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Seeing red: flushing out instigators
of niacin-associated skin toxicity
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The use of niacin to improve plasma lipid levels and reduce risk of myocar-
dial infarction is limited by noxious skin effects that result from stimulation
of G protein-coupled receptor 109A (GPR109A) in skin immune cells. Nia-
cin causes vasodilation, manifest as rubor (redness) of the head and neck,
providing a visible sign associated with other, more bothersome skin com-
plaints. The working theory is that niacin provokes Langerhans cells to pro-
duce prostaglandin D, (PGD,), stimulating vascular DP1 receptors to cause
vasodilation. In this issue of the JCI, Hanson and colleagues raise a serious
challenge to this paradigm in showing that the major player in vasodilation
is the keratinocyte, which produces PGE,, stimulating EP; /4 receptors, shift-
ing the role of the Langerhans/PGD,/DP; pathway to that of an accomplice.
They also show that the antipsoriasis drug monomethyl fumarate, itself
a GPR109A agonist, provokes vasodilation through the same cells. These
efforts bring us one step closer to solving a key limitation of an important
cardioprotective drug and reveal that the skin response to niacin is much
more complicated than previously thought.

The therapeutic use of niacin has a
long and colorful history (1). Remark-
ably, it has played a critical role in
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preventing a top cause of death in 2
different centuries by 2 seemingly unre-
lated mechanisms. It eradicated pella-
gra, a vitamin deficiency disease caused
by a chronic lack of niacin (vitamin Bj)
as a source of NAD*. Before niacin was
added to the food supply, pellagra was
a major cause of morbidity and mortal-
ity in the early 20th century. Presumably
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through its beneficial effects on lipid levels,
niacin also prevents myocardial infarction
(MI), a public health menace in the early
21st century (2). Statins have justifiably
replaced niacin as the first-line therapy for
the treatment of hyperlipidemia; however,
even statins only reduce coronary heart dis-
ease (CHD) risk by about one-quarter, leav-
ing considerable residual risk in vulnerable
populations. Thus, niacin is reemerging as
an adjunct to statin therapy to reduce the
incidence of CHD events even further. Nia-
cin is also recommended as an adjunct to
statin therapy to raise HDL cholesterol and
lower triglycerides (2). Although niacin has
been used for more than 50 years to lower
cholesterol levels, we are only now starting
to piece together the molecular mechanism
by which it does this, following the discov-
ery that G protein-coupled receptor 109A
(GPR109A) is a receptor for niacin that
mediates some of its myriad effects (3-5).
GPR109A is highly expressed in adipocytes,
where stimulation results in the profound-
ly antilipolytic effect of niacin and, in turn,
the acute reduction in levels of plasma free
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Figure 1

Overlap of clinical effects of niacin and fumarates. This Venn diagram depicts the known simi-
larities and differences between the clinical effects of niacin (nicotinic acid) and fumarates
(fumaric acid). Notably, both are small carboxylic acids (middle). The carboxyl group is an
important feature of GPR109A activation and is shared by the known GPR109A agonists. This
receptor is responsible for many of the effects of niacin, and its role in psoriasis is now begin-
ning to attract attention. The overlapping symptoms are probably mediated by stimulation of
GPR109A, although this has only been shown for rubor. Gl, gastrointestinal.

fatty acids (4). Although this effect on free
fatty acids has been conveniently assumed
to mediate the lipid-altering effects of nia-
cin, the GPR109A agonist acipimox has
much weaker effects on lipid levels (6), and
anovel GPR109A agonist had no meaning-
ful effects (7). Thus, the mechanisms by
which niacin improves plasma lipid levels
remain elusive.

Skin toxicity limits niacin use

for treatment of dyslipidemia

and prevention of Mi

Unfortunately, when used as a pharma-
ceutical, niacin has more than its share of
drug toxicities, including hepatotoxicity,
gastric toxicity, glucotoxicity, and, most
commonly, skin toxicity. Thus, despite its
ability to prevent MI, in practice, niacin is
often shunned for its aggressive irritant
effects in the skin. Approximately 20% of
niacin-treated subjects drop out of clini-
cal trials (6), and in the clinic, nonadher-
ence and discontinuation are important
obstacles to niacin therapy. Skin plays a
large role in thermoregulation, but is also
the largest immune organ. Pharmacologic
doses of niacin disrupt both functions with
avengeance, as part of skin toxicity.

Both deficiency of and exposure to nia-
cin provoke the classical features of dermal
toxicity, namely rubor (redness from vaso-
dilation), calor (warmth), dolor (pain), and
tumor (swelling). In niacin deficiency, this
is referred to as dermatitis. In niacin expo-
sure, these features are transient and are
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more akin to an acute hypersensitivity syn-
drome (8) than to dermatitis. In histology
sections, niacin exposure is observed to elic-
it a mononuclear infiltrate within minutes,
followed by a neutrophil infiltrate within a
few hours that persists for up to 48 hours
(9). Clinically, niacin exposure also involves
paresthesia (a sensation of tingling, prick-
ing, or numbness) and, perhaps the most
irritating symptom, itching. For want of
a better word, the full syndrome has gone
by the term flushing, referring to the most
visible feature, rubor. Although colorful,
we are not sanguine about the term flush-
ing, as it fails to capture the full extent of
this drug-induced skin toxicity. Indeed,
it is not clear whether rubor mediates the
other symptoms. Calor may be mediated
by rubor, as warmer core blood is brought
to the surface, but could also result from
increased local metabolism (9). Even so,
linkage between rubor and the other irri-
tative symptoms is speculative. We submit
that referring to the specific sign flushing
as a metonym for symptoms such as skin
pain and/or itching invites misunderstand-
ing at best, and diverts attention away from
the real clinical problem at worst. We pro-
pose the use of flushing should be limited to
rubor and think this area would be better
served if the broader syndrome of rubor,
calor, dolor, tumor, and itching were
referred to as niacin-associated skin toxicity to
better reflect broad pathologic effects on
the skin. Despite the gross and histologi-
cal complexity of skin toxicity, most animal
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and clinical studies have focused on rubor
and, to a lesser extent, calor. Importantly,
experimental models may miss the most
irritating symptoms, so we cannot pre-
sume that a reduction in rubor will actu-
ally translate to a meaningful improvement
in tolerability.

Molecular basis of a niacin-
associated skin toxicity reaction
Given the high rates of discontinuation, it
is imperative to develop a clinical strategy
to suppress niacin-associated skin toxic-
ity without compromising the benefits of
the drug if it is to be used to prevent MI
on a broader scale. As with the effects on
lipid levels, the mechanism underlying
niacin-associated skin toxicity has been
elusive until fairly recently. Fortuitously,
the identification of GPR109A as a recep-
tor for niacin (3-5) has revolutionized the
study of the noxious skin effects of the
drug. GPR109A is highly expressed in a
variety of cells, notably neutrophils, adi-
pocytes, Langerhans cells, keratinocytes,
and monocytes (10), and growing evidence
suggests that agonizing GPR109A on skin
immune cells incites a cascade of events
that drives at least rubor (11), if not the
other irritative features. Upon stimulation
of immune cells, GPR109A promotes acti-
vation of phospholipase A,, production of
arachidonic acid, and, via cyclooxygenase
(COX) enzymes, generation of prostaglan-
din D, (PGD,) and PGE,. These activate
DP; and EP,y4 receptors, respectively, which
cause relaxation of vascular smooth muscle
and, in turn, vasodilation and rubor (11).
A fuller lineup of suspected instigators of
niacin-associated skin toxicity includes
Langerhans cells (10, 12), macrophages
(13), mast cells (14), and platelets (14).
The working theory points to the Lang-
erhans cell/PGD,/DP; pathway as the
prime suspect for rubor, and this pathway
has been targeted for discovery and drug
therapy (10, 12). A DP; receptor antagonist,
laropiprant, has been developed to mitigate
niacin-induced flushing, and is currently
marketed in Europe. In clinical trials, laro-
piprant substantially reduced, but fell far
short of eliminating, objectively measured
rubor and calor and subject-reported skin
symptoms (15). This suggests that, in
humans, other pathways beyond the PGD,/
DP; pathway are important. These results
are consistent with a mouse model of nia-
cin-induced rubor in which mice lacking
the DP; receptor had only a partial reduc-
tion in rubor (16). These studies led to
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Proposed model of niacin-associated skin toxicity. This diagram illustrates the many missing pieces that contribute to niacin- and GPR109A-
induced skin toxicity. Langerhans cells and keratinocytes cause vasodilation and rubor (redness), and probably calor (warmth), by producing
specific prostaglandins under the influence of different COX enzymes. It is not clear, however, that rubor and calor are the symptoms that truly
motivate patients to abandon therapy. Other cells may be involved in dolor, tumor, and itching, either in response to GPR109A stimulation or
perhaps indirectly via GPR109A-mediated activation of Langerhans cells or keratinocytes. We propose that the latter irritative symptoms, rather
than rubor and calor, drive noncompliance with niacin therapy and its discontinuation and suggest that animal and human studies focusing on
these phenomena could help to improve drug tolerability.

the hypothesis that niacin-associated skin
toxicity, including rubor, is multifactorial
and that factors beyond PGD, are involved
in vasodilation and the other skin effects
of the drug. Although much progress has
been made, the details of how niacin causes
rubor and niacin-associated skin toxicity
remain a mystery.

Surprisingly, the keratinocyte is the
archvillain in niacin-induced rubor
among rodents

In this issue of the JCI, Hanson and colleagues
have uncovered a pivotal clue that implicates
keratinocytes as the key instigators of the
rubefacient properties of GPR109A agonists,
and sorted out both the role and the mecha-
nism of Langerhans cells and keratinocytes
in rubor (17). First, they showed that mouse
and human keratinocytes expressed endog-
enous GPRI09A, resolving prior uncertainty
(10, 18). They also showed that keratinocyte
GPR109A was functional using Gpr109a-
knockout mice (17).

Next, the authors determined how Lang-
erhans cells and keratinocytes contribute to
the time course of rubor. Although rubor
can be assessed directly by colorimetry, they
used laser Doppler flowmetry to estimate
the flux of red blood cells in the skin. This
provides a continuous measure of hyper-
emia, which is an excellent proxy for rubor.
As with humans, Hanson et al. detected mul-
tiple peaks of hyperemia in wild-type mice:

The Journal of Clinical Investigation

an abrupt but fleeting minor peak followed
by a slow-onset, prolonged major peak (17).
However, when the mice were manipulated
such that their Langerhans cells were eradi-
cated and replaced with GPR109A-deficient
Langerhans cells, then no minor peak was
observed, although the major peak was
retained. This implied that the minor peak
depended on intact Langerhans cells, where-
as the major peak was caused by GPR109A
stimulation on other cells.

To elucidate the cells responsible for
inducing the major peak of hyperemia,
Hanson and colleagues generated mice
that only expressed GPR109A in keratino-
cytes (17). Whereas the complete Gpr109a
knockout lacked both peaks of hyperemia,
mice expressing GPR109A exclusively in
keratinocytes exhibited the major, delayed
peak of hyperemia upon exposure to nia-
cin. Thus, the minor hyperemia peak is a
result of GPR109A stimulation on Lang-
erhans cells, whereas the major hyperemia
peak originates from GPR109A stimula-
tion on keratinocytes.

Hanson et al. went on to develop robust
evidence supporting a new theory of hyper-
emia. Specifically, their data indicated
that upon agonizing GPR109A, a flash of
hyperemia occurred almost immediately, as
Langerhans cells synthesized PGD, under
the influence of COX-1. This short-lived
effect was followed by a delayed but more
sustained course of hyperemia, as keratino-
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cytes synthesized PGE, under the influence
of COX-2. Each peak was suppressible by
its respective COX inhibitor (17).

What does this mean for the patient
who wants to prevent Ml but doesn’t
tolerate niacin?

We can speculate as to how the results of
Hanson et al. (17) might translate to pre-
vention of niacin-associated skin toxic-
ity in humans. If rubor is upstream of the
irritative symptoms, then the solution
to niacin intolerance is simply a matter
of suppressing the COX enzymes in the
right proportion. The authors’ work sug-
gests that suppressing the keratinocyte/
COX-2/PGE,/EP,/4 pathway might pro-
vide additive relief to suppression of the
Langerhans/COX-1/PGD,/DP; pathway
(17). On the other hand, if rubor and the
irritative symptoms are both downstream
of GPR109A, but not linked, then sup-
pressing rubor may remain disappointing
clinically (15). Unfortunately, there is clini-
cal evidence to suggest that rubor does not
track with other irritative skin symptoms.
Lai and colleagues attempted to correlate
hyperemia (i.e., rubor) by laser Doppler,
with subject-reported symptoms of flush-
ing and warmth after treatment with niacin
(15). On the first dose, hyperemia correlat-
ed tightly with symptoms. Surprisingly, the
relationship deteriorated after 3 days of nia-
cin therapy, so that hyperemia flourished
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unabated, but symptoms were at roughly
half their initial level. To our knowledge,
this is the first compelling evidence that an
objectively measured rubor is dissociated
and discordant from subjectively report-
ed perception of flushing and warmth in
humans. This suggests that symptoms
that bother patients are not largely driven
by rubor. The matter is complicated by the
fact that symptom scales may meld calor
(thermoception) with dolor (nociception)
into “warmth,” making it hard to interpret
clinical changes. The disconnect between
rubor and irritative symptoms could have
important ramifications for drug develop-
ment, because preclinical work is largely
based on hyperemia. If this sign is divorced
from the symptoms that most irritate
patients, one could unwittingly develop a
drug that reduces rubor without mitigating
the more bothersome symptoms of niacin-
associated skin toxicity. Consider dermal
pain and itching. Is vasodilation enough
to explain these? Does vigorous activation
of keratinocytes, Langerhans cells, both, or
neither drive these? Does some other resi-
dent or infiltrating cell mediate the irrita-
tive symptoms by a completely different
process? Without knowing how the most
troubling symptoms fit in to the mystery,
it is hard to predict the clinical impact of
blocking rubor.

The antipsoriatic fumarates

act as niacin analogs

Hanson and colleagues also raise several
interesting questions by showing that
an antipsoriasis drug drives a hyperemia
response indistinguishable from that driv-
en by niacin in mice (17). As with niacin,
fumaric acid esters (FAEs; also known as
fumarates) have a long history in medicine.
Fumarates have been used for the treat-
ment of psoriasis since 1959. Currently,
they are approved to treat severe psoria-
sis in Germany, but are not approved in
the United States. Fumarates have potent
immune-modifying properties (Figure 1
and ref. 19) and are under investigation
for use in the treatment of other immune-
mediated diseases, such as multiple sclero-
sis. Like niacin, fumarates are small carbox-
ylic acids. Both require slow dose escalation
to minimize dermal and gastric toxicity
(Figure 1), and about 30% of patients stop
therapy as a result of these side effects. It
is now clear that fumarates stimulate the
GPR109A receptor (18), so our emerging
understanding of niacin-associated skin
toxicity can and should be extended to
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fumarate therapy. The group that reported
that fumarate agonizes GPR109A showed
that skin from psoriasis patients expressed
GPR109A more abundantly than did con-
trols, and speculated that GPR109A is
implicated in the disease and perhaps its
remediation by fumarate (18).

Interestingly, although both niacin and
fumarates agonize GPR109A, they have
divergent clinical benefits and toxicities
(Figure 1). For example, niacin is not known
to improve psoriasis, and fumarates are not
known to improve lipid levels (19). In clini-
cal trials, fumarates often cause lymphope-
nia and eosinophilia, side effects not seen
with niacin. Therefore, GPR109A-associat-
ed skin toxicity could be an oft-target effect
for both drugs in their respective diseases. If
so, the extensive bag of tricks developed to
enhance niacin tolerability (such as skillful-
ly selected COX inhibitors and laropiprant)
may apply to fumarate treatment. Another
worthy question is whether fumarates, act-
ing as GPR109A agonists, have beneficial
effects on lipid levels or cardiovascular risk.
Given that psoriasis itself is associated with
higher risk for cardiovascular disease and
dyslipidemia (20, 21), this is not just an
academic question; if confirmed, it might
commend the broader use of fumarates as
antipsoriatic drugs.

Next steps: thinking beyond rubor

The work by Hanson and colleagues repre-
sents a major step forward in understand-
ing rubor from GPR109A agonism (17)
and challenges the longstanding paradigm
that PGD; is the major villain in rubor.
Although both PGD; and PGE; are now
convincingly linked to rubor in mice, the
new findings need to be translated into
humans, since it is not entirely clear that
rubor or even calor really motivate certain
patients to swear off niacin. Although it is
conceivable that PGD, and/or PGE, cause
skin pain and itching, our instinct is that
there is still more to the scene than meets
the eye. Activation of the immune system
is often an all-hands-on-deck proposition,
and the concept that only a few resident
cell types acting in isolation mediate such
a diverse range of noxious effects strikes
us as unlikely. Given that GPR109A is
expressed by a variety of immune cells that
are present in the skin and its inflamma-
tory infiltrate, we find it likely that other
cells and the mediators they produce will
provide a more detailed explanation for
the full expression of the niacin-associ-
ated skin toxicity reaction. Our proposed
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model of GPR109A-associated skin toxicity
is presented in Figure 2. Most clinical work
has concentrated on the COX-1/PGD,/
DP; pathway. It is well known that COX-1
inhibition with aspirin and NSAIDs par-
tially inhibits skin toxicity. Downstream,
laropiprant was developed to disrupt the
interaction of PGD, with DP; receptors,
which reduces vasodilation and thereby
rubor. However, if COX-2 activation is the
major villain in rubor, one would predict
that enhancing COX-2 inhibition would
improve tolerability further. Although one
could easily test this in a proof-of-concept
study in humans, using this approach dur-
ing chronic therapy would be problematic,
as COX-2 inhibitors may increase CHD
events (22). However, based on the results
of Hanson et al. (17), inhibition of PGE,
synthesis or blockade of the EP receptors
might provide a novel approach to even
more effective prevention of niacin-associ-
ated skin toxicity.

We find value in research into the molecu-
lar mechanisms of niacin-associated skin
toxicity and in the development of drugs,
such as laropiprant, to mitigate them. Even if
laropiprant does not fully eliminate skin tox-
icity, merely lowering the intensity of symp-
toms could help extend niacin to a broader
section of the population at risk for MI. We
eagerly await the results of a large clinical
trial on the efficacy of niacin plus laropip-
rant added to a statin on hard cardiovascular
outcomes (http://www.clinicaltrials.gov/ct2/
show/NCT00461630). We commend Han-
son and colleagues for their major con-
tribution to helping solve the mystery of
GPR109A-associated skin toxicity (17) and
hope to see their insights based on murine
studies translated into humans.
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PIK3CA and KRAS mutations predict for response
to everolimus therapy: now that’'s RADOO1

Morassa Mohseni and Ben Ho Park

Breast Cancer Research Program, The Sidney Kimmel Comprehensive Cancer Genter at Johns Hopkins, Baltimore, Maryland, USA.

Targeted cancer therapeutics can be effective when patients are preselected
to maximize the chance of response. Increasingly, molecular markers such
as oncogenic DNA mutations are being exploited to help guide patient pre-
selection. These DNA lesions can predict for either a positive or negative
response to a given drug. Finding such predictive biomarkers is an ongoing
challenge. New work by Di Nicolantonio and colleagues in this issue of the
JCI demonstrates that PI3K catalytic a subunit (PIK3CA) mutations can sen-
sitize cancer cells to the mammalian target of rapamycin (mTOR) inhibitor
everolimus. In addition, they show that the concurrent presence of PIK3CA
mutations and mutations in either KRAS or BRAF predict for resistance to
this drug. These data suggest that mTOR inhibitors currently in use will
be ineffective against cancers that have a mutation in either KRAS or BRAF
despite having PI3K/AKT/mTOR pathway activation.

In the past few decades, developers of new
anticancer therapies have moved away from
cytotoxic drugs that simply target the pro-
liferative hallmark of all cancer cells. Cur-
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rently, targeted therapies dominate cancer
drug development with the aim of blocking
the growth and spread of cancer by inter-
fering with specific molecules involved in
the progression of a given tumor. One of
the most successful targeted anticancer
therapies developed is the kinase inhibi-
tor imatinib, which targets the product of
the BCR-ABL oncogene that drives disease
in all patients with chronic myeloid leuke-

mia (CML) (1). However, for most targeted
therapies, only a subset of the patients
predicted to respond do so. For example,
EGFR-directed therapies were thought to
inhibit the growth of non-small-cell lung
cancers with EGFR overexpression, but
only those cancers with certain activating
EGFR mutations respond to these small
molecule inhibitors (2, 3). It has therefore
become critically important to develop
predictive biomarkers for patients who are
likely to respond to a given therapy and,
equally important, for those who will not.
As an example, testing for KRAS muta-
tions has become mandatory for colorectal
cancer patients receiving EGFR-directed
therapies because the presence of KRAS
mutations predicts for resistance to this
class of drugs (4). In this issue of the JCI,
Di Nicolantonio and colleagues have now
uncovered mutations that seem to predict
for response to the anticancer drug evero-
limus, which targets mammalian target of
rapamycin (mTOR) (5).
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