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The recent discovery of the Gi protein–coupled receptor GPR109A (HM74A in humans; PUMA-G in mice) as a receptor
for nicotinic acid has provided the opportunity to gain greater understanding of the underlying biology contributing to the
clinical efficacy (increases in HDL, decreases in VLDL, LDL, and triglycerides) and the characteristic side-effect profile of
nicotinic acid. GPR109A has been proven to be the molecular target for the actions of nicotinic acid on adipose tissue,
and in this issue of the JCI, Benyó et al. have confirmed the involvement of GPR109A in the nicotinic acid–induced
flushing response, a common side effect. The involvement of GPR109A in both the desirable and undesirable clinical
actions of nicotinic acid raises interesting questions regarding the function of this receptor.
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The recent discovery of the Gi protein–coupled receptor GPR109A (HM74A 
in humans; PUMA-G in mice) as a receptor for nicotinic acid has provided 
the opportunity to gain greater understanding of the underlying biology 
contributing to the clinical efficacy (increases in HDL, decreases in VLDL, 
LDL, and triglycerides) and the characteristic side-effect profile of nicotinic 
acid. GPR109A has been proven to be the molecular target for the actions of 
nicotinic acid on adipose tissue, and in this issue of the JCI, Benyó et al. have 
confirmed the involvement of GPR109A in the nicotinic acid–induced flush-
ing response, a common side effect (see the related article beginning on page 
3634). The involvement of GPR109A in both the desirable and undesirable 
clinical actions of nicotinic acid raises interesting questions regarding the 
function of this receptor.
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The observation that nicotinic acid can 
modify lipoprotein profiles in humans was 
first made in the 1950s. Subsequent clinical 
experience has demonstrated that nicotinic 
acid produces a very beneficial modification 
of multiple cardiovascular risk factors. As a 

monotherapy, nicotinic acid is still the most 
effective therapy for elevating HDL levels 
while decreasing VLDL and LDL levels as well 
as other cardiovascular risk factors, which 
results in a reduction in mortality (1) (Figure 
1). In addition to its highly desirable profile 
of cardiovascular risk factor modulation, 
nicotinic acid has been shown to produce 
enhanced therapeutic effects when given 
in combination with other lipid-lowering 
drugs (e.g., statins and bile acid resins) (2–3). 
The past 50 years of nicotinic acid usage has 
been recently reviewed by Carlson (4).

Identification and function of Gi 
protein–coupled receptors for 
nicotinic acid
In 2003, several groups published stud-
ies showing that the orphan receptor 
GPR109A is activated by nicotinic acid at 
concentrations consistent with the expo-
sure achieved following therapeutic doses 
(5–7). Furthermore, additional compounds 
with a clinical profile similar to that of nic-
otinic acid (e.g., acipimox and acifran) were 
also confirmed as full agonists of GPR109A. 
Importantly, nicotinamide, which does not 
alter lipoprotein profiles but shares the 
vitamin-like properties of nicotinic acid, 
has virtually no GPR109A agonist activity. 
This pharmacological profile strongly sug-
gests that GPR109A is a molecular target 
involved in the clinical efficacy of nicotinic 
acid and therefore offers a potential focus 
to explore the biological processes involved 
in the highly desirable therapeutic profile 
achieved following chronic treatment with 
this drug (8–9).

The best-described action of nicotinic 
acid is the inhibition of adipocyte lipolysis. 
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The combination of pharmacology and the 
use of transgenic mice has confirmed that 
GPR109A expressed in adipocytes is func-
tionally competent (5–7). A key question 
is whether the activity of nicotinic acid via 
GPR109A expressed on the surface of the 
adipocyte is sufficient to account for the 
overall clinical efficacy observed. The low-
ering of circulating nonesterified fatty acid 
levels via activation of adipocyte GPR109A 
would be expected to lead to a reduction 
in hepatic triglyceride synthesis and hence 
circulating VLDL levels. Due to the inverse 
relationship between plasma triglycerides 
and HDL cholesterol, it is likely that HDL 
levels would be increased if the reduction 
in VLDL resulted in an inhibition of cho-
lesterol ester transfer protein activity (10).

In addition to expression on adipocytes, 
GPR109A is known to be most highly 
expressed in spleen, lung, and lymphoid 

cells (5). However, the lack of good-quality 
antibodies has failed to determine whether 
mRNA expression is always accompanied 
by functional levels of GPR109A protein. To 
date, there is very little evidence in the litera-
ture for GPR109A-mediated effects outside 
of adipose tissue. The obvious exception to 
this is the intense cutaneous vasodilation 
(flushing) that has been seen clinically with 
each GPR109A agonist tested to date. In 
this issue of the JCI, Benyó et al. show that 
protein upregulated in macrophages by 
IFN-γ (PUMA-G), the murine ortholog of 
GPR109A, is responsible for the nicotinic 
acid–induced flushing response (11). In 
their murine studies, this group has dem-
onstrated a GPR109A-mediated mobiliza-
tion of arachidonic acid, which is converted 
to prostaglandins to result in the charac-
teristic vasodilatory response (Figure 1). 
This elegant study confirms the proposed 

mechanism from clinical observation (12) 
and supports the hypothesis that immune 
cells in the skin are the most likely source 
of arachidonic acid and prostaglandins. 
Clearly, in the mouse, both PGE2, via the 
type 2 and type 4 PGE2 receptors (EP2 and 
EP4, respectively), and PGD2, via the PGD2 
receptor (DP), are involved in nicotinic acid–
induced cutaneous vasodilation. However, 
in humans, the precise involvement of the 
prostanoid receptor is yet to be resolved, but 
based on the analysis of metabolites, DP is 
likely to be involved (12).

The confirmation that the nicotinic acid–
induced flushing response is GPR109A 
mediated raises several interesting ques-
tions. First, will it be possible to produce 
GPR109A agonists with the beneficial 
efficacy of nicotinic acid but without the 
marked flushing response associated with 
nicotinic acid? Alternative formulations, 

Figure 1
Activation of the Gi protein–coupled receptor GPR109A (HM74A in humans; PUMA-G in mice) can produce differential responses depending on 
the location of the receptor. It has been proposed that, when nicotinic acid activates GPR109A on adipocytes, the resultant antilipolytic effects 
contribute to the highly desirable normalization of lipoprotein profiles. However, when nicotinic acid activates GPR109A on dermal dendritic 
cells or dermal macrophages, the subsequent mobilization of arachidonic acid and its conversion to vasodilatory prostaglandins (PGD2 and 
PGE2) results in the characteristic flushing response. As GPR109A expression extends beyond adipose and immune cells located in the skin 
(e.g., spleen, lymphoid cells, and lung), it is likely that activation of GPR109A in these cells/tissues may also contribute to the clinical efficacy of 
nicotinic acid. PLA2, phospholipase A2; TG, triglyceride.
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prodrugs, and different GPR109A ligands 
(e.g., acipimox and acifran) have been 
claimed to induce less flushing than crys-
talline nicotinic acid (13, 14). Therefore, as 
the chemical diversity of future GPR109A 
ligands is increased, it is conceivable that 
compounds that do not compartmental-
ize into the skin could induce markedly less 
flushing than that induced by nicotinic acid. 
Second, the involvement of GPR109A in 
the flushing response raises the question of 
whether GPR109A receptors located outside 
adipose tissue can contribute to the clinical 
efficacy of nicotinic acid. GPR109A is high-
ly expressed in lymphoid cells. This expres-
sion profile, coupled with the observation 
that in murine macrophages, GPR109A is 
upregulated by cytokines like IFN-γ (15), 
may suggest a role for GPR109A in immu-
nity and inflammation. If this is the case, 
then it is interesting to speculate on wheth-
er nicotinic acid achieves any of its clinical 
efficacy via these cell types (e.g., at the level 
of the atherosclerotic plaque) and not solely 
via the normalization of aberrant lipopro-
tein profiles. Furthermore, one could specu-
late on a degree of analogy with the mecha-
nism of action that results in the flushing 
response, for example, the generation of 
prostaglandins following the liberation of 
archidonic acid via GPR109A stimulation. 
If this functionality of GPR109A is indeed 
involved in the clinical efficacy of nicotinic 
acid, it raises further areas for investiga-
tion, which would include determination 
of whether the tachyphylaxis observed in 
the flushing response to nicotinic acid and 
acipimox is observed in other immune/
inflammatory cell types and whether the 
symptomatic relief from flushing achieved 
by NSAID administration has detrimental 
effects on some aspects of the efficacy of 
GPR109A agonists. It is apparent that the 
lipoprotein changes achieved with nicotinic 
acid are not affected by NSAID treatment 
(16), possibly suggesting the involvement of 
a direct GPR109A-mediated event.

Endogenous ligand for GPR109A 
and related receptors
The general consensus in the literature is 
that nicotinic acid is not the endogenous 
ligand for GPR109A (4, 8, 9). This con-
sensus is primarily based on the fact that 
physiological levels of nicotinic acid are 
insufficient to activate GPR109A. It has 
been suggested that d-β-hydroxybutyr-
ate, a fatty acid–derived ketone body, is 
an endogenous ligand for GPR109A (17). 
Although d-β-hydroxybutyrate is approxi-

mately 8000 times less active than nico-
tinic acid on GPR109A (or PUMA-G), it can 
reach concentrations sufficient to activate 
this receptor under certain conditions (e.g., 
starvation). It has therefore been proposed 
that d-β-hydroxybutyrate is involved in 
a homeostatic mechanism for starvation 
survival that involves regulating its own 
production, preventing ketoacidosis, and 
regulating fat utilization (17).

GPR109A shares a high degree of homol-
ogy with 2 additional receptors found on 
chromosome 12q24.31 (5). GPR109B (HM74 
in humans) shares 96% homology with 
GPR109A while GPR81 shares 60% homol-
ogy. Neither nicotinic acid nor d-β-hydroxy-
butyrate are potent agonists of GPR81 or 
GPR109B, and only nicotinic acid exhibits 
any activity. Nicotinic acid has been shown 
to have an agonistic effect on GPR109B in 
the mM range, which is approximately 1,000-
fold weaker than its effect on GPR109A (5). 
Acifran, in contrast, is only 10-fold weaker at 
GPR109B than at GPR109A, indicating that 
a single molecule can exhibit similar activ-
ity on both GPR109A and GPR109B (5). It 
is interesting to speculate that a single mol-
ecule or a group of closely related molecules 
may activate all 3 of these human receptors.

Alternative mechanisms  
for nicotinic acid efficacy
Alternative mechanisms, likely to be inde-
pendent of GPR109A activation, have been 
proposed for the lipoprotein-modulat-
ing actions of nicotinic acid. Application 
of high concentrations (mM) of nicotinic 
acid inhibits hepatocyte diacylglycerol acyl-
transferase and triglyceride synthesis, lead-
ing to increased intracellular apoB degrada-
tion in HepG2 cells (18). Nicotinic acid also 
inhibits the uptake and removal of HDL-
ApoAI (but not HDL–cholesterol ester), 
thereby resulting in increased HDL-ApoAI 
levels in the media of cultured HepG2 cells 
(19). This work has been recently reviewed 
(20), and the responses to nicotinic acid 
are unlikely to be GPR109A-mediated, as 
receptor expression has not been detected 
in hepatocytes. Concentrations of nico-
tinic acid in the mM range can stimulate 
both CD36 and ATP-binding cassette A1 
(ABCA1) in cultured monocytoid cells 
(21), leading to enhancement of cholesterol 
removal and of HDL-mediated cholesterol 
efflux. Furthermore, it is unlikely that 
these effects are GPR109A mediated, based 
on the pharmacology presented, with aspi-
rin inhibiting the observed upregulation of 
CD36 but not ABCA1 and protein kinase A 

inhibition blocking ABCA1 upregulation 
but not CD36. In both of these cases, it 
would be interesting to test alternative 
GPR109A agonists as well as nicotinamide 
in order to put these observations into con-
text with observed clinical responses.

To conclude, GPR109A represents an excit-
ing molecular target. Further examination of 
this receptor may facilitate our understand-
ing of the mechanism of action of nicotinic 
acid and thereby aid the development of 
improved therapeutic options for the treat-
ment of cardiovascular disease. Utilizing the 
tissue distribution profile of GPR109A and 
the increasing number of agonist molecules 
available as well as developing studies using 
nicotinamide as a negative control, we may 
finally resolve the elusive mechanism of 
action for nicotinic acid.
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Desperately seeking sugar: glial cells  
as hypoglycemia sensors
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A life-saving response to hypoglycemia requires rapid sensing of decreases 
in glycemia and consequent brisk glucagon secretion. Preceding studies 
have shown that mice lacking glucose transporter type 2 (GLUT2) lose this 
response. In this issue of the JCI, Marty et al. report that glucose sensing 
and consequent pancreatic glucagon secretion are restored by re-expres-
sion of GLUT2 in glial but not neuronal cells (see the related article begin-
ning on page 3545). A new, glucose-sensing role is ascribed to GLUT2-
expressing glial cells.
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Central responses to hypoglycemia
Hypoglycemia is a life-threatening condi-
tion in which blood glucose can drop to 
levels that jeopardize brain function. Insu-
lin and antihyperglycemic therapies are 
major causes of dangerous hypoglycemic 
episodes in diabetic individuals. With the 
global prevalence of the disease and ambi-
tious goals for blood sugar reduction, hypo-
glycemia has become a clinically significant 
health issue. The ability to rapidly sense a 
drop in circulating glucose and induce a 
counterregulatory response forms the cor-
nerstone of the body’s life-saving responses 
to hypoglycemia. Accordingly, several sys-
tems participate in glucose sensing and the 
evoked secretion of glucagon and adrena-
lin. How is hypoglycemia detected in the 
first place? The following have been pro-
posed: (a) glucose levels may be sensed by 
the glucagon-secreting, pancreatic α cells; 
(b) low intrapancreatic insulin levels may 
regulate glucagon secretion; and (c) the 

CNS may sense the drop in glucose and 
elicit secretory hormonal responses. Hypo-
glycemia-evoked glucagon and epinephrine 
secretion are similarly rapid (within min-
utes) and activated by comparable blood 
glucose nadirs (3.6–3.9 mM) (1). However, 
these hormonal responses may be activat-
ed by different mechanisms, each involv-
ing the CNS. Glucagon secretion elicited 
by hypoglycemia is normal in a neuronal 
insulin-receptor knockout (NIRKO) mouse 
model, yet the sympathoadrenal response 
is markedly impaired (2). In contrast, mice 
lacking ATP-sensitive K+ channels display a 
severe defect in glucagon secretion (despite 
normal α cell function) yet secrete epineph-
rine normally in response to hypoglycemia 
(3). In people with type 1 diabetes, the loss 
of glucagon secretion with hypoglycemia 
occurs early in the disease course while the 
defect in epinephrine secretion becomes 
manifest later (1).

Injecting glucoprivic agents such as  
2-deoxyglucose into either the ventrome-
dial hypothalamus or certain brainstem 
sites activates neurohumoral counter-
regulatory responses similar to those 
seen during systemic hypoglycemia (4, 5). 
Subsequent efferent output to the α cells 

involves the autonomic nervous system (6). 
The presence of both glucose transporter 
type 2 (GLUT2) and glucokinase in some 
neurons and astrocytes in glucose-sensi-
tive brain regions led to the concept of a 
central glucose sensor similar to that in 
pancreatic β cells (7). However, although 
GLUT2 is expressed in up to one-third of 
glucose-sensing neurons, an equal num-
ber of non–glucose-sensing neurons also 
express this transporter (8). In this issue of 
the JCI, Marty et al. show that mice lacking 
GLUT2 are unable to respond to hypogly-
cemia with increased glucagon secretion 
despite restoration of glucose-stimulated 
insulin secretion by β cell–selective Glut1 
overexpression (RipGlut1;Glut2–/– mice) (9). 
Therefore, a picture emerges in which, in 
addition to hypoglycemia detection by glu-
cose flux into α cells and the intrapancreat-
ic insulin relay, central detection of glucose 
is paramount and generates an efferent 
glucagon-releasing response involving glu-
cose transport into glial cells.

Astrocytes/glial cells:  
first responders  
to hypoglycemic emergencies?
At the core of this study (9) is the obser-
vation that transgenic overexpression 
of GLUT2 in glial cells but not neu-
rons restored this vital response in 
RipGlut1;Glut2–/– mice. Such central detec-
tion requires glial cells and likely involves 
glial cell–neuron communication in central 
locations, including the nucleus of the trac-
tus solitarius (NTS) and the dorsal motor 
nucleus of the vagus (Figure 1).


