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Abstract

Nicotinic acid (NA; or niacin) has been used as a hypolipidemic agent for more than 4 decades. However, the mechanisms underlying the
effects of NA treatment (wanted and unwanted) are still poorly understood. In the present study, we discovered that NA infusion in rats
resulted in dephosphorylation (ie, activation) of the forkhead transcription factor FOXO1 in insulin-sensitive tissues such as skeletal and
cardiac muscles, liver, and adipose tissue. These NA effects were opposite to the effects of insulin to increase FOXO1 phosphorylation. To
test whether NA alters gene expression in these tissues, rats were infused for 7 hours with NA (30 μmol/h) and/or insulin (5 mU/[kg min]);
and gene expression was evaluated using a microarray analysis. Nicotinic acid had widespread effects on gene expression in all of the tissues
studied, and the number of genes affected by NA greatly exceeded that of genes affected by insulin. A systematic (or strategic) analysis of the
microarray data revealed that there were numerous genes whose expression was regulated inversely by insulin and NA in correlation with
FOXO1 phosphorylation, representing potential FOXO1 target genes. We also identified a group of genes whose expression was altered by
NA exclusively in adipose tissue, presumably because of stimulation of the NA receptor in this tissue. Finally, there were genes whose
expression was altered by both NA and insulin, likely via lowering plasma free fatty acid levels, including lipoprotein lipase and adenosine
triphosphate–binding cassette A1, which play a major role in the regulation of circulating lipids. Thus, our data suggest that NA alters gene
expression in insulin-sensitive tissues by various mechanisms. Some of the NA-induced changes in gene expression are discussed as potential
mechanisms underlying wanted and unwanted effects of NA treatment.
© 2011 Elsevier Inc. All rights reserved.
1. Introduction

In addition to its function as a vitamin, nicotinic acid (NA;
or niacin) has been used as a lipid-lowering drug for more than
4 decades [1,2]. Nicotinic acid treatment, at high doses,
decreases low-density lipoprotein cholesterol, triglycerides,
and very low-density lipoprotein (VLDL), while increasing
high-density lipoprotein (HDL) cholesterol [3,4]; and all of
these effects are beneficial to the prevention of atherosclerosis.
The lipid-lowering effects of NA have been traditionally
⁎ Corresponding author. Tel.: +1 323 442 3260; fax: +1 323 442 2283.
E-mail address: youn@usc.edu (J.H. Youn).
1 These two authors contributed equally to this work.

0026-0495/$ – see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.metabol.2010.02.013
attributed to its antilipolytic effect in adipocytes [5]; NA binds
to and stimulates a G-protein–coupled receptor (ie, NA
receptor) in the plasma membrane of adipocytes to decrease
cyclic adenosine monophosphate (cAMP) and lipolysis, and
decreased lipolysis in adipocytes reduces the supply of free
fatty acid (FFA) for triglyceride synthesis andVLDL formation
in the liver. However, this classic viewmay need to be revised,
as circulating FFA levels, initially decreased, rebound during
long-term NA treatment, whereas the lipid-lowering effects
persist [3]. There is evidence that NA lowers circulating lipid
levels by increasing the lipoprotein lipase (LPL) activity and
thereby enhancing the VLDL removal rate [4,6]. Thus, despite
a long history of its clinical use, the precise mechanism by
which NA persistently lowers circulating lipids remains
unclear. In addition, NA treatment often causes insulin
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resistance [7,8], which prohibits the use of NA in diabetic
patients who would greatly benefit from the lipid-lowering
effects of the drug. The mechanism by which NA causes
insulin resistance remains unclear.

Nicotinic acid has also been used as a tool for lowering
plasma FFA (assuming that this is the only effect of NA) in
metabolic studies on the role of plasma FFA. In our study using
NA for this purpose, we serendipitously found that NA
infusion in conscious rats acutely decreased Akt and FOXO1
phosphorylation in insulin-sensitive tissues, such as liver,
adipose tissue, and skeletal and cardiac muscles. Akt, which is
also known as protein kinase B, is a crucial component of the
phosphatidylinositol 3-kinase pathway that is activated by
various growth factors including insulin. Akt plays amajor role
in many biological responses that include cell survival,
proliferation, growth, and nutrient metabolism [9,10]. Many
of the Akt effects are mediated by the FOXO family of
forkhead transcription factors [11,12], which are also involved
in glucose and lipid metabolisms. In particular, FOXO1 is
expressed in insulin-sensitive tissues such as liver, skeletal
muscle, and adipose tissue and has been implicated in the
regulation of insulin action in these tissues [13-15]. The activity
of FOXO1 is controlled via its phosphorylation by Akt.
Specifically, FOXO1 localizes in the nucleus in the basal state;
but upon stimulation with growth factors, Akt phosphorylates
FOXO1, leading to the nuclear export of FOXO1 and
inhibition of FOXO1-dependent transcription [11].

One goal of the present study was to follow up our novel
finding that NA decreases Akt and FOXO phosphorylation
in insulin-sensitive tissues and to confirm that these effects
are opposite to the well-known effects of insulin to increase
Akt and FOXO1 phosphorylation. Because changes in
FOXO1 phosphorylation would alter its nuclear transcrip-
tional activity, our finding suggests that NA may alter the
expression of genes, especially FOXO1 target genes, in
insulin-sensitive tissues. A second goal of the present study
was to determine the effects of NA and/or insulin on gene
expression in insulin-sensitive tissues in rats using a gene
expression microarray analysis. Our results indicate that NA
had widespread effects on gene expression in all of the
insulin-sensitive tissues studied. In addition, a systematic or
strategic analysis of the microarray data revealed that these
effects occurred apparently via various mechanisms includ-
ing FOXO1-dependent, plasma FFA–dependent, and adi-
pose tissue–specific pathways. Some of these effects
occurred in genes involved in the regulation of fuel
metabolism, cellular signaling, and/or insulin action, pro-
viding novel insights into the mechanisms underlying
wanted and unwanted effects of NA treatment.
2. Methods

2.1. Animals and catheterization

Male Wistar rats weighing 275 to 300 g were obtained
from Simonsen (Gilroy, CA) and studied at least 5 days after
arrival. Animals were housed under controlled temperature
(22°C ± 2°C) and lighting (12 hours of light, 6:00 AM to 6:00
PM; 12 hours of darkness, 6:00 PM to 6:00 AM) with free
access to water and standard rat chow. At least 4 days before
the experiment, the animals were placed in individual cages
with tail restraint as previously described [16-19], which was
required to protect tail blood vessel catheters during
experiments. The animals were free to move about and
were allowed unrestricted access to food and water. One tail
vein infusion catheter was placed the day before the
experiment, and one tail artery blood sampling catheter
was placed in the morning of the experiment (ie, 6:00 AM).
This study was conducted in conformity with the Public
Health Service Policy on Humane Care and Use of
Laboratory Animals, and all procedures involving animals
were approved by the Institutional Animal Care and Use
Committee at the University of Southern California.

2.2. Experimental protocols

Experiments were conducted in the conscious state after
an overnight fast; food was removed at 5:00 PM on the day
before the experiment. In the morning of the experiment,
animals received a constant infusion of saline, NA (30
μmol/h), insulin (human insulin; Novo Nordisk, Bagsvaerd,
Denmark; 30 pmol/[kg min]), or both NA and insulin for
1.5 (phosphorylation studies, n = 4 for each group) or 7
hours (gene expression studies, n = 3 for each group).
During the NA and/or insulin infusion, plasma glucose was
maintained at basal levels (∼5.5 mmol/L) by exogenous
glucose infusion. At the end of the experiments, the
animals were anesthetized; and tissue samples (cardiac and
skeletal [gastrocnemius] muscles, liver, and epididymal fat)
were rapidly dissected out, frozen immediately using liquid
N2-cooled aluminum blocks, and stored at −80°C for later
analysis. Blood samples were collected at various time
points to measure the plasma levels of glucose, insulin,
and FFA.

2.3. Western blot analysis for total and phosphorylated
protein levels of Akt and FOXO1

Frozen tissues (∼50 mg) were homogenized using a
Tekmar homogenizer (Cincinnati, OH) at half-maximum
speed (1 minute, on ice) in 500 μL of buffer (20 mmol/L
Tris [pH 7.5], 5 mmol/L EDTA, 10 mmol/L Na4P2O7, 100
mmol/L NaF, 2 mmol/L Na3VO4, 1% NP-40, 1 mmol/L
phenylmethylsulfonyl fluoride, 10 μg/mL aprotinin, and
10 μg/mL leupeptin) [19]. Tissue lysates were further
solubilized by incubating at 4°C for 1 hour with
continuous rotation and subsequently centrifuged at
14 000g at 4°C for 20 minutes. The supernatants (50 μg
of protein) were resolved by sodium dodecyl sulfate
polyacrylamide gel electrophoresis followed by electro-
phoretic transfer of the proteins onto Hybond-P mem-
branes (Amersham, Piscataway, NJ). The membranes were
then probed with rabbit antibodies against Akt, phospho-
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Akt (p-Akt) (serine 473), FOXO1, or phospho-FOXO1 (p-
FOXO1) (serine 256) obtained from Cell Signaling
Technology (Beverly, MA). After the incubations with
primary antibodies, the membranes were incubated with a
secondary antibody (horseradish peroxidase–conjugated
anti-rabbit immunoglobulin G, Amersham). Signals were
then detected by an enhanced chemiluminescence method
and quantified using the Bio-Rad Molecular Analyst (Bio-
Rad Laboratories, Hercules, CA).

2.4. Gene expression microarray analysis

Total RNA was extracted from frozen tissue samples
using Tri Reagent from Molecular Research Center
(Cincinnati, OH) according to the manufacturer's instruc-
tions. The RNA samples were pooled (n = 3) for each group
and subjected to DNA microarray analysis. The first-strand
complementary DNA (cDNA) was synthesized from 3 μg of
total RNA using T7-oligo dT primer and SuperScript II
(Invitrogen Life Technologies, Carlsbad, CA). Second-strand
cDNAwas synthesized with second-strand buffer (Invitrogen
Life Technologies), DNA polymerase I (New England
Biolabs [NEB], Ipswich, MA), DNA ligase (NEB), and
RNase H (Invitrogen Life Technologies). The cDNA was
used as a template, and in vitro transcription was performed
using the RNA Transcript Labeling Kit (Enzo Diagnostics,
Farmingdale, NY) to produce hybridizable biotin-labeled
RNA targets. After in vitro transcription, complementary
RNAwas purified using RNeasyMini Kit (Qiagen, Valencia,
CA). The complementary RNA was fragmented by incubat-
ing at 94°C for 35 minutes, after which it was applied to
the Affymetrix GeneChip Rat Genome 230 2.0 Array
(Affymetrix, Santa Clara, CA) and hybridized at 40°C for
16 hours. The GeneChip was then washed several times and
stained with streptavidin-conjugated phycoerythrin in the
GeneChip Fluidics Station 400 (Affymetrix). Finally, the
chips were scanned using the Agilent Scanner (Agilent
Technologies, Santa Clara, CA) and analyzed with GeneChip
Analysis Suite 5.0 (Affymetrix).

2.5. Northern blot analysis for muscle pyruvate
dehydrogenase kinase 4 mRNA levels

Northern blot analysis for muscle pyruvate dehydroge-
nase kinase 4 (PDK4) mRNA expression was performed as
previously described [18]. Briefly, electrophoresis was
performed using 25 μg each of total RNA preparations in
1% denaturing gel. RNA was then transferred onto a
positive-charged nylon membrane (BrightStar-Plus;
Ambion, Austin, TX). The cDNA probes for rat PDK4
were obtained by reverse transcriptase polymerase chain
reaction (RT-PCR) using an Advantage One Step RT-
PCR kit from Clontech (Palo Alto, CA) and the following
primers: 5′-CGTCGCCAGAATTAAAGCTC and 3′-
CTGCCAGTTTCTCCTTCGAC. The cDNA probes were
labeled with [32P]dCTP (Perkin Elmer, Waltham, MA) using
a DECAprime DNA labeling kit (Ambion). Hybridization
was conducted at 42°C in Ultrahyb solution (Ambion), and
the relative densities from the autoradiographs were
quantified using the Bio-Rad Molecular Analyst.

2.6. Quantitative RT-PCR

Quantitative real-time RT-PCR for lipopolysaccharide
(LPS)-induced tumor necrosis factor (TNF)–α factor
(LITAF) expression in adipose tissue was performed using
iCycler (Bio-Rad Laboratories) following the manufacturer's
protocol. The measurement was normalized against a β-actin
RNA control. The primers used for LITAF were as follow:
(primer pair 1) F 5′-CCA ACA TCA ACA GAC AAG GTA
G-3′, R 5′-TTT AGG AGG GAG CCA GGA C-3′; (primer
pair 2) F 5′-AGA GGG GGT GCC AAG CCC AA-3′, R 5′-
GCG GTT GAG ACC CCA CGA GC-3′.

2.7. Other assays

Plasma glucose was analyzed using a glucose oxidase
method on a Beckman Glucose Analyzer II (Beckman,
Fullerton, CA). Plasma insulin was measured using a
radioimmunoassay kit from Linco Research (St Charles,
MO). Plasma FFA was measured using an acyl–coenzyme A
oxidase-based colorimetric kit (Wako Chemicals, Rich-
mond, VA).

2.8. Statistical analysis

The significance of differences between groups was
assessed by Student t test or analysis of variance (for
multiple comparisons), followed by post hoc analysis using
the Newman-Keuls multiple range test. In microarray
analysis, the expression levels of probe sets and the
significance of differences between groups were analyzed
with Affymetrix Microarray Suite Version 5.0.
3. Results

3.1. Effects of NA on Akt and FOXO1 phosphorylation in
insulin-sensitive tissues in vivo

Rats received an infusion of saline (control) or NA (30
μmol/h) for 1.5 hours, which does not alter plasma insulin
levels ([18]; also see below). At the end of the 1.5-hour
infusions, epididymal fat, liver, cardiac, and skeletal
(gastrocnemius) muscle samples were taken and analyzed
for total and phosphorylated Akt and FOXO1. The NA
infusion decreased p-Akt in all of the insulin-sensitive
tissues studied (P b .05, Fig. 1), and these changes were
accompanied by similar decreases in p-FOXO1 (P b .05 for
all but liver).

3.2. Opposite effects of NA and insulin on Akt and FOXO1
phosphorylation in vivo

The effects of NA to decrease p-Akt and p-FOXO1 are
opposite to the well-known effects of insulin to increase Akt
and FOXO1 phosphorylation [11]. To further evaluate this



Fig. 1. Representative Western blots and quantitative data showing the effects of a short (1.5 hours) infusion of NA on Akt and FOXO1 phosphorylation in
insulin-sensitive tissues of rats in vivo. Data are means ± SEM (n = 4). ⁎P b .05 vs saline control.
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interesting finding, saline, NA, and/or insulin was infused
for up to 7 hours in conscious rats. Nicotinic acid did not
alter basal plasma insulin levels, but insulin infusion
increased plasma insulin levels to approximately 750
pmol/L (Fig. 2). Plasma glucose was maintained at basal
levels in all of the experiments by exogenous glucose
infusion. Small rates of glucose infusion were necessary
during the initial 2 hours of the NA infusion [18]. Glucose
infusion was greater during the insulin infusion and was not
altered by NA. Plasma FFA levels decreased during the NA
or insulin infusion. When the NA and insulin infusions were
combined, there were no further decreases in plasma FFA.
Tissue samples were collected at different times (ie, 1.5 and
7 hours) and analyzed for Akt and FOXO1 phosphorylation
(1.5-hour samples) or gene expression (7-hour samples). As
expected, insulin had marked effects to increase p-Akt in
insulin-sensitive tissues (Fig. 3). These effects were
opposite to the effects of NA to decrease p-Akt in the
basal state, that is, without insulin infusion. However,
during the insulin infusion, when plasma insulin levels were
raised to approximately 750 pmol/L, NA did not affect p-
Akt. It appeared that insulin dominated the influence over p-
Akt at this high insulin level. Similar patterns were observed
with p-FOXO1. Total Akt or FOXO1 levels were not
altered by the 1.5-hour infusion of insulin and/or NA (data
not shown).
3.3. Effects of NA and/or insulin on PDK4 mRNA
expression in skeletal muscle

We examined whether the decreases in FOXO1
phosphorylation by NA, which would increase nuclear
FOXO1 transcriptional activity [11], were accompanied by
increases in the mRNA expression of PDK4, a FOXO1
target gene. Northern blot analysis revealed that, after the 7-
hour NA and/or insulin infusion, PDK4 mRNA levels in
skeletal muscle were significantly altered in inverse
correlation with p-FOXO1 levels (Fig. 4). Thus, NA,
which decreased p-FOXO1 levels, increased PDK4 mRNA
levels by 45% (P b .05); and insulin, which increased
p-FOXO1, profoundly decreased PDK4 mRNA levels
(P b .05). These data are consistent with the concepts
that PDK4 is a FOXO1 target gene and that FOXO1
transcriptional activity is controlled by FOXO1 phosphor-
ylation. More importantly, these data support the notion
that the NA effect on FOXO1 phosphorylation may lead
to changes in gene expression, especially for FOXO1
target genes.

3.4. Effects of NA and/or insulin on gene expression in
insulin-sensitive tissues

To further evaluate the significance of the NA effects on
Akt and FOXO1 phosphorylation in insulin-sensitive tissues,



Fig. 2. Plasma glucose (A), glucose infusion rate (B), plasma insulin (C), and
FFA (D) during an infusion of saline (○), NA (30 μmol/h, ◊), insulin (5 mU/
[kg min],●), or both NA and insulin (□) for 7 hours in conscious rats. Data
are means ± SEM (n = 3 for each group). GINF indicates glucose infusion
rate.

ig. 3. Western blots showing the effects of a short (1.5 hours) infusion of
A and/or insulin on Akt and FOXO1 phosphorylation in insulin-sensitive
ssues.

ig. 4. Representative Northern blots and quantitative data showing the
ffects of a 7-hour NA and/or insulin infusion on FOXO1 target gene (ie,
DK4) mRNA expression in gastrocnemius muscle. Equal loading was
onfirmed by 18S and 28S ribosomal RNA stained by ethidium bromide
ata not shown). Data are means ± SEM (n = 3 for each group). ⁎P b .05 vs
aline. I indicates insulin.
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changes in gene expression were evaluated in tissue samples
(cardiac and skeletal muscles, epididymal fat, and liver)
collected after the 7-hour infusion of saline, NA, and/or
insulin (Fig. 2) using a gene expression microarray analysis.
RNA was isolated from individual samples and pooled (n =
3) for each of the 4 experimental groups (Fig. 2). The pooled
RNA samples were then subjected to microarray analysis
using Affymetrix gene chips. The microarray data revealed
that NA had profound effects on mRNA expression for
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data revealed the following patterns of changes in gene
expression:

1. There were numerous genes regulated by NA in an
Akt- or FOXO1-dependent manner. Our data indicated
that Akt and FOXO1 phosphorylation was oppositely
changed by insulin and NA (Fig. 3). We analyzed the
microarray data to identify genes whose expression
was altered more than 2-fold by insulin and oppositely
regulated by NA. There were 15, 19, 8, and 34 such
genes identified in skeletal muscle, cardiac muscle, fat,
and liver tissues, respectively. Interestingly, many of
these genes encode proteins involved in energy
metabolism and cellular signaling (Table 1). These
genes showed expression patterns correlated positively
or negatively with Akt or FOXO1 phosphorylation
(Fig. 3), suggesting that many of these genes may be
regulated by FOXO1 and/or Akt. To support this idea,
the gene list includes PDK4 (skeletal and cardiac
muscles), glucose 6-phosphatase (G6Pase; liver), and
insulin-like growth factor binding protein (fat and
liver), known to be regulated by FOXO1 [20], and
fatty acid synthase (fat), adenosine triphosphate (ATP)
citrate lyase (liver), 3-hydroxy-3-methylglutaryl–co-
enzyme A (liver), and cAMP-responsive element
modulator (liver), reported to be regulated by Akt
[21]). The opposite effects of NA and insulin on PDK4
mRNA levels were confirmed by Northern blot
analysis (Fig. 4).

2. There was a group of genes specifically regulated in
adipocytes by NA. We also analyzed the microarray
data to identify genes whose expression was altered
specifically by NA. To enhance the specificity/
reliability, we looked for genes whose expression
was altered (1) profoundly (N4-fold) and (2) common-
ly in the NA and NA + insulin groups (vs saline) but
Table 1
Genes regulated oppositely by NA and insulin

Function Correlat

Negative
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phosphoenolpyruvate carboxykinase 1) of these genes
were up-regulated by NA (Table 2, “Discussion”).
Among these genes was LITAF, which mediates TNF-
α transcription [22,23]. This is exciting because
with p-FOXO1/p-Akt
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induction of this gene would induce TNF-α, which
would in turn induce other cytokines, including
interleukin 6 (IL-6) [24,25]. Tumor necrosis factor–α
and IL-6 have been shown to increase lipolysis and/or
induce insulin resistance [26-28]. The changes in
LITAF mRNA expression were confirmed by real-
time quantitative RT-PCR (Fig. 5).

3. There was a group of genes whose expression was
altered similarly by insulin and NA. We also
identified genes whose expression was altered by
more than 50% commonly in the insulin, NA, and
NA + insulin groups (vs saline). The number of such
genes was 76, 33, 105, and 274 in skeletal muscle,
cardiac muscle, fat, and liver tissues, respectively.
Because the 3 experimental conditions are all
characterized by decreased plasma FFA levels (Fig.
2), this group may represent those genes regulated by
plasma FFA, possibly via peroxisome proliferator-
activated receptors (PPARs). This idea is supported
by the finding that this group included leptin (in fat)
and UCP3 (in muscle), which are known to be
regulated by plasma FFA [29,30]. Interestingly, LPL,
an important regulator of circulating lipids, was up-
regulated exclusively in skeletal muscle; and ATP-
binding cassette A1 transporter, which plays a major
role in the modulation of HDL particles, was up-
regulated in liver under all of the conditions of
decreased plasma FFA (Fig. 6).
4. Discussion

In the present study, we found that NA infusion had
profound effects on Akt and FOXO1 phosphorylation in
insulin-sensitive tissues, such as liver, skeletal muscle, heart,
and adipose tissue. In addition, a microarray study showed
that a prolonged (ie, 7 hours) NA infusion had widespread
effects on gene expression in these tissues, which appeared
. 5. Effects of NA and insulin on LITAF mRNA expression in adipocytes
determined by microarray analysis (Affymetrix) and real-time quantita-
RT-PCR on pooled RNA samples using 2 different primer sets (primers
nd 2).
to occur by various mechanisms in a Akt- or FOXO1-
dependent, adipose tissue–specific, or plasma FFA–depen-
dent manner. Taken together, these data suggest that NA
does more than merely decrease plasma FFA levels (or
suppress lipolysis in adipocytes) and causes many changes in
cellular signaling and gene expression in insulin-sensitive
tissues, providing novel insights into the mechanisms
underlying wanted and unwanted effects of NA treatment
as discussed below.

The effects of NA on Akt and FOXO1 phosphorylation
in insulin-sensitive tissues may not represent direct effects
of NA in the affected tissues. First of all, the NA receptor is
expressed abundantly in adipose tissue, but not in liver,
heart, or skeletal muscle [31,32]. Second, NA had no
significant effects on Akt and FOXO1 phosphorylation in
vitro in adipose tissue explants or primary hepatocytes (data
not shown). These findings suggest that an in vivo (neural
or endocrine) factor might have been activated during the
NA infusion and mediated the effects on Akt and FOXO1
phosphorylation. Previous human studies have shown that
NA raised plasma epinephrine levels at resting states
[33,34]. In addition, NA infusion in rats significantly
increased plasma corticosterone levels [35]. We have
confirmed that NA infusion in rats, under conditions
identical to the present ones, significantly increased plasma
epinephrine and corticosterone levels (K Oh, Y Oh, C
Donovan, I Kang, and J Youn, unpublished data). Whether
these hormonal changes are responsible for the NA effects
on Akt and FOXO1 phosphorylation remains to be studied.
Because Akt and FOXO1 play a key role in many important
cellular processes [9,10], future studies are warranted to
elucidate the precise mechanisms by which NA decreases
Akt and FOXO1 phosphorylation (and activity) in insulin-
sensitive tissues.

Insulin is known for its profound effects to regulate gene
expression in various tissues [36]. Therefore, it was rather
unexpected that the number of genes affected by NA
exceeded that of genes affected by insulin in most of the
insulin-sensitive tissues studied. However, many of the NA
effects on gene expression may not represent direct effects of
NA in the affected tissues. As discussed above, the NA
receptor is expressed in adipose tissue, but not in the other
insulin-sensitive tissues [31,32]. On the other hand, NA
infusion increases plasma levels of epinephrine and
corticosterone [33-35], which are known to regulate gene
expression in various tissues, including those evaluated in
the present study. Therefore, it is conceivable that many of
the NA effects on gene expression may be mediated by
increases in these hormones during NA infusion. In this
context, it would be interesting to study the effects of NA on
gene expression in adrenalectomized rats where the
epinephrine and the corticosterone responses to NA would
be absent.

Microarray analysis allowed us to identify several gene
groups with different patterns of expression changes among
our experimental conditions. We first paid attention to the



Fig. 6. Effects of NA and/or insulin on LPL (A) and ATP-binding cassette A1 (B), detected by microarray analysis. The y-axis signals are the hybridization
intensities in DNA microarray experiments. ⁎P b .05 vs saline control.
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pattern in which gene expression was altered oppositely by
NA and insulin with the effect of insulin dominating when
both insulin and NA were infused. These changes correlate
positively or negatively with the changes in Akt or FOXO1
phosphorylation induced by NA and/or insulin. Many of
these genes are involved in glucose, fat, and mitochondrial
metabolism or cellular signaling (Table 1), consistent with
the roles of Akt or FOXO1. We believe that many of these
genes are regulated by FOXO1 or Akt. This idea is supported
by the finding that the gene list includes several genes known
to be regulated by FOXO1 or Akt (“Results”). Thus, a
systematic (or strategic) analysis of the microanalysis data
resulted in a list of genes predicted to be FOXO1 or Akt
target genes. Future studies are warranted to directly test
whether many of these genes are indeed FOXO1 or Akt
target genes.

Nicotinic acid treatment often causes insulin resistance
[7,8], but the mechanism by which this occurs remains
unclear. The present finding that NA decreases FOXO1
phosphorylation (and thus activates FOXO1) in insulin-
sensitive tissues provides new insights into this unwanted
effect of NA treatment. Pyruvate dehydrogenase kinase 4, a
FOXO1 target gene [37,38], plays an important role in the
regulation of glucose oxidation [39,40] and the development
of insulin resistance in skeletal muscle [41]. The present data
demonstrate that NA increases PDK4 expression in skeletal
muscle, presumably by activating FOXO1; and this effect
may contribute to the development of insulin resistance
during NA treatment [41]. On the other hand, in hepatocytes,
FOXO1 increases the transcription of key gluconeogenic
enzymes/factors, including G6Pase, phosphoenolpyruvate
carboxykinase (PEPCK), and PPAR-γ coactivator-1 [42,43].
Therefore, FOXO1 activation in the liver may lead to
increased expression of G6Pase, PEPCK, and/or PPAR-γ
coactivator-1 to cause glucose overproduction and/or hepatic
insulin resistance [43].
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We also attempted to identify genes whose expression
was altered specifically by NA. When we looked for genes
whose expression was altered by more than 4-fold by NA but
was not affected by insulin, 121 genes were identified.
Interestingly, all of these changes in gene expression
occurred in fat tissue and none in liver, heart, or skeletal
muscle. This confinement of the 121 independent changes to
adipose tissue must be significant both statistically and
physiologically. These genes may be regulated by pathways
specifically activated (or inhibited) by NA through the NA
receptor, which is expressed abundantly in adipose tissue but
not in the other tissues [31,32]. The NA receptor is a G-
protein–coupled receptor. Activation of the NA receptor
gives rise to an inhibitory G-protein (Gi) signal that inhibits
adenylate cyclase and lowers cAMP levels to reduce protein
kinase A activity [1]. Therefore, cAMP-responsive elements
and/or protein kinase A–dependent pathways for gene
regulation may be involved.

Among the 121 genes whose expression was altered by
NA exclusively in adipocytes, 2 genes particularly attracted
our attention, as the effects of NA on their expressions may
explain FFA rebound during NA treatment. First, PEPCK1
was down-regulated, whereas the other 120 genes were all
up-regulated. The decrease in the expression was 20-fold;
and this fold change was reliable, as the PEPCK1 signal on
the gene chip was one of the strongest ones. After the 20-
fold decrease, the signal was still reliably detectable. In a
separate study, PEPCK protein expression in adipose tissue
decreased by 60% (or 2.5-fold) after a 24-hour NA infusion
(P b .01 vs saline, n = 5 each), confirming the change in
PEPCK mRNA expression detected in the present study.
Phosphoenolpyruvate carboxykinase is the key enzyme
involved in glyceroneogenesis in adipocytes [44], which is
an important metabolic pathway that provides glycerol 3-
phosphate required for FFA reesterification (or triglyceride
synthesis). Free fatty acid release from adipose tissue is
determined by the balance between lipolysis and FFA
reesterification. Transgenic mice that overexpress PEPCK
in white adipose tissue are obese likely because of enhanced
FFA reesterification and decreased FFA release [45]. In
addition, the antidiabetic thiazolidinedione class of com-
pounds increases PEPCK expression in adipocytes and
reduces the release of FFA from adipocytes [46]. In
contrast, glucocorticoids are known to decrease the
expression of PEPCK in adipocytes; and this may
contributes to the action of the hormone to promote FFA
release from adipocytes [44]. Furthermore, interferon-γ was
shown to promote FFA release from adipose tissue by
decreasing PEPCK expression without affecting lipolysis
[47]. Taken together, these data suggest that PEPCK
expression in adipocytes may be an important regulator of
FFA release from these cells. In this context, our finding
that NA profoundly decreases PEPCK1 expression in
adipose tissue suggests the intriguing possibility that FFA
rebound during long-term NA treatment may result, at least
in part, from decreased PEPCK expression in adipocytes.
Second, LITAF, which mediates TNF-α transcription
[22,23], was profoundly up-regulated by NA. This change
would subsequently induce TNF-α, which would in turn
induce other cytokines, including IL-6 [24,25]. Tumor
necrosis factor–α and IL-6 are known to increase lipolysis
[26]; and therefore, such changes in TNF-α and/or IL-6
expression may also potentially explain FFA rebound
during long-term NA treatment.

When we attempted to identify genes whose expres-
sion was altered commonly by NA and insulin, many
genes involved in lipid metabolism were detected. In
particular, we found that LPL was up-regulated in
skeletal muscle. Increased LPL expression in this major
tissue would increase the rate of VLDL removal and
thereby lower circulating lipid levels. Thus, the effect of
NA on LPL expression (or activity) may contribute to the
lipid-lowering effects of NA treatment as previously
suggested [4,6]. Such an effect may explain lipid-
lowering effects of NA during FFA rebound if it occurs
independent of plasma FFA or in temporal patterns
different from those for plasma FFA. We also found that
ATP-binding cassette A1 transporter, which plays a major
role in the modulation of HDL particles [48], was up-
regulated in liver. This effect may be a major mechanism
for the effect of NA treatment to increase in plasma
HDL levels.

In conclusion, NA infusion in rats resulted in profound
effects on Akt and FOXO1 phosphorylation and gene
expression in insulin-sensitive tissues. These data indicate
that NA does more than merely decrease plasma FFA (or
suppress lipolysis in adipocytes) and causes many changes in
cellular signaling and function. Therefore, data from studies
in which the role of plasma FFA is evaluated using NA
should be carefully interpreted. Our microarray analysis
provided potential mechanisms for wanted and unwanted
effects of NA treatments, and further studies are warranted to
directly test these new ideas.
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