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Abstract

The identification of conserved genes and pathways that regulate lifespan but also

healthspan has resulted in an improved understanding of the link between nutrients,

signal transduction proteins, and aging but has also provided evidence for the exis-

tence of multiple “longevity programs,” which are selected based on the availability

of nutrients. Periodic fasting and other dietary restrictions can promote entry into a

long‐lasting longevity program characterized by cellular protection and optimal func-

tion but can also activate regenerative processes that lead to rejuvenation, which

are independent of the aging rate preceding the restricted period. Thus, a “juventol-
ogy”‐based strategy can complement the traditional gerontology approach by focus-

ing not on aging but on the longevity program affecting the life history period in

which mortality is very low and organisms remain youthful, healthy, and fully func-

tional.
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1 | NUTRITION, GENES, AND
HEALTHSPAN

Simple organisms have served as valuable models to understand the

fundamental connection between nutrients and the genes that regu-

late cellular protection and aging. In E. coli, S. cerevisiae, and C. ele-

gans, starvation, the most severe form of dietary restriction, causes a

major lifespan extension (Longo & Mattson, 2014). In the yeast

S. cerevisiae, the effect of the deficiency in amino acids, particularly

serine, threonine, and valine but also methionine on Tor‐S6 kinase

and other nutrient signaling pathways, explains part of the pro‐long-
evity effects of starvation (Johnson & Johnson, 2014; Mirisola et al.,

2014; Ruckenstuhl et al., 2014). Reduction in glucose levels and the

consequent down‐regulation of Ras‐PKA signaling are also key

changes mediating the fasting‐dependent effects on yeast aging

(Longo & Mattson, 2014). In mammals, nutrient signaling is much

more complex than in yeast, but the fundamental role of macronutri-

ents in accelerating aging may be conserved. In fact, deficiency in

methionine and other amino acids can reduce growth hormone

signaling and consequently the levels of the insulin‐like growth fac-

tor 1 (IGF‐1) but also the activity of the mTor‐S6 Kinase pathway

analogously to what has been shown in yeast. Not surprisingly, pro-

tein or amino acid restriction also extends longevity in flies and mice

and recent epidemiological studies indicate that it can reduce the

risk of cancer and overall mortality in humans (Grandison, Piper, &

Partridge, 2009; Levine et al., 2014; Miller et al., 2005; Song et al.,

2016).

These conserved effects of protein/amino acids restriction on

longevity are consistent with the reduced morbidity phenotype in

both mice and humans with defects in the pathways they activate

including growth hormone receptor (GHRD) signaling, whose inacti-

vation causes protection from both cancer and diabetes (Bartke, Sun,

& Longo, 2013; Guevara‐Aguirre et al., 2011). Mice with GH or GHR

deficiency also display an over 40% longevity extension, which has

not yet been determined for human GHRDs (Bartke & Brown‐Borg,
2004). Because mammalian GHRD model organisms are born with

this mutation, it is possible that a significant portion of the longevity
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phenotype is due to developmental effects of the mutation, particu-

larly considering that methionine restriction early in life can result in

lifespan extension. However, rapamycin, calorie restriction, or peri-

odic cycles of a Fasting Mimicking Diet (FMD) started at middle age

can extend both longevity and healthspan probably at least in part

by inhibiting GH‐IGF‐1 and/or mTor‐S6K signaling (Brandhorst et al.,

2015; Colman et al., 2009, 2014 ; de Cabo, Carmona‐Gutierrez, Ber-
nier, Hall, & Madeo, 2014; Harrison et al., 2009; Mattison et al.,

2017, 2012 ; Miller et al., 2011), strongly suggesting that the

involvement of these pro‐growth genes in the acceleration of the

aging process can be independent of developmental effects.

2 | PROGRAMMED LONGEVITY AND
JUVENTOLOGY

Many theories have been proposed to explain the aging process

ranging from the free radical theory of aging, to the disposable soma,

and antagonistic pleiotropy theories. These were formulated to

explain why organisms age and are consistent with the acceleration

of damage and dysfunction as the force of natural selection declines.

However, we can also consider aging to be the result of the end or

at least of a partial inactivation of a “longevity program” whose

scope is to maintain the organism young (Longo, Mitteldorf, & Sku-

lachev, 2005). This is distinct from the more controversial “pro-
grammed aging” theory, in which the aging process has been

selected to provide both genetic variability and the nutritional

resources to promote fitness (Fabrizio et al, 2004; Herker et al,

2004). Although the existence a longevity program is very much con-

sistent with the natural selection theory and may appear to be just

another way to explain aging, it is not because it relates less to

senescence and much more to a series of protection, repair, and

replacement events aimed at keeping the organism young. I propose

that this field can be termed “juventology” (the study of youth) from

the Latin iuventus or “the age of youth.”
For example, we know that S. cerevisiae grown in glucose med-

ium can survive for ~6 days in a relatively low protection mode.

However, when it is switched to water, stress resistance can

increase several folds as does lifespan but also the period in which

cells are able to reproduce and form colonies (Longo et al., 2005).

Thus, there are clearly at least 2 longevity programs that can be

selected by yeast cells and which are entered based on the type and

level of nutrients in the medium. This is a fundamental distinction

from the “aging‐centered” view for two reasons: (a) A longevity pro-

gram based on the understanding of juventology, such as the alter-

native lifespan programs entered in response to fasting, may be

independent or partially independent of aging. For example, the use

of drugs and periodic fasting, both of which target the mTor‐S6K
and PKA pathways, can promote regeneration and rejuvenation.

Thus, an organism could be aging at a higher rate and yet have a

longer healthspan and lifespan by periodically activating regenerative

and rejuvenating processes and (b) by shifting the focus from “old or

older age” in which dysfunction generates high morbidity and mor-

tality, to the period during which both morbidity and mortality are

very low and difficult to detect. For example, human diseases are

rare before age 40, but very common after age 65, yet no specific

field of science is focusing on how evolution resulted in a program

that is so effective for the first 40 years of life and how that pro-

gram may be extended by dietary, pharmacological, or other inter-

ventions. Although developmental biology can include this important

field, its focus is on the embryo to adult stage. Thus, juventology

complements both gerontology and developmental biology by focus-

ing on the life history period when the force of natural selection is

high and function is maximized. This programmed longevity and

juventology view can also be helpful in identifying interventions that

can extend lifespan without promoting adverse effects. For example,

a significant portion of aging research is focused on the effect of

free radicals and other oxygen species on macromolecular damage

and on the search of antioxidant enzymes and drugs that can coun-

ter these effects. Although there is no doubt that free radicals are

among the most potent pro‐aging molecules, treatments with rapa-

mycin, spermidine, metformin, and NAD‐related molecules or dietary

restrictions have been proven to be the most effective in healthspan

extension. Instead of simply targeting specific toxic molecules which

can also have beneficial effects such as killing bacteria or cancer

cells, the most successful pro‐longevity interventions force the

organism into alternate survival phases characterized by the regula-

tion of hundreds of proteins. This is not surprising since they also

affect free radical damage by activating existing and highly coordi-

nated programs that increase cellular protection, repair, and regener-

ation evolved to respond to starvation conditions or other insults

(Brandhorst et al., 2015; Cheng et al., 2014; Colman et al., 2009,

2014; Harrison et al., 2009; Longo & Mattson, 2014; Madeo, Eisen-

berg, Pietrocola, & Kroemer, 2018; Mattison et al., 2017; Miller

et al., 2011). In particular, either intracellular regeneration such as

that involving autophagy or stem cell‐based regeneration could

return the organism to a more youthful state independently of the

previous rate or level of oxidative damage.

3 | JUVENTOLOGY IN RESEARCH AND
MEDICINE

The juventology strategy could eventually play a central role in medi-

cine by complementing the targeting of specific enzymes or pro-

cesses with the targeting of the type of programs that allow

organisms to remain highly functional and able to reproduce. This

program allows yeast to live for 6 days but remain highly protected

for 3 days, and mice to live 2.5 years while remaining highly pro-

tected and functional for about 1 year . Thus, more research effort

could be devoted to extending the human youthspan period.

Although a major extension of youthspan may sound unrealistic, it

has already been achieved in mice, monkeys and possibly humans

treated with dietary restrictions, periodic fasting, pro‐longevity drugs,

or bearing specific mutations. However, because most studies focus

on lifespan and healthspan, we have very limited information on the

effect of these interventions on youthspan. In simple model organ-

isms, in which large populations can be studied, youthspan could be
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easily determined based on age‐specific mortality but also on the

measurement of macromolecular damage, stress resistance, cognitive,

and reproductive function. In mice and other mammals, youthspan

could be also measured by monitoring stress resistance, mortality,

fertility, and macromolecular damage, but these measurements could

be complemented by a new set of tests such as running speed and

other physical tests (Figure 1). These could partially overlap with

tests used to asses frailty in the elderly, but would have to be largely

modified to assess whether the function is still above the threshold

expected in a young or relatively young person. For example, walk-

ing speed could be replaced by running speed and grip strength by a

battery of strength tests assessing different muscle groups (Figure 1).

Important directions in this field include in‐depth studies of some

of the most remarkable examples of alternate longevity programs

leading to dramatic increases in lifespan such as the spore and dauer

phases in starved yeast and worms, respectively, or that entered by

the very long‐lived queen bees. In higher eukaryotes, it will also be of

great interest to understand how hibernation and the exit from hiber-

nation affect youthspan, longevity, and biological age. Clinical applica-

tions of this “youth”‐centered view could be focused on the

identification of drugs or dietary interventions that maximize not lifes-

pan or even healthspan, but the period of life when damage and even

loss of function is difficult to detect. For example, in humans the per-

iod in which health is maintained or “healthspan” can be 70 years or

higher, but “youthspan” or the period in which the individual's func-

tion is maximized and diseases are rare may only reach 40–50 years

(Figure 1). To achieve this goal, it will be important to clearly establish

the level of molecular damage and dysfunction that distinguishes the

period in which an individual remains relatively healthy from the per-

iod in which it remains young and fully functional.

4 | CONCLUSION

Periodic fasting and calorie restriction, by causing a decrease in both

proteins/amino acids and glucose levels, promote entry into a stress

resistance state which is characterized by the activation of cell

protection, regeneration, and rejuvenation processes. Both the pro-

tective and regenerative mechanisms are activated in part by the

down‐regulation of GH, IGF‐1, mTor‐S6K, and PKA signaling, leading

to healthspan extension. Because these states have evolved to with-

stand periods of starvation, they can be viewed as alternative long-

evity programs activated to achieve extended “youthspan.” Because

their ability to affect youthspan and healthspan can depend on peri-

odic cellular regeneration and autophagy in addition to chronic pro-

tection and repair, a juventology‐based approach can complement

the classic gerontology approach to focus on the earlier highly func-

tional period while also studying the later progressively dysfunctional

life history periods.

ACKNOWLEDGMENTS

This work was supported in part by the Associazione Italiana per la

Ricerca sul Cancro (AIRC, IG#17605 to V.D.L.) and by NIA/NIH

grants AG034906 and AG20642 to VDL.

CONFLICT OF INTEREST

Valter Longo has no conflict of interest related to this Commentary.

REFERENCES

Bartke, A., & Brown‐Borg, H. (2004). Life extension in the dwarf mouse.

Current Topics in Developmental Biology, 63, 189–225. https://doi.org/
10.1016/S0070-2153(04)63006-7.

Bartke, A., Sun, L. Y., & Longo, V. (2013). Somatotropic signaling: Trade‐
offs between growth, reproductive development, and longevity. Phys-

iological Reviews, 93(2), 571–598. https://doi.org/10.1152/physrev.

00006.2012.

Brandhorst, S., Choi, I. Y., Wei, M., Cheng, C. W., Sedrakyan, S., Navar-

rete, G., … Longo, V. D. (2015). A periodic diet that mimics fasting

promotes multi‐system regeneration, enhanced cognitive perfor-

mance, and healthspan. Cell Metabolism, 22(1), 86–99. https://doi.

org/10.1016/j.cmet.2015.05.012.

Cheng, C. W., Adams, G. B., Perin, L., Wei, M., Zhou, X., Lam, B. S., …
Longo, V. D. (2014). Prolonged fasting reduces IGF‐1/PKA to pro-

mote hematopoietic‐stem‐cell‐based regeneration and reverse

Gerontology/Healthspan
Focus:            Aging, dysfunction, 

stress sensitivity, disease, 
mortality

Age range:    Humans 65–120 years
Mice       18–36 months

Assessment: Disease incidence
Cognitive function
Frailty battery
Stress tests
Molecular/cellular 
studies

Juventology/Youthspan
Focus:            Youth, optimal function,    

stress resistance, 
disease-free state, very         
low mortality

Age range:    Humans 20–60 years
Mice:      2–16 months

Assessment: Disease-free period
Cognitive function
Performance battery
Stress tests
Molecular/cellular 
studies

Age
0 20 40 60 80 100 120

F IGURE 1 A comparison between the
age ranges, focus, and assessments related
to juventology and youthspan versus
gerontology and healthspan

LONGO | 3 of 4

https://doi.org/10.1016/S0070-2153(04)63006-7
https://doi.org/10.1016/S0070-2153(04)63006-7
https://doi.org/10.1152/physrev.00006.2012
https://doi.org/10.1152/physrev.00006.2012
https://doi.org/10.1016/j.cmet.2015.05.012
https://doi.org/10.1016/j.cmet.2015.05.012


immunosuppression. Cell Stem Cell, 14(6), 810–823. https://doi.org/
10.1016/j.stem.2014.04.014.

Colman, R. J., Anderson, R. M., Johnson, S. C., Kastman, E. K., Kosmatka,

K. J., Beasley, T. M., … Weindruch, R. (2009). Caloric restriction

delays disease onset and mortality in rhesus monkeys. Science, 325

(5937), 201–204. https://doi.org/10.1126/science.1173635.
Colman, R. J., Beasley, T. M., Kemnitz, J. W., Johnson, S. C., Weindruch,

R., & Anderson, R. M. (2014). Caloric restriction reduces age‐related
and all‐cause mortality in rhesus monkeys. Nature Communications, 5,

3557. https://doi.org/10.1038/ncomms4557.

de Cabo, R., Carmona‐Gutierrez, D., Bernier, M., Hall, M. N., & Madeo, F.

(2014). The search for antiaging interventions: From elixirs to fasting

regimens. Cell, 157(7), 1515–1526. https://doi.org/10.1016/j.cell.

2014.05.031.

Fabrizio, P., Battistella, L., Vardavas, R., Gattazzo, C., Liou, L. L., Gralla, E.

B., … Longo, V. D. (2004). Superoxide is a mediator of an altruistic

aging program in S. cerevisiae. Journal of Cell Biology, 1055–1067.
Grandison, R. C., Piper, M. D., & Partridge, L. (2009). Amino‐acid imbal-

ance explains extension of lifespan by dietary restriction in Droso-

phila. Nature, 462(7276), 1061–1064. https://doi.org/10.1038/nature
08619.

Guevara‐Aguirre, J., Balasubramanian, P., Guevara‐Aguirre, M., Wei, M.,

Madia, F., Cheng, C. W., … Longo, V. D. (2011). Growth hormone

receptor deficiency is associated with a major reduction in pro‐aging
signaling, cancer, and diabetes in humans. Science Translational Medi-

cine, 3(70), 70ra13. https://doi.org/10.1126/scitranslmed.3001845.

Harrison, D. E., Strong, R., Sharp, Z. D., Nelson, J. F., Astle, C. M., Flurkey,

K., … Miller, R. A. (2009). Rapamycin fed late in life extends lifespan

in genetically heterogeneous mice. Nature, 460(7253), 392–395.
https://doi.org/10.1038/nature08221.

Herker, E., Jungwirth, H., Lehmann, K. A., Maldener, C., Fröhlich, K. U.,

Wissing, S., … Madeo, F. (2004). Chronological aging leads to apop-

tosis in yeast. Journal of Cell Biology, 164(4), 501–507. https://doi.

org/10.1083/jcb.200310014

Johnson, J. E., & Johnson, F. B. (2014). Methionine restriction activates

the retrograde response and confers both stress tolerance and lifes-

pan extension to yeast, mouse and human cells. PLoS One, 9(5),

e97729. https://doi.org/10.1371/journal.pone.0097729.

Levine, M. E., Suarez, J. A., Brandhorst, S., Balasubramanian, P., Cheng, C.

W., Madia, F., … Longo, V. D. (2014). Low protein intake is associ-

ated with a major reduction in IGF‐1, cancer, and overall mortality in

the 65 and younger but not older population. Cell Metabolism, 19(3),

407–417. https://doi.org/10.1016/j.cmet.2014.02.006.

Longo, V. D., & Mattson, M. P. (2014). Fasting: Molecular mechanisms

and clinical applications. Cell Metabolism, 19(2), 181–192. https://doi.
org/10.1016/j.cmet.2013.12.008.

Longo, V. D., Mitteldorf, J., & Skulachev, V. P. (2005). Programmed and

altruistic ageing. Nature Reviews Genetics, 6(11), 866–872. https://doi.
org/10.1038/nrg1706.

Madeo, F., Eisenberg, T., Pietrocola, F., & Kroemer, G. (2018). Spermidine

in health and disease. Science, 359(6374), eaan2788. https://doi.org/

10.1126/science.aan2788.

Mattison, J. A., Colman, R. J., Beasley, T. M., Allison, D. B., Kemnitz, J.

W., Roth, G. S., … Anderson, R. M. (2017). Caloric restriction

improves health and survival of rhesus monkeys. Nature Communica-

tions, 8, 14063. https://doi.org/10.1038/ncomms14063.

Mattison, J. A., Roth, G. S., Beasley, T. M., Tilmont, E. M., Handy, A. M.,

Herbert, R. L., … de Cabo, R. (2012). Impact of caloric restriction on

health and survival in rhesus monkeys from the NIA study. Nature,

489(7415), 318–321. https://doi.org/10.1038/nature11432.
Miller, R. A., Buehner, G., Chang, Y., Harper, J. M., Sigler, R., & Smith‐Whee-

lock, M. (2005). Methionine‐deficient diet extends mouse lifespan, slows

immune and lens aging, alters glucose, T4, IGF‐I and insulin levels, and

increases hepatocyte MIF levels and stress resistance. Aging Cell, 4(3),

119–125. https://doi.org/10.1111/j.1474-9726.2005.00152.x.
Miller, R. A., Harrison, D. E., Astle, C. M., Baur, J. A., Boyd, A. R., de

Cabo, R., … Strong, R. (2011). Rapamycin, but not resveratrol or sim-

vastatin, extends life span of genetically heterogeneous mice. Journals

of Gerontology. Series A, Biological Sciences and Medical Sciences, 66(2),

191–201. https://doi.org/10.1093/gerona/glq178.
Mirisola, M. G., Taormina, G., Fabrizio, P., Wei, M., Hu, J., & Longo, V. D.

(2014). Serine‐ and threonine/valine‐dependent activation of PDK

and Tor orthologs converge on Sch9 to promote aging. PLoS Genetics,

10(2), e1004113. https://doi.org/10.1371/journal.pgen.1004113.

Ruckenstuhl, C., Netzberger, C., Entfellner, I., Carmona‐Gutierrez, D.,

Kickenweiz, T., Stekovic, S., … Madeo, F. (2014). Lifespan extension

by methionine restriction requires autophagy‐dependent vacuolar

acidification. PLoS Genetics, 10(5), e1004347. https://doi.org/10.

1371/journal.pgen.1004347.

Song, M., Fung, T. T., Hu, F. B., Willett, W. C., Longo, V. D., Chan, A. T.,

& Giovannucci, E. L. (2016). Association of Animal and Plant Protein

Intake With All‐Cause and Cause‐ Specific Mortality. JAMA Internal

Medicine, 176(10), 1453–1463. https://doi.org/10.1001/jamaintern

med.2016.4182.

How to cite this article: Longo VD. Programmed longevity,

youthspan, and juventology. Aging Cell. 2019;18:e12843.

https://doi.org/10.1111/acel.12843

4 of 4 | LONGO

https://doi.org/10.1016/j.stem.2014.04.014
https://doi.org/10.1016/j.stem.2014.04.014
https://doi.org/10.1126/science.1173635
https://doi.org/10.1038/ncomms4557
https://doi.org/10.1016/j.cell.2014.05.031
https://doi.org/10.1016/j.cell.2014.05.031
https://doi.org/10.1038/nature08619
https://doi.org/10.1038/nature08619
https://doi.org/10.1126/scitranslmed.3001845
https://doi.org/10.1038/nature08221
https://doi.org/10.1083/jcb.200310014
https://doi.org/10.1083/jcb.200310014
https://doi.org/10.1371/journal.pone.0097729
https://doi.org/10.1016/j.cmet.2014.02.006
https://doi.org/10.1016/j.cmet.2013.12.008
https://doi.org/10.1016/j.cmet.2013.12.008
https://doi.org/10.1038/nrg1706
https://doi.org/10.1038/nrg1706
https://doi.org/10.1126/science.aan2788
https://doi.org/10.1126/science.aan2788
https://doi.org/10.1038/ncomms14063
https://doi.org/10.1038/nature11432
https://doi.org/10.1111/j.1474-9726.2005.00152.x
https://doi.org/10.1093/gerona/glq178
https://doi.org/10.1371/journal.pgen.1004113
https://doi.org/10.1371/journal.pgen.1004347
https://doi.org/10.1371/journal.pgen.1004347
https://doi.org/10.1001/jamainternmed.2016.4182
https://doi.org/10.1001/jamainternmed.2016.4182
https://doi.org/10.1111/acel.12843

