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The apolipoprotein apoC-III plays an important role in plasma triglyceride metabolism. It is predom-
inantly produced in liver, and its hepatic expression is inhibited by insulin. To elucidate the inhibitory 
mechanism of insulin in apoC-III expression, we delivered forkhead box O1 (Foxo1) cDNA to hepatocytes 
by adenovirus-mediated gene transfer. Foxo1 stimulated hepatic apoC-III expression and correlated with 
the ability of Foxo1 to bind to its consensus site in the apoC-III promoter. Deletion or mutation of the 
Foxo1 binding site abolished insulin response and Foxo1-mediated stimulation. Likewise, Foxo1 also medi-
ated insulin action on intestinal apoC-III expression in enterocytes. Furthermore, elevated Foxo1 produc-
tion in liver augmented hepatic apoC-III expression, resulting in increased plasma triglyceride levels and 
impaired fat tolerance in mice. Transgenic mice expressing a constitutively active Foxo1 allele exhibited 
hypertriglyceridemia. Moreover, we show that hepatic Foxo1 expression becomes deregulated as a result of 
insulin deficiency or insulin resistance, culminating in significantly elevated Foxo1 production, along with 
its skewed nuclear distribution, in livers of diabetic NOD or db/db mice. While loss of insulin response is 
associated with unrestrained apoC-III production and impaired triglyceride metabolism, these data suggest 
that Foxo1 provides a molecular link between insulin deficiency or resistance and aberrant apoC-III produc-
tion in the pathogenesis of diabetic hypertriglyceridemia.

Introduction
One of the most abundant apolipoproteins in plasma, apoC-III 
is present as an exchangeable moiety between HDL- and triglyc-
eride-rich (TG-rich) particles, such as VLDL and chylomicrons. 
apoC-III functions as an inhibitor of lipoprotein lipase (LPL), a 
key enzyme in the hydrolysis of TG in VLDL and chylomicrons  
(1, 2). At higher concentrations, apoC-III also inhibits hepatic 
lipase activity (3). In addition, increased apoC-III content adversely 
affects apoE-mediated hepatic uptake of TG-rich remnants (4–6). 
Thus, elevated plasma apoC-III levels are associated with impaired 
hydrolysis and retarded clearance of TG-rich particles, resulting 
in the accumulation of VLDL-TG and chylomicrons in plasma 
and the development of hypertriglyceridemia (7, 8). Conversely, 
apoC-III deficiency, caused by genetic disruption of the apoC-III  
gene, is associated with hypotriglyceridemia due to enhanced 
hydrolysis and clearance of TG-rich particles (9–11). Thus, 
apoC-III plays an important role in TG metabolism. apoC-III  
is mainly produced in liver, and its hepatic production is subject 
to insulin inhibition (12, 13), but the underlying molecular basis 
for this inhibition remains elusive.

Forkhead box O1 (Foxo1) is a nuclear transcription factor that 
belongs to a protein family characterized by a highly conserved 
DNA binding motif, termed the forkhead box. Foxo1 is a sub-
strate of Akt/protein kinase B and serum- and glucocorticoid-
inducible kinase (SGK), and it plays an important role in insulin 

signaling (14–18). In the absence of insulin, Foxo1 resides in the 
nucleus, acting as a trans-activator to enhance promoter activity. 
In response to insulin, Foxo1 is phosphorylated in a PI3K-depen-
dent manner, resulting in its nuclear exclusion. There are several 
highly conserved phosphorylation sites in Foxo1, and mutations 
at these phosphorylation sites lead to failure in phosphorylation, 
resulting in constitutive nuclear localization and trans-activation 
of target gene expression (19–21).

To investigate the mechanism underlying the inhibitory effect 
of insulin on apoC-III expression, we studied the role of Foxo1 in 
hepatic apoC-III regulation. We show that Foxo1 is an effective 
mediator of insulin in modulating hepatic apoC-III expression, 
affecting plasma TG metabolism. Adenovirus-mediated Foxo1 
production in hepatocytes augmented hepatic apoC-III expres-
sion, which was counteracted by insulin. Elevated Foxo1 produc-
tion in liver resulted in impaired TG metabolism in mice. Trans-
genic mice expressing a constitutively active Foxo1 allele exhibited 
hypertriglyceridemia. In diabetic NOD and db/db mice, hepatic 
Foxo1 expression became deregulated, as evidenced by elevated 
Foxo1 production along with its increased nuclear localization in 
liver. These results shed light on the mechanism underlying the 
inhibitory effect of insulin on apoC-III expression, suggesting that 
Foxo1 deregulation associated with insulin deficiency or insulin 
resistance plays an important role in linking impaired insulin 
action to aberrant apoC-III production in the pathophysiology of 
diabetic hypertriglyceridemia.

Results
Effects of Foxo1 on hepatic apoC-III expression. Previous studies indicated 
that hepatic apoC-III expression is negatively regulated by insulin 
(12, 13), but the underlying mechanism is unknown. To study the 
molecular mechanism underlying this inhibitory effect of insulin 
on hepatic apoC-III expression, we examined the effect of Foxo1 

Nonstandard abbreviations used: ChIP, chromatin immunoprecipitation; EMSA, 
electrophoretic mobility shift assay; Foxo1, forkhead box O1; GK, glucokinase; IRE, 
insulin response element; LPL, lipoprotein lipase; NON, nonobese nondiabetic; 
PEPCK, phosphoenolpyruvate carboxykinase; SGK, serum- and glucocorticoid-
inducible kinase; TG, triglyceride.

Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: J. Clin. Invest. 114:1493–1503 (2004).  
doi:10.1172/JCI200419992.



research article

1494 The Journal of Clinical Investigation   http://www.jci.org   Volume 114   Number 10   November 2004

on hepatic apoC-III expression in cultured hepatocytes. Using an 
adenovirus-mediated gene delivery system, we transferred the wild- 
type Foxo1 cDNA to cultured rat hepatocytes and determined the 
intracellular apoC-III mRNA levels following 24 hours of Foxo1 
transgene expression. Adenovirus-mediated production of Foxo1 
significantly stimulated endogenous apoC-III expression (Figure 
1A), which correlated with Foxo1 expression in hepatocytes (Figure 
1B). In contrast, the level of apoC-III expression in control vector–
transduced hepatocytes remained unchanged. To demonstrate that 
elevated hepatic apoC-III production in Foxo1 vector–transduced 
hepatocytes is attributable to the specific effect of Foxo1, we deter-
mined the expression level of glucokinase (GK), a glycolytic enzyme 
that is not regulated by Foxo1 (22), following Foxo1 expression in 
hepatocytes. As shown in Figure 1C, Foxo1 production did not affect 
GK expression, as reflected by the lack of changes in the relative level 
of GK mRNA in Foxo1 vector– versus control vector–transduced 
cells. These results demonstrate that Foxo1 stimulates hepatic 
apoC-III expression in cultured primary hepatocytes.

To study whether Foxo1 is an effective mediator of insulin in 
regulating hepatic apoC-III production, we transferred Foxo1 
cDNA into HepG2 cells. Unlike primary hepatocytes, HepG2 cells 
express little Foxo1, so that the effect of Foxo1 on hepatic apoC-III 
expression would have to be ascribed to exogenous Foxo1. Here, 
we studied the endogenous expression level of apoC-III induced 
by Foxo1 transduction in the presence and absence of insulin. 
As shown in Figure 1D, adenovirus-mediated Foxo1 produc-
tion significantly stimulated apoC-III mRNA expression, but the 
stimulatory effect was inhibited by insulin in a concentration-
dependent manner. Insulin appeared to play a dominant role in 
inhibiting apoC-III expression, as the inhibitory effect of insulin 
was detected in the presence of Foxo1. To corroborate this finding, 
we expressed a constitutively active Foxo1 allele, Foxo1-ADA, in 
HepG2 cells. Foxo1-ADA contains 3 amino acid substitutions at 
three conserved phosphorylation sites and is unable to undergo 
insulin-dependent phosphorylation (17). As a result, Foxo1-ADA is 
associated with constitutive trans-activation of target gene expres-

sion (17). Indeed, adenovirus-mediated production of Foxo1-ADA 
resulted in a 3-fold induction of hepatic apoC-III expression in 
HepG2 cells. Unlike its wild-type counterpart, Foxo1-ADA–medi-
ated stimulation was no longer subject to insulin inhibition, as the 
elevated apoC-III mRNA levels in Foxo1-ADA vector–transduced 
cells remained unchanged irrespective of the addition of insulin 
into culture media (Figure 1E).

To elucidate the molecular mechanism of the Foxo1-medi-
ated stimulatory effect on hepatic apoC-III expression, we con-
structed an apoC-III promoter–directed luciferase reporter sys-
tem in plasmid pHD317, in which the firefly luciferase cDNA 
was directed by the human APOC3 promoter (Figure 2A). We 
then transfected pHD317 into HepG2 cells in the presence and 
absence of Foxo1 expression using a β-gal–expressing plasmid 
as an internal standard for the normalization of transfection 
efficiency. In the absence of Foxo1 expression, transfection with 
pHD317 resulted in only basal luciferase expression. However, 
cotransfection with pHD317 and the Foxo1-expressing plasmid 
pCMV5-Foxo1 resulted in a greater than 4-fold induction of 
luciferase activity (Figure 2B). To confirm that this stimulatory 
effect on luciferase reporter expression was via a Foxo1-depen-
dent mechanism, we determined the luciferase expression level 
following coexpression of Foxo1 and its dominant-negative 
mutant Foxo1-Δ256. Foxo1-Δ256, containing only the amino 
DNA binding domain of Foxo1, binds to Foxo1-target promot-
ers in a competitive manner and interferes with Foxo1 function 
in a dominant-negative manner (17, 22). Consistent with its role, 
Foxo1-Δ256 was shown to counteract the effect of Foxo1 and 
reduce the luciferase reporter expression to basal levels (Figure 
2B). These results suggest that Foxo1 might act directly on the 
APOC3 promoter in stimulating hepatic apoC-III production.

Characterization of Foxo1 -target site in the human APOC3 promoter. 
To characterize the Foxo1-target site in the APOC3 promoter, we 
constructed different versions of the human APOC3 promoter by 
progressively deleting portions of its upstream region. As shown in 
Figure 2C, the resulting mutant APOC3 promoters were subcloned 
into the luciferase reporter system, and the transcriptional activity 
of each mutant promoter in response to Foxo1 production was test-
ed in HepG2 cells. As shown in Figure 2D, deletions up to –498 nt in 
the APOC3 promoter produced little effect on the responsiveness of 
the mutant promoters to Foxo1 production, as the transcriptional 
activity of the mutant promoters was induced to approximately the 
same level as that of their wild-type counterparts. However, further 
deletion up to –403 nt in the promoter completely abolished the 

Figure 1
Effects of Foxo1 on hepatic apoC-III expression. Rat primary 
hepatocytes were transduced with Foxo1 or LacZ vector at an MOI 
of 50 PFU/cell or mock-transduced with PBS. After 24 hours of 
transduction, the intracellular levels of apoC-III (A), Foxo1 (B), and 
GK (C) mRNA were determined by real-time RT-PCR using β-actin 
mRNA as control. The effect of Foxo1 on hepatic apoC-III expres-
sion in response to insulin was assayed in HepG2 cells. Cells were 
transduced with Foxo1, Foxo1-ADA, or control LacZ vector (50 PFU/
cell) in the absence or presence of insulin at different concentrations. 
Twenty-four hours after transduction, cells were collected for determi-
nation of the intracellular levels of apoC-III mRNA induced by Foxo1 
(D) and Foxo1-ADA (E). *P < 0.05, **P < 0.005; significantly different 
from controls. NS, not significant by ANOVA. Data were from 3 inde-
pendent experiments.
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responsiveness of the mutant promoter to Foxo1 induction, as evi-
denced by the lack of changes in the transcriptional activity of the 
mutant promoter in the presence and absence of Foxo1 production 
in cells. Thus, the Foxo1 target site was confined within a small 
nucleotide region between –498 and –403 in the human APOC3 
promoter. Consistent with this observation, this DNA region con-
tains a putative insulin response element (IRE). To confirm this 
finding, we generated 2 mutant promoter variants, one of which 
contained a small deletion (–498 to –403) and the other harbored 
2 nucleotide substitutions (–A458C and –A460G) within the IRE 
DNA. The resulting mutant promoters were tested in HepG2 cells 
for their abilities to respond to Foxo1 induction using the luciferase 
reporter assay system. As shown in Figure 2D, both deletion and 
alterations of the IRE DNA sequence abrogated the responsiveness 

of the mutant promoters to Foxo1, as the transcriptional activity of 
the APOC3 promoter variants remained unchanged in the presence 
and absence of Foxo1 production in cells.

To address whether the resulting promoter variants are associated 
with the loss of insulin responsiveness, we transfected pHD322 and 
pHD334 together with the Foxo1-expressing plasmid pCMV5-Foxo1 
to HepG2 cells in the presence and absence of insulin in culture 
media, followed by the determination of luciferase activity in the cells 
after 24 hours of incubation. As shown in Figure 2E, the intracellular 
level of luciferase activity remained at basal levels regardless of the 
presence or absence of insulin. As a positive control, cotransfection of 
HepG2 cells with both pHD317 and pCMV5-Foxo1 plasmids result-
ed in about a 4-fold induction of luciferase activity, which was sup-
pressed to a basal level by the addition of insulin into culture media.

Figure 2
Effects of Foxo1 on the human APOC3 promoter activity. (A) The APOC-III promoter–directed luciferase reporter system. The wild-type and 
mutant IRE sequences are underlined. (B) Foxo1-mediated induction of the APOC3 promoter activity. HepG2 cells were transfected by pHD317 
together with Foxo1 construct, or with both Foxo1 and Foxo1-Δ256 constructs. For each construct, 1 μg of DNA for each construct was used in 
transfection. For normalization of transfection efficiency, 1 μg pCMV5-LacZ DNA was included for normalization of transfection efficiency. (C) 
The APOC3 promoter variants in the luciferase reporter system. (D) Responses of APOC3 promoter variants to Foxo1 production. HepG2 cells 
were transfected with individual test plasmids in the absence (–) or presence (+) of pCMV5-Foxo1. The relative luciferase activity, after normal-
izing to β-gal activity, was compared between basal (–) and Foxo1-inducible (+) conditions. (E) Responses of wild-type and mutant APOC3 
promoters to insulin. Test plasmids were transduced into HepG2 cells in the presence and absence of pCMV5-Foxo1 transfection in culture 
media, either supplemented with or without insulin (30 nM). The relative luciferase activity in transduced cells was determined using β-gal 
activity as control. *P < 0.001 vs. controls.
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To study the molecular interaction between Foxo1 and the APOC3 
promoter, we produced Foxo1 protein from a coupled in vitro tran-
scription-translation system using pHD334, in which Foxo1 cDNA 
is under the control of the T7 promoter. After verification of Foxo1 
by immunoblot analysis using anti-Foxo1 antibody, aliquots of the 
translation products were applied in an electrophoretic mobility 
shift assay (EMSA) using a radioactively labeled DNA probe from 
the APOC3 IRE (27 bp). As shown in Figure 3A, migration of this 
DNA fragment was retarded in the presence of Foxo1, resulting 
in a shifted DNA band. Inclusion of anti-Foxo1 antibody in the 
reaction mixture resulted in a supershifted DNA band, suggesting 
that this shifted DNA band is specific for Foxo1. In response to the 
addition of 50 M excess of nonlabeled cognate DNA to the reac-
tion mixture, both DNA retardation and supershift were abolished. 
As a positive control, a previously characterized IRE DNA (28 bp) 
from phosphoenolpyruvate carboxykinase (PEPCK) promoter was 
applied to EMSA (23), and similar results were produced (Figure 
3B). As a negative control, the mutant APOC3 IRE containing 2 

nucleotide substitutions (Figure 2A) was 
applied to EMSA and no DNA retardation was 
detected in the presence of Foxo1, correlating 
with the inability of the mutant APOC3 pro-
moter to respond to Foxo1 stimulation (Fig-
ure 2D). Using a similar assay, we and others 
have previously shown that Foxo1 is capable 
of binding to DNA fragments corresponding 
to the IRE sequences that are present in the 
promoter of Foxo1-targeted genes, including 
insulin-like growth factor binding protein 1 
(IGFBP-1), PEPCK, and glucose-6-phosphatase 
(G6Pase) (18, 22, 24, 25).

To correlate this finding with the abil-
ity of Foxo1 to bind the APOC3 promoter 
in living cells, we performed chromatin 
immunoprecipitation (ChIP) on Foxo1-express-
ing HepG2 cells. The rationale is that if Foxo1 
binds to the APOC3 promoter, then the result-
ing interaction between Foxo1 and the APOC3 
promoter DNA should be detectable through 
immunoprecipitation of the DNA-protein com-
plex using anti-Foxo1 antibody. HepG2 cells 
transduced with Foxo1 vector were divided into 
3 aliquots and, which were subjected to ChIP 
analysis using rabbit anti-Foxo1 antibody, con-
trol IgG, or PBS buffer (as a negative control), 
respectively. The resulting immunoprecipitates 
were studied by immunoblot and PCR analy-
ses. As expected, Foxo1 was detected only in the 
products that were immunoprecipitated with 
anti-Foxo1 antibody, not with control IgG or 
PBS (Figure 3C). Furthermore, a small DNA 
fragment (676 bp) corresponding to the proxi-
mal region (–675/+1) of the APOC3 promoter 
was detected in the immunoprecipitates by 
anti-Foxo1 antibody, as analyzed by PCR (Fig-
ure 3D). In contrast, no DNA products were 
amplified in control immunoprecipitates by 
the same PCR assay. These results demonstrate 
a direct protein-DNA interaction between 
Foxo1 and the APOC3 promoter in cells.

Effects of Foxo1 on apoC-III and TG metabolism in vivo. To examine 
the effect of Foxo1 on hepatic apoC-III production and plasma TG 
metabolism in vivo, we transferred Foxo1 cDNA into liver of mice. 
CD-1 mice at 12 weeks of age were stratified by body weight and 
randomly assigned to 1 of 3 groups to receive intravenous injections 
of 1.5 × 1011 PFU/kg of Foxo1 vector, LacZ vector, or vector buf-
fer, respectively, as described (22). This approach has been shown to 
result in transduction of hepatocytes predominantly in liver, with 
little transduction in extrahepatic tissues (26). Animals treated with 
Foxo1 vector exhibited significantly elevated fasting plasma TG lev-
els 2 days after vector administration (Figure 4A). In contrast, fast-
ing plasma TG levels in control vector–treated animals remained 
unchanged. To assess their relative abilities to tolerate fat, we chal-
lenged the mice with an oral bolus of olive oil, followed by the deter-
mination of plasma TG profiles. As shown in Figure 4B, plasma 
TG concentrations in the Foxo1 group were markedly elevated and 
remained at a significantly higher level even after 3 hours of olive oil 
administration (380 ± 25 mg/dl vs. 110 ± 8 mg/dl in mock-treated 

Figure 3
Molecular interaction between Foxo1 and the APOC3 promoter. Molecular association 
between Foxo1 and the APOC3 promoter was analyzed by EMSA and ChIP. Aliquots of 
Foxo1 protein from linked in vitro transcription-translation products (5 μg) were incubat-
ed with 2.5 μl of radioactively labeled DNA corresponding to –467/–440 nt in the human 
APOC3 promoter (WT-IRE) (A), a mutant APOC3 IRE (mt-IRE) containing 2 substitutions, 
of –A458C and –A460G, and a control PEPCK IRE DNA (B), followed by electrophoresis 
through 8% nondenaturing polyacrylamide gels for 30 minutes. Lane 1, DNA probe alone. 
Lane 2, DNA probe + Foxo1 protein lysates. Lane 3, DNA probe + Foxo1 protein lysates + 
anti-Foxo1 antibody (1 μg). Lane 4, DNA probe + Foxo1 protein lysates + nonlabeled com-
petitor DNA at a molar concentration of 50-fold excess. Free, shifted, and supershifted DNA 
bands were visualized by autoradiography. For ChIP assay, HepG2 cells were transduced 
with Foxo1 vector at an MOI of 50 PFU/cell. Cells were harvested 24 hours later and sub-
jected to ChIP using PBS as a negative control (lane 5), control IgG (lane 6), and anti-Foxo1 
antibody (lane 7). The coimmunoprecipitated chromatin DNA was analyzed by immunoblot 
(C) using anti-Foxo1 antibody and PCR (D) using the primers that correspond to –655/–20 
nt of the APOC3 promoter.
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control mice; P < 0.05 by ANOVA). In contrast, plasma TG excursion 
in control vector–treated animals was not significantly different 
from that in mock-treated controls. In addition, we determined the 
relative levels of plasma apoC-III by semi-quantitative immunoblot 
analysis. Consistent with elevated plasma TG levels in Foxo1 vec-
tor–treated mice, elevated Foxo1 production was associated with 
significantly increased plasma apoC-III levels (Figure 4C).

The effect of hepatic Foxo1 production on plasma TG metabo-
lism was further illustrated following fractionation of plasma lipo-
proteins by gel filtration chromatography. As shown in Figure 4D, 
in accordance with their elevated fasting plasma TG levels, Foxo1 
vector–treated mice displayed significantly increased VLDL-TG 
profile compared with control mice. However, the fractional con-
centrations of TG and cholesterol in HDL and LDL/IDL peaks in 
Foxo1 vector–treated mice were not significantly different from 
those of controls (Figure 4F). To study the effect of hepatic Foxo1 
production on plasma LPL activity, we heparinized the animals 
by intravenous injection of heparin and took sample aliquots of 
tail vein blood to test the level of LPL activity. As shown in Fig-

ure 4E, no significant differences were detected among different 
groups of animals, indicating that the observed increase in plas-
ma VLDL-TG levels in Foxo1 vector–treated mice was not due to 
reduced systemic LPL levels. When total plasma cholesterol levels 
were determined, relatively higher cholesterol levels were detected 
in Foxo1 vector–treated-treated mice. However, the differences 
in total plasma cholesterol levels between Foxo1 vector–treated  
(201 ± 14 mg/dl) and control mice (178 ± 22 mg/dl in mock-treat-
ed or 199 ± 28 mg/dl in LacZ vector–treated group) did not reach 
statistical significance (P > 0.05 by ANOVA).

To correlate the changes in plasma TG metabolism with the alter-
ations in hepatic apoC-III production, we sacrificed animals after 
1 week of hepatic Foxo1 production and determined the relative 
Foxo1 and apoC-III mRNA levels by real-time RT-PCR using β-actin 
mRNA as a control. As shown in Figure 5A, hepatic apoC-III mRNA 
expression was significantly increased in response to Foxo1 produc-
tion in liver, which correlated with increased plasma apoC-III levels 
(Figure 4C) and elevated hepatic Foxo1 expression in Foxo1 vec-
tor–treated mice (Figure 5B). In addition, we studied the expression 
of apoA-1 and apoA-IV in response to hepatic Foxo1 production. 
These 2 apolipoprotein genes are clustered along with the apoC-III 
gene at the same locus on chromosome 11q23 (27). apoA-1 is main-
ly produced in liver and present as an exchangeable moiety of HDL 
and TG-rich particles, whereas apoA-IV is predominantly expressed 
in intestine and to a lesser extent in liver (28). In response to hepatic 
Foxo1 production, hepatic apoA-1 expression was reduced (Figure 
5C), whereas the expression level of apoA-IV remained unchanged 
(Figure 5D). Whether this observed reduction of hepatic apoA-I 
expression is due to the effect of Foxo1 or secondary to altered TG 
metabolism remains to be determined. In addition, we determined 
the body weight of mice before and 1 week after hepatic Foxo1 
cDNA delivery. No significant differences in body weight changes 
were detected among different groups of mice.

Plasma TG metabolism in Foxo1S253A transgenic mice. Foxo1S253A trans-
genic mice bear a constitutive Foxo1 mutant allele under the control 
of the transthyretin promoter and express Foxo1S253A mainly in liver 
(29). To study the effect of hepatic Foxo1S253A transgene expression 
on TG metabolism, we determined plasma TG levels in Foxo1S253A 
transgenic mice. Compared with wild-type control littermates, 

Figure 4
Effect of Foxo1 on hepatic apoC-III and plasma TG metabolism in vivo. 
CD-1 mice (12 weeks old) were stratified by body weight to ensure a 
similar mean body weight per group (31 ± 1.4 g, n = 6). The groups 
were Foxo1 vector–treated, LacZ vector–treated, or mock-treated.  
(A) Fasting plasma TG levels. Fasting plasma TG levels were deter-
mined on day 3 of hepatic Foxo1 production following an overnight 
fast. (B) Fat tolerance test. Plasma TG profiles in response to an oral 
bolus of olive oil were determined on day 4 after vector administration.  
(C) Plasma apoC-III levels. Mice were sacrificed after 1 week of hepatic 
Foxo1 production. Blood samples were collected for determination of 
the relative plasma apoC-III levels using a semi-quantitative immunoblot 
assay. A typical immunoblot is shown at the bottom of the panel. (D) TG 
levels in VLDL, LDL/IDL, and HDL fractions. Plasma (400 μl) pooled 
from individual mice at day 7 after vector administration was subject-
ed to gel filtration column chromatography. Fifty fractions (200 μl per 
fraction) were eluted for determination of TG and cholesterol levels.  
(E) Plasma LPL activity. Post-heparin sera were obtained from individual 
mice on day 5 after vector administration and used for the determination 
of plasma LPL activity. (F) Cholesterol levels in VLDL, LDL/IDL, and 
HDL fractions, as described in D. *P < 0.05 by ANOVA.
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Foxo1S253A transgenic mice exhibited significantly elevated plasma 
TG levels (Figure 6A), correlating with their relatively higher plasma 
apoC-III levels (Figure 6B). To investigate the impact of transgenic 
Foxo1S253A expression on postprandial TG metabolism, plasma TG 
profiles were determined in response to an oral bolus of olive oil 
(Figure 6C). Plasma TG levels in Foxo1S253A transgenic mice were 
markedly elevated (196 ± 28 mg/dl vs. 103 ± 9 mg/dl in control 
mice, P < 0.01) 2 hours after olive oil administration and remained 
at a relatively higher level (153 ± 38 mg/dl vs. 75 ± 7 mg/dl in con-
trol mice, P < 0.01) even after 4 hours after fat tolerance. In con-
trast, plasma TG levels in control littermates were only moderately 
raised in response to the same bolus of olive oil and returned to 
normal levels within 4 hours. To determine whether the impaired 
postprandial TG excursion was due to reduced plasma LPL activ-
ity, we subjected aliquots of tail vein blood from heparinized mice 
to an LPL activity assay. As shown in Figure 6D, relatively higher 
levels of plasma LPL activity were detected in Foxo1S253A transgenic 
mice compared with control littermates, but the difference between 
these 2 groups was statistically insignificant. When total plasma 
cholesterol levels were measured, Foxo1S253A transgenic mice exhib-
ited significantly higher plasma cholesterol levels (136 ± 7 mg/dl vs.  
109 ± 5 mg/dl in wild-type control littermates, P < 0.05 by ANOVA).

To study the effect of Foxo1 transgenic expression on VLDL-TG 
metabolism, we used gel filtration chromatography to study plas-
ma pooled from Foxo1S253A transgenic mice or control littermates. 
Similar to adenovirus-mediated Foxo1 production, Foxo1 trans-
genic expression also significantly elevated plasma VLDL-TG lev-
els (Figure 6E). In contrast to the acute effect of adenovirus-medi-
ated Foxo1 production on cholesterol metabolism, chronic Foxo1 

production was associated with increased HDL cholesterol levels 
(Figure 6F), which accounted for relatively higher plasma choles-
terol levels in Foxo1S253A transgenic mice.

Hepatic Foxo1 and apoC-III expression in diabetic mice. To study the 
physiological significance of Foxo1-mediated regulation of hepatic 
apoC-III expression, we determined hepatic Foxo1 levels in correla-
tion with apoC-III expression in livers of type 1 and type 2 diabetic 
mice. These studies involved the use of diabetic NOD and db/db 
mice, and their respective nonobese nondiabetic (NON) and db/+ 
control animals. NOD mice are the commonly used genetic model 
of type 1 diabetes with spontaneous onset of diabetes by 12 weeks 
of age. Here, 1 group of severely diabetic NOD mice (average blood 
glucose levels, 554 ± 18 mg/dl, n = 6) and 1 group of age-matched 
NON mice (122 ± 12 mg/dl, n = 6) were used. In addition, 1 group 
of diabetic db/db mice (>600 mg/dl, n = 6) and 1 group of their 
heterozygous littermates (93 ± 8 mg/dl, n = 6) were also used. Using 
real-time RT-PCR, we determined the hepatic expression levels of 
Foxo1 and apoC-III mRNA in livers of diabetic NOD and db/db  
mice and their respective control animals. We detected in liver 
of both diabetic NOD and db/db mice, compared with controls, 
a significant increase in hepatic Foxo1 abundance, along with a 
concomitant elevation in hepatic apoC-III expression (Figure 7, A 
and B). Consistent with these observations, plasma apoC-III and 
TG levels were markedly elevated in db/db mice compared with 
littermate controls (Figure 7, C and D).

To study the potential alteration in Foxo1 subcellular distribution 
as a result of insulin deficiency or insulin insufficiency, we examined 
the localization of Foxo1 in livers of diabetic NOD and db/db mice 
by immunohistochemistry using anti-Foxo1 antibody. As shown 
in Figure 8, Foxo1 was immunostained mainly in the cytoplasm of 
liver cells in nondiabetic mice. In contrast, positive immunostaining 
was detected predominantly in the nucleus in liver of diabetic NOD 
and db/db mice. These results are consistent with our previous stud-
ies, in which we subjected protein extracts of the nuclear and cyto-
plasmic fractions of hepatocytes isolated from diabetic db/db and 
lean littermates to semi-quantitative immunoblot analysis (22). In 
that study, we found a quantitative (>3-fold) redistribution of Foxo1 
from its cytoplasmic to nuclear location as the liver undergoes a 
shift from normal to insulin-resistant states (22).

Intestinal Foxo1 and apoC-III expression. In addition to its hepatic 
expression, apoC-III is expressed in intestine. However, little is 
known about its regulation in response to insulin. Given the fact 
that intestine is an insulin- sensitive organ, intestinal apoC-III 
might be governed by insulin in a Foxo1-dependent mechanism. 
To test this hypothesis, we delivered Foxo1 cDNA to the human 
intestinal Caco-2 cells and determined the level of apoC-III 
mRNA expression in the absence and presence of insulin at dif-
ferent concentrations in culture media. As shown in Figure 9A, 
adenovirus-mediated Foxo1 production significantly increased 
intestinal apoC-III expression in the absence of insulin. In the 

Figure 5
Hepatic mRNA abundance in Foxo1 vector–treated mice. Total hepat-
ic RNA was prepared for the determination of hepatic mRNA levels 
of apoC-III (A), Foxo1 (B), apoA-1 (C), and apoA-IV (D) using real-
time RT-PCR. Hepatic protein extracts were prepared for immunoblot 
analysis of Foxo1 protein levels in Foxo1 vector– vs. control vector–
treated mice using β-tubulin as control, as shown at the bottom of B. 
Values shown in the y axes are normalized to mock-treated controls. 
*P < 0.05 by ANOVA; **P < 0.001 by ANOVA.
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presence of insulin, Foxo1-mediated stimulation of apoC-III 
expression in Caco-2 cells was suppressed in an insulin concen-
tration–dependent manner.

To corroborate these results, we examined the potential interaction 
between Foxo1 protein and APOC3 promoter in Caco-2 cells. Caco-2 
cells were transduced by Foxo1 vector. After 24 hours of transduction, 
cells were subjected to ChIP analysis using anti-Foxo1 antibody or 
control IgG, or they were mock-treated identically following the ChIP 
protocol. As shown in Figure 9B, Foxo1 protein was detected in the 
products that were immunoprecipitated by anti-Foxo1 antibody, but 
not in control IgG- or mock-immunoprecipitated products. When 
analyzed by PCR, a specific DNA fragment (675 bp) correspond-
ing to the nucleotide region (–675/+1) of the APOC3 promoter was 
amplified from the DNA products that were coimmunoprecipitated 

by anti-Foxo1 antibody (Figure 9C). In contrast, no specific DNA was 
produced from control IgG or mock-immunoprecipitated products 
in the same PCR assay. Thus, similar to its action in hepatocytes, 
Foxo1 appeared to associate with the APOC3 promoter in stimulat-
ing apoC-III expression in enterocytes.

To address the physiological significance of these findings, we 
studied intestinal Foxo1 production in correlation with apoC-III 
expression in intestine. Total RNA from intestine and liver of nor-
mal C56BL/6J mice (12 weeks old) was prepared and subjected to 
RT-PCR analysis. As shown in Figure 9D, Foxo1 was expressed in 
both liver and intestine, but its intestinal expression level in intes-
tine was significantly lower than it was in liver. Likewise, a similar 
expression pattern was detected for apoC-III expression, with the 
liver being a major source of apoC-III production, which was con-
sistent with the data in the literature (30).

To study the alterations in intestinal apoC-III expression in 
response to insulin deficiency or insulin resistance, we determined 
the expression level of apoC-III mRNA relative to that of β-actin 
mRNA in intestine of diabetic NOD and db/db mice and then com-
pared it to that in NON and db/+ controls, respectively. As shown 
in Figure 9E, the relative apoC-III mRNA abundance in intestine of 
both NOD and db/db mice was significantly increased, in compari-
son with nondiabetic controls. To study whether Foxo1 contributes  

Figure 6
Plasma TG metabolism in Foxo1 transgenic mice (4 months old). 
Foxo1S253A transgenic mice (n = 8) and control littermates (n = 8) were 
studied for fasting plasma TG levels (A), plasma apoC-III levels (B), 
plasma TG profiles in response to fat tolerance test (C), and plasma 
LPL activity (D). Sera (500 μl) pooled from individual mice were frac-
tionated by fast-performance liquid chromatography through 2 con-
secutive Tricorn High-Performance Superose S-6 10/300GL Columns 
and 70 fractions (400 μl per fraction) were collected and assayed for 
TG (E) and cholesterol levels (F). *P < 0.01 by ANOVA.

Figure 7
Foxo1 and apoC-III expression in livers of NOD and db/db mice. Dia-
betic NOD (18-week-old) and db/db (6-month-old) mice, together with 
their respective NON and db/+ controls, were killed. Foxo1 (A) and 
apoC-III (B) mRNA in liver were determined by real-time RT-PCR 
using β-actin mRNA as control. The relative levels of plasma TG (C) 
and apoC-III (D) were determined in diabetic and control mice. Data in 
A, B, and D are plotted as relative values after normalization to con-
trols. *P < 0.05 by ANOVA (n = 6); **P < 0.001 by ANOVA.
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to elevated apoC-III expression in intestine of diabetic NOD and 
db/db mice, we determined intestinal Foxo1 mRNA abundance 
relative to that of β-actin mRNA. In comparison with nondiabetic 
controls, intestinal Foxo1 expression was significantly increased in 
insulin-deficient and insulin-resistant animals (Figure 9F). These 
results indicate that insulin deficiency and insulin insufficiency 
are invariably associated with elevated Foxo1 production in intes-
tine, which might act as a contributing factor for increased intesti-
nal apoC-III expression in diabetic NOD and db/db mice.

Discussion
We have characterized the molecular mechanism underlying the 
inhibitory effect of insulin on apoC-III production. We have shown 
that in cultured hepatocytes, Foxo1 stimulated hepatic apoC-III 
expression, an effect that was counteracted by insulin and corre-
lated with the characteristic property of Foxo1 to undergo insu-
lin-dependent phosphorylation and nuclear exclusion (16, 31). 
Foxo1-ADA also stimulated hepatic apoC-III expression, but its 
stimulatory effect was indifferent to insulin inhibition, coinciding 
with the inability of insulin to induce Foxo1-ADA phosphorylation 
(17, 29). These results suggest that Foxo1, known as a mediator of 
insulin in governing gluconeogenesis in liver (24, 29), also function-
ally modulates hepatic apoC-III production in response to insulin.

Consistent with this interpretation, we show that a sequence  
(–498/–403) in the APOC3 promoter was able to associate with 
Foxo1. This region contains a consensus IRE, which has been impli-
cated in mediating the inhibitory effect of insulin on apoC-III pro-

duction (13). But to our knowledge, this putative IRE has 
not been shown to correlate with the ability of the APOC3 
promoter to confer insulin responsiveness onto hepatic 
apoC-III expression. We show that deletion or site-directed 
mutagenesis of this IRE sequence rendered the mutant 
APOC3 promoter unresponsive to Foxo1 induction and 
insulin inhibition. These data provide evidence that the 
APOC3 promoter is a Foxo1 target, suggesting that this IRE 
regulates APOC3 promoter activity in response to insulin.

In keeping with the effect of Foxo1 on apoC-III expres-
sion in vitro, elevated Foxo1 production in liver was shown 
to enhance hepatic apoC-III expression and perturb plasma 
TG metabolism in mice. Mice with elevated hepatic Foxo1 
production exhibited relatively higher fasting plasma 
VLDL-TG levels, accompanied by significantly impaired fat 
tolerance. Furthermore, Foxo1S253A transgenic mice devel-
oped hypertriglyceridemia, as manifested by their signifi-
cantly elevated plasma apoC-III and VLDL-TG levels and 
impaired fat tolerance. These physiological data provide in 
vivo evidence that Foxo1 exerts a profound effect on plas-
ma TG metabolism. A gain-of-function of Foxo1, caused 
by adenovirus-mediated hepatic production of Foxo1 or 
transgenic expression of its constitutively active mutant in 
liver, is associated with enhanced hepatic apoC-III produc-
tion and abnormal plasma TG metabolism in mice.

In addition to its hepatic production, apoC-III is pro-
duced in intestine at a relatively lower level (30). However, 
considerably less is known about the regulation of intes-
tinal apoC-III expression in response to insulin. Here we 
demonstrate in cultured enterocytes that Foxo1 stimulates 
intestinal apoC-III expression. Its stimulatory effect was 
inhibited by insulin in a dose-dependent manner, which 
correlated with the ability of Foxo1 to bind to the intesti-

nal APOC3 promoter in Caco-2 cells. Thus, similarly to its hepatic 
expression of apoC-III, intestinal apoC-III production is negatively 
regulated by insulin via a Foxo1-dependent mechanism.

What is the physiological significance of Foxo1-mediated regula-
tion of apoC-III expression? While apoC-III production is mark-
edly elevated, accounting for impaired TG metabolism in poorly 
controlled subjects with both type 1 and type 2 diabetes (12, 32), 
the underlying pathophysiology is different. The former is due to 
the lack of insulin action to phosphorylate Foxo1, whereas the lat-
ter is caused by impaired insulin action to phosphorylate Foxo1 
due to insulin resistance. Thus, despite the apparent difference in 
etiology, type 1 and type 2 diabetes share a common pathogenic 
feature of Foxo1 deregulation. Consistent with this interpretation, 
we show that the production of Foxo1 was significantly elevated, 
accompanied by its increased nuclear localization in hepatocytes 
in insulin- deficient and insulin-resistant mice. Likewise, Foxo1 
expression in intestine also became deregulated, which correlated 
with increased intestinal apoC-III production in diabetic NOD 
and db/db mice. Our data are consistent with the notion that loss 
of insulin responsiveness in hepatic apoC-III expression is associ-
ated with hepatic apoC-III overproduction, which underlies the 
close relationship between insulin deficiency or resistance and the 
development of hypertriglyceridemia (13, 33).

Recently, Imae et al. (34) reported that hepatic Foxo1 expres-
sion and nuclear distribution were significantly elevated in liver 
in normal rats in response to prolonged fasting. Thus, in addi-
tion to its regulation at the level of transcription, the trans-activa-

Figure 8
Immunohistochemistry. Liver tissues of diabetic NOD, db/db, and control mice 
were used for immunofluorescent labeling with rabbit anti-Foxo1 antibody 
(1:400 dilution). Foxo1 was immunostained green using donkey anti-rabbit IgG 
conjugated with FITC (1:200 dilution) (A, D, G, and J). Nuclei of hepatocytes 
were stained blue with DAPI (B, E, H, and K). Merged images are shown in C, 
F, I, and L. Scale bar: 200 μm.
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tion activity of Foxo1 is regulated at the post-translational level 
by altering its subcellular redistribution under physiological and 
pathophysiological conditions. A significant increase in Foxo1 
production, accompanied by its skewed subcellular distribution 
in the nucleus, accounts for its enhanced trans-activation activity 
in stimulating hepatic and intestinal apoC-III production, result-
ing in impaired plasma TG metabolism in type 1 and type 2 diabe-
tes. This raises the possibility that Foxo1 acts as a molecular link 
between the loss of insulin inhibition of apoC-III production and 
the development of hypertriglyceridemia in diabetes.

In summary, we have shown that Foxo1 is an effective media-
tor of insulin signaling in modulating both hepatic and intestinal 
apoC-III expression. Under insulin-deficient and insulin-resis-
tant conditions, Foxo1 expression in liver and intestine becomes 
deregulated, contributing to the increased apoC-III production 
and impaired plasma TG metabolism associated with diabetes. 
Selective inhibition of Foxo1 function is predicted to inhibit its 
transcriptional activity and suppress unrestrained apoC-III pro-
duction in liver, which will ameliorate diabetic dyslipidemia.

Methods
Cell culture and adenovirus-mediated transduction. HepG2 and Caco-2 cells were 
purchased from American Type Culture Collection (ATCC) and rat primary 
hepatocytes were obtained from Cambrex Corp. Cells were cultured in Vita-

cell culture media (ATCC) as described (22). To transduce cells, we added to 
the cell culture 100 μl of adenoviral vectors at a defined multiplicity of infec-
tion (MOI). After 24 hours of incubation, cells were collected for analysis. The 
adenoviral vectors used were as follows; Ad-CMV-Foxo1 expressing wild-type 
Foxo1 (titer, 1.2 × 1011 PFU/ml), Ad-CMV-Foxo1-ADA expressing a constitu-
tively active Foxo1 allele (8.8 × 1010 PFU/ml), Ad-CMV-Foxo1-Δ256 expressing 
a dominant-negative Foxo1 mutant (1.6 × 1011 PFU/ml), and Ad-RSV-LacZ 
expressing the control LacZ gene (1.9 × 1011 PFU/ml). All adenoviral vectors 
were produced in HEK293 cells and purified as described (22).

RNA isolation and real-time RT-PCR. RNA preparation from cells or tissue and 
real-time RT-PCR for quantifying mRNA concentrations have been described 
(22). The primers for human APOC3 are 5′-ATGCACTGAGCAGCG-3′ (hAPOC3 
cDNA 134–148 nt) and 5′-ACGGCTGAAGTTGGT-3′ (hAPOC3 cDNA,  
276–290 nt). Mouse apoC-III primers are 5′-CAGCCCCGGACGCTCCTCAC-
3′ (apoc3 cDNA, 4–23 nt) and 5′-CGACTCAATAGCTGGAGTTG-3′ (apoc3 
cDNA, 278–297 nt). Mouse apoa1 primers are 5′-GCTTGGCACGTATGGCAG-
CA-3′ (apoa1 cDNA, 52–71 nt) and 5′-TCTCCAGGTTATCCCAGAAG-3′ (apoa1 
cDNA, 279–298 nt). Mouse apoA-IV primers are 5′-TTCCTGAAGGCTGCG-
GTGCT-3′ (apoa4 cDNA, 4–23 nt) and 5′-CAGCTGTACGACAAAGGGCA-3′ 
(apoa4 cDNA, 239–258 nt). Primers for real-time RT-PCR for Foxo1, GK, and 
β-actin mRNA have been described (22). All primers were obtained commer-
cially from Integrated DNA Technologies.

EMSA. Electrophoretic mobility shift assay (EMSA) was used to study 
Foxo1 and DNA interaction. Foxo1 protein was prepared from a linked 

Figure 9
Effects of Foxo1 on intestinal apoC-III expression. (A) Foxo1-dependent regulation of apoC-III expression in Caco-2 cells. Cells were transduced 
with Foxo1 vector (MOI, 500 PFU/cell) in the absence and presence of insulin at indicated concentrations. After 24 hours, cells were harvested 
for the determination of endogenous apoC-III mRNA expression by real- time RT-PCR. The products of real-time RT-PCR were analyzed on 
0.7% agarose gels and visualized under UV lights after ethidium bromide staining (below A). (B) Immunoblot. Foxo1 vector–transduced Caco-2 
cells were subjected to ChIP analysis using anti-Foxo1 antibody, control sheep IgG, or PBS. Immunoprecipitates were studied by immunoblot 
analysis. (C) PCR analysis of coimmunoprecipitated DNA by ChIP. (D) Foxo1 and apoC-III expression in liver versus intestine. RNA (1 μg) 
isolated from liver or intestine of lean C57BL/6J mice (n = 3) was analyzed by RT-PCR for Foxo1, apoC-III, and β-actin mRNA abundance.  
RT-PCR products were resolved on a 0.7% agarose gel and visualized under UV -light after staining with ethidium bromide. (E) Intestinal apoC-III 
mRNA levels. (F) Intestinal Foxo1 mRNA levels. The relative levels of apoC-III and Foxo1 mRNA in intestine of diabetic NOD and db/db versus 
nondiabetic control mice were determined by real-time RT-PCR using β-actin mRNA as control. *P < 0.05 and **P < 0.001 vs. controls.
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in vitro transcription-translation system using pHD334 containing 
Foxo1 cDNA driven by T7 RNA polymerase and using a linked tran-
scription:translation kit (Ambion Inc.). After verifying the production 
of Foxo1 by immunoblot analysis using anti-Foxo1 antibody, aliquots 
(5 μg) of the translation products were mixed with radioisotope-labeled 
DNA probes in 10 mM Tris-Cl (pH 7.6), 10 mM MgCl2, 100 mM NaCl, 
and 1 mM dithiothreitol, and then incubated at 30°C for 20 minutes to 
allow DNA-protein interaction. The samples were applied onto a non-
denaturing polyacrylamide gel. After electrophoresis in 0.5× tris-borate-
EDTA buffer at 200 V for 30 minutes, the gel was dried in preparation 
for autoradiography. The probe was derived from a 27-bp DNA covering 
the putative IRE sequence of the human APOC3 promoter (–467/–440) 
(33, 35), which was radioactively labeled with [γ-32P]-ATP by T4 poly-
nucleotide kinase (Amersham Biosciences). Likewise, a mutant probe 
was made of the same DNA except for 2 base substitutions, –A458C and 
–A460G, in the IRE consensus sequence. As a positive control, a 26-bp 
synthetic DNA covering the IRE of the PEPCK promoter (–423/–398) 
(23) was radioactively labeled.

ChIP assay. Chromatin immunoprecipitation (ChIP) was used to study 
the interaction between Foxo1 and APOC3 promoter DNA in cells. 
HepG2 cells (1 × 106 cells) were transduced with Foxo1 vector at an MOI 
of 50 PFU/cell in culture media. After 24 hours of incubation, cells were 
cross-linked with 1% formaldehyde, followed by sonication in a Microson 
100-W Ultrasonicator (Structure Probe Inc.) at 30% of maximum power 
for 10–12 consecutive cycles of 10-second pulses. After centrifugation 
at 18,000 g for 10 minutes, the supernatant was incubated with 5 μg of 
anti-Foxo1 antibody, followed by immunoprecipitation using the ChIP 
kit (Upstate Biotechnology). As controls, aliquots (1 × 106) of Foxo1 
vector–transduced HepG2 cells were treated identically for the prepara-
tion of cell lysates, which were immunoprecipitated with 5 μg of con-
trol IgG (sheep IgG, Rockland Immunochemicals) or PBS buffer. The 
immunoprecipitates were analyzed by immunoblot analysis for Foxo1 
and PCR for coimmunoprecipitated DNA.

Construction of the APOC3 promoter–directed luciferase reporter system. A  
1.4-kb DNA fragment containing the human APOC3 promoter was ampli-
fied from human genomic DNA (BD Bioscience) by PCR using the prim-
ers for forward reaction (5′-GAATTCTGAGGGCAGAGCGG-3′ [–1411/ 
–1392 nt]) and for reverse reaction (5′-CTGCCTCTAGGGATGAACTG-3′ 
[5/24 nt]). After verifying its nucleotide sequence, the APOC3 promoter 
was cloned into a luciferase reporter plasmid pGL3 (Promega Corp.). To 
generate promoter variants, DNA fragments covering different lengths of 
the APOC3 promoter were amplified by PCR using primers corresponding 
to the nucleotide sequence (20 nt) at which the promoter was truncated 
and cloned into pGL3. In addition, PCR-based site-directed mutagenesis 
was used to create mutations at –458 and –460, using a DNA primer cor-
responding to nucleotide sequence –498/–450 with 2 substitutions, of 
–A458C and –A460G, in the APOC3 promoter.

Plasmid transfection and luciferase assay. HepG2 cells in 6-well microplates 
were transfected with 1 μg of plasmid encoding the luciferase reporter 
gene under the control of different APOC3 promoter variants using the 
Lipofectamine 2000 (Invitrogen Corp.). In each transfection, 1 μg of 
plasmid pCMV-LacZ was included and the amount of β-gal activity was 
used as a control to normalize transfection efficiency. After 24 hours of 
incubation, cells were collected and resuspended in 100 μl of lysis buf-
fer (Promega Corp.) for preparation of cell lysates. After centrifugation 
at 18,000 g for 2 minutes, aliquots (20 μl) of the supernatant were used 
to determine luciferase activity using the Promega Luciferase Assay as 
well as β-gal activity using a β-gal reporter activity detection kit (Sigma-
Aldrich). After normalizing to the amount of β-gal activity, the relative 
luciferase activity for each plasmid was reported.

Animal studies. Animals including C57BL/6J, CD-1, NOD, db/db, and 
littermate control mice at 6 weeks of age were purchased from the Jack-
son Laboratory. Foxo1S253A transgenic mice and control littermates in 
a C57BL/6J genetic background were obtained from Domenico Accili’s 
group (Columbia University). Animals were fed standard rodent chow 
and water ad libitum in sterile cages in a barrier animal facility with 
a 12-hour light/dark cycle. For vector administration, CD-1 mice were 
injected through tail veins with an adenoviral vector at the dose of  
1.5 × 1011 PFU/kg body weight, as described (22). After one week of treat-
ment, animals were sacrificed by CO2 inhalation and liver tissues were 
frozen in liquid N2. Blood was collected from the tail vein into potas-
sium-EDTA coated capillary tubes (Sarstedt) for plasma preparation, 
as previously described (22). Plasma levels of TG and cholesterol were 
determined using ThermoDMA Infinity TG and cholesterol reagents 
(Thermo Electron Corp.). All animal studies procedures were approved 
by the Institutional Animal Care and Usage Committee at the Mount 
Sinai School of Medicine (Protocol 01-0147).

Fat tolerance test. Mice were fasted overnight, followed by an oral bolus 
of olive oil at the dose of 20 μl/g body weight. Aliquots of tail vein blood 
(20 μl) were sampled before and at different times after olive oil admin-
istration for determination of plasma TG levels.

Lipoprotein lipase assay. Mice were injected intravenously with 300 IU hepa-
rin/kg body weight and tail-vein blood (20 μl) was sampled 10 minutes after 
heparin infusion. Heparinized sera were prepared for the determination of 
lipoprotein lipase (LPL) activity using the LPL activity kit (Roar Biochemical, 
Inc.). This assay includes a nonfluorescent substrate emulsion that becomes 
intensely fluorescent upon interaction with LPL. Heparinized sera were dilut-
ed 10-fold and 10 μl of the diluted sera were mixed in a 96-well microplate with 
200 μl of substrate emulsion provided by the kit. After incubation at room 
temperature for 15 minutes, the reaction mixture was measured at 370-nm  
excitation/450-nm emission for the determination of fluorescent intensity 
in a fluorescence microplate reader (Molecular Devices). In addition, a pre-
hydrolyzed substrate (Roar Biochemical Inc.) at concentrations ranging from 
2 to 30 μmol/ml was used for the construction of a standard curve, from 
which the relative amounts of LPL activity in sera were calculated.

Semi-quantitative immunoblot assay. A semi-quantitative immunoblot 
assay was performed to determine plasma apoC-III protein levels. 
Aliquots of plasma (20 μg plasma proteins) were resolved on 15% SDS-
polyacrylamide gels. Proteins were blotted onto a piece of nitrocellulose 
membrane, and then probed with goat anti–apoC-III antibody (1:2,000 
dilution, Abcam Inc.), followed by incubation with anti-goat IgG con-
jugated with horseradish peroxidase (HRP) (1:1,000 dilution). Proteins 
were detected by the ECL detection reagents (Amersham Biosciences) and 
their relative intensities were quantified by densitometry using the NIH 
Image software as described (22). For detection of Foxo1, hepatic protein 
extracts (20 μg) were resolved on 10% polyacrylamide gels, followed by 
immunoblot analysis using rabbit anti-Foxo1 antibody (1:4,000, Cell Sig-
naling Biotechnology) or monoclonal anti–β-tubulin antibody (1:1,000, 
Sigma-Aldrich) as control as described (22).

Fractionation of lipoproteins by fast-performance liquid chromatography. 
Aliquots (400 μl) of plasma pooled from Foxo1 vector–transfected, LacZ 
vector–transfected, or mock-treated mice (n = 6 per group) were applied 
to the Tricorn High-Performance Superose S-6 10/300GL Column 
using a fast-performance liquid chromatography system (Amersham 
Biosciences), followed by elution with PBS at a constant flow rate of 
0.2 ml/min. Fractions (200 μl) were eluted and assayed for triglyceride 
and cholesterol concentrations using the ThermoDMA Infinity TG and 
cholesterol reagents (Thermo Electron Corp.).

Immunohistochemistry. Animals were killed by CO2 inhalation and liver 
tissue was embedded with Histoprep tissue embedding media (Fisher 
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Scientific). Frozen tissue was cut into thin sections (8 μm) and subjected 
to immunohistochemistry using rabbit anti-Foxo1 (dilution at 1:400, 
Cell Signaling Biotechnology), as described (36). The secondary antibody 
was anti-rabbit IgG conjugated with fluorescein (FITC, Jackson Immu-
noResearch Laboratories). The nuclei of hepatocytes were visualized by 
immunostaining with DAPI (Sigma-Aldrich).

Statistics. Statistical analyses of data were performed by analysis of vari-
ance (by ANOVA) using StatView software (Abacus Concepts, Inc.). Pair-
wise comparisons were performed to study the significance between differ-
ent conditions. Data were expressed as mean ± SE. P values less than 0.05 
were considered significant.
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