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BACKGROUND:As the world population ages,
chronic diseases such as diabetes, cardiovas-
cular disease, cancer, and neurodegeneration
become ever more prevalent. Interventions that
favor healthy aging would constitute powerful
strategies with which to limit human diseases
that have a broad socioeconomic impact. Fast-
ing regimens such as intermittent fasting or
dietary adaptations such as caloric restriction
are among the few regimens that extend life
and beneficially affect health in all tested model
organisms, including rodents and nonhuman
primates. However, few people seem capable
of changing their dietary routines for extended
periods. Thus, supplementation with caloric
restriction mimetics (CRMs), which would
pharmacologically mimic the beneficial effects
of caloric restriction or fasting, has gained at-
tention as an attractive and potentially fea-
sible strategy. The naturally occurring polyamine
spermidine, the abundance of which declines
during the process of aging, has emerged as a
well-tolerable CRM targeting various molecular
and physiological age-associated adversities.

ADVANCES: Conceptually, healthy aging re-
quires the retardation of multiple molecular
and cellular alterations that drive the aging
process and induce age-associated pathologies.
These include genomic instability, epigenetic
alterations, loss of protein degradation capac-

ity (leading to neurodegeneration), deregulated
nutrient sensing, mitochondrial dysfunction,
cellular senescence, and chronic inflammation.
Spermidine displays pleiotropic effects that in-
clude anti-inflammatory properties, antioxidant
functions, enhancement of mitochondrial meta-
bolic function and respiration, as well as im-
proved proteostasis and chaperone activity.
Many anti-aging effects of spermidine are caus-
ally connected to the capacity of this polyamine
to induce cytoprotective autophagy. Autophagy
ensures general cell homeostasis and proteo-
stasis and is directly involved in the degrada-
tion of damaged, potentially toxic organelles
and harmful protein aggregates, thus removing
and recycling cytoplasmicmaterial that otherwise
would accumulate during aging. Consistently,
extra supply of spermidine prolongs the life
span across species in an autophagy-dependent
manner and counteracts age-associated pathol-
ogies such as cardiovascular disease, neuro-
degeneration, and cancer. For instance, dietary
spermidine supplementation ameliorates age-
induced memory impairment in flies and pro-
tects from autoimmune-directed demyelination
of neurons in a mouse model for multiple scle-
rosis. Spermidine also reduces the growth of
transplantable tumors, stimulates anticancer
immune surveillance in combination with
chemotherapy, and suppresses tumorigenesis
induced by chemical insults in mice. Moreover,

elevated dietary polyamine uptake correlates
with reduced cardiovascular and cancer-related
mortality in human epidemiological studies.
Because spermidine is already present in daily
human nutrition, clinical trials aiming at in-
creasing the uptake of this polyamine appear
feasible.

OUTLOOK: Although spermidine induces
autophagy and autophagy inhibition curtails
many of the health-promoting effects of sper-
midine, additional mechanisms have been
proposed to explain the beneficial effects
of spermidine on aging. These potentially
autophagy-independent mechanisms include
direct antioxidant and metabolic effects on
arginine bioavailability and nitric oxide (NO)
production. However, it has not been formally

determined whether these
routes act in a completely
autophagy-independent
manner or are interrelated
with autophagy (in an ad-
ditive or synergistic way)
(see the figure), and it will

be important to define actionable molecular
targets that explain the beneficial effects of
spermidine in diverse pathophysiological set-
tings. In this sense, it will also be of interest
to explore synergisms of spermidine with oth-
er CRMs that initially act through different
mechanisms.
Another unresolved enigma resides in the

tissue specificity of spermidine-induced health
effects. For instance, the mechanisms through
which oral spermidine intake can mediate sys-
temic effects on blood metabolites and proteins
remain to be elucidated. Similarly, it remains
elusive whether spermidine acts exclusively on
leukocytes to suppress chronic low-grade in-
flammation, and to what degree other organs
may explain the increased bioavailability of
arginine upon spermidine supplementation.
One strong argument in favor of the explo-

ration of spermidine as a CRM in clinical trials
is its low toxicity yet strong efficacy. Spermi-
dine is an abundant natural polyamine con-
tained in all organisms from bacteria to men
and is naturally present in reasonable but vary-
ing amounts in human diets. Nevertheless,
based on preclinical results, possible contra-
indications of spermidine administration such
as advanced cancer and renal failure have to
be defined. Last, it may be interesting to ex-
plore the development of artificial spermidine
analogswith increased potency or ameliorated
pharmacokinetic characteristics.▪
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Schematic outline of the mechanisms of spermidine-mediated health effects. The
natural polyamine spermidine has prominent cardioprotective and neuroprotective effects,
ameliorates aging-associated metabolic decline, and stimulates anticancer immunosurveil-
lance in animal models. Autophagy is required for several of these health-promoting effects of
spermidine. Spermidine also suppresses proinflammatory cytokines and improves the
bioavailability of arginine required for NO biosynthesis. It remains an open question whether all
these effects depend on the autophagy-stimulatory properties of spermidine.
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Interventions that delay aging and protect from age-associated disease are slowly
approaching clinical implementation. Such interventions include caloric restriction
mimetics, which are defined as agents that mimic the beneficial effects of dietary restriction
while limiting its detrimental effects. One such agent, the natural polyamine spermidine,
has prominent cardioprotective and neuroprotective effects and stimulates anticancer
immunosurveillance in rodent models. Moreover, dietary polyamine uptake correlates with
reduced cardiovascular and cancer-related mortality in human epidemiological studies.
Spermidine preserves mitochondrial function, exhibits anti-inflammatory properties, and
prevents stem cell senescence. Mechanistically, it shares the molecular pathways engaged
by other caloric restriction mimetics: It induces protein deacetylation and depends on
functional autophagy. Because spermidine is already present in daily human nutrition,
clinical trials aiming at increasing the uptake of this polyamine appear feasible.

A
s the world population ages, chronic mal-
adies such as diabetes, cardiovascular dis-
ease, cancer, and neurodegeneration become
ever more prevalent because life expectancy
is increasing at a quicker pace than does

health span (1). Interventions that favor healthy
aging could constitute powerful strategies to limit
human diseases that have a broad socioeconomic
impact. Caloric restriction (CR), which is defined
as the chronic reduction of calorie intake without
malnutrition, is among the few regimens that ex-
tend life and beneficially affect health in all tested
model organisms, including rodents and non-
human primates (2, 3). However, it is difficult to
set the optimal intensity of CR to avoid under-
nourishment and other unwanted effects, for
which reasons CR is contraindicated in elderly
and diseased persons (1, 4, 5). Moreover, only few
people seem capable of changing their dietary
routines for extended periods (6). Thus, the sup-
plementation of caloric restrictionmimetics (CRMs),
which would pharmacologically mimic the ben-
eficial effects of caloric or dietary restriction, has
gained attention as an attractive and potentially
feasible strategy (7).
Conceptually, healthy aging requires the at-

tenuation or retardation of several molecular and
cellular alterations that drive the aging process

and induce age-associated pathologies. These in-
clude genomic instability, telomere attrition, epi-
genetic alterations, loss of proteostasis, deregulated
nutrient sensing, mitochondrial dysfunction, cel-
lular senescence, stem cell exhaustion, chronic
inflammation, and altered intercellular commu-
nication (2, 8–10). Accordingly, regimens that
extend life span of model organisms often dis-
play pleiotropic effects that include but are not
limited to anti-inflammatory properties, enhance-
ment of mitochondrial metabolic function and
respiration, as well as improved proteostasis. This
holds true also for the application of CRMs, most
of which enhance cytoprotective autophagy (ex-
amples of CRMs are summarized in table S1),
although additional effects such as on energy
metabolism cannot be excluded (11). Autophagy
ensures general cell homeostasis and proteostasis
and is directly involved in the degradation of
damaged, potentially toxic organelles or long-
lived protein aggregates (12). Through controlled
sequestration of cytoplasmic material into double-
membraned autophagosomes, autophagy directs
macromolecules (including proteins, lipids, and
nucleic acids) or whole organelles to lysosomal
degradation. This process detoxifies and recycles
potentially harmful material that accumulates
during aging. Consistent with its protective func-
tion against aging and disease (13–15), autoph-
agy is also required for the life-span–extending
effects of CR and of several CRMs (2, 12). These
CRMs mostly induce autophagy via a common
mechanism that involves the deacetylation of
cytosolic as well as nuclear proteins (7, 16–19).
However, the molecular targets accounting for
these effects vary among CRMs. CRMs can act as
inhibitors of the synthesis of acetyl coenzyme A
(CoA), which is essential for enzymatically cata-
lyzed acetylation reactions, for direct inhibitors
of acetyltransferases, or as activators of deacet-
ylases (in particular sirtuins) (table S1).

The diamine putrescine and the polyamines
spermidine and spermine are ubiquitously oc-
curring polycations that are associated with
several important cellular functions and help
maintain general cell homeostasis. Polyamines
are essential for cell growth and proliferation
and tissue regeneration. They bind and stabilize
DNA and RNA, have antioxidative activities, mod-
ulate enzyme functions, and are required for the
regulation of translation. These characteristics
have been reviewed elsewhere (20–22). Poly-
amines have also been characterized in the
control of apoptosis (20, 22) and in the context
of learning and memory (23). Spermidine acts
as a natural autophagy-inducer (24) and anti-
aging compound that shares many beneficial
traits with CR and thus can be considered as a
CRM. We review the potential health-promoting
effects of polyamines on aging and its comor-
bidities. Such effects include cardiovascular, neu-
roprotective, and anti-tumorigenic effects and
are induced by dietary or otherwise externally
applied spermidine, which will be the primary
focus of this article.

Spermidine concentrations decline with
age: Bioavailability and metabolism

Polyamine concentrations in mammals are de-
termined by their nutritional supply, synthesis
by the intestinal microbiota, uptake, cellular bio-
synthesis, catabolism, and urinary excretion. Tis-
sue spermidine concentrations decline with age
in model organisms as well as in humans (24–27).
This may, at least in part, result from a decline in
the biosynthetic activities of polyamine-producing
enzymes [reviewed in (28)].

Polyamine metabolism and transport

The intracellular spermidine content is the final
result of polyamine uptake from the extracellular
space, endogenous biosynthesis, catabolism, and
excretion (outlined in Fig. 1). Biosynthesis is
achieved from the precursor ornithine forming
putrescine, spermidine, and spermine (Fig. 1) in
tightly regulated step-wise reactions (20, 22, 29).
Catabolism of polyamines involves, on the one
hand, the oxidative degradation of spermine to
spermidine. On the other hand, the degradation
and secretion of both spermidine and spermine
requires their acetyl-CoA–dependent acetylation
by spermine-/spermidine-N1-acetyltransferase 1
(SSAT1) and subsequent oxidation (Fig. 1) (30, 31).
In a recent study, histone deacetylase 10 (HDAC10),
a key regulator of autophagy and cell survival
(32), has been proposed as yet another mediator
of polyamines metabolism owing to its ability to
deacetylate spermidine (33).
Polyamines also interconnect with disease-

relevant amino acid metabolism. Synthesis of
spermidine and spermine requires the forma-
tion of decarboxylated S-adenosyl methionine
(dcSAM) from SAM. SAM serves as an impor-
tant cofactor for methylation of proteins, includ-
ing histones, as well as of DNA, both of which
are necessary for the epigenetic control of gene
regulation (Fig. 1). Through the putrescine pre-
cursor ornithine, polyamine biosynthesis affects
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the bioavailability of arginine, which is impor-
tant for the production of nitric oxide (NO), an
important signaling molecule that mediates vaso-
dilation, protects from maladaptive cardiac re-
modeling, affects mitochondrial biogenesis and
function, and has vast immunomodulatory
effects (34).
The transport of polyamines in mammals is

less well understood but may involve plasma
membrane transporters as present in yeast and
bacteria (35). Cellular polyamine uptake and se-
cretion may also be mediated via endocytosis
and exocytosis, respectively (Fig. 1). In support
of this notion, a vesicular polyamine transporter
(VPAT) was identified in astrocytes (36) and mast
cells (37 ) that may have important neuro- and
immune-modulatory implications (37, 38).

Polyamine uptake and excretion

In addition to cellular biosynthesis, two other
sources are equally important for the systemic
availability of spermidine. These sources are
(i) external (oral) uptake with the food and (ii)
production by intestinal microorganisms (Fig. 2).

Selected unprocessed plant-derived food items
are naturally enriched in polyamines, as exem-
plified by the Durian fruit. Moreover, fermenta-
tion processes involving bacteria and fungi used
in the food industry cause microbial generation
of polyamines, which may contribute to the some-
times subjectively malodorous properties of milk
and soy products such as mature cheese and
natto, respectively. Ingested spermine and sper-
midine are quickly adsorbed from the intestinal
gut and distributed without degradation (39).
Thus, diet influences the blood polyamine concen-
tration, which is highly diverse in humans (40).
The average daily nutritional intake of spermidine
varies from~7 to 25mg andmore, with the highest
amounts in the Mediterranean diet, which is often
described to improve health in humans (41, 42).
These values still lie below the amount of sper-
midine, when calculated based on the optimal
food composition proposed by the Swedish Nu-
trition Recommendations Objectified (43).
In mice, oral supplementation of spermidine

increases amounts in whole blood (44), serum
(45), and tissues (44). Supplementation of the

polyamine precursor arginine (alone or in com-
bination with probiotics) may also suffice to in-
crease spermidine concentrations in the colon
and blood (46, 47). Indeed, the intestinal luminal
concentration of spermidine critically depends
on colonic microbiota in mice (48), and this may
hold true for humans as well (49). Together, these
studies outline the importance of dietary poly-
amines and polyamine-producing bacteria for
the bioavailability of spermidine (Fig. 2). Given
the high content of polyamines in certain types
of food, it appears plausible that a polyamine-
rich diet could overcome the age-associated de-
cline of polyamines. Indeed, daily intake of 50 to
100 g of natto over a 2-month period significantly
increased the whole-blood spermine content of
healthy human volunteers (40). A cross-sectional
observation in central Italy revealed that whole-
blood spermidine and spermine content were de-
creased in elderly humans but remained at the
levels of younger (middle-aged) individuals in
healthy nonagenarians and centenarians (25).
Further studies are warranted to address wheth-
er dietary or genetic factors explain the high
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Fig. 1. Regulation of the intra-
cellular spermidine pool. Major
routes and enzymes of mammalian
polyamine metabolism. The cyto-
solic spermidine pool results from
uptake, biosynthesis, catabolism,
and transport. Spermidine is formed
from its precursor putrescine or by
degradation from spermine. Poly-
amine biosynthesis connects to
arginine and NO metabolism via
ornithine (as part of the urea cycle).
Spermidine catabolism is mainly
mediated through acetylation and
subsequent oxidation reactions.
Through the cofactors dcSAM
(polyamine biosynthesis) and
acetyl-CoA (polyamine catabolism),
polyamine metabolism interrelates
to protein/DNA methylation and
protein acetylation, respectively,
and thus indirectly influences
epigenetic regulation of gene
expression. ACLY, ATP-citrate
synthase; ACSS2, acetyl-coenzyme
A synthetase, cytoplasmic;
AMD1, S-adenosylmethionine
decarboxylase proenzyme; ARG1,
arginase-1; ATP, adenosine
triphosphate; CoA, coenzyme
A; dcSAM, decarboxylated
S-adenosylmethionine; MAT1/2A,
S-adenosylmethionine synthase
isoform type 1/2; NAA,
N-acetylaspartate; NAT8L,
N-acetylaspartate synthetase;
NO, nitric oxide; ODC1, ornithine
decarboxylase; PAOX, peroxisomal
N(1)-acetyl-spermine/spermidine oxidase; SAM, S-adenosylmethionine; SMO, spermine oxidase; SAT1, spermidine/spermine N(1)-acetyltransferase 1;
SMS, spermine synthase; Spd, spermidine; Spm, spermine SRM, spermidine synthase; VPAT, vesicular polyamine transporter.
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spermidine content in healthy centenarians
and whether they represent a cause or a conse-
quence of healthy aging.
Systemic concentrations of polyamines are also

controlled through renal secretion.Thus, putrescine
and acrolein—a toxic product and by-product, re-
spectively, of spermidine and spermine catabolism
by serum amine oxidase—increase in the plasma
of patients with chronic renal failure (50). There-
fore, dietary supplementation of spermidine in
such patients should be carefully reviewed for
potential adverse effects.

Health effects of dietary spermidine

Beyond their capacity to improve cellular fitness—
as documented in yeast, plants, and in cultured
mammalian cells (table S2)—polyamines (in par-
ticular, spermidine) increase life span of multi-
cellular organisms, including nematodes, flies,
and mice. Cardiovascular disease and cancer are
the two major causes of death in humans and
mice. Similarly to CR regimens, which partially
protect against these pathologies, spermidine
can delay their manifestation and reduce their
severity in rodent models.

Life-span extension by spermidine

Health- and life-span–promoting effects are doc-
umented for dietary or otherwise externally
supplied spermidine (Fig. 3A). Spermidine sup-
plementation confers life-span extension both to
invertebrate model organisms (19, 24) and to
mice (44, 51). Moreover, a diet rich in polyamines
reduces mortality of aged mice (52). As true for
many other CRMs, spermidine extends life span
in a sex-independent manner (table S1). Sup-
plementation of polyamine-producing probiotic

bifidobacteria—alone or, moreso, in combination
with the polyamine precursor arginine—increases
blood concentrations of spermidine and spermine
and decreases mortality and the prevalence of
cutaneous pathologies in old mice (46, 47). Fur-
thermore, oral spermidine administration coun-
teracts the age-associated disruption of circadian
rhythm in mice (45). Spermidine may also ame-
liorate menopausal decline. Indeed, bone loss
induced by ovariectomy in mice, a model of post-
menopausal osteoporosis, is prevented with oral
spermidine supplementation via inhibition of
the formation of (bone-resorbing) osteoclasts (53).
The total amount of food polyamines significantly
correlates with human life expectancies across
distinct Asian countries (54), although this epide-
miological study did not adjust for confounding
factors typically associated with longevity. Future
well-controlled epidemiological studies are war-
ranted to explore the effects of dietary spermi-
dine on human health span and life span.

Polyamine effects on tumorigenesis

Polyamines are essential for cell proliferation
and growth, and dysregulation of polyamine
metabolism is a defining signature of many
tumor types; increased polyamine concentra-
tions caused by enhanced biosynthesis can be
found in skin, breast, colon, lung, and prostate
cancers (35). Given the proliferation-enhancing
and cytoprotective effects of polyamines on cul-
tured human cancer cells or xenografted human
tumors evolving in immunodeficient mice [re-
viewed in (55)], polyamines might have procar-
cinogenic properties. Efforts have been made to
suppress polyamine biosynthesis by inhibiting
ornithine decarboxylase (ODC) with difluorome-

thylornithine (DFMO) for the treatment of estab-
lished cancers in mice, but clinical trials using
DFMO have been abandoned because of its tox-
icity (35). Potentially less toxic, a competitive in-
hibitor of AdoMetDC (SAM486A), leading to low
spermidine concentrations, has been tested in clin-
ical trials for various tumor types, with moderate
success in non-Hodgkin’s lymphoma (35, 56).
In contrast to potential procarcinogenic prop-

erties of polyamines, spermidine supplementation
can reduce tumorigenesis in mice. Oral sup-
plementation of probiotic polyamine-producing
bacteria (Bifidobacterium animalis subsp. Lactis
LKM512) lowers the incidence of visible skin tu-
mors in aging Crj:CD-1 female mice (47). Dietary
spermidine reduces the severity of liver fibrosis
and the incidence of hepatocellular carcinomas
induced by chemical insults in mice (51). Sper-
midine administration also slows the growth of
CT26 colorectal tumors transplanted into immuno-
competent mice (57). Increased intake of dietary
polyamines (using chow enriched in spermidine,
spermine, and putrescine) causes a delay in chem-
ically induced tumorigenesis in young BALB/c
male mice, although the maximum size of tumors
increased (58). Thus, in mice polyamines may
inhibit colon carcinogenesis yet favor tumor
growth, once a cancer has developed. In hu-
mans, one study suggested that dietary intake
of polyamines above the median could be asso-
ciated with an elevated risk of developing co-
lorectal adenoma, particularly in women (59).
Nevertheless, a subsequent prospective study
performed by the same authors failed to confirm
this positive association and rather revealed an
inverse correlation of high polyamine intake
with the risk of colorectal cancers, at least in
overweight women with a body mass index
(BMI)≤ 25 (60). Interventional studies are needed
to explore the possible effect of dietary spermi-
dine on cancer risk.
Spermidine supplementation reduces thegrowth

of transplantable tumors in mice treated with
chemotherapies. This spermidine effect is shared
by other CRMs (61) as well as by fasting or hypo-
caloric diets (62, 63) and is mediated by the stim-
ulation of immunosurveillance. Thus, spermidine
and other CRMs enhance the anticancer immune
response as they deplete immunosuppressive
cells such as regulatory T lymphocytes (Treg cells)
from the tumor bed (61). Tumors growing in
mice that lack cytotoxic T lymphocytes fail to
reduce their growth in response to spermidine
or other CRMs (61). Beyond its effects on adaptive
immunity, spermidine synthase (SRM)–mediated
spermidine production appears to be a determi-
nant for antitumor actions of tumor-associated
macrophages (TAMs) in the context of colorectal
cancer progression (57). These findings may ex-
plain why external supply of spermidine has
chemopreventive effects in vivo (that are likely
mediatedby immunostimulatory effects), although
it enhances the proliferation of cancer cells in vitro.
Future studies should address associations

of dietary spermidine with other types of cancer,
especially in light of the potential requirement
of polyamines for cancer cell growth. Whether a
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diet low in polyamines slows growth of specific
cancers and whether a polyamine- or specifically
spermidine-rich diet would accelerate tumor
growth in human patients remain open ques-
tions, requiring in-depth investigation before
such diets can be broadly recommended, at least
for this specific risk group.

Spermidine in cardiovascular and
muscle-related disease

Dietary spermidine protects from cardiac aging.
It improves diastolic function, left ventricular

elasticity, and mitochondrial function in old mice
(44). First results from epidemiological studies
corroborate these findings in humans: Intake of
dietary spermidine (or that of spermidine and
spermine combined) inversely correlates with
the incidence of cardiovascular disease (CVD)
and death in the Bruneck cohort (44). A cross-
sectional regression meta-analysis of nutritional
polyamine content with CVD-caused mortality
rates by using publicly available data from 48
Western countries identified negative associations
of spermidine and spermine with CVD (64).

Spermidine reversed age-induced arterial stiff-
ness with a reduction in oxidative damage of
endothelial cells in old mice (65) and alleviated
the formation of atherosclerotic plaques in
apolipoprotein E–deficient (ApoE−/−) mice fed a
high-fat diet (HFD) for 20 weeks (66). In Dahl
salt-sensitive rats fed a high-salt diet (a model of
hypertensive heart failure), oral supplementa-
tion of spermidine reduced high blood pressure
and delayed the transition to heart failure (44),
further documenting the antihypertensive (67)
and vascular health–promoting (65, 66) func-
tions of dietary spermidine. Humans belonging
to the higher tertile of dietary spermidine up-
take in the Bruneck cohort had lower diastolic
and systolic blood pressure as compared with
those of the lower tertile subjects (44).
One of the hallmarks of aging is the decline in

stem cell function, resulting in impaired tissue
regeneration and immunosenescence (8). As a
first indication that polyamines might facilitate
the manifestation of stem cell–like features, sper-
midine favored the reprogramming of somatic
cells to induced pluripotent stem cells (iPSCs) of
mouse embryonic fibroblasts in vitro (68) and
promoted hair growth and epithelial stem cell
function in human hair follicle organ cultures
(Fig. 4F) (69). Short-term administration of sper-
midine to old mice reversed the age-associated
defect of autophagy and mitophagy in muscle
stem cells (satellite cells), preventing their se-
nescence and improving muscle regeneration (70).
Similarly, spermidine reactivated autophagy and
ameliorated the myopathic defects of collagen-
VI–deficient mice, which are normally character-
ized by invalidating mitochondrial defects (71).
Skeletal muscle atrophy in D-galactose–treated
rats was inhibited by spermidine application (or
spermidine combined with exercise), concomitant
with induction of autophagy and mitochondrial
improvements (72). The spermidine-mediated
ultrastructural and functional improvement of
mitochondria from aged cardiac muscles (44)
and from skeletal muscle (stem) cells (70–72) fur-
ther support the potential utility of spermidine in
the treatment of muscle-related disorders.

Polyamines in metabolic syndromes

Whether polyamines might be useful in treat-
ment of obesity and type 2 diabetes is an important
topic for future research. Daily administration
of spermine to mice eating a HFD prevented
adiposity and improved glucose tolerance (73).
The white adipose tissue (WAT) or liver-specific
depletion of nicotinamide N-methyltransferase
(Nnmt) [an enzyme that methylates the nico-
tinamide adenine dinucleotide (oxidized form)
(NAD+) precursor nicotinamide by using SAM
as methyl-group donor and therefore links poly-
amines metabolism to NAD+ metabolism and
Sirtuin signaling (Fig. 1)] rendered mice resist-
ant against HFD-induced obesity (74); the down-
regulation of Nnmt resulted in an augmented
polyamine flux (as corroborated by the simulta-
neous activation of ODC-mediated spermidine
biosynthesis and SSAT1-driven spermidine elimina-
tion) and led to an increased energy expenditure
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transcription factor as well as inhibition of histone acetyl transferases,
resulting in epigenetic transcriptional reprogramming. (B) Spermidine
may suppress tumorigenesis through induction of autophagy in healthy
cells. In autophagy-competent tumor cells, spermidine favors the
autophagy-dependent release of ATP, which in turn favors immunosur-
veillance. (C) Anti-inflammatory effects of spermidine are explained
through its effects on macrophages, promoting M2 polarization and the
suppression of NFkB-dependent proinflammatory cytokines. These inhib-
itory macrophages then suppress autoimmune-reactive T cells. At the

same time, spermidine favors formation of CD8+ memory T cells via
induction of autophagy. (D) The suppression of circulatory cytokines, such
as TNFa, also contributes to cardiovascular protection, possibly via a
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autophagy-dependent proteostasis of presynaptic active zones, assuring
the maintenance of synaptic plasticity. (F) Suppression of stem cell
senescence by spermidine depends on autophagy (in satellite cells),
whereas spermidine promotes mitochondrial function and production of
keratins in epithelial stem cells. These stemness-enhancing effects ensure
muscle and hair follicle regeneration, respectively. Red arrows (up or
down) indicate changes (increased or decreased, respectively) that are
observed after spermidine supplementation.
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(74). Similarly, whole-body depletion of the RNA
polymerase III repressor MAF1 (which leads to a
reduced expression of Nnmt) increases life
span and confers resistance to HFD-induced obe-
sity associated with enhanced polyamine flux and
activation of autophagy (75). Of note, autophagy
is required for full weight loss upon acute star-
vation and counteracts weight gain– and obesity-
related pathologies in mice fed hypercaloric
diets. Spermidine attenuated weight gain and
the comorbidities of obesity induced by hyper-
caloric regimens, correlating with autophagy in-
duction in WAT (76).

Neuroprotection by spermidine

Autophagy (and particularly mitophagy) have
a major role in maintaining normal brain func-
tion and protecting from neurodegeneration
(13, 77), and spermidine supplementation exerts
neuroprotective effects in vivo (Fig. 3A). In flies,
spermidine feeding protects from age-induced
memory impairment (26) and loss of locomotor
activity (78) in an autophagy-dependent man-
ner. This has been explained by the autophagy-
dependent rejuvenation of synaptic active zone
composition (Fig. 4E), which is important for
synaptic flexibility and plasticity (79). In a mouse
model of experimental autoimmune encephalo-
myelitis, a model for multiple sclerosis, oral sup-
plementation of spermidine attenuates disease
progression and improves visual functions through
the reduced demyelination of optic nerve and
spinal cord and decreased loss of retinal ganglion
cells (80, 81). Similarly, spermidine promotes op-
tic nerve regeneration and retinal ganglion cell
survival after optic nerve injury in vivo in mice
(82) and blunts retinal degeneration in a mouse
model of normal tension glaucoma (83). Spermi-
dine biosynthesis induced through up-regulation
of arginase-1 is required for spontaneous axonal
regeneration after peripheral lesion of dorsal root
ganglion neurons in mice (84). Spermidine further
prevents a-synuclein neurotoxicity in invertebrate
models (85), reduces frontotemporal lobar de-
mentia (FTLD-U) in mice expressing transgenic
transactive response DNA–binding protein 43 kDa
(TDP-43) (86), and attenuates laurate-induced
cerebral small vessel disease (87). Striatal injec-
tion of spermine improved the recognition mem-
ory deficit in a rodent model of Huntington’s
disease (88), and up-regulation of colonic poly-
amines through orally administered arginine in
combination with the probiotic bifidobacteria
LKM512 improved the spatial learning and mem-
ory capabilities of old mice (46).
Altogether, these studies suggest a wide range

of neuroprotective effects of exogenously ap-
plied spermidine with relevance to several neuro-
degenerative motor disorders and dementias. The
underlying mechanisms are discussed below in
detail.

Cellular and molecular mode of action
of spermidine

Spermidine supplementation induces autophagy
and exerts additional and potentially autophagy-
independentmetabolic and transcriptional effects

in vivo. These changes may explain the disease-
modulatory and anti-aging mode of action of
polyamines.

Autophagy and mitophagy induction
through spermidine administration

Spermidine administration stimulates autoph-
agy in aging yeast, flies, and worms (24) and in
cultured mammalian cells (18, 19, 70). In mice,
acute application of spermidine (for example,
by means of intraperitoneal injection) induces
autophagy in vivo in multiple tissues such as
heart, liver, and muscle within a few hours (4 to
24 hours) (19, 61). Concomitantly, spermidine
induces major changes in the metabolome of
the plasma, heart, skeletal muscle, and liver that
resemble those triggered by other CRMs or fast-
ing (61), which is in line with a common mech-
anism of action of these pharmacological and
nutritional interventions. Oral supplementation
of spermidine in drinking water triggers autoph-
agy after 2 to 4 weeks in cardiac tissue (44) and
reverses the age-dependent decline of autophagy
in the aorta (other tissues remain to be tested)
(65). At least in cardiomyocytes in vivo and in
various cultured cell lines, spermidine also in-
creases the autophagy-dependent selective deg-
radation of mitochondria (that is, mitophagy)
and thus contributes to mitochondrial health and
functionality (44, 70, 72, 89).
Given the predominantly cytoprotective role

of autophagy and mitophagy, the induction of
autophagy may explain the health-promoting ef-
fects of spermidine (Fig. 3B), like those of other
CRMs (7, 90). In support of this, genetic inhi-
bition of autophagy abolishes spermidine-induced
extension of life span in flies, worms (24), and
mice (51) and prevents restoration of memory
performance and synaptic flexibility in aged flies
(26, 79). Inhibition of autophagy partially reduces
the spermidine-mediated resistance to paraquat-
induced loss of locomotor activity in Drosophila
(91). Moreover, spermidine fails to promote car-
dioprotective effects in cardiomyocyte-specific
Atg5−/− mice (44) and does not restore stem
cell–proliferative function in autophagy-deficient
(Atg7−/−) Pax7-expressing cells (Pax7 represents a
marker and regulator of muscle progenitors and
satellite cells) (70). Last, the spermidine-mediated
reduction of atherosclerotic lipid accumulation
and necrotic core formation that is normally ob-
served inApoE−/−mice is absent in ApoE−/−Atg7−/−–
deficient (autophagy-incompetent) animals (66).
Several CRMs induce autophagy by decreas-

ing acetylation of multiple cellular proteins (7 ).
Spermidine diminishes cytosolic protein acety-
lation by inhibiting the activity of several acet-
yltransferases, including that of E1A-associated
protein p300 (EP300) (19, 24), and EP300 inhi-
bition is sufficient to acutely induce autophagy
(18). EP300 directly inhibits acetylation of sev-
eral autophagy-essential autophagy-related (ATG)
proteins (92, 93) and indirectly stimulates de-
acetylation of tubulin by inhibiting a-tubulin
acetyltransferase 1 (aTAT1) (94). Therefore, the
inhibition of EP300 by spermidine causes de-
acetylation of ATG proteins and increases acety-

lation of tubulin, thus stimulating autophagic
flux (Fig. 4A). In addition, autophagy induction
and extension of life span in aging mice de-
pends on spermidine-mediated stabilization of
the pro-autophagic microtubule-interacting pro-
tein microtubule-associated protein 1S (MAP1S)
and may involve the depletion of cytosolic HDAC4
(51). Long-term, chronic effects of spermidine
on the rate of basal autophagic flux may be ad-
ditionally explained by transcriptional effects on
autophagy-related genes (Fig. 4A). For instance,
the transcription factor FoxO3, which is inhib-
ited by protein kinase B (PKB, best known as
Akt), is necessary and sufficient for the induc-
tion of autophagy in mouse skeletal muscle
in vivo (95). The spermidine-mediated reactivation
of muscular autophagy in collagen VI–deficient
mice coincides with the dephosphorylation (and
hence inactivation) of Akt and in turn with in-
creased transcription of FoxO3-dependent target
genes (71). Support for direct inhibition of acet-
yltransferases by spermidine comes from in vitro
activity assays, in which nuclear extracts were
incubated with spermidine (24) and enzymatic
assays with recombinant EP300 protein that re-
veal spermidine as a competitive inhibitor that
is particularly active when acetyl-CoA concentra-
tions are low (18). Spermidine may also reduce
the activity of acetyltransferases by reducing the
availability of acetyl-CoA because the catabolism
of spermidine requires acetylation and hence
consumes acetyl-CoA (Fig. 1). Depletion of the
cytosolic-nuclear pool of acetyl-CoA induces au-
tophagy in culturedmammalian cells, and inmice,
aging yeast, and flies (16, 17, 96), and thus may
represent an important mode of action of CRMs
that induce protein deacetylation (table S1) (7).
Given the pleiotropic action of spermidine on
autophagy-related gene transcription, protein
stability, and posttranslational regulation, it will
be important to molecularly define the key events
that are essential for autophagy induction by
spermidine.
The protein deacetylase Sirtuin 1 inhibits (97)

whereas cytosolic acetyl-CoA and EP300 promote
the activity of the autophagy-inhibitory mech-
anistic target of rapamycin complex 1 (mTORC1)
(17). Indeed, spermidine and several other CRMs
cause mTORC1 inhibition (7, 17, 18) and activate
phosphorylation of 5′ adenosine monophosphate–
activated protein kinase (AMPK) (17), which an-
tagonizes mTORC1 at the functional level and
may further facilitate autophagic response to
these CRMs. Induction of mitophagy by spermi-
dine has also been linked to ataxia-telangiectasia
mutated protein kinase (ATM)–dependent acti-
vation of the phosphatase and tensin homolog
(PTEN)–induced putative kinase 1 (PINK1)/Parkin-
signaling pathway (89), which has an important
role in mitochondrial quality control (98). Sper-
midine induces mitochondrial depolarization and
mitophagy in cultured human fibroblasts but does
not do so in cells lacking ATM or treated with the
ATM inhibitor KU55933. However, the precise
mechanism by which spermidine favors the ac-
tivation (and phosphorylation) of AMPK and ATM
remain elusive. Spermidine-treated cells exhibit
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changes in phosphorylation of multiple proteins
(99), pointing to a sophisticated cross-talk of the
protein acetylation and deacetylation machinery
and protein kinase cascades that requires further
in-depth investigation.

Immunostimulatory and anti-inflammatory
effects of spermidine

The success of current anticancer treatments,
including chemotherapies, essentially relies on
the immune cell–dependent clearance of tumor
cells. This is particularly important for the long-
term efficacy of cytotoxic agents that induce
immunogenic cell death (100–102). Autophagy is
required for cancer cells to adapt to cell-intrinsic
and -extrinsic stress. However, premortem au-
tophagy also promotes immune recognition of
cancer cells because it facilitates the release of
adenosine 5′-triphosphate (ATP), which serves
as a chemotactic factor for myeloid cells, includ-
ing dendritic cell precursors (103, 104). By re-
ducing the stimulation of immunosuppressive
adenosinergic receptors, autophagy also prevents
the recruitment of Treg cells into the tumor bed
(105). Autophagy induction by spermidine or by
the CRM hydroxycitrate favors the release of
ATP from neoplastic cells in mice and therefore
ameliorates immunosurveillance, resulting in a
delay in tumorigenesis of autophagy-competent
(but not autophagy-deficient) mutant KRAS-
induced lung cancers in vivo (Fig. 4B) (61). Thus,
the administration of spermidine or hydroxycitrate,
similar to that of acute nutrient deprivation (106),
can favor chemotherapeutic efficiency against
autophagy-competent cancers. Spermidine also
directly improves the generation and function
of memory lymphocytes, similar to what is known
for other autophagy inducers such as rapamycin
(107) or metformin (108). T cell function de-
clines with age, and this decline is associated
with impaired autophagy, which can be ob-
served in cells isolated from elderly human do-
nors (109). In old mice, CD8+ T cell responses to
influenza vaccination are restored by oral sper-
midine treatment in an autophagy-dependent
manner (110), suggesting important roles for
autophagy and spermidine in memory cell for-
mation (111). Of note, in isolated T cells spermi-
dine apparently induces autophagy independently
frommTORC1 because it fails to affect the phos-
phorylation of themTORC1 substrate ribosomal
S6 kinase (110).
Exogenously supplied spermidine and sper-

mine suppress the secretion of proinflammatory
cytokines in numerous pathophysiological settings
(table S2). These effects are in part secondary
to autophagy induction because autophagy has
broad anti-inflammatory effects that rely in part
on the inhibition of inflammasome activation
(112). Dietary spermidine suppresses the age-
associated chronic low-grade increase in plasma
concentrations of tumor necrosis factor–a (TNF-a)
and other cytokines in mice (44, 46) and inhibits
lethal sepsis (113).
Lymphocyte function–associated antigen–1

(LFA-1) is crucial for regulating immune cell
adhesion and migration, and its expression in-

creases with age in human blood cells (114).
Spermidine and spermine both suppress LFA-1
expression in human lymphocytes in vitro and,
when orally supplied, in aging Jc1:ICR male mice
in vivo (58, 115). Blood spermine concentrations
inversely correlate with abundance of LFA-1 in
blood obtained from healthy human volunteers
(114). The underlying mechanism may involve
age-associated alterations in DNA methylation
(58, 115) or inhibitory effects of polyamines on
proinflammatory transcription factors (Fig. 4C),
including nuclear factor–kB (NFkB) in macro-
phages (81).

Neuromodulatory and neuroprotective
mechanisms of spermidine

The neuromodulatory actions of spermidine and
spermine result from their interaction with iono-
tropic receptors—most importantly, N-methyl-D-
aspartate (NMDA) receptors [reviewed in (23)].
Neuroprotection conferred by spermidine may
also result from increased autophagy in neuronal
or glial cells, as well as from suppression of
maladaptive inflammation. Old flies deficient in
Atg7 fail to recover their memory function and
synaptic flexibility when fed with spermidine
(26, 79). This is consistent with a general age- and
neuroprotective function of autophagy in this
model organism (12, 13). At first sight counter-
intuitively, spermidine causes a decrease in pre-
synaptic active zone scaffold proteins (Bruchpilot
and Rim-binding protein) and a concomitant re-
duction in synaptic vesicle release (Fig. 4E) (79).
Through this effect, spermidine restores synaptic
dynamics that are otherwise pushed to their
dynamic limits at old age, causing memory im-
pairments. Thus, spermidine appears to ensure
proteostasis of synaptic active zones in an autophagy-
dependent fashion. In addition, spermidine pre-
vents the toxicityof transgenica-synucleinexpression
in flies and nematodes (85), which is consistent
with the idea that (spermidine-enhanced) au-
tophagy clears polyubiquitin-associated and other
neurotoxic protein aggregates.
In spite of the potent neuroprotective capac-

ity of spermidine in invertebrates, it remains
elusive whether spermidine is able to cross the
mammalian blood-brain barrier or even to regu-
late its integrity (116, 117). At least after fore-
brain ischemia, spermidine is transported into
several areas of the rat brain (117). Alternatively,
spermidine may act on nervous tissue via sys-
temic routes that involve regulation of inflam-
matory cytokines and immune cells capable of
invading cerebral tissue. In line with this idea,
the preventive action of spermidine against axon
demyelination (80) is mediated through inhibi-
tion of autoimmune-reactive (demyelinating)
T cells (81). Spermidine prevents activation of
autoimmune-reactive T cells indirectly by favor-
ing the polarization of circulatory macrophages
to T cell inhibitory M2 cells. This process is medi-
ated by NFkB-dependent suppression of pro-
inflammatory cytokines and by transcriptional
activation of arginase-1 (Fig. 4, C and E), an im-
portant modulator of both adaptive and innate
immune responses (118).

In mouse models of Alzheimer’s disease, in-
creased monoamine oxidase type B (MAOB) ac-
tivity has been measured in reactive astrocytes.
This MAOB activity favors the conversion of
putrescine to the gliotransmitter g-aminobutyric
acid (GABA), which drives Alzheimer’s-associated
pathology in APP/PS1 mice that carry mutations
in the amyloid precursor protein (APP) and the
g-secretase presenilin-1 (PS1) (119). MAOB protein
levels are elevated in the brain of Alzheimer’s
patients, and a higher activity is observed in
plaque-associated astrocytes (120). Therefore,
potential adverse effects of dietary polyamines in
such patients should be carefully considered and
weighed against their neuroprotective potential.

Mode of action of cardiovascular
protection by spermidine

Beyond the inductionof autophagy andmitophagy
that result in improved mitochondrial structure
and function in cardiomyocytes (44), spermidine
protects from cardiovascular pathologies via com-
plementary pathways (Fig. 4D). In Dahl rats fed
a salt-rich diet, spermidine increases the bio-
availability of arginine (likely because arginine
is no more needed for endogenous polyamine
biosynthesis), whichmay translate into enhanced
production of the vasodilator NO, reducing ar-
terial hypertension (44). At the same time, sper-
midine ensures cardiomyocyte elasticity through
phosphorylation of themyosin filament–associated
protein titin (44). This molecular event is favored
by suppression of proinflammatory cytokines
and the availability of nitric oxide (NO) with sub-
sequent guanosine 3′,5′-monophosphate (cGMP)–
dependent protein kinase–dependent signaling.
The capacity of spermidine to reverse arterial
aging has also been linked to enhanced NO bio-
availability as well as to the suppression of oxi-
dative damage in endothelial cells (65). Thus,
metabolic effects of spermidine may include
the feedback inhibition of endogenous poly-
amine biosynthesis and limiting consumption
of arginine for ornithine biosynthesis, thus fa-
cilitating arginine-dependent NO biosynthesis
(Fig. 1). The antioxidant action of spermidine on
in vitro–cultured mouse arteries appeared to be
autophagy-dependent because it was blocked by
the autophagy inhibitor chloroquine (65). Thus,
it remains to be investigated whether the effects
of exogenous spermidine on arginine and NO
metabolism and autophagy occur in an indepen-
dent manner or are somehow interlinked.

Outlook: Diagnostic and therapeutic
potential of spermidine in humans

Several pathologies have been associated with
increased polyamine concentrations, raising the
possibility of considering polyamines as disease
biomarkers. This applies in particular to cancer,
neurodegenerative disease, stroke, and renal fail-
ure [reviewed in (121)], as well as heart failure
and cardiac infarction (122, 123). Furthermore,
disturbed polyamine and arginine metabolism
is observed in mouse models of Alzheimer’s dis-
ease (124) and in human patients with mild cog-
nitive impairments (MCIs) (125). Several metabolites
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including spermidine were differentially affected
in stable MCI patients and patients that later
developed Alzheimer’s disease (125). In subjects
developing Alzheimer’s disease, putrescine may
be preferentially channeling into production of
spermidine and spermine, whereas the stable MCI
condition favors the conversion of putrescine
to N-acetylputrescine and 4-aminobutanal (125).
In light of these findings, quantitative high-
throughput methods to analyze polyamines and
relatedmetabolites (122, 126) could be used on vast
sample collections to further evaluate the rela-
tionship of such compounds to disease evolution.
Increased concentrations of whole-blood sper-

midine and spermine are associated with lon-
gevity in healthy nonagenarians and centenarians
(25). Therefore, the sole measurement of the
polyamines spermidine and spermine in blood
or tissue specimens will likely not suffice as
biomarkers for general health or specific dis-
eases. Moreover, the association of increased
spermidinewith various human pathologies does
not necessarily argue in favor of its causal in-
volvement. On the one hand, increased bio-
synthesis of spermidine could be a homeostatic
response to stress that is activated to prevent
excessive damage (such as by inducing autoph-
agy). This has been proposed, for instance, for
the compensatory cytoprotective response of
spermidine observed in uncoupling protein 1
(UCP1) transgenic mice, which is a model for
skeletal muscle–specific mitochondrial dys-
function (127). On the other hand, increases
in polyamine biosynthesis could result from
disease-associated alteration of other inter-
linked metabolic pathways. The complexity of
age-associated effects on polyaminemetabolism
is further emphasized by diverse and region-
specific changes in polyamine levels of memory-
associated brain structures (128).
Future studies should directly address the

potential causality of alterations in polyamine
metabolism as well as associated pathways (such
as arginine metabolism) for disease development
and progression. It will be fundamental to test
whether exogenously supplemented spermidine
would counteract pathological polyamine bio-
synthesis activities (as indicated by increases in
spermidine levels) throughadirect or indirectmeta-
bolic feedback regulation. Mechanistically, such
feedback effectsmay thus overcomemaladaptive
changes in the associated pathways (arginine and
methionine or SAMmetabolism) and define a pro-
tective “metabolic” action of dietary spermidine.

Conclusions and open questions

Dietary supplementation of spermidine pro-
longs life span and health span by protecting
from a range of age-associated pathologies in
several animal models. Although spermidine
induces autophagy and autophagy inhibition
curtails most of the spermidine effects, alter-
native mechanisms have also been implicated
in the health-improving action of this polyamine.
These potentially autophagy-independent mech-
anisms include direct antioxidant and metabolic
effects on polyamine and associated metabolic

pathways—in particular, increased arginine bio-
availability and NO production (44, 65). However,
it has not been formally determined whether
these routes act in a completely autophagy-
independent manner or are interrelated with
autophagy (in an additive or synergistic way),
and it will be important to define actionable
molecular targets that explain the beneficial
effects of spermidine in diverse pathophysio-
logical settings. In this sense, it will also be of
interest to explore synergisms of CRMs that ini-
tially act through different mechanisms. For
instance, the combination of spermidine and
resveratrol shows synergistic effects on autoph-
agy induction (19). Combinations with other
CRMs, as well as with agents that act indepen-
dently from protein acetylation such as rapamy-
cin (table S1), remain to be tested. Mechanistic
relations of spermidine to the autophagy inducer
coffee may also exist (129). Coffee consumption
inversely associates with total and cause-specific
mortality in humans (130), and coffee induces
autophagy and cytoplasmic protein deacetylation
in mice (129). Although it appears that both ef-
fects are independent from caffeine content, the
active principle(s) of coffee must be defined in
molecular terms. It also remains to be determined
whether combinations of distinct autophagy in-
ducers can be used to obtain additive or syner-
gistic health benefits or whether they rather would
trigger unphysiological, potentially toxic levels of
autophagy. Another important question is the
tissue specificity of spermidine-induced health
effects. Which are the prime targets of spermi-
dine in aging and disease? Although cardiac and
vascular tissues appear to be directly targeted,
the kidney may similarly benefit from increased
spermidine bioavailability because spermidine-
rich diets ameliorate the functional decline of
kidneys in animal models of aging and hyper-
tension (44, 52). The origin of spermidine-induced
systemic effects on blood metabolites and pro-
teins is another demanding problem. It remains
unknown whether spermidine acts solely on leu-
kocytes to suppress chronic low-grade inflamma-
tion and which organ is responsible for the
increased bioavailability of arginine upon sper-
midine supplementation.
One of the strongest arguments for spermi-

dine as a favorable CRM for future clinical trials
is its low toxicity yet strong efficacy, even at mod-
erate concentrations. Spermidine is an abundant
natural polyamine contained in all organisms
from bacteria to men and is naturally present
in reasonable but varying amounts in human
diets. It is therefore not surprising that life-long
supplementation of spermidine does not seem
to have any negative side effects in mice (44).
Enhancing spermidine uptake could be achieved
with a variety of strategies in clinical studies,
namely by (i) supplementation of synthetic sper-
midine, (ii) changes in diet composition in favor
of polyamine-rich food items, (iii) use of natural
plant extracts rich in polyamines, or (iv) admin-
istration of prebiotics and probiotics that fa-
vor microbial polyamine synthesis in the gut.
A polyamine-rich diet including daily servings of

natto was well tolerated for a period of 2 months
in human volunteers (40) and led to an effective
increase in circulating spermine levels. A clinical
trial on supplementation of spermidine-rich plant
extracts to elderly is currently ongoing (https://
clinicaltrials.gov/ct2/show/NCT02755246)
(131). Nevertheless, possible contraindications of
spermidine administration have to be carefully
defined in clinical trials andmay include patients
with advanced cancer and renal failure. A low-
polyamine diet may also be beneficial in some
specific cases, as has been suggested in rats in-
fected with Trypanosoma brucei brucei (132). Last,
it may be interesting to develop spermidine ana-
logs that act at lower doses or have a more stably
pharmacokinetic profile for the prevention or
treatment of specific diseases.

REFERENCES AND NOTES

1. R. de Cabo, D. Carmona-Gutierrez, M. Bernier, M. N. Hall,
F. Madeo, The search for antiaging interventions: From elixirs
to fasting regimens. Cell 157, 1515–1526 (2014). doi: 10.1016/
j.cell.2014.05.031; pmid: 24949965

2. C. López-Otín, L. Galluzzi, J. M. P. Freije, F. Madeo,
G. Kroemer, Metabolic control of longevity. Cell 166, 802–821
(2016). doi: 10.1016/j.cell.2016.07.031; pmid: 27518560

3. L. Fontana, L. Partridge, V. D. Longo, Extending healthy life
span—From yeast to humans. Science 328, 321–326 (2010).
doi: 10.1126/science.1172539; pmid: 20395504

4. V. D. Longo, S. Panda, Fasting, Circadian rhythms, and
time-restricted feeding in healthy lifespan. Cell Metab. 23,
1048–1059 (2016). doi: 10.1016/j.cmet.2016.06.001;
pmid: 27304506

5. R. M. Anson et al., Intermittent fasting dissociates beneficial
effects of dietary restriction on glucose metabolism and
neuronal resistance to injury from calorie intake. Proc. Natl.
Acad. Sci. U.S.A. 100, 6216–6220 (2003). doi: 10.1073/
pnas.1035720100; pmid: 12724520

6. R. R. Wing, S. Phelan, Long-term weight loss maintenance.
Am. J. Clin. Nutr. 82 (Suppl), 222S–225S (2005).
pmid: 16002825

7. F. Madeo, F. Pietrocola, T. Eisenberg, G. Kroemer, Caloric
restriction mimetics: Towards a molecular definition.
Nat. Rev. Drug Discov. 13, 727–740 (2014). doi: 10.1038/
nrd4391; pmid: 25212602

8. C. López-Otín, M. A. Blasco, L. Partridge, M. Serrano,
G. Kroemer, The hallmarks of aging. Cell 153, 1194–1217
(2013). doi: 10.1016/j.cell.2013.05.039; pmid: 23746838

9. C. Franceschi et al., Inflamm-aging. An evolutionary
perspective on immunosenescence. Ann. N. Y. Acad. Sci.
908, 244–254 (2000). doi: 10.1111/j.1749-6632.2000.
tb06651.x; pmid: 10911963

10. R. K. Junnila, E. O. List, D. E. Berryman, J. W. Murrey,
J. J. Kopchick, The GH/IGF-1 axis in ageing and longevity.
Nat. Rev. Endocrinol. 9, 366–376 (2013). doi: 10.1038/
nrendo.2013.67; pmid: 23591370

11. J. L. Barger et al., Identification of tissue-specific
transcriptional markers of caloric restriction in the mouse
and their use to evaluate caloric restriction mimetics. Aging
Cell 16, 750–760 (2017). doi: 10.1111/acel.12608;
pmid: 28556428

12. D. C. Rubinsztein, G. Mariño, G. Kroemer, Autophagy and
aging. Cell 146, 682–695 (2011). doi: 10.1016/
j.cell.2011.07.030; pmid: 21884931

13. R. A. Frake, T. Ricketts, F. M. Menzies, D. C. Rubinsztein,
Autophagy and neurodegeneration. J. Clin. Invest. 125, 65–74
(2015). doi: 10.1172/JCI73944; pmid: 25654552

14. A. M. K. Choi, S. W. Ryter, B. Levine, Autophagy in human
health and disease. N. Engl. J. Med. 368, 651–662 (2013).
doi: 10.1056/NEJMra1205406; pmid: 23406030

15. C. Zhang, A. M. Cuervo, Restoration of chaperone-mediated
autophagy in aging liver improves cellular maintenance
and hepatic function. Nat. Med. 14, 959–965 (2008).
doi: 10.1038/nm.1851; pmid: 18690243

16. T. Eisenberg et al., Nucleocytosolic depletion of the energy
metabolite acetyl-coenzyme a stimulates autophagy and
prolongs lifespan. Cell Metab. 19, 431–444 (2014).
doi: 10.1016/j.cmet.2014.02.010; pmid: 24606900

Madeo et al., Science 359, eaan2788 (2018) 26 January 2018 8 of 10

RESEARCH | REVIEW
D

ow
nloaded from

 https://w
w

w
.science.org on Septem

ber 12, 2023

https://clinicaltrials.gov/ct2/show/NCT02755246
https://clinicaltrials.gov/ct2/show/NCT02755246
http://dx.doi.org/10.1016/j.cell.2014.05.031
http://dx.doi.org/10.1016/j.cell.2014.05.031
http://www.ncbi.nlm.nih.gov/pubmed/24949965
http://dx.doi.org/10.1016/j.cell.2016.07.031
http://www.ncbi.nlm.nih.gov/pubmed/27518560
http://dx.doi.org/10.1126/science.1172539
http://www.ncbi.nlm.nih.gov/pubmed/20395504
http://dx.doi.org/10.1016/j.cmet.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27304506
http://dx.doi.org/10.1073/pnas.1035720100
http://dx.doi.org/10.1073/pnas.1035720100
http://www.ncbi.nlm.nih.gov/pubmed/12724520
http://www.ncbi.nlm.nih.gov/pubmed/16002825
http://dx.doi.org/10.1038/nrd4391
http://dx.doi.org/10.1038/nrd4391
http://www.ncbi.nlm.nih.gov/pubmed/25212602
http://dx.doi.org/10.1016/j.cell.2013.05.039
http://www.ncbi.nlm.nih.gov/pubmed/23746838
http://dx.doi.org/10.1111/j.1749-6632.2000.tb06651.x
http://dx.doi.org/10.1111/j.1749-6632.2000.tb06651.x
http://www.ncbi.nlm.nih.gov/pubmed/10911963
http://dx.doi.org/10.1038/nrendo.2013.67
http://dx.doi.org/10.1038/nrendo.2013.67
http://www.ncbi.nlm.nih.gov/pubmed/23591370
http://dx.doi.org/10.1111/acel.12608
http://www.ncbi.nlm.nih.gov/pubmed/28556428
http://dx.doi.org/10.1016/j.cell.2011.07.030
http://dx.doi.org/10.1016/j.cell.2011.07.030
http://www.ncbi.nlm.nih.gov/pubmed/21884931
http://dx.doi.org/10.1172/JCI73944
http://www.ncbi.nlm.nih.gov/pubmed/25654552
http://dx.doi.org/10.1056/NEJMra1205406
http://www.ncbi.nlm.nih.gov/pubmed/23406030
http://dx.doi.org/10.1038/nm.1851
http://www.ncbi.nlm.nih.gov/pubmed/18690243
http://dx.doi.org/10.1016/j.cmet.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24606900


17. G. Mariño et al., Regulation of autophagy by cytosolic acetyl-
coenzyme A. Mol. Cell 53, 710–725 (2014). doi: 10.1016/
j.molcel.2014.01.016; pmid: 24560926

18. F. Pietrocola et al., Spermidine induces autophagy by
inhibiting the acetyltransferase EP300. Cell Death Differ. 22,
509–516 (2015). doi: 10.1038/cdd.2014.215; pmid: 25526088

19. E. Morselli et al., Spermidine and resveratrol induce
autophagy by distinct pathways converging on the
acetylproteome. J. Cell Biol. 192, 615–629 (2011).
doi: 10.1083/jcb.201008167; pmid: 21339330

20. A. E. Pegg, Functions of polyamines in mammals. J. Biol.
Chem. 291, 14904–14912 (2016). doi: 10.1074/jbc.
R116.731661; pmid: 27268251

21. S. Bardócz et al., The importance of dietary polyamines in
cell regeneration and growth. Br. J. Nutr. 73, 819–828 (1995).
doi: 10.1079/BJN19950087; pmid: 7632663

22. K. Igarashi, K. Kashiwagi, Modulation of cellular function by
polyamines. Int. J. Biochem. Cell Biol. 42, 39–51 (2010).
doi: 10.1016/j.biocel.2009.07.009; pmid: 19643201

23. G. P. Guerra, M. A. Rubin, C. F. Mello, Modulation of learning
and memory by natural polyamines. Pharmacol. Res. 112,
99–118 (2016). doi: 10.1016/j.phrs.2016.03.023;
pmid: 27015893

24. T. Eisenberg et al., Induction of autophagy by spermidine
promotes longevity. Nat. Cell Biol. 11, 1305–1314 (2009).
doi: 10.1038/ncb1975; pmid: 19801973

25. S. Pucciarelli et al., Spermidine and spermine are enriched in
whole blood of nona/centenarians. Rejuvenation Res. 15,
590–595 (2012). doi: 10.1089/rej.2012.1349;
pmid: 22950434

26. V. K. Gupta et al., Restoring polyamines protects from age-
induced memory impairment in an autophagy-dependent
manner. Nat. Neurosci. 16, 1453–1460 (2013). doi: 10.1038/
nn.3512; pmid: 23995066

27. G. Scalabrino, M. E. Ferioli, Polyamines in mammalian
ageing: An oncological problem, too? A review. Mech.
Ageing Dev. 26, 149–164 (1984). doi: 10.1016/0047-6374
(84)90090-3; pmid: 6384679

28. K. Nishimura, R. Shiina, K. Kashiwagi, K. Igarashi, Decrease in
polyamines with aging and their ingestion from food and
drink. J. Biochem. 139, 81–90 (2006). doi: 10.1093/jb/
mvj003; pmid: 16428322

29. A. E. Pegg, Mammalian polyamine metabolism and function.
IUBMB Life 61, 880–894 (2009). doi: 10.1002/iub.230;
pmid: 19603518

30. K. Kee et al., Activated polyamine catabolism depletes acetyl-
CoA pools and suppresses prostate tumor growth in TRAMP
mice. J. Biol. Chem. 279, 40076–40083 (2004).
doi: 10.1074/jbc.M406002200; pmid: 15252047

31. J. Jell et al., Genetically altered expression of spermidine/
spermine N1-acetyltransferase affects fat metabolism in mice
via acetyl-CoA. J. Biol. Chem. 282, 8404–8413 (2007).
doi: 10.1074/jbc.M610265200; pmid: 17189273

32. I. Oehme et al., Histone deacetylase 10 promotes autophagy-
mediated cell survival. Proc. Natl. Acad. Sci. U.S.A. 110,
E2592–E2601 (2013). doi: 10.1073/pnas.1300113110;
pmid: 23801752

33. Y. Hai, S. A. Shinsky, N. J. Porter, D. W. Christianson, Histone
deacetylase 10 structure and molecular function as a
polyamine deacetylase. Nat. Commun. 8, 15368 (2017).
doi: 10.1038/ncomms15368; pmid: 28516954

34. A. B. Knott, E. Bossy-Wetzel, Impact of nitric oxide on
metabolism in health and age-related disease. Diabetes Obes.
Metab. 12 (suppl. 2), 126–133 (2010). doi: 10.1111/j.1463-
1326.2010.01267.x; pmid: 21029309

35. S. L. Nowotarski, P. M. Woster, R. A. Casero Jr., Polyamines
and cancer: Implications for chemotherapy and
chemoprevention. Expert Rev. Mol. Med. 15, e3 (2013).
doi: 10.1017/erm.2013.3; pmid: 23432971

36. M. Hiasa et al., Identification of a mammalian vesicular
polyamine transporter. Sci. Rep. 4, 6836 (2014).
doi: 10.1038/srep06836; pmid: 25355561

37. T. Takeuchi et al., Vesicular polyamine transporter mediates
vesicular storage and release of polyamine from mast cells.
J. Biol. Chem. 292, 3909–3918 (2017). doi: 10.1074/
jbc.M116.756197; pmid: 28082679

38. T. Masuko et al., Polyamine transport, accumulation, and
release in brain. J. Neurochem. 84, 610–617 (2003).
doi: 10.1046/j.1471-4159.2003.01558.x; pmid: 12558981

39. V. Milovic, Polyamines in the gut lumen: Bioavailability and
biodistribution. Eur. J. Gastroenterol. Hepatol. 13, 1021–1025
(2001). doi: 10.1097/00042737-200109000-00004;
pmid: 11564949

40. K. Soda et al., Long-term oral polyamine intake increases
blood polyamine concentrations. J. Nutr. Sci. Vitaminol.
(Tokyo) 55, 361–366 (2009). doi: 10.3177/jnsv.55.361;
pmid: 19763038

41. M. Atiya Ali, E. Poortvliet, R. Strömberg, A. Yngve,
Polyamines in foods: Development of a food database. Food
Nutr. Res. 55, (2011). doi: 10.3402/fnr.v55i0.5572;
pmid: 21249159

42. C. Zoumas-Morse et al., Development of a polyamine
database for assessing dietary intake. J. Am. Diet. Assoc.
107, 1024–1027 (2007). doi: 10.1016/j.jada.2007.03.012;
pmid: 17524725

43. M. A. Ali, E. Poortvliet, R. Strömberg, A. Yngve, Polyamines:
Total daily intake in adolescents compared to the intake
estimated from the Swedish Nutrition Recommendations
Objectified (SNO). Food Nutr. Res. 55, 5455 (2011).
doi: 10.3402/fnr.v55i0.5455; pmid: 21249160

44. T. Eisenberg et al., Cardioprotection and lifespan
extension by the natural polyamine spermidine.
Nat. Med. 22, 1428–1438 (2016). doi: 10.1038/nm.4222;
pmid: 27841876

45. Z. Zwighaft et al., Circadian clock control by polyamine levels
through a mechanism that declines with age. Cell Metab. 22,
874–885 (2015). doi: 10.1016/j.cmet.2015.09.011;
pmid: 26456331

46. R. Kibe et al., Upregulation of colonic luminal polyamines
produced by intestinal microbiota delays senescence in mice.
Sci. Rep. 4, 4548 (2014). doi: 10.1038/srep04548;
pmid: 24686447

47. M. Matsumoto, S. Kurihara, R. Kibe, H. Ashida, Y. Benno,
Longevity in mice is promoted by probiotic-induced
suppression of colonic senescence dependent on
upregulation of gut bacterial polyamine production.
PLOS ONE 6, e23652 (2011). doi: 10.1371/journal.
pone.0023652; pmid: 21858192

48. M. Matsumoto et al., Impact of intestinal microbiota on
intestinal luminal metabolome. Sci. Rep. 2, 233 (2012).
doi: 10.1038/srep00233; pmid: 22724057

49. M. Matsumoto, Y. Benno, The relationship between
microbiota and polyamine concentration in the human
intestine: A pilot study. Microbiol. Immunol. 51, 25–35
(2007). doi: 10.1111/j.1348-0421.2007.tb03887.x;
pmid: 17237596

50. K. Igarashi, S. Ueda, K. Yoshida, K. Kashiwagi, Polyamines in
renal failure. Amino Acids 31, 477–483 (2006). doi: 10.1007/
s00726-006-0264-7; pmid: 16554974

51. F. Yue et al., Spermidine prolongs lifespan and prevents
liver fibrosis and hepatocellular carcinoma by activating
MAP1S-mediated autophagy. Cancer Res. 77, 2938–2951
(2017). doi: 10.1158/0008-5472.CAN-16-3462;
pmid: 28386016

52. K. Soda, Y. Dobashi, Y. Kano, S. Tsujinaka, F. Konishi,
Polyamine-rich food decreases age-associated pathology
and mortality in aged mice. Exp. Gerontol. 44, 727–732
(2009). doi: 10.1016/j.exger.2009.08.013;
pmid: 19735716

53. T. Yamamoto et al., The natural polyamines spermidine and
spermine prevent bone loss through preferential disruption of
osteoclastic activation in ovariectomized mice. Br. J.
Pharmacol. 166, 1084–1096 (2012). doi: 10.1111/
j.1476-5381.2012.01856.x; pmid: 22250848

54. P. N. T. Binh, K. Soda, C. Maruyama, M. Kawakami,
Relationship between food polyamines and gross domestic
product in association with longevity in Asian countries.
Health (N. Y.) 02, 1390 (2010).

55. E. W. Gerner, F. L. Meyskens Jr., Polyamines and cancer: Old
molecules, new understanding. Nat. Rev. Cancer 4, 781–792
(2004). doi: 10.1038/nrc1454; pmid: 15510159

56. M. Pless et al., Clinical efficacy, tolerability, and safety of
SAM486A, a novel polyamine biosynthesis inhibitor, in
patients with relapsed or refractory non-Hodgkin’s
lymphoma: Results from a phase II multicenter study. Clin.
Cancer Res. 10, 1299–1305 (2004). doi: 10.1158/1078-0432.
CCR-0977-03; pmid: 14977828

57. H. Miao et al., Macrophage ABHD5 promotes colorectal
cancer growth by suppressing spermidine production by
SRM. Nat. Commun. 7, 11716 (2016). doi: 10.1038/
ncomms11716; pmid: 27189574

58. K. Soda, Y. Kano, F. Chiba, K. Koizumi, Y. Miyaki, Increased
polyamine intake inhibits age-associated alteration in global
DNA methylation and 1,2-dimethylhydrazine-induced
tumorigenesis. PLOS ONE 8, e64357 (2013). doi: 10.1371/
journal.pone.0064357; pmid: 23696883

59. A. J. Vargas et al., Dietary polyamine intake and risk of
colorectal adenomatous polyps. Am. J. Clin. Nutr. 96, 133–141
(2012). doi: 10.3945/ajcn.111.030353; pmid: 22648715

60. A. J. Vargas et al., Dietary polyamine intake and colorectal
cancer risk in postmenopausal women. Am. J. Clin. Nutr. 102,
411–419 (2015). doi: 10.3945/ajcn.114.103895;
pmid: 26135350

61. F. Pietrocola et al., Caloric restriction mimetics enhance
anticancer immunosurveillance. Cancer Cell 30, 147–160
(2016). doi: 10.1016/j.ccell.2016.05.016; pmid: 27411589

62. C. Lee et al., Reduced levels of IGF-I mediate differential
protection of normal and cancer cells in response to fasting
and improve chemotherapeutic index. Cancer Res. 70,
1564–1572 (2010). doi: 10.1158/0008-5472.CAN-09-3228;
pmid: 20145127

63. S. Di Biase et al., Fasting-mimicking diet reduces HO-1 to
promote T cell-mediated tumor cytotoxicity. Cancer Cell 30,
136–146 (2016). doi: 10.1016/j.ccell.2016.06.005;
pmid: 27411588

64. K. Soda, Y. Kano, F. Chiba, Food polyamine and cardiovascular
disease—An epidemiological study. Glob. J. Health Sci. 4,
170–178 (2012). doi: 10.5539/gjhs.v4n6p170; pmid: 23121753

65. T. J. LaRocca, R. A. Gioscia-Ryan, C. M. Hearon Jr.,
D. R. Seals, The autophagy enhancer spermidine reverses
arterial aging. Mech. Ageing Dev. 134, 314–320 (2013).
doi: 10.1016/j.mad.2013.04.004; pmid: 23612189

66. C. F. Michiels, A. Kurdi, J.-P. Timmermans,
G. R. Y. De Meyer, W. Martinet, Spermidine reduces
lipid accumulation and necrotic core formation
in atherosclerotic plaques via induction of autophagy.
Atherosclerosis 251, 319–327 (2016). doi: 10.1016/
j.atherosclerosis.2016.07.899; pmid: 27450786

67. T. Hayashi et al., Decreased ornithine decarboxylase activity
in the kidneys of Dahl salt-sensitive rats. Hypertens. Res. 25,
787–795 (2002). doi: 10.1291/hypres.25.787;
pmid: 12452334

68. T. Chen et al., Rapamycin and other longevity-promoting
compounds enhance the generation of mouse induced
pluripotent stem cells. Aging Cell 10, 908–911 (2011).
doi: 10.1111/j.1474-9726.2011.00722.x; pmid: 21615676

69. Y. Ramot et al., Spermidine promotes human hair growth and
is a novel modulator of human epithelial stem cell functions.
PLOS ONE 6, e22564 (2011). doi: 10.1371/journal.
pone.0022564; pmid: 21818338

70. L. García-Prat et al., Autophagy maintains stemness by
preventing senescence. Nature 529, 37–42 (2016).
doi: 10.1038/nature16187; pmid: 26738589

71. M. Chrisam et al., Reactivation of autophagy by spermidine
ameliorates the myopathic defects of collagen VI-null mice.
Autophagy 11, 2142–2152 (2015). doi: 10.1080/
15548627.2015.1108508; pmid: 26565691

72. J. Fan et al., Spermidine coupled with exercise rescues
skeletal muscle atrophy from D-gal-induced aging rats
through enhanced autophagy and reduced apoptosis via
AMPK-FOXO3a signal pathway. Oncotarget 8, 17475–17490
(2017). pmid: 28407698

73. S. K. Sadasivan et al., Exogenous administration of spermine
improves glucose utilization and decreases bodyweight in
mice. Eur. J. Pharmacol. 729, 94–99 (2014). doi: 10.1016/
j.ejphar.2014.01.073; pmid: 24530553

74. D. Kraus et al., Nicotinamide N-methyltransferase knockdown
protects against diet-induced obesity. Nature 508, 258–262
(2014). doi: 10.1038/nature13198; pmid: 24717514

75. N. Bonhoure et al., Loss of the RNA polymerase III repressor
MAF1 confers obesity resistance. Genes Dev. 29, 934–947
(2015). doi: 10.1101/gad.258350.115; pmid: 25934505

76. Á. F. Fernández et al., Autophagy couteracts weight gain,
lipotoxicity and pancreatic b-cell death upon hypercaloric
pro-diabetic regimens. Cell Death Dis. 8, e2970 (2017).
doi: 10.1038/cddis.2017.373; pmid: 28771229

77. M. T. Lin, M. F. Beal, Mitochondrial dysfunction and oxidative
stress in neurodegenerative diseases. Nature 443, 787–795
(2006). doi: 10.1038/nature05292; pmid: 17051205

78. N. Minois, P. Rockenfeller, T. K. Smith, D. Carmona-Gutierrez,
Spermidine feeding decreases age-related locomotor activity
loss and induces changes in lipid composition. PLOS ONE 9,
e102435 (2014). doi: 10.1371/journal.pone.0102435;
pmid: 25010732

79. V. K. Gupta et al., Spermidine suppresses age-associated
memory impairment by preventing adverse increase of
presynaptic active zone size and release. PLOS Biol. 14,
e1002563 (2016). doi: 10.1371/journal.pbio.1002563;
pmid: 27684064

Madeo et al., Science 359, eaan2788 (2018) 26 January 2018 9 of 10

RESEARCH | REVIEW
D

ow
nloaded from

 https://w
w

w
.science.org on Septem

ber 12, 2023

http://dx.doi.org/10.1016/j.molcel.2014.01.016
http://dx.doi.org/10.1016/j.molcel.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24560926
http://dx.doi.org/10.1038/cdd.2014.215
http://www.ncbi.nlm.nih.gov/pubmed/25526088
http://dx.doi.org/10.1083/jcb.201008167
http://www.ncbi.nlm.nih.gov/pubmed/21339330
http://dx.doi.org/10.1074/jbc.R116.731661
http://dx.doi.org/10.1074/jbc.R116.731661
http://www.ncbi.nlm.nih.gov/pubmed/27268251
http://dx.doi.org/10.1079/BJN19950087
http://www.ncbi.nlm.nih.gov/pubmed/7632663
http://dx.doi.org/10.1016/j.biocel.2009.07.009
http://www.ncbi.nlm.nih.gov/pubmed/19643201
http://dx.doi.org/10.1016/j.phrs.2016.03.023
http://www.ncbi.nlm.nih.gov/pubmed/27015893
http://dx.doi.org/10.1038/ncb1975
http://www.ncbi.nlm.nih.gov/pubmed/19801973
http://dx.doi.org/10.1089/rej.2012.1349
http://www.ncbi.nlm.nih.gov/pubmed/22950434
http://dx.doi.org/10.1038/nn.3512
http://dx.doi.org/10.1038/nn.3512
http://www.ncbi.nlm.nih.gov/pubmed/23995066
http://dx.doi.org/10.1016/0047-6374(84)90090-3
http://dx.doi.org/10.1016/0047-6374(84)90090-3
http://www.ncbi.nlm.nih.gov/pubmed/6384679
http://dx.doi.org/10.1093/jb/mvj003
http://dx.doi.org/10.1093/jb/mvj003
http://www.ncbi.nlm.nih.gov/pubmed/16428322
http://dx.doi.org/10.1002/iub.230
http://www.ncbi.nlm.nih.gov/pubmed/19603518
http://dx.doi.org/10.1074/jbc.M406002200
http://www.ncbi.nlm.nih.gov/pubmed/15252047
http://dx.doi.org/10.1074/jbc.M610265200
http://www.ncbi.nlm.nih.gov/pubmed/17189273
http://dx.doi.org/10.1073/pnas.1300113110
http://www.ncbi.nlm.nih.gov/pubmed/23801752
http://dx.doi.org/10.1038/ncomms15368
http://www.ncbi.nlm.nih.gov/pubmed/28516954
http://dx.doi.org/10.1111/j.1463-1326.2010.01267.x
http://dx.doi.org/10.1111/j.1463-1326.2010.01267.x
http://www.ncbi.nlm.nih.gov/pubmed/21029309
http://dx.doi.org/10.1017/erm.2013.3
http://www.ncbi.nlm.nih.gov/pubmed/23432971
http://dx.doi.org/10.1038/srep06836
http://www.ncbi.nlm.nih.gov/pubmed/25355561
http://dx.doi.org/10.1074/jbc.M116.756197
http://dx.doi.org/10.1074/jbc.M116.756197
http://www.ncbi.nlm.nih.gov/pubmed/28082679
http://dx.doi.org/10.1046/j.1471-4159.2003.01558.x
http://www.ncbi.nlm.nih.gov/pubmed/12558981
http://dx.doi.org/10.1097/00042737-200109000-00004
http://www.ncbi.nlm.nih.gov/pubmed/11564949
http://dx.doi.org/10.3177/jnsv.55.361
http://www.ncbi.nlm.nih.gov/pubmed/19763038
http://dx.doi.org/10.3402/fnr.v55i0.5572
http://www.ncbi.nlm.nih.gov/pubmed/21249159
http://dx.doi.org/10.1016/j.jada.2007.03.012
http://www.ncbi.nlm.nih.gov/pubmed/17524725
http://dx.doi.org/10.3402/fnr.v55i0.5455
http://www.ncbi.nlm.nih.gov/pubmed/21249160
http://dx.doi.org/10.1038/nm.4222
http://www.ncbi.nlm.nih.gov/pubmed/27841876
http://dx.doi.org/10.1016/j.cmet.2015.09.011
http://www.ncbi.nlm.nih.gov/pubmed/26456331
http://dx.doi.org/10.1038/srep04548
http://www.ncbi.nlm.nih.gov/pubmed/24686447
http://dx.doi.org/10.1371/journal.pone.0023652
http://dx.doi.org/10.1371/journal.pone.0023652
http://www.ncbi.nlm.nih.gov/pubmed/21858192
http://dx.doi.org/10.1038/srep00233
http://www.ncbi.nlm.nih.gov/pubmed/22724057
http://dx.doi.org/10.1111/j.1348-0421.2007.tb03887.x
http://www.ncbi.nlm.nih.gov/pubmed/17237596
http://dx.doi.org/10.1007/s00726-006-0264-7
http://dx.doi.org/10.1007/s00726-006-0264-7
http://www.ncbi.nlm.nih.gov/pubmed/16554974
http://dx.doi.org/10.1158/0008-5472.CAN-16-3462
http://www.ncbi.nlm.nih.gov/pubmed/28386016
http://dx.doi.org/10.1016/j.exger.2009.08.013
http://www.ncbi.nlm.nih.gov/pubmed/19735716
http://dx.doi.org/10.1111/j.1476-5381.2012.01856.x
http://dx.doi.org/10.1111/j.1476-5381.2012.01856.x
http://www.ncbi.nlm.nih.gov/pubmed/22250848
http://dx.doi.org/10.1038/nrc1454
http://www.ncbi.nlm.nih.gov/pubmed/15510159
http://dx.doi.org/10.1158/1078-0432.CCR-0977-03
http://dx.doi.org/10.1158/1078-0432.CCR-0977-03
http://www.ncbi.nlm.nih.gov/pubmed/14977828
http://dx.doi.org/10.1038/ncomms11716
http://dx.doi.org/10.1038/ncomms11716
http://www.ncbi.nlm.nih.gov/pubmed/27189574
http://dx.doi.org/10.1371/journal.pone.0064357
http://dx.doi.org/10.1371/journal.pone.0064357
http://www.ncbi.nlm.nih.gov/pubmed/23696883
http://dx.doi.org/10.3945/ajcn.111.030353
http://www.ncbi.nlm.nih.gov/pubmed/22648715
http://dx.doi.org/10.3945/ajcn.114.103895
http://www.ncbi.nlm.nih.gov/pubmed/26135350
http://dx.doi.org/10.1016/j.ccell.2016.05.016
http://www.ncbi.nlm.nih.gov/pubmed/27411589
http://dx.doi.org/10.1158/0008-5472.CAN-09-3228
http://www.ncbi.nlm.nih.gov/pubmed/20145127
http://dx.doi.org/10.1016/j.ccell.2016.06.005
http://www.ncbi.nlm.nih.gov/pubmed/27411588
http://dx.doi.org/10.5539/gjhs.v4n6p170
http://www.ncbi.nlm.nih.gov/pubmed/23121753
http://dx.doi.org/10.1016/j.mad.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23612189
http://dx.doi.org/10.1016/j.atherosclerosis.2016.07.899
http://dx.doi.org/10.1016/j.atherosclerosis.2016.07.899
http://www.ncbi.nlm.nih.gov/pubmed/27450786
http://dx.doi.org/10.1291/hypres.25.787
http://www.ncbi.nlm.nih.gov/pubmed/12452334
http://dx.doi.org/10.1111/j.1474-9726.2011.00722.x
http://www.ncbi.nlm.nih.gov/pubmed/21615676
http://dx.doi.org/10.1371/journal.pone.0022564
http://dx.doi.org/10.1371/journal.pone.0022564
http://www.ncbi.nlm.nih.gov/pubmed/21818338
http://dx.doi.org/10.1038/nature16187
http://www.ncbi.nlm.nih.gov/pubmed/26738589
http://dx.doi.org/10.1080/15548627.2015.1108508
http://dx.doi.org/10.1080/15548627.2015.1108508
http://www.ncbi.nlm.nih.gov/pubmed/26565691
http://www.ncbi.nlm.nih.gov/pubmed/28407698
http://dx.doi.org/10.1016/j.ejphar.2014.01.073
http://dx.doi.org/10.1016/j.ejphar.2014.01.073
http://www.ncbi.nlm.nih.gov/pubmed/24530553
http://dx.doi.org/10.1038/nature13198
http://www.ncbi.nlm.nih.gov/pubmed/24717514
http://dx.doi.org/10.1101/gad.258350.115
http://www.ncbi.nlm.nih.gov/pubmed/25934505
http://dx.doi.org/10.1038/cddis.2017.373
http://www.ncbi.nlm.nih.gov/pubmed/28771229
http://dx.doi.org/10.1038/nature05292
http://www.ncbi.nlm.nih.gov/pubmed/17051205
http://dx.doi.org/10.1371/journal.pone.0102435
http://www.ncbi.nlm.nih.gov/pubmed/25010732
http://dx.doi.org/10.1371/journal.pbio.1002563
http://www.ncbi.nlm.nih.gov/pubmed/27684064


80. X. Guo et al., Spermidine alleviates severity of murine
experimental autoimmune encephalomyelitis. Invest.
Opthalmol. Vis. Sci. 52, 2696–2703 (2011). doi: 10.1167/
iovs.10-6015; pmid: 21228387

81. Q. Yang et al., Spermidine alleviates experimental
autoimmune encephalomyelitis through inducing inhibitory
macrophages. Cell Death Differ. 23, 1850–1861 (2016).
doi: 10.1038/cdd.2016.71; pmid: 27447115

82. T. Noro et al., Spermidine promotes retinal ganglion cell
survival and optic nerve regeneration in adult mice following
optic nerve injury. Cell Death Dis. 6, e1720 (2015).
doi: 10.1038/cddis.2015.93; pmid: 25880087

83. T. Noro et al., Spermidine ameliorates neurodegeneration in a
mouse model of normal tension glaucoma. Invest.
Ophthalmol. Vis. Sci. 56, 5012–5019 (2015). doi: 10.1167/
iovs.15-17142; pmid: 26230766

84. K. Deng et al., Increased synthesis of spermidine as a
result of upregulation of arginase I promotes axonal
regeneration in culture and in vivo. J. Neurosci. 29,
9545–9552 (2009). doi: 10.1523/JNEUROSCI.1175-09.2009;
pmid: 19641117

85. S. Büttner et al., Spermidine protects against a-synuclein
neurotoxicity. Cell Cycle 13, 3903–3908 (2014). doi: 10.4161/
15384101.2014.973309; pmid: 25483063

86. I.-F. Wang et al., Autophagy activators rescue and alleviate
pathogenesis of a mouse model with proteinopathies of the
TAR DNA-binding protein 43. Proc. Natl. Acad. Sci. U.S.A.
109, 15024–15029 (2012). doi: 10.1073/pnas.1206362109;
pmid: 22932872

87. Y. Zhang et al., Spermidine preconditioning ameliorates
laurate-induced brain injury by maintaining mitochondrial
stability. Neurol. Res. 39, 248–258 (2017). doi: 10.1080/
01616412.2017.1283830; pmid: 28112032

88. N. A. Velloso et al., Spermine improves recognition memory
deficit in a rodent model of Huntington’s disease. Neurobiol.
Learn. Mem. 92, 574–580 (2009). doi: 10.1016/
j.nlm.2009.07.006; pmid: 19632348

89. Y. Qi, Q. Qiu, X. Gu, Y. Tian, Y. Zhang, ATM mediates
spermidine-induced mitophagy via PINK1 and Parkin
regulation in human fibroblasts. Sci. Rep. 6, 24700 (2016).
doi: 10.1038/srep24700; pmid: 27089984

90. G. Mariño, F. Pietrocola, F. Madeo, G. Kroemer, Caloric
restriction mimetics: Natural/physiological pharmacological
autophagy inducers. Autophagy 10, 1879–1882 (2014).
doi: 10.4161/auto.36413; pmid: 25484097

91. N. Minois et al., Spermidine promotes stress resistance in
Drosophila melanogaster through autophagy-dependent and
-independent pathways. Cell Death Dis. 3, e401 (2012).
doi: 10.1038/cddis.2012.139; pmid: 23059820

92. I. H. Lee, T. Finkel, Regulation of autophagy by the p300
acetyltransferase. J. Biol. Chem. 284, 6322–6328 (2009).
doi: 10.1074/jbc.M807135200; pmid: 19124466

93. S. Sebti et al., BAT3 modulates p300-dependent acetylation
of p53 and autophagy-related protein 7 (ATG7) during
autophagy. Proc. Natl. Acad. Sci. U.S.A. 111, 4115–4120
(2014). doi: 10.1073/pnas.1313618111; pmid: 24591579

94. R. Mackeh et al., Reactive oxygen species, AMP-activated
protein kinase, and the transcription cofactor p300 regulate
a-tubulin acetyltransferase-1 (aTAT-1/MEC-17)-dependent
microtubule hyperacetylation during cell stress. J. Biol.
Chem. 289, 11816–11828 (2014). doi: 10.1074/jbc.
M113.507400; pmid: 24619423

95. C. Mammucari et al., FoxO3 controls autophagy in skeletal
muscle in vivo. Cell Metab. 6, 458–471 (2007). doi: 10.1016/
j.cmet.2007.11.001; pmid: 18054315

96. F. Pietrocola, L. Galluzzi, J. M. Bravo-San Pedro, F. Madeo,
G. Kroemer, Acetyl coenzyme A: A central metabolite and
second messenger. Cell Metab. 21, 805–821 (2015).
doi: 10.1016/j.cmet.2015.05.014; pmid: 26039447

97. H. S. Ghosh, M. McBurney, P. D. Robbins, SIRT1 negatively
regulates the mammalian target of rapamycin. PLOS ONE 5,
e9199 (2010). doi: 10.1371/journal.pone.0009199;
pmid: 20169165

98. A. Eiyama, K. Okamoto, PINK1/Parkin-mediated mitophagy in
mammalian cells. Curr. Opin. Cell Biol. 33, 95–101 (2015).
doi: 10.1016/j.ceb.2015.01.002; pmid: 25697963

99. M. V. Bennetzen et al., Phosphoproteomic analysis of cells
treated with longevity-related autophagy inducers. Cell Cycle
Georget. Tex. 11, 1827–1840 (2012).

100. E. Vacchelli et al., Chemotherapy-induced antitumor
immunity requires formyl peptide receptor 1. Science 350,
972–978 (2015). doi: 10.1126/science.aad0779;
pmid: 26516201

101. L. Galluzzi, A. Buqué, O. Kepp, L. Zitvogel, G. Kroemer,
Immunogenic cell death in cancer and infectious disease.
Nat. Rev. Immunol. 17, 97–111 (2017). doi: 10.1038/
nri.2016.107; pmid: 27748397

102. L. Galluzzi, A. Buqué, O. Kepp, L. Zitvogel, G. Kroemer,
Immunological effects of conventional chemotherapy and
targeted anticancer agents. Cancer Cell 28, 690–714 (2015).
doi: 10.1016/j.ccell.2015.10.012; pmid: 26678337

103. Y. Ma et al., Anticancer chemotherapy-induced intratumoral
recruitment and differentiation of antigen-presenting cells.
Immunity 38, 729–741 (2013). doi: 10.1016/
j.immuni.2013.03.003; pmid: 23562161

104. M. Michaud et al., Autophagy-dependent anticancer immune
responses induced by chemotherapeutic agents in mice.
Science 334, 1573–1577 (2011). doi: 10.1126/
science.1208347; pmid: 22174255

105. S. Rao et al., A dual role for autophagy in a murine model of
lung cancer. Nat. Commun. 5, 3056 (2014). doi: 10.1038/
ncomms4056; pmid: 24445999

106. C. Lee et al., Fasting cycles retard growth of tumors and
sensitize a range of cancer cell types to chemotherapy. Sci.
Transl. Med. 4, 124ra27 (2012). doi: 10.1126/
scitranslmed.3003293; pmid: 22323820

107. K. Araki et al., mTOR regulates memory CD8 T-cell
differentiation. Nature 460, 108–112 (2009). doi: 10.1038/
nature08155; pmid: 19543266

108. E. L. Pearce et al., Enhancing CD8 T-cell memory by
modulating fatty acid metabolism. Nature 460, 103–107
(2009). doi: 10.1038/nature08097; pmid: 19494812

109. K. Phadwal et al., A novel method for autophagy detection in
primary cells: Impaired levels of macroautophagy in
immunosenescent T cells. Autophagy 8, 677–689 (2012).
doi: 10.4161/auto.18935; pmid: 22302009

110. D. J. Puleston et al., Autophagy is a critical regulator of
memory CD8+ T cell formation. eLife 3, e03706 (2014).
doi: 10.7554/eLife.03706; pmid: 25385531

111. D. J. Puleston, A. K. Simon, New roles for autophagy and
spermidine in T cells. Microb. Cell 2, 91–93 (2015).
doi: 10.15698/mic2015.03.195; pmid: 28357282

112. Z. Zhong, E. Sanchez-Lopez, M. Karin, Autophagy, NLRP3
inflammasome and auto-inflammatory/immune diseases.
Clin. Exp. Rheumatol. 34 (Suppl 98), 12–16 (2016).
pmid: 27586797

113. S. Zhu et al., Spermine protects mice against lethal sepsis
partly by attenuating surrogate inflammatory markers.
Mol. Med. 15, 275–282 (2009). pmid: 19593412

114. K. Soda et al., Spermine, a natural polyamine, suppresses
LFA-1 expression on human lymphocyte. J. Immunol. 175,
237–245 (2005). doi: 10.4049/jimmunol.175.1.237;
pmid: 15972654

115. Y. Kano, K. Soda, F. Konishi, Suppression of LFA-
1 expression by spermine is associated with enhanced
methylation of ITGAL, the LFA-1 promoter area. PLOS ONE
8, e56056 (2013). doi: 10.1371/journal.pone.0056056;
pmid: 23418509

116. W. W. Shin, W. F. Fong, S. F. Pang, P. C. Wong, Limited blood-
brain barrier transport of polyamines. J. Neurochem. 44,
1056–1059 (1985). doi: 10.1111/j.1471-4159.1985.tb08724.x;
pmid: 3973604

117. A. S. Diler et al., Passage of spermidine across the
blood-brain barrier in short recirculation periods following
global cerebral ischemia: Effects of mild hyperthermia.
Neurosci. Res. 43, 335–342 (2002). doi: 10.1016/
S0168-0102(02)00059-7; pmid: 12135777

118. E. Sahin et al., Macrophage PTEN regulates expression and
secretion of arginase I modulating innate and adaptive
immune responses. J. Immunol. 193, 1717–1727 (2014).
doi: 10.4049/jimmunol.1302167; pmid: 25015834

119. S. Jo et al., GABA from reactive astrocytes impairs memory
in mouse models of Alzheimer’s disease. Nat. Med. 20,
886–896 (2014). doi: 10.1038/nm.3639; pmid: 24973918

120. J. Saura et al., Increased monoamine oxidase B activity in
plaque-associated astrocytes of Alzheimer brains revealed by
quantitative enzyme radioautography. Neuroscience 62,
15–30 (1994). doi: 10.1016/0306-4522(94)90311-5;
pmid: 7816197

121. M. H. Park, K. Igarashi, Polyamines and their metabolites as
diagnostic markers of human diseases. Biomol. Ther. (Seoul)
21, 1–9 (2013). doi: 10.4062/biomolther.2012.097;
pmid: 24009852

122. M.-L. Cheng et al., Metabolic disturbances identified in
plasma are associated with outcomes in patients with heart
failure: Diagnostic and prognostic value of metabolomics.

J. Am. Coll. Cardiol. 65, 1509–1520 (2015). doi: 10.1016/
j.jacc.2015.02.018; pmid: 25881932

123. B. E. Sansbury et al., Metabolomic analysis of pressure-
overloaded and infarcted mouse hearts. Circ Heart Fail 7,
634–642 (2014). doi: 10.1161/CIRCHEARTFAILURE.114.001151;
pmid: 24762972

124. X. Pan et al., Alzheimer’s disease-like pathology has transient
effects on the brain and blood metabolome. Neurobiol. Aging
38, 151–163 (2016). doi: 10.1016/j.neurobiolaging.2015.11.014;
pmid: 26827653

125. S. F. Graham et al., Untargeted metabolomic analysis of
human plasma indicates differentially affected polyamine and
L-arginine metabolism in mild cognitive impairment subjects
converting to Alzheimer’s disease. PLOS ONE 10, e0119452
(2015). doi: 10.1371/journal.pone.0119452; pmid: 25803028

126. C. Magnes et al., Polyamines in biological samples: Rapid and
robust quantification by solid-phase extraction online-
coupled to liquid chromatography-tandem mass
spectrometry. J. Chromatogr. A 1331, 44–51 (2014).
doi: 10.1016/j.chroma.2013.12.061; pmid: 24485539

127. M. Ost et al., Muscle mitohormesis promotes cellular survival
via serine/glycine pathway flux. FASEB J. 29, 1314–1328
(2015). doi: 10.1096/fj.14-261503; pmid: 25491309

128. P. Liu, N. Gupta, Y. Jing, H. Zhang, Age-related changes in
polyamines in memory-associated brain structures in rats.
Neuroscience 155, 789–796 (2008). doi: 10.1016/
j.neuroscience.2008.06.033; pmid: 18621105

129. F. Pietrocola et al., Coffee induces autophagy in vivo. Cell Cycle
13, 1987–1994 (2014). doi: 10.4161/cc.28929; pmid: 24769862

130. N. D. Freedman, Y. Park, C. C. Abnet, A. R. Hollenbeck,
R. Sinha, Association of coffee drinking with total and cause-
specific mortality. N. Engl. J. Med. 366, 1891–1904 (2012).
doi: 10.1056/NEJMoa1112010; pmid: 22591295

131. C. Schwarz et al., Safety and tolerability of spermidine
supplementation in mice and older adults with subjective
cognitive decline. Aging (2018). doi: 10.18632/aging.101354;
pmid: 29315079

132. K. Nishimura et al., Effect of polyamine-deficient chow on
Trypanosoma brucei brucei infection in rats. J. Parasitol. 95,
781–786 (2009). doi: 10.1645/GE-1883.1; pmid: 20049984

ACKNOWLEDGMENTS

F.M., T.E., and G.K. are inventors on a patent application
(WO2010081204 A3) submitted by Katholieke Universiteit Leuven
that covers the use of spermidine for life-span extension. F.P. and
G.K. are inventors on a patent application (WO2015049365 A3)
submitted by INSERM (Institut National de la Santé et de la
Recherche Médicale), Assistance Publique-Hôpitaux De Paris
(APHP), Université Paris Descartes, Université Pierre et Marie
Curie (Paris 6), Université Paris Diderot–Paris 7, Université Paris–
Sud, Institut Gustave Roussy, that covers the medical use of CRMs.
We thank D. Carmona-Gutierrez and P. Royer for critical reading
and support. F.M. is grateful to the Austrian Science Fund FWF
(Austria) for grants P23490-B20, P29262, P24381, P29203
P27893, I1000, and “SFB Lipotox” (F3012), as well as to
Bundesministerium für Wissenschaft, Forschung und Wirtschaft
and the Karl-Franzens University for grant “Unkonventionelle
Forschung” and grant DKplus Metabolic and Cardiovascular
Diseases (W1226). We acknowledge support from NAWI Graz and
the BioTechMed-Graz flagship project “EPIAge.” G.K. is supported
by the Ligue contre le Cancer Comité de Charente-Maritime
(équipe labelisée); Agence National de la Recherche (ANR)–Projets
blancs; ANR under the frame of E-Rare-2, the ERA-Net for
Research on Rare Diseases; Association pour la recherche sur le
cancer (ARC); Cancéropôle Ile-de-France; Institut National du
Cancer (INCa); Institut Universitaire de France; Fondation pour la
Recherche Médicale (FRM); the European Commission (ArtForce);
the European Research Council (ERC); the LeDucq Foundation; the
LabEx Immuno-Oncology; the Recherche Hospitalo-Universitaire
Torino Lumière, the Site de Recherche Intégrée sur le Cancer (SIRIC)
Stratified Oncology Cell DNA Repair and Tumor Immune Elimination
(SOCRATE); the SIRIC Cancer Research and Personalized Medicine
(CARPEM); and the Paris Alliance of Cancer Research Institutes
(PACRI). T.E. is supported by the FFG COIN-project 855987. F.M. and
T.E. have equity interests in TLL (The Longevity Labs), a company
founded in 2016 that will develop natural food extracts.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/359/6374/eaan2788/suppl/DC1
Tables S1 and S2
References (133–275)

10.1126/science.aan2788

Madeo et al., Science 359, eaan2788 (2018) 26 January 2018 10 of 10

RESEARCH | REVIEW
D

ow
nloaded from

 https://w
w

w
.science.org on Septem

ber 12, 2023

http://dx.doi.org/10.1167/iovs.10-6015
http://dx.doi.org/10.1167/iovs.10-6015
http://www.ncbi.nlm.nih.gov/pubmed/21228387
http://dx.doi.org/10.1038/cdd.2016.71
http://www.ncbi.nlm.nih.gov/pubmed/27447115
http://dx.doi.org/10.1038/cddis.2015.93
http://www.ncbi.nlm.nih.gov/pubmed/25880087
http://dx.doi.org/10.1167/iovs.15-17142
http://dx.doi.org/10.1167/iovs.15-17142
http://www.ncbi.nlm.nih.gov/pubmed/26230766
http://dx.doi.org/10.1523/JNEUROSCI.1175-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19641117
http://dx.doi.org/10.4161/15384101.2014.973309
http://dx.doi.org/10.4161/15384101.2014.973309
http://www.ncbi.nlm.nih.gov/pubmed/25483063
http://dx.doi.org/10.1073/pnas.1206362109
http://www.ncbi.nlm.nih.gov/pubmed/22932872
http://dx.doi.org/10.1080/01616412.2017.1283830
http://dx.doi.org/10.1080/01616412.2017.1283830
http://www.ncbi.nlm.nih.gov/pubmed/28112032
http://dx.doi.org/10.1016/j.nlm.2009.07.006
http://dx.doi.org/10.1016/j.nlm.2009.07.006
http://www.ncbi.nlm.nih.gov/pubmed/19632348
http://dx.doi.org/10.1038/srep24700
http://www.ncbi.nlm.nih.gov/pubmed/27089984
http://dx.doi.org/10.4161/auto.36413
http://www.ncbi.nlm.nih.gov/pubmed/25484097
http://dx.doi.org/10.1038/cddis.2012.139
http://www.ncbi.nlm.nih.gov/pubmed/23059820
http://dx.doi.org/10.1074/jbc.M807135200
http://www.ncbi.nlm.nih.gov/pubmed/19124466
http://dx.doi.org/10.1073/pnas.1313618111
http://www.ncbi.nlm.nih.gov/pubmed/24591579
http://dx.doi.org/10.1074/jbc.M113.507400
http://dx.doi.org/10.1074/jbc.M113.507400
http://www.ncbi.nlm.nih.gov/pubmed/24619423
http://dx.doi.org/10.1016/j.cmet.2007.11.001
http://dx.doi.org/10.1016/j.cmet.2007.11.001
http://www.ncbi.nlm.nih.gov/pubmed/18054315
http://dx.doi.org/10.1016/j.cmet.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/26039447
http://dx.doi.org/10.1371/journal.pone.0009199
http://www.ncbi.nlm.nih.gov/pubmed/20169165
http://dx.doi.org/10.1016/j.ceb.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25697963
http://dx.doi.org/10.1126/science.aad0779
http://www.ncbi.nlm.nih.gov/pubmed/26516201
http://dx.doi.org/10.1038/nri.2016.107
http://dx.doi.org/10.1038/nri.2016.107
http://www.ncbi.nlm.nih.gov/pubmed/27748397
http://dx.doi.org/10.1016/j.ccell.2015.10.012
http://www.ncbi.nlm.nih.gov/pubmed/26678337
http://dx.doi.org/10.1016/j.immuni.2013.03.003
http://dx.doi.org/10.1016/j.immuni.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23562161
http://dx.doi.org/10.1126/science.1208347
http://dx.doi.org/10.1126/science.1208347
http://www.ncbi.nlm.nih.gov/pubmed/22174255
http://dx.doi.org/10.1038/ncomms4056
http://dx.doi.org/10.1038/ncomms4056
http://www.ncbi.nlm.nih.gov/pubmed/24445999
http://dx.doi.org/10.1126/scitranslmed.3003293
http://dx.doi.org/10.1126/scitranslmed.3003293
http://www.ncbi.nlm.nih.gov/pubmed/22323820
http://dx.doi.org/10.1038/nature08155
http://dx.doi.org/10.1038/nature08155
http://www.ncbi.nlm.nih.gov/pubmed/19543266
http://dx.doi.org/10.1038/nature08097
http://www.ncbi.nlm.nih.gov/pubmed/19494812
http://dx.doi.org/10.4161/auto.18935
http://www.ncbi.nlm.nih.gov/pubmed/22302009
http://dx.doi.org/10.7554/eLife.03706
http://www.ncbi.nlm.nih.gov/pubmed/25385531
http://dx.doi.org/10.15698/mic2015.03.195
http://www.ncbi.nlm.nih.gov/pubmed/28357282
http://www.ncbi.nlm.nih.gov/pubmed/27586797
http://www.ncbi.nlm.nih.gov/pubmed/19593412
http://dx.doi.org/10.4049/jimmunol.175.1.237
http://www.ncbi.nlm.nih.gov/pubmed/15972654
http://dx.doi.org/10.1371/journal.pone.0056056
http://www.ncbi.nlm.nih.gov/pubmed/23418509
http://dx.doi.org/10.1111/j.1471-4159.1985.tb08724.x
http://www.ncbi.nlm.nih.gov/pubmed/3973604
http://dx.doi.org/10.1016/S0168-0102(02)00059-7
http://dx.doi.org/10.1016/S0168-0102(02)00059-7
http://www.ncbi.nlm.nih.gov/pubmed/12135777
http://dx.doi.org/10.4049/jimmunol.1302167
http://www.ncbi.nlm.nih.gov/pubmed/25015834
http://dx.doi.org/10.1038/nm.3639
http://www.ncbi.nlm.nih.gov/pubmed/24973918
http://dx.doi.org/10.1016/0306-4522(94)90311-5
http://www.ncbi.nlm.nih.gov/pubmed/7816197
http://dx.doi.org/10.4062/biomolther.2012.097
http://www.ncbi.nlm.nih.gov/pubmed/24009852
http://dx.doi.org/10.1016/j.jacc.2015.02.018
http://dx.doi.org/10.1016/j.jacc.2015.02.018
http://www.ncbi.nlm.nih.gov/pubmed/25881932
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.114.001151
http://www.ncbi.nlm.nih.gov/pubmed/24762972
http://dx.doi.org/10.1016/j.neurobiolaging.2015.11.014
http://www.ncbi.nlm.nih.gov/pubmed/26827653
http://dx.doi.org/10.1371/journal.pone.0119452
http://www.ncbi.nlm.nih.gov/pubmed/25803028
http://dx.doi.org/10.1016/j.chroma.2013.12.061
http://www.ncbi.nlm.nih.gov/pubmed/24485539
http://dx.doi.org/10.1096/fj.14-261503
http://www.ncbi.nlm.nih.gov/pubmed/25491309
http://dx.doi.org/10.1016/j.neuroscience.2008.06.033
http://dx.doi.org/10.1016/j.neuroscience.2008.06.033
http://www.ncbi.nlm.nih.gov/pubmed/18621105
http://dx.doi.org/10.4161/cc.28929
http://www.ncbi.nlm.nih.gov/pubmed/24769862
http://dx.doi.org/10.1056/NEJMoa1112010
http://www.ncbi.nlm.nih.gov/pubmed/22591295
http://dx.doi.org/10.18632/aging.101354
http://www.ncbi.nlm.nih.gov/pubmed/29315079
http://dx.doi.org/10.1645/GE-1883.1
http://www.ncbi.nlm.nih.gov/pubmed/20049984
http://www.sciencemag.org/content/359/6374/eaan2788/suppl/DC1


Use of this article is subject to the Terms of service

Science (ISSN 1095-9203) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science is a registered trademark of AAAS.
Copyright © 2018, The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

Spermidine in health and disease
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Having your longevity and eating too
Although caloric restriction has clear benefits for maximizing health span and life span, it is sufficiently unpleasant
that few humans stick to it. Madeo et al. review evidence that increased intake of the polyamine spermidine appears
to reproduce many of the healthful effects of caloric restriction, and they explain its cellular actions, which include
enhancement of autophagy and protein deacetylation. Spermidine is found in foods such as wheat germ, soybeans,
nuts, and some fruits and vegetables and produced by the microbiota. Increased uptake of spermidine has protective
effects against cancer, metabolic disease, heart disease, and neurodegeneration.
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