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Late-life-initiated dietary interventions show limited efficacy in extending
longevity or mitigating frailty, yet the underlying causes remain unclear.
Here we studied the age-related fasting response of the short-lived killifish
Nothobranchius furzeri. Transcriptomic analysis uncovered the existence
of afasting-like transcriptional programin the adipose tissue of old fish that
overrides the feeding response, setting the tissue in persistent metabolic
quiescence. The fasting-refeeding cycle triggers aninverse oscillatory
expression of genes encoding the AMP-activated protein kinase (AMPK)
regulatory subunits Prkagl (y1) and Prkag2 (y2) in young individuals. Aging
blunts such regulation, resulting in reduced Prkagl expression. Transgenic
fish with sustained AMPK,, countered the fasting-like transcriptional
program, exhibiting a more youthful feeding and fasting response in

older age, improved metabolic health and longevity. Accordingly, Prkagl
expression declines with age in human tissues and is associated with
multimorbidity and multidimensional frailty risk. Thus, selective activation
of AMPK|, prevents metabolic quiescence and preserves healthy agingin
vertebrates, offering potential avenues for intervention.

Dietary interventions (DIs) that result in the periodic reduction or
removal of caloricintake or specific diet components robustly promote
healthand longevity'* butimpose alifelong regimen that is not feasible
inhumans. To minimize such aburden, the question arises whether DI
benefits can be induced at later time points; however, DIs initiated at
old age in model organisms often fail to extend lifespan’® or can even
lead to frailty®®, indicating that such interventions are effective up
to mid-life but may become detrimental later, yet the reasons remain
unclear. As DIs entail cycles of fasting and refeeding’, great attention
hasbeengiventounraveling the physiological and molecular responses
tonutrient removal and reintroduction. Yet whether the physiological
response to fasting or refeeding becomes impaired in older animals
remains unknown.

AMPK is an essential energy sensor that maintains energy homeo-
stasis'®. AMPK activation was previously shown to mediate lifespan
extensionand the beneficial effects of dietary restrictionininvertebrate
model organism""; however, its direct effect in promoting healthy
aging and longevity in vertebrate species remains controversial**".

In this Article, we employed the short-lived turquoise killifish
Nothobranchius furzeri, which lives 6-7 months and shows a systemic
functional decline remarkably similar to mammals'®®, to study the
age-related changesinresponse to food deprivation. By transcriptomic
analysis, we observed that adipose tissue of older animals exhibited a
fasting-like transcriptional program (FLTP) irrespective of their nutri-
tional status (fed or fasted), characterized by widespread suppression
of energy metabolism. At the gene level, we found that the regulatory
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AMPK y-subunit Prkagl (yl) expression was repressed by fasting and
induced by refeeding. Such regulation was lost during aging resulting
inchronicsuppression of Prkagl. Mechanistically, we discovered that
genetic activation of AMPK,, complex activity maintained a youthful
response to feeding stimuliin the adipose tissue of older animals, thus
sustaining tissue homeostasis late in life and ultimately promoting
metabolic health and longevity. Notably, we also found that human
PRKAGI expression declines as a function of age and is prognostic of
multimorbidity and multidimensional frailty risk, suggesting that it
is a critical causal biomarker of health. Thus, our results suggest that
selectiveactivation of the AMPK, complex sustains tissue homeostasis
late in life and promotes longevity.

Results
Aginginitiates a fasting-like programin killifish adipose
Using the turquoise killifish, we initially investigated how aging influ-
ences the physiological response to food deprivation. We primarily
focused on the adipose tissue as it undergoes substantial remodeling
under DIsand during aging”. As fish are ectotherms and kept at 27.5 °C,
the adaptive response to food deprivation takes longer to achieve
compared to mammals®’. We observed that blood glucose levels off
completely after 5 d of fasting, potentially corresponding to the near
depletion of liver glycogen storage. Thus, young (7 weeks) and old
(18 weeks) adult male killifish were fasted for 5 d, while age-matched
control male fish were normally fed twice a day and killed 2 h after
their last meal, together with fasted fish (Fig. 1a). We then performed
transcriptome analysis on the visceral adipose tissue, comparing the
fasted and fed conditions of young adult (Y-fasted/Y-fed) and old
(O-fasted/O-fed) wild-type fish. We identified 2,469 differentially
expressed genes (DEGs) in young fasted relative to young fed fish (false
discovery rate (FDR) < 0.05; Fig. 1b). The majority of these DEGs were
downregulated. KEGG enrichment analysis revealed downregulation
of several metabolic pathways, including ribosome, tricarboxylic acid
(TCA) cycle, oxidative phosphorylation (OXPHOS), glycolysis and fatty
acid synthesis metabolism, among others (Extended Data Fig. 1a,b),
reflectingareductionin protein synthesis, metabolic rate and lipogen-
esis. Concomitantly, fasting induced the upregulation of autophagy
and negative regulators of cell proliferation, such as Pax6, Apc2 and
Bmp+4 (ref. 21; Extended Data Fig. 1a,b). Thus, in line with mammalian
data’, the physiological response to food deprivation reduces energy
expenditure, protein synthesis and cellular proliferation in killifish.
Notably, gene expression changes in response to food deprivation
seemedreducedin oldfish. In fact, we could identify only 359 DEGs in
oldfastedrelative to old fed fish (Fig. 1b). Accordingly, principal-com-
ponent analysis (PCA) separated samples according to age (component
1). Still, only young groups according to diet (component 2) (Fig. 1c),
suggesting that the transcriptional response to fasting is perturbed
in old animals. To analyze the transcriptional similarity between old
fed and fasted groups, we focused on up- or downregulated genes
under fasting in young groups (Y-fasted/Y-fed) and evaluated their
scaled expressionacross all groups. Of note, unsupervised hierarchical
clustering analysis revealed that old fed fish adopted a transcriptional
profile comparable with fasted fish (Fig. 1d).

We further validated the expression of some of the top fasting-
responsive genes using an independent cohort of fish by qPCR analy-
sis and observed the same pattern (Extended Data Fig. 1c). Fasting
liberates non-esterified fatty acids (NEFAs) as an alternative energy
substrate. Consistent with the transcriptomic data, older killifish
exhibited elevated plasma NEFAs whether fed or fasted (Fig. 1e). Taken
together, these data contravened ourinitial hypothesis of older animals
being refractory to fasting, revealing instead that the transcriptional
response to feeding is occluded by a persistent FLTP.

Aging can perturb feeding behavior. To determine whether FLTP
simply arises from severe anorexia, we monitored the food intake
across different age points (Methods and Extended Data Fig. 1d). Food
intake progressively declined with age; however, none of the fish moni-
tored at the later stages of life (18-21 weeks) showed signs of complete
food deprivation. Consistently, post-prandial blood glucose levels
were comparable between young and old fed fish (Extended Data
Fig. 1e). Furthermore, we determined Fulton’s body condition fac-
tor (K), which indicates changes in the weight-length relationship,
potentially reflecting adequate food intake and tissue composition
(Extended DataFig. 1f). K values > 1indicate good growth conditions,
whereas values <1indicate poor growth conditions. In line with the
dataabove, both youngandold fishshowed K > 1, denoting agenerally
good growth condition even at 18 weeks of age.

To gain more insight into the nature of the age-related FLTP, we
directly compared the transcriptional response of fasting (Y-fasted/
Y-fed) with that of aging (O-fed/Y-fed). Notably, this comparison
showed an overlap of 1,455 genes (22.9%, P=4.3 x10™*) (Fig. 1f). Fur-
thermore, alarge percentage (92%) of overlapping DEGs were altered
inthe same direction by fasting and aging (Fig. 1g), indicating similar
transcriptional regulation. KEGG enrichment analysis of the overlap-
ping DEGsrevealed a strong suppression of energy metabolism-related
pathways (Fig. 1h,i), as well as several lipid metabolism biosynthetic
pathways. Notably, old fish showed increased expression of fasting-
induced FOXO signaling. Consistently, FOXO expression was found to
increase in the gut of old flies, contributing to the disruption of lipid
homeostasis®. Furthermore, dietary-resistant old mice have reduced
de novo lipogenesis (DNL) gene expression, crucial for the produc-
tion of new adipocytes’. We observed the same patternin old killifish,
indicative of an evolutionary conserved regulation (Fig. 1j). Thus, the
adipose feeding response is overrun by a persistent FLTP in old fish
that suppresses energy and biosynthetic lipid metabolism (Fig. 1k).

Of note, fasting induced the expression of several inflammatory
genes in the adipose of old, but not young fish. In fact, despite the
reduced number of fasting-responsive genes in old fish, we noticed
that four out of the top ten fasting upregulated genes were implicated
intheinnateimmune response (Fig. 2a) potentially indicating an ongo-
ing inflammatory process. To assess whether this was an age-specific
response, we evaluated the regulation of inflammatory genes across
all samples. The expression of such genes was low in young animals
whether fasted or not, higher in old fed animals and, notably, fur-
therincreased in old fasted animals (Fig. 2b). Thus, the physiological
response to food deprivation in the adipose tissue is associated with
anenhanced inflammatory signature in old animals.

Fig.1| Aging alters the physiological response to fasting in the adipose
tissue. a, Schematic of the food deprivation protocol inyoung (7 weeks) and old
(18 weeks) fish. Control fish were fed twice daily (~8:30 and ~13:30, yellow dots)
andkilled 2 h after the last meal (red dashed line). Food-deprived fish were fasted
for 5 d andkilled along with control fish. b, Number of fasting-responsive genes
in 7-week-old and 18-week-old fish (FDR < 0.05). ¢, PCA of log,-transformed and
scaled gene expression data. d, Hierarchical clustering of expression changes for
fasting-induced genes (FDR < 0.05). Colors represent the zscore range. e, NEFAs
quantification (mmol/plasma total protein quantification), Y-fed, n = 5; Y-fasted,
n=5;0-fed, n=7;0-fasted, n=6.Y, young; O, old. NS, not significant. f, Venn
diagram showing the overlap between fasting and aging DEGs (hypergeometric

test, two-tailed P=4.5x10™"). g, Scatter-plot of log, fold change (FC) for genes
differentially expressed during aging and fasting (Pearson correlation, r= 0.71,
two-tailed P < 0.0001). The aging effect is depicted on the y axis and the fasting
effect on the x axis. h,i, KEGG pathway enrichment analysis of commonly up- (h)
and downregulated genes (I) with FDR values displayed on a negative log,, scale
along the x axis. j, DNL genes RNA-seq normalized counts inyoung fed (n = 4),
young fasted (n =4), old fed (n=5), old fasted (n = 5).RPM, reads per milion. k,
Schematic model showing the age-related changes in the killifish adipose tissue.
Dataineandjare presented as mean + s.d. Significance was measured by a
two-way analysis of variance (ANOVA) (e) and a two-sided Wald test, adjusted for
multiple testing (j).
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Consistently, standard histology revealed a high number of infil-
trating cellsin the adipose tissue, skeletal muscle and heart of old fasted
animals (Fig. 2c). As such, we stained for L-plastin, a pan-leukocyte
markerinfish, revealing that old fasted fish showed a higher presence of
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immunoreactive cells in such organs (Fig. 2c,d). Notably, L-plastin‘reac-
tive cells mostly surrounded adipocytes (crown-like structures) or, in
some cases, skeletal muscle fibers. Thus, our dataindicate that late-life
fasting can exacerbate a pre-existing age-related inflammatory process.
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Fig.2|Fasting is associated withimmune response in old animals. a, Top ten
fasting-induced genes in old fasted compared to old fed fish. Immune-related
genes areindicated inred. b, Azscore heat map ofimmune response-associated

genes across all the samples. ¢, Hematoxylin and eosin (H&E) staining (on the left)

and L-plastinimmunostaining (on the right). Red arrowheads indicate crown-

like structures in the adipose tissue. d, Quantification of the area occupied by

L-plastin-positive cells over the total analyzed area, n = 6 fish/group. Scale bar,
100 pm. Datain d are presented as mean + s.d. Significance was measured by a
two-tailed Mann-Whitney U-test.

Nature Aging | Volume 3 | December 2023 | 1544-1560

1547


http://www.nature.com/nataging

https://doi.org/10.1038/s43587-023-00521-y

a 4 T b Cc
| . AMPK complex Y-fed Y-fasted O-fed O-fasted
S 27 Prkag2 ———® .
e | Prkaal -
(o)) 0 Fem—mm e A e —
2 ® I Prkaa2
|
o0
8 -2 ", IN_Prkag1 Prkab1 -
(=) |
> -4 ",f | Prkab2 -
= ‘4 ] |
5 N . Prkag1 .
) Prkag2 -
D |
-6 -4 -2 0o 2 4
. -2 ] 2
Young fasting DEGs (log,FC) 7 score
d e e Y-Prk f o Y- -
Y-Prkag? —@— Y-Prkag2 PrkagT PrkagT Prkag1
-@. O-Prkagl -@- O-
307 g1 -e- O-Prkag2 P-ACC‘——-—— BEoEB -5 - ‘»250kd
Tot-ACC’ Y T # 250 kd
75 kd
P-AMPK |8 s — -
) ) Tot ‘ [ 75 kd
Ol-0 | — v p— ———
L 2 50 kd
Tot-ﬁ‘-‘-—————-— ’»37kd
-4 T T T T T T T -3 T T T V2‘-~_———-_-—_—L50kd
AL fed 6h 24h AL fed 24 h
) — a-Tubulin ---—--------—'-——-—-—..-.—’»50kd
Refeeding Refeeding
h i
g s
e - /- P=0.0002
Prkag1 Prkag1 ® Prkagl Y-fed Y-fasted O-fed O-fasted —
3 3 _P=0.0156
© P <0.0001 2 ‘ ————— —-——---—-}»50 kd 1 oo ©Y-fed ® O-fed
15} — 3 ® Y-fasted @ O-fasted
s N8 p<0.0001 p<oooor  PE2007 37kd &
3 21 . s | Tot-B - o= T 24 ¢
3 P=0012 P=0,0461 1 75 kd 3 °
° T Tot-ot‘ ESOkd @ ° LX) %
LRR N N A 3# | R 2 1*% ge i%f}%
3 {_ z P-AMPK 50kd = ®e .
o ®
0,"_;_'_._{’_'—'7 O-Tubulin [e—-———— - — '——-—--—»-.—_}»50kd o : : : :
- S S Q O a9 Q > L
Q X X N O "
Q(@ PO o Voo <& Q§

Fig.3|Fasting and aging modulate the expression of AMPK y subunits.

a, Scatter-plot of log, FC for genes differentially expressed during aging and
fasting. The blue and red dots indicate the expression of Prkagl and Prkag2,
respectively, during aging and fasting. b, Schematic representation of the
AMPK complex and the three different y subunits. ¢, A zscore heat map of
AMPK subunits gene expression across all the samples. d, log, FC of PrkagI and
Prkag2relative expression upon fasting (0, 18, 24,48 and 72 h) and refeeding
(72 hof fasting followed by 6 and 24 h of refeeding) in 7-week-old fish, n = 4 fish
per group. Data values indicate FC over the average value of ad libitum (AL) fed
control animals. e, log, fold change of Prkagl and Prkag2 relative expression
upon fasting (48 h) and refeeding (48 h of fasting followed by 24 h of refeeding) in
young (7 weeks old, solid lines) and old individuals (18 weeks old, dashed lines),

n=4pergroup. Datavaluesindicate FC over the average value of young fed
control animals (AL). f,g, Representative immunoblot and relative quantification
showing the expression of y2 subunit, total-a, total-, phospho-Thr172-AMPKa,
P-ACC, total-ACC and a-tubulinin wild-type (n = 4), Prkagl”~ (n=4), and Prkagl™”~
(n=3)adipose tissue. h,i, Representative immunoblot and relative quantification
of y2 subunit, total-a, total-B, phospho-Thr172-AMPKa and a-tubulinin

fasted and old fish adipose tissue. Quantification of protein abundance by
densitometric analysis, n = 4 fish per group; each dot represents an independent
biological replicate. Data are presented as mean +s.d. (d,e,g,i). Significance was
obtained by a one-way ANOVA followed by Tukey’s post hoc test (d,g) and a two-
way ANOVA followed by Sidak multiple comparison test (e, ).

FLTPis associated with dysregulated AMPK y subunit
expression

Theevidence that FLTP was primarily associated with the suppression
of energy metabolism pointed at a possible dysregulated expression
of nutrient-sensing or energy-related genes. Of note, we observed
that the y subunits of AMPK were markedly regulated in our FLTP
data (Fig.3a). AMPK isan evolutionary conserved fuel-sensing enzyme
that sustains energy metabolism under different physiological
conditions and comprises three different y subunits (Fig. 3b). Yet, the
physiological relevance of these different y subunits remains unclear.

Fasting induced a downregulation of the AMPK y1 subunit encoding
gene Prkagl and upregulation of the y2 encoding gene Prkag?2 at
the transcriptional level (Fig. 3¢), suggesting a change in the stoi-
chiometry of y subunits in the transition from feeding to fasting;
however, this pattern was not visible in fed or fasted old animals,
suggesting a possible dysregulation of AMPK signaling. Notably, a
nutritional-dependent modulation of the AMPK y subunits was recently
observed in humans undergoing a fasting regimen, hinting at an evo-
lutionarily conserved process®. Furthermore, rare variants of spe-
cific AMPK y subunits were identified to be associated with human
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longevity®. Thus, we wished to explore further the potential connection
between nutritional state and AMPK y subunits expression. As we had
initially observed regulation of the y subunits upon 5 d of food depriva-
tion, we next sought to determine their expression upon shorter fasting
regimes and refeeding. Five groups of young killifish were subjected
tofasting for 0 to 72 hand two groups fasted for 72 h and subsequently
re-fed for 6 or 24 h. Prkagl expression was downregulated within
18 h after food deprivation and seemed downregulated in all fasted
groups, but rapidly increased within 6 h of refeeding to the level of
ad libitum fed conditions (Fig. 3d). Conversely, Prkag2 expression
increased at 18 h of fasting, peaked at 48 h and rapidly decreased
upon refeeding (Fig. 3d). Extending the analysis to other organs, we
observed asimilar expression patterninskeletal muscle, liver and intes-
tine (Extended DataFig.2a-c). Thus, our findings revealed that AMPK
ysubunits exhibit aninverse oscillatory expressionin response to the
nutritional state. Next, we evaluated the effect of aging on y subunit
expression dynamics. In this case, we monitored the expression of y
subunits at 0 and 48 h of fasting and 48 h of fasting followed by 24 h of
refeeding. Of note, the expression of y subunitsin most of the analyzed
tissues was not restored to a steady state upon refeedingin old animals
(Fig. 3e and Extended Data Fig. 2d-f). Thus, FLTP associates with a
dysregulated expression of AMPK y subunits in old animals.

Next, we tested whether the differential expression of y subunits
genes results in asubunit exchange within the AMPK complex during
fasting and aging. Yeast studies showed that AMPK is an obligate
heterotrimeric complex whose overall stability relies on the stoichio-
metric balance of o, B and y subunits®. Consistently, we found that a
yl-deficient fish line (Extended DataFig. 3a) caused areduction of total
aand B subunits, but not y2 (Fig. 3f,g); however, we could not monitor
vl protein levels because commercially available antibodies did not
cross-react with the killifish protein. Thus, in line with previous mice
data®*?, theremoval of AMPK ylresultsin decreased levels of the other
complex subunits but not changesiny2 abundance. We also observed a
reduction of acetyl-CoA carboxylase (ACC) phosphorylation level (Fig.
3f,g), indicating that AMPK,, is catalytically active and regulates energy
metabolism even under normal feeding conditions. Consistently we
alsoobserved reduced P-ACClevelsin old fed animals (Extended Data
Fig. 2g,h), indicating that the age-related decline in Prkagl leads to
reduced fatty acid oxidation. Next, we monitored the AMPK subunit
remodeling upon fasting and aging. In accordance with our transcrip-
tomicdata, y2 proteinabundance was elevated during fasting in young
fish compared to the fed controls. In contrast, it remained high inde-
pendent of the diet regime in old fish; however, the levels of total «
and B subunits remained constant (Fig. 3h,i), indicating, by inference,
that the y2increase compensates for any yl reduction. Taken together,
these datasuggest that the totalamount of y subunits remains constant
during fasting and aging, but the AMPK y ratio changes in favor of y2.
Notably, despite a 5-d fasting period, there were no discernible changes
inP-AMPKa levels (Fig. 3h,i). Nevertheless, the possibility remains that
P-AMPK levels may experience a transient increase during an earlier

phase of fasting, followed by a subsequent decline. We also sought to
examine P-ACC levels; however, fasting triggered a complete degrada-
tion of ACC (Extended DataFig. 2i), making the measurement of P-ACC
levels unattainable under these circumstances.

In summary, our findings suggest that both fasting and aging
induce aremodeling of the AMPK complex composition. Of note, this
regulatory process seems to occur independently of alterations in
AMPK-ser172 phosphorylation.

AMPK,, activity prevents FLTP and preserves energy
metabolism

Humans or mice carrying y2 gain-of-function mutations exhibit
cardiometabolic dysfunctions, insulin resistance and obesity**"*. Some
of these alterations were also recapitulated by overexpressing the
wild-type y2 mRNA in mice®®. Furthermore, y2 expression was found
toincrease threefold in humans affected by Alzheimer’s disease (AD)
andthe protein level positively correlated with Ap accumulationinthe
AD brain®. As, inkillifish, higher levels of AMPK,, complex are associ-
ated with FLTP and metabolic quiescence, we asked whether selective
stimulation of the refeeding-associated AMPK; complex could revert
sucha condition.

The y1 R70Q mutation uncouples the inhibitory properties of
ATP and results in constitutive activation of AMPK,, complex™. Given
the high conservation of AMPK subunits across killifishand mammals
(Extended Data Fig. 3b), we introduced the R70Q mutation into the
endogenous Y1 locus by CRISPR genome engineering (referred to
as Y irroq) Fig. 4a) and, as yl expression is diminished during aging,
we generated another line overexpressing constitutively expressed
Y1 subunit bearing the R70Q mutation (referred to as UBI:y;g;0q);
Fig. 4b, Methods and Extended Data Fig. 8). We then determined the
phosphorylation levels of the AMPK a subunit residue at Thr172,
required for AMPK activation and its downstream substrate ACC in
the adipose tissue of middle-aged wild-type, UBL:y,gs0q)and Yygsoq fish.
The UBL:y, ;0 line showed elevated P-AMPKa levels compared to the
wild-type, whereas both mutant lines showed elevated P-ACC levels,
with a stronger effect in the UBL:y, 0 line (Extended Data Fig. 3c,d).
Thus, inline with mammalian data, the introduction of the R70Q muta-
tion resulted in chronicactivation of the AMPK,, complex.

We next determined the physiological response to food depriva-
tion in fish with increased AMPK,, activity, as we did previously with
wild-type animals (Fig. 4c). For this experiment, we employed the
UBL:Y;s0q) line as it showed a more robust AMPK; complex activa-
tion. In contrast to wild-type fish, PCA separated samples according
toboth age and diet regimen (Fig. 4d). Furthermore, the main source
ofvariation (component1) was diet regimen, whereas the second was
age (component2).Inlinewiththe PCA, differential expression analysis
identified 3,185 DEGs comparing young-fasted/young-fed and, notably,
5,465 DEGs comparing old fasted/old fed (Extended DataFig. 3e), indi-
catingastrongtranscriptional fasting response in old animals. Despite
the high number of DEGs induced by fasting, KEGG pathway analysis

Fig.4|Sustained activation of AMPK,, prevents FLTPin old fish.

a,b, Schematicillustration showing the CRISPR/Cas9 line generation (Y;z0q))
ina, and the Tol-2 line (UBL:y,s0q) inb. ¢, Schematic of the food deprivation
protocol. Control fish were fed twice daily (-8:30 and ~13:30, blue dots) and
killed 2 h after the last meal (red dashed line). Fasted fish were fasted for 5 d
andkilled along with control fish. d, PCA of log,-transformed and scaled gene
expression data. e, Hierarchical clustering of expression changes for fasting-
induced genes (FDR < 0.05). Colors represent the zscore range. f, Venn diagram
showing the overlap between fasting and aging DEGs (hypergeometric test,
two-tailed P=0.99). g, Scatter-plot of log, fold changes for genes differentially
expressed during aging and fasting (Pearson correlation, r = 0.30, two-tailed
P<0.001). The aging effect is depicted on the y axis, and the fasting effect on the
xaxis. h, DNL genes RNA-seq normalized counts in young UBL:y, ;o) fed (n=4),
young UBL:y,g0q fasted (n =4), old UBL:y, g0 fed (n=5) and old UBL:y,g0q)

fasted (n =5).i,j, OCR analysis and relative quantification of freshly isolated
visceral adipose primary cells from 18 weeks old wild-type (n =4) and UBL:y,g70q)
(n=4).The analysis was performed under basal conditions and in response to
mitochondrial inhibitors (oligomycin (oligo), FCCP and rotenone (rot)/antimycin
A (AA)). Values were normalized to total protein concentration. k.1, Glycolytic
function profile and relative quantification by ECAR of freshly isolated visceral
adipose primary cells from 18-week-old wild-type (n=4) and UBL:y, 00

(n=4). The analysis was performed under basal conditions and in response to
mitochondrial inhibitors (oligomycin, FCCP and rotenone/antimycin A). Values
were normalized to total protein concentration. m, Energy phenotype profile
showing basal and maximal OCR and ECAR of freshly isolated visceral adipose
cells from18-week-old wild-type (n = 4) and UBL:y,;0q) (1 = 4). Data are presented
asmean +s.d. and significance was measured by a two-sided Wald test, adjusted
for multiple testing (h) and by two-way ANOVA followed by Sidak test (j,I).
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revealed that the differentially regulated processes in UBL:y,gs0q, Were
consistent with those observed in wild-type (Extended Data Fig. 3f).
Furthermore, unlike wild-type animals, the scaled expression profile
of fasting-responsive genes (FDR < 0.05) in old fed mutant fish more
closely resembled the profile of fed fish (Fig. 4e). Aging and fasting
transcriptional responses overlapped only 398 genes (9%) (Fig. 4f). Of
those, 36% showed an opposite regulation (Fig. 4g). FLTP was primarily
characterized by amarked reduction of energy and lipid metabolism;
however, UBL:y; 700 fish showed ittle or nosign of reduced energy and
lipid metabolism pathways during aging (Extended Data Fig.4a).Inline
with this, UBL:y; g0 did not show age-related reduced expression of
DNL genes under the feeding regimen (Fig. 4h). We further validated
the DNL genes expression in y;gsoq fish (Extended Data Fig. 4b) and
observed a similar pattern, indicating that these mutant lines share a
similar transcriptional profile. Finally, to validate the energy metabo-
lism transcriptomic data, we dissociated cells from old wild-type and
UBLy;r70q adipose tissue and measured the oxygen consumption rate
(OCR) and the extracellular acidification rate (ECAR) with a Seahorse
Analyzer (Methods). UBL:y, ;0 cells showed a tendency to increase
basal OCR, although this did not reach significance. We did, however,
see a clear increase in maximal OCR upon FCCP addition, suggesting
better mitochondrial fitness (Fig. 4i,j). UBL:y, 700, cells also showed
increased glycolytic function compared to wild-type (Fig. 4k,1). Alto-
gether these data indicate that UBL:y;g;0q) cells are more metabolically
active compared to wild-type under basal conditions and have more
metabolic potential under stress conditions in old animals (Fig. 4m).
To assess mitochondria biogenesis we measured expression levels of
OXPHOS components and mitochondrial DNA (mtDNA) content in
the adipose of old wild-type and mutant lines; however, we only saw
anincrease of complex1subunit NDUFb8 (Extended DataFig.4c,d) in
both mutant lines compared to wild-type and no significant changes
in mtDNA content (Extended Data Fig. 4e), indicating no consistent
increaseinmitochondrial biogenesis. Thus, sustained AMPK;, complex
activation counters the age-associated FLTP and maintains energy and
lipid metabolism responsiveness to feeding late in life.

AMPK,, activation maintains tissue homeostasis in late life

Our results above suggest that FLTP set wild-type adipose tissue
metabolismin a quiescent state, whereas UBL:y, -0 fish had no age-
associated FLTP and exhibited elevated energy metabolism. Thus,
we asked whether sustained energy metabolism could promote
better tissue homeostasis late in life. Comparing the transcriptome
profile of old fed UBI:y, ;00 and wild-type fish, we identified 2,963
DEGs (FDR < 0.05). KEGG pathway analysis revealed that the strong-
est upregulated categories were proteostasis, DNA replication and
repair (Fig. 5a). Within these categories, we found upregulated genes
involved in DNA synthesis, DNA double-strand break repair, including
Rad51, Xrccl-2 and Atm, as well as many genes encoding proteaso-
mal subunits (Fig. 5¢), suggesting increased cellular proliferation,
improved DNA damage surveillance and proteome turnover. Further-
more, upregulated genes were enriched for processes such as carbon
metabolism and the TCA cycle (Fig. 5a), corroborating the sustained
energy metabolism in UBLy, ;¢ fish late in life. We found upregula-
tion of multiple cytosolic and mitochondrial ribosomal genes, possibly
indicating enhanced protein translation. On the other hand, down-
regulated genes were enriched for insulin secretion, adipocytokine
signaling and inflammatory processes (Fig. 5b). Here were found many
genes whose expression positively correlates with obesity, insulin
resistance, type-2 diabetes and chronic inflammation, such as Irs2,
Angptl4, Lepr, Camkk2 and ThkI (Extended Data Fig. 5a). Moreover,
asubset of downregulated genes is implicated in hypertrophic car-
diomyopathy. Notably, y2 activation has been shown to trigger genes
implicated with cardiomyopathy®, whereas yl activation apparently
antagonizes such genes, indicating a possible opposing role for these
isoforms.

AMPK,, activity promotes metabolic health and longevity
Next, we examined the health status of mutant lines. Old UBL:y; 00
and Y g7oq fish showed a slight reduction in body weight compared
to age-matched wild-type fish, though the latter did not reach
statistical significance (Extended Data Fig. 5b). Notably, the food
consumption of 18-week-old mutant fish monitored over 1 week was
not different from old wild-type fish (Extended Data Fig. 5c). Consistent
with human and mice data, we recently showed that killifish visceral
adiposity expands as a function of age™, possibly due to the suppres-
sion of energy metabolism shown above. As such, we monitored the
visceral adiposity in old wild-type and mutant lines. Body scan analysis
(% of volume; Extended Data Fig. 5d,e) and visceral fat quantification
(% of body weight; Extended Data Fig. 5f) revealed a general reduction
of visceral adiposity in the R70Q-bearing lines compared to wild-type
inboth sexes, indicating a reduced age-related fat deposition.

Adipogenesis, as defined by the new production of adipocytes,
dramatically declines with aging, promoting lipodystrophy and meta-
bolic dysfunction®. As transcriptomic analysis indicated a possible
signature of increased cellular proliferation in UBL:ygs0q), We per-
formed a pulse-chase ethynyl deoxyuridine (EdU)-labeling experi-
ment to determine the proliferative status of the adipose tissue in old
animals. Notably, both UBIL:y;gs0q) and yirsoq lines showed a higher
number of dividing cells compared to age-matched wild-type fish
(Fig. 5d,e). Inline with higher proliferative potential and expression
of DNL genes, UBL:y, 700 and Yigsoq fish displayed a higher number of
small adipocytes and a reduced number of hypertrophic adipocytes
relative towild-type fish (Extended Data Fig. 5g,h). Overall, these data
indicate thatincreased AMPK, complex activity sustained adipose tis-
sue turnover inold animals. Itis notable that both UBIL:y, ;00 and Yygsoq)
lines showed reduced serum triglycerides (TGs) and circulating NEFA
levels under basal and fasting conditions, an effect that was stronger in
UBL:y) k700 (Fig. 5f,). They also showed reduced fasting blood glucose
levels (Extended Data Fig. 5i). Thus, chronic activation of the AMPK,
compleximproves lipid and glucose parameters in old killifish. Finally,
we determined the effect of sustained AMPK,, activation on lifespan.
Asnosex-related gapinlife expectancy was observedinsingle-housed
killifish in our husbandry conditions (Extended Data Fig. 6a), we used
both sexes for survival analysis. The median survival of UBL:y, ;0 and
Yirrog (s€Xxes combined) was 20% and 14% higher compared towild-type
fish, respectively (Fig. 5h,i). Analysis of each sex separately showed a
19.1% and 8% (the latter not statistically significant) increase in male
and a 21.6% and 15.8% increase in female median lifespan of
UBL:Yy w700 @nd Yirsoq) respectively (Extended Data Fig. 6b-e), indicat-
ingastronger effectin females.

AMPK is known to suppress the mTOR pathway and a modest
reduction in mTOR activity promotes longevity across taxa® . We,
therefore, wondered about the state of the mTOR pathway upon
AMPK, activation. To this end, we determined the phospholevels of the
ribosomal S6 protein, a downstream mTORC1 target, in old wild-
type and UBL:y, ;70 and Yigzoq) fish; however, we saw no significant
changein p-S6, potentially indicatingan mTOR-independent longevity
effect. This observationis in line with our RNA-seq analysis reflecting
higherrather thanlower protein translation and DNA synthesis. Collec-
tively, our data reveal that the refeeding-associated AMPK,, complex
stimulates tissue turnover, thus promoting health and longevity.

PRKAGI expression is amarker of healthy aging in humans

Finally, we wished to evaluate the relevance of AMPK,; inhuman health
and longevity. Defour et al.”? performed a transcriptome analysis of
human subcutaneous adipose tissue (SAT) in response to fasting. In
line with our killifish data, fasting generally upregulated PRKAG2 and
downregulated PRKAGI expression, though the latter did not reach
statistical significance (Extended Data Fig. 7a), potentially indicating
anutritional-dependent expression of y subunits in humans. We next
used the human genotypetissue expression (GTEx) dataset to evaluate
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Fig. 5|Sustained activation of the AMPK, complex promotes metabolic
health and longevity. a,b, KEGG pathway enrichment analysis of up- (a) and
downregulated genes (b) in old UBL:y, ;0o compared to old wild-type fish under
the normal fed condition. FDR values are represented by a negative log,, scale
(xaxis). c, Azscore heat map showing DEGs involved in DNA synthesis and
repair and proteostasis. d,e, Representative images and relative quantification
of EdU-labeled cells in the adipose tissue of 18-week-old wild-type and mutant
lines; 18-week-old wild-type (n = 5), UBL:y,gs0q) (1 = 6), Yir70q) (1= 6). Scale bar,
100 um. White arrows indicate EdU-positive cells. f, NEFA quantification (mmol/
plasma total protein quantification) in fed and fasted (48 h) 18-week-old fish,

Days

wild-type fed (n=8), UBL:y, 00 fed (n =7), Yirroq fed (n = 7), wild-type fasted
(n=8), UBL:y gy0q fasted (n=7), and y,gs0q fasted (n=7). g, Blood triglyceride
quantification (mg dI™) in fed and 48 h fasted 18-week-old fish, wild-type fed
(n=6), UBL:Yg70q fed (1 =7), Yirsoq fed (n=7), wild-type fasted (n = 9), UBLY,gs0q)
fasted (n=8), and y,s0q fasted (n =7). h,i, Kaplan-Meier survival analysis of
UBL:Y, 700 and Yirr0) lines, sex combined. Data are presented as mean + s.d.
(e-g). Significance was obtained by a one-way ANOVA followed by Tukey’s post
hoctest (e), two-way ANOVA followed by Sidak test (f,g) and two-tailed log-rank
calculation (h,i).
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the expression of y subunits as a function of age. Consistent with killifish
data, PRKAGI expression significantly decreased as a function of age
in SAT, blood cells, heart (in both sexes) and liver (in males only) (Fig.
6a-e). By comparison, PRKAG2 expression significantly increased in
SAT only (Extended Data Fig. 7b-f).

Blood showed one of the most substantial age-related PRKAGI
downregulation among analyzed tissues. As such, we asked whether
reduced expression of PRKAGI in the blood of older humans could
be associated with multimorbidity, frailty and mortality risk. To this
end, we determined the expression of PRKAGI and PRKAG2 by qPCR
inperipheral blood mononuclear cells (PBMCs) from 93 older donors
(aged between 65 and 90 years). Study participants were patients
hospitalized for non-neurological, non-surgical medical conditions.
Notably, we established a cohort covering abroad range of age-related
diseases with very heterogenous functional levels. For all participants,
the multidimensional prognostic index (MPI) was recorded at the
time of presentation to the hospital. The MPlis a validated prognostic
model consisting of eight components, namely, Activities of Daily
Living (ADL), Instrumental ADL (IADL), Short Portable Mental Status
Questionnaire (SPMSQ), Cumulative lliness Rating Scale-Comorbidity
Index (CIRS-CI), Mini Nutritional Assessment Short Form (MNA-SF),
Exton Smith Scale (ESS), number of medications (NM) and the quality
ofthesocial support network (Fig. 6g). Thus, itis based oninformation
regarding functional, psychosocial, clinical and nutritional status®*.
The MPI has been shown to predict older individuals’ mortality rate
more accurately than the classical physical frailty score®. Higher
values of MPIreflect poor health outcomes and higher mortality risk.
We found thatyl, but noty2, expression wasinversely correlated with
MPIscore (Fig. 6f and Extended DataFig. 7g); however, we observed no
correlation between y subunits expression and the age of the donors
(Extended Data Fig. 7h,i), indicating that the relationship between
MPIland yl expressionisindependent of the chronological age of the
donorsgiventhis later stage life bracket. Looking at the individual MPI
components, we observed asignificant negative correlation of PRKAG1
expression with CIRS-Cl and NM (Fig. 6h,i). At the same time, MNA,
ADL, IADL and ESS were positively correlated with PRKAGI expres-
sion (Fig. 6j-0), indicating reduced multimorbidity and improved
nutritional status and functional skills in older individuals to be associ-
ated with higher y1 expression. By contrast, PRKAG2 expression was
not associated with any MPI component (Extended Data Fig. 7j,q).
These observations highlight the functional relevance of individual y
subunitsandindicate that changesin PRKAGI expression are specific
rather thanaconsequence of general changes in gene expression due
to disease.

Discussion

We determined the transcriptional response to food deprivation in
youngand old fish’s visceral adipose tissue (VAT). We found that aging
promotes an FLTP that reduces metabolic activities, thereby setting
VAT in a quasi-quiescent state; however, because we only measured
FLTP in VAT, we do not yet know the full extent of FLTP in other tissues.
Notably, we observed dysregulation of AMPK y subunits in adipose
and other aging tissues, implying that the presence of FLTP could be
abroad response. In line with our data, Montesano et al. reported
the orexigenic neuropeptide Y expression, normally induced by
fasting, to progressively increase in killifish diencephalon (thalamic
area) during aging’. These data indicate that FLTP might not be limited

tothe adipose and could reflect intrinsic tissue processes or asystemic
effect of FLTP in adipose on other tissues.

Another critical questionis whether FLTPis conserved throughout
vertebrate species. Human aging is often accompanied by areduction
of subcutaneous adiposity, which progressively relocates into vis-
ceral depots*. Loss of SAT is associated with poor health outcomes in
humans, yet the reasons remain unknown. In line with FLTP observed
in killifish, age-related changes in human SAT include suppression
of energy metabolism, adipogenesis® and an increased number of
infiltratingimmune cells**. In addition, older individuals often exhibit
elevated plasma NEFAs*** and increased liver steatosis*, both signs
of an ongoing fasting response. Finally, we could show a broad age-
associated reduction of yl expressionin human SAT. Altogether these
findings suggest the possible presence of FLTP in human SAT, which
couldreflect the suppression of self-renewal processes and promotion
of elevated plasma lipids species. Another organ where FLTP might
take placeis skeletal muscle, as age-related sarcopeniais characterized
by the inability of the muscle to maintain the correct level of protein
synthesis in response to feeding or exercise, a condition defined as
anabolic resistance*®. Thus, multiple lines of evidence support the
notion that agingis associated with a constitutive fasting-like response
across vertebrate species.

Mechanistically we demonstrated that the AMPK,, complex is
a key mediator of the age-related fasting-like response. yl is down-
regulated during fasting and aging but its chronicactivation prevents
FLTP and sustains energy metabolism in older age, thus, improving
adipogenesis, metabolic health and promoting longer life. Our data
provide some of the first concrete genetic evidence that AMPK in gen-
eraland AMPK;, complex causally and specifically extends vertebrate
lifespan, as most other studies infer a role based on metformin®’, a
drug with multiple targets. Furthermore, the evidence that y1 anti-
correlates with multidimensional frailty as measured by the MPI
score, indicates AMPK; complex as a hallmark of healthy aging and
robustness in humans.

Sustained AMPK, activation enhances the lifespan of both sexes
in killifish. Notably, this effect occurs without suppressing mTOR
activity while concurrently promoting tissue self-renewal. A pos-
sible explanation could be that AMPK; maintains tightly connected
energy metabolism to tissue turnover late in life, thereby promoting
rejuvenation. This is in line with the evidence that increased energy
metabolism promotes longevity. For instance, GH-deficient and
SIRT6-overexpressing mice exhibit higher energy metabolism and
longer life compared to wild-type mice*®*°. Furthermore, increased
OXPHOS late in life stimulates muscle regeneration by activating
satellite cells’ awakening and proliferation®®. On the other hand,
longitudinal human studies indicate that longevity correlates with
reduced energy metabolism. Conceivably, energy homeostasis must
be at some optimum to conserve resources yet sustain anabolism to
promote organismal longevity.

Our data indicate that fasting induces y2 and suppresses y1,
whereas refeeding induces y1 and suppresses y2 in multiple tissues,
suggesting that the different y subunits mediate different metabolic
states. Consistently, activation of AMPK,, but not AMPK,*, results
in metabolic disorders™. Furthermore, y2 seems to have a nuclear
localization, whereas ylis cytosolic®”. Conceivably, the binding to one
or the other y subunit confers to the AMPK complex different cellular
localization or substrates interaction.

Fig. 6| Human AMPK y1 expression is a proxy of health in old individuals.
a-e, Box-plots showing human normalized PRKAGIexpression levels across

age groups in decadal brackets. Box-plot minimum is the smallest value within
theinterquartile range (IQR) below the 25th percentile and maximumiis the
largest value within the IQR above the 75th percentile. Box-plot center is the 50th
percentile (median) and box bounds are the 25th and 75th percentiles. Dataare
available in the GTEx Consortium (GTEx analysis v.8). For group numbers, see

Supplementary Table 1. f, Pearson’s correlation between PRKAGIexpression and
MPIscore inmales (blue dots) and females (pink dots). The shadow represents
the 95% confidence interval. g, Calculation of the MPI. h-o, Pearson’s correlation
analysis between PRKAGIexpression and MPI subdomains. The shadow
represents the 95% confidence interval. Significance was obtained by one-way
ANOVA followed by Tukey’s post hoc test (a-e) and two-tailed Pvalues are
reported (f,h-o).
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6. ESS score Exton-Smith scale 16-20 10-15 5-9
7. CIRS-CI Cumulative illness rating scale 1-2 >3
8. MNA score Mini nutritional assessment >24 17-23.5 <17
Total MPI score (sum of points/8):
Low risk: <0.33
Moderate risk: 0.34-0.66
High risk: >0.66
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Of note, yl seems to be induced by feeding, which apparently
contradicts the notion that AMPK reacts inresponse to energy depriva-
tion.In fact, the AMPK complexisinhibited by high ATP levels and acti-

vated by increased AMP/ATP ratio or low-glucose concentrations’

53, 54

Norm. PRKAGT expression Norm. PRKAGT expression

however, the evidence that ylexpressionis low under fasting and high
under food availability indicates that this subunit allows AMPK to keep
functioning under high-energy conditions. Notably, among all the
y subunits, yl only is sensitive to ADP, whose levels are considerably
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higher compared to AMP under normal feeding conditions®. While
prolonged fasting suppresses energy metabolism, refeeding boosts
it. Nevertheless, during this transition, several AMPK-dependent
processes, such as turnover of cellular components, mitochondrial
biogenesis and revival of energy metabolism arerequired. Conceivably,
the switch from y2 to yl could be animportant step in this transition.

By contrast, the y2 subunit seems to be insensitive to ADP stimu-
lation but is the most responsive to AMP fluctuations under low ATP
concentrations®. Consistently, we show that the AMPK y2 subunit is
induced under fasting conditions in young healthy fish, whereas stud-
iesinmice and humans showed AMPK y2, but notyl, activation stimu-
lates hyperphagia'* and bradycardia®, conditions associated with
fasting. This could indicate that AMPK, function is physiologically
required exclusively upon fasting and explains why, unlike AMPK,,
chronic activation of AMPK|, leads to metabolic dysfunction in nor-
mally fed mice or humans. Astre et al. showed that mutationinthe APRT
gene, akey enzyme in AMP biosynthesis, mimics a caloric-restriction
effect, inducing lifespan extension in killifish males®. This effect was
associated with higher expression of the y2 subunit. This strengthens
the evidence of AMPK, to be physiologically required only under
energetic stress conditions and implies that various DIs might repre-
senta concrete strategy to counter the pathological effect of AMPK,,
hyperactivity in humans.

The evidence that different AMPK complexes mediate different
metabolic states highlights the potentialimportance of complex com-
position asanew layer of regulation in defining AMPK functions. This
is particularly important for drug-screening designs. In fact, AMPK-
activating compounds are identified based solely on their ability to
stimulate the kinase activity, but very often, without considering the
nature of the complex activated. The lack of selectivity could resultin
the simultaneous activation of different AMPK complexes with mixed
effects on the body’s physiology and metabolism. Yet, compounds
that selectively target AMPK,, are unknown, thus, further studies are
required to identify and test their effect on aging, robustness and
longevity of vertebrate species.

We wanted to understand the potential role of the yl subunitin the
refeeding phase. Refeeding reverses the effects of fasting, increases
energy expenditure and stimulates anabolic metabolism, thereby
promoting tissue growth and regeneration. Conceivably, the yl subunit
isimportant to restart energy metabolism after prolonged fasting to
sustain there-activation of high-energy demanding processes such as
DNA synthesis and protein translation. Thisisin line with mice studies,
where AMPK,, gain-of-function mutants exhibit higher whole-body
energy expenditure on a chow diet™. On the other hand, reduced y1
would lead to an inadequate refeeding response due to unmatched
energy demand and supply. Though we have not explicitly investigated
therole of ylunder refeeding, we observed that old fish with reduced
ylexpression showed a transcriptome profile similar to that of fasted
fish. Consistently, adipose tissue-specific AMPK knockout mice exhibit
reduced energy expenditure and oxygen consumption under normal
feeding conditions®®, indicating that AMPK regulates energy metabo-
lism also under feeding conditions. Further studies will be necessary
to fully explore the role of AMPK, during refeeding.

The evidence that refeeding-associated factors such as AMPK,,
become impaired in older individuals could have important implica-
tions for anti-aging interventions such as dietary restriction (DR) or
intermittent fasting (IF). In fact, the protective effects mediated by
either DR or IF derive from the coupled effects of fasting and refeeding
that constrain the metabolism to shift from catabolism to anabolism
periodically. The evidence that older animals might become refrac-
tory to the refeeding arm implies that Dls initiated late in life might
exacerbate catabolic activities or fail to reinstate the proper anabolic
profile upon refeeding and ultimately promote tissue wasting. In line
with thisidea, we showed that older individuals, as opposed toyoung,
displayed an enhanced inflammatory signature uponfood deprivation.

Thus, selective stimulation of AMPK,, could represent a potential strat-
egy to reinstate the beneficial response of a late-life DR through the
maintenance of a correct feeding response.

In conclusion, our study revealed that age-associated metabolic
quiescence can be prevented by selective stimulation of an AMPK;,
complex that in turn promotes metabolic health and longevity in
vertebrate species.

Methods

Fish husbandry

All experiments were performed on adult (young, aged 6-8 weeks;
and old, aged 18-20 weeks) African turquoise killifish N. furzeri labo-
ratory strain GRZ-AD. Adult fish were raised singularly in 2.8-1 tanks
from the second week of life. Water parameters were pH 7-8, kH 3-5
and temperature of 27.5 °C. The system automatically replaced 10%
of the water with fresh water daily. Fish were raised in 12 h of light and
12 h of darkness and fed with 10 mg of dry pellet (BioMar INICIO Plus
G) and Premium Artemia Coppens twice a day (for a total amount of
food daily delivered equal to 2-3% of fish weight). The first feeding was
made at 8:30 and the second at 13:30. For tissue collection, fish were
killed by rapid chilling. Tissues were rapidly extracted by dissection,
snap-frozeninliquid nitrogen and stored at -80 °C. Five days of fasting
were experimentally validated by monitoring blood glucose levels,
which started declining between 24 and 48 h and leveled off at 5d of
fasting under our husbandry conditions. This potentially corresponds
to the near depletion of liver glycogen storage. Animal experiments
were carried outinaccordance with relevant guidelines and approved
by ‘Landesamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen’, 81-02.04.2019.A055.

Generation of the UBL:y;gs0q) line

The Tol-2 UBI:H2ACFP-(2x)SV40pA/cmlic2:eGFP vector, originally gene-
rated using the TOL-2 kit*, was digested with Kpnl to excise H2ACFP.
The Prkagl(R70Q) sequence was generated by PCR-mediated site-
directed mutagenesis using the killifish Prkagl cDNA as a template.
Prkag1(R70Q) was then recombined with UBI:H2ACFP-(2x)SV40pA,
previously digested with Kpnl to excise H2ACFP, using the NEBuilder
HiFi DNA Assembly Cloning kit (primers are listed in Supplementary
Table 2). Theresulting plasmid (UBL:,;g0q)) Was thenamplified in Escher-
ichia coliand purified with Wizard Plus SV Midipreps DNA Purification
Promega. Tol-2 transposase messenger RNA was synthesized by in
vitro transcription using the mMESSAGE mMACHINE SP6 (Ambion)
kit and the pCS2FA plasmid, previously linearized with Notl, as atem-
plate. The mRNA was then purified by lithium chloride precipitation,
aliquoted and stored at —80 °C. Transgenic fish were generated by
injecting1-2 nlof asolution containing 30 ng pl ™ Tol-2mRNA, 40 ng pl™
UBL: 1700 Plasmid and 0.4 MKClinto one-cell stage N. furzeriembryos
and 1% phenol red was used as a visual control for successful injections.
Potential founders expressing amyocardium-specific eGFP signal were
identified under a fluorescent microscope and backcrossed with the
GRZ-AD wild-type strain for three generations. To map the transposon
insertions, we used aPCR-based sequencing approach, where forward
primers hybridizing at the edges of the Tol-2 arms were coupled with
degenerate reverse primers to amplify DNA spanning the transposon
insertion junctions (Extended Data Fig. 7a; Supplementary Table 2
contains primer sequences). All the resulting bands were purified,
sequenced and mapped onto the killifish genome using BLAST. Each
integration site was cross-validated using another couple of primers
encompassing the transposon insertion junctions (Extended Data
Fig. 7a). We obtained a stable transgenic line carrying two copies of
UBL:,;r700): ONE integrated into the third intron of mybl and the other
into the firstintron of an unidentified gene LOC107386866 (Extended
DataFig.7b). We used this dual copy line as a further reduction of copy
number resulted inweak transgenic expression in several tissues (data
not shown). Fish having two copies of the transgene in heterozygous
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and homozygous configurationsinduced overexpression of Prkagl of
about five- and tenfold in the fin (Extended Data Fig. 7c). The mRNA
expression of resident genes at the integration site seemed unaffected
by the transgene insertion (Extended DataFig. 7d). Negative transgenic
fish (defined as wild-typein the text) were used as control fishin aging
comparative and survival analysis.

Yir700) and y1(-/-) line generation

CRISPR/Cas9 genome editing was performed according to previous
work®®. All the single guide RNAs (sgRNAs) were designed based on
the CHOP-CHOP web-based tool (https://chopchop.cbu.uib.no). The
same sgRNA was used to generate both y,;0q, and y1(-/-) mutant
lines. The single-strand DNA (ssDNA) to generate y; oo Was designed
to contain 45 bp of homology arm and two base-pair mutationsin the
region encompassing the coding sequence for yl amino acid residue
R70.Alt-RS.p. HiFi Cas9 Nuclease, Alt-R sgRNA and the ssDNA template
were purchased from IDT (Supplementary Table 2 provides sequences).
One-cell-stage embryos were injected with 1-2 nl of asolution contain-
ing Cas9 enzyme (200 ng pl™), sgRNA (20 ng pl™), ssDNA (40 ng pl™),
KCI (0.2 M) and 1% phenol red. The FO generation was genotyped by
fin-clipping to identify potential founders (Extended Data Fig. 7e,f;
Supplementary Table 2 contains primers sequences). Selected found-
erswerethenbackcrossed with the GRZ-AD strain for four generations
to reduce the potential presence of background mutations induced
by CRISPR editing.

Food consumption and Fulton’s index analysis

To monitor food consumption, single-housed fish were fed daily with
a fixed amount of food (n =40 dry pellets per fish) using a handheld
dispensing machine (SDH-1, XQ instruments). Fish were then allowed to
eatfor1h.Duringthis time, the water flow was interrupted to prevent
food from washing away. At the end of this time, the bottom of every
tank was recorded for about 15 s by a photo camera (SQ12 spy mini DV
camera, RC-group) positioned above the lid. Videos were analyzed to
count the number of leftover pellets (LPs). Food consumption was cal-
culated as (40 - LP)/g of body weight. Fulton’sindex (K) was calculated
as (weight x 100)/length’.

MicroCT body scan analysis

Killed fish were scanned using a high-performance in vivo microCT
scanner SkyScan 1176 (Bruker) with an isotropic voxel size of 18 pm?
using the following parameters: voltage 45 kV and current 475 pA,
usinga 0.5-mm aluminum filter and exposure time of 260 ms. All scans
were performed over 360 degrees with a rotation step of 0.6 degrees
and a frame averaging of 2. Image data were reconstructed using the
NRrecon Software (Bruker) with the following parameters: smoothing
degree 4, ringartifactreduction3,beamhardening correction30% and
defect pixel masking 5%. Gray values of all images were standardized
by setting the contrast range of the histogram from 0 to 0.03. Relative
subcutaneous, visceral fat and eggs yolk quantification from recon-
structed images were determined using the CTAn software (Bruker).

Tissue fixation, H&E staining, immunofluorescence, EAU
labeling, adipocyte area counting and mtDNA content

Killifish were killed by rapid chilling and immersed in formalin solution
for 72 h at 4 °C after the visceral cavity was opened and the gill oper-
culawere removed. Fish were transferred to EDTA solution (500 mM,
Ambion) foranother 72 h and paraffin embedded. Next, 4-pum paraffin
sections were made and stored at room temperature. The slides were
deparaffinized and stained with H&E using the Gemini station (Thermo
Scientific, A81510100). Heat-mediated antigen retrieval was initially
used on deparaffinized slides for immunolabelling to break protein
crosslinks. Next, slides were washed thrice in1x PBS + Triton 0.3%,
blocked for 1 h at room temperature with a solution of goat normal
serum 10% (Abcam, ab748) and BSA 2.5% and incubated with rabbit

anti-L-plastin primary antibody (1:400 dilution, GTX124420, Gene-
tex) overnight at 4 °C. The next day, slides were washed three times
in PBST and incubated first with the SignalStain Boost IHC Detection
Reagent (8114S, CST) for 30 min at room temperature, then with the
DAB substrate for 1-2 min. Finally, slides were counterstained with
hematoxylin, dehydrated with alcohol and xylene, and mounted using
Fluoromount-G with 4,6-diamidino-2-phenylindole (DAPI) (00-4959-52,
Thermo). Images were acquired using a Nikon eclipse Ci microscope.
Tolabel dividing cells, fish were intraperitoneally injected with8 ug g™
oftheweight of EdAU 6 hbeforekilling. EAU detection on deparaffinized
slides was performed using the Click-iT EdU Alexa Fluor 488 Imaging
kit according to the manufacturer’s instructions (C10337, Thermo).
Images were acquired using aLeicaDMI6000B microscope (software
Leica application suite x3.5.7.23225). The frequency distribution of
adipocyte areas was obtained using Adiposoft software (v.1.16)°.
MtDNA copy number was determined by qPCR with primers amplify-
ingthe mitochondria16S rRNA and the nuclear gene locus Cdkan2a/b
according to Hartmann et al.**.

Adipose tissue dissociation protocol

Adipose tissues were dissociated by adapting a protocol from
Bresciani et al.*® with small modifications. In brief, freshly extracted
adipose tissues were washed twice in PBS (1x), incubated with 500 pl
dissociation mix (0.25% trypsin-EDTA (Gibco, 25200-056), col-
lagenase (4 mg ml™, Sigma, C9891) and DNase (100 ng ml™, Sigma,
DN25-10MG)). Samples were placed in a heat block at 30 °C for about
45 min and harshly pipetted until fully homogenized. Afterwards,
800 I DMEM-10% FBS were added to the dissociation mix and samples
were centrifuged 5 minat400 r.c.f. Pellets were then washed twice with
800 pIDMEM-10% FBS, finally resuspended in 500 pl XF Base Medium
Minimal DMEM (Agilent Technologies), filtered through a 70-umnylon
mesh into 50-ml tubes and used for downstream applications.

Bioenergetics measurements

The analysis was performed using the Seahorse XFe96 (Agilent Technol-
ogies) adapting a protocol fromvan der Windt et al.**. In brief, freshly
extracted single cells from the adipose tissue were plated in techni-
cal triplicates in a poly-D-lysine-coated XF cell culture microplate in
XF Base Medium Minimal DMEM (Agilent Technologies) supplemented
with glucose 10 mM, pyruvate 1 mM and L-glutamine 2 mM (180 pl
final well volume). Cells were acclimated for 60 min at 28 °C after
spinningdownfor5 minat400 r.c.f.beforemeasurements. The Seahorse
XF Cell Mito Stress Test kit (Agilent Technologies) was used to assess
mitochondrial function. OCR and ECAR were measured at 28 °C
under basal conditions and after drug injections. The drug injection
order and final well concentration were (1) oligomycin 2 uM, (2) FCCP
0.5 uM and (3) rotenone/antimycin A 0.5 uM. Each measurement
was performed three times, with a mix for 3 min, wait for 2 min and
measure for 3 min. OCR and ECAR values were normalized to total
protein concentration.

Total RNA extraction and qPCR analysis

Killifish tissues were thawed in RLT buffer (QIAGEN) with 1% 3-ME v/v
and mechanically crushed in a mortar and pestle. They were crushed
by plastic beads using Tissue Lyser LT (QIAGEN) at 50 oscillations per
second for15 minat4 °C.Samples were then allowed to settle for 15 min
onice before centrifugation at 16,000 r.c.f. for 10 min at 4 °C. The
supernatant was collected for subsequent RNA extraction using the
RNeasy Mini kit (QIAGEN) according to the manufacturer’sinstructions.
The optional DNase step was always performed using the RNase-Free
DNase Set kit (QIAGEN) according to the manufacturer’sinstructions.
The concentration and purity of the RNA were measured by NanoDrop.
cDNA was generated using iScript (Bio-Rad). qPCR with reverse tran-
scription was performed with Power SYBR Green (Applied Biosystems)
ona ViiA7Real-Time PCR System (Applied Biosystems). Four technical
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replicates were averaged for each sample per primer reaction. EIF3C
was used as aninternal control for killifish samples, B-actin for human
samples (Supplementary Table 2 details primers sequences).

Transcriptomic profiling and computational analysis

VAT from fully fed or fasted male fish was collected for expression pro-
filing. To reduce possible batch effects or variability due to circadian
rhythms, fish were killed all at once within 2 hin the early afternoon.
Collected tissues were snap-frozen in liquid nitrogen and stored at
-80 °C.RNA extraction of all samples was performed at the same time.
About 1 pg of total RNA was used per sample for library preparation.
The ribosome removal step was conducted using the RiboZero rRNA
removal kit (Illumina). The sequencing was performed on Illumina
HiSeq4000 sequencing system (~30 million reads per sample) using
a paired-end two x 100-nt sequencing protocol. After removal of
rRNA and tRNAs, reads were pseudo aligned to the reference genome
(Nfu_20140520) using Kallisto (v.0.45.0)%. Genes with fewer than ten
overall reads were removed. After normalization of read counts by
making use of the standard median ratio for estimation of size factors,
pairwise differential gene expression was performed using DESeq2
(v.1.24.0)°°. The log, fold changes were shrunk using approximate
posterior estimation for GLM coefficients. The KEGG pathway analysis
of significant genes was performed using ShinyGO v.0.76.2 (ref. 67).
An FDR value < 0.05 was considered to be significant. Hierarchical
clustering was calculated using FLASKI (https://flaski.age.mpg.de/).

Blood glucose, triglyceride and free fatty acid quantification
Killifish were killed by rapid chilling and then transferred on a piece
of gauze to carefully dry off their body. A smallincision on the lateral
side nearby the caudal fin was made using a steel blade. The incision
was deep enough to penetrate skin and muscle and reach the aorta
torelease theblood. Then, 2 plblood was immediately used to deter-
mine blood glucose concentration (mg dI™) using the glucometer
Accu-check guide (Roche). In contrast, 8 pl was used to determine
blood TG concentration (mg dI™") using Accutrend-plus (Roche).
The excess blood was collected in a 1.5-ml tube. To avoid hemolysis
and coagulation, blood was immediately mixed with 0.5 v/v heparin
(3 mgml™in1x PBS)and kept onice for 5-10 min. Samples were then
centrifuged for 10 min at 8,000 r.c.f. Afterwards, the plasma was col-
lected, transferred to anew1.5-ml tube and used directly for analysis or
flash-frozeninliquid nitrogen and stored at -80 °C. Then, 8 pl plasma
was used to determine NEFA concentrations using the Free Fatty Acid
Quantitation Kit (Sigma, MAK044) according to the manufacturer’s
instructions. NEFA values were expressed as nmol per plasma total
protein concentration.

Western blot analysis

RIPA buffer supplemented with cOmplete Protease Inhibitor
(Roche) and PhosSTOP (Roche) was used for total protein extraction.
Samples were lysed in RIPA buffer using Bioruptor Sonication System
(Diagenode) for 20 min, thenkept onice for another 15 min. Afterwards,
samples were centrifuged for 10 minat maximum speed to remove cell
debris and the supernatants were transferred to new tubes. Protein
concentration was estimated using micro-BCA Protein Assay kit
(Thermo Fisher Scientific). Protein samples were then heated to 75 °C
for 15 min in 2x Laemmli buffer with 0.9% 2-mercaptoethanol. Next,
20-25 pg of protein per sample was loaded on 4-15% MiniPROTEAN
TGXTM Precast Protein Gels (Bio-Rad), and electrophoresis was per-
formed at constant voltage of 200 V for about 30-40 min. After gel
separation, proteins were transferred on nitrocellulose membranes
using Trans-Blot TurboTM Transfer System (Bio-Rad) and blocked
for1hwith 5% BSA in 1x TBST. Afterwards, the membranes were incu-
bated overnight with primary antibodies and for 1 h with the second-
ary antibody. Imaging and signal quantification of the membranes
was performed with ChemiDoc Imager (Bio-Rad, software, Image Lab

v.6.1). Western Lightning Plus Enhanced Chemiluminescence Substrate
(PerkinEImer) was used as the chemiluminescence reagent. The fol-
lowing details the antibodies and relative dilutions used in this study.
Total AMPKa (CST, 2532; 1:1,000 dilution), phospho(Thr172)-AMPKa
(CST, 2535;1:1,000 dilution), total AMPK3 (CST, 4150; 1:1,000 dilution),
total-ACC (CST, 3676;1:500 dilution), phospho(Ser79)-ACC (CST, 3661;
1:1,000dilution), y2 (Invitrogen, PA522331;1:1,000 dilution), OXPHOS
cocktail (Abcam, ab110413; 1;1,000 dilution), anti-a-tubulin (Sigma,
T9026;1:10,000 dilution), total ribosomal S6 (CST, 2317,1:1,000 dilu-
tion), phospho(ser235) S6 (CST, 2211, 1:1,000 dilution), anti-mouse
HRP (Thermo Fisher, G-21040; 1:5,000 dilution) and anti-rabbit HRP
(Thermo Fisher, G-21234;1:5,000 dilution).

Lifespan analysis

All eggs used for survival analysis were collected daily from aged-
matched parents within 10 d. After hatching, larvae were housed
together (four larvae per 1.1-1 tank) until they reached 3 weeks of age,
thenthey were single-housed in 2.8-1tanks for the remaining lifespan.
Fish mortality was scored starting in the sixth week when sexual matu-
ration was fully reached. At this point, fish exhibiting reduced size,
incomplete sexual maturation or body malformations were removed
from the cohorts. Both males and females were used for the experi-
ments. Fish were examined daily for signs of ill health. Senescent fish
(>28 weeks) that showed signs of distress such as severe lethargy,
anorexia or advanced sarcopenia were killed for humane reasons.
The age at which anill fish was killed was taken as the last available
estimate of its natural lifespan. Survival curves were calculated using
the Kaplan-Meier estimator. Statistical significance was calculated
by the log-rank test.

Patient population and isolation of human PBMCs

The study recruited participants >65 years of age who presented to the
emergency department at the University Hospital Cologne. Approval
was obtained from the institutional review board of the University of
Cologne (EK20-1346 and EK19-1275) and written informed consent
was obtained from all patients. The study was conducted in accord-
ance with the Declaration of Helsinki and the good clinical practice
guidelines by the International Conference on Harmonization and was
registered in the German Clinical Studies register (DRKS00024592
and DRKS00017365).

In brief, heparinized whole blood was diluted 1:1 with PBS in
sterile conditions and transferred to a Leucosep tube (Greiner Bio-One,
cat no. GREI163290_500). Following centrifugation, a layer of
PBMCs became visible and was carefully aspirated. PBMCs were then
counted and assessed for viability using Trypan blue staining. Subse-
quently, PBMCs were cryopreserved in liquid nitrogen.

RNA extraction from human PBMCS

Aliquots of1x 10° viable PBMCs were thawed on ice. RNA was extracted
employing a bead-based approach on a KingFisher Flex Magnetic
Particle Processor (Thermo Fisher) using the MagMAX mirVana
Total RNA Isolation kit (Thermo Fisher, A27828) according to the
manufacturer’s instructions. The concentration and purity of the
RNA were measured by NanoDrop.

MPI

The MPI was calculated based on a comprehensive geriatric assess-
ment. The MPlincluded clinical, cognitive, functional, nutritional and
social parameters and was carried out using six standardized scales
(ESS, IADL, ADL, CIRS, MNA-SF and SPMSQ), as well as information
on the NM and social support network, for a total of 63 items in eight
domains. An MPI was calculated from CGA as described previously,
expressing it as a score from O to 1, being subdivided into three MPI
groups, where MPI-1 (robust), 0-0.33; MPI-2 (pre-frail), 0.34-0.66;
and MPI-3 (frail), 0.67-1.0.
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Statistics and reproducibility

The specific sample sizes can be found in the figure legends. We did
not use astatistical method to predetermine the sample size; however,
they are consistent with those reported in previous studies on the
same topic*°"°*¢2_ Fish were indiscriminately allocated to groups
for all experiments and no data were excluded from our study. For
pairwise analyses, data distribution was never assumed to be normally
distributed and statistical tests were conducted using nonparametric
methods (Mann-Whitney U-test). Inthe case of multiple comparisons,
we used aone-way ANOVA with Tukey’s post hoc correction for normally
distributed data and aKruskal-Wallis test with a Dunn’s post hoc test for
data presumed to deviate from normality. A significance threshold of
P <0.05was applied consistently throughout the study. All histological
and survival analyses were conducted in ablinded manner.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allraw RNA-sequencing data can be found in the SRA database under
BioProjectID PRJNA817434. Source data are provided with this paper.
The reference killifish genome used in this study is Nfu_20140520.
All raw RNA-sequencing data for human samples can be found in the
GTEx database (https://gtexportal.org/home/datasets). All other data
underlying this study will be provided by the corresponding author
uponreasonable request.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig.1| Aging is associated with a fasting-like transcriptional
program (FLTP). a, b) KEGG pathway enrichment analysis of up- (a) and down-
regulated genes (b) in young fasted/fed fish with FDR values displayed on a
negative logl0 scale along the x-axis. ¢) qPCR analysis of top fasting-regulated
genesinyoungand old fish, young fed (n = 4), young fasted (n = 5), Old fed
(n=38),Old fasted (n = 5). Data values indicate fold change over the average value
of young samples. d) Food intake analysis performed at different age points. 7
weeks old n=9,8weeks old n=8,10 weeks old n=9,12 weeks old n = 9,16 weeks

oldn=7,18 weeks old n=7,21 weeks old n = 5. e) Blood glucose measurements
of youngand old fish under feeding or fasting regime, Y-fed n =4, Y-fastedn =4,
O-fed n =35, O-fasted n =5. f) Fulton’s index analysis in young and old killifish
either fed or fasted. Y-fed n =10, Y-fasted n = 8, O-fed n = 7, O-fasted n = 8. Datain
c-fare presented as mean +S.D. Significance was obtained by two-way ANOVA
followed by Sidak multiple comparison testin c, e, and f, by one-way ANOVA
followed by Tukey’s post hoc testind.
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Extended Data Fig. 2| Nutritional-dependent regulation of AMPK y subunits
mRNAs in different tissues. a-c) Log2 fold change of Prkagl and Prkag2
relative expression upon fasting (0, 18, 24,48, and 72 h) and refeeding (72 h of
fasting followed by 6 and 24 h of refeeding) in the intestine, muscle, and liver
in7 weeks old fish, n = 4 fish/group. Data values indicate fold change over the
average value of ad libitum fed control animals (A.L.). d-f) Log2 fold change of
Prkagl and Prkag2 relative expression upon fasting (48 h) and refeeding (48 h of
fasting followed by 24 h of refeeding) in young (7 weeks old, solid lines) and old
individuals (18 weeks old, dashed lines), n = 4 fish/group. Data values indicate

S
(2} 1)
E K

fold change over the average value of young fed control animals (A.L). g-h)
Representative immunoblot and relative quantification showing the expression
of P-ACC, total-ACC, in the adipose of 7 weeks (n = 8) and 18 weeks (n = 8) wild
typefish. i) Representativeimmunoblot showing the expression of P-ACC, total-
ACCinthe adipose of 7 weeks under feeding (n = 3) and fasting conditions (n = 3).
Dataina-fand h are presented as mean + S.D. data. Significance was obtained

by one-way ANOVA followed by Tukey’s post hoc test in a-c, two-way ANOVA
followed by Sidak multiple comparison test in d-f, by two-tailed Mann-Whitney
Utestinh.
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Extended Data Fig. 3| Sustained activation of the AMPKy1 complex prevents
FLTP. a) Generation of a CRISPR Prkagl mutant line. Location of the sgRNA
targeting Prkagl exon 4 (Top). Green highlights the precise editing of DNA exon 4
sequence. Protospace adjacent motif (PAM) is indicated in red. b) Evolutionarily
conserved AMPK yl amino acid sequence between humans, mice, and killifish.
Red highlights the critical amino acid residue R70 (R68 in killifish). ¢, d)
Representative Western blots and densitometric analysis of phospho-Thr172-
AMPKa, total-AMPKa, phospho-S79-ACC, total-ACC, in 18 weeks old killifish

KEGGs old UBLY, 740,

adipose tissue under normal fed conditions. Old wild-type n =3, UBL:y;0q N =4,
and Yl ;o N = 4. a-tubulin was used as aloading control. e) Fasting-responsive
genesin young and old UBL:y, gy, fish (FDR < 0.05) f) Venn diagram depicting the
overlap of KEGG pathways differentially regulated by fasting in young wild-type,
young Ubi:y;gzoq), 01d Ubi:y;gs0q) fish (hypergeometric test two tailed P =1.2e-12).
h) Dataind are presented as mean + S.D. Significance was obtained by one-way
ANOVA followed by Tukey’s post hoc testind.
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metabolism late in life. a) KEGG pathway enrichment analysis of differentially Ylgs0q N =4.€) mtDNA contentinold wild-type (n = 6), UBL:y, g0 (n = 6), and
regulated genes comparing old to young fed UBL:y;g;0q) fish with FDR values Ylgs0q (n=6)lines. Datainb, d, and e are presented as mean + S.D. Significance
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Representative Western blots and densitometric analysis of the mitochondrial
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Extended Data Fig. 5| Sustained activation of AMPKy1 promotes metabolic
health and longevity. a) Z score heat map of genes involved in lipid and glucose
handling. b) Body weight comparison in 18 weeks old wild-type (n =15), UBL: ;700
(n=15), and y,z0q) (n =15) fish. ¢) Food consumption monitored over a weekin

18 weeks old fish. Each dot represents the average value of pellets eaten/body
weight by each fish. Old wild-type n =6, UBL: ;s0q N = 6, and Ylg;oq n=7.d) 3D
Micro-CT analysis of whole-body composition in wild-type killifish. Visceral
fatisindicated in blue, subcutaneous fatinred, and eggsin yellow. e) Micro-CT
scan quantification of visceral fat in 18 weeks old fed wild-type and mutant lines
(both sexes). Old wild-type males n = 4, UBLy,g70q males n =5, and ylg;q, males

n=4,0ldwild-type females n =5, UBL:y,s0q females n = 5, and y1 g;q females

n = 3.f) Visceral fat quantification (mg of fat/body weight) of 18 weeks old wild-
type (n =12), UBL:y,gs0q) (N =15), and y;z0q) (N = 20) male fish. g, h) Frequency
distribution of adipocyte area in 18-week-old wild-type, UBL:y,gs0q), and Yigz00)
fish, n =4 fish/group.i) Fasting (48 h) blood glucose levels (mg/dL) of 18 weeks
old negative transgenics (n = 15), UBL:y,gs0q) (N =12), and y ;7o) (N = 14) male fish.
Datainb-iare presented as mean + S.D. Significance was obtained by one-way
ANOVA followed by Tukey’s post hoc test in b-c-f-i, Two-way ANOVA followed by
Tukey’s post hoc testin E, and by two-tailed t-testin g-h.
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Extended Data Fig. 6 | Sustained activation of AMPKyl promotes longevity.
a) Survival analysis of GRZ-AD wild-type male and female single-housed fish.

b) Survival analysis of UBI:y; ;00 compared to wild-type male fish. ¢) Survival
analysis of UBL:y, 00 compared to wild-type female fish. d) Survival analysis of
Yirroq cOmpared to wild-type male fish. e) Survival analysis of y,gs0q compared to

O N 9
PS6/Tot-S6
relative abundance
wild-type female fish. f) Representative Western blots and densitometric analysis
of phospho and total ribosomal S6 in the adipose tissue of old fish. Old wild-type
n=4, UBLY,gs0q N=5,and ylg,q n=>5. Statistical analysis was calculated by two-
tailed log-rank in a-e, by one-way ANOVA followed by Tukey’s post hoc test inf.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| Human AMPK y1 expression is a proxy of healthin
older individuals. a) GEO2R analysis using DESeq2 was performed to assess the
expression of human PRKAGI and PRKAG2in subcutaneous adipose biopsies
obtained both before (2 hours, pre-fasting) and after (26 hours, post-fasting) a
fasting period, n =10. Data from Defour et al.”. b-f) Box-plots showing human

normalized PRKAG2 expression levels across age groups in decadal brackets. Box-

plot minimum is the smallest value within the interquartile range (IQR) below
the 25th percentile and maximumiis the largest value within the IQR above the
75th percentile. Box-plot center is the 50th percentile (median) and box bounds

are the 25th and 75th percentiles. Data are available in the GTEx Consortium
(GTExanalysis V8). For group numbers see Supplementary Table 1. g) Pearson’s
correlation between PRKAG2 expression and MPI score in males (blue dots)

and females (pink dots). The shadow represents the 95% confidence interval.

h, i) Pearson’s correlation between donor’s age and Prkagl (h) and PRKAG2 (i)
expression. j-q) Pearson’s correlation between PRKAG2 expression and MPI-
subdomains. The shadow represents the 95% confidence interval. Significance
was obtained by GEO2R calculated adjusted P-value (Benjamini & Hochberg) ina,
one-way ANOVA followed by Tukey’s post hoc test in b-f.
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Extended Data Fig. 8 | Generation of Prkagl mutant lines. a) Schematic
representation of the transposon integration mapping strategy. The red DNA
fragments represent the UBL:y, g0 €Xpression cassette, pink arrows represent
degenerate primers that anneal to unknown flanking genomic regions. b)
Representation of the Tol-2 expression cassette integration loci. ¢) Fin clip gPCR
analysis of Prkagl mRNA expression from fish with different copies of UBLy; g7
expression cassette. Each bar represents an independent biological replicate.
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(PAM)isindicatedinred. Dataind are presented as mean + SD. Significance was
obtained by two-tailed non-parametric Mann-Whitney U test.
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Statistics

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

Confirmed
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|Z| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|Z| 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
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
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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  No code for data collection was generated in this study.
Here follows the list of the commercially available softwares used for data collection:
Microscopy: Leica application suite X 3.5.7.23225:
Gel DNA immaging and western blots: BioRad-ChemiDoc MP, Image lab 6.1

Data analysis No code for data analysis was generated in this study
Here follows the list of the commercially available softwares used for data collection:
Statistical analysis: Graphpad Prism (9.0.0), Flaski (https://flaski.age.mpg.de/)
Histological quantifications: Imagej/Fiji (version 2.0/1.52p), Adiposoft (1.16)
Transcriptomic analysis: Kallisto (0.45.0), DESeq2 (1.24.0), ShinyGO (0.76.2), Flaski (https://flaski.age.mpg.de/)
MicroCT scan analysis: NRrecon software (Bruker), CTAn software (Bruker)

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

There are no restrictions on data availability. Source data are provided with this paper. RNA-seq data can be found in the SRA database, bioProject ID:

PRINA817434.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender The human analyses were carried out both on males and females

Population characteristics All the recruited participants were > 65 years of age.

Recruitment

Ethics oversight

All internal medicine patients > 65 years of age presenting to the Emergency Department of the University Hospital Cologne
on a weekday between 9:00 am to 4:00 p.m. were screened consecutively by medically trained specialists with geriatric
training. In principle, all patients who meet these criteria and can provide written declaration of consent can be included
unless any of the following exclusion criteria are met. Exclusion criteria are persons unable to provide informed consent,
persons who are in a dependency / employment relationship with the auditors, persons who are a placed in an institution
based on a judicial or administrative order and persons who are unable to communicate in German. Patients who are unable
to provide consent due to decreased general condition at the time of presentation to the ER can still be enrolled if they are
admitted to the hospital and are able to provide consent within 7 days of initial presentation.

Thus, there are mainly two potential selection biases. Firstly, the group of people who are generally unwilling to participate in
clinical trials will be missed. Secondly, extremely sick patients who remain unable to provide consent within 7 days of initial
presentation will be missed. Both of these biases might be relevant when considering treatment interventions as part of the
clinical trial. However, they are most likely irrelevant to this study as we solely correlate biomolecular characteristics with
physical frailty but do not evaluate any kind of intervention.

Approval was obtained from the institutional review board of the University of Cologne (EK20-1346, EK19-1275), and written
informed consent was obtained from all patients.

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.

|Z| 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

The exact sample size can be found in the figure legends. No statistical methods were used to calculate sample sizes, however our sample
sizes are consistent with those reported in previous publications on the same topic:

Astre G, Atlan T, Goshtchevsky U, Oron-Gottesman A, Smirnov M, Shapira K, Velan A, Deelen J, Levy T, Levanon EY, Harel I. Genetic
perturbation of AMP biosynthesis extends lifespan and restores metabolic health in a naturally short-lived vertebrate. Dev Cell. 2023 Aug
7,58(15):1350-1364.e10. doi: 10.1016/j.devcel.2023.05.015. Epub 2023 Jun 14. PMID: 37321215.

Pollard AE, Martins L, Muckett PJ, Khadayate S, Bornot A, Clausen M, Admyre T, Bjursell M, Fiadeiro R, Wilson L, Whilding C, Kotiadis VN,
Duchen MR, Sutton D, Penfold L, Sardini A, Bohlooly-Y M, Smith DM, Read JA, Snowden MA, Woods A, Carling D. AMPK activation protects
against diet induced obesity through Ucpl-independent thermogenesis in subcutaneous white adipose tissue. Nat Metab. 2019
Mar;1(3):340-349. doi: 10.1038/s42255-019-0036-9. Epub 2019 Feb 25. PMID: 30887000; PMCID: PMC6420092.

Yavari A, Stocker CJ, Ghaffari S, Wargent ET, Steeples V, Czibik G, Pinter K, Bellahcene M, Woods A, Martinez de Morentin PB, Cansell C, Lam
BY, Chuster A, Petkevicius K, Nguyen-Tu MS, Martinez-Sanchez A, Pullen TJ, Oliver PL, Stockenhuber A, Nguyen C, Lazdam M, O'Dowd JF,
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Harikumar P, Téth M, Beall C, Kyriakou T, Parnis J, Sarma D, Katritsis G, Wortmann DD, Harper AR, Brown LA, Willows R, Gandra S, Poncio V, de
Oliveira Figueiredo MJ, Qi NR, Peirson SN, McCrimmon RJ, Gereben B, Tretter L, Fekete C, Redwood C, Yeo GS, Heisler LK, Rutter GA, Smith
MA, Withers DJ, Carling D, Sternick EB, Arch JR, Cawthorne MA, Watkins H, Ashrafian H. Chronic Activation of y2 AMPK Induces Obesity and
Reduces B Cell Function. Cell Metab. 2016 May 10;23(5):821-36. doi: 10.1016/j.cmet.2016.04.003. Epub 2016 Apr 28. PMID: 27133129;
PMCID: PMC4873618.

Hartmann N, Reichwald K, Wittig |, Drose S, Schmeisser S, Lick C, Hahn C, Graf M, Gausmann U, Terzibasi E, Cellerino A, Ristow M, Brandt U,
Platzer M, Englert C. Mitochondrial DNA copy number and function decrease with age in the short-lived fish Nothobranchius furzeri. Aging
Cell. 2011 Oct;10(5):824-31. doi: 10.1111/j.1474-9726.2011.00723.x. Epub 2011 Jun 27. PMID: 21624037.

Martin-Montalvo A, Mercken EM, Mitchell SJ, Palacios HH, Mote PL, Scheibye-Knudsen M, Gomes AP, Ward TM, Minor RK, Blouin MJ, Schwab

M, Pollak M, Zhang Y, Yu Y, Becker KG, Bohr VA, Ingram DK, Sinclair DA, Wolf NS, Spindler SR, Bernier M, de Cabo R. Metformin improves
healthspan and lifespan in mice. Nat Commun. 2013;4:2192. doi: 10.1038/ncomms3192. PMID: 23900241; PMCID: PMC3736576.

Data exclusions | No data were excluded from our analysis

Replication The precise number of biological replicates, which corresponds to the number of individual fish or human samples used for each experiment
in the study, is consistently provided in the figure legends.
All fish experiments were replicated at least twice using an independent cohort of fish to rule out batch effects

Transcriptomic data were generated through a single experiment but were consistently validated using gPCR on an independent cohort of
fish.

Randomization | Fish were indiscriminately allocated to groups for all experiments in this study.

Blinding Histological and survival analyses were conducted blindly.

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.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
& Antibodies & |:| ChlIP-seq
|:| Eukaryotic cell lines & |:| Flow cytometry
|:| Palaeontology and archaeology & |:| MRI-based neuroimaging

& Animals and other organisms

& Clinical data

NOOXXOS

D Dual use research of concern

Antibodies

Antibodies used Rabbit anti-total AMPKa (CST:2532; 1:1000)
Rabbit anti-phospho(Thr172)-AMPKa (CST:2535; 1:1000)
Rabbit anti-total AMPKB (CST:4150;1:1000)
Rabbit anti-total-ACC (CST:3676; 1:500)
Rabbit anti-phospho(Ser79)-ACC (CST:3661; 1:1000)
Rabbit anti-y2 (Invitrogen: PA522331; 1:1000)
Mouse anti-alpha-tubulin (Sigma:T6074; 1:10000)
Anti-mouse HRP (Thermofisher: G-21040; 1:5000)
Anti-rabbit HRP (Thermofisher: G-21234; 1:5000)
Rabbit anti-L-plastin (Genetex: GTX124420; 1:400)
Total-ribosomal S6 (CST:2317, 1:000)
Phospho(ser235) S6 (CST:2211, 1:1000)
OXPHOS cocktail (Abcam:ab110413;1;1000)

Validation All the antibodies related to the AMPK subunits components were validated in this study using the AMPK gamma1l K.O line:

Previous studies in mice have demonstrated that genetic ablation of the gammal subunit results in a significant reduction of the beta
and alpha subunits, while the gamma2 subunit remains largely unaffected:

Foretz M, Hébrard S, Guihard S, LeclercJ, Do Cruzeiro M, Hamard G, Niedergang F, Gaudry M, Viollet B. The AMPKy1 subunit plays an
essential role in erythrocyte membrane elasticity, and its genetic inactivation induces splenomegaly and anemia. FASEB J. 2011
Jan;25(1):337-47. doi: 10.1096/fj.10-169383. Epub 2010 Sep 29. PMID: 20881209.
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An H, Wang Y, Qin C, Li M, Maheshwari A, He L. The importance of the AMPK gamma 1 subunit in metformin suppression of liver
glucose production. Sci Rep. 2020 Jun 26;10(1):10482. doi: 10.1038/s41598-020-67030-5. PMID: 32591547; PMCID: PMC7320014.

Consistently, we established a gammaZl-/- killifish line, and through Western blot analysis, we observed a substantial decrease in the
alpha and beta subunits, while the gamma2 subunit remained unaffected. Notably, all protein bands exhibited the expected
molecular weights, in line with the in silico predictions for this species.

P-ACC and Total ACC, P-S6 nad total P-S6 antibodies were previously validated in:

Astre G, Atlan T, Goshtchevsky U, Oron-Gottesman A, Smirnov M, Shapira K, Velan A, Deelen J, Levy T, Levanon EY, Harel I. Genetic
perturbation of AMP biosynthesis extends lifespan and restores metabolic health in a naturally short-lived vertebrate. Dev Cell. 2023
Aug 7;58(15):1350-1364.e10. doi: 10.1016/j.devcel.2023.05.015. Epub 2023 Jun 14. PMID: 37321215.

L-plastin antibody was validated in:

Van Houcke J, Marién V, Zandecki C, Vanhunsel S, Moons L, Ayana R, Seuntjens E, Arckens L. Aging impairs the essential contributions

of non-glial progenitors to neurorepair in the dorsal telencephalon of the Killifish Nothobranchius furzeri. Aging Cell. 2021
Sep;20(9):e13464. doi: 10.1111/acel.13464. Epub 2021 Aug 24. PMID: 34428340; PMCID: PMC8441397.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Nothobranchius furzeri wild type strain: GRZ-AD, genders: both, age: 7-8 weeks (young adults), 18-20 weeks (old)

Nothobranchius furzeri Ubi:gammal(R70Q), genders: both, age: 7-8 weeks (young adults), 18-20 weeks (old)

Nothobranchius furzeri Gammal1(R70Q), genders: both, age: 7-8 weeks (young adults), 18-20 weeks (old)

Nothobranchius furzeri Prkagl-/-, genders: males, age: 7-8 weeks (young adults)

No wild animals were used in the study

All the experiments were conducted on males only except for survival analyses and fat measurements, where bot sexes were used.

No filed collected samples were used in the study

Animal experimentation was approved by "Landesamt flr Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen”:
81-02.04.2019.A055.

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

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration

Study protocol

Data collection

Outcomes

German Clinical studies Register DRKS00017365 and DRKS00024592

Detailed study protocol can be found at https://drks.de/search/download/
attachment;jsessionid=273419FA283DF84D4353AE8522E45A29reference=ba3f4e59-110e-4095-99b4-a4a4813dded9

Monocentric study at University Hospital Cologne, Germany. Start of study: 01.06.2020. Planned number of participants: 1000. No
predetermined end date of the study. The study will be completed once sufficient participants have been included.

The human biomaterial analysed for this study was obtained from patients participating in both of the above-mentioned clinical
studies. DRKS00017365 examines the prospective outcome of elderly patients presenting to the emergency room in correlation with
frailty assessments. The primary and secondary endpoints of this study, outlined below, are explained in detail in the trial registration
entry in the German Clinical Trials Register (DRKS00017365). However, these endpoints are not part of the manuscript at hand. The
manuscript at hand primarily describes results of the second study, DRKS00024592, which provides biosamples and uses them to
elucidate biomolecular characteristics of ageing (as described in the respective entry in the German Clinical Trials Register). The
endpoint of DRKS00024592 is exploratory in nature (biomolecular characterization of aging in human biosamples).

However, DRKS00017365 is also mentioned since —in the manuscript at hand - the biomolecular results are correlated with the
multiparametric prognostic index (MPI), obtained in DRKS00024592. The assessment of clinical characteristics used for the
correlation analysis — namely the multidimensional prognostic index (MPI) — is described in depth in the methods section of this
study.

Primary endpoint: Rehospitalization days after 12 months as part of a telephone follow-up
Secondary endpoint:

1. rehospitalization, reason for rehospitalization

2. mortality
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3. implementation of geriatric recommendations in further treatment
4. VAS quality of life (EQ-5D-5L)

5. geriatric depression scale (GDS)

6. number of precautionary measures (health care proxy, living will)
7. degree of care

8. use of care service provision

9. use of nursing home accommodation

10. number of medications

11. number of falls

12. nutrient ratio of the diet and food group balance (through Freiburg Nutrition Protocol)
13. multidimensional prognostic index (MPI)
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