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Mechanism of Action of Niacin

Vaijinath S. Kamanna, PhD, and Moti L. Kashyap, MD*

Nicotinic acid (niacin) has long been used for the treatment of lipid disorders and
cardiovascular disease. Niacin favorably affects apolipoprotein (apo) B–containing
lipoproteins (eg, very-low-density lipoprotein [VLDL], low-density lipoprotein [LDL],
lipoprotein[a]) and increases apo A-I–containing lipoproteins (high-density lipopro-
tein [HDL]). Recently, new discoveries have enlarged our understanding of the
mechanism of action of niacin and challenged older concepts. There are new data on
(1) how niacin affects triglycerides (TGs) and apo B–containing lipoprotein metab-
olism in the liver, (2) how it affects apo A-I and HDL metabolism, (3) how it affects
vascular anti-inflammatory events, (4) a specific niacin receptor in adipocytes and
immune cells, (5) how niacin causes flushing, and (6) the characterization of a niacin
transport system in liver and intestinal cells. New findings indicate that niacin
directly and noncompetitively inhibits hepatocyte diacylglycerol acyltransferase–2, a
key enzyme for TG synthesis. The inhibition of TG synthesis by niacin results in
accelerated intracellular hepatic apo B degradation and the decreased secretion of
VLDL and LDL particles. Previous kinetic studies in humans and recent in vitro cell
culture findings indicate that niacin retards mainly the hepatic catabolism of apo A-I
(vs apo A-II) but not scavenger receptor BI–mediated cholesterol esters. Decreased
HDL–apo A-I catabolism by niacin explains the increases in HDL half-life and
concentrations of lipoprotein A-I HDL subfractions, which augment reverse choles-
terol transport. Initial data suggest that niacin, by inhibiting the hepatocyte surface
expression of �-chain adenosine triphosphate synthase (a recently reported HDL–apo
A-I holoparticle receptor), inhibits the removal of HDL–apo A-I. Recent studies
indicate that niacin increases vascular endothelial cell redox state, resulting in the
inhibition of oxidative stress and vascular inflammatory genes, key cytokines involved
in atherosclerosis. The niacin flush results from the stimulation of prostaglandins D2
and E2 by subcutaneous Langerhans cells via the G protein–coupled receptor 109A
niacin receptor. Although decreased free fatty acid mobilization from adipose tissue
via the G protein–coupled receptor 109A niacin receptor has been a widely suggested
mechanism of niacin to decrease TGs, physiologically and clinically, this pathway
may be only a minor factor in explaining the lipid effects of niacin. © 2008 Elsevier

Inc. All rights reserved. (Am J Cardiol 2008;101[suppl]:20B–26B)
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n a landmark study in 1955, Altschul et al1 reported that
icotinic acid (niacin) lowered plasma cholesterol in normal
s well as hypercholesterolemic subjects. In view of the
ecognition of plasma cholesterol as an independent risk
actor for coronary artery disease, this important clinical
bservation by Altschul et al1 formed the basis for the
evelopment of lipid-based therapies for coronary artery
isease. Several subsequent clinical studies established the
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se of niacin as a broad-spectrum lipid-regulating medica-
ion and the first lipid-based intervention to prevent cardio-
ascular disease and death.2,3 In pharmacologic doses,
iacin reduces total cholesterol, triglyceride (TG), very-
ow-density lipoprotein (VLDL), low-density lipoprotein
LDL), and lipoprotein(a) (Lp[a]) levels and increases high-
ensity lipoprotein (HDL) levels.2,3 Niacin is the most po-
ent available lipid-regulating agent to increase HDL lev-
ls.2,4 Additionally, niacin was shown to increase larger
DL2 subfractions and decrease atherogenic small, dense
DL particles.5–10 We have shown that niacin selectively

ncreases apolipoprotein (apo) A-I– containing (vs apo A-
I– containing) HDL particles (lipoprotein A-I, Lp[A-I]), a
ardioprotective subfraction and an efficient mediator of the
everse cholesterol transport pathway.11 Several clinical tri-
ls have indicated that treatment with niacin, alone or in
ombination with other lipid-lowering agents, significantly
educes total mortality and coronary events and retards the
rogression of and induces the regression of coronary ath-

rosclerosis.2,3,12,13
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After 50 years of successful clinical use of niacin for the
reatment of dyslipidemia and atherosclerosis, new discoveries
egarding its mechanism of action have emerged during the
ast 10 years. These new findings include (1) data on the
egulatory role of niacin on lipid and lipoprotein metabolism in
he liver and (2) the characterization of niacin receptors in
dipocytes and immune cells and their role in adipocyte TG
ipolysis and niacin flush. In addition to findings regarding
iacin’s lipid-regulating role, new discoveries are emerging
hat suggest vascular anti-inflammatory and antioxidative
roperties of niacin that may shed light on its pleiotropic role
n reducing atherosclerosis. Recent studies have characterized
he existence of a specific niacin transport system in human
iver and intestinal epithelial cells.14,15 Specific characteristics
f the niacin transport system in human liver cells include the
ollowing: the rate of niacin transport is dependent on acidic
H, temperature, and energy, but transport is sodium indepen-
ent. Data also suggest the involvement of Ca2�-calmodulin-
ediated pathways in niacin transport in liver cells.14

This review is focused specifically on the current under-
tanding of the mechanism of action of niacin to modulate
ipoproteins and atherosclerosis. To present an integrated over-
iew of the mechanism of action of niacin, the review is
ivided into 4 sections covering (1) the basic mechanisms of
iacin to decrease lipids and apo B–containing lipoproteins
eg, LDL, VLDL), (2) mechanisms of niacin to increase apo
-I and HDL, (3) novel non-lipid-related action of niacin to

nfluence vascular inflammatory and oxidative processes in-
olved in atherogenesis, and (4) the mechanism of action of
iacin to induce an adverse flush response.

asic Mechanisms of Niacin to Decrease Lipids and
polipoprotein B–Containing Lipoproteins

tudies from our and other laboratories have indicated that
iacin, mainly by 2 mechanisms, influences plasma TGs and
he secretion of apo B–containing lipoproteins, including
LDL and LDL particles, in the liver. These include (1) the
odulation of liver TG synthesis, resulting in increased

ntracellular apo B degradation, and (2) the modulation of
G lipolysis in adipose tissue.

Mechanism of action of niacin to modulate TG syn-
hesis and secretion of VLDL and LDL particles by
iver: The liver is a major organ for the production and
ecretion of apo B, its associated lipids, and subsequently
LDL, LDL, and Lp(a) particles. The hepatic intracellular
rocessing of apo B (the major protein of VLDL and LDL)
lays a central role in regulating apo B–containing lipopro-
ein secretion. The rate of TG synthesis and the availability
o lipidate apo B specifically play a critical role in the
ranslocation of apo B, resulting in either secretion or in-
racellular degradation before secretion.16,17

Using plasma turnover kinetic studies in humans,

rundy et al18 showed that niacin decreased the synthetic h
ate (transport) of VLDL-TGs by 21%. These studies sug-
ested TG synthesis as a major target of niacin’s effect to
nfluence VLDL and LDL secretion. To gain further insight
nto the hepatocellular mechanism of action of niacin on TG
ynthesis and VLDL and LDL metabolism, studies in our
aboratory focused on the effect of niacin on a key enzyme
nvolved in TG synthesis and the regulatory processes as-
ociated with intracellular apo B degradation and secretion
n the human hepatocyte cell line (Hep G2 cells). The data
ndicated that niacin increased apo B intracellular degrada-
ion and decreased the subsequent secretion of apo B into
he culture media of Hep G2 cells.19 Additionally, we have
hown that niacin decreases the inhibition of oleate-medi-
ted apo B degradation, suggesting that niacin-induced apo
degradation may be dependent on the pathways involving

he synthesis and association of TG before apo B process-
ng. In subsequent studies, we reported that niacin directly
nd noncompetitively inhibited the activity of hepatocyte
icrosomal diacylglycerol acyltransferase–2 (DGAT2), a

ey enzyme that catalyzes the final reaction in TG synthe-
is.20 The half maximal inhibitory concentration for DGAT2
nhibition by niacin was 0.1 mmol/L.20 The lipid-lowering
ffects of niacin were observed with peak plasma concen-
rations of niacin in the range of 0.05–0.3 mmol/L, achieved
fter pharmacologic doses of niacin in humans. Thus, the
imilar range of effective plasma niacin concentrations seen
or lipid-lowering effects and hepatocyte DGAT2 inhibition
uggest that hepatic DGAT2 plays a role in the pharmaco-
ogic effect of niacin in vivo. These data define DGAT2 as
major site of niacin’s action (Figure 1).
As summarized in Figure 1, our data indicate that niacin,

y inhibiting hepatic DGAT2, decreases TG synthesis and
ts availability for VLDL assembly, resulting in increased
osttranslational intrahepatic apo B degradation. Increased
epatocyte apo B degradation by niacin would decrease the
umber of VLDL particles and their catabolic product, LDL
articles, which explains the lower apo B and LDL concen-
rations observed clinically after niacin treatment. Addition-
lly, the niacin-mediated inhibition of TG synthesis may
roduce decreased concentrations of large, TG-rich VLDL1

articles, which in turn may result in decreased formation of
mall, dense LDL particles.

Mechanism of action of niacin to modulate TG lipol-
sis in adipose tissue: Adipose tissue cells are specialized
or the synthesis and storage of TGs and for their mobili-
ation to the liver as a fuel in the form of free fatty acids
FFAs) and glycerol. Carlson3 extensively studied the in-
olvement of adipocyte TG lipolysis as a mechanism of
ction of niacin to decrease plasma TGs. Carlson and Oro21

howed that within minutes, niacin lowered plasma concen-
rations of FFAs in humans, and this reduction in FFAs was
ollowed by a rebound within 1 hour. Additionally, in vitro
tudies with rat epididymal fat pads showed that niacin
ecreased the release of FFAs from adipose tissue by in-

ibiting TG lipolysis.22



(
t
h
c
i
m
c
m
r
m
a
U
a
n
d
f
w
c

f
p
a
e
h

a
c
p
h
a
s
r
m
t
t
o
o

F
n
s
a
m
i
m
l
f
n

22B The American Journal of Cardiology (www.AJConline.org) Vol 101 (8A) April 17, 2008
The recent discovery of G protein–coupled receptor
GPR) 109A and GPR109B (HM74A and HM74, respec-
ively) as niacin receptors in adipocytes and immune cells
as advanced understanding of niacin’s actions on adipo-
yte TG lipolysis and niacin flush. In this regard, 3 groups
ndependently identified GPR109A (protein upregulated in
acrophages by interferon-� [PUMA-G] in mice) as a spe-

ific and high-affinity receptor for niacin.23–25 Another
ember of this receptor family, GPR109B, has also been

eported as a low-affinity receptor for niacin.24 The half-
aximal effective concentration and binding affinity of ni-

cin for GPR109A were 250 and 96 nmol/L, respectively.24

sing PUMA-G-deficient mice (PUMA-G in mice is equiv-
lent to GPR109A in humans), Tunaru et al23 showed that
iacin had no effect on plasma FFA levels in PUMA-G-
eficient mice. PUMA-G-deficient mice on a high-fat diet
or 2 weeks showed no decrease in TG levels on treatment
ith niacin, whereas wild-type mice showed a 30% de-

igure 1. Mode of action of niacin on low-density lipoprotein (LDL) and high-
oncompetitively inhibits diacylglycerol acyltransferase–2 (DGAT2), resulti
ynthesis may decrease the lipidation of apolipoprotein (apo) B and translocat
po B degradation and decreased secretion of very-low-density lipoprotein (VL
ay produce decreased levels of large, TG-rich VLDL1 particles, which in tu

nhibiting the putative hepatocyte HDL catabolism receptor—potentially �-ch
ay inhibit the removal of HDL–apo A-I. These mechanisms of decreased HD

ipoprotein A-I HDL, thereby augmenting reverse cholesterol transport. Ta
avorably modulates LDL and HDL levels, resulting in decreased atherosclerot
ot clearly understood.
rease in TG levels. These studies suggest evidence in mice d
or the involvement of PUMA-G in niacin’s effect on adi-
ocyte fatty acid mobilization and the subsequent decreased
vailability of fatty acid substrate for TG synthesis. How-
ver, as indicated later, whether this mechanism operates in
umans is controversial.

Although niacin’s effect on adipocyte lipolysis and fatty
cid mobilization is widely recognized, physiologically and
linically, this mechanism may be only minor and may not
rovide a full explanation of all lipid effects of niacin in
umans. In humans, evidence indicates that niacin sub-
cutely causes a profound rebound in lipolysis, such that
erum FFA levels are actually increased over 24 hours. This
ebound in lipolysis and elevated FFA levels may in part
ediate the insulin resistance induced by long-term niacin

herapy.26 Decreased adipocyte lipolysis by niacin would
heoretically increase adipose tissue TGs and could result in
besity. Clinically, niacin has not been reported to influence
besity. Niacin-induced modulation of TG synthesis occurs

lipoprotein (HDL) metabolism in the liver. In hepatocytes, niacin directly and
creased triglyceride (TG) synthesis. The niacin-mediated inhibition of TG
ugh endoplasmic reticular (ER) membrane, leading to increased intracellular
d LDL particles. Conceptually, the niacin-mediated inhibition of TG synthesis
result in the decreased formation of small, dense LDL particles. Niacin, by
osine triphosphate (ATP) synthase but not scavenger receptor BI (SR-BI)—
A-I catabolism by niacin would increase HDL half-life and concentrations of
ether, niacin, through these collaborative intracellular metabolic processes,
ary artery disease. DG � diglyceride; FFA � free fatty acid; ? � mechanisms
density
ng in de
ion thro
DL) an
rn may

ain aden
L–apo

ken tog
ic coron
uring the acute decrease in FFAs, but the rebound in FFAs
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ould reverse this. Moreover, there is no evidence that the
onger term transport (flux rate) of nonesterified fatty acids
s decreased after niacin treatment. Additionally, the nano-
olar range of reported half maximal effective concentra-

ions for the stimulation of guanosine-5=-O-(�-thio)-triphos-
hate binding (250 nmol/L) and niacin binding affinity (96
mol/L) with GPR109A24 are small fractions of the phar-
acologic concentrations of niacin required for lipid effects

n humans. On the basis of these considerations, GPR109A
ay not have a major role in niacin’s effect on lowering
LDL and LDL in humans. Our data (as discussed earlier)

uggest that niacin mainly affects the liver’s ability to syn-
hesize TGs by the direct inhibition of DGAT2.20 In fact, the
nhibition of DGAT2 in mice with antisense oligonucleotide
as been shown to markedly reduce TG synthesis, suggest-
ng a critical regulatory role of DGAT2 in TG synthesis.27

echanisms of Niacin to Increase Apolipoprotein A-I
nd High-Density Lipoprotein

he liver and intestine are major organs for the synthesis
nd secretion of apo A-I and HDL. Previous plasma turn-
ver studies in humans have indicated that niacin primarily
ecreases the fractional catabolic rate of HDL–apo A with-
ut altering apo A synthesis rates.28,29 Using human hepa-
ocytes (Hep G2 cells) as an in vitro modeling system, we
nvestigated the effect of niacin on apo A-I–HDL synthetic
nd catabolic pathways. Our findings indicated that niacin
electively inhibited the uptake of HDL–apo A-I but not
DL cholesterol esters without affecting the de novo syn-

hesis of apo A-I in Hep G2 cells.30 As a negative control,
icotinamide (a niacin analog with no effect on lipid profile)
id not affect HDL–apo A-I uptake (L. Zhang, V. S. Ka-
anna, and M. L. Kashyap, unpublished data, 2006). Be-

ause nicotinamide had no effect on plasma levels of lipids
nd lipoproteins and in vitro HDL–apo A-I uptake, the
nhibition of HDL–apo A-I uptake by niacin would be a
elevant mechanism of action to increase apo A-I–contain-
ng HDL particles. On the basis of these data, we have
uggested that niacin inhibits the removal of HDL–apo A-I
t the level of the putative “HDL holoparticle catabolism
eceptor” or pathways, but not scavenger receptor BI–me-
iated events, which are selective to HDL cholesterol es-
ers.31

To address the role of niacin in the HDL holoparticle
atabolic receptor pathway, we recently initiated studies on
-chain adenosine triphosphate synthase, which has been

mplicated in mediating hepatic HDL holoparticle (protein
lus lipids) endocytosis.32 Specifically, we examined the
ffects of niacin on cell surface expression of the �-chain in
ep G2 cells, a key step in this receptor pathway. Preincu-
ation with niacin reduces the surface expression of the
-chain in Hep G2 cells.33 These data suggest that niacin
ownregulates cell surface expression of �-chain adenosine

riphosphate synthase, leading to reduced hepatic removal s
f HDL through holoparticle endocytosis, thus implicating a
otential cellular receptor site for niacin’s action to increase
lasma HDL.

Because the HDL subfractions Lp(A-I) and lipoprotein
-I�A-II (Lp[A-I�A-II]) (HDL particles containing apo
-I and those containing apo A-I and apo A-II, respectively)
ave differential cardioprotective effects, we investigated
he clinical effect of niacin on Lp(A-I) and Lp(A-I�A-II)
evels in 139 patients with low HDL cholesterol.11 The data
ndicated that during the 19-week treatment period, niacin
ose-dependently and significantly increased Lp(A-I) levels
y 24% above baseline. Gemfibrozil had no significant
ffect on Lp(A-I). The treatment of patients with niacin also
ignificantly increased Lp(A-I�A-II) particles by 9.5%
bove baseline, similar to the effect of gemfibrozil, but the
ffect was less compared with Lp(A-I) levels. Additionally,
e have shown that niacin significantly inhibited the uptake
f radiolabeled Lp(A-I) particles by Hep G2 cells. However,
iacin had no significant effect on the uptake of Lp(A-I�A-
I) particles by Hep G2 cells. Lp(A-I) particles delivered
holesterol esters 70% more efficiently than Lp(A-I�A-II)
articles into cultured Hep G2 cells.11 These data suggest
hat niacin, by selectively inhibiting the hepatic removal and
ptake of Lp(A-I) particles, may lead to the increased re-
ention of Lp(A-I) particles in the circulation and a greater
ffect on reverse cholesterol transport function.

As summarized in Figure 1, niacin, by inhibiting the
utative hepatocyte HDL catabolism receptor—potentially
-chain adenosine triphosphate synthase but not scavenger

eceptor BI—may inhibit the removal of HDL–apo A-I.
hese mechanisms of decreased HDL–apo A-I catabolism
y niacin would increase HDL half-life and concentrations
f Lp(A-I) HDL subfractions, thereby augmenting choles-
erol efflux and reverse cholesterol transport. Increased res-
dence time would also allow HDL size to increase (from
DL2 to HDL3) from peripheral tissue cholesterol uptake.
lthough these in vitro data provide a novel approach for

he mechanism of action of niacin to increase Lp(A-I) HDL,
dditional direct plasma kinetic studies with these HDL
ubfractions in humans would be warranted to address the
ynthetic or catabolic aspects of these particles in controls
nd niacin-treated patients.

In addition to the effect of niacin on HDL catabolism in
iver, recent studies have shown that niacin increases the
xpression of peroxisome proliferator–activated receptor–�
nd conserved domain 36 (CD36) in monocyte and macro-
hage cells and stimulates adenosine triphosphate–binding
assette, subfamily A, member 1 transporter, a primary
rotein involved in the transport of cellular cholesterol to
po A-I–containing HDL particles for the reverse choles-
erol transport pathway.34 These data suggest an additional
egulatory role of peroxisome proliferator–activated recep-
or–� and responsive genes in niacin-mediated beneficial
ffects on monocyte and macrophage adenosine triphos-
hate–binding cassette, subfamily A, member 1 and the

ubsequent reverse cholesterol transport pathway.
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ovel Non-Lipid-Related Action of Niacin to Influence
ascular Inflammatory and Oxidative Processes

nvolved in Atherogenesis

n the basis of the role of pyridine nucleotides in redox
eactions, we proposed that niacin exhibits antioxidative
nd anti-inflammatory properties in aorta wall cells. In the
urkat cell line (human T-cell lymphoma), previous studies
ave shown that niacin, as a precursor for the synthesis of
icotinamide adenine dinucleotide, increased cellular con-
entrations of nicotinamide adenine dinucleotide35 and up-
egulated the expression of glucose-6-phosphate dehydro-
enase, the rate-limiting enzyme in the pentose phosphate
athway and the principal source of cellular reduced nico-
inamide adenine dinucleotide phosphate.36 However, the
oles of niacin in vascular endothelial cell reactive oxygen
pecies formation and the subsequent oxidation of LDL and
xpression of oxidation-sensitive inflammatory genes in-
olved in early atherosclerotic processes are not known.

Using human aortic endothelial cells as an in vitro mod-
ling system, we have recently provided direct evidence for
he antioxidative and anti-inflammatory properties of niacin.
he findings from these studies demonstrate that niacin
ignificantly increased nicotinamide adenine dinucleotide
hosphate and reduced glutathione levels and inhibited (1)
ngiotensin II–induced reactive oxygen species production,
2) LDL oxidation, (3) tumor necrosis factor–�–induced
edox-sensitive vascular cell adhesion molecule–1 and
onocyte chemoattractant protein–1 messenger ribonucleic

cid expression, and (4) tumor necrosis factor–�–induced
nd oxidized LDL–induced monocyte adhesion to endothe-
ial cells.37 These findings indicate for the first time that
iacin inhibits vascular inflammation by decreasing endo-

able 1
ites of action of niacin: enzymes and receptors

rgan/Tissue Cell Target Enzyme/Re

dipose tissue Adipocyte 1 GPR109A (HM

iver Hepatocyte (1) 2 DGAT2

(2)2 ? �-chain A
rtery (1) Endothelium 1 NAD� phospha

2 Redox-sensitive

(2) Macrophage Unknown

kin Langerhans cell/macrophage GPR109A

ABCA1 � adenosine triphosphate–binding cassette, subfamily A, m
iacylglycerol acyltransferase–2; FFA � free fatty acid; GPR � G protein
DL � low-density lipoprotein; Lp(a) � lipoprotein (a); Lp(A-I) � lipo
denine dinucleotide; PPAR-� � peroxisome proliferator–activated recep
ery-low-density lipoprotein; 1 � increased; 2 � decreased; ? � mech
helial reactive oxygen species production, LDL oxidation, n
nd subsequent vascular cell adhesion molecule–1 and
onocyte chemoattractant protein–1 expression, resulting

n decreased monocyte and macrophage adhesion and ac-
umulation, key events in early atherogenesis. These in
itro studies describe a novel anti-inflammatory mechanistic
ole for niacin in decreasing atherosclerosis, separate from
ts conventional role as a lipid-regulating agent.

echanism of Action of Niacin to Induce Adverse
lush Response

lthough niacin favorably affects all class of lipoproteins
nd prevents cardiovascular disease, it is underused because
f a major adverse vasocutaneous flushing reaction. Previ-
us studies have suggested that the cutaneous production of
rostanoids, including prostaglandin D2 and prostaglandin

2, mediates niacin flush.38 Recent studies have shown that
kin Langerhans cells are the primary cell types responsible
or niacin-induced prostaglandin D2 release and the flushing
esponse.39,40 Using in vitro cultures, we have shown that
uman macrophages (isolated from peritoneal fluid and
HP-1 cells) can also produce prostaglandin D2 in response

o niacin treatment41 and express GPR109A (L. Zhang,
. S. Kamanna, and M. L. Kashyap, unpublished data,
005). Using gene-knockout animal models, new data have
merged to indicate the involvement of PUMA-G, cycloox-
genase type 1, prostaglandin D2, and prostaglandin E2

eceptors in the niacin-induced vasodilatory flush response.
he findings of these studies indicated that mice deficient in
UMA-G did not show a niacin-induced increase in ear
lood flow, a measure of niacin flush.42 Additionally, stud-
es reported by these and other investigators showed that

Primary Effect Clinical Effect

2 Lipolysis 2 ? VLDL-TG
2 FFA mobilization
2 TG synthesis 2 VLDL-TG
2 Apo B secretion 2 Apo B

1 LDL particle size
2 Lp(a)

hase 2 HDL (apo A-I) catabolism 1 Lp(A-I), HDL2

2 LDL oxidation 2 Vascular inflammation
2 MCP-1
2 VCAM-1
1 Prostaglandin J2 1 Cholesterol efflux
1 PPAR-�, ABCA1 1 HDL-C
1 Prostaglandin D2 and E2,

acting on DP1, EP2, and
EP4 receptors

Flushing

1; apo � apolipoprotein; ATP � adenosine triphosphate; DGAT2 �
d receptor; HDL � high-density lipoprotein; HDL-C � HDL cholesterol;
A-I; MCP � monocyte chemoattractant protein; NAD� � nicotinamide
G � triglyceride; VCAM � vascular cell adhesion molecule; VLDL �
not clearly understood.
ceptor

74A)

TP synt
te
genes

ember
–couple
protein
tor–�; T
iacin flushing was also abrogated in the absence of cyclo-
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xygenase type 1, and mice lacking prostaglandin D2 and
rostaglandin E2 receptors had reduced flushing respon-
es.42,43 These studies clearly suggest that GPR109A or
UMA-G indirectly mediates niacin-induced flushing through

he production of prostaglandin D2 and prostaglandin E2 by
mmune cells such as Langerhans cells and macrophages.

onclusion

s summarized in Table 1, current evidence indicates that
iacin acts on multiple tissues and targets to beneficially
odulate the lipid and lipoprotein profile, induce anti-in-
ammatory processes, and cause adverse flush reactions. On

he basis of the physiologic considerations and recent pub-
ished research, the liver appears to be the major target
rgan of niacin to increase HDL–apo A-I and decrease TGs
nd VLDL and LDL particles. The selective tissue distri-
ution of GPR109A and GPR109B only in adipose tissue,
he spleen, and immune cells but not in other major tissues,
ncluding the liver, kidneys, heart, intestine, and so on,24,25

ndicate that the niacin receptor GPR109A may not be
nvolved in niacin’s action on liver apo A-I–HDL catabo-
ism, DGAT2 and apo B–bearing lipoprotein secretion, and
ascular anti-inflammatory properties. In humans, physio-
ogically PUMA-G- or GPR109A-mediated adipocyte TG
ipolysis may be only a minor mechanism explaining TG
owering and other beneficial effects of niacin. Rather, PU-

A-G and GPR109A receptors in Langerhans cells and
acrophages are importantly involved in niacin-induced

dverse flushing.
The direct effect of niacin to increase aortic endothelial

ell redox potential and its vascular anti-inflammatory prop-
rties may additionally account for its proved effects in
therosclerotic cardiovascular disease beyond lipid regula-
ion. The new concepts of niacin’s mechanisms of action on
Gs, apo A-I, vascular inflammation, and flushing need to
e expanded to lay the foundation for new drug discovery to
eneficially alter lipoproteins and atherosclerosis without
dverse effects.
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