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FoxO1 plays an important role in mediating the effect of in-
sulin on hepatic metabolism. Increased FoxO1 activity is as-
sociated with reduced ability of insulin to regulate hepatic
glucose production. However, the underlying mechanism and
physiology remain unknown. We studied the effect of FoxO1
on the ability of insulin to regulate hepatic metabolism in
normal vs. insulin-resistant liver under fed and fasting con-
ditions. FoxO1l gain of function, as a result of adenovirus-
mediated or transgenic expression, augmented hepatic glu-
coneogenesis, accompanied by decreased glycogen content
and increased fat deposition in liver. Mice with excessive
FoxO1 activity exhibited impaired glucose tolerance. Con-
versely, FoxO1 loss of function, caused by hepatic production
of its dominant-negative variant, suppressed hepatic glucone-

ogenesis, resulting in enhanced glucose disposal and im-
proved insulin sensitivity in db/db mice. FoxO1 expression
becomes deregulated, culminating in increased nuclear local-
ization and accounting for its increased transcription activity
in livers of both high fat-induced obese mice and diabetic
db/db mice. Increased FoxO1 activity resulted in up-regula-
tion of hepatic peroxisome proliferator-activated receptor-y
coactivator-1B, fatty acid synthase, and acetyl CoA carboxy-
lase expression, accounting for increased hepatic fat infiltra-
tion. These data indicate that hepatic FoxO1l deregulation
impairs the ability of insulin to regulate hepatic metabolism,
contributing to the development of hepatic steatosis and
abnormal metabolism in diabetes. (Endocrinology 147:
5641-5652, 2006)

HEPATIC INSULIN SIGNALING plays a pivotal role in

gluconeogenesis and glucose metabolism. In re-
sponse to postprandial insulin secretion, hepatic gluconeo-
genic activity is suppressed to limit glucose production,
whereas in response to reduced insulin action during fasting,
hepatic gluconeogenesis is stimulated, resulting in increased
glucose output from liver (1). Such a reciprocal mechanism
of hepatic insulin action is crucial for rapid adaptation of
liver to metabolic shift between fed and fasting states to
maintain blood glucose levels within the physiological range.
When hepatic insulin signaling goes awry, gluconeogenesis
becomes unrestrained, resulting in excessive hepatic glucose
production and contributing to fasting hyperglycemia in di-
abetes (2-4).

Forkhead box (Fox) O1, a forkhead transcript factor that is
expressed abundantly in the liver, is thought to be a major
target of insulin signaling. FoxO1 belongs to a nuclear pro-
tein subfamily that includes FoxO3a, FoxO4, FoxO6 in mam-
mals and its ortholog DAF-16 in Caenorhabditis elegans (5-11).
These proteins, characterized by a highly conserved central
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DNA binding domain and a carboxyl trans-activation do-
main, play important roles in mediating the effect of insulin
or IGF on metabolism, growth, survival, and differentiation
of cells (12). Nakae ef al. (13) show that transgenic expression
of a FoxO1 constitutively active allele is associated with
glucose intolerance in mice. Functional inhibition of FoxO1,
caused by hepatic expression of its dominant-negative allele,
ameliorates fasting hyperglycemia in diabetic db/db mice
(14). FoxO1 haploinsufficiency restores insulin sensitivity in
insulin receptor substrate (IRS)-2-deficient diabetic mice (15).
Hepatic FoxO1 expression along with its nuclear distribution
is increased in insulin-resistant livers (14). Samuel et al. (16)
show that antisense oligonucleotide-mediated inhibition of
FoxO1 activity improves hepatic and peripheral insulin ac-
tion in high-fat diet-induced obese mice. These data are in-
dicative of an association between increased FoxO1 activity
and impaired ability of insulin to regulate hepatic glucose
metabolism, contributing to abnormal metabolism in diabe-
tes. Nevertheless, the underlying mechanism and physiology
is not fully understood.

To study the effect of FoxO1 on the ability of insulin to
regulate hepatic metabolism, we used two independent but
complementary approaches, gain vs. loss of function, to aug-
ment FoxO1 activity in normal liver and conversely to inhibit
FoxO1 function in diabetic liver using adenoviral-mediated
gene transfer and transgenic approaches. Elevated hepatic
FoxO1 production resulted in augmented glucose produc-
tion and impaired glucose tolerance, accompanied by de-
creased glycogen content and increased fat deposition in
liver. Conversely, functional inhibition of FoxO1 in insulin-
resistant liver resulted in enhanced glucose tolerance and
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improved insulin sensitivity, partly due to the reduction of
hyperglycemia and hyperinsulinemia in db/db mice. He-
patic FoxO1 expression became deregulated, as manifested
by increased nuclear localization in liver of high-fat-induced
obese mice, coinciding with glucose intolerance and hyper-
insulinemia. Furthermore, excessive FoxO1 activity resulted
in up-regulation of peroxisome proliferator-activated recep-
tor-y coactivator (PGC)-1B, accounting in part for hepatic fat
infiltration. These data reveal a potential link between FoxO1
deregulation and development of hepatic steatosis and im-
paired metabolism in diabetes. In normal mice, hepatic
FoxO1 production and nuclear localization were also in-
creased in response to fasting, accounting for its increased
transcriptional activity in liver. This effect helps prime the
liver for augmented glucose production to maintain blood
glucose levels within the physiological range.

Materials and Methods
Adenoviral vectors

The recombinant adenoviral vectors used were as follows; Ad-CMV-
FoxO1-wt expressing wild-type FoxO1 (1.2 X 10" pfu/ml), Ad-CMV-
FoxO1-A256 expressing a dominant-negative FoxO1 mutant (1.6 X 10"
pfu/ml), and Ad-RSV-LacZ expressing the control B-gal gene (1.9 x 10"
pfu/ml), respectively (14, 17). All adenoviral vectors were produced in
HEK293 cells and purified as described (14).

Animal studies

C57BL/6], db/db, and heterozygous db/+ mice at 6 wk of age were
purchased from the Jackson laboratory (Bar Harbor, ME). CD-1 mice
were purchased from Charles River Laboratory (Wilmington, MA). An-
imals were fed standard rodent chow and water ad libitum in sterile cages
with a 12-h light, 12-h dark cycle. To induce obesity in C57BL/6] mice,
animals were fed a high-fat diet (fat content, > 60 kcal%, D12492;
Research Diets, New Brunswick, NJ) for 2 months. For vector admin-
istration, animals were injected via tail vein with 200 ul of adenovirus
diluted in PBS buffer as described (18). For glucose tolerance test, an-
imals were fasted for 5 h and injected ip with 50% dextrose solution
(Abbott Laboratories, Chicago, IL) at the dose of 3 g/kg body weight,
as described (18). Blood glucose levels were measured using Glucometer
Elite (Bayer, Indianapolis, IN). Area under the curve (AUC) was calcu-
lated using the KaleidaGraph software (Synergy Software, Reading,
PA). For blood chemistry measurement, animals were fasted overnight
(16 h), and blood was collected from tail vein into capillary tubes pre-
coated with potassium-EDTA (Sarstedt, Niimbrecht, Germany) for
plasma preparation. Fasting plasma insulin levels were determined us-
ing the ultrasensitive murine insulin ELISA kit (ALPCO, Windham,
NH). To obtain liver tissue for protein and mRNA analysis, animals were
killed after a 16-h fast. All procedures were approved by the Institutional
Animal Care and Usage Committee of Children’s Hospital of Pittsburgh
(protocol 41-04).

Insulin tolerance test

Mice were injected ip with regular human insulin (Novolin R; Novo
Nordisk Pharmaceuticals Inc., Princeton, NJ) at the dose of 0.5 U/kg
body weight. Blood glucose levels were measured before and at different
times after insulin infusion. After normalizing to blood glucose levels
before insulin injection, changes in blood glucose levels in different
groups of mice were plotted as a function of time.

Aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) measurement
Aliquots (30 ul) of blood were collected from the tail vein of mice after

a16-h fast. Fasting plasmalevels of AST and ALT were determined using
the AST and ALT assay kits (Thermo Electron, Melbourne, Australia).
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Hyperinsulinemic/euglycemic clamp studies

Hyperinsulinemic/euglycemic clamp studies were performed on
mice after adenoviral-mediated FoxO1 expression in the liver. Male CD1
mice (Charles River Laboratory) at 15 wk of age were stratified by body
weight and randomly assigned to three groups (mean body weight
33.7 = 2.5 g), which were treated with 1.5 X 10"" pfu/kg of FoxO1 vector,
an equivalent dose of lacZ vector or PBS buffer as described above. Two
days after vector administration, animals were anesthetized and can-
nulated by inserting a catheter into the right external jugular vein to the
level of the right atrium of the heart. After 1 d of recovery, insulin
(porcine insulin; Sigma, St. Louis, MO) at a constant rate (18 mU /kg-min)
and 10% glucose solution at variable rates (adjusted to maintain eug-
lycemia) was infused through the indwelling catheter into mice for 120
min while animals remained awake and unrestrained in isolated cages.
Blood was collected from the tail vein at 10-min intervals for determi-
nation of blood glucose levels. To determine hepatic glucose flux,
3-[*Hlglucose (specific activity 20 Ci/mmol; PerkinElmer Life Science,
Boston, MA) was infused through the catheter at a fixed rate (0.1 uCi/ml,
after an initial bolus injection of 10 uCi) during the clamping. Aliquots
(40 ul) of blood were sampled from tail vein at 40, 60, 80, and 90 min
for determination of plasma [*H] glucose and SH,O concentrations, fol-
lowing the procedure described by Rossetti et al. (19). Under steady-state
conditions, the rate of glucose disappearance is equivalent to that of
glucose appearance, which is defined as the ratio between the 3-[*H]glu-
cose infusion rate (dpm per milliliter) and plasma 3-[3H]glucose-speciﬁc
activity (dpm per milligram). The difference between glucose appear-
ance and glucose infusion rate (GIR) yields the rate of endogenous
glucose production (19).

RNA isolation and real-time RT-PCR

RNA isolation from tissue was performed using the RNeasy minikit
(QIAGEN, Valencia, CA). Real-time quantitative RT-PCR was used for
quantifying mRNA concentrations using the Roche LightCycler-RNA
amplification kit (Roche Diagnostics, Indianapolis, IN), as described
(20). The primers used in real-time RT-PCR assay for phosphoenolpyru-
vate carboxykinase (PEPCK), glucose-6 phosphatase (G6Pase), and -ac-
tin mRNA have been described (20). Other primers were as follows:
mouse sterol regulatory element binding protein (SREBP)-1c forward,
5'-GACGAGCTGGCCTTCGGTGA-3" (corresponding to SREBP1-c
mRNA, 4-23 nt) and reverse reaction, 5'-GCTTCCAGAGAGGAGGC-
CAG-3' (SREBP1-c mRNA, 229-248 nt); acetyl CoA carboxylase (ACC)
forward, 5'-TGGACAACGCCTTCACGCCAC-3" (ACC mRNA, 2957-
2977 nt) and ACC reverse, 5'-GGGTGAACTCTCTGAACATA-3' (ACC
mRNA, 3210-3229 nt); fatty acid synthase (FAS) forward, 5'-TAGCCG-
GTATGTCGGGGAAG-3' (FAS mRNA, 17-36 nt) and reverse, 5'-
ACAATTGCTTCATAGCTGAC-3' (FAS mRNA, 253-272 nt). All prim-
ers were obtained commercially from Integrated DNA Technologies,
Inc. (Coralville, IA).

Quantification of hepatic glycogen content

Hepatic glycogen content was determined as previously described
(14). Mice were killed after 16 h fasting. Aliquots (200 mg) of liver tissue
were homogenized in 400 ul of 0.03 N HCI, followed by centrifugation
at 12,000 rpm for 2 min. Aliquots (100 ul) of the supernatant were mixed
with 400 ul of 1.25 N HCI and incubated at 95 C for 1 h for the deter-
mination of glycogen and residual glucose concentrations in the liver.
Additional aliquots (100 ul) were mixed with 400 ul of 1.25 N HCl and
incubated at room temperature for measurement of residual glucose
levels. Glucose concentrations were determined using the glucose ox-
idase reagent (Sigma) and with the rabbit liver glycogen type III as the
standard. After subtracting the residual levels of glucose in the liver,
hepatic glycogen content was calculated as described (14).

Quantification of hepatic lipid content

Forty milligrams of liver tissue was homogenized in 800 ul of HPLC-
grade acetone in 2-ml microtubes. After incubation with agitation at
room temperature overnight, aliquots (50 ul) of acetone-extract lipid
suspension were used for the determination of triglyceride concentra-
tions using the Infinity triglyceride reagent (Thermo Electron). Hepatic
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lipid content was defined as mg of triglyceride per gram of total liver
proteins.

Liver histology

Liver tissue from euthanized animals was fixed in 10% phosphate-
buffered formalin and embedded in paraffin for hematoxylin and eosin
(H&E) staining, or alternatively placed in Histoprep tissue embedding
media and snap frozen for fat staining with Oil red O as described (21).

Immunohistochemistry

Liver tissue was embedded with Histoprep tissue embedding media
(Fisher Scientific, Fair Lawn, NJ). Frozen sections were cut (8 um) and
subjected to immunohistochemistry using rabbit anti-Foxol antibody
(dilution at 1:1500). The second antibody was Cy3-conjugated goat an-
tirabbit IgG (dilution 1:500, Jackson ImmunoResearch Laboratories,
West Grove, PA). The nuclei of hepatocytes were visualized by staining
with TO-PRO-3 dye (Molecular Probes Inc., Eugene, OR). Specimens
were examined under a laser-scanning confocal microscope (Nikon
E800; Nikon Corp., Tokyo, Japan).

Western blot analysis

Aliquots (40 mg) of liver tissue were homogenized in 400 ul ice-cold
CER-I solution (Pierce, Rockford, IL) supplemented with 40 ul of pro-
tease inhibitor cocktail (Pierce). Nuclear fractions were separated from
cytoplasm and aliquots of 20 ug of nuclear or cytoplasmic proteins were
resolved on 4-20% SDS-polyacrylamide gels and subjected to immu-
noblot analysis using antibody against FoxO1, SREBP-1¢, PGC-1p, glu-
cokinase (GK), and actin proteins as previously described (14). The
intensity of protein bands was quantified by densitometry using the NIH
Image software (National Institutes of Health, Bethesda, MD) as de-
scribed (14). Polyclonal rabbit anti-FoxO1 antibody was developed in
our laboratory by immunizing rabbits with the glutathione-S-trans-
ferase-tagged human FoxO1 protein (Genemed Synthesis Inc., San Fran-
cisco, CA). Rabbit anti-GK antibody was developed in our laboratory by
immunizing rabbits with 6XHis-tagged rat GK protein (Rockland Im-
munochemicals, Boyertown, PA). Rabbit anti-PGC-1p antibody was pro-
vided by the laboratory of Dr. Spiegelman. Antiactin antibody (catalog
no. sc-1615) and anti-SREBP-1 antibody (catalog no. sc-8984) were from
Santa Cruz Biotechnology (Santa Cruz, CA). This latter antibody cross-
reacts with SREBP-1a.

Statistics

Statistical analyses of data were performed by ANOVA using Stat-
View software (Abacus Concepts, Inc., Berkeley, CA). Pair-wise com-
parisons were performed to study the significance between different
conditions. Data were expressed as the mean *= sem. P < 0.05 was
considered statistically significant.

Results

Effect of hepatic FoxO1 production on glucose metabolism
in normal mice

To study the effect of elevated FoxO1 production on blood
glucose metabolism, we delivered FoxO1 cDNA to liver of
adult mice using adenoviral-mediated gene transfer. This
approach has been shown to result in transgene expression
predominantly in liver with little transduction of cells in
extrahepatic tissue (22). In addition, we used a predefined
moderate dose of FoxO1 vector to elevate hepatic FoxO1
production to levels that are normally detected in diabetic
db/db mice as previously described (14). CD1 mice were
stratified by body weight and randomly assigned to three
groups (12 wk old; mean body weight 31.3 + 1.4 g), which
were respectively treated with 1.5 X 10" pfu/kg of FoxO1
vector, an equivalent dose of lacZ vector or vector buffer, as
described (14). Blood glucose and plasma insulin levels were
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determined after a 16-h fast. When compared with mock- and
control vector-treated mice, fasting blood glucose levels in
FoxO1 vector-treated mice remained unchanged (Fig. 1A). In
contrast, fasting plasma insulin levels were significantly el-
evated in FoxO1 vector-treated mice (Fig. 1B).

To assess the impact of elevated hepatic FoxO1 production
on whole-body glucose disposal rates, glucose tolerance tests
were performed 4 d after vector administration. In response
to ip glucose infusion (3 g/kg body weight), blood glucose
levels were markedly elevated in different groups of mice,
but elevated blood glucose levels in mock- and control vec-
tor-treated mice returned to normal within 90 min (Fig. 1C).
In contrast, FoxO1 vector-treated mice displayed impaired
glucose profiles, and their elevated blood glucose levels did
not return to prechallenge levels, even after 2 h of glucose
infusion. These results were corroborated by quantitative
analysis of the AUC of blood glucose profiles during glucose
tolerance tests. As shown in Fig. 1D, a 2-fold higher AUC
value of blood glucose profiles was detected in FoxO1 vector-
treated mice, in comparison with mock- and control vector-
treated animals. Together these data indicate that FoxO1 gain
of function in liver is associated with abnormal glucose me-
tabolism in mice.

To define the molecular mechanism underlying FoxO1-
mediated impairment in blood glucose metabolism, the rel-
ative levels of two gluconeogenic genes, PEPCK and G6Pase,
were determined and compared between different groups of
mice under fasting conditions. Elevated hepatic FoxO1 pro-
duction resulted in significant induction in G6Pase (Fig. 2A)
and PEPCK (Fig. 2B) expression, which correlated with in-
creased FoxO1 expression in liver (Fig. 2C). In contrast, the
relative expression levels of GK, an enzyme involved in
glycolysis in the liver, remained unchanged in response to
hepatic FoxO1 production (Fig. 2D). Similar results have
been reported by Altomonte et al. (14), who show that hepatic
production of FoxO1-A256, a FoxO1 dominant-negative al-
lele, did not alter GK expression under fasting conditions in
mice.

Impact of hepatic FoxO1 production on hepatic
glycogen metabolism

To examine the effect of elevated FoxO1 production on
hepatic glycogen metabolism, animals were killed after 1 wk
of hepatic FoxO1 production for the determination of hepatic
glycogen content. When compared with mock- or control
vector-treated mice, relatively lower hepatic glycogen con-
tent was detected in FoxO1 vector-treated mice (Fig. 3A),
which was inversely correlated with increased hepatic glu-
cose production in response to elevated FoxO1 production in
liver.

Effect of elevated hepatic FoxO1 production on hepatic
fat content

To investigate the metabolic consequence associated with
elevated hepatic FoxO1 production, liver tissue from animals
that had been killed was used for the determination of he-
patic lipid levels. Mice with elevated FoxO1 production ex-
hibited significantly higher levels of intrahepatic TG content,
when compared with controls (Fig. 3B). These results were
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Fic. 1. Effect of FoxO1l gain of function on glucose
metabolism in normal mice. A, Fasting blood glucose
levels. B, Fasting plasma insulin levels. C, Blood glu-
cose profiles during GTT. D, AUC of blood glucose
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confirmed by liver histology after staining with H&E and Oil
red O, respectively. H&E staining did not reveal any mor-
phological lesions in the liver of mice treated with FoxO1 or
control vectors, which is consistent with our previous ob-
servations (14). However, staining with Oil red O revealed
significantly higher levels of lipid droplets dispersed in the
liver of FoxO1 vector-treated mice (Fig. 3, C-E).

To rule out the possibility that increased fat deposition in
FoxO1 vector-treated mice was due to adenovirus-mediated
hepatoxicity, we determined fasting plasma levels of AST
and ALT 1 wk after vector administration. As shown in Fig.
3G, plasma AST levels in FoxO1 vector-treated mice were
76 + 10 U/liter, which were not significantly different from
mock-treated (71 = 14 U/liter) and LacZ vector-treated con-
trol mice (59 = 15 U/liter). Although plasma ALT levels were
elevated in FoxO1 vector-treated mice (52 * 11 U/liter), in
comparison with mock-treated (27 = 5 U/liter) and control
vector-treated (28 + 11) mice (Fig. 3F), these values were with
the normal range. In a similar study (14), we showed that
hepatic FoxO1-A256 production did not cause hepatotoxicity
in mice.

To account for increased intrahepatic fat deposition asso-
ciated with elevated FoxO1 production in the liver, we de-
termined the expression levels of genes involved in lipogen-
esis. Elevated FoxO1 production significantly increased FAS
(Fig. 4A) and ACC (Fig. 4B) expression. In addition, we
studied the expression levels of SREBP-1¢, a nuclear tran-
scription factor that plays a key role in mediating the stim-
ulatory effect of insulin on lipogenic gene expression (23, 24).
Hepatic SREBP-1c mRNA (Fig. 4C) and SREBP-1c protein
(Fig.4D) levels remained unchanged in FoxO1 vector-treated
mice. Lin et al. (25) showed that PGC-1f is a coactivator of
SREBP-1c and is capable of binding and augmenting
SREBP-1c transcriptional activity in stimulating lipogenesis
in liver. We studied the effect of hepatic FoxO1 production
on PGC-1B expression in liver. As shown in Fig. 4E, we
detected a significant elevation in hepatic PGC-1 expression
in liver of FoxO1 vector-treated mice. These results indicate
that hepatic FoxO1 production up-regulated PGC-1p expres-
sion in liver. To corroborate these findings, we determined
endogenous PGC-1p protein levels in HepG2 in the absence
and presence of adenovirus-mediated FoxO1 production. As
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Fia. 2. Effect of FoxO1 gain of function on hepatic gluconeogenic
expression. Mice were killed after 16-h fasting 6 d after hepatic FoxO1
expression. Liver tissue was collected for preparation of total hepatic
RNA. The relative hepatic mRNA levels of G6Pase (A) and PEPCK (B)
were determined by real-time RT-PCR using B-actin mRNA as con-
trol. Hepatic nuclear proteins were subjected to immunoblot analysis
using anti-FoxO1, anti-GK, and antiactin antibodies, respectively.
The relative levels of hepatic FoxO1 protein were compared between
FoxO1 vector- vs. control vector-treated mice (C). Representative im-
munoblots were shown in D. *, P < 0.05.

shown in Fig. 4F, significantly higher PGC-18 protein levels
were detected in HepG2 cells transduced by FoxO1 vector.
In contrast, PGC-18 protein levels remained unchanged in
control vector-transduced cells.

Effect of elevated hepatic FoxO1 expression on hepatic
glucose metabolism

To study the effect of FoxO1 on hepatic glucose metabo-
lism, we performed hyperinsulinemic/euglycemic clamp
studies on mice after 5 d of hepatic production of FoxO1.
GIRs during hyperinsulinemic/euglycemic clamping were
determined and compared between different groups. As
shown in Fig. 5A, the mean GIR in FoxO1 vector-treated mice
was significantly reduced (46 = 13 vs. 105 mg/kgmin in
mock-treated control mice, P < 0.01 by ANOVA). In contrast,
GIR in LacZ vector-treated mice (94 *= 9 mg/kg'min) was not
significantly different from that in control mice. In addition,
we determined hepatic glucose production rates in different
groups of animals using the radioactive tracer method, as
previously described (19). In keeping with increased hepatic
gluconeogenesis in FoxO1 vector-treated mice (Fig. 2), ele-
vated FoxO1 production in liver resulted in a 4-fold increase
of hepatic glucose production (HGP) (Fig. 5B), which corre-
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lated with augmented hepatic PEPCK and G6Pase expres-
sion in FoxO1 vector-treated mice (Fig. 2). In contrast, HGP
in LacZ vector-treated mice was not statistically different
from controls. These results indicated that FoxO1 gain of
function in liver perturbs the ability of insulin to suppress
hepatic glucose production in mice.

Hepatic metabolism in FoxO1 transgenic mice

To corroborate the above results, we studied the effect of
FoxO1 on hepatic metabolism in FoxO15%°** transgenic mice.
FoxO15*%*4 transgenic mice bear a constitutive FoxO1 mu-
tant allele under the control of the transthyretin promoter.
The resulting FoxO1%**# transgene is mainly expressed in
liver (13). As shown in Fig. 6, A and B, Fox(152534 transgenic
mice exhibited significantly increased intrahepatic fat dep-
osition. These histological results were confirmed by the
quantification of hepatic TG content. When compared with
age- and gender-matched control littermates, more than
2-fold levels of hepatic TG content were detected in livers of
FoxO15%°*# transgenic mice (Fig. 6C). To gain insight into the
mechanism underlying the increased intrahepatic fat infil-
tration, we determined hepatic protein levels of SREBP-1c
and its coactivator PGC-1B. Hepatic SREBP-1c¢ (Fig. 6D) and
PGC-1B (Fig. 6E) levels were markedly elevated, contribut-
ing to increased hepatic fat deposition in FoxO1%*%*# trans-
genic mice. These data are suggestive of a potential link
between increased FoxO1 activity and impaired hepatic me-
tabolism in FoxO1**** transgenic mice (13, 26).

Hepatic FoxO1 expression and subcellular distribution in
high fat diet-induced obese mice

To investigate the potential association between insulin
resistance and FoxO1 deregulation in liver, we studied he-
patic FoxO1 expression and subcellular distribution in high
fat diet-induced obese mice. C57 BL/6] mice at 6 wk of age
were fed a high-fat diet (n = 6) or regular chow (n = 6) for
2 months. In comparison with mice fed regular chow, high-
fat diet-fed mice exhibited significantly increased body
weight gain (Fig. 7A), accompanied by elevated fasting blood
glucose levels (Fig. 7B) and markedly increased fasting
plasma insulin levels (Fig. 7C). In response to glucose tol-
erance test (GIT), high-fat diet-fed animals displayed se-
verely impaired blood glucose profiles, in comparison with
lean controls (Fig. 7D). To study the expression level of
FoxO1 in liver, animals were killed after a 16-h fast after a
2-month high-fat feeding. Liver tissues were used for prep-
aration of cytoplasmic and nuclear protein lysates, which
were subjected to immunoblot analysis. When compared
with lean control mice, more than 3-fold higher levels of
FoxO1 protein were detected in the nucleus of hepatocytes
in high-fat diet-induced obese mice (Fig. 7, E and F). To
confirm these findings, total hepatic RNA was isolated from
high-fat diet-fed and control mice and subjected to semi-
quantitative RT-PCR assay. As shown in Fig. 7G, hepatic
FoxO1 mRNA expression was markedly elevated in response
to high-fat feeding.
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Fic. 3. Hepatic glycogen and lipid content. Hepatic glyco-
gen (A) and lipid (B) contents, defined as milligram of gly-
cogen or triglyceride per gram of total liver protein, were
determined as described in Materials and Methods. Sec-
tions of liver of mock- (C), FoxO1 vector- (D), and LacZ (E)
vector-treated mice were examined histologically after Oil
red O staining. Fasting plasma ALT (F) and AST (G) levels
were determined at d 6 after vector administration. *, P <
0.01. Bar, 100 pm.

Effects of FoxOl1 loss of function on glucose metabolism in

db/db mice

FoxO1-A256 is a FoxO1 dominant-negative mutant allele,
whose hepatic expression has been shown to inhibit FoxO1
function in target gene expression in cultured hepatocytes
(14, 17). We have previously shown that hepatic FoxO1-A256
production in insulin-resistant livers suppressed excessive
gluconeogenesis, contributing to significantly improved fast-
ing glycemia in diabetic db/db mice (14). To study whether
FoxO1 loss of function is associated with improved hepatic
metabolism, we transferred FoxO1-A256 cDNA into liver of
diabetic db/db mice, as described (14). Male db/db mice at 12
wk of age were stratified by blood glucose levels and ran-
domly assigned to three groups to ensure similar mean blood
glucose levels in different groups (n = 6). One group of db/db
mice was treated with FoxO1-A256 vector at 1.5 X 10"
pfu/kg per animal, the second group was treated with LacZ
vector at the same dose, and the third group was mock
treated. In addition, one group (n = 6) of heterozygous db/+
mice was included as controls. Four days after hepatic
FoxO1-A256 ¢cDNA delivery, we performed ip glucose tol-
erance test. As shown in Fig. 8A, FoxO1-A256 vector-treated
db/db mice exhibited significantly improved blood glucose
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profiles in response to GTT, although their glucose disposal
rates were not completely restored to normal. In contrast,
mock- and control vector-treated diabetic db/db mice dis-
played severely impaired blood glucose profiles in response
to GTT. This was confirmed by quantitative AUC analysis of
blood glucose profiles. As shown in Fig. 8B, the mean AUC
value in FoxO1-A256 vector-treated db/db mice was signif-
icantly reduced, in comparison with mock- or control vector-
treated db/db mice.

To study the potential improvement in insulin sensitivity
as a result of functional inhibition of FoxO1 activity in liver,
we performed an ip insulin tolerance test. As shown in Fig.
8C, FoxO1-A256 vector-treated diabetic mice exhibited sig-
nificantly increased sensitivity to insulin, and their blood
glucose levels were significantly reduced in response to in-
sulin infusion. In contrast, control vector-treated db/db mice
continued to maintain relatively high degrees of insulin re-
sistance, as reflected by the lack of changes in blood glucose
levels in response to ITT.

To corroborate these findings, we determined fasting
plasma insulin levels after an 8-h fast. When compared with
mock- or control vector-treated db/db mice, fasting plasma
insulin levels in FoxO1-A256 vector-treated diabetic mice

220z 1snBny /| uo sesn sonsnr Jo Juswiedaq 'S'N Ad £490052/1¥9G/Z /LY L/SI0IME/OPUS/LI0D"dNO"oILLISPEOE//:SARY W) PAPEO|UMOQ



Qu et al. ® FoxO1 in Hepatic Metabolism

Endocrinology, December 2006, 147(12):5641-5652 5647

A 4= * =e= B 20 - * i C 1.5 -
3- I 15 - L . T
0 - T
% 2 - ;éE: 1.0 - T T % ' | %
Tl - v /
0 . 4 0.0 ; .‘% 0.0 T %
D NS NS E * * F # s
. ] Nl e
1.0+ I 1 . ]
'S.E l % £ /-r £
= | ; 1
- ar )
_ _ /
i : 0.0 ; . 0 . :
?ffoasihl? Anti-PGC-1p — . WD S Ant-PGC-15— [ RS
S(I:ESS;:)C -B . ‘;‘ . Anti-actin —- _—— Anti-acﬁn_ﬂ:

PBS FoxO1 LacZ

PBS FoxO1 LacZ

PBS FoxO1 LacZ

Fia. 4. Impact of FoxO1 on hepatic lipogenic expression. Mice were killed after 16-h fasting after 6 d of hepatic FoxO1 production in normal
CD-1 mice. Hepatic mRNA levels of FAS (A), ACC (B), and SREBP-1c (C) were determined using B-actin mRNA as control. Hepatic protein
levels of SREBP-1c¢ (D) and PGC-1 (E) were determined by semiquantitative immunoblot analysis. Cytosolic (molecular mass, 125 kDa) and
nuclear (molecular mass, 68 kDa) SREBP-1 levels were coordinately produced. Quantitative data show hepatic levels of cytosolic SREBP-1c
proteins. In addition, HepG2 cells were transduced with FoxO1 and LacZ vector at an MOI of 100 pfu/cell in 6-well plates. After 24 h incubation,
PGC-1B protein levels (F) were determined. *, P < 0.05. NS, Not significant.

were significantly reduced, albeit not to the normal levels
seen in nondiabetic db/+ control mice (Fig. 8D). Together
these results indicate that FoxO1 loss of function in insulin-
resistant liver is associated with improved glucose metabo-
lism and amelioration of insulin resistance in diabetic mice.

To determine the effect of FoxO1-A256 on hepatic lipid
metabolism, we quantified hepatic TG content in db/db mice
after 1 wk of hepatic FoxO1-A256 expression. Hepatic TG
levels in diabetic db/db mice were markedly elevated
(1320 = 126 mg/g liver protein), which were more than
20-fold higher than that in control littermates (60.5 = 8.5
mg/ g liver protein). In addition, we detected a mean hepatic
TG content of 1360 + 169 mg/g liver in FoxO1-A256 vector-
treated db/db mice. These data suggest that short-term

FoxO1-A256 production in liver did not mitigate hepatic
steatosis despite the reduction of hyperglycemia and hyper-
insulinemia in diabetic db/db mice.

Hepatic FoxO1 expression under fed vs. fasting conditions

To study the physiological expression profile of FoxO1 in
liver, we determined hepatic FoxO1 mRNA and protein lev-
els in mice under fed and fasting conditions. Male C57BL/ 6]
mice at 6 months old were randomly divided into two
groups, one of which was fasted for 24 h and the other was
fed ad libitum. Both hepatic FoxO1 protein (Fig. 9A) and
mRNA (Fig. 9B) levels were markedly elevated in response
to 24-h fasting. Imae et al. also showed that hepatic FoxO1
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Fia. 5. Hyperinsulinemic/euglycemic clamp studies. A, GIR. B, HGP
rate. Three groups of CD-1 mice (n = 6, mean body weight, 33.7 = 2.5 g)
were mock treated or treated with FoxO1 or LacZ vector. Animals were
cannulated on d 3 after treatment. After 1 d of recovery, animals were
subjected to hyperinsulinemic/euglycemic clamping for the determina-
tion of GIR and HGP as described in Materials and Methods. *, P < 0.01.

mRNA levels were increased in fasted rats (27). To study the
effect of fasting on subcellular redistribution of FoxO1, we
performed immunohistochemistry. FoxO1 was predomi-

Fic. 6. Effect of FoxO1 on hepatic metabolism in
Fox0152534 transgenic mice. Fox0152%3A transgenic D
mice (Foxol-tg, n = 5) at 8 months of age and control
littermates (Ctrl, n = 7) were killed after 16-h fast-
ing. Liver tissues were studied for hepatic fat content
by staining with Oil red O (A and B) and quantifying
hepatic TG content (C). Hepatic protein levels of
SREBP-1c (D) and PGC-1 (E) were quantified by a

semiquantitative immunoblot assay. Quantitative -
data show hepatic abundance of cytosolic SREBP-1c &
proteins because cytosolic and nuclear SREBP-1 lev- o
els were coordinately expressed. *, P < 0.05. Bar, 50 w
pm.
SREBP-1c _,
(cytosolic)
SREBP-1c
(nuclear)
actin —»
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nantly localized in the nuclei of hepatocytes in liver of fasted
mice (Fig. 9, C-E), when compared with mice under non-
fasting conditions (Fig. 9, F-H). Increased FoxO1 expression
along with its skewed nuclear distribution accounts for its
enhanced transcriptional activity, which serves a compen-
satory mechanism for promoting hepatic glucose production
to preserve fasting blood glucose levels within a normal
range.

Discussion

We studied the effect of FoxO1 on hepatic glucose metab-
olism using two independent but complementary ap-
proaches, namely gain vs. loss of function in normal vs.
insulin-resistant liver. We showed that elevated FoxO1 pro-
duction in normal liver by about 2.5-fold, a level that is
normally detected in diabetic liver (26), resulted in a marked
increase in hepatic glucose production in mice. As a result,
FoxO1 vector-treated mice develop a prediabetic phenotype,
as manifested by impaired glucose tolerance and elevated
fasting plasma insulin levels but without significant eleva-
tions in fasting blood glucose levels. These results are con-
sistent with previous data that excessive hepatic glucose
production caused by transgenic PEPCK expression or im-
paired insulin inhibition of hepatic gluconeogenesis in liver-
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specific insulin receptor-knockout mice resulted in glucose
intolerance and hyperinsulinemia (28, 29). Conversely, func-
tional inhibition of FoxO1, caused by hepatic expression of
its dominant-negative variant in insulin-resistant liver, was
shown to suppress excessive gluconeogenesis, contributing
to improved fasting glycemia in diabetic db/db mice. These
results suggest that excessive hepatic FoxO1 activity is as-
sociated with impaired ability of insulin to suppress hepatic
glucose production. Inhibition of FoxO1 activity in insulin-
resistant liver confers a beneficial effect on hepatic metabo-
lism in diabetic mice. In support of this notion, Samuel et al.
(16) showed that targeted FoxO1 inhibition by antisense ap-
proach improved hepatic metabolism and peripheral insulin
action in high-fat diet-induced obesity.

FoxO1 has emerged as a key forkhead transcription factor

Lean Obese

that acts in liver to mediate the inhibitory effect of insulin on
hepatic gluconeogenesis. In response to reduced insulin ac-
tion, hepatically produced FoxO1 resides in the nucleus and
acts as a transcription enhancer to stimulate gluconeogenic
gene expression, accounting for augmented glucose produc-
tion in liver. In the presence of insulin, FoxO1 is phosphor-
ylated, resulting in its nuclear exclusion and inhibition of
hepatic gluconeogenesis. This phosphorylation-dependent
FoxO1 protein trafficking has been viewed as an acute mech-
anism for liver to adjust hepatic gluconeogenic activity in
response to altered insulin action under different physiolog-
ical conditions (12, 30). Although insulin inhibition of FoxO1
activity can be achieved without necessarily altering FoxO1
subcellular redistribution, this inhibition seems to depend on
the ability of FoxO1l to undergo insulin-dependent phos-
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Fic. 8. Effect of FoxO1 loss of function on glucose metabolism in
db/db mice. A, Blood glucose profiles during GTT. B, AUC of blood
glucose profiles during GTT. C, Changes in blood glucose levels in
response to insulin tolerance test. D, Fasting plasma insulin levels.
Data in A and B were obtained on d 4 after vector administration.
Insulin tolerance test was performed on d 5 after vector administra-
tion. For blood glucose levels higher than 500 mg/dl, aliquots of 5-ul
freshly collected tail-vein blood samples were mixed with 5 ul PBS
buffer before blood glucose levels were immediately measured by
glucometer. *, P < 0.05; **, P < 0.001.

phorylation (31, 32). Consistent with this model, we show
that hepatic FoxO1 activity is enhanced, which acts as a
compensatory mechanism for priming the liver to augment
hepatic production in response to prolonged fasting. Inhi-
bition of FoxO1 activity in liver is associated with diminished
ability to undergo hepatic gluconeogenesis, resulting in sig-
nificantly lower fasting blood glucose levels (14).

Recently Nakae et al. (13) showed that transgenic mice
expressing a constitutively active FoxO1 allele develop hy-
perinsulinemia, accompanied by impaired glucose tolerance.
In contrast, FoxO1 haploinsufficiency is shown to rescue
diabetes in IRS2-deficient diabetic mice and prevent the de-
velopment of high-fat diet-induced insulin resistance in C57
BL/6] mice (15). We showed in diabetic db/db mice that
hepatic FoxO1 expression becomes deregulated, culminating
in its increased hepatic production along with skewed sub-
cellular distribution in the nucleus, which is thought to be a
contributing factor for the impaired ability of insulin to reg-
ulate hepatic glucose metabolism (26). Furthermore, hepatic
FoxO1 was significantly increased in Syrian golden hamsters
in response to high-fructose feeding, which correlated with

Qu et al. ® FoxO1 in Hepatic Metabolism

impaired glucose tolerance and the development of hyper-
insulinemia (33). In the present study, we demonstrated that
hepatic FoxO1 expression also became deregulated in high-
fat diet-induced obese mice, coinciding with the onset of
hyperinsulinemia and glucose intolerance. Furthermore, we
showed that mice with elevated hepatic FoxO1 production
exhibited significantly increased fat deposition in liver due
to the induction of PGC-18. Because PGC-18 is a coactivator
of SREBP-1c and is required for SREBP-lc-mediated lipo-
genesis in liver (25), the induction of PGC-18 production
along with increased FAS and ACC expression in liver ac-
counts for augmented hepatic lipogenic activity and in-
creased lipid deposition in FoxO1l vector-treated and
FoxO1%**# transgenic mice. Unlike PGC-18-mediated in-
duction of hepatic lipogenesis that is associated with lipid
accumulation in liver without elevation of plasma TG levels,
both hepatic lipid content and plasma TG levels were in-
creased in FoxO1 vector-treated mice and FoxO1%***# trans-
genic mice (26). These data imply that FoxO1 may also play
a significant role in very low-density lipoprotein-TG secre-
tion. Whereas hepatic insulin signaling plays a pivotal role
in metabolism and whole-body insulin sensitivity, our data
together with others (13, 34) highlight the functional impor-
tance of FoxOl as a target of insulin action in governing
hepatic glucose and lipid metabolism. FoxO1 deregulation in
insulin-resistant liver is a confounding factor for the pathogen-
esis of fasting hyperglycemia and dyslipidemia in diabetes.
Interestingly, recent studies (35, 36) indicated that in ad-
dition to its function in hepatic glucose metabolism, FoxO1
plays a role in promoting insulin sensitivity by up-regulating
hepatic IRS2 expression. These findings seem counterintui-
tive in the sense that FoxO1 overproduction is associated
with impaired hepatic metabolism in a number of animal
models, including high-fat diet-induced obesity, diabetic
db/db mice (14), high-fructose-induced hyperlipidemic
hamsters (37), and FoxO1%°*# transgenic mice (13). Further-
more, hepatic FoxO1 production is up-regulated in response
to prolonged fasting in normal mice. To account for this
apparent paradox of FoxOl function, Matsumoto et al. (38)
used an adenovirus-mediated gene transfer approach to
achieve elevated production of the constitutively active
FoxO1-ADA variant in liver, demonstrating that FoxO1-
ADA augmented hepatic insulin sensitivity via a combined
mechanism by stimulating IRS2 production and increasing
Akt phosphorylation. This latter effect was due to FoxO1-
ADA inhibition of the expression of pseudokinase tribble 3,
a modulator of Akt activity (38). Consistent with our obser-
vation that increased FoxO1 activity was associated with
hepatic fat infiltration, hepatic FoxO1-ADA production was
shown to result in severe steatosis in mice (38). These data
unveil a dual role for FoxO1 in modulating insulin sensitivity
and hepatic lipid metabolism. Nevertheless, the physiolog-
ical significance of this finding remains to be addressed (38).
Regarding the effect of FoxO1 on hepatic lipid metabolism,
Zhang et al. (39) reported that hepatic SREBP-1c mRNA ex-
pression was reduced by 50%, accounting for decreased he-
patic lipogenic activity in transgenic mice expressing a con-
stitutively active FoxO1 allele. In contrast, we detected an
increase in SREBP-1c protein levels in FoxO15%°** transgenic
mice. This discrepancy may be attributable to the differences
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Fia. 9. Hepatic FoxO1 expression in fed and o 0
fasting states. Male C57BL/6J mice (6 months : ! : :
old on regular chow) were fasted for 24 h (n = 3) _ — Nonfasting Fasting
or fed ad libitum (n = 4). Liver tissue was col- Anti-FoxO1 S !.
lected from killed mice for the preparation of
liver protein extracts. Aliquots of 20 ug liver -actin (S p——
proteins were subjected to 4—20% gradient SDS- Anti-actin -
PAGE. Hepatic abundance of FoxO1l (A) was
determined by semiquantitative immunoblot
assay. Hepatic FoxO1 mRNA levels (B) were Nonfasting Fasting
determined by real-time RT-PCR using $-actin
mRNA as control. Hepatic FoxO1 subcellular Anti-FoxO1 Nudlei Merged

distribution in fasting (C-E) and nonfasting
(F-H) states was examined by immunohisto-
chemistry using anti-FoxO1 antibody. Arrows
mark FoxO1-colocalized nuclei (E). Bar, 20 um.
* P < 0.001.

in the experimental settings between these two studies. First,
the FoxO1 transgenic mice used by Zhang et al. expressed the
mouse FoxO1-AAA allele with all three consensus phos-
phorylation sites (T24A, S256A, and S319A) mutated in
FVB/N genetic background, whereas our transgenic mice
expressing the human FoxO1%°** allele containing the
S253A mutation in C57BL/6] background. Second, their
transgenic mice were fed a high-carbohydrate diet contain-
ing 65% sucrose, in comparison with the regular rodent chow
used in our study. Third, Zhang et al. studied the expression
of SREBP-1c 6 h after feeding, when lipogenesis is relatively
higher, in comparison with our experimental conditions in
which SREBP-1 exgression was determined after a 16-h fast.
Lastly, our FoxO1°***# transgenic mice expressed FoxO1 at
levels that were 2- to 3-fold higher than control littermates,
as determined by Western blot analysis (13). This level is
equivalent to hepatic FoxO1 protein levels detected in dia-
betic db/db mice (26). In contrast, only a 50% of increase in
hepatic FoxO1 levels was produced in their transgenic mice,

C
Fasting
F G
Nonfasting

as measured by microarray and quantitative RT-PCR (39).
Because SREBP-1c is not a target of FoxO1, the observed
alterations in hepatic SREBP-1c expression were likely due to
indirect effects of FoxO1 on hepatic metabolism in FoxO1%%**
transgenic mice.

In summary, we show in multiple animal models that
FoxO1 gain of function in liver is associated with augmented
hepatic gluconeogenesis and elevated hepatic fat deposition
at the expense of increased glycogen breakdown. Hepatic
FoxO1 expression becomes deregulated, as characterized by
increased nuclear redistribution in liver with impaired in-
sulin action. In contrast, FoxO1 loss of function helps curb
excessive gluconeogenesis in insulin-resistant liver, confer-
ring significant beneficial effects on fasting glycemia in di-
abetic animals. These data suggest that FoxO1 deregulation
is a confounding factor for impaired hepatic metabolism.
Selective inhibition of FoxO1 activity in insulin-resistant liver
may be explored as a novel mechanism to improve glucose
metabolism in diabetes.
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