed by investigators blinded to the treatment of the animals, except for
data collection for calorie restricted mice, because their feeding regimens were distinguishable.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

>
Q)
Q
(e
@
§e;
o)
=
o
=
_
@
O
o)
=
i}
Q@
(%3]
e
=
S
Q
=
2
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Antibodies
Antibodies used Mac1 APC/Cy7, BioLegend, Cat#101226, clone M1/70, dilution 1:100

Grl APC/Cy7 Biolegend, Cat#108424, clone RB6-8C5, dilution 1:100

TER-119 APC/Cy7, BioLegend, Cat#116223, clone TER-119, dilution 1:100

CD3 APC/Cy7, BioLegend, Cat#100222, clone 17A2, dilution 1:100

CD4 APC/Cy7, BioLegend, Cat#100414, clone GK1.5, dilution 1:100

CD8a APC/Cy7, BioLegend, Cat#100714, clone 53-6.7, dilution 1:100

B220 APC/Cy7, BioLegend, Cat#103224, clone RA3-6B2, dilution 1:100

c-Kit APC, BioLegend, Cat#105812, clone 2B8, dilution 1:100

Sca-1 PB, Biolegend, Cat#108120, clone D7, dilution 1:100

CD48 FITC, BioLegend, Cat#103404, clone HM48-1, dilution 1:100

CD150 PE, BiolLegend, Cat#115904, clone TC15-12F12.2, dilution 1:100

Mac1 PerCP/Cy5.5, BioLegend, Cat#101228, clone M1/70, dilution 1:100

Gr1l PerCP/Cy5.5, BioLegend, Cat#108428, clone RB6-8C5, dilution 1:100

TER-119 PerCP/Cy5.5, BioLegend, Cat#116228, clone TER-119, dilution 1:100

CD3 PerCP/Cy5.5, BioLegend, Cat#100218, clone 17A2, dilution 1:100

CD4 PerCP/Cy5.5, BioLegend, Cat# 100434, clone GK1.5, dilution 1:100

CD8a PerCP/Cy5.5, BioLegend, Cat#100734, clone 53-6.7, dilution 1:100

B220 PerCP/Cy5.5, BioLegend, Cat#103236, clone RA3-6B2, dilution 1:100

c-Kit APC/Cy7, BioLegend, Cat#105826, clone 2B8, dilution 1:100

CD135 APC, Biolegend, Cat#135310, clone A2F10, dilution 1:100

CD34 FITC, eBioscience™, Cat#11-0341-81, clone RAM34, dilution 1:100

Mac1 PE, BioLegend, Cat#101208, clone M1/70, dilution 1:100 for HSCs, 1:200 for liver

Grl FITC, BioLegend, Cat#108406, clone RB6-8C5, dilution 1:100

B220 APC, BioLegend, Cat#103212, clone RA3-6B2, dilution 1:100

CD3 PB, BiolLegend, Cat#100214, clone 17A2, dilution 1:100

CD150 Alexa Fluor 488, BioLegend, Cat#115916, clone TC15-12F12.2, dilution 1:100

Anti-BrdU Antibody, Abcam, Cat# ab6326, clone BU1/75 (ICR1), dilution1:500

Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488, Thermo Fisher Scientific, Cat# A-11006, dilution1:1000
anti-Doublecortin Antibody, Abcam, Cat# ab18723, dilution1:750

Goat anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 488, Thermo Fisher Scientific, Cat# A32731,
dilution1:1000 for brain sections and 1:2000 for liver sections.

anti-SIRT7, 21st Century Biochemical custom antibody, dilution1:500

Goat anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 647, Thermo Fisher Scientific, Cat#A32733,
dilution1:1000

anti-BM28 (MCM2), BD Biosciences, Cat#610700, clone 46/BM28, dilution1:250

Goat anti-Mouse 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488, Thermo Fisher Scientific, Catalog #
A-11029, dilution 1:1000

anti-HSP60, CST, Cat#12165, clone D6F1, dilution1:500

anti-CD68 Antibody, BioLegend, Cat#137001, clone FA-11, dilution1:200

Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody, DyLight 488, Thermo Fisher Scientific, Cat# SA5-10018, dilution1:500
anti-IL-6 Antibody, CST, Cat#12912S, clone D5WA4YV, dilution1:200

Goat anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 568, Thermo Fisher Scientific, Cat# A-11036,
dilution1:500

FITC anti-CD192 (CCR2) Antibody, Biolegend, Cat#150607, clone SA203G11, dilution1:100

Phospho-Histone H2AX (Ser139) Antibody, CST, Cat#2577, dilution1:200

phospho-Akt (Ser473) Antibody, CST, Cat#9271, dilution1:1000

Akt Antibody, CST, Cat#9272, dilution1:1000




HSP90 Antibody, CST, Cat#4877, clone C45G5, dilution1:1000

Phospho-EIF2S1 (Ser52) polyclonal Antibody, Invitrogen, Cat#44-728G, dilution1:1000

elF2 alpha Antibody, CST, Cat#9722, dilution1:1000

B-Actin Antibody, Santa Cruz, Cat#47778, clone C4, dilution1:2000

HRP Donkey anti-rabbit IgG (minimal x-reactivity) Antibody, Biolegend, Cat#406401, clone Poly4064, dilution1:4000
GRP78 Antibody, Santa Cruz, Cat#sc-166490, clone E-4, dilution1:1000

HRP Goat anti-mouse 1gG (minimal x-reactivity) Antibody, Biolegend, Cat#405306, clone Poly4053, dilution1:4000

Validation All antibodies are from commercially available sources except for SIRT7 and have been validated and reported in publications
(Mohrin, Science 201S; Luo, Cell Reports 2019, Ohkubo, Cell reports 2022, Wang, Cell metabolism 2023).

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
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Laboratory animals 20-month-old C57BL/6 female mice were obtained from the National Institute on Aging. Mice were group-housed ona 12:12 h
light:dark cycle at 20-26°C and 30-70% humidity. Control and semaglutide-treated groups had ad libitum access to water and
standard laboratory chow diet (LabDiet, Rodent Diet 5053). Calorie restricted mice were provided with unlimited access to water and
measured amount of food daily. On-site veterinarians were overseeing health status checks. All animal procedures were in
accordance with the animal care committee at the University of California, Berkeley.

Wild animals This study did not use wild animals.

Reporting on sex Experiments were done in female mice.

Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight All animal procedures were in accordance with the animal care committee at the University of California, Berkeley.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|z| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Bone marrow cells were obtained by crushing the long bones with staining media (sterile PBS without calcium and
magnesium supplemented with 2% FBS). Cells were stained with antibodies at 4°C for 20 minutes. Samples were washed with
staining media before flow cytometry analysis.
Instrument LSRFortessa Flow Cytometer (BD)

Software FlowJo (10.9.0)




Cell population abundance HSCs are very rare cell population, around 0.01% of bone marrow cells.

Gating strategy We first used FSCA/FSCW to gate singlets and then used FSC/SSC to gate non debris. Single color controls were used for
compensation. FMO panels were used for gating. Gating strategy was included in Figures.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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