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Abstract

Forkhead box O (FOXO) transcription factors have been implicated in regulating the metabolism, cellular pro-
liferation, stress resistance, apoptosis, and longevity. Through the insulin receptor substrate?phosphoinositide
3-kinase?Akt signal cascade, FOXO integrates insulin action with the systemic nutrient and energy homeo-
stasis. Activation of FOXO1 in liver induces gluconeogenesis via phosphoenolpyruvate carboxykinase
(PEPCK)=glucose 6-phosphate pathway, and disrupts mitochondrial metabolism and lipid metabolism via heme
oxygenase 1=sirtuin 1=Ppargc1a pathway. In skeletal muscle, FOXO1 activation underpins the carbohy-
drate=lipid switch during fasting state. Inhibition of FOXO1 under physiological conditions accounts for
maintenance of skeletal muscle mass=function and adipose differentiation. In pancreatic b-cells, nuclear trans-
location of FOXO1 antagonizes pancreatic and duodenal homeobox 1 and attenuates b-cells proliferation and
insulin secretion. Regardless, FOXO1 promotes the proliferation of b-cells through induction of Cyclin D1 in low
nutrition, and elicits antioxidant mechanism to protect against b-cell failure during oxidative insults. In the brain,
FOXO1 controls food intake through transcriptional regulation of the orexigenic neuropeptide Y, agouti-related
protein, and carboxypeptidase E. In this article, we review the role of FOXO1 in the regulation of metabolism
and energy expenditure based on recent findings from mouse models, and discuss the therapeutic value of
targeting FOXO1 in metabolic diseases. Antioxid. Redox Signal. 14, 649–661.

Introduction

Since the initial discovery of the fly Drosophila melano-
gaster gene forkhead, over 100 members of this gene

family have been identified, and 19 human subgroups are
now known to exist (76, 90). The members of this gene family
contain a conserved 100 amino acid forkhead box (also called
winged helix DNA-binding domain). The superfamily is
identified as ‘‘FOX,’’ whereas the 19 subfamilies are desig-
nated by a letter followed by a number to distinguish indi-
vidual members (51). Forkhead box O (FOXO) subfamily
consists of transcription factors (FOXO1, FOXO3, FOXO4, and
FOXO6) that regulate expression of target genes involved in
DNA damage repair response, apoptosis, metabolism, cellu-
lar proliferation, stress tolerance, and longevity (16, 104, 113,
115). The evidence from genetically generated mouse models
has shown that these FOXO transcription factors have over-
lapping functions (functional redundancy) although in-
dividual disruption of the FOXO genes causes different
phenotypes during development (functional diversification)
(4, 5, 93, 106, 108).

FOXO plays a critical role in metabolism and growth of
mammals (72, 90). FOXO is expressed ubiquitously in mam-
malian tissues, especially adipose, brain, heart, liver, lung,
ovary, pancreas, prostate, skeletal muscle, spleen, thymus, and
testis (77, 90). It is regulated by several mechanisms, including
Akt (or protein kinase B [PKB])-mediated serine phosphory-
lation. During insulin stimulation, the phosphoinositide 3-
kinase (PI3K)?Akt cascade inhibits FOXO nuclear activity,
which is characteristic of the postprandial state of nutrient
excess. Whole-body glucose homeostasis is tuned by both
endogenous glucose production and glucose uptake by pe-
ripheral tissues in response to insulin. FOXO1 is activated in
the fasted state to promote gluconeogenesis in the liver, but in
postprandial state hepatic FOXO1 is inhibited by insulin,
which facilitates gene expression that drives the metabolism of
glucose to acetate for oxidation or conversion into fatty acids
(25, 117). FOXO-mediated gene expression has multiple effects
upon lipid metabolism (18, 19, 53, 81). Insulin resistance leads
to hyperactive FOXO transcriptional activity, and eventually
induces hyperglycemia and dyslipidemia in mammals (12, 19,
38, 52, 118). In addition, activation of FOXO under insulin
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resistant conditions can result in muscle atrophy and impair
adipose proliferation, which reduced the capacity of these tis-
sues to respond to insulin stimulation (55, 78, 123). Genetic
ablation of FOXO during insulin resistance is beneficial for
metabolic homeostasis; however, under normal nutrition the
deletion of hepatic FOXO has minimal effects (25, 82). These
findings reveal FOXO transcription factors as potential thera-
peutic targets for metabolic syndromes associated with insulin
resistance.

FOXO1 represents the predominant FOXO isoforms (35, 36,
90). In this review, we will review some recent research fo-
cusing mainly upon in mouse models. These studies reveal
new strategies to understand the pathophysiology of meta-
bolic diseases such as obesity, nonalcoholic fatty liver dis-
eases, diabetes, and diabetic complications.

Regulation of FOXO

FOXO proteins contain 4 domains. Sequence alignment
shows that these FOXO proteins have highly conserved regions,
including the N-terminal region containing an Akt phosphor-
ylation site, a highly conserved forkhead DNA binding domain
(DBD), a nuclear localization signal located just downstream of
DBD, a nuclear export sequence, and a C-terminal transacti-
vation domain (92). The DBD domain contains 3 a-helices,
3 b-sheets, and 2 loops that are referred to as the wings. FOXO1,
FOXO3, and FOXO6 have similar length of about 650 amino
acid residues, whereas FOXO4 is shorter and contains about 500
amino acid residues. All the regulation mechanisms involve the
retention of FOXO in the nucleus where it can promote or
suppress the transcription of target genes containing a con-
sensus DNA binding sequence—TTGTTTAC.

FOXO proteins are modified by several posttranslational
modifications, including phosphorylation, acetylation, meth-

ylation, glycosylation, and ubiquinylation (Fig. 1) (reviewed
in 92, 99, 119). The modifications affect protein–protein and
protein–DNA interactions that eventually alter the DNA-
binding characteristics of FOXO proteins and regulate their
transcriptional activity (11, 92, 109, 110, 114, 119). For exam-
ple, the serine-threonine kinase Akt can phosphorylate
FOXO1, FOXO3a, and FOXO4 and exclude them from nu-
cleus, which promotes cytoplasm ubiquitinylation and deg-
radation. An exception to this nucleo-cytoplasmic trafficking
is FOXO6 whose transcriptional activity is similarly blocked
by Akt-phosphorylation but independent of shuttling to the
cytosol (49, 112). Moreover, FOXO transcriptional activity
is inhibited by inhibitor of NF-kB (nuclear factor kB) kinase
and the serum=glucocorticoid-inducible protein kinase that
cause phosphorylation and nuclear exclusion (76, 92); how-
ever, it can be enhanced by mammalian sterile 20-like kinase-
1-induced phosphorylation (70) and AMP-activated protein
kinase (34). Arginine methylation of FOXO blocks Akt-
induced phosphorylation and inactivation (119). However,
addition of O-linked b-N-acetyl-glucosamine to FOXO pro-
motes expression of its target genes involved in stress re-
sistance during hyperglycemia and cell stress (43, 44).
Deacetylation of FOXO by sirtuin 1 (SirT1) was shown to
suppress mammalian FOXO transcriptional factor (13, 86,
120), although some opposite evidence indicates that the ly-
sine acetylation of FOXO increases FOXO phosphorylation
and attenuate its ability to bind cognate DNA sequence (82a).
Comprehensive review on the structure=posttranslational
regulation of FOXO transcriptional factors can be found in this
Forum issue of Antioxidants & Redox Signaling.

At the transcriptional level, expression of FOXO1 and
FOXO3 can be induced by transcription factors E2F1 (91)
and FOXC1 (10). Recent evidence shows that the transcription
of FOXO is stimulated by FOXO3 in a positive feedback loop,

FIG. 1. The posttranslational
regulation of FOXO1. Hormonal
and stress stimuli regulate FOXO1
via phosphorylation, acetylation,
ubiquitination, methylation, and
glucose-derived O-GlcNAc modi-
fication. The phosphorylation in-
duced by Akt, Sgk, and IKK is
inhibitory (dark gray), whereas
MST1 and AMPK phosphorylate
and activate FOXO1 (white back-
ground). Methylation of FOXO1 by
arginine methyltransferase PRMT1
blocks Akt-mediated phosphory-
lation and thus promotes FOXO1
nuclear redistribution. The role of
CBP-catalyzed acetylation and
SirT1=2-catalyzed deacetylation in
FOXO1 activity is controversial,
being reported positive and nega-
tive, or vice versa, in the literature.
O-GlcNAc regulates FOXO1 acti-
vation in response to glucose, re-

sulting in paradoxically increased expression of gluconeogenic genes while concomitantly inducing expression of genes
encoding enzymes that detoxify reactive oxygen species. Akt, protein kinase B; AMPK, AMP-activated protein kinase; CBP,
CREB (cAMP response element-binding) binding protein; FOXO, forkhead box O; IKK, IkB (inhibitor of NF-kB) kinase; IRS,
insulin receptor substrates; MST1, mammalian sterile 20-like kinase-1; O-GlcNAc, O-linked b-N-acetyl-glucosamine; O-
GlcNAcT¼O-linked b-N-acetyl-glucosamine transferase; PDK1, 3-Phosphoinositide-dependent kinase 1; PRMT1, protein
arginine methyltransferase 1; Sgk, serum=glucocorticoid-inducible protein kinase; SirT1=2, sirtuin 1 or 2.
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but is repressed by growth factors such as platelet-
derived growth factors and fibroblast growth factors (27).
Ectopic FOXO3 activation blocked the proliferation of fibro-
blasts and induced expression of FOXO1 and FOXO4,
mimicking the effects of growth factors. This regulatory
mechanism may account at least in part for the coordinate
upregulation of FOXO1, FOXO3, and FOXO4 in skeletal
muscle from the mice treated by calorie restriction (20, 30).
Moreover, the insulin receptor represses its own synthesis by
a feedback mechanism directed by the transcription factor
FOXO1 (97). These feedback loops, positive or negative,
suggest that FOXO acts as a nutrient sensor to activate insulin
(or growth factor) signaling that establishes an adaptive re-
sponse to circulating factors.

FOXO1 in Regulation of Metabolism

FOXO1 is the best-studied member of FOXO subfamily.
Loss and gain of FOXO1 function has been investigated in
the tissues and cells of various genetically modified mice,
including hepatocytes (18, 19, 25, 82), brain (95), muscle (20,
45, 55), adipose (17, 88), pancreas (2, 3, 84), and heart (99)
(Table 1).

FOXO1 in Liver

The liver is the primary organ for glucose and lipid me-
tabolism (96). During fasting, glycogen stored in hepatocytes
is hydrolyzed to release glucose (glycogenolysis). Upon gly-
cogen depletion, gluconeogenesis ensures a sufficient glucose
supply through transcriptional modifications controlled by
CREB (cyclic AMP-responsive element binding protein)-
regulated transcription co-activator 2 and FOXO1 (74). In the
postprandial state, the liver stores the dietary carbohydrates
through glycogen synthesis and de novo lipogenesis (18, 25, 81,
118). Under ordinary conditions, the fasting-feeding switch
finely controls the hepatic glucose production=uptake and
anabolic pathways of glucose disposal, which restricts post-

prandial in plasma glucose concentrations between 4 and
7 mM. The critical role of FOXO1 in hepatic glucose and lipid
metabolism is well established with genetically modified mice
(18, 25, 53, 81, 82). However, a critical role for hepatic FOXO1
is difficult to demonstrate definitively without additional ef-
forts to stress the animal, including severe starvation or de-
letion of insulin signaling components. By deletion of hepatic
insulin receptor substrates 1 and 2 [i.e., the liver-specific Irs1
and Irs2 double knockout (DKO)-mice], the mice lose the
conserved response to insulin=feeding, and develop severe
insulin resistance and glucose intolerance (25, 37). Microarray
of the transcriptome in DKO-liver reveals markedly per-
turbed expression of growth and metabolic genes, including
increased Ppargc1a (peroxisome proliferator-activated
receptor gamma coactivator 1-a, also referred as Pgc1a)
and Igfbp1, and decreased glucokinase, sterol-regulatory-
element-binding protein 1c (SREBP-1c), Ghr, and Igf1 (25)
(Fig. 2). Moreover, mitochondrial genes are dysregulated,
which leads to abnormal mitochondrial morphology, func-
tion, and biogenesis in the DKO-liver (Table 2) (18). Signal
transduction analysis indicates that FOXO1 is hyperactivated
in these mice. Remarkably, expression of these genes is at least
partially restored into a normal range upon deletion of FOXO1
(Fig. 3) (18, 25).

Chronic failure to control the hepatic glucose production
leads to hyperglycemia and compensatory stimulation of in-
sulin secretion by the pancreatic b-cells, which exacerbates
peripheral insulin resistance in muscle and adipose (25, 117,
118). Hepatocyte-specific deletion of FOXO1 in DKO mice
(triple knockout TKO) results in significant normalization of
the gluconeogenic genes and partial restoration of the re-
sponse to fasting and feeding, near-normal blood glucose and
insulin concentrations (25). Single knockout of FOXO1 in
mouse liver results in 40% reduction of glucose levels at birth
and 30% reduction in adult mice after a 48 h fast (82). These
changes are associated with impaired fasting- and cAMP-
induced glycogenolysis and gluconeogenesis, because the

Table 1. FOXO1 Regulation of Metabolism in Different Organs

Organs Biological effects of FOXO1 References

Liver Ablation of hepatic FOXO1 reverses the abnormalities existing in the mitochondrial
metabolism, blood glucose and insulin concentrations, and body size
of insulin-resistant mice.

(18, 25, 82, 101)

Muscle Skeletal muscle FOXO1 transgenic mice have less skeletal muscle mass, downregulated
type I fiber genes, and impaired glycemic control, but not longer life.

(20, 55)

Brain FOXO1 deletion in pro-opiomelanocortin (Pomc)-expressing neurons protecting against weight
gain and obesity. Mice selectively expressing a constitutively nuclear FOXO1 in Pomc neurons
exhibit mild obesity and hyperphagia.

(48, 95)

Adipose Adipose dominant-negative FOXO1 transgenic mice show improved glucose tolerance
and insulin sensitivity, with smaller-sized adipocytes in white adipose tissue (WAT) under
a high-fat diet; had increased oxygen consumption in brown adipose tissue (BAT).

(88)

FOXO1 haploinsufficiency results in increased PPARg gene expression in adipose tissue and
protects mice against obesity-related insulin resistance.

(58)

b-Cells FOXO1 protects b-cells against oxidative stress by forming a complex with the promyelocytic
leukemia protein PML and the NAD-dependent deacetylase SirT1 to activate expression of
NeuroD and MafA.

(63)

FOXO1 may negatively regulate b-cell differentiation and proliferation in the human fetal
pancreas by controlling PDX1, NGN3, and NKX6.

(1, 3)

FOXO1 promotes the proliferation of b-cell exposed to low nutrition. (2)

FOXO, forkhead box O; NGN3, neurogenin 3; PDX1, pancreatic and duodenal homeobox 1; PML, promyelocytic leukemia; PPARg,
peroxisome proliferator-activated receptor g; SirT1, sirtuin 1.
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complex between FOXO1 and the transcription coactivator
Ppargc1a is absent, which compromises the cAMP response
and gluconeogenesis (82). Similarly, FOXO1 deletion in liver
curtails excessive glucose production caused by ablation of
hepatic insulin receptor and prevents neonatal diabetes and
hepatosteatosis in liver-specific insulin receptor knockout
mice (82, 85). These findings corroborate the deleterious role
of the constitutively active FOXO1 in hyperglycemia during
severe hepatic insulin resistance, and that the insulin receptor
substrates (Irs1=2)?PI3K?Akt?FOXO1 branch of insulin
signaling underpins the hepatic insulin-regulated glucose
homeostasis (Fig. 3) (25, 82). To this end, synthetic and opti-
mized antisense oligonucleotides for specific inhibition of
FOXO1 expression (FOXO1-antisense oligonucleotide thera-
py) has been used to improve both hepatic and peripheral
insulin action that lowers plasma glucose concentration and
the rate of basal endogenous glucose production in mice with
diet-induced obesity (DIO) (101).

The mechanism by which insulin resistance fails to inhibit
FOXO1?PEPCK driven gluconeogenesis (hyperglycemia)
while promoting SREBP-1c-mediated lipogenesis (dyslipide-

mia) remains unclear (Fig. 3) (12, 65, 118). In this respect,
identification of the branch=divergent point that insulin signal
control glucose production and lipogenesis has been the topic
of intensive study. The results from mice that lack both major
regulatory subunits of PI3 kinase in the liver (Pik3r1 and
Pik3r2; L-p85DKO mice) suggest that Akt and atypical pro-
tein kinase C differentially define specific actions of insulin
and PI3 kinase on hepatic glucose and lipid metabolism, re-
spectively (107). In the obese, insulin-resistant mice induced
by either leptin deficiency or high-fat diet, Akt is required for
hepatic lipid accumulation (67). Leptin-deficient obesity mice
lacking hepatic Akt exhibit a decrease in lipogenic gene ex-
pression and de novo lipogenesis, which prevents hepatic tri-
glyceride accumulation. Whereas mice fed high-fat diet have
reduced liver triglycerides in the absence of hepatic Akt, li-
pogenesis progresses normally presumably due to a com-
pensatory adaptation to the uptake of dietary fat. These
findings reveal Akt as a requisite component in insulin-
dependent regulation of lipid metabolism during insulin re-
sistance (67). Further corroborating evidence was reported
most recently, showing that inhibition of PI3 kinase?Akt
blocks both insulin-mediated PEPCK (gluconeogenesis) and
SREBP-1c (lipogenesis) gene expression (71). Inhibition of
mammalian target of rapamycin complex 1 (mTORC1), a
downstream target of Akt can block insulin-induction of
SREBP-1c but not insulin suppression of PEPCK, suggest-
ing that insulin-mediated lipogenesis and gluconeogenesis
diverge with Akt?mTORC1 driving the former and
FOXO1?PEPCK driving gluconeogenesis (Fig. 3); however,
during severe insulin resistance FOXO appears to contribute
to both processes (18, 19).

Hyperactivated FOXO during severe insulin resistance
contributes to the accumulation of hepatic lipids (Fig. 3)
(18, 19, 81). Adenoviral delivery of constitutively nuclear
FOXO1 to mouse liver promotes hepatic triglyceride accu-
mulation that can progress to steatosis (81). The lipid accu-
mulation is associated with decreased fatty acid oxidation.
Paradoxical stimulation of Akt signaling occurs owing to
FOXO1-mediated repression of pseudokinase tribble 3 (a
modulator of Akt activity) independent of DNA binding;
however, suppression of FOXO1 with appropriate siRNA di-
minishes it (81). An accompanying study using constitutively

FIG. 2. The effects of FOXO1 activation and ablation on
gene expression in the liver. Normalized expression of liver
genes was analyzed in fasted (16 h) and fed (4 h) 6-week-old
control (CNTR), Irs1=2 double-knockout (DKO), and Irs1=2
and FOXO1 TKO mice using Affymetrix GeneChips. Liver
genes that had been changed significantly (false discovery
rate FDR <0.05) were further analyzed for either a positive
(þ) or negative (�) correlation with principal component
using the NIA Array Analysis Tool. The analyses indicate
that 9824 significantly changed probe sets corresponded to
5756 annotated genes of which 420 displayed a maximal
change of at least 1.5-fold. The principal components (PC)—
with a positively and negatively correlated gene cluster—
accounted for 86% of the total expression variance, including
3531 displaying increased and 593 displaying decreased ex-
pression in the DKO liver. Dysregulated expression of these
genes in the DKO liver was largely restored in the TKO liver
to the normal range displayed by the control liver. Data were
presented as average normalized expression (log2 scale) of
gene clusters positively correlated (�) and negatively corre-
lated (&) with principal component. The error bars represent
the standard deviation. Adapted from Dong et al. (25) with
permission. TKO, triple knockout.

Table 2. The Changes in Mitochondrial

Gene Expression

Median expression DKO TKO

Gene n CNTR DKO TKO CNTR CNTR

Dctn (p50) 1 984 1411 916 1.4 0.9
Dnm 1 (Drp 1) 2 20 19 16 0.9 0.8
Fis1 2 421 635 393 1.5 0.9
Hmox1 2 96 230 116 2.4 1.2
Mfn1 2 227 453 212 2.0 0.9
Mfn2 2 219 566 201 2.6 0.9
Nrf1 3 71 81 73 1.2 1.0
Ppargc1a 1 115 1570 301 14 2.6
Tfam 2 200 309 226 1.5 1.1

Adapted from Cheng et al. (18) with permission.
CNTR, Control; DKO, double knockout; Hmox1, heme oxygenase

1; TKO, triple knockout.
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nuclear FOXO1 (FOXO1-ADA mutant that is constitutively
nuclear due to mutation of T24 and S316 to A and harbors a
mutation of S253 to D) suggests that FOXO1 turns on a
feed-forward loop, relayed by p38 and acting to amplify
Akt activity (87). In addition, FOXO1 can induce expres-
sion of hepatic microsomal triglyceride transfer protein
(MTP) that regulates the rate-limiting step of assembly of
triglyceride-rich very-low-density lipoprotein (VLDL) (53).
FOXO1 gain of function is associated with enhanced MTP
expression, correlating with augmented hepatic VLDL pro-
duction and elevated plasma triglyceride levels in FOXO1
transgenic mice. FOXO1 loss of function, caused by RNAi-
mediated depletion of FOXO1 mRNA in liver, reduces hepatic
MTP and VLDL production in diabetic, db=db and FOXO1
transgenic mice. The stimulating effect of FOXO1 on MTP ex-
pression and VLDL production is blunted by insulin in the
control mice (53).

In addition to regulation of lipogenesis, recent observa-
tions indicate that activated FOXO1 impairs fatty acid ox-
idation. By this mechanism, dyslipidemia might arise at
least in part from mitochondrial dysfunction under the
insulin-resistant conditions (Fig. 3) (18, 19, 81). In mice
lacking hepatic Irs1=Irs2, FOXO1 hyperactivation is ac-
companied by impaired mitochondrial oxidative metabo-
lism and mild hepatic lipid accumulation (18, 19). By
directly binding the promoter, the transcription factor
FOXO1 induces heme oxygenase 1 that reduces the heme
content=pool required for expression, stability, and func-
tion of electron transport chain (ETC) components (18, 21).
The impaired ETC activity in these DKO hepatocytes fails
to oxidize NADH to NADþ, thus decreasing the [NADþ]=
[NADH] ratio due to NADH accumulation. These changes

prevent 2 biological processes that are related to NADH
metabolism and [NADþ]=[NADH] ratio (18, 19). First, the
NADþ-dependent deacetylase SirT1 is inactivated, which
blocks the mitochondrial biogenesis pathway mediated
by Ppargc1a—the activation of Ppargc1a requires SirT1-
catalyzed deacetylation. Second, NADþ acts as the essential
cofactor of acyl-CoA dehydrogenase in fatty acid oxidation.
Reduction of [NADþ] due to ETC defects attenuates fatty
acid oxidation, which promotes accumulation of fatty acid
available for incorporated into triglyceride (46, 47, 100,
116). As such, pharmacological stimulation of NADH oxi-
dation strongly promotes mitochondrial fatty acid oxida-
tion and attenuates dyslipidemia and fatty liver in DIO and
ob=ob mice (46). In line with the observation that adeno-
viral delivery of constitutively nuclear FOXO1 to mouse
liver decreased fatty acid oxidation (18, 19, 81), targeting
hepatic FOXO1 by anti-sense oligonucleotides or knockout
lowers both hepatic triglyceride and diacylglycerol content,
which is at least in part accounted for by the restoration of
mitochondrial function (18, 19, 101).

Together, activated FOXO1 promotes hepatic glucose
production through induction of the gluconeogenic enzymes,
PEPCK and glucose 6-phosphate. FOXO1 may also participate
in lipid metabolism by driving Akt-mediated lipogenesis
through p38 and tribbles homolog 3. Under insulin-resistant
conditions, the induction of heme oxygenase 1 that cause ETC
defects results in impaired mitochondrial fatty acid oxidation
and lipid accumulation. Hyperactive FOXO1 under insulin-
resistant conditions causes hyperglycemia and dyslipidemia,
the characteristics of diabetes and diabetic complications.
Therefore, finely tuned FOXO1 activity is the premise of nu-
trient and metabolic homeostasis.

FIG. 3. The regulation of hepatic
glucose and lipid metabolism by
FOXO1. Under ordinary conditions,
feeding stimulates insulin secretion
from pancreatic b-cells, and FOXO1
is inhibited by insulin signal via IRS-
PI3K-Akt cascade. In fasting state,
insulin signal is weak and FOXO1 is
activated=translocated into the nuclei
to trigger gluconeogenesis for glu-
cose supply. Under insulin resistance
conditions, however, hyperactive
FOXO1 promotes gluconeogenesis in
such an uncontrolled way that it
leads to hyperglycemia. Moreover,
FOXO1 induces Hmox1 that disrupts
electron transport chain and impairs
mitochondrial metabolism (including
fatty acid oxidation). FOXO1 might
also enhance downstream of insulin
signal (increasing Akt phosphoryla-
tion) by acting on Trb3 and p38,
which may eventually promote lipo-
genesis. Regardless, it remains un-
clear how insulin drives lipogenesis
under insulin-resistant conditions when insulin fails to initiate the IR-IRS-PIK-Akt cascade. FA, fatty acid; FAO, fatty acid
oxidation; G6P, glucose 6-phosphate; Hmox1, heme oxygenase 1; MTP, microsomal triglyceride transfer protein; PEPCK,
phosphoenolpyruvate carboxykinase; PI3K, phosphoinositide 3-kinase; SREBP-1c, sterol-regulatory element binding protein
1c; TG, triglyceride; Trb3, Tribbles homolog 3; VLDL, very-low-density lipoprotein.
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FOXO1 in Brain

FOXO1 is strongly expressed in the striatum and neuronal
subsets of the hippocampus (dentate gyrus and the ventral=
posterior part of the cornu ammonis regions) (41). In wild-
type mice, hypothalamic FOXO1 expression is reduced by the
anorexigenic hormones insulin and leptin (59). Deletion of
Irs2 in the brain activates FOXO1 that accounts for extended
life span of mice (106). After the observation that neuron-
specific insulin receptor knockout mice developed diet-
sensitive obesity with increases in body fat and plasma leptin
levels (14), FOXO1 as the downstream target was recently
found to play the key role in control food intake, energy dis-
posal, and fuel metabolism (9, 48, 59, 60, 95). The adenoviral
delivery of a constitutively active FOXO1 to the hypothala-
mus disables leptin to control food intake, and the mice
showed an increased food intake and body weight (59, 60).
Mechanistic studies indicate that FOXO1 stimulates the
transcription of the orexigenic neuropeptide Y and agouti-
related protein via PI3 kinase?Akt cascade, but suppresses
the transcription of anorexigenic pro-opiomelanocortin
(Pomc) by antagonizing the activity of signal transducer-
activated transcript-3 (STAT3) (59, 60). Given that both insu-
lin and leptin signaling pathways converge on PI3 kinase?
3-Phosphoinositide-dependent kinase 1 (PDK1)?Akt?
FOXO1 in (Pomc) neurons, 2 independent groups confirmed
that Pomc neuron-specific PDK1 knockout (PDK1DPomc)
mice display hyperphagia, increased body weight, and im-
paired glucose metabolism caused by reduced hypothalamic
Pomc expression (9, 48). Selective expression of a transacti-
vation-defective FOXO1 mutant in Pomc cells ameliorates the
energy imbalance in PDK1DPomc mice (9), whereas expres-
sion of a constitutively nuclear FOXO1 exacerbated the obe-
sity of the PDK1DPomc mice due to excessive suppression of
the Pomc gene (48).

Recently, ablation of Pomc-FOXO1 identified carboxypep-
tidase E (Cpe) as a critical downstream component in the
dysregulation of food intake and energy expenditure (95).
Cpe expression increases during the deletion of Pomc-
FOXO1, which is concomitant with decreased food intake and
normalized energy expenditure. Of note, Cpe expression is
downregulated by DIO, but Pomc-FOXO1 ablation prevents
Cpe downregulation and protects against weight gain.
Moderate Cpe overexpression in the arcuate nucleus pheno-
copies features of the FOXO1 mutation (95). These findings
suggest that targeting Pomc-FOXO1 can be a model for
therapeutic intervention in obesity.

Thus, FOXO1 in brain appears to be a dysregulating factor
of leptin=insulin-mediated food intake=energy expenditure.
Persistently activated FOXO1 increases food intake and pre-
disposes to obesity. Inhibition of FOXO1 dampens neuro-
peptide Y and agouti-related protein, but promotes Cpe
expression, which ameliorates metabolic disorder and pro-
tects against weight gain.

FOXO1 in Skeletal Muscle

The skeletal muscle is one of the major peripheral tissues
that are responsible for insulin-mediated fuel metabolism and
energy expenditure. Skeletal muscle accounts for >30% of
resting metabolic rate and 80% of whole-body glucose uptake
(23). Expression of FOXO1 is increased in skeletal muscle by
energy deprivation (such as fasting, calorie restriction, and

severe diabetes), suggesting that FOXO1 may mediate the
response of skeletal muscle to changes in energy metabolism
(20, 29, 56). Indeed, FOXO1 suppresses SREBP-1c in skeletal
muscle (54), and mice overexpressing FOXO1 lose their gly-
cemic control and display a lower capacity for physical ex-
ercise due to severe muscle loss (55).

Skeletal muscle metabolism switches from oxidation of
carbohydrates to fatty acids as the major energy source during
fasting when the plasma glucose concentration is low. FOXO1
controls this switch by upregulating 3 enzymes: pyruvate
dehydrogenase kinase-4 (PDK4) that shuts down glucose
oxidation by targeting pyruvate dehydrogenase (PDH), li-
poprotein lipase that hydrolyzes plasma triglycerides into
fatty acids, and fatty acid translocase CD36 that facilitates
fatty acid uptake into skeletal muscle (Fig. 4) (8, 29). PDK4
phosphorylates PDH and blocks PDH activity in catalyzing
the conversion of pyruvate into acetyl-CoA, which can divert

FIG. 4. Metabolic regulation by FOXO1 in skeletal mus-
cle. Under feeding state FOXO1 is inactivated, and insulin
drives protein synthesis through Akt-TSC1=2-mTOR path-
way. In fasting states, FOXO1 induces PDK4 that inhibits
PDH and blunts glycolysis (pyruvate? tricarboxylic acid
cycle). On the other hand, FOXO1 induces LPL and CD36:
the former promoting the hydrolysis of lipoprotein into FFA,
and the latter promoting the FFA uptake by muscle cells.
Moreover, FOXO1 disrupts the RXRa=LXR( complex and the
downstream SREBP-1c-mediated lipogenesis in muscle cells.
Thus, FOXO1 plays a key role in the carbohydrate=lipid
metabolic switch in skeletal muscle during fasting=feed
cycle. Under insulin resistance conditions, FOXO1 is hyper-
activated and induces autophagy-related proteins degrada-
tion through Atp1 and MuRF1, which causes atrophy
(muscle loss) and disturbs metabolic homeostasis. Atg1,
atrogin 1 (F-box protein 32); FFA, free fatty acid; LPL, lipo-
protein lipase; LXRa, liver X receptor a; mTOR, mammalian
target of rapamycin; MuRF1, muscle-specific RING finger
protein 1; PDH, pyruvate dehydrogenase; PDK4, pyruvate
dehydrogenase kinase 4; RXRa, retinoid X receptor a;
TSC1=2, tuberous sclerosis complex 1 and 2.
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glucose flux to lactate and away from acetyl-CoA (8, 29).
During starvation or glucocorticoid treatment, FOXO1 ex-
pression increases and directly induces PDK4 expression to
inhibit glucose oxidation (29). In the mean time, FOXO1
overexpression in muscle C2C12 cells enhances lipoprotein
lipase gene expression and increases the plasma membrane
level of the fatty acid translocase CD36. These changes pro-
mote the membrane uptake of oleate and oleate oxidation (8,
56). FOXO1 also regulates triglyceride content via retinoid X
receptor a (RXRa)=liver X receptor a (LXRa)=SREBP-1c path-
way (54). FOXO1 suppresses RXRa=LXRa=-mediated SREBP-
1c promoter activity: gene expression of both RXRg and
SREBP-1c is downregulated in skeletal muscle FOXO1 trans-
genic mice (Fig. 4). During nutritional changes caused by
fasting and feeding, gene expression of RXRa and SREBP-1c in
mouse skeletal muscle switches off and on, respectively,
whereas expression of FOXO1 shows reverse correlation with
SREBP-1c expression (54).

The muscle mass=fiber size is known to change with
workload, activity, or pathological conditions, including di-
abetes mellitus. The maintenance of muscle mass is achieved
by a dynamic balance of atrophy and hypertrophy (32, 102).
Activation of FOXO1 or FOXO3 in the skeletal muscle, in
fasting or diabetic conditions, can increase protein breakdown
through ubiquitin-proteasome and autophagy-lysosome
pathways, the 2 major mechanisms causing muscle atrophy
(Fig. 4) (22, 78, 80, 103, 123). Overexpression of a constitutively
active FOXO1 in C2C12 muscle cells promotes expression of
atrogin 1 (F-box protein 32) and muscle-specific RING finger
protein 1, the 2 ubiquitin ligases involved in skeletal muscle
atrophy (105). Expression of a dominant-negative FOXO1
construct in myotubes or in rodent muscle decreases atrogin-1
expression and muscle atrophy (105). Transgenic FOXO1 in
skeletal muscle increases expression of cathepsin L, an
atrophy-related lysosomal protease, which is associated with
reduced skeletal muscle mass and body weight (55). More-
over, the genes encoding structural proteins of type I muscles
(slow twitch, red muscle) are downregulated concomitant
with a decreased size of both type I and type II fibers. The
coordinate regulation of cathepsin L and type I muscle genes
may account at least in part for the loss of muscle mass and
glycemic control owing to hyperactivated FOXO (55).

Hence, physiological switch of FOXO1 activity, that is,
on in fasting and off in feeding sate, is required for the
nutrient=energy homeostasis in the skeletal muscle through
carbohydrate=lipid switch. Severe starvation may trigger
FOXO1-mediated autophagy and atrophy that break down
protein for energy supply, the mechanism that underlies the
loss of muscle mass and glycemic control under insulin re-
sistance.

FOXO1 in Adipose Tissue

Adipose tissue contributes to metabolic regulation in sev-
eral ways: (a) to combust fuel and generate heat to maintain
body temperature (mainly in brown adipose tissue) (72); (b) to
store excess energy in the form of triglycerides and mobilize
the stored lipids for energy supply during energy deprivation
(mainly in white adipose tissue) (66); and (c) as an endocrine
organ to secrete adipokines and cytokines (e.g., leptin and
adiponectin) that control energy homeostasis in adipocytes
and inform the central nervous system of nutrient homeo-

stasis (31). The prerequisites for these functions are differen-
tiation and maintenance of adipocytes, in which FOXO1 plays
a key role by interacting with peroxisome proliferator-
activated receptor g (PPARg), the transcription factor that
promotes adipogenesis and fat storage (Fig. 5) (28, 88, 94, 115).

Adipogenesis, during which fibroblast-like preadipocytes
differentiate into lipid-laden and insulin-responsive adipo-
cytes, experiences several stages, including mesenchymal
precursor, committed preadipocyte, growth-arrested pre-
adipocyte, mitotic clonal expansion, terminal differentiation,
and mature adipocyte (69). PPARg exclusively regulates both
the terminal differentiation and metabolism in mature adi-
pocytes, by binding as a heterodimer with RXRa DNA at
PPAR response elements (28). FOXO1 is a PPARg-interacting
protein that antagonizes PPARg activity (6, 26, 28). This in-
hibition is achieved by disrupting the DNA binding activity of
a PPARg=RXRa heterodimeric complex (6, 26), and trans-
repressing PPARg transactivation via direct protein–protein
interactions (Fig. 5) (28). FOXO1 represses transcription from
either the PPARg1or PPARg2 promoter; however, this inhi-
bition is attenuated by insulin treatment, suggesting that
insulin-induced phosphorylation drives PPAR-g activity by
inhibiting FOXO1 (6). Mutation of insulin-induced phos-
phorylation sites in FOXO1 retains the repression of PPARg1
promoter, and partly dampens the suppression of PPARg2
promoter in either basal or insulin-stimulated cells (6).

Since acetyl-modification affects FOXO1 activity, the dea-
cetylase SirT2 blocks adipocyte differentiation (50). SirT2-
mediated deacetylation increases the association of FOXO1

FIG. 5. Regulation of adipocyte differentiation by
FOXO1. Activation of FOXO1 facilitate its nuclear re-distribution
and binding to PPARg. The association of FOXO1 with
PPARg lead to 2 consequences: (a) it disrupts the PPARg-
RXRa complex, which is required for the binding of PPARg
to DNA (the PPRE) to elicit expression for genes that are
responsible for adipocyte differentiation; (b) it transrepresses
the PPARg transactivation of target gene expression and in-
hibit adipocyte differentiation. The entry of active FOXO1
into nuclei also induces p21 (a cell cycle inhibitor) and blocks
adipocyte differentiation. SirT2 and high-fat diet that hy-
peractivate FOXO1 can disrupt lipid storage and energy
homeostasis in adipose tissue. HFD, high-fat diet; PPARg,
peroxisome proliferator-activated receptor g; PPRE, PPAR
response element.
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with PPARg, and knockdown of SirT2 restores PPARg activity
as observed with the use of constitutively acetylated FOXO1
(Fig. 5) (115). The trans-repression of FOXO1 is independent
and dissectible from its trans-activation effect that is DBD
dependent. The transrepression requires an evolutionally
conserved 31 amino acid region containing the LXXLL-motif
(28). Regardless, insulin prevents FOXO1–PPARg interactions
and diminishes the trans-repression of PPARg genes by Akt-
catalyzed phosphorylation and nuclear exclusion of FOXO1,
enabling insulin signal to promote PPARg-driven adipogen-
esis (28).

In line with the negative role for FOXO1 in adipocyte dif-
ferentiation, FOXO1 might arrest the cell cycle that is required
in the early stages of adipose conversion, via cell cycle in-
hibitor p21 (89). Constitutively active FOXO1 inhibits differ-
entiation of the preadipocyte cell line 3T3-F442A cells,
whereas haploinsufficiency of FOXO1 restores the size of
white adipocytes in mice under a high-fat diet (89). Trans-
genic mice, which selectively overexpress the dominant-
inhibitory FOXO1 in adipose tissue, exhibited improved
glucose tolerance and insulin sensitivity, and increased en-
ergy expenditure (88). Overexpression of dominant-negative
FOXO1 in white adipose tissue (WAT) increases fat mass,
number of small adipocytes, and upregulates adiponectin and
Glut 4. Overexpression of the same mutant FOXO1 in brown
adipose tissue (BAT) increases oxygen consumption and up-
regulates the Ppargc1 and uncoupling protein 1 that promote
mitochondrial metabolism (88). In particular, the effects of
overexpression of mutant FOXO1 on glucose tolerance and
insulin sensitivity under a high-fat diet are greater than under
a normal diet (88). These findings support the paradigm of
improving energy and nutrient homeostasis in adipose tissue
through FOXO1 ablation that increases energy store in WAT
and increases energy expenditure in BAT.

Therefore, FOXO1 can be an attractive target to improve
the energy homeostasis in adipose tissue. Inhibition of FOXO1
activates PPARg=RXRa but suppresses cell cycle inhibitor p21,
which promotes adipocyte differentiation and maintenance.
Targeting FOXO1 can eventually increase energy store in
WAT and increases energy expenditure in BAT.

FOXO1 in Pancreatic b-Cells

Pancreatic b-cells respond to the elevation of circulating
glucose and other nutrients, and secrete insulin that triggers
the PI3K?Akt? FOXO1 signal cascade to adapt to changing
metabolic demands and maintains nutrient homeostasis in
both b-cells and peripheral tissues. During this process, b-cells
metabolize glucose, increasing the [ATP]=[ADP] ratio to in-
hibit the Kþ-ATP channel and open the voltage-gated calcium
channels that promote the secretion of insulin-containing
granules (75). FOXO1 is the most predominantly expressed
isoform in isolated mouse islets compared with FOXO3 and
FOXO4 (62), and has been implicated in the regulation of
proliferation (growth) and stress resistance of pancreatic b-
cell (15, 33, 61).

The development and proliferation of b-cells require mul-
tiple transcription factors—pancreatic and duodenal homeo-
box 1 (PDX1), neurogenin 3, and cytokeratin 19—that induce
expression of insulin, islet amyloid polypeptide, and Glut2,
but suppresses glucagon expression (1, 3). In the human fetal
pancreas FOXO1 has been found to negatively regulate b-cell

differentiation by suppressing PDX1, neurogenin 3, and
NKX61 (3). Disruption of PDX1 in mice leads to the devel-
opment of type II diabetes due to impaired expression of both
Glut2 and insulin (1). PDX1 transcription is regulated posi-
tively by FOXA2 but negatively by FOXO1 (62, 68). Because
these 2 forkhead transcription factors share common DNA-
binding sites in the Pdx1 promoter, FOXO1 competes with
FOXA2 for binding to Pdx1 promoter and inhibits PDX1
transcription (62). Moreover, nuclear translocation of FOXO1
is prone to exclude PDX1 from the nuclei, or vice versa (3, 57,
62). This serves as a second mechanism that FOXO1 inhibits b-
cell proliferation (Fig. 6). As such, Irs2 knockout mice that
show highly nuclear distribution of active FOXO1 suffer from
b-cell failure (62). Functional b-cells expressing Irs2 re-
populated the pancreas, restoring sufficient b-cell function to
compensate for insulin resistance in the obese mice (73). Re-
markably, the ablation of one allele of FOXO1 restores b-cell
proliferation (62), and the beneficial effect of one-allele-of-
FOXO1 deletion was also observed in PDX1 knockout mice
(b-cell-specific knockout for PDX1) (39). On the other hand,
transgenic mice that selectively overexpress Akt in b-cells
increase b-cell survival and cell size (24). Recently, down-
regulation of Akt activity was implicated in dexamethasone
and prostaglandin E2-induced pancreatic b-cell dysfunction,
in which c-jun-N-terminal kinase 1 activation leads to nuclear
accumulation of FOXO1 and nucleo-cytoplasmic shuttling
of PDX1 (57, 84, 122). This mechanism is implicated in fatty

FIG. 6. The regulation of b-cell function by FOXO1.
FOXO1 competes with FOXA2 for the PDX1 promoter and
represses expression of PDX1 and probably NGN3 and
NKX61, the factors responsible for b-cell proliferation.
FOXO1 also excludes PDX1 protein from the nuclei in a re-
ciprocal way. Thus, activation and nuclear redistribution of
FOXO1 suppresses PDX1, NGN3, and NKX61, resulting in
the inhibition of b-cell proliferation. This effect was enhanced
during insulin resistance and ER stress or high FFA influx. In
low nutrition, however, FOXO1 is activated due to the si-
lence of PI3K-Akt or MAPK inhibitory pathways, which
promotes b-cell proliferation through Cyclin D1. Moreover,
FOXO1 plays an important role in protecting b-cell from
oxidative stress, by forming complex with PML body and
SirT1 to undergoes activation and induce antioxidant en-
zymes like MnSOD and catalase. FOXA2, forkhead box A2;
JNK, c-jun-N-terminal kinase; MAPK, mitogen-activated
protein kinase; MnSOD, manganese superoxide dismutase;
NGN3, neurogenin 3; PDX1, pancreatic and duodenal ho-
meobox 1; PML, promyelocytic leukemia.
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acid-induced b-cell apoptosis and endoplasmic reticulum
stress-induced b-cell dysfunction (79). Inhibition of either c-
jun-N-terminal kinase or FOXO1 protects pancreatic b-cells
against dysfunction (57, 79, 84, 122).

During stress conditions, however, nuclear translocation
of FOXO1 protects b-cell against oxidative stress-induced
failure (63) or promotes its proliferation in low nutrition (2)
(Fig. 6). During hyperglycemia, glucose follows the en-
olization pathway to generate superoxide that induces oxi-
dative insult because intracellular glucose is overloaded
during glycolysis in the b-cell (98). In this case, FOXO1 en-
ters the nuclei of b-cells and initiates NeuroD=MafA path-
way to protect against pancreatic b-cell failure, by forming a
complex with the promyelocytic leukemia protein and the
NADþ-dependent deacetylase SirT1 (63). Most recently, the
study of b-cells exposed to low nutrition reveals an addi-
tional beneficial role of FOXO1 activation: overexpression of
FOXO1 promotes the proliferation of cultured pancreatic b-
cells exposed to low nutrition, without obvious change in
apoptosis compared with the control group (2). This study
with specific inhibitors reveals that PI3 kinase and MAPS
kinase signaling pathways are dampened, and that the in-
duction of CyclinD1 expression by activated FOXO1 in
low nutrition is responsible for the improved proliferation of
b-cells (2).

Therefore, FOXO1 appears to play a dual role in regulating
b-cell function: to increase stress resistance and to inhibit the
proliferation of b-cells. This highlights the significance of a
balanced FOXO1 activity in b-cell regulation under physio-
logical conditions, and should be true in the regulation of
other organs. Hyperactive or hypoactive FOXO1 could result
in b-cell failure in either case.

Perspective and Conclusion

FOXO1 is a regulated transcription factor that is studied
extensively in terms of its structure, activity regulation, and
function in energy=nutrient homeostasis. Using genetically
generated mouse models, FOXO1 has been shown to reg-
ulate general nutrient homeostasis; hepatic glucose produc-
tion; insulin secretion in b-cells and b-cell growth; survival
and function; and fat and muscle masses. Evidence from
tissue-specific mouse models reveals an organ-dependent
pattern of FOXO1 function, and suggests that FOXO1 could
be a therapeutic target for metabolic diseases with insulin
resistance, such as obesity, diabetes, and nonalcoholic fatty
liver diseases.

However, a few outstanding questions remain to be ad-
dressed before therapeutic strategies can be developed for
the metabolic diseases. First, at the molecular level, multiple
posttranslational modifications, including phosphorylation,
acetylation, methylation, glycosylation, and ubiquitinylation,
modulate FOXO1 in response to nutrient or stress stimuli,
which switch on or off FOXO1 activity. How these post-
translational modifications coordinate with each other to
regulate FOXO1 activity remains elusive or controversial.
Deacetylation of FOXO1 by SirT1 represses its transcrip-
tional activity (13, 86, 120), but other evidence suggests that
FOXO1 acetylation increases its phosphorylation and nuclear
exclusion that promotes ubiquitination-mediated degradation
(82a). Second, while FOXO1 appears to exert organ-depen-
dent function in regulating metabolism, how FOXO1 achieves

the cross talk between tissues is largely unsettled. For in-
stance, knockout of insulin receptor in the pancreatic b-cell [b-
cell-specific insulin receptor knockout (bIRKO) mice] con-
ceivably activates FOXO1 and blunts PDK1 and insulin se-
cretion, and the bIRKO mice did exhibit a selective loss of
acute insulin release in response to glucose and a progressive
impairment of glucose tolerance (64). However, b-cell and
muscle insulin receptor double-knockout mice show an im-
provement rather than a deterioration of glucose tolerance
when compared with bIRKO mice (83). Third, although ab-
lation of FOXO1 appears to be beneficial to improve metab-
olism in many tissues, the physiological role of FOXO1
remains to be defined. For example, activation of FOXO (in-
cluding FOXO1) has been shown to induce atrophy and heart
dysfunction, and inhibition of transcription factors attenuates
atrophy (99). Paradoxically, homozygous FOXO1 deletion is
embryonic lethal as a consequence of incomplete vascular
development (42). Moreover, FOXO1 does not necessarily act
as a culprit of pathogenesis. Instead, FOXO1 can elicit signal
cascade to increase stress tolerance in multiple organs (63,
113) or increase insulin sensitivity in adipose tissue (6, 7). In
contrast to the observation of increased expression and ac-
tivity of the transcription factor FOXO1 in nonalcoholic stea-
tohepatitis (111), constitutive active FOXO1 was suggested to
suppress lipogenesis in transgenic mice (121) and normalize
fatty acid synthase expression in phosphatase and tensin
homolog null cells (40). Therefore, the differential physiolog-
ical roles of FOXO1 in metabolism, development, and stress
resistance must be well established and taken into consider-
ation before targeting FOXO1 for clinic therapy of metabolic
diseases.
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Abbreviations Used

AMPK¼AMP-activated protein kinase
Atg1¼ atrogin 1 (F-box protein 32)

bIRKO¼ b-cell-specific insulin receptor knockout
BAT¼ brown adipose tissue
CBP¼CREB (cAMP response element-binding)

binding protein
CNTR¼ control

Cpe¼ carboxypeptidase E
DBD¼DNA binding domain
DIO¼diet-induced obesity
ETC¼ electron transport chain

FA¼ fatty acid
FAO¼ fatty acid oxidation
FFA¼ free fatty acid

FOXA2¼ forkhead box A2
FOXO¼ forkhead box O

G6P¼ glucose 6-phosphate
HFD¼high-fat diet

Hmox1¼heme oxygenase 1
IkB¼ inhibitor of NF-kB

IKK¼ IkB kinase
Irs¼ insulin receptor substrates

JNK¼ c-jun-N-terminal kinase
LDKO¼ liver-specific Irs1 and Irs2 double

knockout
LPL¼ lipoprotein lipase

LXRa¼ liver X receptor a
MAPK¼mitogen-activated protein kinase

MnSOD¼manganese superoxide dismutase
MST1¼mammalian sterile 20-like kinase-1

mTOR¼mammalian target of rapamycin
MTP¼microsomal triglyceride transfer protein

MuRF1¼muscle-specific RING finger protein 1
NF-kB¼nuclear factor kB
NGN3¼neurogenin 3

O-GlcNAc¼O-linked b-N-acetyl-glucosamine
O-GlcNAcT¼O-linked b-N-acetyl-glucosamine

transferase
PDH¼pyruvate dehydrogenase

PDK1¼ 3-phosphoinositide-dependent kinase 1
PDK4¼pyruvate dehydrogenase kinase-4
PDX1¼pancreatic and duodenal homeobox 1

PEPCK¼phosphoenolpyruvate carboxykinase
PI3K¼phosphoinositide 3-kinase
PML¼promyelocytic leukemia

Pomc¼pro-opiomelanocortin
PPARg¼peroxisome proliferator-activated

receptor g
PPRE¼PPAR response elements

PRMT1¼protein arginine methyltransferase 1
RXRa¼ retinoid X receptor a

Sgk¼ serum=glucocorticoid-inducible
protein kinase

SirT1 or 2¼ sirtuin 1 or 2
SREBP-1c¼ sterol-regulatory-element-binding

protein 1c
TG¼ triglyceride

TKO¼ triple knockout
Trb3¼Tribbles homolog 3

TSC1=2¼ tuberous sclerosis complex 1 and 2
VLDL¼very-low-density lipoprotein
WAT¼white adipose tissue
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