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Nicotinamide is a potent inhibitor of proinflammatory cytokines
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SUMMARY

The present study investigates the modulating effects of nicotinamide on the cytokine response to
endotoxin. In an in vitro model of endotoxaemia, human whole blood was stimulated for two hours with
endotoxin at 1 ng/ml, achieving high levels of the proinflammatory cytokines IL-18, IL-6, IL-8 and
TNFa. When coincubating whole blood, endotoxin and the vitamin B; derivative nicotinamide, all four
cytokines measured were inhibited in a dose dependent manner. Inhibition was observed already at a
nicotinamide concentration of 2 mmol/l. At a concentration of 40 mmol/l, the IL-1f, IL-6 and TNFo
responses were reduced by more than 95% and the IL-8 levels reduced by 85%. Endotoxin stimulation
activates poly(ADP-ribose)polymerase (PARP), a nuclear DNA repair enzyme. It has been hypothe-
sized that the anti-inflammatory properties of nicotinamide are due to PARP inhibition. In the present
study, the endotoxin induced PARP activation was dose dependently decreased with 4-40 mmol/] nic-
otinamide or 4-100 umol/l 6(5H) phenanthridinone, a specific PARP inhibitor. 6(5H)phenanthridinone
however, failed to inhibit the proinflammatory cytokines. Thus, the mechanism behind the cytokine inhi-
bition in our model seems not to be due to PARP inhibition. In conclusion, the present study could not
only confirm previous reports of a down-regulatory effect on TNFe, but demonstrates that nicotinamide
is a potent modulator of several proinflammatory cytokines. These findings demonstrate that nicotina-
mide has a potent immunomodulatory effect in vitro, and may have great potential for treatment of
human inflammatory disease.
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INTRODUCTION

Endotoxin or lipopolysaccharide (LPS) from the outer membrane
of gram negative bacteria stimulates the production and release
of proinflammatory cytokines via binding of LPS binding protein,
LBP, to monocyte membrane bound CD14 [1-3]. The monocyte
expression of cytokine genes following stimulation with endot-
oxin is regulated by the nuclear transcription factor NFxf/Rel
complexes [4]. The proinflammatory cytokines play a central role
in the patophysiology of gram negative sepsis [5], and have been
demonstrated to appear early after endotoxin injection in healthy
volunteers [6]. There are a number of reports on proinflammatory
cytokines contributing to disease severity, organ failure and poor
outcome in sepsis and septic shock [7-10]. The individual cytokine
response following exposure to endotoxin, e.g. in sepsis, however,
shows considerable variation [10].
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Nicotinamide, the amide derivative of vitamin Bj, has been
shown to exert a number of anti-inflammatory properties, e.g.
inhibition of inducible NO synthase (iNOS) [11], free radical
scavenging [12], suppression of MHC class II expression [13] and
intracellular adhesion molecule ICAM-1 expression on endothe-
lial cells [14], all possibly due to the ability of nicotinamide to
inhibit poly (ADPribose) polymerase (PARP) [15]. PARP is a
nuclear DNA binding enzyme involved in DNA repair in
response to genotoxic stress [16,17]. Activation of PARP, which
has been shown to occur upon endotoxin administration [17]
depletes intracellular NAD+, slowing down the rate of glycolysis,
electron transport and ATP formation, which can result in cell
dysfunction and cell death.

Over the years, nicotinamide has been used in daily doses of
1-12 gram to treat various diseases such as pellagra, psoriasis,
schizophrenia and diabetes type I [18-21]. In the present study we
assess the potential beneficial effect of nicotinamide in an in vitro
model of endotoxaemia, by incubating whole blood with endot-
oxin, nicotinamide and the specific PARP inhibitor 6(5H)phenan-
thridinone [22], analysing the effects on the proinflammatory
cytokines IL-1, IL-6, IL-8 and TNF .
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MATERIALS AND METHODS

Healthy volunteers

Six male volunteers, healthy according to medical history and rou-
tine haemostatic and biochemical screening, were included in the
study. Two additional healthy volunteers were sampled for initial
titration experiments. For the PARP experiments, two healthy
volunteers were included. Informed consent was obtained from
all volunteers.

The local ethics committee approved the study.

Experimental procedure
Nicotinamide (prepared by the Karolinska Hospital pharmacy)
was dissolved at a concentration of 0-5 g/ml in TBS, pH 7-4. The
TBS was endotoxin free, i.e. contained < 0-125 IU/ml endotoxin
assayed with CoaTest Endotoxin chromogenic limulus amoeb-
ocyte lysate assay (Chromogenix, Mélndal, Sweden), where 1 TU
is the activity of 0-1 ng US Standard Endotoxin EC-5. LPS endot-
oxin E. Coli O26B6, was purchased from Difco (Detroit, MI,
USA) and diluted in TBS to reach a final concentration of 1 ng/ml
in the whole blood samples. 6(5H)phenanthridinone (Sigma
Aldrich, St.Louis, MI, USA) was dissolved to a stock solution of
40 mmol/l in dimetylsulphoxide, and diluted in TBS to 4 mmol/l
before each experiment. Blood was drawn from the antecubital
vein with 19 gauge needles, into 4 ml sterile heparinized tubes
(Becton Dickinson, NJ, USA), and endotoxin, TBS and different
concentrations of either nicotinamide (n =6) or 6(5H)phenan-
thridinone (n =2) were added. The total volume added (reagents
diluted in TBS) was 220 ul per sample containing 4 ml blood. Mix-
ing was achieved by carefully inverting the tubes. Whole blood
samples were thereafter incubated in 5% CO,, 37°C for 2 h.
Leucocytes, prepared by lymphoprep (Nycomed Pharma, Oslo,
Norway) or lysed with NH,Cl, showed >99% viability after the
two hour incubation.

From each sample, 2 ml blood was centrifuged at 2000 x g for
15 min, plasma was aliqoted and stored at —70°C until cytokine
analysis.

Poly (ADP-ribose)polymerase (PARP) assay

Leukocytes from two healthy volunteers were prepared by lym-
phoprep, and thereafter treated with MgCl,, sonicated, and anal-
ysed with the PARP activity kit (Trevigen, Gaithersburg, MD,
USA) according to manufacturer, adding an extra wash with 5%
trichloroacetic acid. *PNAD was purchased from BioNuclear,
Stockholm, Sweden, and used within one week. Protein concen-
tration in the samples (0-35-0-65 mg/ml) was measured according
to Lowry [23].

Cytokine measurements

TNFa, IL-1f,IL-6 and IL-8 were measured in plasma by a chemi-
luminescent immunometric assay using an IMMULITE instru-
ment and reagents from DPC Diagnostic Products Corporation,
Los Angeles, CA, USA [24]. Reference levels in normal subjects,
according to manufacturer, were <8-1, <5, <9-7 and <62 pg/ml,
respectively, with detection limits of 1-7, 1-5, 5 and 2 pg/ml,
respectively.

Statistics
Wilcoxon matched pair test was used for statistical analyses. Sig-
nificance was set to the level of P <0-05.

RESULTS

In unstimulated whole blood from six healthy volunteers, as well
as in whole blood incubated for two hours with nicotinamide, no
cytokine response was seen (results not shown). Incubation of
whole blood with added endotoxin, however, showed a marked
increase of all four cytokines at two hours. Already at endotoxin
levels of 0-1 ng/ml, there was a massive cytokine response, which
was further enhanced by increasing endotoxin concentrations. In
the presence of 1 ng/ml endotoxin and increasing concentrations
of nicotinamide, there was a dose dependent decrease in the
cytokine response (Fig. la—d).

IL-6 increased from undetectable to mean 1100 pg/ml (range
351-1728) levels during the 2 h incubation with endotoxin. Coin-
cubation with nicotinamide resulted in a dose dependent decrease
of IL-6, lowering the cytokine response to mean 670 pg/ml (range
185-996) already at a nicotinamide concentration of 4 mmol/l. At
a nicotinamide concentration of 40 mmol/l, there was no detect-
able IL-6 response (Fig. 1a).

Upon endotoxin stimulation, TNFa levels increased to mean
5200 pg/ml (1150-8270). Nicotinamide, at a concentration of
40 mmol/l, caused a mean decrease of >95%, and at a con-
centration of 100 mmol/l, no TNFa response was observed
(Fig. 1b).

The IL-1levels in response to 2 h incubation with endotoxin
were mean 54 pg/ml (range 37-88). At 40 mmol/l nicotinamide,
five of six experiments showed IL-1f levels below reference
range, and one slightly above reference. Also IL-18 was totally
abolished at a nicotinamide concentration of 100 mmol/l (Fig. 1c).

IL-8 reached a mean level of 1800 pg/ml (586-2630) after 2 h
of endotoxin stimulation (Fig. 1d). The IL-8 level decreased by
50% in the presence of 10 mmol/l nicotinamide, 85% at 40 mmol/
1, and was totally abolished at 100 mmol/l.

PARP activity was measured in leucocyte cell extracts from
two healthy volunteers. Samples incubated without endotoxin for
2 h showed no PARP activity, while endotoxin at 1 ng/ml induced
PARP activity in the samples (Fig.2). This PARP activity was
inhibited by 40 mmol/l nicotinamide (Fig.2) as well as by 40—
100 umol/l of the specific PARP inhibitor 6(SH) phenanthridi-
none (results not shown). 6(SH)phenan has previously been
shown to dose dependently inhibit PARP, with a 80% inhibition at
50 umol/l and 90% inhibition at 100 umol/l [22].

However, when incubating whole blood from two healthy vol-
unteers with endotoxin and 4-100 umol/l of the PARP inhibitor,
no cytokine inhibition could be detected, with the exception that
in one individual a TNFo decrease from initial 3100 pg/ml to
2300 pg/ml was seen (Fig. 3).

DISCUSSION

In the present study, a two-hour incubation of whole blood with
1 ng/ml endotoxin resulted in a massive increase of the inflamma-
tory cytokines IL-183, TNFe, IL-6 and IL-8. Already at an in vitro
concentration of 4 mmol/l nicotinamide, there was a significant
reduction of the IL-6 response, and at 40 mmol/l nicotinamide,
the IL-1p, IL-6, and TNFa responses were reduced by more than
95%, and the IL-8 levels reduced by 85%. The endotoxin concen-
tration used for stimulation and the cytokine concentrations
obtained were of similar magnitude to what is observed in human
endotoxaemia [7,9,10]. These results demonstrate that nicotina-
mide has the capacity to dose dependently down-regulate the

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 131:48-52
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cytokine response in a model with several similarities to human
inflammatory disease.

An inhibitory effect of nicotinamide on endotoxin induced
TNFo has previously been described by Pero et al. [15] using a
mouse model, and by Fukuzawa et al. [25], in mice and in human
peripheral blood mononuclear cells (PBMC). In PBMC,
Fukuzawa eral. [25] found a significant inhibition of TNFa«
with nicotinamide concentrations of 1 mmol/l or more, but no
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Fig. 3. IL-18, IL-6, IL-8 and TNFo responses to 1 ng/ml endotoxin in
whole blood, into which different amounts of the specific PARP inhibitor
6(5H)phenanthridinone had been added to five different tubes. n =2, each

line represents one healthy volunteer. Left y-axis: 0 TNFe, O IL-8, B
IL-6; right side y-axis @ IL-18.

significant inhibition of IL-1 or IL-6. There are, however, several
differences in the experimental conditions. In our study, an endot-
oxin concentration of 1 ng/ml was used, a concentration similar to
that observed in septic patients [7,9,10], while Fukuzawa et al.
[25] used 20 pg/ml endotoxin. Additionally, our study used whole
blood while Fukuzawa et al. [25] used PBMC in the absence of
plasma, i.e. without lipopolysaccharide binding protein, LBP.
LBP,is important for the monocyte response to endotoxin [1],and
is essential for lethal endotoxaemia [3].

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 131:48-52
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Cytokines are regulators of host responses to infection,
immune responses, inflammation, and trauma, and are thus
needed for optimal function of important host defense mecha-
nisms. In some severe inflammatory diseases, modulation of the
cytokine response is considered an essential part of treatment.
TNFe, IL-6 and also IL-1f have been shown to correlate to dis-
ease severity and outcome in septic patients [7,8,10,15]. Admin-
istration of antibodies to IL-6 attenuates the hypercoagulation
seen in endotoxaemia [26], and antibodies to TNFo prevent
endotoxin lethality in mice and baboon models [27,28]. Antibod-
ies against endotoxin can be used, but only prophylactically, to
counteract the endotoxin effect [29]. There are, however, prob-
lems with the use of antibodies and similar biological response
modifiers, having short plasma half-life and requiring high doses.
Since inflammatory disease is the net result of the interaction of
many endogenous mediators, a broader pharmacological inter-
vention, such as nicotinamide, is of interest.

Activation of PARP is a central mechanism of endotoxin
induced acute pulmonary inflammation [30], and PARP activa-
tion was observed after endotoxin stimulation in our endotox-
aemia model. The hypothesis of PARP inhibition being the
mechanism behind the anti-inflammatory properties of nicotina-
mide originated from several earlier studies describing that PARP
inhibition has anti-inflammatory effects. PARP -/- mice survive
endotoxin-mediated shock [31], and inhibition of PARP with the
specific PARP inhibitors 3-aminobenzamide or 5-iodo-6-amino-
1,2-benzopyrone improves survival rate of mice subjected to
endotoxin [32,33]. In the present study, nicotinamide (4-40 mmol/
1) and 6(5H) phenanthridinone (4-100 umol/l) dose dependently
inhibited PARP activity. However, 6(5H)phenanthridinone at
doses inhibiting PARP activity, was unable to mimic the cytokine
inhibition exerted by nicotinamide. Interestingly, another specific
PARP inhibitor, PJ34, based on a modified 6(5H)phenanthridi-
none structure, increased endotoxic shock survival rate in rats [34]
and had various cytoprotective and anti-inflammatory effects in
animal models of endotoxaemia [34,35]. The sequence of events
leading to endotoxin induced shock include the endotoxin ability
to activate the nuclear transcription factor NFxf3 [4]. It has been
shown that activation of PARP is required for activation of NF«f3,
and that the two form a stable immunoprecipitable nuclear com-
plex [36], reacting functionally upstream the synthesis of proin-
flammatory mediators [36,37]. One possible mechanism could
be that some PARP inhibitors can inhibit this complex whereas
others do not, and that this influences their anti-inflammatory
properties. The strong and broad cytokine inhibitory effect of
nicotinamide in the present study suggests that inhibition of NF k3
is part of the mechanism.

A PARP inhibition dependent anti-inflammatory effect on,
e.g. cytokine protein synthesis could not be ruled out in this study,
since only cytokine release was measured. There may be PARP
inhibition effects exerted that occur later or that we have not
measured.

Nicotinamide, originally discovered as a pellagra preventive
factor [38], has over the years been used in a broad spectrum of
disease [18-21]. A drug safety study was conducted for long-time
nicotinamide treatment of up to 3 g daily [39], showing no side-
effects. Earlier studies using considerably higher doses (1-12 g
daily for months) reported side-effects of nausea and gastrointes-
tinal effects to be rare [40].

As the proinflammatory cytokine response of IL-1p, IL-6, IL-
8 and TNFa following endotoxin stimulation of human whole

blood is profoundly inhibited by nicotinamide, nicotinamide may
have a therapeutic potential as a modulator of cytokine effects in
inflammatory disease.
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