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Abstract:

For many years, 1-methylnicotinamide (MNA), a primary metabolite of nicotinamide, has been considered inactive. Recently
however, it has been discovered that MNA possesses anti-thrombotic and anti-inflammatory activity. In the present study we
investigated whether chronic administration of MNA to hypertriglyceridemic or diabetic rats would reverse endothelial dysfunction
characterized by the impairment of nitric oxide (NO)-dependent vasodilatation.

Hypertriglyceridemia in rats was induced by fructose-rich (60%) diet, while diabetes was induced by streptozotocin injection
(70 mg/kg). After eight weeks, in hypertriglyceridemic or diabetic rats treated or non-treated with MNA (100 mg/kg), we analyzed
the magnitude of endothelium-dependent or endothelium-independent vasodilatation in aorta induced by acetylcholine or
S-nitroso-N-acetyl-penicilamine (SNAP), respectively, as well as plasma concentration of: cholesterol, triglycerides, glucose,
HbA,, fructosamine, peptide C, endogenous MNA and its metabolites (M2PY, M4PY).

In diabetic rats plasma concentration of glucose, HbA,. and fructosamine was elevated (402.08 = 19.01 vs. 82.06 + 5.41 mg/dl,
p<0.001;9.55+ 0.56 vs. 4.93 £0.24%, p=0.052 and 2.53 + 0.10 vs. 1.14 + 0.06 mmol DTF/mg protein, p < 0.001 in diabetic and
control rats, respectively). In hypertriglyceridemic rats plasma concentration of triglycerides was elevated (4.25 + 0.27 vs. 1.55
+0.12 mmol/l, p <0.001 in hypertriglyceridemic and control rats, respectively). In both models the NO-dependent vasodilatation in
aorta induced by acetylcholine was significantly impaired as compared to control rats, while the response to SNAP was largely
preserved. In hypertriglyceridemic rats, 4 weeks of treatment with MNA (100 mg/kg, po) resulted in a three to six-fold increase in
endogenous levels of MNA and its metabolites (M2PY and M4PY), the fall in triglycerides concentration in plasma (from 4.25
+0.27t02.22 £ 0.14 mmol/l, p <0.001), and the preservation of the NO-dependent vasodilatation. In diabetic rats chronic treatment
with MNA also prevented the impairment of NO-dependent vasodilatation, while it displayed only a mild effect on hyperglycemia
and did not lower triglycerides concentration.

In summary, MNA treatment decreased plasma triglycerides concentration in hypertriglyceridemic, but not in diabetic rats, while it
prevented the development of endothelial dysfunction in aorta in both of these models. Accordingly, the ability of MNA to reverse
endothelial dysfunction seems to be independent of its hypolipemic activity.
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Abbrevations: ACE — angiotensin converting enzyme, Ach —
acetylcholine, Hist — histamine, L-NAME — N%-nitro-L-arginine
methyl ester, M2PY — 1-methyl-2-pyridone-5-carboxamide,
MA4PY — 1-methyl-4-pyridone-5-carboxamide, MNA — 1-Methyl-
nicotinamide, NA — nicotinamide, PGI, — prostacyclin, Phe —
phenylephrine, SNAP — S-nitroso-N-acetyl-penicilamine, STZ
— streptozotocin

Introduction

1-Methylnicotinamide (MNA) is a major metabolite
of nicotinamide (NA). It is formed in the liver by
nicotinamide N-methyltransferase (NNMT) and is
further metabolized to 1-methyl-2-pyridone-5-carbo-
xamide (M2PY) or 1-methyl-4-pyridone-5-carbo-
xamide (M4PY) by aldehyde oxidase [1, 44]. Nicoti-
namide, is known to be an essential nutrient (vitamin
B3), as it is the precursor of nicotinamide adenine
dinucleotide (NAD) that participates in a wide range
of biological processes including energy production,
cellular resistance to injury as well as longevity [41,
48]. In addition, NA is an inhibitor of several enzymes
that use NAD as a substrate, e.g. sirtuins [50].

In contrast to NA, MNA has for a long time been
considered as a biologically inactive molecule and the
endogenous level of MNA was merely considered to
be a biomarker of the NA-degradation pathways in
various circumstances including niacin deficiency
[47], alteration in renal tubular excretion [31] or per-
oxisome proliferation in the liver [19]. Furthermore,
alterations in the endogenous levels of MNA have
been reported in various pathological states including
liver cirrhosis [37], Parkinson disease [1], affective
disorders [13] and burns in children [5]. It was also
found that urine excretion of MNA displayed a day-
night cycle [33] and declined with age [1]. Interest-
ingly, increased activity of NNMT in cancer patients
was shown to have favorable prognostic significance
[42].

Recently the biological activity of MNA has been
discovered putting a novel perspective on the biologi-
cal role of the NA-MNA pathway. The anti-
inflammatory efficacy of MNA after its topical appli-
cation was demonstrated in patients with skin diseases
[22, 49] followed by experimental studies in animal
models in vivo demonstrating the anti-thrombotic and
anti-inflammatory activities of MNA [12, 15]. Inter-
estingly, the anti-thrombotic and anti-inflammatory
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actions of MNA were both mediated by a prostacyclin
(PGI,)-dependent mechanism suggesting that modu-
lation of endothelial function may be a major target
for MNA biological activity.

It is increasingly appreciated that NO-dependent
function is a surrogate end-point of cardiovascular
health. Indeed, the impairment of NO-dependent
function in conduit vessels has diagnostic and prog-
nostic significance in cardiovascular diseases [10,
14]. Moreover, the impairment of NO-dependent
vasodilatation in conduit vessels represents an impor-
tant therapeutic target. In fact, the amelioration of
NO-dependent endothelial function with a variety of
interventions, such as physical exercise, angiotensin
converting enzyme (ACE) inhibitors or statins seems
to be associated with the inhibition of the progression
of atherosclerosis and better prognosis of cardiovas-
cular diseases [7, 14, 23].

Accordingly, the aim of the present study was to in-
vestigate whether chronic administration of MNA in
animal models of hypertriglyceridemia and diabetes
would reverse the endothelial dysfunction character-
ized by the impairment of NO-dependent vasodilata-
tion. For that purpose Sprague-Dawley rats were ren-
dered diabetic by a streptozotocin (STZ) injection and
Wistar rats were rendered hypertriglyceridemic by
a diet rich in fructose (60%). After 8 weeks of hyper-
triglyceridemia or diabetes, the magnitude of the
endothelium-dependent and endothelium-independent
vasodilatation in aorta ex vivo, as well as various bio-
chemical indices in plasma, were measured in
untreated rats or rats chronically treated with MNA
(100 mg/kg). Our data demonstrated that chronic
treatment of diabetic or hypertriglyceridemic rats with
MNA prevented the impairment of NO-dependent en-
dothelial function.

Materials and 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 Guidelines for Ani-
mal Care and Treatment of the European Community.
The experimental procedures used in the present
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study were approved by the local Jagiellonian Univer-
sity Ethical Committee on Animal Experiments.

Hypertriglyceridemic rats

Male Wistar [Krf:(WI)WU; n = 40] rats (3 month-
old), weighing 350-550 g were obtained from the
Animal House of the Jagiellonian University. The rats
were housed during the experimental period of 8
weeks in an isolated room under conditions of con-
trolled temperature, humidity and a 12 h light-dark
cycle. The animals were acclimated to these condi-
tions for 1 week and given free access to water and
the basal semi-purified AIN-93G diet. After the adap-
tation period, the Wistar rats were divided into two
groups. The control group (n = 10) was fed for 8
weeks with a control diet (basal AIN-93G). The hy-
pertriglyceridemic group was fed for 8 weeks with

Tab. 1. The composition of the control and hypertriglyceridemic diets
(in g/kg diet) based on the AIN 93 standard diet [39]

Ingredient Control Hypertriglyceridemic
AIN93G AIN93G
Maize starch 532.486 -
Casein (85%) 200.00 200.00
Sucrose 100.00 -
Soyabean oil 70.00 70.00
Fibre 50.00 50.00
Mineral mix 35.00 35.00
Vitamin mix 10.00 10.00
Choline bitartrate 2.50 2.50
Tert-butylhydroquinone 0.014 0.014
Fructose - 632.486

AIN-93G diet in which fructose (60%) was substi-
tuted for maize starch and sucrose. The final composi-
tion of the diets is shown in Table 1. Animals were
kept untreated or were treated with MNA (100 mg/kg,
po in drinking water) for the final 4 weeks of the hy-
pertriglyceridemic diet (n = 15, for each group of rats,
treated or untreated with MNA). MNA chloride salt
was synthesized by alkylation of NA with methyl
chloride in methanol solution as described previously

[15]. MNA used in the experiments was of high purity
(> 99.8%) and NA was identified as a major impurity
(<0.2%).

Diabetic rats

Male Sprague-Dawley rats (SPRD/Mol/Lod) weigh-
ing 200-250 g were obtained from the Animal House
of Polish Mother’s Research Institute-Hospital in
L6dz, Poland. Similarly to hypertriglyceridemic rats,
they were housed in an isolated room under condi-
tions of controlled temperature, humidity and a 12 h
light-dark cycle and were given free access to water
and feed. After a 1 week of adaptation, the Sprague-
Dawley rats were randomly divided into three groups
fed a standard diet for 8 weeks: control (n = 8), dia-
betic (n = 8) and MNA-treated diabetic rats (n = 8).
Rats were rendered diabetic by a single intraperito-
neal (ip) injection of STZ (70 mg/kg) dissolved in cit-
rate buffer (0.01 M solution, pH 4.6). Age-matched
control rats were injected with the buffer solution
alone. One week after STZ injection, blood samples
were obtained to verify the development of excessive
hyperglycemia (> 200 mg/dl). Randomly selected rats
injected with STZ that developed hyperglycemia were
allocated to the untreated group or the group receiving
MNA (100 mg/kg, po in drinking water). MNA treat-
ment was initiated one week after STZ injection and
continued for 7 weeks.

Assessment of the development of hypertri-
glyceridemia and diabetes

After 4 and 8 weeks of fructose-rich diet (hypertri-
glyceridemia) or 8 weeks after injection of STZ (dia-
betes), the rats were anesthetized with an ip injection
of thiopental (120-150 mg/kg) and killed by cervical
translocation. Blood samples were taken 2 h after
fasting from the left ventricle of the heart. To obtain
plasma, blood samples were collected into test tubes
with anticoagulant (sodium citrate 3.2%; 1:9 v/v) and
subsequently centrifuged for 10 min (4000 x g). The
lipid profile was analyzed using commercially-
available kits for high density lipoprotein (HDL) —
cholesterol, low density lipoprotein (LDL) — choles-
terol (Olympus Diagnostica GmbH, Hamburg, Ger-
many), total cholesterol and triglycerides (CORMAY,
Lublin, Poland) and expressed in mmol/l. The blood
glucose concentration was measured in the drop of
full blood with a One-Touch™ II Blood Glucose Me-
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ter (Lifescan INC, Johnson & Johnson company, Mil-
pitas, CA, USA). The level of glycosylated hemoglo-
bin in the sample of full blood (HbA ,) was measured
by automatic analyzer DS5 (Drew Scientific, Cum-
bria, Great Britain) using commercially available tests
(Pink 300 Test reagent Kit, Drew Scientific).

Assessment of the concentration of MNA
and its metabolites in plasma

Blood samples from rats, taken 2 h after fasting from
the left ventricle of the heart were collected into test
tubes with anticoagulant (sodium citrate 3.2%; 1:9
v/v) and centrifuged for 10 min (4000 x g) to obtain
plasma. The concentration of endogenous MNA and
its metabolites in plasma samples was measured using
liquid chromatography mass spectrometry method
(LC/MS) as described previously [42]. Briefly, chro-
matographic separation was performed using 3 um
Hypersil C18-BDS 150 x 2.0 mm column. Buffer A
was 10 mM nonafluoropentanoic acid (NFPA) in wa-
ter and buffer B was 100% acetonitrile. The mobile
phase was run at 0.2 ml/min in a gradient from 0% to
60% B in 12 min. The mass detector (Thermo-
Finnigan LCQ Advantage, Waltham, MA, USA) with
electrospray ion (ESI) source was operating in a posi-
tive single ion monitoring (SIM) mode for detection
of [M+H]" species of NA, MNA, M2PY, M4PY, with
the collision energy setting at 25%. Internal standard
(2-chloroadenosine) signal was extracted from full
MS mode. Electrospray cone voltage was set at
4.5 kV and heated capillary temperature was 275°C.
Sheath gas flow was set at 35 arbitrary units. lon op-
tics were optimized using standard instrument proce-
dures during infusion of nicotinamide. Rat plasma
was deproteinized using 10% trichloroacetic acid fol-
lowed by ether extraction. Recovery of M2PY, M4PY
and NA added to the samples with known concentra-
tion was 75-95%. The coefficient of variation was be-
low 10% for repeated injections on the same day.

However, much larger (>20%) variation was observed
for repeated injections between days [42].

Assessment of NO-dependent vasodilatation
in the isolated aorta

Thoracic aorta from anesthetized (thiopental, ip
120-150 mg/kg) rat was removed and carefully dis-
sected free from the surrounding tissue. Isolated aorta
was placed in Krebs-Hanseleit solution, cleaned of
the connective and fat tissue and cut into rings. The
rings were washed out with Krebs-Hanseleit solution
mounted between 2 hooks attached to an isometric
force transducer (Biegastab K30 type 351; Hugo
Sachs March-Fr, Germany) with continuous recording
of tension (Graphtec WR3320, UK). After mounting
of the rings, the resting tension was increased in
a step-wise fashion to reach final 4g, after which the
rings were incubated to equilibrate for 30 min. Six
circular segments (3—5-mm in length) of the artery
were simultaneously used for an experiment. Aortic
rings were kept in 5 ml organ baths containing pre-
warmed (37°C) Krebs-Hanseleit that was continu-
ously bubbled with 5% CO, in O, to maintain a pH
7.4. Krebs-Hanseleit solution was of the following
composition (in mM): 118.0 NaCl, 4.7 KCI, 2.25
CaCl,, 1.64 MgSOy, 1.18 KH,PO,, 24.88 NaHCO;,
10.0 glucose, 2.2 C3;H3;03Na and 0.5 EDTA.

After stretching and 60 min of further equilibra-
tion, the experiment was initiated by obtaining maxi-
mum contraction in response to KCl (60-90 mM).
Then, the aortic rings were contracted with increasing
concentrations of phenylephrine (Phe 0.01-10 uM) to
determine a concentration of Phe that gives 60-80%
of maximum KCl-induced contraction. Endothelial
function was assessed by a cumulative concentration-
dependent response to acetylcholine (Ach) (0.01-10 uM)
or histamine (Hist) (0.01-300 pM) in Phe — pre-
constricted vessels. The endothelium-independent
function was tested through a response evoked by S-

Tab. 2. Effect of chronic treatment with MNA (100 mg/kg) on plasma concentration (mmol/l) of triglycerides (TG), total-, LDL-, HDL-cholesterol in
hypertriglicerydemic rats. Data represent mean + SEM of control (n = 12-44), non-treated hypertriglyceridemic rats (n = 7-19) or MNA-treated
hypertriglyceridemic rats (n = 5-22). * and ** indicates p < 0.05 and p < 0.001, respectively, vs. control rats. ## indicates p < 0.001 between

non-treated and MNA-treated hypertriglyceridemic rats

TG Total-Cholesterol LDL-Cholesterol HDL-Cholesterol
Control 1.55+0.12 1.58 +0.06 0.88+0.15 0.92+0.08
Hypertriglyceridemia 4.25+027" 1.61+0.06 0.89+0.12 0.87 £0.17
Hypertriglyceridemia+MNA 222 +014# 1.49+0.03 0.70+0.18 1.33+0.06
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nitroso-N-acetyl-penicilamine (SNAP from 0.001 to
10 uM). Subsequently the cumulative concentration-
dependent curve for Ach was repeated in the presence
of the inhibitor of nitric oxide synthesis-NY-nitro-L-
arginine methyl ester (L-NAME; 300 uM). L-NAME
was incubated for at least 15 min before eliciting a re-
sponse to Ach or Hist.

Statistical analysis

Results are presented as means + SEM. As the results
did not follow a normal distribution pattern, the dif-
ferences between experimental groups were evaluated
by Kruskal-Wallis test and Mann-Whitney test with Bon-
ferroni correction for multiple comparisons. p < 0.05 was
considered significant. For statistical analysis GraphPad
Prism 5 software (San Diego, CA, USA) was used.

Results

Effects of MNA on the development of hypertri-
glyceridemia

A hypertriglyceridemic diet fed to rats led to the in-
crease in plasma triglycerides concentration (from
1.55 £ 0.12 to 4.25 + 0.27 mmol/l, p < 0.001), while
the concentration of total-cholesterol, LDL-choles-

terol and HDL-cholesterol remained mostly un-
changed (Tab. 2). As shown in Figure 1, the chronic
treatment (4 weeks) of hypertriglyceridemic rats with
MNA with a dose of 100 mg/kg resulted in a three- to
six-fold increase of the plasma concentration of en-
dogenous MNA and its metabolites (M2PY and
M4PY). In contrast, treatment (4 weeks) of hypertri-
glyceridemic rats with MNA with a dose of 10 mg/kg
did not increase the plasma concentration of endoge-
nous MNA, M2PY and M4PY (data not shown).

MNA given at a dose of 100 mg/kg for 4 weeks to
hypertriglyceridemic rats significantly lowered plasma
triglyceride concentration (from 4.25 £+ 0.27 to 2.22 + 0.14
mmol/l, p < 0.001), without a significant effect on the
plasma concentration of total cholesterol, LDL-cholesterol
and HDL-cholesterol (Tab. 2).

Effects of MNA on the NO-dependent vasodila-
tation in hypertriglyceridemic rats

Endothelium-dependent vasodilatation induced by
Ach in the aorta from hypertriglyceridemic rats was
impaired already 4 weeks into the hypertriglyc-
eridemic diet (81.44 £ 3.90% vs. 66.90 £+ 4.54% for
1 uM Ach for control and hypertriglyceridemic rats,
respectively, p = 0.069). After 8 weeks of hypertri-
glyceridemia, the impairment of endothelium-
dependent relaxation induced by Ach was even more
pronounced and significant (52.41 £+ 7.89% for 1 uM
Ach, p <0.05 vs. control, Fig. 2A). Similar degree of
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Fig. 1. Levels of endogenous MNA and its metabolites in control (n = 13), hypertriglyceridemic rat: untreated (n = 13) or treated with MNA
100 mg/kg (n = 14). Data represent means + SEM ** indicates p < 0.001 vs. control rats, # and ## indicates p < 0.05 and p < 0.001 vs. hypertri-

glyceridemic rats, respectively
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the impairment of NO-dependent vasodilatation by
hypertriglyceridemic diet was detected when Hist was
used instead of Ach (data not shown).

As shown in Figure 2A, when hypertriglyceridemic
rats were treated with MNA for 4 weeks (100 mg/kg),
the endothelium-dependent vasodilatation evoked by Ach
in aorta was preserved (79.24 £ 5.37% vs. 52.41 = 7.89%
for 1 uM Ach, for hypertriglyceridemic rats treated and
non-treated with MNA, respectively, p < 0.05). In the

presence of L-NAME (300 uM) Ach-induced vaso-
dilatation in the aorta was substantially inhibited by
more then 90% in control rats (by 90.69 + 0.81%) as
well as in hypertriglyceridemic rats treated (by 95.01
+ 0.45%) or untreated with MNA (by 94.85 £+ 0.49%).
In turn, endothelium-independent relaxation induced
by SNAP was in general not impaired by hypertri-
glyceridemia and not affected by MNA treatment
(Fig. 2B).
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Fig. 2. Effects of chronic treatment with MNA (100 mg/kg) on the endothelium-dependent relaxation to acetylcholine (A) and on endothelium-
independent relaxation to SNAP (B) in aorta in hypertriglyceridemic rats. Data represent mean + SEM, of n = 5-27 experiments. * and ** indi-
cates p <0.05 and p < 0.001, respectively, vs. control rats, # indicates p < 0.05 between non-treated or MNA-treated hypertriglyceridemic rats
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Fig. 3. Effects of chronic treatment with MNA (100 mg/kg) on plasma concentration of glucose (A), glycosylated hemoglobin (HbA,)(B), fruc-
tosamine (C) and C-peptide (D) in diabetic rats. Data represent mean + SEM of control (n = 3-17), non-treated diabetic rats (n = 4-24), diabetic

rat treated with MNA (n = 3-8). * indicates p < 0.05 vs. control rats

Effects of MNA on the biochemical parameters
of diabetes

As shown in Figure 3, the blood concentration of glu-
cose, fructosamine and HbA;, was increased in dia-
betic rats, while the concentration of peptide C was sig-
nificantly decreased as compared to the control rats.
Diabetic rats displayed also a mild hypertriglyceride-
mia (from 1.05 £ 0.12 to 1.31 + 0.08 mmol/l, p < 0.05),
while levels of total-cholesterol, LDL-cholesterol and
HDL-cholesterol remained unchanged (Tab. 3).
Chronic treatment of diabetic rats with MNA (100
mg/kg, po for 7 weeks) elevated the concentration of
endogenous MNA and its metabolites in plasma to a

similar degree as in hypertriglyceridemic rats (data
not shown).

In diabetic rats chronically treated with MNA (100
mg/kg) there was a modest but significant increase in
plasma triglyceride concentration (from 1.31 = 0.08 to
1.66 £ 0.14 mmol/l, p < 0.05), while the concentration
of total cholesterol, LDL- and HDL-cholesterol re-
mained unchanged (Tab. 3). Treatment with MNA had
a minor effect on the biochemical parameters of dia-
betes as it slightly decreased the blood concentration
of glucose, HbA . and fructosamine although this ef-
fect was not of statistical significance. The effect of
MNA on the concentration of peptide C was also not
significant (Fig. 3).
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Tab. 3. Effects of chronic treatment with MNA (100 mg/kg) on plasma concentration (mmol/l) of triglycerides (TG), total-, LDL-, HDL-cholesterol in
diabetic rats. Data represent mean + SEM of control (n = 18-30) non-treated diabetic rats (n = 26-30) and diabetic rat treated with MNA
(n =12-22). *and ** indicates p < 0.05 and p < 0.001, respectively, vs. control rats, # indicates p < 0.05 between non-treated or MNA-treated

diabetic rats

TG Total-Cholesterol LDL-Cholesterol HDL-Cholesterol
Control 1.05+0.12 1.51+0.07 0.49 +0.07 1.16+0.09
Diabetes 1.29+0.08 1.28 +0.07 0.48 + 0.04 1.10+0.08
Diabetes + MNA 179+0157* 1.25+0.15 0.49+0.14 1.03+0.20

Effects of MNA on the NO-dependent vasodila-
tation in aorta in diabetic rats

Endothelium-dependent vasodilatation induced by Ach
in the aorta from diabetic rats (8 weeks after STZ injec-
tion) was impaired (50.51 + 3.19% vs. 70.95 + 3.73%
for 1 uM Ach, p < 0.001, for diabetic and control rats,
respectively, Fig. 4).

When diabetic rats were treated with MNA (100 mg
/kg, po for 7 weeks), the endothelium-dependent re-
sponse evoked by Ach (Fig. 4A) or Hist (Fig. 4B) was
preserved and not significantly different from the re-
spective response in the control rats. In the presence
of L-NAME (300 uM), Ach-induced or Hist-induced
vasodilatation in the aorta was profoundly inhibited in
all experimental groups (Fig. 4).

Endothelium-independent relaxation induced by
SNAP (only for SNAP at the concentration of 0.1 uM
and 1 uM) was impaired in diabetic rats. In diabetic
rats treated with MNA the response to SNAP was not
significantly different as compared to control rats
(Fig. 4C).

Discussion

In the present work we demonstrated that in hypertri-
glyceridemic and diabetic rats chronic treatment with
MNA, a major metabolite of NA, reversed endothelial
dysfunction in aorta characterized by the impairment
of NO-dependent vasodilatation. We also demon-
strated that chronic treatment with MNA decreased
plasma triglyceride concentration in hypertriglyc-
eridemic, but not in diabetic rats. Although, we did
not investigate the mechanism involved, our data
shows for the first time that MNA prevents endothe-
lial dysfunction and lowers triglycerides, and that
these effects seem to be independent.

134 Pharmacological Reports, 2008, 60, 127-138

The ability of MNA to reverse endothelial dysfunc-
tion was studied in two rat models of endothelial dys-
function — high-fructose diet induced-hypertriglyceri-
demia and STZ-induced diabetes. Both models are
widely used and have been extensively characterized
[4, 6, 18]. High-fructose diet in rats leads to insulin
resistance, hyperinsulinemia, hypertiglyceridemia
with a mild elevation of blood pressure, the set of
symptoms that resembles metabolic syndrome in hu-
mans [8]. STZ injection selectively destroys insulin
producing cells of the pancreas, rendering the rat dia-
betic within 24 h of the injection and then leading to
the typical long-term complications of diabetes [9,
43]. Importantly, endothelial dysfunction and the im-
pairment of NO-dependent vasodilatation in aorta is
a common denominator of these two pathologies [6,
17]. Accordingly, as the hypercholesterolemic rats —
whether normotensive or hypertensive — are resistant
to develop endothelial dysfunction [30, 36], hypertri-
glyceridemic and diabetic rats seem more relevant
animal models for the experimental pharmacology of
endothelial dysfunction. Importantly, both hypertri-
glyceridemia and diabetes are considered important
risk factors of atherosclerosis [2, 24, 35] and are asso-
ciated with endothelial dysfunction also in humans
[20, 34].

In the present work we confirmed the impairment of
NO-dependent vasodilatation in hypertriglyceridemic
and diabetic rats using two endothelium-dependent
vasodilators — Ach and Hist, while endothelium-
independent relaxation induced by SNAP was largely
preserved. Interestingly, in the presence of L-NAME,
Ach- and Hist-induced vasodilatation in the aorta in
both models was nearly abrogated, suggesting that in
hypertriglyceridemia and diabetes the impairment of
NO-dependent vasodilatation was not associated with
the up-regulation of the EDHF pathway [16]. Further-
more, in a number of experimental models the impair-
ment of NO-dependent function was associated with
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the impairment of cyclooxygenase (COX)-1 derived
PGI, production [21, 40]. Indomethacin did not mod-
ify the magnitude of endothelium-dependent vaso-
dilatation induced by Ach or Hist in control, hypertri-
glyceridemic or diabetic rats (data not shown), ex-
cluding the involvement of COX-derived products in
the endothelium-dependent vasodilatation in this ex-
perimental setting [30]. Yet the alterations in the func-
tional activity of PGI, pathways may be present in hy-
pertriglyceridemia [38] and diabetes [17] and they
need to be analyzed in more detail.

The impaired NO-dependent vasodilatation de-
tected in the aorta from hypertriglyceridemic or dia-
betic rats was most likely associated with increased
reactive oxygen species (ROS) production [20, 51]
and various pro-thrombotic and pro-inflammatory al-
terations in endothelial function [25, 34]. In the pres-
ent work we did not analyze comprehensively the
complex phenotype of endothelial dysfunction in
these models and the mechanisms involved. Our aim
was to use NO-dependent vasodilatation in the aorta
as a surrogate end-point of endothelial function in or-
der to examine the ability of MNA to prevent the de-
velopment of endothelial dysfunction. This approach
stems from the wealth of clinical evidence suggesting
that impaired NO-dependent vasodilatation in the
conduit vessel has diagnostic, prognostic and thera-
peutic significance in cardiovascular diseases [10, 14]
and may be regarded as a specific barometer of endo-
thelial dysfunction [46]. In view of the above, our re-
sults demonstrating that supplementation of MNA
leading to the increase of endogenous levels of MNA
by three- to six-fold prevented the development of en-
dothelial dysfunction in hypertriglyceridemia and dia-
betes suggest important vasoprotective activity of
MNA that warrants further experimental and clinical
studies. Furthermore, our results suggest that exoge-
nous MNA being a stable and non-toxic molecule can
be viewed as a good candidate for a drug to treat en-
dothelial dysfunction in various diseases associated
with endothelial dysfunction. On the other hand, our
results may implicate that MNA formed in the liver by
nicotinamide N-methyltrasferase can be an endoge-
nous regulator of the endothelial function in conduit
vessels.

We have recently discovered the anti-thrombotic
action of MNA [15]. Interestingly, MNA administered
iv limited platelet-dependent experimental thrombosis
by a mechanism dependent on the COX-2/PGl, path-
way [15]. Anti-thrombotic activity of MNA was later
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shown to be associated with the decreased production
of plasminogen activator inhibitor-1 [32] that could
also be linked to PGI, [11]. In our most recent work,
using the mouse model of contact hypersensitivity, we
demonstrated that MNA afforded anti-inflammatory
action mediated by PGI, [12]. Accordingly, it is
tempting to speculate that the reversal of endothelial
dysfunction by MNA could also involve a PGI,-medi-
ated mechanism [3, 26, 29]. This possibility needs to
be addressed in further studies.

It is worth adding that MNA prevented the devel-
opment of endothelial dysfunction in hypertrigly-
ceridemia and diabetes, while it lowered triglyceride
levels primarily in hypertriglyceridemia. It is of note,
however, that the concentration of triglycerides was
highly elevated in hypertriglyceridemia but not in dia-
betes. Nevertheless, it seems that the ability of MNA
to reverse endothelial dysfunction is independent on
its hypolipemic activity. We did not investigate here
a possible mechanism of the hypolipemic activity of
MNA. There are several possibilities, including the
activation of endothelial lipoprotein lipase (LPL). In-
deed, the impaired activity of LPL may lead to hyper-
triglyceridemia [27] suggesting important involve-
ment of endothelial LPL in the regulation of plasma
triglyceride levels. Of note, this enzyme was reported
to be inhibited by glycation in diabetes [28, 45] that
could offer a plausible explanation of the absence of
the MNA lowering effect on triglycerides in diabetes,
if LPL was to be its target.

Interestingly, MNA displayed a mild effect on the
biochemical parameters of diabetes. In our experiments
these effects did not have statistical significance, which
may be due to the small size of the experimental
groups. In another study, performed in larger animal
cohorts, MNA reduced significantly glycated haemo-
globin and fasting 8-week blood glucose (Kazmierczak
and Watala, manuscript submitted).

Summing up, we demonstrate here for the first time
that MNA prevented endothelial dysfunction in hy-
pertriglyceridemic and diabetic rats. MNA treatment
also decreased plasma triglyceride concentration in
hypertriglyceridemic rats, but this effect was not
manifested in diabetic rats. Altogether our results sug-
gest that the ability of MNA to reverse endothelial
dysfunction is independent of its hypolipemic activity.
Although mechanisms of endothelial and hypolipemic
actions of MNA have not been explained, our findings
of novel biological activities of MNA extends our pre-
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vious studies [12, 15] and may have important
physiological as well as therapeutic implications.

Acknowledgment:

This work was supported by the Polish Ministry of Science and
Higher Education (grant no. PBZ-KBN-101/T09/2003/6) and by
a professorial grant from the Foundation for Polish Science to
Stefan Chtopicki (SP/04/04).

References:

1. Aoyama K, Matsubara K, Okada K, Fukushima S,
Shimizu K, Yamaguchi S, Muezini T et al.: N-
methylation ability for azaheterocyclic amines is higher
in Parkinson’s disease: nicotinamide loading test. ] Neu-
ral Transm, 2000, 107, 985-995.

2. Austin MA: Plasma triglyceride as a risk factor for car-
diovascular disease. Can J Cardiol, 1998, 14, Suppl B,
14B-17B.

3. Balyasnikova IV, Pelligrino DA, Greenwood J, Adamson
P, Dragon S, Raza H, Galea E: Cyclic adenosine mono-
phosphate regulates the expression of the intercellular
adhesion molecule and the inducible nitric oxide syn-
thase in brain endothelial cells. J Cereb Blood Flow Me-
tab, 2000, 20, 688-699.

4. Banos G, Carvajal K, Cardoso G, Zamora J, Franco M:
Vascular reactivity and effect of serum in a rat model of
hypertriglyceridemia and hypertension. Am J Hypertens,
1997, 10, 379-388.

5. Barlow GB, Dickerson JA, Wilkinson AW: Plasma biotin
levels in children with burns and scalds. J Clin Pathol,
1976, 29, 58-59.

6. Bartus M, Lomnicka M, Lorkowska B, Franczyk M,
Kostogrys RB, Pisulewski PM, Chlopicki S: Hypertri-
glyceridemia but not hypercholesterolemia induces endo-
thelial dysfunction in the rat. Pharmacol Rep, 2005, 57,
Suppl, 127-137.

7. Bertrand ME: Provision of cardiovascular protection by
ACE inhibitors: a review of recent trials. Curr Med Res
Opin, 2004, 20, 1559-1569.

8. Boehm BO, Claudi-Boehm S: The metabolic syndrome.
Scand J Clin Lab Invest, Suppl, 2005, 240, 3—13.

9. Bolzan AD, Bianchi MS: Genotoxicity of streptozotocin.
Mutat Res, 2002, 512, 121-134.

10. Bonetti PO, Lerman LO, Lerman A: Endothelial dys-
function: a marker of atherosclerotic risk. Arterioscler
Thromb Vasc Biol, 2003, 23, 168—175.

11. Boyer-Neumann C, Brenot F, Wolf M, Peynaud-Debayle
E, Duroux P, Meyer D, Angles-Cano E et al.: Continuous
infusion of prostacyclin decreases plasma levels of t-PA
and PAI-1 in primary pulmonary hypertension. Thromb
Haemost, 1995, 73, 735-736.

12. Bryniarski K, Biedron R, Jakubowski A, Chlopicki S,
Marcinkiewicz J: Anti-inflammatory effect of 1-
methylnicotinamide in contact hypersensitivity to oxa-

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

zolone in mice; involvement of prostacyclin. Eur J Phar-
macol, 2008, 578, 332-338.

Cazzullo CL, Sacchetti E, Smeraldi E: N-methylnicotinamide
excretion and affective disorders. Psychol Med, 1976, 6,
265-270.

Chlopicki S, Gryglewski RJ: Angiotensin converting en-
zyme (ACE) and HydroxyMethylGlutaryl-CoA (HMG-
CoA) reductase inhibitors in the forefront of pharmacol-
ogy of endothelium. Pharmacol Rep, 2005, 57, Suppl,
86-96.

Chlopicki S, Swies J, Mogielnicki A, Buczko W, Bartus
M, Lomnicka M, Adamus J et al.: 1-Methylnicotinamide
(MNA), a primary metabolite of nicotinamide, exerts
anti-thrombotic activity mediated by a cyclooxygenase-
2/prostacyclin pathway. Br J Pharmacol, 2007, 152,
230-239.

Csanyi G, Bauer M, Dietl W, Lomnicka M, Stepuro T,
Podesser BK, Chlopicki S: Functional alterations in NO,
PGI2 and EDHF pathways in the aortic endothelium af-
ter myocardial infarction in rats. Eur J Heart Fail, 20006,
8, 769-776.

Csanyi G, Lepran I, Flesch T, Telegdy G, Szabo G,
Mezei Z: Lack of endothelium-derived hyperpolarizing
factor (EDHF) up-regulation in endothelial dysfunction
in aorta in diabetic rats. Pharmacol Rep, 2007, 59,
447-455.

Dai FX, Diederich A, Skopec J, Diederich D: Diabetes-
induced endothelial dysfunction in streptozotocin-treated
rats: role of prostaglandin endoperoxides and free radi-
cals. ] Am Soc Nephrol, 1993, 4, 1327-1336.

Delaney J, Hodson MP, Thakkar H, Connor SC, Sweat-
man BC, Kenny SP, McGill PJ et al.: Tryptophan-NAD+
pathway metabolites as putative biomarkers and predic-
tors of peroxisome proliferation. Arch Toxicol, 2005, 79,
208-223.

Endemann DH, Schiffrin EL: Nitric oxide, oxidative ex-
cess, and vascular complications of diabetes mellitus.
Curr Hypertens Rep, 2004, 6, 85-89.

Frein D, Schildknecht S, Bachschmid M, Ullrich V: Re-
dox regulation: A new challenge for pharmacology. Bio-
chem Pharmacol, 2005, 70, 811-823.

Gebicki J, Sysa-Jedrzejowska A, Adamus J, Wozniacka
A, Rybak M, Zielonka J: 1-Methylnicotinamide: a potent
anti-inflammatory agent of vitamin origin. Pol J Pharma-
col, 2003, 55, 109-112.

Gewaltig MT, Kojda G: Vasoprotection by nitric oxide:
mechanisms and therapeutic potential. Cardiovasc Res,
2002, 55, 250-260.

Gotto AM Jr.: Triglyceride as a risk factor for coronary
artery disease. Am J Cardiol, 1998, 82, 22Q-25Q.

Grant RW, Meigs JB: Management of the metabolic syn-
drome. Panminerva Med, 2005, 47, 219-228.
Hashimoto A, Miyakoda G, Hirose Y, Mori T: Activation
of endothelial nitric oxide synthase by cilostazol via

a cAMP/protein kinase A- and phosphatidylinositol 3-
kinase/Akt-dependent mechanism. Atherosclerosis,
2006, 189, 350-357.

Hu Y, Ren Y, Luo RZ, Mao X, Li X, Cao X, Guan L et
al.: Novel mutations of the lipoprotein lipase gene asso-
ciated with hypertriglyceridemia in members of type 2
diabetic pedigrees. J Lipid Res, 2007, 48, 1681-1688.

Pharmacological Reports, 2008, 60, 127-138 137



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

138

Kalmar T, Seres I, Balogh Z, Kaplar M, Winkler G,
Paragh G: Correlation between the activities of lipopro-
tein lipase and paraoxonase in type 2 diabetes mellitus.
Diabetes Metab, 2005, 31, 574-580.

Kauser K, Rubanyi GM: Potential cellular signaling
mechanisms mediating upregulation of endothelial nitric
oxide production by estrogen. J Vasc Res, 1997, 34,
229-236.

Lorkowska B, Bartus M, Franczyk M, Kostogrys RB,
Jawien J, Pisulewski PM, Chlopicki S: Hypercholestero-
lemia does not alter endothelial function in spontane-
ously hypertensive rats. J Pharmacol Exp Ther, 2006,
317,1019-1026.

Maiza A, Waldek S, Ballardie FW, ey-Yates PT: Estima-
tion of renal tubular secretion in man, in health and dis-
ease, using endogenous N-1-methylnicotinamide. Neph-
ron, 1992, 60, 12—16.

Mogielnicki A, Kramkowski K, Pietrzak L, Buczko W:
N-methylnicotinamide inhibits arterial thrombosis in hy-
pertensive rats. J Physiol Pharmacol, 2007, 58, 515-527.
Musfeld C, Biollaz J, Belaz N, Kesselring UW, Decos-
terd LA: Validation of an HPLC method for the determi-
nation of urinary and plasma levels of N1-
methylnicotinamide, an endogenous marker of renal cati-
onic transport and plasma flow. J Pharm Biomed Anal,
2001, 24, 391-404.

Norata GD, Grigore L, Raselli S, Seccomandi PM, Ham-
sten A, Maggi FM, Eriksson P et al.: Triglyceride-rich
lipoproteins from hypertriglyceridemic subjects induce
a pro-inflammatory response in the endothelium: Mo-
lecular mechanisms and gene expression studies. J Mol
Cell Cardiol, 2006, 40, 484-494.

O’Keefe JH, Bell DS: Postprandial hyperglyce-
mia/hyperlipidemia (postprandial dysmetabolism) is

a cardiovascular risk factor. Am J Cardiol, 2007, 100,
899-904.

Pisulewski P, Kostogrys RB, Lorkowska B, Bartus M,
Chlopicki S: Critical evaluation of normotensive rats as
model for hypercholesterolaemia-induced atherosclero-
sis. J Anim Feed Sci, 2005, 14, 339-351.

Pumpo R, Sarnelli G, Spinella A, Budillon G, Cuomo R:
The metabolism of nicotinamide in human liver cirrho-
sis: a study on N-methylnicotinamide and 2-pyridone-5-
carboxamide production. Am J Gastroenterol, 2001, 96,
1183-1187.

Puyo AM, Mayer MA, Cavallero S, Donoso AS, Peredo
HA: Fructose overload modifies vascular morphology
and prostaglandin production in rats. Auton Autacoid
Pharmacol, 2004, 24, 29-35.

Reeves PG, Nielsen FH, Fahey GC Jr.: AIN-93 purified
diets for laboratory rodents: final report of the American

Pharmacological Reports, 2008, 60, 127-138

40.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Institute of Nutrition ad hoc writing committee on the re-
formulation of the AIN-76A rodent diet. J Nutr, 1993,
123, 1939-1951.

Richey JM, Si X, Halter JB, Webb RC: Fructose perfu-
sion in rat mesenteric arteries impairs endothelium-
dependent vasodilation. Life Sci, 1998, 62, L55-L62.

. Sartini D, Santarelli A, Rossi V, Goteri G, Rubini C, Cia-

varella D, Lo Muzio L et al.: Nicotinamide N-methyl-
transferase upregulation inversely correlates with lymph
node metastasis in oral squamous cell carcinoma. Mol
Med, 2007, 13, 415-421.

Slominska EM, Adamski P, Lipinski M, Swierczynski J,
Smolenski RT: Liquid chromatographic/mass spectro-
metric procedure for measurement of NAD catabolites in
human and rat plasma and urine. Nucleosides Nucleo-
tides Nucleic Acids, 2006, 25, 1245-1249.

Srinivasan K, Ramarao P: Animal models in type 2 dia-
betes research: an overview. Indian J Med Res, 2007,
125, 451-472.

Stanulovic M, Chaykin S: Aldehyde oxidase: catalysis of
the oxidation of N 1-methylnicotinamide and pyridoxal.
Arch Biochem Biophys, 1971, 145, 27-34.

Taskinen MR: Lipoprotein lipase in diabetes. Diabetes
Metab Rev, 1987, 3, 551-570.

Vita JA, Keaney JF Jr.: Endothelial function: a barometer
for cardiovascular risk? Circulation, 2002, 106, 640—642.
Vivian VM, Chaloupka MM, Reynolds MS: Some as-
pects of tryptophan metabolism in human subjects. I. Ni-
trogen balances, blood pyridine nucleotides and urinary
excretion of N1-methylnicotinamide and N 1-methyl-2-
pyridone-5-carboxamide on a low-niacin diet. J Nutr,
1958, 66, 587-598.

Williams AC, Ramsden DB: Nicotinamide homeostasis:
a xenobiotic pathway that is key to development and de-
generative diseases. Med Hypotheses, 2005, 65, 353-362.
Wozniacka A, Wieczorkowska M, Gebicki J, Sysa-
Jedrzejowska A: Topical application of 1-methylnicoti-
namide in the treatment of rosacea: a pilot study. Clin
Exp Dermatol, 2005, 30, 632—-635.

Yamamoto H, Schoonjans K, Auwerx J: Sirtuin functions
in health and disease. Mol Endocrinol, 2007, 21,
1745-1755.

Zurova-Nedelcevova J, Navarova J, Drabikova K, Janci-
nova V, Petrikova M, Bernatova I, Kristova V et al.: Par-
ticipation of reactive oxygen species in diabetes-induced
endothelial dysfunction. Neuro Endocrinol Lett, 2006,
27, Suppl 2, 168-171.

Received:
November 29, 2007; in revised form: December 3, 2007.



	2 	EDITORIAL Œ 
	MAJOR ENDOTHELIAL MEDIATORS
	3	REVIEW Œ Prostacyclin among prostanoids.
	Ryszard J. Gryglewski



	12	REVIEW Œ Dual control of vascular tone and remodelling by ATP released from nerves and endothelial cells.
	Geoffrey Burnstock

	21	REVIEW Œ NADPH oxidase-derived reactive oxygen species in the regulation of endothelial phenotype.
	Rafa³ Dworakowski, Sara P. Alom-Ruiz, Ajay M. Shah

	29	Renal vascular cytochrome P450-derived eicosanoids in androgen-induced hypertension.
	Harpreet Singh, Michal L. Schwartzman

	38	REVIEW Œ Biliverdin reductase: new features of an old enzyme and its potential therapeutic significance.
	Urszula M. Florczyk, Alicja Jozkowicz, Jozef Dulak

	49	MINIREVIEW Œ Gender and the endothelium.
	Karolina Kublickiene, Leanid Luksha

	ENDOTHELIAL REGULATION OF CARDIOVASCULAR SYSTEM
	61	Distinct hydrogen peroxide-induced constriction in multiple mouse arteries: potential influence of vascular polarization.
	Noelia Ardanaz, William H. Beierwaltes, Patrick J. Pagano


	68	REVIEW Œ Gap junctions synchronize vascular tone within the microcirculation.
	Volker J. Schmidt, Stephanie E. Wölfle, Markus Boettcher, Cor de Wit

	75	REVIEW Œ Microparticles are vectors of paradoxical information in vascular cells including the endothelium: role in health and diseases.
	Ferhat Meziani, Angela Tesse, Ramaroson Andriantsitohaina

	85	REVIEW Œ Infection and atherosclerosis. An alternative view on an outdated hypothesis.
	Frank R. Stassen, Tryfon Vainas, Cathrien A. Bruggeman

	93	Biscoclaurine alkaloid cepharanthine protects DNA in TK6 lymphoblastoid cells from constitutive oxidative damage.
	H. Dorota Halicka, Masamichi Ita, Toshiki Tanaka, Akira Kurose, Zbigniew Darzynkiewicz

	101	REVIEW Œ Platelet interaction with progenitor cells: vascular regeneration or injury?
	Konstantinos Stellos, Stephan Gnerlich, Bjoern Kraemer, Stephan Lindemann, Meinrad Gawaz

	109	REVIEW Œ Regulation of endothelial prostacyclin synthesis by Protease-activated receptors: mechanisms and significance.
	Caroline P.D. Wheeler-Jones

	119	REVIEW Œ Endothelial dysfunction in heart failure.
	Johann Bauersachs, Julian D. Widder

	127	1-Methylnicotinamide (MNA) prevents endothelial dysfunction in hypertriglyceridemic and diabetic rats.
	Magdalena Bartuœ, Magdalena £omnicka, Renata B. Kostogrys, Piotr Ka�mierczak, Cezary Watala, Ewa M. S³ominska, Ryszard T. Smoleñski, Pawe³ M. Pisulewski , Jan Adamus, Jerzy Gêbicki, Stefan Chlopicki
	146	Note to Contributors



	content
	cont
	contents_3'2005

