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er FoxOs and include regulation of cellular homeostasis, par-

ticularly of stem cells, and of inflammation, which is a com-

mon theme of age-related diseases. Other functions concern 

metabolism, cell cycle arrest, apoptosis, destruction of po-

tentially damaging reactive oxygen species and proteosta-

sis.  Conclusions:  The mechanism by which longevity-associ-

ated alleles of  FOXO3  reduce age-related mortality is current-

ly of great clinical interest. The prospect of optimizing FoxO3 

activity in humans to increase lifespan and reduce age-relat-

ed diseases represents an exciting avenue of clinical investi-

gation. Research strategies directed at developing thera-

peutic agents that target FoxO3, its gene   and proteins in the 

pathway(s) FoxO3 regulates should be encouraged and sup-

ported.  © 2015 S. Karger AG, Basel 

 Introduction 

 Forkhead/winged helix box gene, group O (FoxO) 
proteins are a set of evolutionarily conserved transcrip-
tion factors at a central integration hub for many impor-
tant cellular stimuli ( fig. 1 ).  Figure 2  shows the specific 
factors that mediate these effects and  table 1  lists the genes 
targeted.
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 Abstract 

  Background:  The gene  FOXO3 , encoding the transcription 

factor forkhead box O-3 (FoxO3), is one of only two for which 

genetic polymorphisms have exhibited consistent associa-

tions with longevity in diverse human populations.  Objec-

tive:  Here, we review the multitude of actions of FoxO3 that 

are relevant to health, and thus healthy ageing and longev-

ity.  Methods:  The study involved a literature search for arti-

cles retrieved from PubMed using FoxO3 as keyword.  Re-

sults:  We review the molecular genetics of  FOXO3  in longev-

ity, then current knowledge of FoxO3 function relevant to 

ageing and lifespan. We describe how FoxOs are involved in 

energy metabolism, oxidative stress, proteostasis, apopto-

sis, cell cycle regulation, metabolic processes, immunity, in-

flammation and stem cell maintenance. The single FoxO in 

 Hydra  confers immortality to this fresh water polyp, but as 

more complex organisms evolved, this role has been usurped 

by the need for FoxO to control a broader range of special-

ized pathways across a wide spectrum of tissues assisted by 

the advent of as many as 4 FoxO subtypes in mammals. The 

major themes of FoxO3 are similar, but not identical, to oth-

 Received: October 3, 2014 

 Accepted: January 14, 2015 

 Published online: March 28, 2015 

 D. Craig Willcox, PhD 
 Department of Human Welfare 
 Okinawa International University, 2-6-1 Ginowan 
 Ginowan City, Okinawa (Japan) 
 E-Mail d.willcox   @   okiu.ac.jp 

 © 2015 S. Karger AG, Basel
0304–324X/15/0616–0515$39.50/0 

 www.karger.com/ger 

http://dx.doi.org/10.1159%2F000375235


 Morris/Willcox/Donlon/Willcox

 

Gerontology 2015;61:515–525
DOI: 10.1159/000375235

516

  In mammals, there are four FoxOs – FoxO1, 3, 4 and 
6. Although most are expressed ubiquitously, tissue-spe-
cific and temporal differences in expression are seen. 
FoxO3 may undergo a greater decline with ageing, at least 
in skeletal muscle  [1] . Each FoxO can regulate different 
genes depending on cell type  [2] .

  Here, we review the nature of FoxOs and the essence 
of their control, then discuss findings from gene manipu-
lation, human molecular genetics and the role of FoxOs 
in modulation of specific processes relevant to ageing and 
lifespan.

  Intracellular Signalling and Posttranslational 

Modification of FoxOs 

 FoxOs were originally implicated in insulin/insulin-
like growth factor signalling (IIS). IIS results in decreased 
activity and/or expression of FoxOs, whereas oxidative 

stress, via Jun N-terminal kinase (JNK) activity, leads to 
increased activity or expression of FoxOs. IIS activates 
phosphoinositide-3-kinase (PI3K)-AKT (also known as 
protein kinase B). AKT and serum and glucocorticoid-
induced kinase (SGK) phosphorylate FoxOs directly at 
three conserved residues, leading to increased FoxO 
binding to the regulator protein 14-3-3 and the conse-
quent exclusion of FoxOs from the nucleus. This results 
in a reduction in the ability of FoxOs to regulate tran-
scription. JNK induces the release of FoxOs from 14-3-3, 
thereby overriding FoxO inhibition caused by insulin and 
growth factors. JNK also decreases insulin receptor sub-
strate activity. Various kinases – PI3K, AKT, SGK, AMP 
kinase, cyclin-dependent kinases (CDK1 and CDK2), c-
JNK, macrophage stimulating 1, extracellular signal-reg-
ulated kinase and p38 mitogen-activated protein kinase 
– phosphorylate FoxOs at a diversity of sites. Acetylation/
deacetylation, ubiquitination and arginine/lysine meth-
ylation represent further modes of FoxO regulation  [3] . 

Proteostasis

Stress
(metabolic, oxidative, reduction in insulin or growth factor)

Autophagy

Induction of
apoptosis 

FoxO3

Mitophagy

Breakdown of ROS 

DNA repair

Immune system modulation

Gluconeogenesis

Differentiation

Cell cycle arrest

Redox balance

Regulation
of cell death

Lipophagy
Stem cell homeostasis

Protection against
type 2 diabetes, cardiovascular disease,

cancer, neurological disorders

Healthy ageing, increased lifespan

  Fig. 1.  Cellular processes regulated by 
 FoxOs that serve as homeostatic regulators, 
particularly in response to stress, to poten-
tially affect ageing and lifespan. 
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  Fig. 2.  Mechanisms by which FoxOs influence healthy ageing. 
Shown are several of the key intracellular pathways targeted by 
FoxO transcription factors. FoxOs are master regulators that 
translate environmental stimuli arising from insulin, growth fac-
tors, nutrients and oxidative stress into specific gene expression 
programmes. The role of FoxO3 in longevity may involve upregu-
lation of target genes involved in stress resistance, metabolism, cell 
cycle arrest, and apoptosis. Effective control of FoxO3 in response 
to environmental stimuli is likely critical to prevent ageing and 
age-related diseases including cardiovascular disease, type 2 diabe-
tes, cancer and neurodegenerative diseases. The diagram shows 
how the well-known longevity-associated intervention of caloric 
restriction helps to maintain the redox state of the cell by cycling 
calories through the mitochondria so as to restore NAD + . Caloric 
restriction results in activation of sirtuins, leading to activation of 

FoxOs, improved autophagy, amino acid recycling via inhibition 
of mTOR activity, and other mechanisms leading to a healthy age-
ing phenotype. On the other hand, excess calories, particularly 
from carbohydrates, increase the NADH/NAD +  ratio and lead to 
lipogenesis, overproduction of ROS by mitochondria, poor au-
tophagy and activation of mTOR when protein intake is excessive. 
AKT1 is a term derived from the ‘Ak’ mouse strain that develops 
spontaneous thymic lymphomas (AKT1 is also known as protein 
kinase B). CAD = Coronary artery disease; HNF4a = hepato-
cyte nuclear factor 4α; GCN1l1 = general control of amino acid 
synthesis 1-like 1; O-GlcNAc = O-linked N-acetylglucosamine; 
OXPHOS = oxidative phosphorylation; PPARγC1α = peroxisome 
proliferator-activated receptor-γ coactivator 1α; TCA = tricarbox-
ylic acid. 
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Deacetylation of FoxOs by sirtuin family members 1, 2 
and 3 results in FoxO activation  [4] . The multitude of 
FoxO modifications may be crucial to binding of FoxOs 
to DNA recognition sequences and regulators  [5] . Alter-
ations in such modifications with ageing could potential-
ly diminish FoxO activity in old age in various tissues, 
thus contributing to effects on age-related disease and 
lifespan.

  General Cellular and Organismal Functions of FoxOs 

 FoxOs boost expression of genes encoding proteins in-
volved in DNA repair and suppress members of the pro-
growth mechanistic target of rapamycin (mTOR) kinase 
pathway  [6]  ( table 1 ). Both FoxO1 and FoxO3 suppress 

the regulator-associated protein of mTOR (Raptor) to 
lower the activity of growth-promoting mTOR complex 
1 (TORC1) activity, but unlike FoxO1, FoxO3 is not able 
to upregulate the rapamycin-insensitive companion of 
mTOR (Rictor) and sestrin 3, so it has no effect on TORC2 
activity  [7] .

  IIS affects energy metabolism, oxidative stress, apop-
tosis, G0 to G1 and G1 to S phase progression in the cell 
cycle, and a diversity of other metabolic processes. The 
effects of FoxOs on gene expression are generally in the 
opposite direction as insulin and IGF-1.

  The ability of FoxOs to protect against oxidative stress 
involves an increase in the expression of scavengers of 
reactive oxygen species (ROS), such as Mn superoxide 
dismutase (SOD2) in mitochondria, catalase and perox-
iredoxin III ( table 1 ).

 Table 1.  Intracellular functions regulated by FoxO transcription factors, showing genes targeted

Function Target gene(s)

Metabolism
Energy homeostasis AGRP, GPR17, NPY
Gluconeogenesis APOC3, G6PC, PEPCK
ROS detoxification CAT, PRDX3, SENP, SOD2

Proteostasis
Autophagy ATG12, BCEN1, BNIP3, GABARAPL1
Mitophagy PINK1
Degradation of proteasome FBXO32, TRIM63

Intracellular signaling
PI3K pathway IRS2, PI3K
EGF pathway EGFR
mTORC suppression RPTOR, SESN3
mTORC2 activation RICTOR

Apoptosis BBC3, BCL2L11, BCL6, FASLG, TNF, TNFSF10
Cell cycle arrest CCND1, CCNG2, CDKN1A, CDKN1B, CDKN2A, CDKN2B, GADD45, RBL2
Functions specific to cell type

Maintenance of pluripotency OCT4, SOX2
Immune system CCR7, FOXP3, IFNG, IL7R, IRF7, RAG1, RAG2, SELL
Vascular wall CYR61
LDL cholesterol PCSK9

 AGRP = Agouti-related protein gene; APOC3 = apolipoprotein 
C3 gene; BBC3 = BCL-2-binding component 3 gene; BCEN1 = be-
clin 1 gene; BCL6 = B cell CLL lymphoma 6 gene; CAT = catalase 
gene; CCND1 = cyclin D1 gene; CCNG2 = cyclin G2 gene; CCR7 = 
C-C chemokine receptor 7 gene; CYR61 = cysteine-rich angio-
genic inducer 61 gene; EGFR = epidermal growth factor receptor 
gene; FASLG = Fas ligand gene; FBXO32 = F-box protein 32 gene; 
G6PC = glucose-6-phosphatase gene; GPR17 = G protein-coupled 
receptor 17 gene; IFNG = interferon-γ gene; IL7R = interleukin-7 
receptor gene; IRF7 = interferon regulatory factor 7 gene; IRS2 = 
insulin receptor substrate 2 gene; NPY = neuropeptide Y gene; 

PCSK9 = proprotein convertase subtilisin kexin type 9 gene; 
PEPCK = phosphoenolpyruvate carboxykinase gene; PINK1 = 
PTEN-induced putative kinase 1 gene; PRDX3 = peroxiredoxin 3 
gene; RAG = recombination-activating gene; RPTOR = regulatory-
associated protein of mTORC1 gene; RBL2 = retinoblastoma-like 
2 gene; RICTOR = rapamycin-insensitive companion of mTOR 
gene; SELL = selectin L gene; SENP = sentrin-specific peptidase 1 
gene; SESN3 = sestrin 3 gene; SOD2 = superoxide dismutase 2 
gene; TNF = tumour necrosis factor gene; TNFSF10 = tumour ne-
crosis factor superfamily member 10 gene.
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  Evidence accumulated initially in model organisms 
has highlighted the ability of FoxOs to protect against en-
vironmental and biological stressors and to enhance life-
span  [8] , as will be discussed in more detail later.

  Transcriptional and Indirect Effects of FoxOs 

 All FoxOs bind to the same consensus sequence 
(5 ′ -TTGTTTAC-3 ′ ) and so act redundantly. This short 
sequence is common in genomic DNA. Binding of FoxOs 
to promoters to activate transcription of specific genes 
therefore requires interactions with other transcription 
factors  [5] . FoxOs can activate transcription directly by 
binding to this enhancer sequence, whereas their ability 
to suppress transcription occurs through indirect mecha-
nisms that do not involve DNA binding, as shown by 
FoxO3-specific transcriptome-wide RNA polymerase II 
profiling  [9] . FoxOs also regulate various microRNAs, 
and in turn these regulate FoxO expression  [5] .

  FoxO Confers Longevity in Model Organisms 

 It has been suggested that, ‘over time the level of a rate-
of-ageing regulator falls, crossing thresholds that trigger 
various aspects of ageing’  [10] . Various factors decline 
with age. In the case of FoxOs, decreases of 25% in protein 
levels of FoxO3 and 18% in FoxO4, but no change in 
FoxO1, have been seen in the skeletal muscle of aged mice 
 [1] .

  Experimental manipulation of FoxO expression in 
diverse model organisms can increase or decrease their 
lifespan  [8] . Lifespan extension has, moreover, been 
seen when FoxO3 overexpression is confined to the fat 
body of  Drosophila melanogaster   [11]  and adipose tissue 
of mice  [12] . Mutation in the insulin receptor gene in-
creases FoxO in  Drosophila   [13]  and  Caenorhabditis el-
egans   [14] .

  In contrast to the strong molecular effects caused by 
manipulation of genes in model organisms, similar strong 
phenotypic effects in humans, arising from mutations in 
the same genes, are rare. In the absence of targeted gene 
manipulation, effect sizes tend to be small. Effects in 
model organisms can, moreover, differ between strains. 
Even calorie restriction, the most potent lifespan-extend-
ing intervention, has little effect on the lifespan of wild 
mice. Contradictory findings from studies in calorie-re-
stricted rhesus monkeys, likely arising from the food 
used, show that such studies need to be re-done taking 

into account more recent data showing the divergent ef-
fects on lifespan of diets differing in macronutrient com-
position  [15] . 

  The GenAge database lists over 1,000 genes that have 
been associated with longevity or ageing in model organ-
isms, including >1,000 in  C. elegans  and >100 in mice, 51 
of the latter being able to extend lifespan. There is, how-
ever, little evidence to date for any of these being involved 
in human longevity. This could, however, be a result of 
low power of human genetic studies to detect rare vari-
ants in such a complex polygenic condition as lifespan. 
The limited power could be due to small numbers of 
long-lived cases, lack of proper controls (since birth co-
hort-matched controls are usually not available), popula-
tion stratification artifacts, population-specific effects, 
gender-specific effects and other issues. Furthermore, 
the major cause of death in most laboratory mouse strains 
is cancer, thus limiting the relevance of mouse studies to 
humans.

  Studies in mammals of specific FoxO-related mecha-
nisms that could increase lifespan will be discussed later 
in this review.

  FoxO Mediates the Immortality of Freshwater Polyps 

 The freshwater polyp  Hydra  is regarded as effectively 
immortal. Its ability to escape death and senescence was 
initially thought to be due to its asexual mode of repro-
duction, which requires each individual polyp to main-
tain cells that are continuously proliferating  [16] . It would 
now appear, however, that  Hydra ’s immortality is also 
contributed by its ability to continuously maintain the 
self-renewal capacity of its 3 stem cell lineages. The tran-
scription factor shared between each stem cell lineage is 
its single FoxO protein  [17] . In  Hydra , constitutively ex-
pressed FoxO controls stem cells and the innate immune 
system  [18] . The primary ability of FoxO to cause con-
tinuous stem cell proliferation and renewal, and ensure 
its immune system is continuously effective, is what con-
fers immortality to this organism  [17, 18] . In more com-
plex organisms, FoxO function has become more diverse, 
thus enabling adaptability, but at the cost of reduced re-
generative capacity  [19] . During evolution, the restricted 
role of FoxO in self-renewal and immunity that enabled 
FoxO to confer immortality to simple organisms like  Hy-
dra  was largely abandoned in favour of a more diversified 
set of additional functions that in more complex organ-
isms required regulation, thus resulting in the prospect of 
eventual death.
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   FOXO3  Is a Major Gene for Human Longevity 

 Because of its actions and strategic position in relation 
to intracellular pathways, FoxO3 has long been consid-
ered to play a pivotal role in the molecular basis of lon-
gevity  [6] . This led researchers at Kuakini Medical Cen-
ter in Honolulu to perform a genetic association study of 
single-nucleotide polymorphisms (SNPs) spanning the 
human FoxO3 gene  (FOXO3)  and flanking DNA in a co-
hort of American men of Japanese ancestry well charac-
terized for ageing phenotypes. Longevity ‘cases’ were 
men aged over 95 years, and ‘controls’ were birth-cohort-
matched men of normal lifespan for this population 
(mean age 78.5 years). This revealed an association of 
three  FOXO3  SNPs with living to extreme old age  [20] . 
Eleven independent studies of populations of diverse an-
cestry in multiple different countries have now con-
firmed and extended this finding. A meta-analysis in 
2014 of the various studies found that 5 of the  FOXO3  
SNPs tested retained statistically significant associations 
with longevity  [21] . The strongest association was for the 
minor allele of the SNP reported originally to exhibit the 
most robust association, namely, the  G  allele of  rs2802292  
in men (odds ratio, 1.54; 95% confidence interval, 1.33–
1.67). A subsequent meta-analysis by others of  rs2802292  
and longevity that included GWAS data from the 
CHARGE consortium led to an odds ratio of 1.17 (p = 
1.85 × 10 –10 )  [22] . In the CHARGE study,  rs10457180 , 
which was in linkage disequilibrium with  rs2802292 , 
provided a stronger association with longevity, leading 
the authors to suggest that  rs10457180  may be a better 
tagging SNP for the true causal variant. The coding re-
gion of  FOXO3  has 99% sequence homology with that of 
its pseudogene  ZNF286B  (previously termed  FOXO3B ). 
This would affect genotyping of polymorphisms in the 
 FOXO3  coding region. However, since both  rs2802292 
 and  rs10457180  are intronic and intron sequences differ 
between  FOXO3  and  ZNF268B , genotyping of these 
SNPs should be accurate.

  The various longevity-associated SNPs are located in 
or near intron 2 of the 125-kb  FOXO3  gene  [23–25] . After 
performing extensive sequence analyses of coding DNA, 
the Kuakini team ruled out involvement of coding vari-
ants (amino acid differences) as an explanation for the 
genetic association  [25] . To date, the causal SNP(s) and 
the reason underlying the protective effect of the longev-
ity-associated allele(s) in human longevity remains to be 
delineated. The Leiden 85-plus study has, nevertheless, 
found an association of  FOXO3  haplotypes with all-cause 
mortality, stroke and cardiovascular mortality  [26] . The 

 rs2802292 TT  genotype is, moreover, associated with the 
rare hamartomatous polyposis syndromes  [27] . Research 
is needed to compare FoxO3 levels in various tissues of 
long-lived and normal lifespan individuals with  TT  and 
 GG  genotypes. The findings might help inform experi-
ments aimed at identifying factors that could be relevant 
to the genetic association findings in humans.

  Genetic factors account for approximately one third of 
the variability in human lifespan  [23] . Based on research 
to date,  FOXO3  is one of only two genes (the other being 
 APOE ) that have been replicated consistently across di-
verse human populations for association with attainment 
of extreme old age    [23, 24] . In each gene, the longevity-
associated minor alleles are common. While common 
variants in other genes may also contribute to longevity, 
there is likely to be a significant contribution of rare vari-
ants in multiple genes, just as is well known for other 
common complex polygenic conditions.

  The pathways whereby FoxO3 exerts its lifespan-ex-
tending effects should, by revealing biological targets for 
future therapies, be of considerable importance in devis-
ing ways of helping humans not just to live longer, but 
grow old with a reduced burden of ill-health. This has 
enormous implications for society, social insurance pro-
grammes and health care.

  We will now review the specific actions of FoxO3 that 
may affect health, ageing and lifespan.

  Insulin Signalling and Glucose Homeostasis 

 Organs involved in control of glucose homeostasis 
(liver, pancreas, adipose tissue and skeletal muscle) ex-
hibit higher FoxO1 than FoxO3 activity, with FoxO1 be-
ing activated under low glucose conditions in order to 
help maintain glucose homeostasis  [5, 28] . FoxO4 levels 
are higher in skeletal muscle, while FoxO3 exhibits great-
er abundance in the brain, heart, kidney and spleen, and 
FoxO6 is primarily detected in the brain, both during de-
velopment and in adulthood  [3, 28] . A study of 196 mono-
zygotic Danish twins found that the longevity-associated 
 FOXO3   rs2800292 G  allele was associated with more fa-
vourable peripheral and hepatic insulin sensitivity and 
increased  FOXO3  mRNA expression in skeletal muscle, 
suggesting that the beneficial effects of FoxO3 on glucose 
metabolism may be mediated through enhanced  FOXO3  
transcription  [29] . However, in the population-based In-
ter99 cohort of 5,768 individuals, the association became 
non-significant after adjustment for body mass index 
 [29] . Consistent with a role for FoxO3 in suppression of 
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IIS and thus growth so as to extend lifespan, the longevi-
ty-associated  G  allele of the  FOXO3   rs28002292  variant is 
associated with shorter stature  [30] .

  Apoptosis 

 FoxOs promote cell growth inhibitory and/or apopto-
sis signalling pathways by inducing multiple pro-apop-
totic members of the Bcl2 family of mitochondrial target-
ing proteins, stimulating expression of death receptor 
ligands such as Fas ligand and tumour necrosis factor-
related apoptosis-inducing ligand, or enhancing the ex-
pression of various CDK inhibitors  [28] .

  Immunity and Inflammation 

 FoxO3 contributes to the regulation of the immune 
system  [31] . In old age, the immune system deteriorates, 
thus increasing the risk of infection. As a result, an infec-
tion is a common cause of death in the elderly. Following 
cytokine or growth factor withdrawal, FoxO3 upregulates 
Puma and Bim, leading to T cell apoptosis  [32] . FoxO3 
induces the synthesis of antimicrobial peptides in human 
kidney, lung and gut  [33] . These fight microbial infec-
tions in diverse species and serve as effector molecules of 
innate immunity.

  Evidence from knock-down experiments in mice show 
that FoxO3 controls cytokine production, opposes NF-
κB activation, suppresses T cell activation and prolifera-
tion, reduces the proliferation of lymphatic cells and low-
ers inflammation  [34] .

  Its anti-inflammatory actions involve inhibition of 
production of inflammatory cytokines such as interleu-
kin-2  [35]  and interleukin-6  [36] . In response to infec-
tion, the pleiotropic cytokine interleukin-6 is activated 
 [36] , and this regulates the immune system in a variety of 
ways, such as production of antibodies, the function of T 
cells, haematopoiesis and inflammation  [37] . In the el-
derly, elevated interleukin-6 is associated with an increase 
in risk of all-cause mortality and deaths from coronary 
heart disease and cancer  [37] .

  The minor allele of  FOXO3  SNP  rs12212067  is associ-
ated with a milder course of the inflammatory conditions 
Crohn’s disease and rheumatoid arthritis, consistent with 
this variant having an anti-inflammatory role  [38] . This 
role for FoxO3 is not shared with other FoxO proteins. 
The SNP  rs12212067  is in close proximity to, although not 
in strong linkage disequilibrium with, the longevity-asso-

ciated SNP  rs2802292 , and similar to  rs2802292 ,  rs12212067  
is   non-coding. In the monocytes of subjects with the mi-
nor allele, the inflammatory response was less severe and 
appeared to be a result of a reduction in pro-inflammato-
ry cytokines, including TNFα, mediated by an effect of 
TGF-β 1 . Also, there was an increase in the production of 
anti-inflammatory cytokines, including interleukin-10.

  As they age, centenarians appear to be relatively free of 
age-related diseases that feature inflammation, i.e. have 
lower ‘inflammageing’  [39] ; this, despite elevated inter-
leukin-6, fibrinogen and coagulation factors. It may be 
that these pro-inflammatory factors are countered by in-
creased expression of anti-inflammatory cytokines such 
as TGF-β 1   [39] . Alternatively, it might be the case that 
age-related diseases that feature inflammation are de-
layed in centenarians. The longevity-associated alleles of 
 FOXO3  are associated with stronger inhibition of cyto-
kines  [38] .

  Proteostasis and Autophagy 

 FoxOs regulate the protein homeostasis network, 
which is involved in cellular quality control  [3] . This may 
underlie the role of FoxO proteins in longevity. The ubiq-
uitin-proteosome system and autophagy help eliminate 
damaged and aggregated proteins from the cell. Autoph-
agy decreases with age, and a reduction in autophagy is 
associated with premature ageing and disease  [3] . In re-
sponse to starvation, a variety of autophagy genes are ac-
tivated in skeletal muscle, liver, neurons and other cells to 
induce autophagy, mitophagy (by which mitochondria 
are also targeted for autophagy via the lysosomal path-
way), and, in the liver, lipophagy  [40] . Inhibition of the 
major regulator of protein homeostasis mTORC1 is an-
other way FoxOs control autophagy. The ability of FoxO-
induced proteostasis to promote survival in neurons, but 
degeneration in skeletal muscle, might be a result of cell 
type-specific expression, FoxO3 and FoxO6 being highly 
enriched in the brain, whereas muscle is enriched in 
FoxO4  [3] . FoxO3 could therefore counter toxic protein 
aggregation seen in neurodegenerative diseases that 
shorten lifespan.

  Cardiovascular Disease 

 FoxO3 protects the heart and blood vessels. Overex-
pression of FoxO3 in vivo increases p27 (kip1) in vascular 
smooth muscle, thus inhibiting vascular smooth muscle 
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cell proliferation and neointimal hyperplasia  [41] . Such 
effects also involve binding to a FoxO3 motif in the pro-
moter of the cysteine-rich angiogenic inducer 61 gene 
 (CYR61)   [42] , an immediate early gene expressed in these 
cells in response to stimulation by growth factors.  CYR61  
expression is associated with postangioplasty restenosis. 
Ageing-associated diseases and ageing of the vasculature 
all involve increased inflammation. Loss of microvascular 
density and plasticity is a major feature of human ageing. 
This is accompanied by dysfunction of adult stem cells in 
 vascular niches. Inflammatory cytokines appear to drive 
this process. FoxO3 inhibits these cytokines. Angiogene-
sis can be induced by infection of vascular endothelial 
cells with cytomegalovirus, a process that is mediated by 
upregulation of microRNA-217 to lower sirtuin 1 and 
FoxO3  [43] . The ageing of the vasculature thus appears to 
involve the processes of loss of microvascular density and 
plasticity, dysfunction of adult stem cells, and inflamma-
tion. Such effects would likely impede the health of vari-
ous organ systems in the body.

  Deletion of  FoxO1 ,  FoxO3  and  FoxO4  from myeloid 
cells of atherosclerosis-prone LDL receptor knockout 
mice results in plaques that are not only larger, but con-
tain more macrophages having higher proliferative and 
reduced apoptotic ability  [44] . These myeloid cells exhib-
ited increased generation of ROS, which are known to 
accelerate atherogenesis. FoxO3 lowers LDL cholesterol 
by recruiting sirtuin 6 to the proximal promoter of the 
gene for proprotein convertase subtilisin/kexin type 9, 
which has a crucial role in LDL receptor degradation  [45] .

  FoxO3 acts in cardiomyocytes to regulate autophagy, 
proliferation, cell size and cell survival  [46] . It has been 
suggested that FoxO3 serves both a positive and negative 
role in autophagy-related cardiomyopathy such as isch-
aemic and cardiac hypertrophy. Overexpression of FoxO3 
in vivo reduces cardiomyocyte size by increasing au-
tophagosome formation, expression of atrogin-1 and the 
autophagy-related genes encoding microtubule-associat-
ed protein 1A/1B-light chain 3, GABA receptor-associat-
ed protein-like 1, and autophagy related 12 protein  [47] . 
In cardiac fibroblasts, FoxO3 reduces oxidative stress 
 [48] . 

  Cancer 

 FoxO3 suppresses tumour growth  [2] . Tumour sup-
pression can occur in concert with p53  [28] . The p53 pro-
tein positively regulates FoxO expression and FoxOs steer 
the induction of p53-dependent apoptosis  [5] . In leukae-

mia  [49]  and breast cancer  [50]  cells, anticancer drugs 
upregulate FoxO3 leading to increased Bim expression 
and the consequent inhibition of tumour growth. FoxO3 
downregulates Myc, a stimulator of tumour cell prolif-
eration and survival  [51] . Alternatively, FoxO factors ap-
pear to behave as oncogenes in a subset of acute myeloid 
leukaemia patients  [52] . The antioxidant actions of 
FoxO3 can, moreover, enhance survival of drug-resistant 
tumour cells  [53] . 

  Stem Cells 

 In humans, FoxO3 is crucial for regulation of adult 
stem cell homeostasis, including that in neural, leukaemic 
and haemopoietic  [54]  stem cells, whereas FoxO1 main-
tains embryonic stem cell renewal and pluripotency  [55] . 
In neural stem/progenitor cells, FoxO3 is the predomi-
nant isoform. It protects these cells by increasing expres-
sion of genes encoding SOD2, catalase, ataxia telangiec-
tasia mutated and CDK inhibitor 2A that target ROS for 
destruction. Erythroid cells are particularly prone to oxi-
dative damage during maturation and depend on FoxO3 
for protection  [56] .

  A feature of many age-related disorders is the loss of 
adult stem cells. This is seen in coronary artery disease, 
insulin resistance and type 2 diabetes. FoxO3 is the pri-
mary driver maintaining the stem cell pool in mammals. 
It does this by ensuring the operation of a protective au-
tophagy programme, as well as other processes such as 
notch-1 and notch-2 receptor-mediated quiescence in 
muscle satellite cells  [57] , adult mesenchymal, neural 
 [58] , Sca-1-positive cardiac  [59] , and haemopoietic stem 
cells (HSC). 

  Maintenance of the HSC pool by FoxO3 has been 
demonstrated in mouse strains in which  FoxO3  has been 
knocked out or knocked down  [54, 60] . The ability of sir-
tuin 1 to control HSC homeostasis is via FoxO3  [61] . 
FoxO3 is not, however, important for the differentiation 
potential of HSCs  [54] . A critical reduction in telomere 
length in extreme old age in humans results in the disap-
pearance of many HSCs from the HSC pool  [62] .

  The ability of FoxO3 to restrain Achaete-scute homo-
log 1-dependent neurogenesis may help preserve the neu-
ral stem cell pool  [63] . Stem cells are moreover involved 
in the regeneration of damaged cells after myocardial in-
farction  [64] . FoxO3 agonists could potentially be used to 
protect adult stem cells and so prevent their loss with age-
ing.
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  Interventions That Increase FoxO3 Level or Activity 

May Extend Lifespan 

 It would appear then that FoxO3   should be considered 
as a potential target for therapeutic interventions to pro-
mote healthy ageing and extend lifespan. Agents that 
boost FoxO3 may be especially beneficial in high-risk pa-
tient populations, such as those with type 2 diabetes and 
obesity. Finding the functional variant responsible for 
differences in  FOXO3  expression might provide a valu-
able target for therapy. The longevity-associated variant 
 rs2802292  is associated with an increased expression of 
 FOXO3  in skeletal muscle  [29] . The region containing the 
125-kb  FOXO3  gene is, however, not only large, but dis-
plays a high degree of linkage disequilibrium of genetic 
variants. This pre sents a challenge to finding the variant 
that confers increased  FOXO3  expression.

  Phytochemicals, including polyphenols, appear to 
have promise for upregulation of the function of FoxOs. 
For example, treatment of rats from 5 weeks of age with 
25 mg      ·      kg –1  per day of the green tea phytochemical epi-
gallocatenin gallate in drinking water increased sirtuin 1, 
FoxO3 (by 67–100%), SOD, glutathione peroxidase and 
lifespan (by 14%), reduced NF-κB, IL-6, TNF-α, ROS, 
inflammation, oxidative stress in serum, liver and kid-
ney, and protected against organ damage  [65] . In a hu-
man population, it was shown recently that associations 
between tea drinking and risk for cognitive disability 
among the oldest old were dependent upon  FOXO  geno-
type, with carriers of  FOXO1  SNP  rs17630266  and 
 FOXO3  SNPs  rs2253319  and  rs2802292  displaying sig-
nificantly reduced risk for cognitive disability at ad-
vanced ages  [66] . The polyphenol curcumin reduces 
FoxO3 phosphorylation, causing nuclear translocation 
and a 2-fold increase in FoxO3-mediated gene expres-
sion  [67] . In vivo, curcumin lowers lipid levels in perito-
neal macrophages of obese mice. Curcumin, by increas-
ing FoxO3 activity, may protect against oxidant- and lip-
id-induced damage in the inflammatory cells of the 
vascular system, thus reducing the risk for age-associated 
cardiovascular disease  [67] .

  In cultured human dermal fibroblasts, the phytoallex-
in resveratrol inhibited the expression of the senescence 
mediator INK4a  [68] . Resveratrol and sirtuin-activating 
compounds can, in certain cases, delay ageing, age-relat-
ed diseases and increase lifespan  [69] . In response to res-
veratrol, transcriptome-wide microarray experiments 
identified the differential expression of 47 genes, includ-
ing ones involved in transcription, growth, cell division, 
cell signalling and apoptosis, such as Ras-GRF1, RAC3 

and UBE2D3 in the Ras and ubiquitin pathways  [68] . In-
hibition of Ras signalling by resveratrol would counter 
the Ras-PI3K-mediated activation of protein kinase B, 
thus leading to an increase in FoxO3 activity. The fact 
that SIRT1 controls HSC homeostasis via FoxO3  [61]  
further highlights the value of SIRT1 activation thera-
peutically.

  Conclusions 

 The present review has shown how FoxO3 and other 
FoxOs are not only pivotal to a wide array of processes 
associated with the healthy ageing of cells and thus the 
organism, but protective allele(s) of  FOXO3  are the sec-
ond most-replicated genetic factor(s) found so far to be 
associated with extended human lifespan. FoxOs share 
the same target sequence in promoters, so what is it that 
makes  FOXO3  a longevity gene, but not the other three 
family members? Could it be tissue-specific differences in 
the expression of each, subtle differences in posttransla-
tional modification, or something else?

  Natural compounds such as resveratrol, curcumin, 
astaxanthin, amongst others, by stimulating the effect of 
FoxOs on numerous genes important for cellular health 
and amelioration of diseases of ageing, could theoretical-
ly help improve organismal health and boost lifespan. 
More details of the delicately balanced FoxO3 signalling 
pathways are crucial to development of pharmacological 
interventions for healthy ageing and longevity  [5] .
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