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The transcription factor forkhead box O1 (FoxO1) is a key mediator in the insulin signaling pathway
and controls multiple physiological functions, including hepatic glucose production (HGP) and
pancreatic b-cell function. We previously demonstrated that S256 in human FOXO1 (FOXO1-S256),
equivalent to S253 inmouse FoxO1 (FoxO1-S253), is a key phosphorylation site mediating the effect
of insulin as a target of protein kinase B on suppression of FOXO1 activity and expression of target
genes responsible for gluconeogenesis. Here, we investigated the role of FoxO1-S253 phosphor-
ylation in control of glucose homeostasis in vivo by generating global FoxO1-S253A/A knockin mice,
in which FoxO1-S253 alleles were replaced with alanine (A substitution) blocking FoxO1-S253
phosphorylation. FoxO1-S253A/A mice displayed mild increases in feeding blood glucose and insulin
levels but decreases in fasting blood glucose and glucagon concentrations, as well as a reduction in
the ratio of pancreatic a-cells/b-cells per islet. FoxO1-S253A/A mice exhibited a slight increase in
energy expenditure but barely altered food intake and glucose uptake among tissues. Further
analyses revealed that FoxO1-S253A/A enhances FoxO1 nuclear localization and promotes the effect
of glucagon on HGP.We conclude that dephosphorylation of S253 in FoxO1may reflect amolecular
basis of pancreatic plasticity during the development of insulin resistance. (Endocrinology 160:
1333–1347, 2019)

The forkhead protein forkhead box O1 (FoxO1) is an
important transcription factor governing a variety of

physiological function, including hepatic glucose pro-
duction (HGP) and pancreatic b-cell function (1–3).
Suppressed by insulin via activation of phosphatidyl-
inositol 3-kinase (PI3K) and protein kinase B (Akt),

FoxO1-stimulated HGP by gluconeogenesis is inhibited
under feeding conditions, contributing to the mainte-
nance of a steady level of blood glucose (4). Our previous
studies demonstrated that the insulin receptor substrate 1
and 2 (Irs1 and Irs2) proteins are major mediators of
insulin signaling cascades in activating endogenous PI3K
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and Akt and subsequently suppressing FoxO1 in the liver
in control of blood glucose homeostasis (5, 6). By con-
trast, upon loss of IRS1 and IRS2 genes, activation of
PI3K and its downstream Akt were suppressed and
subsequently failed to inhibit FoxO1-stimulated glu-
coneogenesis in the liver, promoting HGP, hyper-
insulinemia, and diabetes mellitus (4–7). Thus, FoxO1 is
required for the liver to develop hyperglycemic diabetes.

In hepatocytes, FoxO1 binds to the promoter re-
gion of glucose-6-phosphatase (G6pc) or phosphe-
nolpyruvate carboxykinase (Pck)—two key metabolic
enzymes—promoting the expression genes for gluco-
neogenesis and HGP (8). FoxO1 also binds to the
insulin-responsive element on the promoter region of
IRS2, increasing IRS2 gene transcription and insulin
sensitivity (9). In the pancreas, early studies indi-
cated that FoxO1 represses FoxA2-dependent Pdx1
transcription and b-cell apoptosis in IRS2-dependent
manners (10). By contrast, it is recently shown that
FoxO1 is involved in pancreatic b-cell differentia-
tion and maintenance, whereas a loss of FoxO1 in
pancreatic b-cell lineages can stimulate b-cell de-
differentiation into progenitor-like cells—even the a-
cells—resulting in hyperglucagonemia (2).

FoxO1 is phosphorylated at S256 (human) by Akt,
which primes phosphorylation of the other two sites
at Thr24 and Ser319 (11, 12), enhances FoxO1 in-
teraction with E3 ubiquitin ligase, and promotes
FoxO1 nuclear export and/or degradation (13, 14),
controlling expression of genes responsible for cellular
growth, survival, and metabolism. Thus, FoxO1 is a
key mediator of insulin and the Akt signaling pathway
that controls multiple physiological functions (4). In
addition to FoxO1-S256 phosphorylation by insulin
and/or Akt, FoxO1 subcellular localization, transcrip-
tional activity, and protein stability are modulated by
multiple levels of post-translational modifications, in-
cluding phosphorylation, ubiquitination, OGlcNacy-
lation, and acetylation (1, 4). Given that FoxO1-S253
dephosphorylation, upon inactivation of Akt, is ob-
served in tissues of diabetic animals, including the
liver of db/db mice or mice lacking both IRS1 and
IRS2 genes (6, 15), FoxO1 nuclear localization is
a hallmark for the progression of type 2 diabetes
mellitus (T2D), and dephosphorylation of FoxO1 at
S253 (mice) is believed to be a potential indicator
for FoxO1 activation that is associated with diabetes
mellitus (4).

To explore further whether impairing FoxO1
phosphorylation at S253 itself is sufficient for the im-
pairment of blood glucose homeostasis and insulin
sensitivity in vivo, we generated FoxO1-S253A/A knockin
(KI) mice, also referred to as A/A mice, in which the

FoxO1 gene was expressed at its physiological level,
and the endogenous FoxO1-S253 loci were replaced by
alanine (A) to prevent FoxO1-S253 phosphorylation-
mediated functionality. We analyzed the blood glucose
and energy metabolism in the KI mice, and the role of
FoxO1-S253 dephosphorylation in control of systemic
glucose homeostasis was determined. In particular, we
focus on liver and pancreas in this study to understand
the regulation of FoxO1 by its S253 in control of energy
metabolism at the bodily level.

Materials and Methods

Construction of FoxO1-S253A/A gene-targeting
vector

To introduce a point mutation at S253 to alanine (S253A) in
the endogenous FoxO1 genomic locus of mice, we first
screened a PPCI-22 female 129S6/SvEvTac mouse bacterial
artificial chromosome (BAC) library, provided by Roswell
Park Cancer Institute (Buffalo, NY), with a FoxO1-specific
probe. A BAC clone of a 200-kb DNA insert, containing FoxO1
genomic DNA, was obtained (Fig. 1A). A 4.2-kb fragment,
spanning exon 2 of FoxO1, and a 3.2-kb fragment, spanning
exon 3 of FoxO1, were amplified by PCR. The 4.2-kb fragment
was amplified by PCR primer 1: 50-ACCGCTCGAGGAAG-
CATCAGGAATGTGTCTGC-30 with primer 2: 50-AGGCG-
AGCTCGACCCTGTCTTTAATTACGTT-30, and the 3.2-kb
fragment was amplified by PCR primer 3: 50-ACGGGG-
TACCTTATGTAACTCATCCCTACC-30 with primer 4:
50-TCGGGGTACCTATTTGCTAATTAACTTAGAC-30. These
two fragments were then cloned into upstream and down-
stream regions of the loxP-flanked neomycin (neo) cassette
using XhoI and KpnI linkers, respectively, in gene-targeting
vector pPNT-2loxP (Fig. 1B) (5). Two-point mutations at
S253 site were introduced by the change of two nucleotides
from GT to AG with primer 5: 50-CGGAGAAGAGCTGC-
AGCCATGGACAACAACAG-30, which simultaneously cre-
ated a PstI site without changing any other amino acids. The
PstI site was used as a selection and genotyping marker for
later gene-targeting vector validation, embryonic stem (ES)
cell screening, and mouse offspring genotyping. The pPNT-
FoxO1-S253A-targeting vector was successfully generated
and validated by restriction endonuclease digestions with
expected patterns.

Mouse ES cell transfection and Southern blotting
The linearized targeting vector pPNTFoxO1-S253A by NotI

was used for ES cell transfection. To determine homologous re-
combination (HR), we picked 457 ES clones and examined them
by the performance of Southern blot experiments. Different from
many other negative clones (e.g., clone 68), a positive clone 167
with both 50 and 30 HR near the neo cassette was identified using
the 32P-deoxy-CTP-labeled S5 probe and S3 probe, respectively
(Fig. 1C and 1D). The S5 probewas amplified by PCRprimer 6: 50-
CCTTCTCACAAGCACACTGGA-30 with primer 7: 50-GTGG-
GTGCTTTATGACAGAAG-30, and the S3 probe was amplified
by PCR primer 8: 50-TCAGTAGAGTGTGCATTGTGC-30

with primer 9: 50-CTCACACACTGAGAACCATTG-30, from
the FoxO1 BAC clone. The neo cassette was removed by Cre
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expression (Fig. 1B). The FoxO1-S253A/1 heterozygous al-
lele in the DNA of the 167 ES clone was further confirmed
by verification of a 600-bp fragment that was amplified
by PCR primer 10: 50-AGTGCTGCACTTCTAACATAC-30

with primer 11: 50-GAGAGAAGGTTGAGATTATCC-30.
The PstI digestion of the 600-bp fragment produced a 400-

and a 200-bp fragment from the S253A allele. With the use of
primer 10 as a DNA sequencing primer, we further confirmed
that the 600-bp fragment from the positive 167 ES cell clone
contained both wild-type (WT) S253 allele (GT) and S253A
allele (AG), whereas the 600-bp fragment from the negative 68
ES clone only contained two WT S253 alleles (GT).

Figure 1. Generation of FoxO1-S253A/A mice and postprandial hyperglycemia. (A) The genomic locus of FoxO1 in mouse genome. (B) Gene-
targeting strategy for generation of FoxO1-S253A mutation via embryonic stem (ES) cell and homologous recombination (HR). (C and D)
Southern blot was performed for screening the 50- and 30-end HR in FoxO1 genomic loci. DNA sequencing of endogenous FoxO1 loci of
negative and positive ES cells. (E) Body weight curve of mice of control wild-type (WT), heterozygous (A/1), and homozygous (A/A) mice at the
ages of 4 to 16 weeks. (F) Effect of insulin on FoxO1 protein and phosphorylation (p) in hepatocytes. Primary hepatocytes were isolated from the
control and A/A mice and treated with 100 nM insulin for 30 minutes, and 100 mg protein of cell lysates was subjected to Western blot against
the antibody of FoxO1, T24, S316, and b-actin. (G and H) Blood glucose levels were measured in WT, A/1, and A/A mice at the ages 4 to 16
weeks during (G) 16 hours fasting and (H) random-fed conditions. *P , 0.05 vs WT and A/1 mice, n 5 10 mice per group. M, Marker; Neo,
neomycin; PGK-1, phosphoglycerate kinase 1; TK, thymidine kinase; utr, untranslated region.
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Generation of FoxO1-S253A/A mutant mice
and genotyping

The positive 167 ES clone was used for pronuclear injection
in a fertilized mouse egg that was then transferred into two
foster female mice. Two chimeric mice were generated, and the
backcrossing of the chimeric mice to C57/BL6 mice gener-
ated 10 F1 offspring pups. The genotyping of the F1 offspring
confirmed the germline transmission of the FoxO1-S253A al-
lele. The mating of the male with the female heterozygous
FoxO1-S253A/1 allele (A/1 mice) generated the F2 offspring
mice homozygous FoxO1-S253A/A allele (A/A mice) and WT
FoxO1-S2531/1 control mice (1/1 mice). All mice were with
C57/BL6 and 129 Sv mixed background maintained on regular
chow (Prolab Isopro 5P76). Male mice, ;8 to 12 weeks old,
were analyzed if not specified in the legend. All animal protocols
were approved by the Texas A&M University Institutional
Animal Care and Use Committee.

Chemicals and antibodies
Insulin and glucagon were purchased from Sigma. Anti-

bodies against FoxO1 [catalog no. 2880; Cell Signaling
Technology (16), Danvers, MA], phosphorylated FoxO1-
Thr24 [catalog no. 2599; Cell Signaling Technology (17)],
phosphorylated FoxO1-S253 [catalog no. 9461; Cell Sig-
naling Technology (18)], phosphorylated FoxO1-Ser316
[catalog no. 2486; Cell Signaling Technology (19)], glycer-
aldehyde 3-phosphate dehydrogenase [catalog no. 2118;
Cell Signaling Technology (20)], b-actin [catalog no. 4970;
Cell Signaling Technology (21)], and histone H1 antibody
[catalog no. sc-8030; Santa Cruz Biotechnology (22), Dallas,
TX] were used for Western blot.

Blood chemistry and metabolic analysis
Serum samples were analyzed for insulin and glucagon

(Crystal Chem, Elk Grove Village, IL) and albumin (BioAssay
Systems, Hayward, CA), using commercial protocols and re-
agents. Blood glucose levels were measured using a glucometer
(Bayer, Leverkusen, Germany). For the glucose tolerance test
(GTT), mice were unfed overnight and IP injected with 2 g
D-glucose/kg body weight. For the pyruvate tolerance test
(PTT), the unfed mice were injected IP with 2 g pyruvate/kg
body weight. In vivo insulin stimulation was carried out in mice
that were unfed and deeply anesthetized. Serum insulin and
glucagon were measured with commercial kits (Crystal Chem).
Hepatic glycogen concentration was analyzed, as previously
described (5, 8). For glucagon tolerance tests, the 18-hour unfed
mice were IP injected with glucagon, with a dose of 16 mg/kg
body weight, and blood glucose was measured with a gluc-
ometer (Elite XL; Bayer, Whippany, NJ). The dose of glucagon
was used, as recently described (23).

Hyperinsulinemic-euglycemic clamp of mice
Catheters were implanted in a carotid artery and a jugular

vein of mice for sampling and IV infusions, 5 days before
hyperinsulinemic-euglycemic clamp, when mice were at con-
scious states, as previously described (5, 24). Blood glucose was
clamped at 150 mg/dL using a variable glucose infusion rate
(GIR). Mice received washed erythrocytes from donors to
prevent the loss in hematocrit that would otherwise occur.
At 120 minutes, the clamp was sustained, and a 1-mCi bolus of
2-[14C]deoxyglucose ([14C]2DG) was administered. Blood was

taken at 122 to 155 minutes for [14C]2DG determination. Mice
were anesthetized after the last sample, and tissues were excised.
Plasma and tissue radioactivity of [3-3H]glucose, [14C]2DG,
and [14C]2DG-6-phosphate were determined, as previously
described (24). Glucose appearance, endogenous glucose ap-
pearance (EndoRa), and glucose disappearance rates were
determined using nonsteady-state equations (24). The glucose
metabolic index (Rg) was calculated as described (24).

Indirect calorimetry measurements
Mice (12 weeks old) were acclimated in metabolic cages

(TSE Phenomaster, Chesterfield, MO) for 2 days of adaptation.
After 2 days of housing, mice were recorded for 3 minutes every
hour for 2 consecutive days with the following measurements:
gas exchange [rate of O2 consumption (VO2) and rate of CO2

output (VCO2)], food intake, and physical activities. Energy
expenditure (EE) was calculated according to the manufac-
turer’s manual. Values were normalized by body weight to the
power of 0.75. The respiratory exchange ratio (RER) was es-
timated by calculation of the ratio of VCO2/VO2 (25).

Pancreas immunohistochemistry, morphometric,
and chemical analyses

Pancreases from WT and A/A mice were fixed in 10%
formalin overnight and then processed for paraffin embedding.
Tissues from five mice of each genotype were sectioned to a
thickness of 5 mm used for morphometric and immunohis-
tochemical analysis. For morphometric analysis, at least
three pancreatic sections from three to five mice of each
genotypes were staining with hematoxylin and eosin and
scanned on the Aperio ScanScope (Leica, Wetzlar, Ger-
many). Islet cross-sectional area and total pancreatic area
were measured using ImageJ software (National Institutes of
Health, Bethesda, MD) and calculated as the ratio of islet/
total pancreas. Quantification of the number of pancreatic a-
and b-cells was calculated using coimmunofluorescence
staining with an antibody of insulin or glucagon from a
nonoverlapping field on a Leica confocal microscope. The
total numbers of glucagon- or insulin-positive cells were
counted from pancreatic sections immunostained for glu-
cagon and insulin, respectively.

Total insulin and glucagon in the pancreas were extracted
from the whole pancreas by acid-ethanol extraction, according
to the Animal Models of Diabetic Complications Consortium
protocol (https://www.diacomp.org/shared/document.aspx?
id573&docType5Protocol). Pancreatic insulin and glucagon
levels were determined by the Bio-Plex mouse diabetes im-
munoassay (Bio-Rad Laboratories Inc., Hercules, CA), as de-
scribed (26).

Pancreatic islet isolation, islet insulin, and glucagon
content and glucose-stimulated insulin secretion

Islets were collected using the collagenase method and
cultured overnight in low-glucose RPMI-1640 medium using
our previous protocols (27). In brief, 3 mL of 1 mg/mL col-
lagenase P, dissolved in ice-cold Hanks balanced salt solution
(HBSS), was injected via the pancreatic duct, and the common
bile duct near the liver was clamped. Once inflated, the pancreas
was excised and placed in a 50-mL tube with 3mL collagenase P
solution. Tubes containing digest were placed in a 37°C water
bath at 100 to 120 shaking/min for 10 to 12 minutes.
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Subsequently, 10% fetal bovine serum (FBS) solution was
added to digest tubes to stop collagenase P activity. The islets
were then centrifuged using a Ficoll gradient Histopaque-1077
(Sigma-Aldrich, Kawasaki, Japan), per the manufacturer’s in-
struction. Islets were then collected from the gradient, washed
with HBSS, and handpicked using a 200-mL pipette under a
dissection microscope. The hand-picked islets were then sus-
pended in RPMI-1640 medium and incubated overnight in
RPMI-1640medium containing 10%FBS, 100 U/mL penicillin,
100 mg/mL streptomycin, 10 mM Hepes, 2 mM L-glutamine,
1 mM sodium-pyruvate, 0.05 mM 2-mercaptoethanol, and
5.5 mM glucose. The next day, each islet was transferred to a
12-well plate (;10 islets per well) and cultured with 1 mL of the
HBSS medium, pH 7.2, consisting of 114 mM NaCl, 4.7 mM
KCl, 1.2 mM KH2PO4, 1.16 mM MgSO4, 20 mM HEPES,
2.5 mM CaCl2, 25.5 mM NaHCO3, 0.2% BSA, and 3.3 mM
glucose for 2 hours. Following the 3.3-mM glucose incubation,
islets then were incubated in either 3.3 mM or 22.2 mM glucose
for another 2 hours. The 10- or 50-mL of the HBSS buffer was
collected for insulin and glucagon measurement, respectively,
using a mouse insulin or glucagon ELISA kit (Mercodia,
Uppsala, Sweden).The islets were collected for insulin and
glucagon measurement using Bio-Plex mouse diabetes immu-
noassay (Bio-Rad Laboratories Inc.), as described (26), and
normalized to the islet protein content.

Real-time quantitative PCR analysis
RNA was extracted with TRIzol reagent (Invitrogen,

Carlsbad, CA) (28). RNA (1 mg) was used as a template for
cDNA synthesis, using the SuperScript first-strand synthesis
system (Bio-Rad Laboratories Inc.). The quantity of cDNA for
each transcript was measured using real-time PCR with SYBR
Green Supermix (Bio-Rad Laboratories Inc.). Relative quanti-
tative analysis was performed by calculation of the ratio of the
mRNA amount for the gene of interest over the amount of
internal control cyclophilin with duplicate samples. The PCR
primers were described previously (8).

Primary hepatocyte isolation and culture and
hepatic glucose production assay

Primary hepatocytes were isolated frommice and cultured in
DMEM medium, as described previously (8). For HGP assay,
freshly isolated hepatocytes were cultured in DMEM with 2%
FBS. After 3 hours of attachment, cells were cultured in HGP
buffer (120 mM NaCl, 5.0 mM KCl, 2.0 mM CaCl2, 25 mM
NaHCO3, 2.5 mM KH2PO4, 2.5 mMMgSO4, 10 mMHEPES,
0.5% BSA, 10 mM sodium DL-lactate, and 5 mM pyruvate, pH
7.4) and treated with chemicals. Culture medium was collected
to determine the glucose concentration, using the Amplex
Red glucose assay kit (Invitrogen). For glycogenolysis assays,
the sodium DL-lactate and pyruvate were removed from the
HGP buffer, and then medium glucose contents were deter-
mined; gluconeogenesis involves subtraction of medium glucose
of HGP by glycogenolysis.

Western blot and immunoprecipitation
Tissue or cellular protein lysates were prepared, resolved by

SDS-PAGE, and transferred to nitrocellulose membrane for
immunoblotting analysis using specific antibodies. Signal in-
tensity was measured and analyzed by National Institutes of
Health ImageJ software, as previously described (8, 28).

Statistical analysis
All results are presented as means 6 SEM, determined by

two-tailed Student t tests or one-way ANOVA. Paired com-
parisons of the means were made, and P, 0.05 was defined as
statistical significance. The Bonferroni method was used to
adjust the observed significance levels for testing of multiple
contrasts (5, 8).

Results

Generation of FoxO1-S253A/A mutant mice
We generated mice with an alanine point mutation

at S253 (S253A; or A allele) in FoxO1 genetic loci
(Fig. 1A–1D). We bred the male and female A/1mice to
generate WT (or 1/1), heterozygous (A/1), and ho-
mozygous (A/A) mice for the FoxO1-S253 allele,
achieving aMendelian ratio of 1:2:1, respectively. All of
the mice appeared healthy, ruling out the possibility that
homozygous FoxO1-S253A/A alleles are embryonic le-
thal. Initial analysis indicated that body weight of the
A/1 and A/A mice was not significantly changed by the
age of 16 weeks (Fig. 1E). The serum albumin levels
were measured, and there were no significant differences
between WT and A/A mice (3.4 6 0.21 g/dL WT vs
3.5 6 0.26 g/dL A/A) in the feeding state nor between
the groups in the fasting state, indicating that the
FoxO1-S253A mutation did not cause liver damage.

FoxO1-S253A/A mutation enhances FoxO1 stability
in vivo

We next examined the levels of total FoxO1 protein in
the primary hepatocytes of the mice. Insulin stimulated
phosphorylation of FoxO1 at T24, S253, and S316 and
reduced total FoxO1 protein level by 60% in WT he-
patocytes, analyzed by immunoblotting. However, in-
sulin failed to induce FoxO1 degradation in S253A/A

primary hepatocytes, and the basal level of total FoxO1
increased in the mutant cells (Fig. 1F). As expected, the
FoxO1-S253 phosphorylation by insulin stimulation was
diminished in A/A hepatocytes, and the other two sites of
phosphorylation at T24 and S316 were also largely
impaired (Fig. 1F). Together, these data confirmed that
S253 is a key site in control of FoxO1 stability and
phosphorylation at the other two sites in vivo.

Glucose homeostasis of FoxO1-S253A/A mice
To evaluate in vivo function of FoxO1-S253 in glucose

homeostasis, we measured blood glucose concentrations
of WT, A/1, and A/A mice at overnight fasting or
random-fed states. Blood glucose, under fasting conditions
in the A/A mice, was significantly decreased by 16% to
25% compared with that of control mice (Fig. 1G).
However, blood glucose under feeding conditions
showed a 15% to 30% increase in the A/A mice
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compared with that of the control mice at the age of 4
to 16 weeks (P , 0.05; Fig. 1H). There was no sig-
nificant difference between 1/1 and A/1 mice (Fig.
1G and 1H).

Insulin sensitivity of FoxO1-S253A/A mice
We next examined the insulin sensitivity of con-

trol and A/A mice by the performance of hyper-
insulinemic-euglycemic clamp analysis and the GTT.
Upon peripheral insulin infusion (2.5 mU $ kg21 $

min21), the circulating glucose concentrations were
maintained at 150 mg/dL in both control WT and A/A
mice. The GIR in KI mice had no significant differ-
ences (Fig. 2A). Basal EndoRa for HGP in KI mice
displayed a lower level without significance compared
with WT mice under the hyperinsulinemic condition
(Fig. 2B). The Rg for glucose uptake in soleus muscle
and hearts was in trend to decrease but insignificantly
and unchanged in the gastrocnemius and vastus lat-
eralis muscle and white adipose tissue (Fig. 2C and
2D), suggesting that A/A barely affected glucose
uptake in muscle and white adipose tissues.

We next performed the GTT; KI mice did not display
glucose intolerance upon glucose injection (Fig. 2E).
However, KI mice were hyperinsulinemic in that serum
insulin levels increased significantly in A/1 by twofold
and A/Amice by threefold (WT: 0.46 0.07 ng/mL, A/1:
0.78 6 0.03 ng/mL vs A/A: 1.2 6 0.08 ng/mL) in the
fasting state (Fig. 2G). A similar effect was also observed
in the feeding condition (WT: 0.8 6 0.02 ng/mL, A/1:
1.16 0.03 ng/mL vs A/A: 1.66 0.02 ng/mL; Fig. 2F). KI
mice also showed high insulin release upon the GTT
(Fig. 2G). These indicated that the insulin sensitivity was
actually reduced in KI mice.

We next performed the PTT, and both A/1 and A/A
mice exhibited pyruvate intolerance (Fig. 2H). We next
measured serum glucagon levels in these mice. Compared
with WT mice, glucagon concentrations decreased in
A/A mice by 50% during the fasting state (WT: 118 6
10 pmol/mL vs A/A: 606 5 pmol/mL, P, 0.05), as well
as in the feeding condition (WT: 506 4.3 pg/mL vs A/A:
326 3.1 pg/mL; Fig. 2I). Additionally, KI mice exhibited
increases by nearly 1.5-fold in expressions of Pck1 or
G6pc in the liver when mice were at either feeding or
fasting state (Fig. 2J). These data indicate that A/1 and
A/A mutations affect gluconeogenesis, blood insulin, and
glucagon levels.

VO2 and EE in FoxO1-S253A/A mice
We also measured food intake, physical activity, and

EE by the analysis of VO2 and VCO2 in mice in the
metabolic cages. WT and A/A mice exhibited no dif-
ference in food intake (Fig. 3A), but physical activity

was significantly reduced in A/A mutant mice in the
dark phase (Fig. 3B). Meanwhile, VO2 and EE were
higher in A/A mice, in particular, during the dark phase
(Fig. 3C and 3D). The RER—the ratio between the
amount of VCO2 and VO2 —had no significant
changes between A/A and control mice (Fig. 3E). The
results indicate that A/A mutant mice have higher
metabolic rates, even though the physical activities
were reduced.

Islet morphology of FoxO1-S253A/A mice
The serum insulin level increases, whereas the glu-

cagon level reduces in A/A mice, and thus, we suspect
that these changes in pancreatic hormones may reflect a
remodeling of b-cells and a-cells in the pancreas. To
examine this possibility, pancreases were isolated from
WT and A/A mice. We measured pancreatic hormone
contents and performed immunohistochemical and
morphometric analysis. A/A mice exhibited a 41% higher
pancreas weight than WT mice (Fig. 4A). Insulin contents
were increased by 50% in the pancreas and by 52% in the
islets of A/A mice, whereas glucagon contents were de-
creased by 38% in the pancreas and by 40% in the islets
of A/A mice compared with that of WT mice (P , 0.05;
Fig. 4B–4E). We further investigated the insulin or glu-
cagon releases in the islets isolated from these mice. KI
mice showed increased insulin secretion and decreased
glucagon secretion (Fig. 4F and 4G). Immunostaining of
the pancreas by glucagon and insulin revealed a 36.8%
reduction of glucagon-positive a-cells in islets from A/A
mice, but insulin-positive b-cells were unchanged in both
genotypes (Fig. 4H–4J). We also found that WT islets had
2.30% 6 0.29% insulin and glucagon double-positive
cells, whereas A/A islets exhibited 4.40% 6 0.06%
double-positive cells in the pancreas (P, 0.01, n5 3mice
per group). The ratio of a-cells to b-cells in each islet was
reduced by 27.7% in A/A mice compared with WT (P ,

0.05; Fig. 4K). Based on quantification of the islet area on
hematoxylin and eosin staining, the percentage of the islet
area relative to total pancreas area was reduced by 41.9%
in A/A mice (Fig. 4L and 4M). With the consideration of
the 41.4% increase in pancreatic weight (Fig. 4A), the total
islet mass did not change in A/A mice compared with WT
mice. We further measured gene expression for markers,
which are responsible for different stages of pancreatic
differentiation (3). The pancreas of A/A mice exhibited a
significant increase in the expression of the progenitor cell
markers, including Sox9, Sox17, and Hnf1b, and marked
decreases in expression of acinar cell markers, such as
Amy2a, Cela1, and Ptf1a, suggesting that the A mutation
of Foxo1-S253 might increase progenitor cell and reduce
acinar cell differentiation in the pancreas (Fig. 4N). For
b-cell markers, A/A significantly increased Neurod1 and
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Figure 2. FoxO1-S253A/A mice exhibit impaired insulin and glucagon secretion and glucose homeostasis. (A) GIR of control and A/A mice at the
ages of 16 weeks in hyperinsulinemic-euglycemic clamp assays; n 5 8 mice per group. (B) HGP of mice during the clamp assay. (C and D)
Glucose uptake in a variety of tissues of mice during the clamp assay. P , 0.05, n 5 8 mice per group. (E) GTTs were performed in 10-week
mice (n 5 6) under a 16-hour fasting condition. Blood glucose was plotted against the time after the IP 2-g D-glucose/kg body weight glucose
injection. (F) Serum insulin concentration was measured in mice during 16-hour fasting and random-fed states. *P , 0.05 vs WT mice, n 5 10
mice per group. (G) Serum insulin concentration was measured in mice during the GTT from (E). *P , 0.05 vs WT mice, n 5 10 mice per group.
(H) PTTs were conducted in unfed mice after 16 hours overnight. Blood glucose levels (means 6 SEM, n 5 6 mice per group) were determined
at the indicated time points after an IP injection of 2 g pyruvate/kg body weight. *P , 0.05 vs WT. (I) Serum glucagon concentration was
measured in mice during the 16-hour fasting and random-fed states. *P , 0.05 vs WT mice, n 5 10 mice per group. (J) Expression of Pck1 and
G6pc in the liver of WT, A/1, and A/A under a 16-hour fasting or random-fed condition. *P , 0.05 vs WT, n 5 6. Brown.ad, brown adipose;
Gastro, gastrocnemius; Vastus L., vastus lateralis.
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MafA expression in the whole pancreas (Fig. 4N) and
significantly increased expression of insulin, Neurod1, and
Pdx1 in the islets of the pancreas (Fig. 4O). For a-cell
markers, A/A significantly decreased expression of Arx,
Loxl4, Hmgb3, and Fev mRNA expression in the whole

pancreas (Fig. 4N) and significantly decreased expression
of glucagon and Fev expression in islets (Fig. 4O). Al-
though the mRNA of acinar cell and progenitor cell
markers, such Amy2a, Cela1, Sox17, and Hnf1b, was
also detected in isolated islets, the expression level of

Figure 3. EE increases in FoxO1-S253A/A mice. The mice at the age of 16 weeks old were placed in metabolic cages for the measurement of
food intake, physical activity, and VO2, and EE. (A) Food intake, (B) physical activity, (C) VO2, (D) EE, and (E) RER were calculated. #P , 0.05 vs
WT, n 5 8 mice per group.
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Figure 4. FoxO1-S253A/A mice exhibit impaired a-cells, insulin, and glucagon synthesis in the pancreas. (A) Representative pancreas of control
(WT) and A/A mice at the age of 12 weeks at random-fed states. *P , 0.05 vs WT, n 5 6. (B and C) Insulin and glucagon concentration was
measured in the pancreas of control and A/A mice at the age of 12 weeks at random-fed states. *P , 0.05 vs WT, n 5 3. (D and E) Insulin and
glucagon concentration was measured in the islets of control and A/A mice and normalized by islet protein. *P , 0.05 vs WT, n 5 3. (F) Insulin
secretion from the islets isolated from control and A/A mice. *P , 0.05 vs WT, n 5 3. (G) Glucagon secretion from the islets isolated from
control and A/A mice under 3.3 mM glucose condition. *P , 0.05 vs WT, n 5 3. (H) Immunostaining of pancreas from 16-week-old random-fed
mice by glucagon and insulin. Representative images are shown. *P , 0.05 vs WT, n 5 6 mice per group. (I–K) The number of (I) a-cells and (J)
b-cells was counted from at least three mice per group, and the (K) ratio of a-cell/b-cell number in each islet was counted and calculated. *P ,
0.05 vs WT, n 5 3 mice per group. (L) The representative images of the pancreas and islets of WT and A/A mice. (M) The area of islets in total
pancreas was calculated in WT and A/A mice. *P , 0.05 vs WT, n 5 4. (N and O) The expression of marker genes responsible for the pancreatic
b-cell, a-cell, acinar cell, and progenitor cell in (N) total pancreas or (O) islets isolated from WT and A/A mice. *P , 0.05 vs WT, n 5 3. DAPI,
40,6-diamidino-2-phenylindole.
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these genes in the islet was 103 times less than those in
the whole pancreas (data not shown). Collectively, these
data suggest that the A/A pancreas has a reduced a-cell
number, which may result from reduced progenitor cell
differentiation.

Taken together, these data suggest that the A/A
pancreas may inhibit progenitor cell differentiation
into endocrine cells and increase the pancreatic
mass. Moreover, it probably impairs differentiation of
a-cells and leads to decreased glucagon levels in both
serum and pancreas.

Glycogen metabolism in FoxO1-S253A/A mice
We next measured liver glycogen contents, as both

insulin and glucagon control glycogen levels contribute
to blood glucose homeostasis in the fasting and feeding
state. Consistent with increased blood insulin and de-
creased glucagon levels, the glycogen concentrations in
the liver of unfed A/A mice were 81.5% higher than that
of unfed WT mice, whereas there were no significant
changes in the liver of fed WT and A/A mice (Fig. 5A).
These data suggested that glycogenolysis in the liver of
unfed A/A mice was inhibited, probably by the elevation
of insulin level, whereas such an effect was diminished in
the feeding state.

HGP of FoxO1-S253A/A in response to glucagon
We further examined whether FoxO1-S253A impairs

glucagon-stimulated glucose production in mice. During
the feeding state, glucagon enhanced blood glucose by
25% in WT mice and 35% in A/A mice (Fig. 5B). The
glucagon tolerance test indicated that A/A mice displayed
higher blood glucose concentrations when glucagon was
injected after 15 minutes, an effect sustained up to 60
minutes (Fig. 5C). We further examined whether the
effect of A/A on HGP is mediated by gluconeogenesis or
glycogenolysis in cells. The primary hepatocytes were
isolated from WT and A/A mice, and HGP was analyzed
in vitro by the measurement of glucose release in the
cultured medium by hepatocytes. In the basal condition,
A/A hepatocytes exhibited a 50% higher HGP and 47%
higher gluconeogenesis compared with WT cells (Fig. 5D
and 5E). Upon glucagon stimulation, A/A hepatocytes
also had a 47% higher HGP and 51% higher gluco-
neogenesis compared with WT cells (Fig. 5D and 5E).
The fold change of gluconeogenesis by glucagon in
WT cells (1.4-fold induction) was not statistically dif-
ferent from that in A/A cells (1.5-fold; Fig. 5E). These
data indicated that the S253A mutation induced the
basal level of HGP, and gluconeogenesis and glucagon-
stimulated gluconeogenesis were not impaired. The higher
response of A/A mice to the exogenous glucagon stimu-
lation in blood glucose may result from a higher

concentration of hepatic glycogen and associated gly-
cogenolysis in A/A mice.

Glycogenolysis increased in both WT and A/A he-
patocytes in response to glucagon stimulation, similar to
the basal level of A/A cells (Fig. 5E). In agreement with
the HGP assay, gene-expression analyses indicated that
glucagon-induced G6pc gene expression significantly in-
creased by nearly twofold in A/A cells, similar to the
twofold increase in control hepatocytes in response to
glucagon stimulation (Fig. 5F).

FoxO1-S253A/A increases glucagon-stimulated
FoxO1 nuclear translocation

Finally, we determined whether glucagon affects
FoxO1 nuclear translocation and examined the effect
of A/A in the primary hepatocytes. Glucagon induced
FoxO1 nuclear translocation by 1.4-fold in WT hepa-
tocytes. However, FoxO1 nuclear translocation mark-
edly increased by 2.2-fold in A/A hepatocytes vs WT cells.
In response to glucagon stimulation, nuclear FoxO1
increased by 25% in A/A hepatocytes compared with
the nontreatment of A/A cells (P , 0.05; Fig. 5G).

Discussion

In this study, we generated a FoxO1-S253A/A mouse
model to assess the role of FoxO1-S253 in control of
glucose homeostasis and demonstrated that impairment
of FoxO1 phosphorylation at S253 plays a role in HGP
and pancreatic function. The homozygous FoxO1-S253A/A

mice displayed the following: (i) normal body weight,
slightly increased postprandial blood glucose, and de-
creased fasting blood glucose; (ii) elevated blood insulin
by twofold, reduced blood glucagon by 40%, and a sig-
nificantly decreased ratio of pancreatic a-cells/b-cells; and
(iii) increased FoxO1 stability and HGP. Thus, our data
demonstrated that blockage of FoxO1 phosphorylation
at S253 in vivo resulted in a unique pattern of metabolic
dysregulation.

The role of FoxO1 in glucose metabolism in hepa-
tocytes is well studied (8, 29–32), but this study provided
genetic evidence to decipher the role of FoxO1 phos-
phorylation at S253 in control of HGP, glucose ho-
meostasis, and pancreatic biology in vivo. In the feeding
state, blood glucose of FoxO1-S253A/A mice increased
by 15% compared with control mice, suggesting that
insulin suppression on HGP was blocked by FoxO1-
S253A point mutation. The enhanced gluconeogenesis
by the point mutation is further supported by the PTT in
mice and in vitro analysis of primary hepatocytes iso-
lated from mice, excluding the potential influences of
endocrine hormones altered in vivo, including insulin
and glucagon.
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Figure 5. FoxO1-S253A/A mice exhibit impaired glucagon tolerance test and hepatic gene expression. (A) Glycogen concentration in the liver of
mice at 16-hour fasting and random-fed states. *P , 0.05 vs control, n 5 6 mice per group. (B) Blood glucose in random-fed mice injected
by glucagon. *P , 0.05 vs control, n 5 8 per group. (C) Glucagon tolerance tests in control and A/A mice at the age of 12 weeks. Blood
glucose was measured in 18-hour unfed mice by 16 mg/kg body weight of glucagon IP injection. *P , 0.05 vs control, n 5 8 mice per group.
(D) HGP assay in primary hepatocytes of control and A/A mice. Cells were stimulated by 100 nM glucagon, and glucose concentrations in culture
medium were measured. *P , 0.05 WT vs WT 1 glucagon; #P , 0.05 S253A/A vs S253A/A 1 glucagon, n 5 3 experiments. (E) HGP,
glycogenolysis, and gluconeogenesis were measured in the primary hepatocytes. *P , 0.05 vs WT; #P , 0.05 vs A/A, n 5 3 experiments.
(F) Gene-expression levels of G6pc were measured in primary hepatocytes by real-time PCR. Data presented as average of triplicate
determinations from control and A/A or 100 nM glucagon stimulation for 8 hours. *P , 0.05, n 5 3. PCR primer sequences are cyclophilin
50-ctaaagcatacaggtcctggcatcttg-30 and 50-tgccatccagccattcagtcttg-30; G6pc are 50-cattgtggcttccttggtcc-30 and 50-ggcagtatgggataagactg-30. (G)
Nuclear (N) and cytoplasmic (C) proteins were extracted from control and A/A primary hepatocytes, with or without 100 nM glucagon (Gcg)
stimulation for 30 minutes. Cytoplasmic proteins (100 mg) and 20 mg nuclear proteins were subjected to SDS-PAGE and Western blot analysis.
Quantification of nuclear FoxO1 was normalized by histone-H1 with analyses from ImageJ. *P , 0.05 vs control, n 5 3 experiments. GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; N.S., no significance.
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An increase of HGP and blood glucose during feeding
conditions may also contribute to pancreatic b-cell se-
cretion of insulin, which inhibits glycogenolysis and/or
stimulates glycogen synthesis, compensating for further
elevation of blood glucose in A/A mice. However, with
the elevated level of insulin by twofold in KI mice, also
observed during the fasting state, even blood glucose was
slightly reduced by 10%, which encouraged us to ex-
amine pancreatic a-cells and glucagon levels. Compared
with control mice, the decreased blood glucose in A/A
mice during the fasting state can be a result of higher
levels of insulin that promotes glycogen synthesis and
lower levels of glucagon for attenuation of gluconeogen-
esis (Fig. 6). The key downstream effectors of glucagon
include cAMP content and cAMP response element-
binding protein functionality at gene transcriptional
levels (33). A potential reduction of cAMP and cAMP
response element-binding protein functionality in the
liver of A/A mice may also play a role in attenuation of
hepatic gluconeogenesis gene expression. Importantly,
we have recently discovered a mechanism by which
glucagon and cAMP-dependent protein kinase (protein
kinase A) promote FoxO1 nuclear localization and
functionality in the liver via FoxO1-Ser273 phosphor-
ylation (34). Another independent study also indicates
that glucagon induces Foxo1 nuclear localization and
HGP via a Ca21/calmodulin-dependent protein kinase
II on multiple phosphorylation sites of Foxo1 (35).
Moreover, HGP is also controlled by the substrate
availability through extrahepatic tissues, in addition
to hepatic gene transcriptional programming. For
example, lipolysis suppression in the peripheral fat
tissues, as well as in the liver, by high-insulin or low-
glucagon levels, can result in a reduction of substrates

of gluconeogenesis or acetyl-coenzyme A content that re-
duces hepatic pyruvate carboxylase activity and then
gluconeogenesis (36, 37). This may be the case in the
A/A mice in that hepatic pyruvate and blood triglyc-
erides were reduced (data not shown), and HGP ele-
vated significantly, as we observed in the PTT. The
alteration of hepatic substrate availability can be related
to lower glucagon and higher insulin levels in the blood
of A/A mice when compared with control mice.

FoxO1 also plays a role in the pancreatic b-cell dif-
ferentiation and function, but its role in control of a-cells
is unclear, even though its expression in adulthood is very
low (2, 38). In general, FoxO1 inhibits cell proliferation
and induces apoptosis in a number of cells (4). Suppression
of FoxO1 in the pancreatic b-cells promotes survival and
cell mass when IRS2 is absent (10). Conversely, FoxO1
in the pancreas also promotes pancreatic progenitor
cell differentiation by inducing expression of MafA and
Neurod1 gene expression (39). A recent study showed that
FoxO1 deficiency in pancreatic b-cells promoted de-
differentiation of b-cells into the progenitor-like cells,
including neurogenin-3 and Oct4 gene expression, and
even the a-cells (2). Our results from the FoxO1-S253A/A

mice suggest that FoxO1-S253A/A enhancesb-cell function
and blood insulin, whereas it decreases a-cell numbers and
blood glucagon, as indicated by the lower ratio of a-cells/
b-cells. The potential mechanism of pancreatic a-cell
suppression and b-cell promotion by FoxO1-S253A/A is
unclear, but our data indicate that the FoxO1-S253A/A

mutant pancreas had increased pancreatic mass and ex-
pression of marker genes for b-cells and pancreatic pro-
genitor cells and reduced marker genes for a-cells; even
insulin and glucagon gene expression in the pancreas of
mutant pancreas is not significantly altered. The reason for

the increase in pancreas weight in
FoxO1-S253A/A mice is unclear. It may
relate to an increase in insulin that
serves as a paracrine factor promoting
the growth in size of pancreatic tissue or
differentiation of a different pancre-
atic cell population. Thus, FoxO1-S253
de-phosphorylation may reflect a mo-
lecular modification on FoxO1 as
compensation for pancreatic plastic-
ity during development of insulin re-
sistance, where insulin secretion from
the b-cells generally suppresses glu-
cagon secretion from the a-cells.

Our data indicate that FoxO1-S253
de-phosphorylation regulates pancre-
atic plasticity, and the clinical relevance
of this study is high. Here, we proposed
a model for the role of FoxO1-S253 in

Figure 6. Dephosphorylation of FoxO1-S253 in FoxO1-S253A/A mice regulates hepatic
gluconeogenesis, glycogen metabolism, and pancreatic plasticity. (A) FoxO1-S253 de-
phosphorylation controls insulin and glucagon production in the pancreas, regulating liver
glucose metabolism in the feeding state, resulting in an increase of blood glucose. (B) At the
fasting state, where blood glucagon decreases, reducing the blood glucose. →, stimulation; ˧,
inhibition.
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the pancreas and liver in control of glucose metabolism
during development of insulin resistance. In the pancreas
of adulthood, FoxO1-S253 was phosphorylated and sup-
pressed by feeding conditions upon insulin secretion but
was moderately activated on fasting conditions by de-
phosphorylation when insulin decreases, and glucagon
increases. This may be important for b-cell maintenance
and function by FoxO1-S253 de-phosphorylation at the
fasting condition, where FoxO1 is functional for b-cell
identity and maintenance when insulin secretion reduced.
The b-cells are insulin responsive, and FoxO1 deficiency
was observed in the islets of individuals of T2D, even
though in other peripheral tissues, such as the liver, FoxO1
is activated (40). We speculate that hyperinsulinemia
promotes FoxO1 cytoplasmic localization, degradation,
or deficiency upon early development of T2D, particularly
in b-cells, promoting b-cell de-differentiation into the
a-cells in the pancreas. Several lines of evidence over
the past decades support the concept by the following:
(i) b-cells are derived from existing b-cells based on
genetic-tracing studies (41, 42); (ii) b-cell mass, function,
and insulin secretion decrease, and hyperglucagonemia
develops in late-phase T2D in patients; and (iii) a com-
plete FoxO1 deficiency in b-cells promotes b-cell de-
differentiation to progenitor-like or a-cells for glucagon
production (43). Thus, we predict that increase of glu-
cagon, in addition to other metabolic stress, may be a
result of hyperinsulinemia, FoxO1 deficiency in b-cells,
and FoxO1 activation in other tissues, such as liver in
patients with T2D. Indeed, the pancreas mass increased in
KI mice, probably by increased progenitor cell pop-
ulations, as we predicted, with limited and little direct
evidence in which elevated insulin secretion may have a
role in the enhancement of the pancreas mass with other
mechanisms. The KI mice showed an increase in insulin
and a decrease in glucagon at the both fasting and feeding
conditions, suggesting that the A/A mutation may have
key roles in maintaining b-cell function/insulin secretion
and directing to progenitor cell differentiation, increasing
pancreas mass, whereas restraining its de-differentiation
to the a-cells.

Hyperactivation of FoxO1 by multiple mechanisms
contributes to development of diabetes from insulin re-
sistance. At the physiological level, phosphorylation
of FoxO1-S253 markedly decreases in the liver during
the fasting state when blood insulin decreases, where-
as glucagon increases, promoting gluconeogenesis. The
FoxO1-S253A/A mutation in hepatocytes promotes FoxO1
stability. However, an additional activation mechanism is
required for the enhancement of the FoxO1 ability at gene
transcriptional levels. In this study, we provide that an
additional activation of FoxO1 by glucagon may play a
critical role in FoxO1 enhancing HGP and the elevation of

blood glucose. Consistent with the previous reports (34,
35), we showed that glucagon significantly stimulated
FoxO1 nuclear localization and stability. Of note is that the
total Foxo1 protein level in the A/A pancreas decreased
by 40% compared with that of the WT pancreas (data not
shown), which might relate to the effect of a lower glu-
cagon level in the mutant mice. In diabetic conditions,
de-phosphorylation of FoxO1-S253 is present in tissues
of subjects with T2D when insulin resistance occurs,
failing to activate Akt, and hyperglucagonemia develops
(34, 44, 45). This study showed that a moderate acti-
vation of FoxO1 via de-phosphorylation of S253 alone
is not sufficient for induction of diabetes in mice, un-
expectedly, as a compensatory benefit to the metabolism
for maintaining insulin sensitivity with higher EE and
lower physical activity. The mechanism may relate to an
increase in gene expression of Irs2 in tissues, such as
liver (data not shown).

In the KI mice, the feeding blood glucose and insulin
increase, suggesting that an insulin-dominant role in
suppression of gluconeogenesis is attenuated by A/A
liver when blood glucagon decreases (Fig. 6A). How-
ever, the fasting blood glucose and glucagon decrease
in the KI mice, suggesting that a glucagon-dominant
role in stimulation of gluconeogenesis is attenuated,
accompanied with an increase of insulin that can
stimulate glycogen synthesis or inhibit glycogenolysis
(Fig. 6B).

In addition to liver and pancreas, we do not exclude the
possibility that other tissues with the FoxO1-S253A/A mu-
tation can be involved in the regulation of the blood glucose
and energy metabolism. For example, FoxO1 in hypotha-
lamic neurons increases food intake and/or increases EE (46).
FoxO1- S253A/A represents a combination of outcome of
contribution from all tissues in the whole body. Taken to-
gether, our data provide genetic and cellular evidence for a
fundamental mechanism by which impairment of FoxO1
phosphorylation at S253 can alter blood glucose, at least via
the liver and pancreas, involving the control of hormones
and pancreatic plasticity. Our findings may provide a
strategy in targeting FoxO1 and its interaction with other
factors for conquering T2D in the future.
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