Niacin increases HDL biogenesis by enhancing DR4-
dependent transcription of ABCA1 and lipidation of
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Abstract The lipidation of apoA-Iin liver greatly influences
HDL biogenesis and plasma HDL levels by stabilizing the
secreted apoA-I. Niacin is the most effective lipid-regulating
agent clinically available to raise HDL. This study was un-
dertaken to identify regulatory mechanisms of niacin action
in hepatic lipidation of apoA-I, a critical event involved in
HDL biogenesis. In cultured human hepatocytes (HepG2),
niacin increased: association of apoA-I with phospholipids
and cholesterol by 46% and 23% respectively, formation of
lipid-poor single apoA-I molecule-containing particles up to
~2.4-fold, and pref1 and o migrating HDL particles. Nia-
cin dose-dependently stimulated the cell efflux of phospho-
lipid and cholesterol and increased transcription of ABCA1l
gene and ABCALI protein. Mutated DR4, a binding site for
nuclear factor liver X receptor alpha (LXRa) in the ABCA1
promoter, abolished niacin stimulatory effect. Further,
knocking down LXRa or ABCA1 by RNA interference elimi-
nated niacin-stimulated apoA-I lipidation. Niacin treatment
did not change apoA-I gene expression.lill The present data
indicate that niacin increases apoA-I lipidation by enhancing
lipid efflux through a DR4-dependent transcription of
ABCAL gene in HepG2 cells. A stimulatory role of niacin in
early hepatic formation of HDL particles suggests a new
mechanism that contributes to niacin action to increase the
stability of newly synthesized circulating HDL.—Zhang,
L-H., V. S. Kamanna, S. H. Ganji, X-M. Xiong, and M. L.
Kashyap. Niacin increases HDL biogenesis by enhancing
DR4-dependent transcription of ABCAIl and lipidation of
apolipoprotein A-I in HepG2 cells. J. Lipid Res. 2012. 53:
941-950.
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A growing body of evidence indicates that HDLs protect
against the development of atherosclerotic coronary heart
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disease (CHD). In fact, a low HDIL-cholesterol level re-
mains an important and independent risk factor for CHD
even in patients with low basal or therapeutically lowered
LDL-cholesterol levels (1-4). Antiatherogenic properties
of HDL are believed to be mediated by the ability of apoA-I,
the major protein of HDL, and possibly other apolipopro-
teins to not only to mediate reverse cholesterol transport
from peripheral tissues but also through its anti-inflamma-
tory and anti-oxidation properties (4-9).

Niacin has long been used in the treatment of dyslipi-
demia and cardiovascular disease (CVD) (9-13). In phar-
macologic doses, niacin reduces cholesterol, triglycerides,
and LDL, and increases HDL. A number of clinical trials
have indicated that treatment with niacin, alone or in
combination with other lipid-regulating agents, signifi-
cantly reduced total mortality and coronary events and re-
tarded the progression and induced the regression of
coronary atherosclerosis (1-4, 12, 13). In a recent trial
(AIM-HIGH), administration of niacin to patients with
atherosclerotic cardiovascular disease receiving intensive
statin therapy did not provide incremental clinical benefit
to statin therapy during a 3 year follow-up period (14).
The reasons for the unexpected outcome of this trial are
unclear and remain to be confirmed by another ongoing
much larger trial, HPS2-THRIVE, assessing the long-term
clinical effects of extended release niacin/laropiprant in
patients with established cardiovascular disease receiving
simvastatin alone or with ezetimibe (ClinicalTrials.gov
Identifier: NCT00461630). Also subgroup analyses of the
AIM HIGH trial have not yet been presented.

Abbreviations: CHD, coronary heart disease; 2D, two-dimentional
gel electrophoresis; DR4, direct repeat 4; HepG2, human hepatobls-
toma cell line; LP-AI, HDL particles containing only apoA-I; LP-AI+AlII,
HDL particles containing both apoA-I and apoA-II; LXRa, liver X re-
ceptor alpha; PVDF, polyvinylidene fluoride; siRNA, small interfering
RNA; TBE, tris/borate/ethylenediaminetetraacetic acid buffer.
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Niacin is the most potent currently available pharma-
cologic agent to increase HDL (10-13). Interestingly,
niacin selectively increases plasma HDL particles contain-
ing mainly apoA-I (LP-AI, HDL subclasses with cardio-
protective properties) but not HDL particles containing
both apoA-I and A-IT (LP-AI+AII) (15). However, the mo-
lecular mechanisms of its action on HDL levels, composi-
tion, and functional properties are poorly understood.
Previous kinetics studies in normolipemic humans using
" Llabeled apoA-I as a tracer indicated that niacin treat-
ment decreased the fractional catabolic rate (FCR) of apoA-I
but did not alter its synthetic rate (16, 17). Another study
with infusion of deuterated leucine as a tracer in com-
bined hyperlipidemic subjects showed that niacin treat-
ment was associated with an increase in HDL apoA-I
concentration and production (18).This result is in con-
trast to all previous kinetic studies and also with in vitro
data on niacin’s action on apoA-I and apoA-II in cultured
hepatocytes. The reasons for this discrepancy are unclear
and may relate to differences in patient population stud-
ied or methodology and require further research. Our in
vitro studies demonstrate that niacin inhibits the uptake
of "®Ilabeled HDL protein but not *H-labeled HDL cho-
lesterol ester by cultured HepG2 cells without affecting
apoA-I synthesis (19). Further, our recent studies indi-
cate that the inhibitory effect of niacin is mediated by
inhibition of the cell surface expression of ATP synthase
B chain, resulting in reduced hepatic uptake of P Llabeled
HDL protein (20). This data, along with earlier turnover
trials (16, 17), indicate that decreased HDL catabolism is
probably a major mechanism by which niacin increases
circulating apoA-I and HDL.

Most plasma apoA-I molecules exist in the lipidated
form associated with HDL particles because the lipid-
free apoA-I is not stable, and is quickly removed from
the circulation through filtration in the kidneys (21,
22). The initial lipidation of newly secreted apoA-I by
phospholipids and cholesterol, mainly promoted by the
membrane protein ABCALI activity at the cell surface, is
critical during the early formation of HDL particles,
and for stabilizing apoA-I as biologically active mole-
cules (23-26). There is a significant link between the
ABCAl-mediated cholesterol efflux in the initial forma-
tion of HDL and with its stability in plasma (24-27).
Liver-specific inactivation of ABCAI in mice resulted in
a 2-fold increase in the catabolic rate of HDL protein
(27). Mutations in the ABCAl gene with defective
ABCAIl-mediated cellular cholesterol/phospholipid efflux
have been shown to result in the total loss or extremely
low levels of HDL in patients with Tangier disease
(28-31). Thus the apoA-I catabolism can be significantly
influenced by the lipidation of apoA-I in the early for-
mation of HDL particles. We hypothesized that niacin
may increase nascent HDL formation by enhancing the
hepatic lipidation of apoA-I thus preventing premature
in vivo clearance of poorly lipidated apoA-I. In this
study, we tested this hypothesis by examining the effect
of niacin on ABCA1 expression and its participation in
HDL biogenesis in HepG2 cells.
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MATERIALS AND METHODS

HepG2 cell culture and treatment

HepG2 cells were maintained in DMEM containing 10% FBS,
supplemented with 100 units/ml penicillin G, and 100 pg/ml strep-
tomycin sulfate at 37°C in a humidified atmosphere of 95% air, 5%
CO,. In this study, we have used niacin at doses of 0.1-1.0 mM for
incubation with HepG2 cells. In humans, plasma level of niacin was
found to be about 0.3 mM after oral ingestion of 2 g of niacin (32).
In our extensive clinical experience with niacin, the plasma concen-
trations of niacin will be in the range of 0.1-0.5 mM after oral ad-
ministration of 1-3 g doses of niacin (the dose commonly used in
humans). Also, because of the first pass effect and transport through
the portal venous system, niacin concentrations in liver tissue will be
much higher than in plasma levels after oral administration of 1-3 g
of niacin. These actual portal vein concentrations have not been
reported. Thus, the doses of niacin used in our in vitro experiments
will be clinically relevant and comparable to the niacin concentra-
tions observed in human plasma and probably in the liver after oral
administration of niacin in clinical doses.

ApoA-I lipidation assay

HepG2 cells were metabolically labeled in DMEM containing
5 mg/ml of fatty acid-free BSA with [Methyl—SH]Choline Chlo-
ride (1 uCi/ml) for phospholipids, or [1,2—3H(N)]Cholesterol,
and [5-3H(N)]mevalono—lactone-Rs (2 uCGi/ml) (PerkinElmer
Life Sciences) was used for endogenously synthesized cholesterol
for ~24-48 hConstructions such as . ApoA-I-containing particles
from the culture medium were immunoprecipitated by poyclonal
anti-human apoA-I antibody (Calbiochem), and harvested by
protein A-Sepharose beads. After washing with PBS, 3H—phospho—
lipids or *H-cholesterol associated with apoA-I was quantified by
scintillation counting. The lipidation of apoA-I by phospholipids
or cholesterol is expressed as cpm per pg cell protein. A rabbit
IgG (Invitrogen) was used as control for immuno-precipitation
and subtracted as background counts.

Immuno-precipitation and Western blotting

Immuno-precipitation of apoA-I from HepG2 culture medium
and Western blotting analysis of apoA-I and ABCA1 were essen-
tially performed as described previously (33, 34).

Native gradient PAGE and 2D gel analysis

HepG2 cells were incubated with various amounts of niacin
(0-1 mM Nicotinic acid, Sigma), which is in clinically relevant range
of doses, for 24 h in DMEM containing 1 mg/ml of BSA free of fatty
acids. Approximately 10-40 ul of sample (~10 g protein) were ap-
plied to the ~3-30% gradient polyacrylamide gel. Electrophoresis
was carried out in TBE buffer at 50v for 22 h at 4°C. Proteins on
PAGE gel were transferred to polyvinylidene fluoride (PVDF) mem-
branes and immunoblotted with anti apoA-I antibody, and devel-
oped with the enhanced chemiluminescent reagents (Amersham).
For two-dimensional (2D) gel analysis, the medium samples
(~10 ug protein) were first loaded on the 0.7% agarose gel and run
for 3 h at 100v at 4°C in Tris-Tricine buffer pH8.6. The gel strips
from the first electrophoresis were cut off and transferred to the
second gel of ~3-30% of gradient native polyacrylamide and run
for 22 h at 50v in TBE buffer at 4°C. Molecular size standards (Am-
ersham, 17044501) were applied in the second gel electrophoresis.
Proteins on the native gel were transferred to PVDF membranes and
immuonblotted with anti apoA-I antibody.

Cholesterol and phospholipid efflux

HepG2 cells (~70% confluence) were incubated with niacin
for ~24-48 h and then labeled with 2uCi/ml *H-choline or *H-
cholesterol in DMEM containing 5 mg/ml BSA free of fatty acids



for 24 h. After washing with PBS three times, the efflux of *H-
labeled phospholipids or cholesterol from cells was conducted in
the same medium containing niacin plus 15 pg/ml of recombi-
nant human apoA-I for 4 h. The cellular lipid efflux activity from
HepG2 cells is expressed as cpm per pg cell protein. The apoA-I-
specific cholesterol efflux is the value that has subtracted the
value of efflux in the absence of the exogenously added apoA-],
and the efflux activity is expressed as the percent of cpm in me-
dium over the total (medium plus cells).

Plasmids

The human ABCALI gene promoter DNA sequence (GenBank
accession #A]252201, -927~+115bp, using the transcription start
site as +1) was isolated by PCR amplification from human ge-
nomic DNA (Clontech), and cloned into pGL3(R2.1) basic vec-
tor harboring the luciferase repoter cDNA. The primers used
are: 5-TCT TAC GCG TAA GTT GGA GGT CTG GAG TGG C
(sense) and 5-CGC AGA TCT TGA GAA CCG GCT CTG TTG
GTG (anti-sense). Underlined are restriction sites for Mlul and
BglII, respectively. Mutations in the ABCA1 promoter were made
by using the Quick Change Mutagenesis kit (Stratagene). The
human apoAl promoter reporter was made as described previ-
ously (33).

Dual luciferase assay

Cell transfection and the luciferase assay for ABCAl and
apoA-I promoter were essentially performed as described previ-
ously (33).

RT and quantitative real-time PCR

Total RNA extracted from cells was reverse transcribed with
100 units of SuperScript II reverse transcriptase (Invitrogen).
Real-time PCR was performed by using the QuantiTect SYBG
Green PCR reagents (Qiagen) in iCycler with gene specific
primer sets: 5-TGA GCT GCA ACT CAA TGA TGC C and 5"-CCA
CAT ATG TGT GCT GCA GCC for liver X receptor alpha
(LXRa); 5-ACT GAT GAG GCC AGC TCA GC and 5-CCA CAG
ACA CGG CAA AGC TC for LXRB; 5-GCG CCA TCG TCC TCT
TTA ACC C and 5-GGT ACT TGT GCT TGC AGT AGG C for
RXRaq; 5-CCC AGA GCA AAA AGC GAC TC and 5-GGT CAT
CAT CAC TTT GGT CCT TG for human ABCAL; and 5- GCA
TCG TCA CCA ACT GGG ACG AC and 5- CAT GGC TGG GGT
GTT GAA GGT CTC for B actin; or 5-CGG CGA CGA CCC ATT
CGA AC and 5-GAA TCG AAC CCT GAT TCC CCG T for 18S
rRNA as endogenous control gene. In regular RT-PCR, prim-
ers for apoA-I are 5-AGA GAC TGC GAG AAG GAG GTG and
5-CAG ATC CTT GCT CAT CTC CTG.

RNA interference assay

HepG2 cells are transfected by using Fugene 6 (Roche) for 24 h
with 50 nM of small interfering RNA (siRNA) for LXRa (Am-
bion Silence validated siRNA ID 5458) or ABCA1 (Invitrogen,
Cat# S103025190), and scrambled siRNA control, separately. The
target sequence for ABCAI is TTGGGACTTGGTGGGACGAAA
(5939-5959bp, GenBank accession NM_005502), and for LXRa
(NRIH3), GGAGATAGTTGACTTTGCT (1037-1019bp, Gen-
bank accession NM_005693). The transfectants were washed and
then treated with niacin in DMEM medium containing 5 mg/ml
of BSA free of fatty acids, and metabolically labeled for ~24-48 h.
The assays for the apoA-I lipidation were performed as de-
scribed above.

Statistical analysis
Student’s #test was used in data analysis and a Pvalue <0.05
was considered significant.

RESULTS

Niacin increased the lipidation of apolipoprotein A-I by
phospholipids and cholesterol

To investigate the effect of niacin on HDL biogenesis,
we first examined apoA-I lipidation by phospholipids and
cholesterol, an initial step in HDL biogenesis. As shown in
Fig. 1A and B, niacin at 0.5 and 1 mmol/L increased the
apoA-I-associated SH—phospholipids by 10% and 46%, re-
spectively, and the apoA-I-associated *H-cholesterol by 5%
and 23%, respectively, in the culture medium that has not
added exogenous apoA-I. We have used *H-mevalonate in
initial experiments to test the lipidation by endogenous
synthesized cholesterol, which showed similar results. Nia-
cin increased the lipidation of apoA-I by endogenous syn-
thesized cholesterol by 27% (4.95 + 0.56 vs. 6.30 + 0.73; P=
0.027) in the presence of 1 mM niacin. These data suggest
that niacin increased the lipidation of apoA-I, and the lipi-
dation by phospholipids appears to be more sensitive to
niacin treatment.

Furthermore, analysis of "C-abeled acetate or H-la-
beled palmitate incorporation followed by the TLC assay
in our previous study (Ref. 35 and unpublished observa-
tions) indicate that niacin does not alter biosynthesis of
cholesterol and phospholipids under similar cell culture
conditions (incorporation of acetate into cholesterol,
cpm/mg cell protein x 1000: control = 105.6 + 7.8, 1 mM
niacin = 102.8 + 7.2; incorporation of palmitate into phos-
phatidylcholine, cpm/mg cell protein x 1000: control =
255.3 + 9.0, 1 mM niacin = 261.6 + 8.0). Together, these
data indicate that niacin increases the lipidation by in-
creasing the secretion of cholesterol and phospholipids
that are associated with apoA-I in the medium but does
not change their biosynthesis in HepG2 cells.

Niacin increased the formation of lipid-poor apoA-I
particles and pref31 migrating HDL particles

After treatment of HepG2 cells with niacin for 24 h, an
aliquot of the culture medium (20 ul) was directly used for
lipoprotein fractionation in native gradient PAGE (3-30%)
and then transferred to PVDF membranes for immuno-
blotting with anti-human apoA-I antibody. Niacin treat-
mentincreased the formation of lipid-poor apoA-I particles
(~2.4-fold) that contain a single apoA-I molecule with mo-
lecular size <7.1nm but larger than a single lipid-free
apoA-I molecule, as compared with the purified apoA-I
control (Fig. 2A, B). Larger HDL particles in sizes of >7.1
nm appear to be discrete bands, concentrated at the sizes
of 8.6-9.4 nm that are larger than the purified apoA-I ag-
gregates containing more than 2—-4 apoA-I molecules (23,
36). These findings suggest that niacin increased the early
lipidation of apoA-l, leading to the formation of HDL
particles.

Two-dimensional gel analysis demonstrated that niacin in-
creased the preB1 migrating HDL (~2.9fold), which corre-
sponds to lipid-poor apoA-I particles observed in native PAGE
gel (Fig. 2C). Also, niacin treatment increased the formation
of a-migrating HDL particles by about 21% (5181 + 300 vs.
4281 + 126 scanning arbitrary units; n = 3, P< 0.05).
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Niacin increased lipidation of apolipoprotein A-I by phospholipids (A) and cholesterol (B). HepG2

cells were metabolically labeled with 1 uCi/ml of *H-choline or 2 uCi/ml of *H-cholesterol in DMEM con-
taining 5 mg/ml BSA free of fatty acids for 48 h in the presence of various amount of niacin as indicated.
ApoA-I-containing particles from the culture medium were immunoprecipitated by anti-human apoA-I anti-
body, and harvested by protein A-Sepharose beads. Phospholipids or cholesterol associated with apoA-I was
quantified by B-counting. The lipidation of apoA-I by phospholipids or cholesterol is expressed as cpm per
ug cell protein. A rabbit IgG was used as control for immunoprecipitaion and subtracted as background
counts (~0.5-2 cpm/ug cell protein). Data are expressed as mean + SD of three experiments; *P < 0.05;

##P<0.01.

Niacin stimulated phospholipid and cholesterol efflux
from HepG2 cells

Lipid-poor apoA-I or pre1-HDL is mainly composed of
one apoA-I molecule with asmall amount of phospholipids
originating from cells (23). To investigate mechanisms for
niacin-induced lipidation of apoA-I, we first tested the ef-
fect of niacin on cellular lipid efflux. Pretreatment of
HepG2 cells with niacin increased the efflux of metaboli-
callylabeled *H-choline/ phospholipids and *H-cholesterol
(Fig. 3A, B). Also, niacin dose-dependently increased the
exogenous apoA-I-specific *H-cholesterol efflux (subtracted
the efflux value in the absence of the added apoA-I) from
HepG2 cells (Fig.3C).

Niacin increased expression of ABCAl

The membrane ABCA1 plays an essential role in HDL
biogenesis, and the ABCAl-mediated lipid efflux from
cells is a critical step for lipidation of apoA-I in early forma-
tion of HDL particles (36-40). As shown in Fig. 4A and B,
niacin increased ABCAI mRNA and ABCAI protein ex-
pression. To further examine the niacin effect on ABCAI,
we constructed a luciferase reporter plasmid containing
the promoter sequence of human ABCAI gene and trans-
fected into HepG2 cells to measure the promoter activity.
Results showed that niacin increased transcription of
ABCALI gene in a dose-dependent manner (Fig. 4C). These
data suggest that niacin increased ABCAI expression
through its gene transcription.

Niacin-stimulated ABCALI transcription and function is
dependent on DR4

ABCALI gene expression is influenced by a number of
factors but mainly regulated through the conserved con-
sensus cis-acting element DR4 [direct repeats of the mo-
tif AGGTCA or TGACCT (antisense), separated by four
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nucleotides], a binding site for nuclear receptor LXRa in
the proximal promoter region of the ABCAI gene (TGAC-
CGatagTAACCT) (41, 42). LXRa, stimulated by oxycholes-
terols such as 22-(R) hydroxycholesterol (HC), binds to
the DR4 site as hetero-dimer with its partner protein RXR
to increase the transcription of ABCAIl gene (Fig. 5). We
examined expression of these nuclear receptors. Niacin
treatment did not change RXRa nor another LXR isoform
LXRB mRNA expression, but increased LXRa parallel
with increased ABCA1 mRNA expression (Fig. bA). Pro-
moter reporter assay showed that niacin, like the LXR
agonist 22HC, significantly stimulated ABCA1 promoter
activity. When DR4 sequence was mutated, the ABCA1
promoter activity was dramatically decreased. Moreover,
compared with the wild-type, the mutated DR4 eliminated
both niacin- and 22HC-induced ABCAI promoter activity
(Fig. 5B).

Further, knocking down LXRa by small RNA interfer-
ence decreased ABCA1 expression by 35% (RT-PCR fold
change: 1.0 = 0 vs. 0.65 + 0.05, P < 0.01) and eliminated
niacin-induced lipidation of apoA-I by cholesterol and
phospholipids (Fig. 6A, B) whereas apoA-I expression was
not altered (data not shown). Directly knocking down
ABCAI1 by RNA interference reduced ABCAI mRNA ex-
pression (Fig. 6D) and abolished niacin-induced apoA-I
lipidation by phospholipids (Fig. 6C).

Niacin did not affect apoA-I gene expression but
increased apoA-I accumulation in the culture medium
ApoA-I is a main acceptor for the cellular lipids during
the formation of HDL particles. We then tested the effect
of niacin on expression of apoA-I in our experimental
conditions. RT-PCR and the luciferase reporter data
showed that niacin did not change apoA-I mRNA expres-
sion and apoA-I promoter activity (Fig. 7A, B). These data
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confirmed that niacin has no effect on apoA-I gene ex-
pression in our cell culture conditions, consistent with
previous reports that niacin did not affect apoA-I biosyn-
thesis in HepG2 cells (19). However, Western blotting
demonstrated that niacin significantly increased apoA-I
protein accumulation in cell culture medium (Fig. 7C) in-
dicating that niacin may have reduced the removal from
medium of basal secretion of apoA-I and confirming our
previous observation (19).

DISCUSSION

In this study, we show that niacin increases the lipida-
tion of apoA-I containing particles with phospholipid and
cholesterol in HepG2 cell culture medium. Native gradi-
ent polyacrylamide gel and immuno-blotting analysis
showed that niacin increased the generation of lipid poor
apoA-I particles and specifically the formation of the pre31
migrating HDL particles (Fig. 2). These lipid-poor/pre-1
HDL particles, composed of a single apoA-I molecule and
a small amount of phospholipids, are much more stable
than lipid free apoA-I, and they are initial forms of HDL

apoA-l aggregates

Fig. 2. Niacin increased the formation of lipid-
poor apoA-I particles and prefl migrating HDL
particles. A: Native gradient PAGE analysis of cul-
ture medium from HepG2 cells. 0.2 pg of purified
apoA-I was used for positive control. B: Densitomet-
ric quantitation of the lipid-poor apoA-I versus total
HDL particles from A; ¥P< 0.05; *¥P<0.01. C: 10 ng
of medium protein was analyzed by 2D electropho-
resis and immunoblotting with apoA-I antibody.
Representatives of at least three experiments are
shown.

with significant biological activities (23-25). In the liver,
they actively accept cellular cholesterol/phospholipids to
form nascent discoidal HDL particles. In the circulation,
the nascent HDL particles get enriched with cholesterol
esters by the action of LCAT activity to generate spherical,
a-migrating mature HDL particles. Our findings suggest
that niacin plays an important role in early formation of
HDL particles by increasing the lipidation of secreted
apoA-L.

It has been well documented that most of the phospho-
lipids transferred to newly secreted apoA-I are derived from
the ABCAl-promoted lipid efflux activity at the cell surface
in the early biosynthesis of HDL (23-27). To investigate
mechanisms for niacin-induced lipidation of apoA-I, we
tested its effect on cellular lipid efflux from HepG2
cells. Using exogenously added apoA-I as acceptor, we
found that niacin increased the efflux of phospholipid
and cholesterol from HepG2 cells (Fig. 3). However niacin
treatment does not alter biosynthesis of cholesterol and
phospholipids (35). Significantly, niacin increased ABCA1
expression without alteration of apoA-I gene expression.
These findings suggest niacin increased lipidation of basal

Niacin increases HDL biogenesis 945
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cells were metabolically labeled with 1 uCi/ml of *H-choline or 2 uCi/ml of *H-cholesterol in DMEM con-
taining 5 mg/ml BSA free of fatty acids for 48 h in the presence of various amount of niacin as indicated.
The medium was removed at the end of incubation. Cells were washed with PBS two times and incubated
with the same medium in the presence of various amount of niacin containing 15 pug/ml of recombinant
human apoA-I for 4 h. ApoA-I-containing particles from the medium were immuno-precipitated and quanti-
fied by B-counting. C: Exogenous ApoA-I-specific cholesterol efflux was calculated by subtracting the efflux
value of experiments that contained no apoA-I from the value that contained apoA-I. Efflux activity is ex-
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freshly synthesized/secreted apoA-I promoted by ABCAI-
mediated lipid efflux. Such a mechanism would theo-
retically stabilize and prevent its rapid and premature
clearance in vivo soon after secretion.

Regulation of ABCALI expression is complex at both tran-
scriptional and posttranscriptional levels (41-43). Evidence
from in vitro and in vivo studies has shown that ABCAl
expression is mainly regulated through the conserved
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Fig. 5. Niacin-stimulated ABCAI transcription is
dependent on DR4. A: RT-qPCR. HepG2 cells were
incubated with niacin for 48 h and total RNA were
extracted for RT-qPCR as described in Materials and

1 Methods. * P<0.01. B: Promoter assay. pGL3-ABCA1

(WT) or pGL3-ABCAIl containing mutated DR4
(MUT) were transfected into HepG2 cells for dual
luciferase assay in the presence or absence of 0.5 mM
niacin (N) and 10 uM 22-(R) hydroxycholesterol
(HC). Data are expressed as mean = SD of three
experiments; *P< 0.01.

LXR b) LXR|
A {a) LXRa . PRCELE
c =
o2 2
a__ 15 a :
°T he T 08
aD a® v
x £ x C
@ © 1 @ @ 06
<5 <5
2= ==
xZ 05 ZT 04
£2 0. £2
5= a® 02
& %
0 05 1 0 05
Niacin (mM) Niacin (mM)
(¢) ABCAL * (d) RXRa
g < 14
@ - . Y 12
2 ez 1
ag ao
H g 4 :_EE 08
<
E 5 g; 06
£3 05 g£g 04
g'—' & 02
@ 0 = 0
< 0 05 1 0 05
Niacin (mM) Niacin (mM)
B Wide type: -88 GAGGGAGAGCACAGGL TTTGACCGatagTAACCTCTGCGE TCGGTGCAGCCGAATCTATA 29
v v
DR4 mut: -88 GAGGGAGAGCACAGGCTTTGACCGatagCAACATCTGCGCTCGGTGCAGCCGGATCTATA -29
10 «
*
_— 8 T
3
-l
4
> 64
2z
©
= *
§ 4
o
3
-l
| _l
o , , N I .
WT WT+N WT+HC MUT MUT+N MUT+HC

consensus cis-acting element DR4, a binding site for nu-
clear receptor LXRa in the proximal promoter region of
the ABCAI1 gene (41, 42), although an additional DR4 ele-
ment has also been found in the first intron of the human/
mouse ABCAI gene (34). In this study, using an ABCA1
promoter reporter assay, we directly tested niacin’s effect
on ABCALI transcription in HepG2 cells. Niacin stimulated
ABCA1 promoter activity whereas mutated DR4 eliminated
niacin-induced stimulatory effects (Fig. 5). Furthermore,
knocking down the expression of LXRa by RNA inter-
ference suppressed niacin-induced lipidation of apoA-I
(Fig. 6). These findings indicate that DR4 is required for
niacin-induced biosynthesis of HDL in HepG2 cells.
Although evidence of the effect of niacin on ABCA1 ex-
pression has been shown in macrophages (44, 45), the
detailed effects of niacin on the ABCAl-mediated cholesterol
efflux to apoA-I in hepatocytes, the major cells contribut-
ing to plasma HDL levels, are not known. In macrophages,
by activating the prostaglandin synthesis pathway through
its receptor HM74 and HM74a, niacin induces synthesis of
PGD2 followed by 15-deoxy-delta 12,14-prostaglandin ]2,
the most potent endogenous ligand of PPARYy, to increase
PPARvy-dependent expression of genes including ABCA1
(45). In adipocytes, niacin through binding and activating
its receptor HM74/HM74a inhibits lipolysis by reducing

intracellular cAMP and release of free fatty acids into the
circulation (46). However, the absence or very limited ex-
pression of niacin receptors found in the liver (47) and
HepG2 cells (data not shown) raised questions as to
whether similar mechanisms for niacin action observed in
macrophages or other tissues exist in the liver. This study
does not answer the question of how niacin increases
ABCALI transcription. We and others (44) have found that
niacin increases cellular free cholesterol and decreases
cholesterol ester (data not shown). Increased levels of free
cholesterol result in enhanced oxysterol production that
increases LXRa expression, activating transcription of
ABCAI gene through binding to DR4 site, thus resulting
in increased cholesterol cellular efflux. The present data that
niacin increases LXRa expression support this possibility
(Fig. 5A). Whether modulation of enzymes such as ACAT
and/or cholesteryl ester hydrolases that regulate free cel-
lular cholesterol are involved in niacin action requires fur-
ther investigation.

There is a possibility that increased LXR expression by
niacin could also lead to stimulating its target genes that
are involved in biosynthesis of triglycerides in the liver.
However, niacin has also been found to inhibit DGAT?2, a
key enzyme for triglyceride biosynthesis, and increase
apoB100 degradation (35, 48). These effects would lead to
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Fig. 6. Niacin-stimulated ABCAI1 function is mediated through LXRa. Knocking down LXRa by siRNA
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*P<0.05; #¥P<0.01.

decreased synthesis and secretion of VLDL resulting in a
lower plasma triglyceride (VLDL-TG) level, which has
been observed in patients clinically. It may be possible that
niacin-mediated inhibition of DGAT2 may override other
regulatory events involved in triglyceride synthesis.

In summary, the findings reported in this paper indicate
that niacin increases early hepatic HDL biogenesis by stimu-
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025

+

SD of three experiments;

lating phospholipids/cholesterol efflux through a DR4-de-
pendent transcription of ABCAI gene. Niacin-mediated
increased apoA-I lipidation and biogenesis of nascent HDL
(known for its functional properties) as reported in this
study, may serve as a significant mechanism by which niacin
stabilizes liver generated HDL particles, thus preventing
premature HDL catabolism upon their secretion in vivo.Hl

Fig. 7. Niacin did not affect apoA-I gene expres-
sion but increased apoA-I secretion/accumulation
in culture medium. A: RT-PCR assay using 3 actin as
reference. B: Dual-luciferase assay for ApoA-I pro-
moter in HepG2 cells. Data are expressed as mean +
SD of 3 experiments. C: Immuno-blotting analysis of
apoA-l from HepG2 cell culture medium. Shown
right is densitometric quantitation of three blots;
*P<0.01.
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