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The flavonoid luteolin inhibits niacin-induced flush
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Background and purpose: Sustained release niacin effectively lowers serum cholesterol, LDL and triglycerides, while raising
HDL. However, 75% of patients experience cutaneous warmth and itching known as flush, leading to discontinuation.
Acetylsalicylic acid (aspirin) reduces this flush only by about 30%, presumably through decreasing prostaglandin D, (PGD,).
We investigated whether niacin-induced flush in a rat model involves PGD, and 5-HT, and the effect of certain flavonoids.
Experimental approach: Three skin temperature measurements from each ear were recorded with an infrared pyrometer for
each time point immediately before i.p. injection with either niacin or a flavonoid. The temperature was then measured every
10 min for 60 min.

Key results: Niacin (7.5 mg per rat, equivalent to a human dose of 1750 mg per 80 kg) maximally increased ear temperature to
1.9+ 0.2 °C at 45 min. Quercetin and luteolin (4.3 mg per rat; 1000 mg per human), administered i.p. 45 min prior to niacin,
inhibited the niacin effect by 96 and 88%, respectively. Aspirin (1.22 mg per rat; 325 mg per human) inhibited the niacin effect
by only 30%. Niacin almost doubled plasma PGD, and 5-HT, but aspirin reduced only PGD, by 86%. In contrast, luteolin
inhibited both plasma PGD, and 5-HT levels by 100 and 67%, respectively.

Conclusions and implications. Niacin-induced skin temperature increase is associated with PGD, and 5-HT elevations in rats;
luteolin may be a better inhibitor of niacin-induced flush because it blocks the rise in both mediators.
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Introduction

In spite of a better knowledge of risk factors and better
recognition and availability of more efficacious drugs for
lowering serum cholesterol and triglycerides, mortality from
cardiovascular disease continues to occur in 2/3 of patients
treated with statins, and to increase worldwide by about 25%
(Libby, 2005). Niacin (nicotinic acid) at 1—2gday‘1 decreases
low-density lipoprotein and triglycerides, while increasing
high-density lipoprotein levels (Carlson, 2005). Moreover,
niacin and a statin together have superior lipoprotein-
lowering profile (Brown et al., 2001), as also shown for
slow-release niacin combined with lovastatin (Gupta and Ito,
2002). However, a limiting adverse effect in patients
receiving immediate- or sustained-release niacin is the
rapid development of significant cutaneous warmth and
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vasodilation, referred to as ‘flush’, which severely limits
compliance (Gupta and Ito, 2002).

Niacin-induced flush is thought to involve the release of
prostaglandin D, (PGD,) from the skin (Morrow et al., 1989,
1992), especially from antigen-presenting cells, macrophages
(Urade et al., 1989; Meyers et al., 2007) or Langerhans cells
(Benyo et al., 2006). However, co-administration of acetylsa-
licylic acid (aspirin) to reduce PGD, levels has not been
particularly effective in blocking niacin flush (Dunn et al.,
1995; Jungnickel et al., 1997; Cefali et al., 2007). Conse-
quently, molecules other than PGD, may be involved and
include histamine, vasoactive intestinal peptide and vascular
endothelial growth factor (Boesiger et al., 1998; Grutzkau
et al.,, 1998), as well as S5-HT released from platelets,
enterochromaffin cells (Boushey and Dackiw, 2002) and
mast cells (Kushnir-Sukhov et al., 2006). 5-HT is a prime
candidate because it is known to be involved in the flush
associated with carcinoid syndrome (Loong et al., 1968;
Boushey and Dackiw, 2002).

We investigated the effect of certain flavonoids, molecules
occurring naturally in plants and seeds, because they are
known to inhibit mast cell (Middleton ]Jr et al., 2000) and



platelet (Beretz et al., 1982; Mruk et al., 2000) secretion. We
used a rat model previously reported to show that the
phenothiazine haloperidol could block niacin-induced skin
vasodilation (Turenne et al., 2001) to investigate (a) whether
niacin can increase plasma 5-HT and (b) whether flavonoids
such as luteolin can inhibit niacin-induced skin temperature
increase, as well as any changes in plasma PGD, and 5-HT
levels.

Materials and methods

Animals

All animal procedures were approved by the Tufts-New
England Medical Center Animal Care and Use Committee.
Male Sprague-Dawley rats (300-350 g) were housed three per
cage and were provided with food and water ad libitum. The
room temperature was kept constant at 21+1°C, with a
1410 hours light:dark schedule, with lights out at 1900
hours.

Assessment of niacin-induced skin temperature changes
Temperature measurements were recorded with a hand-held
infrared pyrometer connected to a milli-voltmeter (Model
0S613A, Omega Co., Stamford, CT, USA). The probe was
held at a distance of 1-2mm from the animal’s skin, and
temperature readings were taken from an ear area approxi-
mately 3mm in diameter. Animals were habituated to
handling and to the infrared probe for 3 days before use.
On the day of the experiment, the animals were brought into
the laboratory (0900-1000 hours). Three temperature read-
ings from the top half of each ear were recorded for each
time point without anaesthesia immediately before animals
were injected i.p. with either niacin or the test flavonoid.
The ear temperature was then measured every 10min for a
period of up to 60 min. The animals were returned to their
cages between measurements. Animals were ‘rested’ for 1
week and were used again; the effect of niacin was not
changed in rats that were used more than once.

Pretreatment with various flavonoids

Rats were randomly administered either (a) vehicle (olive
seed oil) followed by niacin or (b) a flavonoid (4.3 mg per rat,
equivalent to 1000 mg per 80 kg human) followed by niacin.
This dose of flavonoids, the structure of which differs only by
a hydroxyl group at certain positions, was chosen because it
was previously shown to inhibit mast cell responses in vivo
(Kimata et al., 2000a) and may reasonably be administered
orally in humans.

Blood mediator measurements

In certain cases, blood was collected immediately after the
end of the experimental period by killing (by asphyxiation
with CO,), decapitation and collection from neck vessels.
Blood was centrifuged at 350¢ in a refrigerated centrifuge
and the plasma collected and frozen at —20 °C until assay.
Plasma levels of PGD, (Cayman, Ann Arbor, MI, USA) and
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5-HT were assayed using the ELISA kit (Biosource, Nivelle,
Belgium). The lowest levels of sensitivity for each were
200pgml™~! (intra- and inter-assay variation 10-20%) and
0.5ngml ! (intra-assay variation 26 and inter-assay variation
15), respectively.

Statistical analysis

The six ear temperature measurements (three from each ear)
were averaged for each point. Any temperature change was
calculated by subtracting from the mean value for each
experimental point the baseline temperature obtained
immediately before the vehicle/drug was injected or the
baseline measured immediately before niacin administra-
tion, whichever was appropriate. All data are presented as
mean +s.d. of the actual temperatures or percentage change
from that recorded after niacin administration. Paired
comparisons between niacin and control or niacin and drug
pretreatment followed by niacin were analysed with either
the paired t-test or the non-parametric Mann-Whitney U-
test. Multivariant ANOVA analysis was performed on all
other comparisons. Significance is denoted by P<0.05.

Materials

Aspirin, fisetin, kaempferol, luteolin, myricetin, niacin and
quercetin were purchased from Sigma (St Louis, MO, USA).
All drugs were first dissolved in olive kernel oil and then
freshly diluted with 0.9% NaCl, on each day of the
experiment.

Results

Effect of niacin on skin temperature

The basal mean ear temperature was 26.5-28.5°C (n=3).
Niacin (7.5mg per rat, equivalent to 1750mg per 80kg
human) injected i.p. in conscious rats induced a time-
dependent temperature increase with a maximum of
1.9+0.2°C (n=5, P=0.0002) at 45min (Figure la). A
dose-response study for niacin (5, 7.5 and 10mg per rat,
n=>3) showed a maximal temperature increase of 2.0+ 0.1°C
(P=0.001) at 45 min with 7.5 mg per rat (Figure 1b).

Effect of aspirin and flavonoids on niacin-induced skin
temperature increase

We investigated whether pretreatment for 2h with aspirin
(1.22 mg per rat, equivalent to 325 mg per 80kg human) or
various flavonoids (4.3 mg per kg, equivalent to 1000 mg per
human) could inhibit the effect of niacin (7.5 mg per rat) in
this animal model. Aspirin inhibited this effect by 30%
(n=6, P=0.0193; Figure 2). Myricetin and kaempferol had
no effect; fisetin inhibited the effect of niacin by 50% (n=6,
P =0.0204; Figure 2). Quercetin and luteolin were the most
effective in reducing ear temperatures by 96 and 88%,
respectively (n=6, P=0.0002 and P=0.0041; Figure 2);
there was no statistical difference between the effects of
quercetin and luteolin.
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Figure 1 (a) A time course of ear temperature increase (n=35) in
response to a single i.p. niacin (7.5mg per rat) injection. The
increase at all time points was significant (*P=0.0002). (b) Dose-
response of the effect of a single i.p. niacin injection on ear
temperature increases recorded 45 min later (n=35; *P=0.0001).
Niacin rat doses correspond to the doses in an 80kg human as
follows: 5.0mg per rat=1167mg per human; 7.5mg per
rat=1750mg per human; 10 mg per rat=2334mg per human.

Effect of duration of pretreatment with luteolin

We then investigated whether the length of pretreatment
with luteolin affected its ability to inhibit the niacin flush.
Luteolin significantly decreased the niacin-induced tempera-
ture increase even when added together with niacin
(time =0) and remained significant at all time points from
0 to 6 h. There was no significant difference between the 2, 4
and 6h pretreatment time points among the luteolin-
pretreated samples (Figure 3).

Effect of niacin on plasma PGD, and 5-HT levels

We then investigated the effect of niacin on plasma PGD,
and 5-HT levels. Niacin (7.5mg per rat) increased plasma
PGD, by 88% at 45min (n=3, P=0.0178; Figure 4) and
plasma 5-HT by 90% (n=4, P=0.0101; Figure 5).

Effect of aspirin and luteolin on niacin-induced plasma PGD, and
5-HT levels

Pretreatment for 2h with aspirin (1.22mg per rat) reduced
plasma PGD, by 86% (n=3, P=0.018; Figure 4), but had no
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Figure 2 Comparison of the inhibitory effect of fisetin, kaempferol,
luteolin, myricetin, quercetin (4.3 mg per rat =1000 mg per human)
and aspirin (ASA; 1.22 mg per rat; 325 mg per human), administered
i.p. T0min prior to niacin on the ear temperature increase recorded
45 min after a single i.p. dose of niacin (7.5 mg per rat) in olive oil
(n=6, *P=0.0204; **P=0.0041; ***P=0.0002; ****P=0.0193).
The percentage inhibition was calculated after the corresponding
baseline temperature was subtracted.
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Figure 3 Time course of the inhibitory effect of pretreatment with
luteolin (4.3mg per rat). Luteolin was given at the time points
shown before, or at the same time as (shown as 0 h), the single i.p.
niacin injection (7.5 mg per rat). Increases in ear temperature (n=3)
were measured 45min after niacin treatment. All pretreatments
produced statistically significant inhibition, compared to a control
rat injected with 0.5 ml olive oil and 7.5 mg niacin (*P<0.001).

statistically significant effect on plasma 5-HT levels (Figure 5).
In contrast, luteolin (4.3 mg per rat) significantly reduced
plasma PGD; levels by 100% (n =3, P=0.014; Figure 4) and
5-HT levels by 32% (n=3, P=0.0263; Figure 5). If the
baseline 5-HT of 137ngml~' was to be subtracted from
the niacin-induced level of 260ngml™' and the level of
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Figure 4 Effect of aspirin (ASA; 1.22mg per rat) and luteolin
(4.3 mg per rat) administered 2 h prior to a single i.p. injection of
niacin (7.5mg per rat) on plasma PGD, levels measured 45min
later (n=3). Brackets indicate groups compared (*P=0.014;
**P=0.0419). PGD,, prostaglandin D,.
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Figure 5 Effect of aspirin (ASA; 1.22mg per rat) and luteolin
(4.3 mg per rat) administered 2 h prior to a single i.p. injection of
niacin (7.5 mg per rat) on plasma 5-HT levels measured 45 min later
(n=3). Brackets indicate groups compared (*P=0.0263).

177 ngml™! in the presence of both luteolin and niacin, and
then the inhibition re-calculated, luteolin inhibited by 97%
the increase in 5-HT following niacin.

Discussion

Here, we report for the first time to our knowledge that
quercetin and luteolin can effectively reduce immediate-
release niacin-induced temperature increase in an established
rat model of niacin-induced ‘flush’. The dose of niacin used
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in our study was equivalent to that previously used in the
same rat model (Turenne et al., 2001) and within the range of
doses given orally (1.5-2gday™') to treat hyperlipidaemia
in humans (Gupta and Ito, 2002). We also show that, in
addition to PGD,, niacin can increase plasma 5-HT levels and
that luteolin can inhibit both PGD, and 5-HT increase due to
niacin. We wused olive kernel oil instead of dimethyl
sulphoxide to dissolve the flavonoids, in order to use an
edible vehicle for possible future oral use, especially because
luteolin is rich in olive oil (Botia et al., 2001; Morello et al.,
2005).

Our results further indicate that aspirin has only a weak
inhibitory effect on the flush, even though it lowers plasma
PGD, levels. In contrast, luteolin significantly inhibited the
flush as well as both plasma PGD, and 5-HT. The ability of
luteolin and quercetin to inhibit niacin flush may be related
to the anti-oxidant and anti-inflammatory activity of
flavonoids (Middleton Jr et al.,, 2000). Quercetin inhibits
mast cell secretion (Kempuraj et al., 2005) and so does
luteolin (Kimata et al., 2000b; Hirano et al., 2004). Flavo-
noids also inhibit platelet aggregation, with quercetin being
more potent than kaempferol (Gryglewski et al., 1987; Tzeng
et al., 1991). Quercetin was specifically shown to inhibit
platelet 5-HT release (Beretz et al., 1982). Luteolin inhibited
cyclooxygenase 2 (Hu and Kitts, 2004) and platelet 5-HT
release through the thromboxane A, receptor (Guerrero
et al., 2005); the structural requirements for this action
(Guerrero et al., 2005) were apparently similar to those also
required for mast cell inhibition (Alexandrakis et al., 1999).
Luteolin also inhibited 5-HT-induced cutaneous irritant
reactions (Baolin et al., 2005).

The exact source of 5-HT liberated by niacin (or some
metabolite) in vivo is not presently known, but could derive
from platelets (Vanhoutte and Cohen, 1983) or skin mast
cells (Kushnir-Sukhov et al.,, 2006), and is the major
vasodilatory amine in rodents (Gershon et al.,, 1975).
Elevated plasma S5-HT levels (Matuchansky and Launay,
1995) are associated with the facial flush, characteristic of
the carcinoid syndrome (Boushey and Dackiw, 2002). In fact,
flushing in carcinoid was inhibited by anti-5-HT drugs
(Loong et al., 1968; Plank and Feldman, 1975). The ability
of the phenothiazine haloperidol to inhibit the niacin flush
(Turenne et al., 2001) could involve antagonism of 5-HT
receptors (Cosi and Koek, 2001). Tryptophan is the precursor
of both 5-HT and niacin, implying that niacin may affect the
action of 5-HT. Furthermore, prostaglandins may regulate
plasma 5-HT levels (Utsunomiya et al., 1981), whereas 5-HT
potentiates the effect of low concentrations of arachidonic
acid on human platelet aggregation (Saeed et al., 2003). The
exact molecular target of luteolin is not clear, especially
because the source of 5-HT and PGD, is not known.
However, if these molecules are derived from skin mast cells,
a possible target could be protein kinase C, as we had
previously shown that protein kinase C-0 was inhibited by
flavonoids, especially quercetin (Kempuraj et al., 2005).

So far, only PGD, has been implicated in niacin flush
(Morrow et al.,, 1989, 1992). Niacin stimulated PGD,
synthase in macrophages (Knowles et al., 2005), through
activation of a unique G-protein-coupled receptor (Lorenzen
et al., 2002), and resulted in a threefold PGD, release after
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30min stimulation (Meyers et al.,, 2007). Niacin also
increased the expression of prostanoid synthase in the
epidermal Langerhans cells (Benyo et al., 2006) and resulted
in PGD, release (Maciejewski-Lenoir et al., 2006). Never-
theless, others considered that the major source of endogenous
PGD, is antigen-presenting cells (Urade ef al., 1989). Mice
lacking a nicotinic acid receptor did not show niacin-
induced flush (Soudijin et al., 2007). However, blocking
PGD, receptors resulted in reduced, but still substantial
flushing (Benyo et al., 2005). Moreover, an oral PGD,
receptor-1 antagonist could block niacin- and PGD,-induced
vasodilation in female mice, but only partially in male mice
(Cheng et al., 2006).

In one placebo-controlled study, 60% of subjects on
placebo experienced flush after ingesting 500 mg immediate-
release niacin, but this proportion dropped to 41% (30%
decrease) when taking 325mg aspirin daily for 4 days and
further reduced to 29% in those subjects (50%) taking
650 mg aspirin, prior to niacin (Jungnickel et al., 1997). This
effect translates to a 30% decrease of flush induced by a
niacin dose of 500mg, which is a quarter of the dose
(2000 mg) needed for effective treatment. In another double-
blinded, cross-over study, pretreatment with 325 mg niacin
only partially reduced flush again due to 500 mg immediate-
release niacin (Dunn et al., 1995). A new ‘optimized’
extended-release niacin given as a single 2000 mg dose in
156 healthy male volunteers induced flush in 89% of the
subjects instead of 98% of the subjects, with a 43% reduction
in median flush duration (Cefali et al., 2006). Co-adminis-
tration of aspirin (650 mg) with this extended-release niacin
further reduced the number of subjects who experienced
flush from 77 to 61% (Cefali et al., 2007). Finally, co-
administration of the PGD, receptor antagonist laropiprant
with an extended-release niacin in humans did not reduce
flush by more than 50% (Lai et al., 2007).

Niacin discontinuation due to flushing may involve as
many as 75% of the patients even with extended-release
niacin (Guyton et al., 1998; McCormack and Keating, 2005),
and it increases over the course of treatment (McKenney,
2004). This is also true for the combination of lovastatin
and extended-release niacin (Gupta and Ito, 2002), which is
superior in reducing triglycerides, low-density lipoprotein,
very low-density lipoprotein and Apo (a), while increasing
high-density lipoprotein (Morgan et al., 1998; Gupta and Ito,
2002; Carlson, 2005).

The present findings suggest that plasma S5-HT may
contribute substantially to niacin-induced flush in rodents.
Other potential vasodilators may include vasoactive intestinal
peptide, vascular endothelial growth factor as well as certain
cytokines and chemokines (Castellani et al., 2007). Our
findings also suggest that certain flavonoids can block niacin
flush through inhibition of the increases in both plasma
PGD, and 5-HT in an animal model.
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