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Dyslipidaemias, particularly those characterized by the ‘atherogenic profile’ of high low-density lipoprotein-cholesterol and
triglycerides and low high-density lipoprotein-cholesterol, are the major modifiable risk factor for atherosclerosis. The search for
drugs to favourably alter such lipid profiles, reducing the associated morbidity and mortality, remains a major research focus.
Niacin (nicotinic acid) is the most effective agent available for increasing high-density lipoprotein-cholesterol, but its use is
associated with side effects that negatively affect patient compliance: these appear to arise largely as a result of production of
prostaglandin D2 and its subsequent activation of the DP1 receptor. Desire to reduce the side effects (and improve pharma-
cokinetic parameters) has led to the development of a number of agonists that have differing effects, both in terms of clinical
potency and the severity of adverse effects. The recent discovery of the niacin G-protein-coupled receptor HM74A (GPR109A)
has clarified the distinction between the mechanism whereby niacin exerts its therapeutic effects and the mechanisms
responsible for the generation of side effects. This has allowed the development of new drugs that show great potential for the
treatment of dyslipidaemia. However, recent advances in understanding of the contribution of prostaglandin metabolism to
vascular wall health suggest that some of the beneficial effects of niacin may well result from activation of the same pathways
responsible for the adverse reactions. The purpose of this review is to emphasize that the search for agonists that show higher
tolerability must take into account all aspects of signalling through this receptor.
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Background

Niacin (nicotinic acid; vitamin B3) is enjoying something of a
renaissance as a treatment for abnormal blood lipids and the
associated pathology. As Wise et al. (2003) describe, treatment
with niacin results in ‘a desirable normalization of a range of
cardiovascular risk factors’. However, use of this agent is asso-
ciated with severe side effects affecting compliance, reducing

its clinical usefulness. The recent discovery of the niacin
receptor (Soga et al., 2003; Pike and Wise, 2004; Benyo et al.,
2005; Richman et al., 2007) coupled with a greater under-
standing of the mechanism responsible for the side effects
(Benyo et al., 2006; Maciejewski-Lenoir et al., 2006; Papaliodis
et al., 2008) has therefore opened the door for the develop-
ment of effective, tolerable drugs for the treatment of dyslipi-
daemia and the associated cardiovascular disease. The
beneficial effects of niacin are wide-ranging and appear to
result from its impact on a number of cell signalling path-
ways. There are several excellent reviews covering the inter-
action of niacin with its receptor (Offermanns, 2006;
Kamanna and Kashyap, 2007; Bodor and Offermanns, 2008;
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Gille et al., 2008), and so it is not the purpose of this review to
cover this topic in detail, but more to consider the signalling
pathways activated by the niacin receptor, particularly those
that are relevant to the underlying pathology of atheroscle-
rosis. Because some of these signalling pathways also mediate
the undesirable effects of niacin, the need to consider balanc-
ing the desirable versus the undesirable consequences of
niacin receptor agonists in drug design is discussed.

Lipid profiles and cardiovascular disease

Abnormal blood lipids are the major modifiable risk factor
underlying the development of cardiovascular disease and the
identification of drugs to treat this condition remains a major
pharmaceutical focus. The term ‘dyslipidaemia’ covers a range
of lipid abnormalities, but of greatest concern is the so-called
‘atherogenic profile’ (often referred to as ‘the triad’) of low
high-density lipoprotein-cholesterol (HDL-C), elevated trig-
lycerides (TGs) and increased levels of small, dense low-
density lipoprotein-cholesterol (LDL-C) particles (Despres,
2006). This profile is associated with an elevated risk of coro-
nary heart disease, particularly in individuals with the meta-
bolic syndrome, or type 2 diabetes (Nesto, 2005). LDL-C has
generally been considered the major individual risk factor as
it represents the transport and distribution of cholesterol-
containing lipoprotein particles to peripheral tissues, includ-
ing the vascular intima. However, even aggressive reduction
of LDL-C only reduces the occurrence of cardiac events by
25–40%, and it is now generally accepted that low levels of
HDL-C are more significant in predicting risk (Bodor and
Offermanns, 2008).

Lipid storage and metabolism

Excess blood lipid has a serious impact on whole-body meta-
bolic function. Such excess can result from too high an intake
of dietary fats, but it may also result from reduced fat utiliza-
tion by skeletal muscle tissue, or a combination of both (Bajaj
et al., 2007), leading to an increased accumulation of lipid
within skeletal muscle cells. Lipids may be stored as triacylg-
lycerol, diacylglycerol, fatty acid acyl CoA and ceramides, all
of which have a profound effect on insulin signalling within
the muscle tissue. For example, diacylglycerol and fatty acid
acyl CoA have been shown to promote serine phosphoryla-
tion of insulin receptor substrate-1 (Powell et al., 2004), while
ceramides may activate phosphatases that inactivate Akt, and
simultaneously protein kinase C (Schubert et al., 2000; Teruel
et al., 2001). Furthermore, lipid accumulation is associated
with mitochondrial dysfunction, which appears to be prima-
rily mediated by a down-regulation of expression of the
transcriptional co-activator PGC1 (Patti et al., 2003). The
combination of these events is resistance of skeletal muscle to
circulating insulin, thus affecting glucose utilization in such
tissues. Indeed, it has been shown that experimental elevation
of free fatty acids (FFAs) causes inhibition of glucose disposal
stimulation by insulin (Gormsen et al., 2007). Disorders of
glucose metabolism such as insulin resistance and diabetes
greatly accelerate the development of atherosclerosis.

As well as the effects on skeletal muscle, circulating free FFAs
have a profound effect on whole-body storage and utilization
of fat. For example, elevated FFA levels affect the function of
the hypothalamic-pituitary-adrenal axis, leading to an
increased release of ACTH (Kok et al., 2004b), and leptin pro-
duction. Leptin is produced by adipocytes and acts on the
hypothlamus to induce feelings of satiety, but it also has
peripheral effects, essentially promoting fuel utilization rather
than storage (Watson et al., 2000; Worm et al., 2000). Some
studies have suggested that leptin may cause peripheral
insulin resistance: it has been shown to inhibit insulin-
stimulated glucose uptake and disposal in adipocytes, fibro-
blasts and hepatocytes (Cohen et al., 1996; Muller et al., 1997),
and indeed high levels of circulating leptin are seen in obesity,
a condition closely associated with the development of insulin
resistance (Paz-Filho et al., 2008). In obese patients, it has been
suggested that the leptin : adiponectin ratio can be used as an
index of insulin resistance (Oda et al., 2008). In contrast,
obesity and insulin resistance have been associated with a
depressed regulatory function of leptin, whereby increased
activity of normal leptin signalling pathways is associated
with increased insulin sensitivity (Wang-Fisher et al., 2002).

Lipids and atherosclerosis

While abnormal blood lipids are a key risk factor in the
development of cardiovascular disease, it is only part of the
story. Vascular disease is caused by the development of ath-
erosclerotic plaques, which are thought to form as a response
to endothelial injury [reviewed by Newby (2000)]. Inflamma-
tion therefore plays a pivotal role in both the initiation
and development of lesions. As part of this inflammatory
response, macrophages enter the intimal layer of the blood
vessel, where they become activated and take up large
amounts of oxidized LDL – a process mediated by elevated
expression of the macrophage scavenger receptors CD36 and
SRA (Moore et al., 2001). The resultant foam cells form the
major cellular component of the plaque. Cytokine signals
produced by these cells trigger further monocyte recruitment,
as well as activating smooth muscle cells from the underlying
media, which proliferate and migrate into the plaque, ingest-
ing lipid, also taking on a foamy appearance. Foam cells of
smooth muscle origin are important with regard to the clini-
cal significance of plaque formation because they secrete
extracellular matrix proteins (most notably collagen) forming
a fibrous cap over the plaque, acting to stabilize the whole
structure (Stoll and Bendszus, 2006). Destabilization of the
plaque may lead to rupture, precipitating clot formation,
which in the case of the coronary arteries is the event under-
lying myocardial infarction (MI) (Badimon et al., 2001).

Plaque formation is not the only consequence of abnormal
lipid profiles; there are numerous other changes that signifi-
cantly effect cardiovascular function. Lipid-induced vascular
smooth muscle cell proliferation results in an increase in
intima–media thickness, a measurement recognized as a sur-
rogate marker for clinical coronary events (Taylor et al., 2007;
Thoenes et al., 2007). Increased media thickness is associated
with a decreased vascular compliance, which, combined with
direct inflammatory effects of abnormal blood lipids on the
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myocardium itself, leads to impaired ventricular function.
Ventricular function is likely to be further compromised in
the event that dyslipidaemia results in an acute MI following
plaque rupture in the coronary arteries. Furthermore, athero-
sclerosis is associated with heightened oxidative stress, some
of it caused by increased myeloperoxidase production by acti-
vated macrophages and neutrophils (Boudjeltia et al., 2006;
Meuwese et al., 2007). Production of reactive oxygen species
(ROS) may also result from altered homocysteine metabolism:
elevated levels of this amino acid are associated with
increased atherosclerosis and a heightened risk of cardiovas-
cular events (Ciaccio et al., 2008; Potter et al., 2008). Abnor-
mal oxidative metabolism is now known to be important
both in the oxidation of LDL and in eliciting the inflamma-
tory response that is characteristic of atherosclerosis
(Alexander, 1995; 2002).

Niacin as a lipid-lowering agent

Niacin is the most effective drug treatment currently available
for increasing HDL-C, an effect that is accompanied by a
reduction in total cholesterol, LDL-C, TG and very low-density
lipoproteins (VLDLs), as well as lipoprotein a [Lp(a])], a known
independent risk factor for coronary vascular disease (Mah-
boubi et al., 2006; Bodor and Offermanns, 2008). It is particu-
larly useful, therefore, in treating the subgroup of individuals
who, despite statin therapy, still have low levels of HDL-C.

Many of the effects of niacin are considered to result from
its action on adipose tissue: this acts as a store of excess
energy, most of which is stored in the form of TGs. Adipocytes
also accumulate cholesterol and collectively contain the
largest cholesterol pool within the body (Zhao et al., 2008).
Plasma lipoprotein concentrations exist in a state of ‘dynamic
equilibrium’ with the lipids and cholesterol stored within
adipocytes, and it is thought that adipose tissue acts as a
buffer for excess cholesterol. This may explain why even mod-
erate weight reductions can improve blood lipid profiles in
obese patients by facilitating greater adipocyte-buffering
capacity (Medina-Gomez et al., 2007). Following administra-
tion, niacin rapidly inhibits adipocyte lipolysis, and this is
accompanied by a similarly rapid drop in plasma levels of
FFAs. It is hypothesized that this results in a reduced substrate
supply for synthesis of TGs and VLDLs by the liver (Mahboubi
et al., 2006), and that the consequent attenuation of VLDL
production limits the cholesterol ester transfer protein-
mediated exchange of: (i) cholesterol from HDL to VLDL; (ii)
of TG from VLDL to HDL; and (iii) of cholesterol between
HDL and LDL (Bodor and Offermanns, 2008; Gille et al.,
2008). The net effect is a reduced catabolism of HDL and a
decreased accumulation of cholesterol esters in LDL particles.
It has also been suggested that niacin may directly inhibit the
uptake and catabolism of ApoA1-containing HDL particles,
thus acting to further increase plasma levels of HDL (Lamon-
Fava et al., 2008; Zhao et al., 2008).

Niacin receptors

Niacin agonists have been shown to impact on all aspects of
metabolic control, and extensive clinical trials indicate that

these effects translate into a reduced morbidity and mortality
from cardiovascular disease (Taylor et al., 2004; 2007; Ballan-
tyne et al., 2008; Green et al., 2008; Poldermans et al., 2008).
Many of these effects are now known to be the result of
activation of specific niacin receptors, which has led to the
need to re-visit the mechanisms underlying their beneficial
effects.

Two niacin receptors have been identified in humans:
HM74 (GPR109b) and HM74A (GPR109a) (Soga et al., 2003;
Pike and Wise, 2004; Tunaru et al., 2005). These are not poly-
morphic variants, but products of distinct genes on chromo-
some 12q24.31. HM74A is the orthologue of the murine
PUMA-G and is thought to be responsible for the majority of
the clinical effects of niacin, especially the effects on plasma
lipids. HM74 appears to have arisen as a result of late gene
duplication, and at the nucleotide level, there is a 96%
sequence identity, with an amino acid identity of 89%. The
differences result in a 1000¥ reduction in affinity of HM74 for
niacin. Both HM74 and HM74A are G-protein-coupled recep-
tors (GPCR).

HM74A shows a very specific tissue distribution. It is highly
expressed in adipocytes, and its activation in these cells
accounts for many of the effects of agonists of the receptor.
However, it is also found in keratinocytes and certain immune
cells, namely mature neutrophils (where it appears to be a
marker of differentiation), macrophages, dendritic and
Langerhans cells, but not monocytes (Cusi et al., 2006). It is
noteworthy that, despite the profound effects that HM74A
signalling has on glucose metabolism (discussed later in this
review), there is no detectable expression of the receptor in
the tissues most closely involved with glucose handling, such
as hepatocytes, skeletal muscle and pancreatic b-cells (Cusi
et al., 2006).

HM74A is coupled to a Gi subunit and thus activation results
in decreased adenylate cyclase activity with a subsequent
reduction in the intracellular concentration of cAMP. cAMP is
the principal mediator of adipocyte lipolysis, largely because
subsequent protein kinase A activation phosphorylates and
activates hormone sensitive lipase. Inhibition of cAMP there-
fore results in reduced release of adipocyte FFAs into the plasma
(Tang et al., 2006; Bodor and Offermanns, 2008).

Structure activity relationships and the
niacin receptor

There are numerous molecules that are capable of binding to
and activating HM74A, and the characteristic feature of such
agonists is the presence of a carboxylic acid group. Like other
GPCRs, HM74A is a ‘seven transmembrane receptor’, possess-
ing seven membrane-spanning a-helices, separated by inter-
helical loops, an extracellular N-terminal region and an
intracellular C-terminal region. Using a combination of site-
directed mutagenesis and structural modelling to analyse
HM74A chimeras, Tunaru et al. (2005) characterized the
ligand binding pocket for niacin.

Site-directed mutagenesis revealed Arg111 (located in the
third transmembrane helix, TMH3) to be essential, because it
permits the formation of an important salt cross bridge
between itself and the carboxylic acid group of niacin.
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Mutation of Arg111 to Ala was sufficient to completely
prevent the binding of niacin, and this fits with the observa-
tion that compounds not containing a carboxylic acid group
(such as nicotinamide) are not able to activate the receptor.

Other residues shown to be important in the binding
include Asn86 and Trp91, at the junction of the second
transmembrane helix (TMH2) and the first of the extracellu-
larly located interhelical loops (ECL1). ECL2 contains another
amino acid – Ser 178 – that also appears to be significant in
terms of ligand binding. Within the HM74A binding pocket
there are a number of aromatic residues, and mutagenesis
revealed Phe276 and Tyr284 to be critical, acting as the main
aromatic anchors. When the receptor is bound, the pyridine
ring of nicotinic acid is embedded between Trp91 and
Phe276, and Tunaru et al. suggest that these two residues act
as a ‘gateway’, facilitating access to the binding pocket.

Although there is great similarity between HM74A and
HM74, most of the differences are to be found in the region of
the binding pocket, and it is likely that this accounts for the
ligand selectivity between the two.

Niacin receptor agonists

b-Hydroxybutyrate
The fact that the plasma concentrations required to elicit
effects at HM74A are far higher than those achieved physi-
ologically indicated that niacin was unlikely to be the endog-
enous ligand, and the receptor remained an orphan until
Taggart et al. (2005) identified b-hydroxybutyrate as the likely
candidate. b-hydroxybutyrate is a small water-soluble car-
boxylic acid, released into the blood by the liver following
fatty acid b-oxidation and was shown to bind and fully acti-
vate HM74A at plasma concentrations well within the range
that could be achieved under certain circumstances such as
fasting, when it is used as an alternative energy source. It is
also produced in insulin-deficient states where glucose cannot
be used as the primary energy source, and is one of three
ketone bodies produced by the liver (the others being acetone
and acetoacetate). Interestingly, it has antilipolytic effects
that are not shared by the others. This suppression of adipo-
cyte lipolysis decreases the availability of serum precursors for
hepatic ketogenesis, thus limiting ketogenesis, having the
combined effects of protecting against potentially fatal
ketoacidosis and ensuring that fat stores are used efficiently.
There are, however, some differences in the effects elicited by
b-hydroxybutyrate when compared with niacin, particularly
with regard to glucose metabolism. There is considerable evi-
dence to indicate that niacin can have apparently undesirable
effects on glucose metabolism (Poynten et al., 2003; Chang
et al., 2006; Vittone et al., 2007) – it has been associated with
a loss of glycaemic control in type 2 diabetic patients, but also
with impairment of glucose tolerance in non-diabetic indi-
viduals. As a result, its use for treating dyslipidaemias linked
with failed insulin signalling has been questioned, although
clinical trials have indicated that the overall effect of niacin
treatment in patients suffering from either type 2 diabetes or
the metabolic syndrome is favourable (Grundy et al.,
2002).The effect of niacin on insulin sensitivity appears to be
related to the ‘rebound’ in plasma non-esterified fatty acids

observed following the acute drop observed immediately after
treatment. The elevation in plasma non-esterified fatty
acids is a physiological burden equivalent to that seen in
obese insulin-resistant individuals. In contrast to niacin,
b-hydroxybutyrate has been shown to have a potentially ben-
eficial effect with regard to insulin resistance and impaired
glucose tolerance. Green et al. (1984) demonstrated that this
ketone was able to enhance insulin sensitivity (and increase
binding to the insulin receptor) when insulin concentrations
were sub-maximal. Whether this has any physiological rel-
evance remains unclear – type 2 diabetes is almost invariably
accompanied by hyperinsulinaemia, and therefore insulin
concentrations are unlikely to be sub-maximal.

Acipimox
Acipimox (5-methyl-pyrazine-2-carboxylic acid-4-oxide;
Olbetam) is a nicotinic acid-derived antilipolytic drug that is
used clinically to treat atherogenic dyslipidaemias. It shows
similarity to niacin in its receptor selectivity: both show much
higher affinity for HM74A. Acipimox also inhibits lipolysis
(Fucella et al., 1980), also as a result of an inhibition of
hormone sensitive lipase (HSL) (Christie et al., 1996), and
interestingly, the inhibition of lipolysis is sustained for some
9–12 h following administration, compared with less than 3 h
for standard niacin preparations. Acipimox is clinically effec-
tive at lower doses than niacin (typically 250 mg three times
a day), and this may account for the reduced side effects (and
therefore greater patient tolerability) associated with its use
(Hadigan et al., 2006).

In addition to its effects on plasma lipids, acipimox has
been shown to cause regression of atherosclerosis (Stuyt et al.,
1998), and it has also proved particularly useful in treating
dyslipidaemias associated with high levels of LDL or TGs
(Crepaldi et al., 1988; O’Kane et al., 1992). Like niacin, it is
also effective in reducing circulating levels of Lp(a) (Stuyt
et al., 1998).

Most of the effects of acipimox are similar to the parent
compound, including an enhancement of both leptin release
from adipocytes, and also increased leptin sensitivity in target
tissues (Wang-Fisher et al., 2002; Dullart et al., 2005), but
there are some significant differences that are worthy of
exploration. Perhaps the most significant difference is with
regard to insulin sensitivity. While niacin has been shown to
have an adverse effect with regard to glucose tolerance and
insulin resistance, acipimox treatment (at least in the short
term) has been shown to increase glucose uptake by skeletal
muscle cells, increasing insulin sensitivity and reducing
plasma levels of both glucose and insulin (Worm et al., 2000;
Blachere et al., 2001). Second, short-term exposure to acipi-
mox has been shown to impair reverse cholesterol transport
in both normal and type 2 diabetic patients (Dullart and van
Tol, 2001), which may have implications for longer term
treatment.

The pharmacokinetics, patient tolerability and the com-
bined effects on lipid and glucose metabolism have meant
that acipimox has a number of clinical uses in addition to the
treatment of primary dyslipidaemias. Growth hormone (GH)
deficiency is associated with metabolic derangements
(Cordido et al., 2003), and GH therapy is known to negatively
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affect insulin sensitivity, resulting in an increased risk of
developing type 2 diabetes (Vickers et al., 2006).These effects
arise from the fact that GH is a lipolytic hormone and causes
an increase in plasma FFAs. Acipimox is effective in control-
ling this, but also appears to enhance spontaneous release of
GH (Kok et al., 2004a), as well as enhancing tissue sensitivity
to GH (Pontiroli et al., 1996). It has also been used as an
adjunct to treat the dyslipidaemic aspects of polycystic
ovarian syndrome in obese women (Ciampelli et al., 2002).
Furthermore, the drug has proved useful for assessing myo-
cardial viability – an important predictor of morbidity and
mortality – in patients with diabetes, where the associated
metabolic abnormalities affect the quality of metabolic results
produced using 18F fluorodeoxyglucose imaging (Bax et al.,
1997; Schinkel et al., 2003). Finally, it has been suggested that
acipimox may be useful for the treatment and prevention of
gestational diabetes and its associated risk of complications in
late pregnancy. Towards the end of pregnancy, lipolytic activ-
ity is increased, particularly in the liver, and tissues that have
metabolic flexibility switch to fat burning to spare glucose for
the rapidly growing foetus and those tissues that are unable to
use fat. Increasing levels of plasma FFAs increase the risk of
insulin resistance and eclampsia, effects that – in rats – have
been shown to be reversible with acipimox treatment
(Sanchez-Vera et al., 2002). However, acipimox crosses the
placenta, and the effects on the foetus are as yet unclear.

Acifran
The lipid-lowering properties of acifran have been known for
some time (Cayen et al., 1982; Kallai-Sanfacon et al., 1983),
but recently it has been shown to bind and activate both
HM74A and HM74. Acifran analogues have been shown not
only to bind to HM74A, but also to activate ERK1/2, thus
allowing full signalling through the receptor (Mahboubi et al.,
2006). Early clinical trials showed that beneficial effects on
lipids could be seen with doses as low as 100 mg, and
although there were some cutaneous side effects (such as
flushing and pruritis), these were not sufficient to affect com-
pliance. Such trials indicated that acifran was suitable for
treating type II and IIa hyperlipoproteinaemia (Hunninghake
et al., 1985; LaRosa et al., 1987). Like niacin, acifran is well
absorbed – within 1–2 h of administration. Unlike niacin it
undergoes no biotransformation. It is excretion is almost
entirely renal (Cayen et al., 1986; 1990).

Anthranilic acid derivatives
Niacin is not strictly speaking a vitamin – it can be synthe-
sized hepatically from the precursor tryptophan, although
this is slow, and requires vitamin B6 as a co-factor, meaning
that many people are, in fact, niacin-deficient. Anthranilic
acid derivatives such as furosemide have long been used as
pharmaceuticals, and as anthranilic acid is a prescursor of
tryptophan, it seemed reasonable to hypothesize that deriva-
tives may impact on niacin pathways. Shen et al. (2007) inves-
tigated the ability of anthranilic acid derivatives to interact
with HM74A, measuring binding affinity and receptor activa-
tion. They found that an anthranilic acid derivative with a
methoxyphenyl group had moderate activity in both assays,

but that this activity could be improved to full agonist levels
by replacing the methoxyphenyl side chain with a napthyl
group. Further modifications showed that this napthyl group
could be replaced with a biphenyl structure without any
apparent loss of activity. Biphenyl anthranilides therefore
appeared to be promising niacin agonists. However, consid-
eration of ADME characteristics revealed there to be a number
of problems: these included poor bioavailability and high
clearance. Furthermore, they were also shown to be potent
inhibitors of the enzymes CYP2C8 and 2C9, enzymes are
involved in the conversion of arachidonic acid to epoxyeico-
satetraenoic acid, and known to play an important role in the
maintenance of cardiovascular homeostasis. Collectively,
these molecules are referred to as ‘endothelium derived hyper-
polarising factors’ that act on the underlying vascular smooth
muscle, preventing depolarization and therefore contraction.
The effect of blocking these enzymes in vivo is unclear – while
it might seem that inhibition of a vasorelaxant factor would
be pro-atherogenic, there is evidence to suggest that sul-
faphenazole (a specific 2C9 inhibitor) reduces lesion size in
experimentally induced MI, an effect that may be due to
inhibition of reperfusion-induced damage (Doggrell, 2004).
However, such side effects are likely to be undesirable, and as
they appeared to be related to the presence of the biphenyl
group, a series of systematic modifications were carried out
and examined for binding, activity and the potency of inhi-
bition of CYP2C8/9. Replacement of either the terminal
phenol with a hydroxypyridine moiety, or substitution of the
inner phenol group with a thiazole significantly reduced CYP
inhibition, while a compound bearing both substitutions had
even less inhibitory activity, but also had increased affinity for
HM74A. Substitution of the inner phenyl ring with either
pyrazole or imidazole moieties further increased affinity for
HM74A. Based on the results of these assays, many of these
compounds appeared to have excellent potential as niacin
agonists, and the ability to reduce plasma FFAs in a murine in
vivo model was therefore investigated. The results of this were
considered alongside measurements of blood perfusion,
assayed using laser Doppler flowmetry in an established
mouse ear model. The inner pyrazole substituted biaryl
anthranilide appeared particularly interesting in this regard in
that it was able (at micromolar doses) to elicit a similar reduc-
tion in plasma FFAs to 10 mg·kg-1 doses of niacin. Further-
more, pharmacokinetic characteristics were favourable, and
the compound did not induce flushing, making such agonists
very promising anti-hyperlipidaemics.

Pleiotropic effects of niacin

Although inhibition of adipocyte lipolysis has been suggested
as the mechanism accounting for the improvement in plasma
lipid profiles, this cannot be the only explanation: although
niacin treatment results in a rapid drop in plasma FFAs, this
effect is transient – some 2–3 h after administration, a
‘rebound’ effect is observed, with levels of FFAs climbing to
above baseline (Dhalla et al., 2007). Additionally, it is becom-
ing increasingly apparent that many of the beneficial effects
of niacin on the cardiovascular system are independent of its
lipid-lowering effects (Figure 1). As we gain a greater insight as
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to the downstream signalling events following HM74A acti-
vation we are acquiring a greater appreciation of the probabil-
ity that niacin may directly exert pleiotropic effects that
influence events in the development of cardiovascular
disorders.

Generation of NAD+

Structurally, niacin consists of a pyridine ring with a carboxy-
lic acid group in the 3-position. As discussed previously, this
acid group is particularly important for activity: substitutions
are generally poorly tolerated, as exemplified by nicotina-
mide, which has an amide group at the 3-position and is
almost inactive at the high-affinity HM74A receptor.

Niacin is administered orally, after which it undergoes
extensive first pass metabolism in a dose-rate-specific manner.
At the concentrations required to elicit lipid lowering, this
process is saturable. In humans, there are two main pathways
for niacin metabolism. The first is a low-affinity, high-capacity
pathway involving a simple conjugation with glycine to form
nicotinuric acid, which is also active with regard to HM74A
(Meyers et al., 2007). The second pathway is high-affinity and
low-capacity, and leads to the generation of nicotinamide and
nicotinamide adenine dinucleotide (NAD+) and pyrimidine
metabolites. NAD+ activity (as an acceptor of hydride equiva-
lents) is essential for all living cells, and high doses of niacin
or nicotinamide thus increase cellular NAD+ pools. Although

it is thought that this is unrelated to its effects on lipid
profiles, there is evidence to suggest that increased intracel-
lular NAD+ may be beneficial with respect to cardiovascular
disease in a number of ways. For example, niacin has been
shown to inhibit ROS production in endothelial cells, an
effect that is accompanied by a reduction in NF-kB activity,
with subsequent down-regulation of a number of cytokines
and adhesion molecules that are known to be involved in the
development and progression of atherosclerosis, such as
C-reactive protein, vascular cell adhesion molecule-1 and
monocyte chemoattractant protein-1, as well as enzymes
involved in the oxidation of LDL. By inhibiting ROS produc-
tion and LDL oxidation in this manner, niacin-induced
increases in NAD+ may directly interfere with the cellular and
molecular processes underlying atherosclerosis (Ganji et al.,
2009). However, effects on ROS production notwithstanding,
treatment with niacin has also been associated with increases
in plasma homocysteine levels, which may offset the antioxi-
dant effects to some degree (Basu et al., 2002; DeSouza et al.,
2002).

There is also evidence to suggest that maintaining high
concentrations of NAD+ may offer protection against
damage caused by ischaemia/reperfusion following MI. DNA
damage resulting from tissue damage initiates the PARP-1
activation cascade that depletes cells of NAD+ thus leaving
surviving cells with a diminished capacity to deal with oxi-
dative stress (Sauve, 2008). Nicotinamide has been shown to

Figure 1 Actions of niacin modulate a multitude of processes that are protective against the development of atherosclerosis. The direct
effects of niacin mediated through HM74A signalling inhibit adipocyte lipolysis and thus have a beneficial effect on blood lipids. Activation
of nuclear receptor and prostanoid signalling pathways alters gene expression profiles in a number of cell types, eliciting profound
anti-inflammatory effects. LDL, low-density lipoprotein; PGD2, prostaglandin D2; PPAR, peroxisome proliferator-activated receptor; ROS,
reactive oxygen species.
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protect against this. Interestingly, nicotinamide undergoes
further metabolism to produce 1-methynicotinamide, which
has been shown in vivo to have an antithrombotic effect
mediated by COX-2-derived prostacyclin (Choplicki et al.,
2007).

Induction of prostanoid synthesis
One of the major downstream effects of signalling through
the niacin receptor is the generation of eicosanoids, a phe-
nomenon known to account for the side effect of severe
cutaneous flushing associated with niacin use (Benyo et al.,
2005; Papaliodis et al., 2008) (see below). However, these bio-
active lipids are also capable of inducing further signalling
events, which potentially account for at least some of the
beneficial effects of niacin observed within the cardiovascular
system.

Generally, GPCR activation is associated with the liberation
of arachidonic acid from the cell membrane, resulting from
PKC or MAPK phosphorylation of the cytosolic form of phos-
pholipase A2, which then undergoes a calcium-dependent
translocation to the membrane, where it catalyses the release
of arachidonic acid from membrane phospholipids (Lin and
Chen, 1998). Gq-coupled receptors are particularly effective at
this as they also activate phospholipase C, generating IP3 and
DAG, which mobilize intracellular calcium stores and thus
activate PKC. In most cell types, Gi-coupled receptors do not
normally stimulate release of physiologically relevant
amounts of arachidonic acid, and HM74A is typical in this
regard. However, HM74A has been shown to potentiate the
effects of other stimuli on release, and niacin has been shown
to cause an increase in intracellular Ca2+ concentration in
mouse macrophages expressing PUMA-G (the murine ortho-
logue of HM74A), suggesting synergism between Gi- and
Gq-coupled receptors, although the precise mechanism
through which this occurs is unknown (Knowles et al., 2006;
Tang et al., 2006).

There is however compelling evidence from a number of
sources that indicate that not only is significant eicosanoid
production associated with HM74A signalling, but that it is
the production of prostaglandins D2 and E2 (PGD2 and PGE2)
that are responsible for the cutaneous flushing associated
with its use (Morrow et al., 1989; Benyo et al., 2005). Specifi-
cally, flushing has been shown to result (at least partly) from
the production of PGD2 and PGE2 by dermal/epidermal
immune cells, which then exerts vasodilatory effects via the
DP1 and EP2/EP4 receptors. This backs up the long-standing
clinical observation that niacin-induced flushing in patients
can be attenuated by co-administration with cyclo-oxygenase
inhibitors such as acetylsalicylic acid, although a recent study
by Papaliodis et al. (2008) suggests that the flushing response
is also contributed to by the release of serotonin from plate-
lets, and that complete resolution of flushing symptoms may
require blocking of both pathways. The role of HM75A in
mediating skin flushing was demonstrated in a series of
elegant experiments by Benyo et al. (2005), who showed that
PUMA-G knockout mice did not show skin flushing in
response to treatment with niacin. Moreover, mice with
normal PUMA-G expression, but lacking either the enzyme
cyclo-oxygenase, the PGD2 receptor or the PGE2 receptor

showed markedly decreased skin flushing, indicating the
involvement of arachidonic acid signalling in this phenom-
enon. It seems likely that it is Langerhans cells, uniquely
located within the skin, that are responsible for the cutaneous
hyperaemia associated with niacin use (Benyo et al., 2006),
and it has been shown that PGD2 synthase is abundantly
expressed in these immune cells. Indeed, stimulation of
Langerhans cells with niacin is capable of eliciting significant
release of PGD2 (Maciejewski-Lenoir et al., 2006). The notion
that the production of PGD2 is a local response is supported
by the observation that, following niacin treatment, PGD2

levels are elevated in the venous circulation, but not so in the
arterial (Morrow et al., 1992). Stimulation of Langerhans cells
with niacin induces a transient increase in intracellular
calcium concentration, suggesting that the HM74A/Gi effects
result in a Gbg-mediated activation of PLC (and subsequent
IP3- and DAG-mediated calcium release) – a classic immune
cell response (Exton, 1996; Rhee, 2001; Benyo et al., 2005).
There is also evidence to suggest that it is ERK1/2 signalling
may contribute to the enhanced arachidonic acid release by
Langerhans cells associated with niacin treatment (Tang et al.,
2006).

Activation of peroxisome proliferator-activated receptors (PPARs)
Many of the clinical effects of niacin are similar to those
observed with PPARg agonists (namely the glitazone class of
insulin-sensitizing drugs), and it has been suggested that at
least some of the effects of niacin result, in fact, from
PPAR-mediated transcriptional regulation. PPARs are ligand-
activated transcription factors that control lipid metabolism
at the molecular level. There are three isoforms of these recep-
tors: a, g and d. PPARa is expressed in liver, heart and skeletal
muscle, where it controls the expression of a subset of genes
involved in fatty acid oxidation, and thus activation
enhances clearance of lipids through the liver. Because many
inflammatory mediators (such as leukotriene B4) are lipids
themselves, PPARa activation also enhances their clearance,
and thus plays a major role in limiting the duration of the
inflammatory response (Devchand et al., 1996). The fibrate
class of drugs, known to be particularly effective in reducing
serum levels of TGs, as well as mildly raising HDL, are agonists
of PPARa.

PPARg is one of the major regulators of adipocyte develop-
ment and controls genes involved in adipocyte differentiation
and fat storage, as well as inhibiting genes involved in
lipolysis and release of FFA from adipose tissue (Brun and
Spiegelman, 1997; Spiegelman, 1998). PPARg activation also
enhances insulin sensitivity and, although the precise mecha-
nism is unclear, it appears that it is due (at least in part) to
simultaneous inhibition of the release from adipose tissue of
signalling molecules (e.g. TNFa and resistin) that promote
insulin resistance, and production of adiponectin that has the
opposite effect. PPARg agonists (such as rosiglitazone) have
been used with some success to enhance insulin sensitivity in
the treatment of type 2 diabetes (The DREAM Trial Investiga-
tors, 2006). PPARg activity may also be beneficial in athero-
sclerotic vascular disease because of its inhibitory effect on
matrix metalloproteinase production, which favours plaque
stability (Zhang et al., 2007).
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The role of PPARd in lipid metabolism is less clear – agonists
have been shown to have a favourable effect on plasma lipid
profiles (Oliver et al., 2001), and the combined up-regulation
of both PPARa and d in skeletal muscle appears to be at least
partly responsible for the beneficial effects of exercise on the
cardiovascular system (Watt et al., 2004). It seems that PPARd
is activated in response to VLDL and switches on genes that
are involved in fatty acid transport to (and oxidation within)
the mitochondrion, thus enhancing lipid clearance (Lee et al.,
2006; Furnsinn et al., 2007; Takahashi et al., 2007). However,
at the level of the macrophage, PPARd activation has been
shown to be pro-inflammatory and to enhance lipid accumu-
lation that has the potential to cause (or exacerbate) athero-
sclerosis (Vosper et al., 2001 ). Such PPARd-mediated lipid
accumulation has also been observed in smooth muscle cells
in vascular lesions, which may also be significant with regard
to atherosclerosis (Zhang et al., 2002). Interestingly, the effi-
cacy of rosiglitazone in the treatment of insulin resistance has
recently been brought into question following reports that
there is an increased risk of death from major cardiovascular
events such as MI (Nissen and Wolski, 2007; Psaty and
Furberg, 2007). It has been suggested that that the underlying
cause is that clinical doses are sufficiently high to activate
PPARd, and thus may enhance progression of atherosclerosis
(Hall and McDonnell, 2007).

An effect on PPARs has been suggested as a mechanism by
which niacin exerts at least some of its beneficial effects.
Signalling downstream from the niacin receptor has been
shown to involve induction and activation of PPARg expres-
sion in both adipocytes and macrophages, while activation of
HM74A has been shown to induce both expression and tran-
scriptional activation of PPARg in human macrophages (Zhao
et al., 2008). Interestingly, niacin has also been shown to
up-regulate expression of PPARa and d in skeletal muscle, an
effect similar to that observed with chronic low-intensity
exercise (Watt et al., 2004), although paradoxically, niacin
appears to attenuate the beneficial effects of exercise in terms
of lowering plasma TGs (Plaisance et al., 2008). Niacin has
also been shown to up-regulate both transcription and
nuclear translocation of PPARg in both liver and monocytoid
cells, and to increase the transcription of two known PPARg
targets; CD36, a scavenger receptor known to be involved in
the uptake of modified lipids by macrophages, and ABCA1,
one of the major reverse cholesterol transporters in macroph-
ages, responsible for the ApoA1-mediated transfer of intracel-
lular cholesterol to HDL particles (Nicholson, 2004; Rubic
et al., 2004). While one might expect niacin-induced
increased expression of CD36 to be pro-atherogenic, in
animal studies the elevation in CD36 transcription following
treatment with PPARg agonists has been shown to be accom-
panied by an increase in transcription of ABCA1, which
enhances cholesterol clearance (Chawla et al., 2001).

The prostanoid-PPAR loop
As explained above, the PGD2-mediated effects of niacin have
been associated with the undesirable flushing response.
However, the major breakdown product of PGD2 (15-deoxy-
D12,14-prostaglandin J2, 15d-PGJ2), has been identified as a
potent endogenous ligand of the transcription factor, PPARg

(Scher and Pillinger, 2005). Moreover, the niacin-induced
up-regulation of CD36 can be inhibited by treatment with
cyclo-oxygenase inhibitors, which supports the notion that a
cyclo-oxygenase product is involved. In contrast, such inhibi-
tors have no effect on niacin-induced up-regulation of
ABCA1, suggesting different mechanisms of action for niacin-
mediated activation of PPARg. This suggests that an exquisite
relationship exists between the ability of niacin to activate
PPARs directly, or indirectly through prostanoid production.

In addition to the effects on whole-body lipid metabolism,
there is substantial evidence to indicate that PPARg activation
by 15d-PGJ2 is anti-inflammatory by a mechanism involving
repression of transcription of a number of inflammatory
genes, including COX-2 and TNFa (Ricote et al., 1998; 1999).
In support of an anti-inflammatory role for PPARg, treatment
with rosiglitazone has been shown to be effective in attenu-
ating ischaemia/reperfusion injury in the gut (Cuzzocrea
et al., 2003), most likely mediated (at least in part) by the
PPARg-mediated up-regulation of iNOS, as 15d-PGJ2-induced
NO release has been shown to inhibit neutrophil migration as
result of down-regulated ICAM-1 expression cells in the
vessels of the mesenteric microcirculation (Napimoga et al.,
2008). Synthetic PPARg agonists such as rosiglitazone have
been shown to have a similar effect on neutrophil migration
in experimentally induced pancreatitis (Cuzzocrea et al.,
2004). The effects of PPARg activation are unlikely to be
restricted to the gut and pancreas: there is also increasing
evidence to suggest that PPARg agonists have anti-
inflammatory effects at the level of the vessel wall, and as
such it has been suggested that this receptor may represent
a therapeutic target for the prevention and treatment
of ischaemic stroke (Culman et al., 2007). The anti-
inflammatory effects may well result from a PPARg-induced
inhibition of NF-kB activity, resulting in a down-regulation in
many inflammatory gene targets (Culman et al., 2007; Napi-
moga et al., 2008). There is also evidence to suggest that
niacin may enhance neutrophil apoptosis, although this is
likely to result from HM74A-mediated down-regulation of
cAMP, which will enhance the activity of the pro-apototic
protein bad, a member of the bcl-2 family (Kostylina et al.,
2008). It is becoming increasingly clear that neutrophils are
involved as part of the cellular component of the atheroscle-
rotic plaque (Paulsson et al., 2006; van Leeuwen et al., 2008),
and thus enhanced neutrophil apoptosis is likely to be
beneficial.

Overcoming the side effects of niacin

Niacin treatment is associated with a number of side effects,
including headache, itching and gastrointestinal distur-
bances, but these are generally mild. The most severe of the
side effects is flushing, and this is sufficiently severe to nega-
tively affect compliance. As discussed earlier, this flushing is
caused by the production of PGD2, which also gives rise to
endogenous ligands for PPARg therefore generating effects
that are beneficial with respect to the cardiovascular system.
This presents a potential dilemma and has prompted further
investigation into the wider effects of niacin to inform the
development of effective drugs with improved tolerability.
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Niacin: modified release formulations
Flushing is probably the most severe of the side effects asso-
ciated with niacin use, but, in addition, niacin also has a short
duration of action, which means that frequent dosing is
required. To address this, sustained and extended release for-
mulations have been developed, but the pharmacokinetics are
markedly different for all three types of preparation (McKen-
ney, 2004). Sustained release preparations are not approved
for clinical use and are generally sold over the counter as food
supplements. Niacin is usually completely absorbed with
1–2 h, compared with over 12 h for a typical sustained
release preparation. Extended release preparations (such as
Niaspan™) have been developed for clinical use, and the time
taken for complete absorption represents a mid-ground
between the immediate and sustained release formulations.
The rate of absorption will affect the amount of drug metabo-
lized via the pathways discussed above. Immediate release
formulations rapidly saturate the nicotinamide pathway, with
the result that HM74A active metabolites are produced in
large concentrations. This means that immediate release
preparations have the best effects on lipid parameters, but are
also associated with more severe flushing. Sustained release
formulations reduce the relative amount of metabolism
through the conjugation pathway, thus reducing flushing
(but also potentially reducing the potency of the drug in
terms of lipid modulation) as well as increasing the duration
of action. However, there is also increased risk of hepatotox-
icity. Extended release formulations balance the metabolism
between the two pathways, and this is the preferred way of
administering the drug (McKenney, 2004), but it is possible
that reduced activity of the conjugation pathway may mean a
reduction in both the direct and indirect benefits resulting
from HM74A signalling.

Partial agonists and agonists that do not activate ERK signalling
Attempts to find drugs that yield the beneficial effects of
niacin (in terms of lipid lowering) but without the side effects
of flushing led to the discovery of partial agonists: partial
agonists are frequently shown to demonstrate tissue selectiv-
ity, and it seemed possible that such compounds may act on
adipoctytes and the liver to reproduce the effects on lipid
profile without causing the cutaneous effects. Van Herk et al.
(2003) described a series of pyrazole derivatives that demon-
strated partial agonist activity at the HM74A receptor.
However, subsequent work by Richman et al. (2007) have
shown that the effects of such compounds are not due to
tissue selectivity, but rather due to a phenomenon described
as ‘agonist directed trafficking of receptor signals’. They
looked at a number of compounds demonstrating activity at
the receptor, including a number of the ‘pyrazole’ partial
agonists described by van Herk et al. (2003), as well as a
number of full agonists. In terms of the physiological effects
elicited, these compounds could be divided into those that
induced flushing and those that did not. Full agonists of the
HM74A receptor were found in both categories, suggesting
that it is not the phenomenon of partial agonism that
accounts for the differing response. Further investigation
revealed that compounds that elicit flushing were those com-
pounds that activated ERK1/2 MAP kinase and receptor inter-

nalization – an effect not observed with the ‘flush-free’
counterparts, although these drugs were still capable of stimu-
lating the Gi-mediated inhibition of adenylyl cyclase and thus
reducing plasma lipids. The notion that agonists at receptors
may trigger only a subset of downstream signalling events has
been proposed for a number of GPCRs: it may simply be that
differing efficacies of agonists at the receptor result modulate
the strength of the resulting signal, and that this signal may
or may not be large enough to induced further events in the
pathway. This may well result from the differing abilities of
the binding agents to elicit conformational changes in the
receptor, which in turn impacts on further signalling events.
Similar modes of action have been hypothesized for other
receptors, including 5HT2, a2a-adrenergic and adenosine A1
receptors. It may be that partial agonists are more likely than
the full agonists to elicit different conformational effects, and
this combined with tissue selectivity may account for the
specific characteristics of each drug.

Combination drugs
The realization that cutaneous flushing is mediated through a
PGD2/DP1 receptor effect, led to the development of dual
drugs comprising extended release niacin with a DP1 antago-
nist. Merck’s Tredaptive™ (Niaspan combined with the DP1

receptor antagonist laropiprant) has recently been licensed in
Europe for the treatment of hyperlipidaemia. This combina-
tion has similar clinical efficacy to Niaspan™, but without the
associated flushing and the reduced compliance associated
with this side effect. However, in 2008, the FDA declined
approval for the drug (known as Cordaptive™ in the US), and
to some extent, this may have been fuelled by recent contro-
versies surrounding the use of drugs such as the glitazones.

It is possible that adverse effects may arise in the long term
from use of drugs that involve DP1 blockade. PGD2 is an
inflammatory mediator, up-regulating expression of pro-
inflammatory cytokines such as IL8 (Fu et al., 2002), but there
is increasing evidence to suggest that in certain tissues it may
have an anti-inflammatory role (Sadig et al., 2007), and is
involved (along with PGE2) in controlling both the onset and
resolution of inflammation (Rajakariar et al., 2007). These
effects are mediated partly by the actions of PGD2 breakdown
products – primarily 15d-PGJ2 – catalysed by the enzyme PGD
synthase, but also through direct DP1 activation (Hata and
Breyer, 2004) leading to both the generation of anti-
inflammatory cytokines as well as the inhibition of pro-
inflammatory mediators (Bellows et al., 2005). Interestingly,
polymorphisms in the gene encoding for PGDS are associated
with cardiovascular disease such as carotid atherosclerosis
(Miwa et al., 2004), while obese PGD synthase knockout mice
develop insulin resistance, nephropathy and show thickening
of the aortic intima, an effect that can be reversed by treat-
ment with exogenous PGDS. In patients, elevated serum
levels of PGDS predict a decreased occurrence of restenosis, a
process caused by vascular smooth muscle cell proliferation
(Ragiola et al., 2005). While some of these anti-inflammatory
actions can be attributed to PPARg activation, other effects
have been shown to be mediated by binding of the DP1

receptor: in fact there is even evidence to suggest that activa-
tion of this receptor may enhance clearance of macrophages
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from sites of chronic inflammation such as atherosclerotic
lesions. In contrast to the anti-inflammatory role of this
PGD2, PGE2 has been shown to be pro-inflammatory: in par-
ticular, a PGE-dependent mechanism is responsible for an
NF-kB-mediated increase in MMP-9. Because MMP-9 activity
is known to be associated with plaque collagen breakdown, it
is possible that instability may result from changes in the
balance of PGES and PGDS in atherosclerotic lesions
(Cipollone et al., 2004).

In addition to such dual drugs, niacin has also been
co-administered with statins (Vittone et al., 2007) to very
good effect. However, it has been shown that the changes in
ApoA1 and HDL in response to such combinations are
blunted if the patient is also taking antioxidant supplements
(Cheung et al., 2001 ).

Conclusion

The profound improvements (in terms of lipid profile) seen
during treatment means that HM74A agonists are some of the
most promising drugs available for treating metabolic disor-
ders that lead to vascular disease. Such agonists are also pro-
viding the scientific community with useful tools for studying
the mechanisms underlying whole-body glucose and lipid
metabolism. Side effects associated with niacin treatment are
sufficiently severe to affect compliance, and thus limit the
clinical usefulness of the drug. Because HM74A agonism is
one of the most effective ways of treating atherogenic lipid
profiles, it is imperative that the search continues for drugs
that are free from adverse effects. Recent evidence has
revealed that there are distinct differences between lipid-
lowering mechanisms and those through which adverse
effects are mediated, which has led to the development of
new agonists, which try to block or reduce signalling through
eicosanoid pathways. However, it is becoming increasingly
clear that signalling through these pathways elicits at least
some of the favourable effects associated with niacin treat-
ment, and it is essential that this is borne in mind if the
lipid-lowering effects of new drugs are to translate into a
clinical benefit in terms of a reduction in cardiovascular risk.

Drug and receptor nomenclature conforms to the British
Journal of Pharmacology’s guide to receptors and channels
(Alexander et al., 2008).
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