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1-Methylnicotinamide (MNA), a primary metabolite
of nicotinamide, exerts anti-thrombotic activity
mediated by a cyclooxygenase-2/prostacyclin
pathway
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Background and purpose: 1-methylnicotinamide (MNA) has been considered to be an inactive metabolite of nicotinamide.
Here we assessed the anti-thrombotic activity of MNA in vivo.

Experimental approach: Antithrombotic action of MNA was studied in normotensive rats with extracorporeal thrombus
formation (thrombolysis), in renovascular hypertensive rats with intraarterial thrombus formation (arterial thrombosis) and in a
venous thrombosis model in rats (venous thrombosis).

Key results: MNA (3-100 mg kg~ ") induced a dose-dependent and sustained thrombolytic response, associated with a rise in
6-keto-PGF4, in blood. Various compounds structurally related to MNA were either inactive or weaker thrombolytics. Rofecoxib
(0.01-1 mg kg™ "), dose-dependently inhibited the thrombolytic response of MNA, indomethacin (5 mg kg~') abolished it,
while L-NAME (5 mg kg~') were without effect. MNA (3-30 mg kg~ ") also reduced arterial thrombosis and this effect was
abrogated by indomethacin (2.5 mg kg™') as well as by rofecoxib (1mg kg~'). MNA, however, did not affect venous
thrombosis. In vitro MNA did not modify platelet aggregation nor induce vasodilation.

Conclusions and implications: MNA displayed a profile of anti-thrombotic activity in vivo that surpasses that of closely related
compounds. MNA inhibited platelet-dependent thrombosis by a mechanism involving cyclooxygenase-2 and prostacyclin.
Our findings suggest that endogenous MNA, produced in the liver by nicotinamide N-methyltransferase, could be an
endogenous activator of prostacyclin production and thus may regulate thrombotic as well as inflammatory processes in the
cardiovascular system.
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Introduction

Nicotinamide is an essential nutrient, a precursor of
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adenine dinucleotide phosphate, known to reverse the
symptoms of pellagra (Pellagra Preventive vitamin—vitamin
PP, also known as vitamin B3). More recently a number of
other biological activities of nicotinamide have been de-
scribed, including its cytoprotective effects on neural and
vascular tissues (Chong et al., 2002; Maiese and Chong,
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Figure 1 Major pathways of nicotinamide metabolism (see text for det

2003) as well as its anti-inflammatory activity (Ungerstedt
et al., 2003).

Nicotinamide is metabolized in the liver by cytochrome
P450 to nicotinamide-N-oxide (N-Ox) but mainly by nicoti-
namide N-methyltransferase (NNMT) to 1-methylnicotinamide
(MNA) that is further metabolized to 1-methyl-2-pyridone-5-
carboxamide (2-PYR) or 1-methyl-4-pyridone-5-carboxamide
by aldehyde oxidase (Aoyama et al., 2000) (Figure 1). Despite
the early discovery of nicotinamide and its metabolites,
NNMT, a major liver enzyme in nicotinamide metabolism,
has only recently been genetically characterized in mouse
and human (Yan et al., 1999).

Over the years, nicotinamide metabolites have been
frequently measured in rodents and humans. The level of
MNA in plasma and urine was analysed initially to diagnose
niacin deficiency (Vivian et al., 1958) and then to monitor
renal tubular excretion (Maiza et al., 1992) or peroxisome
proliferation in the liver (Delaney et al., 2005). An increased
concentration of urine MNA was found for example in
patients with Parkinson’s disease (Aoyama et al., 2000) or
liver cirrhosis (Pumpo et al., 2001). In all these studies, MNA
was considered as an inactive biomarker. Other nicotinamide
metabolites were also considered as inactive.

In light of the above, it was quite surprising that MNA
applied topically proved to be effective in alleviating the
inflammatory responses of various skin diseases (Gebicki
et al., 2003; Wozniacka et al., 2005). These pilot studies
provided the first evidence for the biological activity of MNA
in vivo, although the mechanism of MNA activity was not
defined. The present study was undertaken to characterize
the profile of cardiovascular action of MNA and its in vivo
anti-thrombotic activity, relative to those of structurally
related compounds. We have demonstrated that MNA is a
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unique anti-thrombotic agent as it limits platelet-dependent
experimental thrombosis by a mechanism dependent on
prostacyclin (PGI,) synthesized by the inducible isoform of
cyclooxygenase (COX-2).

Methods

Animals

All animal procedures conform with the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1996), and the experimental procedures used in the present
study were approved by the local Jagiellonian University
Ethical Committee on Animal Experiments.

Assay of the thrombolytic effect of MNA and related compounds
in vivo in rats

For assessment of thrombolysis a model developed originally
by Gryglewski et al. (2001) was used. Briefly, in anaesthetized
heparinized Wistar rats (body weight of 300-350g) with
extracorporeal circulation, arterial blood from the carotid
artery superfused a collagen strip and was returned to the
jugular vein. The mass of the collagen strip was continuously
registered. After 20-30min of superfusion, the mass of
platelet-rich thrombus adhering to the collagen strip reached
approximately 100 mg, and this weight was maintained for
3-4h as long as the blood superfusion lasted.
MNA, nicotinamide itself, other metabolites of nicotinamide
(nicotinamide-N-oxide, 1-methyl-2-pyridone-5-carboxamide)
or various compounds structurally related to MNA
(nicotinic acid, trigonelline, 1,N’-dimethylnicotinamide,
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1-methyl-N’,N'-diethylnicotinamide, 1-ribosylnicotinamide,
1-propylnicotinamide, 1-(2-hydroxyethyl)nicotinamide, 1-
methyl-3-acetylpyridine, 6-aminonicotinamide), were in-
jected intravenously into the femoral vein (30mgkg ‘or
3-300mgkg ! for MNA, nicotinamide, nicotinic acid and
1-methyl-3-acetylpyridine). The thrombolytic response of the
platelet-rich thrombus that was bathed in arterial blood was
recorded and expressed as a percentage of initial thrombus
weight. The details of the method were described previously
(Gryglewski et al., 2001). To differentiate between a transient
and sustained thrombolytic response, the magnitude of
thrombolytic response in the present work was characterized
at two time points. After reaching the maximum thrombo-
lysis (usually within 30 min after drug injection) and 1h after
drug injection (sustained thrombolysis).

The mechanism of the thrombolytic response induced by
MNA was assayed using a non-selective COX inhibitor
(indomethacin, 5mg kg‘l), a selective COX-2 inhibitor
(rofecoxib, 0.01-1mgkg™'), an NO synthase inhibitor
(L-NC-nitroarginine methyl ester, L-NAME, 5mgkg~") or an
antiplatelet dose of acetylsalicylic acid (ASA, 1 mgkg™'). All
drugs were injected intravenously 15min before MNA. To
exclude the involvement of de novo induction of COX-2 in
the thrombolytic response to MNA, dexamethasone was
injected intravenously before initiating extracorporeal circu-
lation, approximately 3 h before injecting MNA. Experimen-
tal groups consisted of n=3-11 rats (altogether n =125 rats).

Assay of the anti-thrombotic effect of MNA in a model of arterial
thrombosis in hypertensive rats

Two kidney-one clip (1K-1C) renovascular hypertension was
induced as described previously (Mogielnicki et al., 2005).
Rats were used for experiments 6 weeks after the induction of
hypertension. Male Wistar rats with confirmed renovascular
hypertension (145mm Hg) were anaesthetized by intra-
peritoneal injection of pentobarbital (40mgkg ') and then
fixed in the supine position on a heated operating table. The
left femoral vein was cannulated to administer drugs.
Arterial thrombosis was induced by electrical stimulation of
the carotid artery according to the method described by
Schumacher et al. (1993). Briefly, a segment of the left
common carotid artery, about 15 mm long, was exposed and
cautiously dissected free of surrounding tissue. A piece of
parafilm (Smm x 20mm) was placed under the exposed
vessel to provide electrical isolation. Two electrodes were
used. The anode, a stainless steel L-shaped wire, was inserted
under the artery and connected to a circuit with a constant
current generator. The cathode was a subcutaneous metal
needle attached to the hindlimb. The electrical stimulation
(1mA) lasted S min. 45 min after stimulation, the segment of
the carotid artery with the formed thrombus was dissected,
opened lengthwise. Then the thrombus was completely
removed, air-dried at 37°C and weighed 24 h after the end
of the experiment.

MNA in doses of 3, 10 and 30mgkg ! or 0.9% NaCl were
administered intravenously (i.v.) 5 min before the induction
of arterial thrombosis. To investigate the mechanism of the
anti-thrombotic action of MNA in the arterial thrombosis
model, a non-selective COX inhibitor (indomethacin,
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2.5mg kg’l, i.v.) or a selective COX-2 inhibitor (rofecoxib,
1mgkg™!, i.v.), was administered into the left femoral vein
10min before MNA administration. Experimental groups
consisted of n=4-13 rats (altogether n=67 rats).

Assay of the anti-thrombotic effect of MNA in a model of venous
thrombosis

For the assessment of the anti-thrombotic effects of MNA in
venous thrombosis an experimental model in rats was used,
in which venous thrombosis was induced by the ligation of
the vena cava as described previously (Pawlak et al., 1996).
Briefly, rats (350-500g) were anaesthetized with pento-
barbital (40mgkg~!, i.p.). 10min after MNA or a vehicle
administration, the abdomen was opened and the vena cava
was carefully separated from the surrounding tissues and
then ligated tightly with a cotton thread, just below the left
renal vein. Subsequently, the abdomen was closed with a
double layer of sutures (peritoneum with muscles and the
skin separately). After 2h the abdomen was reopened, the
vena cava was carefully dissected and inspected for the
presence of a thrombus. The thrombus was air-dried at 37°C,
and after 24 h, its weight was measured. Experimental groups
consisted of n=>35 rats (altogether n =10 rats).

Platelet aggregation assay

Rat blood was withdrawn from anaesthetized Wistar rats and
sodium citrate (3.2%, 1:9v/v) was added as anticoagulant.
Venous blood was also obtained from human volunteers at
the University Hospital Blood Bank Centre. Blood was
collected into vials containing sodium citrate (3.2%, 1:9v/v)
as the anti-coagulant agent. Volunteer donors had not taken
any medicines for the preceding 2 weeks.

To obtain platelet-rich plasma (PRP), blood was centri-
fuged at 250 x g for 20 min. The PPP fraction was obtained
by centrifugation of the remaining blood for Smin at
2000 x g.

Aggregation of blood platelets was assessed in PRP using a
dual channel Chrono-log aggregometer. The baseline value of
the aggregometer was set using PRP whereas PPP was used to
set the full transmittance. PRP (500 ul) was equilibrated for
3 min at 37°C with continuous stirring at 1100 r.p.m. and then
stimulated with collagen to cause aggregation. At the begin-
ning of each experiment, concentrations of collagen were
determined that induced sub-maximum aggregation response
inhibited by >90% with acetylsalicylic acid (ASA, 300 uMm).
Usually it was in the range of 1.2-2 ugml™! of collagen.

To check the viability of platelets the response to
carbaprostacyclin (cPGI,, 100nM), or S$-nitroso-N-acetyl-
penicillamine (SNAP, 3 uM) was tested. Then the effect of
MNA and nicotinamide was assayed. All compounds were
added 2min before stimulation of platelets with collagen.
Transmittance was read 5min after simulation of platelets
with an agonist.

Vasodilation assay

Rats were anaesthetized with thiopental-sodium (120-
150mgkg™" body weight) (Biochemie GmbH, Kundl-Rakus-
ko, Austria) and the aorta or the mesenteric vascular bed was



quickly removed and placed in cold Krebs-Heinseleit buffer
of the following composition (mM): NaCl 118, CaCl, 2.52,.
MgSO4 1.64, NaHCO;3; 24.88, K,PO4 1.18, KCl 4.7, glucose
10.0.

Aortic rings were mounted in organ chambers filled with
Sml of Krebs-Heinseleit solution maintained at 37°C, pH
7.4, and gassed with carbogen. After mounting of the rings,
the resting tension was increased stepwise to reach a final 4 g
and then the rings were incubated to equilibrium for 30 min.
After testing the viability of the tissue by contractile response
to potassium chloride (KCI 3 x 1072 to 9 x 1072 M), the aortic
rings were precontracted with phenylephrine (Phe, 10~8-
3x1077M) to obtain submaximal contraction (60-80% of
KCl-induced maximum response). Relaxation to cumulative
concentrations of acetylcholine (107°-1075M) or SNAP
(107°-10">M) were induced to check the viability of the
preparation, and then the effects of MNA and nicotinamide,
were assayed. The relaxation response was expressed
as a percentage of the precontraction induced by
phenylephrine.

Mesenteric arteries, were mounted in the pressure myo-
graph (JP Trading, Aarhus, Denmark). Cannulated vessels
were filled with the Krebs-Heinseleit buffer containing 1% of
albumin. The buffer in the chamber was bubbled with a gas
mixture containing 21% O,, 5% CO, and 74% N,. The outer
diameter of the vessel was continuously monitored by a
video camera attached to the inverted microscope. After
30min of stabilization, the vasoconstrictor response to KCl
(60 mM) as well as the cumulative concentration-dependent
response to acetylcholine, SNAP and 2-(N,N-diethylamino)-
diazenolate 2-oxide (DEA-NO) (all in a concentration from
1077 to 107°M) on phenylephrine-preconstricted vessels
were tested to check the viability of the tissue. Thereafter
the response to MNA and nicotinamide was analysed. The
relaxation response was expressed as a percentage of the
precontraction induced by phenylephrine.

Measurements of PGI, release by MNA in vivo

For determination of prostanoid (6-keto-PGFy,, TXB,, PGE;)
levels in blood, arterial blood samples (500 ul) were drawn
before injection of MNA, as well as 15, 30 and 60 min after
MNA injection. Samples were collected in Ependorff tubes
with indomethacin 10 uM and EDTA 1 mwMm (final concentra-
tions), and immediately centrifuged for 5 min at 2000 x g to
obtain plasma. Samples of plasma were stored at —70°C. The
concentrations of 6-keto-PGF;,, TXB, and PGE; in plasma
were assayed using commercially available enzyme immu-
noassay kits (Cayman Chemical, Ann Arbor, MI, USA) and
expressed in pgml~'. The limit of detection for 6-keto-PGF,,
PGE, and TXB, in blood was 20, 15 and 13pgml~},
respectively.

Data analysis

Results were expressed as means+s.e.means. Differences
between means were evaluated by Kruskal-Wallis test
followed by Dunn’s multiple comparison test, by Friedman
test or by Mann-Whitney test. A P-value of less than 0.05
was considered statistically significant.
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Reagents and drugs

The pyridinium compounds (chloride salts): MNA, 1-propyl-
nicotinamide (PNA), 1,N’-dimethylnicotinamide (MNA-Me),
1-methyl-N’,N’-diethylnicotinamide (MNA-Et,), 1-(2-hydro-
xyethyl)nicotinamide [(EtOH)NA] and 1-methyl-3-acetylpyr-
idine (MAP) were synthesized by alkylation of the
corresponding 3-substituted pyridine derivatives with the
appropriate reagent (methyl iodide, n-propyl iodide or 2-
iodoethanol) in methanol solution, as described by Shaw
(1961). The resulting iodide salts were converted to chlorides
in aqueous solutions using freshly precipitated silver chlor-
ide and then purified by repeated crystallization from
acetone-methanol. 1-ribosylnicotinamide (RibNA) was pre-
pared by ribosylation of nicotinamide according to a
published procedure (Tanimori et al., 2002). 1-methyl-2-
pyridone-5-carboxamide (2-PYR) was synthesized from
nicotinic acid as described previously (Grudzinski, 1962).
Trigonelline, nicotinamide (purity >99%), nicotinic acid
(purity >98%), 6-aminonicotinamide (6-ANA, purity 99%)
and other 3-substituted pyridines were purchased from
Sigma-Aldrich and used as received.

The chemical structures of pyridinium derivatives and
nicotinamide analogues that were used in the study are
shown in Tables 1a and b.

Collagen was obtained from Chrono-log (Havertown, PA,
USA), acetylsalicylic acid (ASA) from Bayer (Dormagen,
Germany), SNAP and indomethacin were from Sigma-
Aldrich Chemicals, whereas carbaprostacyclin (cPGI;) was
purchased from Biomol Research Lab Inc. (USA). Rofecoxib
was a gift from MSD Poland.

Results

Thrombolytic effects of MNA and structurally similar compounds
in vivo in rats

In Wistar rats with extracorporeal circulation, MNA admi-
nistered intravenously produced a dose-dependent and
sustained thrombolytic response (Figures 2a and 3a and b).
The response was seen at a dose of 3mgkg™! reaching a
maximum value at doses of 30-100 mgkg~'. The thrombo-
lysis induced by MNA (10mgkg™" or more) was noticeable
within 2min after MNA administration. It reached its
maximum within 20-25 min following MNA administration
and stayed at approximately the same level for at least 2-3 h
(Figures 2a and 3a and b). MNA-induced thrombolytic
response was not accompanied by a change in arterial blood
pressure (data not shown).

In contrast to MNA, nicotinamide (at a dose of 30 mgkg™)
induced only a weak and transient thrombolysis. Even at a
dose of 300mgkg~!, the effect of nicotinamide was still
much weaker than that of MNA (Figures 2b and 3a and b).
Nicotinamide metabolites other than MNA, such as 2-PYR or
N-Ox, failed to induce significant thrombolysis (data not
shown). Nicotinic acid (30-300 mgkg ') produced a transi-
ent thrombolytic response that was even weaker than that
induced by nicotinamide, while 1-methyl nicotinic acid
(trigonelline) was inactive even at a dose of 300mgkg "
(Figures 2c and d and 3a and b).
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Table 1 Chemical structures of various pyridinium derivatives (a) and nicotinamide analogues (b) assayed for thrombolytic activity in vivo
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Furthermore, closely related MNA analogues (Table 1) such
as PNA and (EtOH)NA induced significantly weaker re-
sponses (Figure 3c). Moreover, the thrombolytic responses
induced by PNA or (EtOH)NA were not immediate as that
induced by MNA, but were delayed (data not shown). RibNA,
6-amino nicotinamide and analogues of MNA with methyl
(MNA-Me) or ethyl (MNA-Et2) substituted amide groups
were inactive (each at a dose of 30mgkg ") (Figure 3c).

On the other hand, the MNA analogue with an acetyl
group in the 3-position of the pyridine ring (MAP) induced
dose-dependent and sustained thrombolysis (3-30 mgkg™).
This response was, however, still less pronounced than that
for MNA (Figure 3).

The mechanism of thrombolytic effect of MNA

The COX-2 inhibitor, rofecoxib (0.01-1mgkg '), dose-depen-
dently inhibited the thrombolytic response to MNA (Figure 4a)
and a low dose of acetylsalicylic acid (ASA, 1mgkg™") slightly
amplified this response, while L-NAME (5mgkg ') and
dexamethasone (1 mgkg_l) were without effect (Figure 4b).
The thrombolytic response induced by MNA was also
abolished by indomethacin (5mgkg™") (Figure 4b).

Release of PGI; by MNA in vivo

The thrombolytic response to MNA was associated with a
significant increase in concentrations of 6-keto-PGF, in blood,
while the levels of TXB, displayed a modest time-dependent
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rise (Figure 5a). On the other hand, PGE, concentrations did
not change in response to MNA (145.7+3.7, 145.5+4.5,
142.5+4.5 and 144.5+5.1 pgml~'before MNA4, as well as 15,
30 and 60 min after MNA, respectively).

Pretreatment with rofecoxib (1 mgkg ') or indomethacin
(S5mg kg‘l) decreased blood levels of 6-keto-PGF;, to values
close to the detection limit of the assay (20pgml™') and
these levels did not change in response to MNA. The
thrombolytic response to MAP was also associated with a
concomitant rise in 6-keto-PGF,, in blood, while the levels of
TXB, did not change significantly (Figure 5b).

Anti-thrombotic effects of MNA in the arterial thrombosis model
in rats with renovascular hypertension

In the model of arterial thrombosis in rats with renovascular
hypertension, whereby the thrombus was induced by
electrical stimulation, MNA reduced the thrombus forma-
tion in a dose-dependent manner over a range of MNA doses
(3-30mgkg ') comparable to those used in the thrombolysis
model (Figure 6a). The anti-thrombotic effect of MNA in this
model was abolished by pretreatment with indomethacin
(2.5mgkg™!) or with rofecoxib (1 mgkg~!) (Figure 6b). As in
the thrombolysis model, the MNA-induced antithrombotic
response in the arterial thrombosis model in renovascular
hypertensive rats was not accompanied by a change in mean
arterial blood pressure (117 +4 vs 118 +4mm Hg before and
after injection of MNA, 30 mgkg™).
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Figure 2 Representative tracing showing pronounced and sus-
tained thrombolytic response induced by 1-methylnicotinamide
(30mgkg™") in vivo in normotensive Wistar rats with extracorporeal
circulation (a). For comparison, the lack of a significant thrombolytic
response to nicotinamide (30mg kg”) (b), nicotinic acid
(30mg kgq) (c) and T1-methylnicotinic acid (trigoneline,
30mgkg™") (d) is shown.

Anti-thrombotic effects of MNA in the venous thrombosis model
in rats

In contrast to its pronounced effectiveness in thrombolysis
and arterial thrombosis models, MNA administered at a high
dose (30mgkg ') failed to modify thrombus formation in
the rat model of venous thrombosis induced by ligation of
the vena cava (4.75+0.32mg in MNA treated group vs
4.08+1.11mg in vehicle treated group, n=>3, not significant).

Antiplatelet effects of MNA in vitro

In vitro, MNA did not affect collagen-induced human platelet
aggregation over a micromolar range of concentrations and
only minor effects of MNA on platelets were seen in the
millimolar range of concentrations. Thus at 1 and 10mMm
MNA, inhibition of platelet aggregation amounted to
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4.7+2.3 and 3.5+2.0%, respectively. In contrast, nicotina-
mide (10mM) inhibited collagen-induced platelet aggrega-
tion by 93.0+1.8%. MNA also did not exhibit significant
antiplatelet effects on rat platelets.

Vasodilator effects of MNA in vitro

MNA was also devoid of significant effects on the vascular
tone in the aorta and mesenteric arteries. In aortic rings,
MNA (10 mM) induced slight vasorelaxation (6.7 +1.0%). In
isolated mesenteric arteries, the relaxation induced by MNA
(10mM) was also weak (6.02+6.22%). Again, in these
vascular preparations, nicotinamide in the millimolar range
induced more marked vasorelaxation (in aortic rings
20.5+3.4 and 101.5+7.4% for 1 and 10 mM, respectively).

Discussion

In the present work, we showed that MNA exhibited anti-
thrombotic activity in vivo that was mediated by PGI, derived
from vascular COX-2, while it was devoid of direct
antiplatelet and vasodilator activity.

The anti-thrombotic effects of MNA were analysed in two
complementary experimental models of platelet-dependent
thrombosis. The first one involved extracorporeal thrombus
formation, in which aggregates of platelets, formed on the
collagen strip superfused with blood were dissipated by
MNA. This response was considered as a thrombolytic
response. The second one concerned intravascular thrombus
formation in response to vascular injury, whereby MNA
prevented the thrombus formation. Both models have been
well-characterized in previous studies (Gryglewski et al.,
2001; Wojewodzka-Zelezniakowicz et al., 2006). Importantly,
in both models of arterial thrombosis platelets make a major
contribution to the development of thrombosis, as the
inhibition of platelet activation by ASA or stimulation of
endothelial release of PGI, by angiotensin-converting
enzyme inhibitors afforded pronounced anti-thrombotic
effects (Schumacher et al., 1993; Gryglewski et al., 2001;
Wojewodzka-Zelezniakowicz et al., 2006). In contrast, in
venous thrombosis induced by the occlusion of the vena
cava, platelets play a minor role and the stimulation of
endothelial release of NO, rather then that of PGI,, seems to
provide the pronounced anti-thrombotic effect (Cylwik
et al., 2004). Thus, our present findings that MNA with its
PGI, releasing properties, while ineffective in venous
thrombosis, displays the ability to limit platelet-dependent
thrombosis is fully consistent with the nature of these
experimental models and highlights the specificity of MNA
and PGI,-triggered mechanisms towards arterial, platelet-
dependent, thrombosis. It would be still worthwhile to
examine MNA activity in a different animal model of
platelet-dependent thrombosis, sensitive to agents that
modulate the COX pathways (Hennan et al.,, 2002) to
confirm our conclusion.

We provide the following evidence for the involvement of
the COX-2/PGI, pathway in the MNA-induced response. In
vitro, MNA (up to high millimolar concentrations) did not
affect platelet aggregation—hence mechanisms of the anti-
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within 30 min of drug injection) and (b) magnitude of sustained thrombolytic response (measured 1 h after drug injection) induced by MNA,
nicotinamide, nicotinic acid and MAP are shown. Data represent the mean+s.e.means from n=3-11 experiments. (c) Comparison of the
thrombolytic effect of MNA with that induced by structuraII?/ related compounds. The thrombolytic effect of each compound was assayed in
vivo after intravenous injection (at a dose of 30mgkg™ ") in normotensive Wistar rats with extracorporeal circulation. The sustained
thrombolytic response (1 h after drug injection) of MNA is compared to the response induced by various pyridinium derivatives. Data represent
mean+s.e.means of 3-11 experiments. MAP, 1-methyl-3-acetylpyridine; MNA, Me - 1,N’-dimethylnicotinamide; MNA-Et, 1-methyl-N’,N’-
diethylnicotinamide; PNA, 1-propylnicotinamide; (EtOH)NA, 1-(2-hydroxyethyl)nicotinamide; RibNA, 1-ribosylnicotinamide; 6-ANA, 6-amino

nicotinamide (see also Table 1).

thrombotic action of MNA could not be explained by a direct
antiplatelet action of MNA. On the other hand, the
thrombolytic response to MNA was associated with a release
of PGI, (assayed as 6-keto-PGF,,) into arterial plasma, while
neither TXB, nor PGE, levels changed in response to MNA.
Moreover, in the presence of a non-selective COX inhibitor
(indomethacin) or a selective COX-2 inhibitor (rofecoxib)
the thrombolytic response to MNA and concomitant 6-keto-
PGF,, release were abolished. Also in the arterial thrombosis
model, the MNA-induced effect was markedly inhibited in
the presence of indomethacin or rofecoxib, supporting our
conclusion that the anti-thrombotic activity of MNA in vivo
in both experimental systems was mediated by PGI, formed
via COX-2.
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Although in vitro, PGI, and NO seem to be released from the
endothelium in a coupled manner (Gryglewski et al., 1986),
PGI,-dependent thrombolysis induced by MNA in vivo, was
not associated with NO-dependent hypotension. Indeed MNA
did not change either mean blood pressure or carotid blood
flow when applied intravenously. Moreover, the NOS inhibitor
L-NAME did not modify the MNA-induced thrombolytic
response. In line with this result, in aortic rings or mesenteric
arteries in vitro, MNA was devoid of NO-dependent vasorelax-
ant activity. Accordingly, MNA appears to be a relatively
selective releaser of vascular PGI, from COX-2 in vivo.

It was quite surprising that, among the various structurally
modified MNA analogues, we have not found a compound
with better thrombolytic activity than MNA itself. Only the
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replacement of the amide group at the three-position of the
pyridine ring by an acetyl group, as in the case of MAP,
resulted in the retention of sustained dose-dependent
thrombolysis (3-30mgkg™') with a concomitant rise in
6-keto-PGFy, in blood. Other tested compounds were inactive
or much weaker thrombolytic agents. For example, 6-amino
nicotinamide—an inhibitor of pentose phosphate pathway
(PPP) (Gupte et al., 2003) and 1-ribosylnicotinamide—a
newly discovered precursor of NAD™' (Bieganowski and
Brenner, 2004)—were virtually inactive as thrombolytics.
Thus the mechanism of MNA-induced thrombolysis would
seem independent of PPP activity or of intracellular NAD *.
Nicotinic acid and trigonelline were also ineffective throm-
bolytically, even though nicotinic acid, at very high doses,
has previously been shown to induce a remarkable throm-
bolytic response in cats that was attributed to the release of
PGI, (Swies and Dabrowski, 1984). In turn, the nicotina-
mide-induced response was substantially weaker than that of
MNA. The observed weak anti-thrombotic activity of
nicotinamide may be explained by the fact that only a
minor part of nicotinamide is transformed to MNA by liver
nicotinamide-N-methyltransferase upon direct intravascular
administration, while the different magnitude of the
response to nicotinic acid in cats vs rats may underline
species differences known to mark the selective biological
response to nicotinic acid (Declercq et al., 2005).

It is of note that in patients with peripheral artery disease
the drugs with the nicotinic acid moiety such as f-
pyridylcarbinol (Ronicol) or xanthinol nicotinate (Sadamin)
exert their antiplatelet actions through the release of
endothelial PGI, (Dembinska-Kiec et al., 1983; Bieron et al.,
1998), while nicotinic acid-induced flushing is mediated by a
stimulation of the GPR109A receptor and the subsequent
release of PGD, and PGE, from COX-1 (Benyo et al., 2005;
Pike, 200S). It remains to be tested whether the MNA-
induced release of PGI, from COX-2 involves this vascular
nicotinic acid-like receptor or other mechanisms.
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Figure 5 Release of PGl; by 1-methylnicotinamide (MNA) (a) and MAP (b) in vivo. Levels of 6-keto-PGF;, and of other prostanoids were
measured in plasma following injection of MNA or MAP (30 mgkg™") in normotensive Wistar rats with extracorporeal circulation. Data
represent the mean+s.e.means from n=4-7 experiments. * P<0.05 vs basal level, *** P<0.001 vs basal level as assessed by Friedman test

followed by Dunn’s multiple comparison test.
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Figure 6 Antithrombotic effects of 1-methylnicotinamide (MNA).
(a) Dose-dependent antithrombotic effect of MNA in arterial
thrombosis model in rats with renovascular hypertension. The
columns represent the thrombus weight in hypertensive rats treated
with 0.9% NaCl (Control), or MNA (3, 10 and 30mg kgf1 i.v.). (b)
Inhibition of antithrombotic effect of MNA by the non-selective COX
inhibitor indomethacin and the selective COX-2 inhibitor rofecoxib.
The columns represent the thrombus weight in hypertensive rats
treated with, 0.9% NaCl (Control), MNA (30mg kg*1 i.v.),
indomethacin (2.5mgkg™" i.v.) or rofecoxib (1mgkg™" iv.)
followed by administration of MNA (30mgkg™" i.v.) or the COX
inhibitors alone. Data represent mean+s.e.means of n=4-13
experiments. * P<0.05 vs Control; » P<0.05 vs MNA 30 mgkg™'
as assessed by two-tailed, Mann-Whitney test.

There is overwhelming evidence that COX-2 derived PGI,
affords vasculoprotective, cardioprotective and anti-athero-
genic activity (Gryglewski, 1980; Dowd et al., 2001; Grosser
et al., 2006). The biological importance of the vascular COX-
2/PGI, pathway has recently been emphasized by the
increased risk of myocardial infarction and stroke reported
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in patients treated with selective COX-2 inhibitors (Grosser
et al., 2006). It is clear today that the long-term use of drugs
known to inhibit COX and subsequently to depress PGI,
production proved to be harmful, while pharmacological
stimulation of PGI, in vivo with the use of MNA might be
beneficial in vascular diseases. Indeed MNA, being a stable
and non-toxic molecule, seems to be a good candidate for a
drug to boost the endogenous COX-2/PGI, pathway. So far,
PGI, or its stable analogues have been widely used in the
treatment of pulmonary hypertension (Wise and Jones,
1996) and have been proven effective in cases of peripheral
arterial disease (Gryglewski, 1980) or liver injury (Ohta et al.,
2005). It will be important to test the therapeutic effective-
ness of MNA.

It is important to note that in our experiments, MNA
afforded anti-thrombotic action, not only in normotensive
rats, but also in rats with renovascular hypertension (2K-1C
hypertension). Hypertension is one of the most important
risk factors of arterial thrombosis and its clinical conse-
quences such as acute coronary syndrome or ischaemic
stroke. Therefore studying thrombosis in hypertensive rats
more closely resembles a clinically relevant situation. In
various cardiovascular pathologies, including hypertension,
endothelial dysfunction develops that is characterized
by an impaired production of NO, an impairment of
basal PGI, production (Gryglewski, 1980; Frein et al., 2005)
and a compensatory increase in PGI, formation by COX-2
(FitzGerald et al., 2000). Our results suggest that in the
setting of impaired NO-dependent function, the COX-2/
PGI, pathway is able to be stimulated pharmacologically
with MNA. These findings have important therapeutic
implications.

Finally, the demonstration of biological activity of MNA
may bring a new understanding of the mechanism of the
pharmacological activities of nicotinamide. Indeed, the anti-
diabetic, neuroprotective (Satoh et al., 1999; Gosteli, 2005) as
well as anti-inflammatory action of nicotinamide, at least in
part, may be mediated by a MNA-COX-2/PGI, pathway, as
outlined here.

Summing up, we demonstrate here—to our knowledge for
the first time—the novel biological activity of MNA in vivo
that greatly surpasses that of closely related compounds.
MNA appears as an anti-thrombotic agent that limits
platelet-dependent experimental thrombosis by a mechan-
ism dependent on the COX-2/PGI, pathway. Although our
study focused on exogenously applied MNA, our results
could imply that endogenous MNA formed in the liver by
nicotinamide N-methyltrasferase is an endogenous activator
of the COX-2/PGI, pathway and may play an important
regulatory role in limiting thrombosis, as well as inflamma-
tory processes in the cardiovascular system. Our findings of
novel in vivo biological activity of MNA may have potentially
important physiological, biochemical as well as therapeutic
implications and warrant further studies.
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