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FoxO transcription factors have been implicated in lipid
metabolism; however, the underlying mechanisms are not well
understood. Here, in an effort to elucidate such mechanisms, we
examined the phenotypic consequences of liver-specific dele-
tion of three members of the FoxO family: FoxO1, FoxO3, and
FoxO4. These liver-specific triply null mice, designated LTKO,
exhibited elevated triglycerides in the liver on regular chow diet.
More remarkably, LTKO mice developed severe hepatic steato-
sis following placement on a high fat diet. Further analyses
revealed that hepatic NAD™ levels and Sirtl activity were
decreased in the liver of the LTKO mice relative to controls. At
the mechanistic level, expression profile analyses showed that
LTKO livers had significantly down-regulated expression of the
nicotinamide phosphoribosyltransferase (Nampt) gene encod-
ing the rate-limiting enzyme in the salvage pathway of NAD*
biosynthesis. Luciferase reporter assays and chromatin immu-
noprecipitation analyses demonstrated that Nampt is a tran-
scriptional target gene of FoxOs. Significantly, overexpression
of Nampt gene reduced, whereas knockdown increased, hepatic
triglyceride levels in vitro and in vivo. Thus, FoxOs control the
Nampt gene expression and the NAD™ signaling in the regula-
tion of hepatic triglyceride homeostasis.

The O family members of Forkhead transcription factors
(FoxOs)? are critical downstream effectors of the insulin/IGF-1
signaling pathway and play important roles in cellular growth
and differentiation, protection against oxidative stress, and
metabolic regulation (1-4). As a prototypical member of the
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FoxO family that includes four mammalian genes (FoxO1/3/
4/6; FoxO?2 is a pseudogene of FoxO3, and FoxOS5 is the fish
ortholog of Fox03), FoxO1 has been implicated in nutrient and
energy homeostasis (1-5). Although its function in glucose
metabolism has been well documented (6-12), the role of
FoxO1 in hepatic lipid metabolism remains an area of active
investigation (6, 10, 12—17). Adenovirus-mediated overexpres-
sion of the constitutively nuclear FoxO1 mutant (FoxO1ADA)
increases triglycerides in the mouse liver but decreases triglyc-
erides in the circulation (15). In line with this observation, dele-
tion of FoxOl in the liver of systemic insulin receptor (IR)
knock-out mice reverses the development of hepatic steatosis
(10). However, liver-specific FoxO1 knock-out mice manifest
increased secretion of VLDL triglycerides in the streptozoto-
cin-induced diabetic state (17). Moreover, the results from two
transgenic lines harboring constitutively active FoxO1I alleles
are contradictory in regard to its role in hepatic lipid metabo-
lism (6, 13, 14). One line engineered with an S253A mutation
(mouse FoxO1I) leads to elevated serum and liver triglycerides
(8, 13), whereas a triple substitution FOXO1TSS-A allele
(T24A, S256A, and S319A in human FOXOI) exhibits lower
levels of plasma triglycerides and normal levels of liver triglyc-
erides (6). The latter finding is consistent with the observations
from liver-specific IR or IR substrate (Irs1/2) knock-out mice,
which have constitutively active FoxOs and lower levels of
serum triglycerides due to deficiency of hepatic insulin signal-
ing in these mice (12, 18). In addition, liver-specific deletion of
Akt2, the major inhibitory kinase for FoxOs, in the leptin-defi-
cient ob/ob mice reduces fasted serum triglycerides and pro-
tects them from developing hepatic steatosis (19).

In addition to phosphorylation by numerous kinases, such as
Akt2, FoxOs are also subject to acetylation by several protein
acetylases (20-25). It is well known that FoxO acetylation can
be reversed by NAD *-dependent deacetylases (sirtuins, such as
Sirtl and Sirt2) (20-25). Several sirtuins, including Sirt1/3/4/6,
have been implicated in the regulation of lipid metabolism (26 —
41). The activity of sirtuins is regulated by intracellular NAD™
levels or the ratio of NAD*/NADH (42—45). In mammals,
NAD™ biosynthesis is carried out by de novo and salvage path-
ways. The salvage pathway is catalyzed by nicotinamide phos-
phoribosyltransferase (Nampt) and nicotinamide-nucleotide
adenylyltransferases (Nmnats), and Nampt has been shown to
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be the rate-limiting enzyme in this pathway (46). It has also
been shown that overexpression of the Nampt gene can in-
crease the Sirtl activity (46).

Human NAMPT gene was initially characterized as a pre-B-
cell colony-enhancing factor because it has a cytokine-like
effect (47). Later, it was reported that Nampt (also called visfa-
tin) could be secreted from adipocytes, hepatocytes, and leuko-
cytes (48 —51); however, the physiological function of the circu-
lating visfatin is still elusive (52-54). The NAD" biosynthetic
function of Nampt has been clearly demonstrated by structural
analysis and conditional knock-out mouse studies (55-57). Sig-
nificantly, NAMPT mRNA is decreased in the liver of human
subjects with nonalcoholic fatty liver disease, and NAMPT has
been shown to protect hepatocytes against methyl methanesul-
fonate-induced apoptosis (58). However, whether Nampt may
have protective functions against fatty liver disease is not yet
clear.

Currently, it is not well understood how the Nampt gene is
regulated at the molecular level in response to environmental
cues. In differentiated 3T3-L1 adipocytes, expression of the
Nampt gene can be induced by dexamethasone, a glucocorti-
coid receptor agonist, but suppressed by growth hormone,
TNFa, and forskolin (59, 60); however, the underlying mecha-
nisms are not clear. Additionally, glucose and the peroxisome
proliferator-activated receptor a agonist WY-14643 have been
shown to suppress the Nampt gene expression in hepatocytes
and mouse liver, respectively (58), but it is unclear whether
those are direct or indirect effects. Interestingly, the Nampt
gene has been shown to be controlled by the circadian clock
machinery involving Clock, Bmall, and Sirtl in mouse liver
with a peak of the mRNA level at the beginning of the dark
period and a peak of the protein level in the middle of the dark
period during a 12-h light:12-h dark cycle (61, 62). The tran-
scriptional profile of the Nampt gene in mice seems to have an
inverse correlation with feeding-induced insulin secretion;
however, the in vitro data regarding insulin effects on the
Nampt gene expression are so far conflicting (58 —60), and it is
not yet known whether the Nampt gene can be regulated by
FoxOs. In this study, we have identified that the Nampt gene is
indeed a target of FoxO transcription factors. By regulating
Nampt gene expression and subsequent sirtuin activity, FoxOs
control lipid metabolism in the liver.

MATERIALS AND METHODS

Animals, Blood Chemistry, and Metabolic Analysis—FoxO1/
3/4 floxed mice were generated and genotyped as described
previously (63). Transgenic mice that carry a Cre coding
sequence plus the albumin gene promoter were purchased
from The Jackson Laboratory. To generate FoxO1/3/4 liver-
specific triple knock-out mice, FoxO1/3/4 floxed mice were
first crossed with the albumin-Cre mice, and the resultant
Fox0O1/3/4 heterozygotes were intercrossed to produce
homozygotes. Sirt1 floxed mice were generated and genotyped
as described previously (64). All procedures were performed in
accordance with the Guide for Care and Use of Laboratory Ani-
mals of the National Institutes of Health and were approved by
the Institutional Animal Use and Care Committee of the Indi-
ana University School of Medicine. High fat diet (45% of calo-
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ries from fat) was purchased from Harlan Laboratories (Madi-
son, WI). Blood glucose was measured using a glucose meter
(Contour from Bayer). Serum insulin, free fatty acids, and tri-
glycerides were measured using commercial assay kits (ALPCO
and Wako USA). Tissue NAD" and NADH were analyzed
using an EnzyChrom NAD*/NADH assay kit from BioAssay
Systems (Hayward, CA).

Lipogenesis and Fatty Acid Oxidation Analyses—De novo
lipogenesis in mouse liver was measured essentially as de-
scribed previously (6). Briefly, 2-month-old control and LTKO
male mice were fasted overnight for 16 h before they were fed a
high carbohydrate diet (Harlan Laboratories) for 4 h. Then ani-
mals were injected intraperitoneally with *H,O (15 uCi/g;
PerkinElmer Life Sciences), and they were sacrificed 1 h later
for blood and tissue collection. Liver lipids were extracted and
analyzed as described previously (6). De novo lipogenesis
in mouse primary hepatocytes was analyzed using sodium
[2-'*C]acetate (PerkinElmer Life Sciences) as described previ-
ously (65). Lipogenic activity was presented as normalized
radioactivity (counts per min (cpm)) to protein amount. Fatty
acid oxidation in mouse primary hepatocytes was analyzed
using [1-'*C]palmitate (PerkinElmer Life Sciences) as de-
scribed previously (66). Oxidation rates are presented as nmol
of fatty acids oxidized/mg of protein/min.

Cell Culture—The human HEK293A cell line was purchased
from Invitrogen, and cells were maintained in DMEM contain-
ing 100 units/ml penicillin, 100 pg/ml streptomycin, 4.5 g/liter
glucose, and 10% FBS. Mouse primary hepatocytes were iso-
lated and cultured as described previously (67). Briefly, primary
hepatocytes were isolated from mice using collagenase perfu-
sion under anesthesia. The viability of hepatocytes was assessed
by the trypan blue exclusion method. Cells with viability >95%
were used for the experiments.

Protein Analysis—Tissue or cells were homogenized in the
lysis buffer (50 mm Hepes, pH 7.5, 150 mm NaCl, 10% glycerol,
1% Triton X-100, 1.5 mm MgCl,, 1 mm EGTA, 10 mm sodium
pyrophosphate, 100 mM sodium fluoride, and freshly added 100
M sodium vanadate, 1 mm PMSF, 10 pwg/ml aprotinin, and 10
pg/mlleupeptin). Protein extracts were resolved by SDS-PAGE
and transferred to a nitrocellulose membrane. Proteins were
probed using the following antibodies: FoxO1/3/4 (Cell Signal-
ing Technology), Sirt6 (Abcam), Sirtl, Sirt3, Nampt, PGC-1q,
PGC-1p, and actinin (Santa Cruz Biotechnology). Detection of
proteins was carried out by incubations with HRP-conjugated
secondary antibodies followed by ECL detection reagents
(Thermo Fisher Scientific). PGC-1«a acetylation was analyzed
as described previously (68). Briefly, PGC-1a was first immu-
noprecipitated from tissue or cell lysates and immunoblotted
with anti-acetyl-lysine antibody (Cell Signaling Technology).

Histological Analysis—Liver histology was analyzed as de-
scribed previously (69). Briefly, liver tissue was fixed in the buff-
ered neutral formalin (10%) and embedded in paraffin prior to
sectioning. Liver sections were stained with hematoxylin and
eosin. Images were captured using a Leica DM750 microscope
equipped with an EC3 digital camera and LAS EZ software.

Sirtl Activity Assay—Sirtl activities in liver extracts were
assessed using a modified fluorescence assay kit (Endo Life Sci-
ences, Plymouth Meeting, PA). Briefly, liver tissue was homog-
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enized in the lysis buffer supplemented with 1 um trichostatin
A. Tissue extracts were added to the reaction mixture contain-
ing assay buffer and Fluor-de-Lys substrate (a p53 peptide), and
the reaction took place for 20 min at room temperature. The
reaction was stopped by adding 1X Developer II, 1 um tricho-
statin A, and 10 mM nicotinamide. Fluorescence was measured
in a fluorescence microplate reader with excitation at 360 nm
and emission at 460 nm. Sirtl activity was normalized to pro-
tein amount in the liver extracts.

Luciferase Reporter Assay—Mouse Nampt gene promoter
was cloned by PCR using specific primers (see supplemental
Table S1). The firefly luciferase reporter system (pGL4.10luc2
and pGL4.74hRluc/TK) was purchased from Promega (Madi-
son, WI). DNA constructs were transfected into HEK293A
cells, and luciferase activity was analyzed using the Dual-Lu-
ciferase Assay System from Promega.

Adenovirus Transduction—Adenoviruses carrying GFP,
Sirtl, Nampt, and FoxOI coding sequences were generated
using the pAdEasy system (Agilent). Adenoviruses carrying
GFP, Nampt, and FoxO1 shRNA sequences were generated
using the BLOCK-iT system (Invitrogen). Generally, we used a
multiplicity of infection of 100 for overexpression and a multi-
plicity of infection of 600 for shRNA knockdown experiments.

Real Time RT-PCR—RNA isolation was performed as
described previously (12). Real time RT-PCR was performed in
two steps. First, cDNA was synthesized using a cDNA synthesis
kit (Applied Biosystems Inc.). Second, cDNA was analyzed by
real time PCR using the SYBR Green Master Mix (Promega).
Primer sequences are described in supplemental Table S1.

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays
were performed as described previously (70). Briefly, mouse
primary hepatocytes were seeded to 90% confluence before
they were treated with 1% formaldehyde at 37 °C for 15 min.
The cross-link reaction was stopped by adding glycine to a final
concentration of 125 mm. Chromatin was sonicated to an aver-
age size of 150-300 bp. Immunoprecipitation was performed
using the M2-FLAG antibody (Sigma) following the manufac-
turer’s manual. ChIP DNA was analyzed by either regular PCR
or real time PCR using the specific primers listed in supplemen-
tal Table S1.

Statistical Analysis—Data are presented as means * S.E. The
significance between two groups was assessed using a two-
tailed unpaired Student’s ¢ test, and p < 0.05 was considered
significant.

RESULTS

Hepatic Deficiency of FoxOs Leads to Triglyceride Accumula-
tion in Mouse Liver—To study hepatic functions of FoxO tran-
scription factors, we generated liver-specific FoxO1/3/4 knock-
out mice (LTKO) using a Cre-loxP approach. We elected to
focus on all three genes given the significant degree of func-
tional redundancy in vivo (63). Deletion of these three genes in
the mouse liver was confirmed by real time RT-PCR and immu-
noblot analyses (Fig. 1, A and B). The LTKO mice had normal
body weight and fat mass compared with the control mice at
ages of 3 and 5 months, respectively (Fig. 1, C and D). Whereas
there was no difference in serum triglyceride (TG) levels
between control and LTKO mice at 3 months of age (Fig. 1E),
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FIGURE 1. Characterization of FoxO1/3/4 liver-specific knock-out mice
(LTKO). A, FoxO1/3/4 mRNA levels in the liver of control and LTKO mice (n =
3) by real time RT-PCR. B, immunoblot analysis of FoxO1/3/4 proteins in the
liver of control and LTKO mice. C, body weight of 3-month-old control and
LTKO male mice (n = 6). D, relative weight of white adipose tissue (WAT) to
body weight (BW) in 5-month-old control and LTKO male mice (n = 6-10).
E, serum TG levels in 3-month-old control and LTKO male mice (n = 6).
F, hepatic TG levels in 4-month-old control and LTKO male mice (n = 4-5). *
indicates significance with p < 0.05 in control versus LTKO. Error bars indicate
S.E.

hepatic TG concentrations were significantly elevated in the
LTKO mice (Fig. 1F). To further investigate the lipid pheno-
type, we challenged control and LTKO mice with a high fat diet.
Strikingly, LTKO mice developed severe fatty liver in 3.5
months. Histologically, lipid droplets were larger and denser in
liver sections of LTKO mice relative to control mice (Fig. 2A4).
Quantitatively, hepatic triglycerides were increased by 50% in
LTKO mice compared with control mice (Fig. 2B). Addition-
ally, LTKO mice also developed hypertriglyceridemia in
the circulation after the high fat diet treatment (Fig. 2C).
To elucidate the cause of triglyceride accumulation in the
liver, we first measured hepatic de novo lipogenesis, and the
results showed that lipid biosynthetic rates were up by 3.8-fold
in the liver of LTKO mice compared with control mice (Fig.
2D). Then we analyzed expression of lipogenic genes. Although
expression of Srebp-1c and PGC-1p, critical regulators for
hepatic lipogenesis, was not altered (Figs. 2E and 3, A, H, and 1),
expression of fatty-acid synthase (Fasn), glycerol-3-phosphate
acyltransferase (Gpam), and malic enzyme 1 (Mel) was signif-
icantly increased in the liver of LTKO mice relative to control
mice (Fig. 2E). To examine whether fatty acid oxidation was
impaired in LTKO mice, we measured free fatty acids (FFAs) in
the serum and liver samples. Indeed, FFA levels were elevated
by 26 and 37% in the circulation and liver of LTKO mice as
compared with control mice, respectively (Fig. 2, Fand G). Con-
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FIGURE 2. LTKO mice develop hepatic steatosis on high fat diet. A, H&E-
stained liver sections (magnification, X100). B and C, hepatic and serum tri-
glycerides in control and LTKO male mice treated with a high fat diet for 3.5
months, respectively (n = 4-7). D, de novo lipogenesis in the liver of control
and LTKO mice (n = 4). Data are presented as 3H incorporation (cpm) into
lipids/g of liver tissue. E, expression of genes involved in lipogenesis was
analyzed in the liver of control and LTKO male mice (n = 3) treated with a high
fat diet for 3.5 months by real time RT-PCR. Acc1, acetyl-CoA carboxylase 1;
Fasn, fatty-acid synthase; Gpam, glycerol-3-phosphate acyltransferase; MeT,
malic enzyme 1. Fand G, serum and liver FFAs in control and LTKO male mice
treated with a high fat diet for 3.5 months, respectively (n = 4-7). H, expres-
sion of genes involved in fatty acid oxidation was analyzed in the liver of
control and LTKO mice (n = 3) treated with a high fat diet for 3.5 months by
real time RT-PCR. Ppara, peroxisome proliferator-activated receptor «; Cptia,
carnitine palmitoyltransferase 1a; Acadsb, acyl-CoA dehydrogenase, short/
branched chain; Acox1, acyl-CoA oxidase 1. * indicates significance with p <
0.05 in control versus LTKO. Error bars indicate S.E.

Lipin1 Ppara

sistent with the FFA phenotype, expression of genes involved in
fatty acid oxidation, including Lipinl and acyl-CoA dehydro-
genase, short/branched chain (Acadsb), was significantly
decreased (Fig. 2H). These data suggest that lipogenesis might
increase and fatty acid oxidation might decrease in the liver of
LTKO mice.

Nampt Gene Expression Is Down-regulated in FoxOs-defi-
cient Liver—Because several sirtuins, including Sirt1/3/6, have
been shown to regulate lipid metabolism (26 -41), we were
curious about whether FoxO deficiency could have any effect
on sirtuin functions. First, we analyzed Sirt1/3/6 proteins by
Western blots and observed no significant differences between
control and LTKO mice on either chow or high fat diet (Fig. 3,
A-G). Then we examined Sirt1 activity using two independent
methods. An acetylation analysis of one of the Sirtl substrates,
PGC-1gq, indicated an elevation of the PGC-1a acetylation in
the liver of LTKO mice compared with control mice (Fig. 4A).
Next, an enzymatic assay of Sirtl using a fluorescence-labeled
Sirt1 substrate (a peptide of p53) showed a 24% decrease in Sirt1
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FIGURE 3. Protein levels of Sirt1/3/6 and PGC-1 in liver of control and
LTKO mice. A, immunoblot analysis of Sirt1/3/6 and PGC-1f3 proteins in the
liver of control and LTKO mice (n = 4) that were fed regular chow or a high fat
diet (HFD) for 3.5 months. B-/, protein quantification analysis was performed
on scanned Western blots from A using Quantity One software (Bio-Rad). Data
are presented as values normalized to actinin (a loading control). A p value
<0.05 was considered a statistical significant difference between control and
LTKO samples. Error bars indicate S.E.

activity in the livers of LTKO mice relative to the control livers
(Fig. 4B). These results suggest that sirtuin activities might be
decreased in FoxO-deficient livers.

Because sirtuin activities are regulated by cellular NAD ™ lev-
els or NAD"/NADH ratios, we measured the concentrations of
these molecules in the livers of control and LTKO mice.
Although there was no significant change in NADH levels,
NAD™ levels were decreased by 40% in LTKO livers relative to
control livers (Fig. 4, C and D). Consequently, the NAD™/
NADH ratio was also decreased by 44% in the LTKO liver (Fig.
4E). To determine what caused the decrease in NAD™" concen-
trations, we analyzed expression of a number of genes that are
involved in NAD™ biosynthesis. No significant changes were
observed in the expression of several genes involved in de novo
biosynthesis of NAD™, including quinolinate phosphoribosyl-
transferase (Qprt), NAD synthetase 1 (Nadsyn1), and Nmnat1/
2/3 (Fig. 4F). Additionally, heme oxygenase 1 (Hmox1) has been
implicated previously in the regulation of the mitochondrial
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FIGURE 4. Nampt gene is down-regulated in liver of LTKO mice. A and B,
Sirt1 activity was assessed in the liver of control and LTKO mice by an acety-
lation analysis of PGC-1« and a fluorometric assay, respectively (n = 3). AFU,
artificial fluorescence unit. C-E, NAD* and NADH levels were measured in the
liver of control and LTKO mice (n = 5). NAD"/NADH ratios were calculated
according to the NAD ™" and NADH values. F, expression of genes involved in
NAD™ biosynthesis was analyzed in the liver of control and LTKO mice (n = 3)
treated with a high fat diet for 3.5 months by real time RT-PCR. G, expression
of heme decycling genes was analyzed in the liver of control and LTKO mice
(n = 3) treated with a high fat diet for 3.5 months by real time RT-PCR.
H, Nampt mRNA levels were analyzed in the liver of control and LTKO mice
(n = 3) at ZT (under regular light/dark cycles, the time of lights on is ZT0 and
thetime of lights offis ZT12) 5, 11,and 16./and J, Nampt protein was analyzed
in the liver of control (Con) and LTKO (KO) mice at ZT 1, 6, 10, and 16. Both
quantitative analyses (/) and immunoblots (J) are presented. * indicates sig-
nificance with p < 0.05 in control versus LTKO. Error bars indicate S.E.

NAD"/NADH ratio (68); however, both Hmox1 and Hmox2
had no significant changes in their mRNA levels in the LTKO
liver (Fig. 4G). In contrast, mRNA levels of the gene encoding
the rate-limiting enzyme, Nampt, in the salvage pathway of
NAD™ synthesis were significantly decreased at Zeitgeber
times (ZT) 11 and 16 (Fig. 4H). Nampt protein was also
decreased at most time points monitored, especially at ZT6 and
ZT16 (Fig. 4, I and J), which is consistent with the previous
report that Nampt protein levels peaked at about ZT6 and
ZT18 in mouse liver, whereas Nampt mRNA peaks only at
ZT12 during a 12:12-h light-dark cycle (61, 62). These results
suggest that Nampt deficiency might lead to decreased NAD™
levels and impaired sirtuin functions in the liver of LTKO mice.
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FIGURE 5. Nampt gene is a target of FoxOs. A and B, Nampt mRNA and
protein analyses in mouse primary hepatocytes transduced with adenovi-
ruses carrying GFP and FoxO1 overexpression or knockdown (shRNA) con-
structs (n = 3). C, a schematic diagram of the proximal promoter of the mouse
Nampt gene. Previously identified E-box elements and a putative IRE (IRE1)
are indicated. TSS, transcription start site. D, a sequence alignment among
mouse, rat,and human NAMPT gene promoters at the putative IRE1 site. Eand
F, luciferase (Luc) reporter assays using serial deletion constructs of the mouse
Nampt gene promoter and FoxO1/3-, Clock-, and Bmal1-overexpressing plas-
mids (n = 3). G and H, chromatin immunoprecipitation analysis of the puta-
tive IRE1 and an upstream IRE2 by regular and real time PCRs, respectively
(n = 3).1, Nampt mRNA analysis in mouse primary hepatocytes transduced
with GFP- or FoxO1-overexpressing adenoviruses in the absence or presence
of insulin (n = 3). * indicates significance with p < 0.05. Error bars indicate S.E.

Nampt Is a Target Gene of FoxOs—To further examine
whether Nampt is a transcriptional target of FoxO1, we over-
expressed or knocked down FoxO1 in mouse primary hepato-
cytes. As expected, overexpression of FoxOI increased Nampt
mRNA levels by 62%, and knockdown of FoxO1 reduced Nampt
transcripts by 30% (Fig. 5A). Similarly, Nampt protein levels
also changed according to FoxO1 expression levels (Fig. 5B). To
investigate whether the induction of Nampt is through FoxO1
interaction with the gene promoter, we first performed an in
silico sequence analysis and found some FoxO putative binding
sites (insulin-responsive element (IRE)) in the mouse, rat, and
human NAMPT gene promoters in addition to previously iden-
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tified E-box elements that can be bound by the Clock-Bmall-
Sirtl complex (61, 62). One of the conserved IREs is located in
the proximal upstream region to the E-box sequences (Fig. 5, C
and D). To test whether this proximal IRE is functional, we
performed luciferase reporter assays using a series of promoter
constructs generated from the mouse Nampt gene. Co-trans-
fection of FoxO1 with luciferase constructs induced the lucifer-
ase activity by 2—4-fold using longer Nampt gene promoter
sequences (—444 to —1050 bp) (Fig. 5E). However, when
shorter promoter sequences (—212 and —333 bp) were used for
the luciferase reporter assays, there was no induction by FoxO1,
whereas Clock and Bmall induced luciferase activities compa-
rable with those of the longer promoter constructs (Fig. 5E).
Similarly, the longer promoter sequences of the Nampt gene
could also be up-regulated by FoxO3 (Fig. 5F), indicating a
redundant role of FoxOs in the Nampt gene regulation. These
results also suggest that a potential FoxO-binding site may be
located between —333 and —444 bp in the Nampt gene pro-
moter, and this is where the conserved IRE1 (—372 bp) is
located. Moreover, association of FoxO1 with the Nampt gene
promoter at this IRE1 site was also validated by ChIP-PCR,
which showed an 8-fold enrichment in the conserved IRE1
sequence, whereas no enrichment was observed in another
upstream IRE2 (—1373 bp) (Fig. 5, G and H). Because FoxO1
activity is regulated by insulin, we also observed that insulin
suppressed the induction of the Nampt gene by FoxOl in
mouse primary hepatocytes (Fig. 5I).

Nampt Regulates Lipid Metabolism—Next, we assessed the
role of Nampt in lipid metabolism in both primary hepatocytes
and liver. Overexpression of Sirtl, FoxO1, and Nampt was
achieved by adenovirus transduction of mouse primary hepa-
tocytes (Fig. 6, A and B), and this led to an increase in intracel-
lular NAD™ concentrations by ~50, 80, and 400%, respectively,
in both control and LTKO hepatocytes (Fig. 6C). The elevation
of NAD™ levels also led to an increased level of Sirtl activity,
which was indicated by lower acetylation levels in PGC-1« (Fig.
6A). As expected, intracellular TG concentrations were signif-
icantly decreased by ~30-40% in both control and LTKO
hepatocytes (Fig. 6D). To examine what contributed to the
lower TG concentrations, we measured de novo lipogenesis and
fatty acid oxidation after adenoviral transduction of mouse pri-
mary hepatocytes. The results showed that lipogenesis was
decreased by about 70% in the control hepatocytes and 50 — 80%
in the LTKO hepatocytes by overexpression of Sirt1, FoxO1, or
Nampt (Fig. 6E), and fatty acid oxidation rates were increased
by 30-50% in both control and LTKO hepatocytes overex-
pressing Sirtl, FoxO1, or Nampt (Fig. 6F).

To further verify the TG-lowering effect of Nampt in vivo, we
delivered Nampt-expressing adenoviruses to control and
LTKO mice via tail vein injections. Nampt protein levels were
increased by ~63 and 69% in the liver of control and LTKO
mice injected with Nampt adenoviruses compared with those
animals injected with GFP adenoviruses, respectively (Fig. 7A).
As a result, hepatic NAD™ concentrations were increased by
41 and 75% (Fig. 7B), and hepatic TG levels were decreased by 25
and 31% in control and LTKO livers (Fig. 7C), respectively.
Conversely, knockdown of hepatic Nampt (Fig. 7D) reduced
NAD™ concentrations by 30% and increased TG levels by 38%
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in the liver of wild-type mice (Fig. 7, E and F). To examine
whether Sirt1 is required for the effect of Nampt on TG homeo-
stasis, we overexpressed control GFP and Nampt genes in the
liver of Sirtl-deficient mice. Nampt protein was increased by
71%, and NAD™ concentrations were increased by 53% in the
liver of Nampt-overexpressing mice compared with GFP-over-
expressing animals (Fig. 7, G and H); however, hepatic TG con-
centrations were not significantly different (Fig. 7/). These
results suggest that Sirtl might partly mediate the Nampt
effects on hepatic lipid metabolism.

DISCUSSION

In this work, we have characterized FoxO1/3/4 liver-specific
knock-out mice and provided evidence that these transcription
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G-I, Nampt-expressing adenoviruses were injected into mice that were defi-
cient in hepatic Sirt1 (n = 4), and Nampt protein, NAD™, and TG levels in the
livers were analyzed 7 days postinjection. * indicates significance with p <
0.05 between control and experimental groups. Error bars indicate S.E.

factors play a critical role in lipid metabolism because LTKO
mice exhibited elevated levels of hepatic TG and developed
severe hepatic steatosis on a high fat diet. Gene expression anal-
ysis of the key regulators for lipogenesis and fatty acid oxida-
tion, Srebp-1c, PGC-1p, and peroxisome proliferator-activated
receptor a, did not reveal any significant changes in the liver of
LTKO mice relative to control mice. Significantly, both ele-
vated acetylation of PGC-1a and reduced deacetylation of p53
peptides indicate a decrease in Sirt1 activity in the LTKO liver.
Because Sirtl protein levels were not significantly changed, the
deficiency of Sirtl activity may be due to lower levels of NAD ™,
a co-substrate of the Sirtl enzyme. Indeed, NAD™" measure-
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ments revealed a 40% decrease in the liver of LTKO mice com-
pared with their littermates. The decrease in hepatic NAD™
concentrations is unlikely due to heme catabolism because
there were no significant changes in expression of two heme
decycling genes, Hmox1 and Hmox2. Rather, our results sug-
gest that there might be a direct link between FoxOs and NAD ™"
homeostasis (for instance, regulation of NAD™ biosynthesis).

In mammals, cellular NAD™ biosynthesis is controlled by at
least two pathways: de novo biosynthesis and the salvage path-
way (71). We analyzed several genes that are involved in the de
novo pathway, including Qprt, Nadsynl, and Nmnat1/2/3, and
found no significant differences between control and LTKO
livers. In contrast, Nampt, the rate-limiting enzyme in the sal-
vage pathway, was significantly decreased in the LTKO liver.
Two isoforms of Nampt protein have been identified: intracel-
lular and extracellular (52). The role of the extracellular form
has not been resolved, although some reports suggest that it has
insulin-sensitizing effects (52). The intracellular form of Nampt
has been shown to play a critical role in the regulation of cellular
NAD™ levels in lymphocytes using conditional knock-out mice
because systemic knock-out of the Nampt gene is embryoni-
cally lethal (50, 56). Additionally, both extracellular and intra-
cellular forms of Nampt have been shown to be important for
regulation of insulin secretion in pancreatic B-cells, and the
enzymatic activity is required for that function (50). Although
there is an association of nonalcoholic fatty liver disease with
low hepatic Nampt gene expression (58), it is not clear
whether Nampt plays any role in the regulation of hepatic
lipid metabolism.

Although the importance of Nampt in the regulation of
NAD™ homeostasis and metabolism has been increasingly
appreciated, it is not well understood how this gene is regulated
in the first place. Interestingly, the Nampt gene has been found
to be a circadian clock-controlled gene, and three E-box cis
elements in the gene promoter have been shown to be involved
in the regulation by Clock, Bmall, and Sirt1 (61, 62). Whether
other transcription factors also play a role in the transcriptional
regulation of the Nampt gene has been poorly explored. By
analyzing the mouse Nampt gene promoter, we have identified
a conserved insulin-responsive element in the proximal pro-
moter of human, mouse, and rat Nampt genes that is responsi-
ble for FoxO-regulated expression of the Nampt gene. These
results have established a link between insulin signaling and
NAD™ biosynthesis.

Because intracellular NAD™ levels regulate sirtuin activity,
our findings also point to another layer of cross-talk between
FoxOs and sirtuins in addition to deacetylation of FoxOs by
Sirt1/2 as reported previously (22, 23, 25). Importantly, Sirtl
has been shown to regulate lipid metabolism through suppres-
sion of lipogenesis and promotion of fatty acid oxidation (27—
33, 72). Deacetylation of SREBP-1 and PGC-1« by Sirt1 is crit-
ical for the corresponding regulations because deacetylated
SREBP-1 is less stable than the acetylated form, whereas
deacetylated PGC-1a is more active than the acetylated protein
(26, 29, 32, 33). Overexpression of the Nampt gene not only
increased NAD ™ concentrations in mouse primary hepatocytes
but also elevated the Sirt1 activity, which is consistent with the
previous report (46). In addition to Sirtl, three other sirtuins
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(Sirt3/4/6) have also been shown to regulate lipid metabolism
(36-41, 73). As a predominant sirtuin for deacetylation of
mitochondrial proteins (74—-76), Sirt3 plays a critical role in
fatty acid oxidation, ketogenesis, and mitochondrial energy
metabolism (35-38, 41, 74, 77— 83). Sirt3 knock-out mice have
increased levels of fatty acid oxidation intermediates and tri-
glycerides and decreased levels of B-hydroxybutyrate (36, 37,
41). Sirt4, another mitochondrial sirtuin that has ADP-ribosyl-
transferase activity, has been reported to have an inhibitory
function in the regulation of fatty acid oxidation and mitochon-
drial genes (40). Sirt6, a histone deacetylase, has been shown to
suppress hepatic lipogenesis and promote fatty acid oxidation
through deacetylation of lysine 9 of histone H3 in the promoter
region of numerous lipogenic genes (39).

Through modulation of sirtuin functions, Nampt may play a
critical role in hepatic lipid metabolism. This conjecture is sup-
ported by the data that Nampt overexpression reduces lipogen-
esis and increases fatty acid oxidation in primary hepatocytes.
By activating Nampt gene expression, FoxOs may inhibit cellu-
lar triglyceride accumulation via the Nampt-sirtuin pathway.
However, this molecular regulation might be disrupted under
insulin resistance or diabetic conditions because FoxOs and the
circadian clock may become dysregulated (8, 12, 14, 68,
84.—87). As a result, NAD " /NADH ratios may drop below nor-
mal levels, and this leads to an impairment of sirtuin function
(for example, dysregulated lipid metabolism).

It is possible that other FoxO-mediated mechanisms may also
be involved in hepatic lipid metabolism. For example, overexpres-
sion of a constitutively nuclear form of FoxO1 (S253A) leads to
up-regulation of the genes of apoC-III and microsomal triglyceride
transfer protein in mouse liver, and this results in a 2-fold increase
in serum and hepatic triglycerides (13, 14). However, overexpres-
sion of another constitutively active mutant of FoxO1 (TSS-A)
causes a decrease in plasma triglycerides and down-regulation of
hepatic lipogenesis (6). The inconsistency could be due to the dif-
ference in the levels of FoxO1 overexpression, activity, or experi-
mental conditions. Nevertheless, our FoxO1/3/4 knock-out data
share similar conclusion with the TSS-A FoxO1I transgenic results,
although the underlying mechanisms might be distinct because
Srebp-1c gene is suppressed in the TSS-A mouse liver but was not
changed in the LTKO liver. Regardless of the detailed differences,
our data suggest that FoxOs are required to maintain lipid homeo-
stasis, and their deficiency makes the liver susceptible to the devel-
opment of steatosis. The role of FoxOs in metabolic regulation can
be better understood in the physiological context. During fasting,
FoxOs become active and promote gluconeogenesis to maintain
glucose homeostasis (6,9 —12, 88). Upon feeding, FoxOs are inhib-
ited by insulin through Akt-mediated phosphorylation, and this
may allow glucose metabolism and lipogenesis to proceed (6, 10,
12). However, prolonged activation of Akt may cause overaccu-
mulation of lipid in the liver because hepatic deficiency of Akt2
protects mice from developing hepatic steatosis (19). It is possible
that FoxOs might mediate part of the antisteatosis effect in the
Akt2-deficient mouse model. In addition, FoxO1 has also been
shown to protect type 1 diabetic mice from developing dyslipi-
demia, although a different mechanism, possibly through FGF21,
might be involved (17).
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In summary, we have identified a novel link between insulin
signaling and NAD™ biosynthesis through FoxO-regulated
Nampt gene expression. These findings have significant impli-
cations in both insulin signaling and sirtuin fields because a
better understanding of the interactions between insulin and
NAD™ signaling pathways may provide critical knowledge for
developing novel therapeutics for metabolic syndrome, a rap-
idly growing health problem in the world (89, 90).
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