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Abstract
The Forkhead family of transcription factors mediates many aspects of physiology, including
stress response, metabolism, commitment to apoptosis, and development. The Forkhead box
subfamily O (FoxO) proteins have garnered particular interest due to their involvement in the
modulation of cardiovascular biology. In this review, we discuss the mechanisms of FoxO
regulation and outcomes of FoxO signaling under normal and pathological cardiovascular
contexts.
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INTRODUCTION
The Forkhead/winged helix family of transcription factors, characterized by a conserved
DNA binding domain known as the Forkhead box (Fox), is essential in both development
and adult physiology. First described in 1989 (1), further identification of related Forkhead
proteins has led to the characterization of 19 subfamilies, designated A–S (reviewed in 2,3).
Several Forkhead proteins, including FoxC1, FoxC2, FoxH1, FoxM1, FoxO1, and FoxP1,
appear to be essential for normal cardiac development, as their deletion in mice results in
severe arterial and cardiac defects and early lethality (reviewed in 4). In addition, an
abundance of evidence suggests that three members of the FoxO subfamily—FoxO1,
FoxO3, and FoxO4—are critical in maintaining cardiac function and mediating cardiac
stresses in the adult (the remaining FoxO family member, FoxO6, is localized in the brain).
Within the setting of cardiac function, the FoxO family is believed to be involved in diverse
activities, including response to oxidative stress (5), regulation of metabolism (6), cell cycle
control (7), and commitment to apoptosis (8). This review focuses primarily on the
regulation and outcomes of FoxO signaling in the heart.
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FOXO TRANSCRIPTIONAL ACTIVITY
In the nucleus, FoxO proteins target a conserved DNA binding sequence, TTGTTTAC (9),
and can associate with coactivators such as Smad (10), Notch (11), β-catenin (12), and
PGC-1α (6). The end result of FoxO transcriptional activity is generally associated with
counteracting oxidative stress and promoting cell cycle arrest and apoptosis. Early
experiments studying FoxO function demonstrated that overexpression of constitutively
active FoxO1 causes apoptosis, and this outcome is dependent on FoxO-DNA binding (13).
This proapoptotic function is mediated through transcription of several target genes,
including Fas (14), Bim (15), TRAIL (16), and Puma (17). In addition, FoxO causes cell
cycle arrest via transcription of p27kip1 (8), p21cip1 (10), p130, and the inhibitory cyclin G2
(18). Conversely, FoxO proteins are also involved in the promotion of DNA repair through
increased expression of several genes, including Gadd45a (19). In addition, the antioxidant
enzymes MnSOD (manganese superoxide dismutase) and catalase are FoxO target genes
(5), and transcription of these enzymes is induced by FoxO to counteract oxidative stress.
FoxO can activate the synthesis of PEPCK (phosphoenolpyruvate carboxykinase) and
glucose-6-phophatase, two enzymes necessary for gluconeogenesis (20). Lastly, FoxO can
mediate the stress response by interfering with other transcription factors to inhibit
transcription (21-23).

MECHANISMS OF FOXO REGULATION
FoxO and Akt Signaling

The FoxO subfamily members were originally identified by their involvement in
chromosomal translocations associated with leukemias and rhabdomyosarcomas (24,25).
Concurrent work in Caenorhabditis elegans demonstrated a link between hormonal inputs,
Akt signaling, and FoxO. In C. elegans, inactivating mutations in daf-2 (homolog of the
insulin receptor) or age-1 [homolog of phosphoinositide-3 kinase (PI3K)] cause growth
arrest and life span extension; however, these effects are dependent on the activity of the
FoxO homolog daf-16 (26,27). This observation led to the discovery that FoxO
transcriptional activity is inhibited by PI3K-Akt signaling (28) whereby PI3K
phosphorylation causes Akt to translocate to the nucleus (29), where it phosphorylates FoxO
(Thr24, Ser256, Ser319 of FoxO1; Thr32, Ser253, Ser315 of FoxO3). FoxO contains a
nuclear export sequence and a nuclear localization sequence, the latter of which is masked
following phosphorylation by Akt (30,31). Phosphorylation by Akt promotes FoxO
interaction with a subset of 14-3-3 proteins localized in the nucleus, causing translocation of
the FoxO-14-3-3 complex to the cytoplasm via the nuclear export protein Crm1. Once in the
cytosol, FoxO is then sequestered by 14-3-3 proteins and is rendered inactive (14,32).
Mutation of the Akt phosphorylation sites on FoxO proteins results in exclusive FoxO
nuclear localization and insusceptibility to Akt-mediated inhibition (33). Cumulatively,
PI3K-Akt signaling is a major regulator of FoxO activity.

Additional FoxO Regulation
In addition to phosphorylation and inhibition by Akt, recent work suggests that FoxO is also
regulated by several posttranslational modifications, including phosphorylation by multiple
kinases, glycosylation, acetylation, and ubiquitination. The details of these regulatory
pathways are described below.

Phosphorylation and inhibition—In addition to Akt, SGK1 (serum and glucocorticoid-
induced kinase 1) can phosphorylate and inhibit FoxO3 activity through nuclear exclusion
(34). Although Akt and SGK1 share FoxO phosphorylation sites, SGK1 favors
phosphorylation of Ser315, whereas Akt most actively phosphorylates Ser253. Under some
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stimuli, coordinate activities of these proteins may synergistically inhibit FoxO3 function.
Like Akt, SGK1 is activated by the PI3K signaling cascade and has many overlapping
functions with Akt. However, in the case of FoxO3 at least, the regulation by SGK1 and Akt
appears to be a nonredundant, complementary relationship. For example, radiation-induced
DNA damage stimulates p53 expression, which inhibits FoxO3 through an SGK1-
dependent, but not an Akt-dependent, manner (35). In addition, Wnt activation and β-catenin
accumulation lead to an upregulation of SGK1 and subsequent inhibition of FoxO3 activity
(36).

CDK2 (cyclin-dependent kinase 2) promotes G1/S cell cycle progression by associating with
cyclin E and cyclin A. CDK2 can phosphorylate Ser249 and Ser298 of FoxO1 to cause
cytoplasmic retention and inhibit FoxO1 activity (37). However, under DNA-damaging
conditions, CDK2 activity is inhibited by the FoxO target genes p21cip1 and p27kip1 (38),
allowing FoxO1 to activate target gene expression, thereby forming a positive feedback
loop.

IκB kinase (IκK) can also phosphorylate FoxO3 at Ser644, inhibiting FoxO3 function
independently of Akt (39). In addition to promoting cytoplasmic retention of FoxO3, IκK
mediates the polyubiquitination and degradation of FoxO3 via the proteosome system.
Similarly, ERK (extracellular signal–regulated protein kinase) phosphorylation of FoxO3 (at
Ser 294, Ser 344, and Ser 425) in response to EGF stimulation also increases cytosolic
FoxO3 levels and promotes interaction and degradation by the E3 ubiquitin ligase MDM2
(mouse double minute 2) (40).

FoxO1, FoxO3, and FoxO4 share a highly conserved serine-rich domain (Ser319, Ser322,
Ser325, Ser329 of FoxO1), suggestive of regulation by kinase signaling pathways. The
phosphorylation of Ser319 by Akt or SGK1 is required for CK1 (casein kinase 1)-dependent
Ser322 and Ser325 phosphorylation (41). Furthermore, Ser329 is phosphorylated by
DYRK1A (dual-specificity tyrosine phosphorylated and regulated kinase 1A) (42).
Together, phosphorylation of these residues provides a strong signal promoting nuclear
exclusion.

Phosphorylation and activation—FoxO3 can be directly phosphorylated by AMPK
(AMP-activated protein kinase), an energy-sensing protein activated when ATP levels are
low (43). However, unlike Akt phosphorylation, which results in FoxO cytoplasmic
retention and inhibition of FoxO target gene transcription, AMPK phosphorylation increases
FoxO3 target gene transcription without affecting FoxO3 subcellular localization. The
observation that Akt phosphorylation and AMPK phosphorylation produce opposite
outcomes on FoxO activity can be attributed to the fact that Akt does not share any of the six
unique AMPK phosphorylation sites identified in vitro on FoxO3, of which three (Ser413,
Ser588, Ser626) are functional in vivo. Furthermore, the signals leading to Akt or AMPK
activation generally occur under the opposite circumstances of energy abundance versus
energy conservation, respectively. Although it is not currently known whether FoxO1 is also
activated by AMPK, in vitro assays have demonstrated that FoxO1 is phosphorylated by
AMPK (44).

A second kinase capable of promoting FoxO activation is JNK (c-Jun-N-terminal kinase).
Oxidative stress induced by hydrogen peroxide exposure leads to activation of the GTPase
Ral and subsequent activation of JNK, which can in turn phosphorylate FoxO4 on two C-
terminal residues (Thr447 and Thr451) to promote nuclear translocation and activation of
FoxO4 gene transcription (45). JNK-dependent activation of FoxO in response to reactive
oxygen species induces expression of the FoxO target genes encoding MnSOD and catalase
to form an efficient feedback loop. Interestingly, although JNK-dependent FoxO activation
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in response to stress is conserved in Drosophila and C. elegans, the sites of JNK
phosphorylation are not conserved in either species. Instead, the Drosophila homolog
dFOXO (46), and the C. elegans homolog daf-16 are phosphorylated by JNK in their N
termini (47). The JNK target sites on FoxO4 are also not conserved in FoxO1 or FoxO3, but
evidence suggests that FoxO1 and FoxO3 are also activated, either by direct phosphorylation
or by inhibition of the FoxO-retaining protein 14-3-3, in a JNK-dependent manner (48,49).

Oxidative stress also induces autophosphorylation and activation of MST1 (mammalian
sterile twenty 1), a member of a kinase family involved in stress response and JNK
activation. Activated MST1 interacts with the forkhead domain of FoxO3 to directly
phosphorylate a conserved serine residue (Ser207), which reduces FoxO interaction with
14-3-3 proteins and initiates nuclear translocation and target gene transcription (50).
Overexpression of the C. elegans MST1 homolog cst-1 increases longevity in a daf-16-
dependent manner. Although MST1 and JNK participate in similar signaling pathways, JNK
is unable to phosphorylate the forkhead domain, suggesting that MST1 and JNK may act in
a complementary fashion to activate FoxOs following oxidative stress. Although these
studies demonstrate the capability of MST1 to phosphorylate FoxO1 in vitro, subsequent in
vitro work has shown that MST1 does not phosphorylate DNA-bound FoxO1 (51). In fact,
MST1-phosphorylated FoxO1 has greatly diminished DNA binding affinity (52). Although
it appears that MST1-mediated FoxO phosphorylation promotes nuclear translocation, the
subsequent dephosphorylation of FoxO may be required for transcriptional activity.
Incidentally, Akt suppresses MST1-mediated FoxO3 phosphorylation, demonstrating an
indirect mechanism of FoxO suppression by Akt (53).

Glycosylation—Another mechanism of FoxO regulation is mediated through addition of
N-acetylglucosamine (O-GlcNAc) by O-GlcNAc transferase (OGT), a dynamic modification
of serine/threonine residues similar to phosphorylation. Generally, this modification is
highly sensitive to glucose concentrations and cell stress, and several proteins involved in
glucose metabolism, oxidative stress, and mitosis, including transcription factors, are O-
GlcNAcylated (reviewed in 54). FoxO1 O-GlcNAcylation by OGT increases transcription of
some FoxO target genes independent of Akt phosphorylation (55,56). In addition, PGC-1α,
previously shown to be a FoxO coactivator and now shown to also be O-GlcNAcylated,
recruits OGT to FoxO1 to increase FoxO activation (57).

Acetylation—Early studies suggested acetylation-dependent FoxO regulation when it was
demonstrated that the p300/CBP coactivator complex, which possesses histone
acetyltransferase (HAT) activity, interacts with FoxO1, and inhibition of this interaction
reduces FoxO transcriptional activity (58). However, subsequent examinations of the effects
of p300/CBP acetylation have been conflicting. A current model suggests that p300-induced
FoxO1 acetylation promotes FoxO1-mediated gene transcription in the absence of insulin
(59). Conversely, insulin receptor signaling increases FoxO1 acetylation dependent on Akt-
mediated phosphorylation but does not induce FoxO1 transcriptional activity. In contrast,
CBP acetylates a region of the DNA-binding domains of FoxO1, FoxO3, and FoxO4
(Lys242, Lys245, Lys262 on FoxO1), resulting in decreased DNA binding affinity, reduced
transcriptional activity, and increased susceptibility to Akt-mediated phosphorylation at
Ser253 (60,61).

The NAD-dependent histone deacetylase SirT1 (silent mating type information regulation 2
homolog 1) targets many substrates, particularly proteins involved in metabolism and stress
response (reviewed in 62). In C. elegans, caloric restriction–dependent life span extension
via overexpression of the SirT1 homolog sir-2 is dependent on daf-16 (63), suggesting a
relationship between the human homologs SirT1 and FoxO. FoxO3 and SirT1 loosely
interact under unstressed conditions, but following hydrogen peroxide exposure or heat
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shock, FoxO3 is highly acetylated and tightly interacts with SirT1 (64). The SirT1-FoxO
interaction represents a complicated biology that remains to be elucidated. SirT1
deacetylates p300 and inhibits p300-dependent increases in FoxO transcription of Bim (65).
However, SirT1 enhances transcription of some FoxO target genes (66), suggesting an
overall model in which SirT1 increases the ability of FoxO to respond to stress through cell
cycle arrest and other adaptations but inhibits FoxO transcription of apoptotic genes. In
addition, evidence suggests that SirT1 deacetylation increases FoxO polyubiquitination and
degradation (67).

Ubiquitination—Following activation of Akt, both FoxO1 and FoxO3 are degraded by the
proteosome (68); however, the ubiquitination of FoxO1 and FoxO3 is mediated through
different pathways. FoxO1 is degraded by Skp2, an F-box protein and subunit of Skp1/Cul1/
F-box ubiquitin ligase complex (69). FoxO1 ubiquitination by Skp2 is dependent on Akt
phosphorylation of Ser256, providing an additional level of FoxO regulation by Akt. In
addition, Skp2 also ubiquitinates and degrades p27kip1 (7). However, Skp2 does not appear
to interact with FoxO3. Instead, FoxO3 appears to be polyubiquitinated and degraded via
MDM2, which is promoted by phosphorylation of FoxO3 by ERK (40), as discussed above.
FoxO3 may also be degraded through cleavage by caspase-3-like proteases (70).

Ubiquitin-dependent degradation of FoxO4 has not been identified; however, following
hydrogen peroxide treatment, MDM2 monoubiquitinates FoxO4 to increase nuclear
localization and transcriptional activity (71,72). This modification is reversed by the
ubiquitin-specific protease USP7, which deubiquitinates FoxO4 and causes nuclear export.

The FoxO target gene product atrogin-1 ubiquitinates and degrades calcineurin, preventing
Akt-mediated hypertrophic signaling. In addition, atrogin-1 also acts as a FoxO coactivator
through noncanonical polyubiquitination, which serves to increase FoxO activity and oppose
Akt-mediated signaling (73). Atrogin-1 does not tag FoxO with canonical polyubiquitin
chains that lead to proteosomal degradation and does not appear to directly affect FoxO
stability. The consequences of atrogin-1-dependent ubiquitination are discussed in more
detail below.

FOXO AND CARDIAC BIOLOGY
Cardiac Development

Despite some of the overlapping effects of the FoxO proteins, studies involving the deletion
of individual FoxO family members suggest that each of the FoxOs has very different roles
in vascular and cardiac development. For instance, whereas FoxO3−/− and FoxO4−/−

embryos develop normally (74), FoxO1−/− embryos die by day E10.5–E11 and exhibit
grossly deficient vascular and cardiac growth (74,75). FoxO1 is expressed in embryonic
vessels, so it is not surprising that FoxO1−/− embryos exhibit impaired yolk sac vasculature,
underdeveloped dorsal aorta, and impaired cardiac looping. Interestingly, though, FoxO1+/−

mice develop normally. Conversely, mice overexpressing a cardiac-specific FoxO1
transgene also die by E10.5 due to abnormal p21cip1 and p27kip1 expression, resulting in
impaired cardiomyocyte proliferation, reduced heart size and myocardium thickness, and
subsequent heart failure (76).

FoxO proteins are also involved in the regulation of vascular development. FoxO3 represses
the expression of BMPER (bone morphogenetic protein [BMP]-binding endothelial cell
precursor-derived regulator), which is involved in endothelial cell migration and sprouting
during development (77,78). Consistent with these data, FoxO1 or FoxO3 overexpression in
HUVEC cells decreases endothelial cell sprouting and migration; conversely, silencing
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FoxO1 or FoxO3 promotes angiogenesis (79). Additionally, negative regulation of FoxO1
by SirT1 appears to be important for supporting sprout formation (80).

The enhancer region of myocardin, which acts as a coactivator to induce smooth muscle cell
and cardiomyocyte differentiation, contains FoxO binding sites and requires FoxO for its
activity (81). FoxOs also maintain normal endothelial cell physiology in the adult, as
demonstrated by mice engineered with floxed FoxO alleles that develop hemangiomas with
advancing age (82).

Cardiac Hypertrophy
Maintaining FoxO activity is essential in preventing Akt-mediated cardiac hypertrophy. The
IGF-Akt signaling cascade promotes cardiac hypertrophy by increasing cell size and protein
translation via activation of S6K and mTOR and by decreasing antihypertrophic
transcriptional activity via inhibition of GSK3 (reviewed in 83). By inhibiting FoxO activity,
Akt also suppresses transcription of two key FoxO target gene products, the muscle-specific
ubiquitin ligases atrogin-1/MAFbx and MuRF1 (84). The cumulative effect of Akt
activation in the heart is an increase in progrowth pathways and the inhibition of FoxO-
mediated catabolism, resulting in hypertrophy. The CIRKO (cardiac insulin receptor
knockout) mouse, which displays a reduction in cardiac mass due to reduced cardiomyocyte
size (85), demonstrates the necessity of Akt signaling in cardiac hypertrophy. The phenotype
of the CIRKO mouse is mimicked in mice with heart-specific FoxO3 expression (86).
Furthermore, adenovirus-mediated FoxO3 overexpression reduces growth factor– and
stretch-induced hypertrophy in cultured cardiomyocytes (86). In contrast, heart size is
doubled in the heart-specific Akt transgenic mouse (87), consistent with evidence that
FoxO3−/− mice demonstrate an increase in cardiac mass (88).

In addition to Akt signaling, a second major pathway involved in cardiac hypertrophy is
mediated by the calcium-regulated protein phosphatase calcineurin (or PP2B). Calcineurin
dephosphorylates the transcription factor NFAT (nuclear factor of activated T cells), which
promotes NFAT nuclear translocation and induces transcription of genes characteristic of
the hypertrophic response such as those encoding α-skeletal actin and β-myosin heavy chain
(89). Akt, FoxO, atrogin-1, and calcineurin were first connected in cardiomyocytes with the
discovery that atrogin-1 targets calcineurin for degradation, decreases NFAT-dependent
transcription, and prevents calcineurin-dependent cardiac hypertrophy (90), suggesting that
FoxO might regulate calcineurin-NFAT signaling. Accordingly, overexpression of FoxO in
cultured cardiomyocytes increases atrogin-1 expression, inhibits calcineurin activity, and
decreases angiotensin II–induced cardiac hypertrophy (88). Atrogin-1 overexpression
decreases Akt-mediated FoxO1/3 phosphorylation, and furthermore, transgenic mice with
cardiomyocyte-restricted overexpression of atrogin-1 are resistant to Akt-dependent
hypertrophy (73). Although it was previously shown that the phosphatase activity of PP2A
inhibits Akt (91), it has since been shown that calcineurin also dephosphorylates and
inactivates Akt and that FoxO attenuates the interaction between PP2A and Akt (92). In
summary, when FoxO is activated, FoxO-dependent atrogin-1 transcription leads to
decreased calcineurin levels and, accordingly, decreased phosphatase activity directed
toward Akt. Furthermore, because FoxO inhibits the interaction between Akt and PP2A, the
net result is hyperphosphorylation of Akt (Figure 1). Surprisingly, the FoxO-induced
increase in Akt phosphorylation appears to preferentially cause FoxO phosphorylation, and
not phosphorylation of the Akt targets mTOR and GSK3. Thus, FoxO activity is controlled
through a negative feedback loop.
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Cardiac Stress Response and Aging
The outcome of FoxO signaling in different contexts can appear contradictory. For example,
although FoxOs increase antioxidant enzymes to counter oxidative stress, FoxOs also
promote apoptotic signaling pathways under other circumstances. The effects of FoxOs on
aging and stress response in the heart and vasculature involve a complex relationship
between many signaling pathways.

As mentioned above, an antiaging role of forkhead proteins is supported by the evidence of
increased longevity in C. elegans with active daf-16. FoxOs also have an antiaging function
in the heart, first exhibited by the prevention of cardiac decline by transgenic expression in
Drosophila (93). One major pathway through which FoxO signaling prevents cardiac aging
is via activation of SirT1, which has a conserved role in preventing an aging phenotype in
many tissues (reviewed in 62). SirT1 is upregulated by pressure overload, and cardiac-
specific overexpression of SirT1 helps prevent oxidative stress and aging via FoxO1-
dependent expression of catalase (94). Additionally, moderate SirT1 transgenic expression
diminishes age-related heart hypertrophy; in contrast, a transgenic mouse line demonstrating
~12-fold SirT1 overexpression demonstrates left ventricular fibrosis, apoptosis, and
hypertrophy-associated fetal gene expression, suggestive of dose-dependent SirT1 effects.
Finally, activation of SirT1 via resveratrol treatment in a cardiomyocyte cell line inhibits
hypoxia-induced apoptosis (95). These effects appear to be mediated through decreased
expression of the proapoptotic FoxO target Bim and increased expression of the FoxO1
target p27kip1, which causes cell cycle arrest. Incidentally, it has been demonstrated that the
inhibition of hypertrophy by resveratrol treatment is mediated through activation of AMPK,
which, as described above, can also promote FoxO activity (96).

In addition to stimulating the antioxidant activities of MnSOD and catalase, FoxO3 also
regulates transcription of a mitochondrial hydrogen peroxide scavenger, peroxiredoxin III,
in cardiac fibroblasts (97). Peroxiredoxin III expression prevents serum withdrawal–induced
apoptosis and may have an important role as a cardioprotectant in vivo.

The endothelial cell stress response is partially mediated by VEGF (vascular endothelial
growth factor), which promotes angiogenesis through endothelial cell survival, migration,
and proliferation. VEGF and FoxO have a complicated relationship in endothelial cells.
VEGF induces NADPH oxidase activity, which activates a redox-sensitive Akt signaling
pathway and mediates some effects of VEGF. VEGF also causes transient phosphorylation
and nuclear exclusion of FoxO1, FoxO3, and FoxO4 via NADPH oxidase–dependent Akt
signaling, which prevents apoptosis, promotes cell cycle progression, and downregulates
expression of most FoxO1 target genes (98,99). However, a small subset of FoxO target
genes (including those encoding MnSOD, BMP2, VCAM-1, and MMP10) is upregulated by
VEGF in a FoxO1-dependent manner (100). Unlike most FoxO1 target genes, expression of
this subset is not immediately inhibited by VEGF, and transcription of these genes may be
aided by NF-κB or NFAT. Despite the fact that VEGF generally inhibits FoxO activity, the
VEGF-dependent activation of a subset of FoxO1 target genes helps explain why FoxO1−/−

mice demonstrate an impaired vasculature phenotype.

In the vasculature, Akt is the major antagonist of FoxO signaling. Under some stress
conditions, FoxO inhibition is beneficial to maintaining vessel viability. Shear stress, heat
shock, and anoxia induce Akt signaling and subsequently inhibit FoxO, which promotes cell
survival, evasion of apoptosis, and early senescence (101-103).

Cardiac Metabolism and Autophagy
Through a variety of transcriptional targets, FoxOs can respond to a changing metabolic
environment via regulation of metabolic enzymes and energy-dependent proteins. The direct
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metabolic effects of FoxO signaling are not entirely clear; however, because FoxOs may be
involved in transcription of many metabolic genes, a bioinformatics approach may help
uncover FoxO-regulated genes. In Drosophila, a significant portion of genes upregulated by
fasting-refeeding are also activated in cells expressing constitutively active dFOXO (104). In
humans, mice, and rats, FoxO binding sites are found in the promoters of several metabolic
genes, including those encoding acetyl CoA carboxylase 2, the fatty acid transporter CD36,
lipoprotein lipase, and Glut4 (105). FoxO proteins may also indirectly exert metabolic
effects through transcription of PGC-1α, which associates with PPARγ to activate genes
involved in mitochondrial biogenesis, fatty acid oxidation, and gluconeogenesis (66,106).
Additionally, PGC-1α can serve as a FoxO coactivator to regulate expression of metabolic
genes. For example, in hepatocytes, PGC-1α and FoxO1 associate with estrogen-related
receptors to activate transcription of pyruvate dehydrogenase kinase 4, which limits the
production of acetyl CoA from pyruvate and suppresses glucose oxidation in the absence of
insulin (107).

FoxOs also regulate expression of genes that sense changes in the metabolic environment.
For example, FoxO1 and FoxO3 activate transcription of Kir6.2, an ATP-dependent
potassium channel (KATP) subunit (105). In the presence of ATP, KATP channels close,
causing membrane depolarization and calcium influx, thereby maintaining contractile
function. Under metabolically stressful conditions, ATP levels are low and KATP channels
remain open, such that the cell is hyperpolarized and calcium demand is limited. Transgenic
mice lacking Kir6.2 demonstrate severe heart failure within hours of transaortic banding
(108).

FoxO also provides a balance between metabolic pathways and protein degradation. In
addition to regulating the transcription of the E3 ligases atrogin-1 and MuRF1, FoxO can
promote proteolysis through autophagy. Autophagy recaptures amino acids and fatty acids
for ATP production and new protein translation (reviewed in 109). In cardiomyocytes,
autophagy is activated during ischemia-reperfusion and transaortic constriction–induced
heart failure. Accordingly, increased autophagy reduces apoptosis following ischemia-
reperfusion (110), whereas acute cardiac-specific inhibition of autophagy causes left
ventricular dilation, decreased contractile function, and hypertrophy (111). In myocytes,
FoxO3 regulates transcription of autophagy genes, such as those encoding Gabarapl1,
Atg12l, and LCB3, and promotes autophagosome formation (112). Thus, FoxOs promote
proteolysis through activation of the ubiquitin ligases MuRF1 and atrogin-1 and through
increased transcription of genes necessary for autophagy.

CONCLUDING REMARKS
The Forkhead subfamily O is an important mediator of the stress response. First
characterized for its necessity for longevity in C. elegans, it has since been demonstrated
that FoxOs have unexpected and diverse roles in countering stress, determining cell fate, and
regulating energy availability. Because the heart is constantly adapting to different stresses
and metabolic conditions, FoxOs appear to play an extremely important role in cardiac
physiology. As we learn more precise information about FoxO regulation, direct
transcriptional targets, and dynamic signaling responses, a therapeutic role for FoxOs may
be elucidated. The rapidly growing field of forkhead biology will surely provide information
and models of how cells grow, change, and adapt.

SUMMARY POINTS

1. FoxO proteins mediate stress response through transcription of genes involved
in oxidative stress, metabolism, autophagy, aging, and apoptosis.
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2. FoxO proteins are regulated by a variety of mechanisms, including
phosphorylation, glycosylation, acetylation, and ubiquitination. These
modifications can activate or inhibit FoxO activity.

3. In cardiomyocytes, regulation of FoxO signaling is complex and inhibited by
negative feedback. Akt inhibits FoxO activity while promoting NFAT-mediated
hypertrophy, whereas overexpression of FoxO leads to eventual Akt
hyperphosphorylation and FoxO inhibition. FoxO overexpression prevents Akt-
dependent cardiac hypertrophy.

4. FoxO helps mediate the antiaging effects of SirT1 through increased
transcription of antioxidant and cell cycle arrest proteins while inhibiting
transcription of FoxO proapoptotic targets.
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Glossary

FoxO Forkhead box subfamily O

MnSOD manganese superoxide dismutase

PI3K phosphoinositide-3 kinase

PI3K-Akt signaling activated by insulin receptor. Akt activity leads to increased
glucose uptake, cell cycle progression, evasion of apoptosis, and
protein translation

SirT1 silent mating type information regulation 2 homolog 1

Cardiac
hypertrophy

increased cell size in cardiomyocytes in response to stress or
growth factor stimulation

MuRF1 muscle ring finger 1

NFAT nuclear factor of activated T cells

Autophagy catabolic lysosome-mediated protein degradation involved in
energy and protein reallocation
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Figure 1.
Akt and FoxO signaling pathways in cardiac hypertrophy. (a) Insulin receptor signaling
activates the PI3K (phosphoinositide-3 kinase) signaling cascade, leading to Akt
phosphorylation and translocation into the nucleus. Akt phosphorylates three conserved
FoxO residues to promote FoxO association with 14-3-3 proteins and nuclear export to the
cytosol, where the complex remains transcriptionally inactive. Calcineurin dephosphorylates
NFAT (nuclear factor of activated T cells), allowing NFAT nuclear translocation and
subsequent transcription of NFAT target genes, such as those encoding α-skeletal actin and
β-myosin heavy chain. PP2A and calcineurin provide negative feedback by
dephosphorylating Akt. (b) In the absence of PI3K signaling, FoxO is able to transcribe
target genes such as atrogin-1, which encodes a ubiquitin ligase that promotes calcineurin
degradation and prevents NFAT activation. The decrease in calcineurin levels reduces Akt-
associated phosphatase activity. FoxO also reduces PP2A phosphatase activity on Akt. The
reduction in calcineurin and PP2A-associated phosphatase activity leads to Akt
hyperphosphorylation, which eventually inhibits FoxO activity.
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