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Abstract:

1-Methylnicotinamide (MNA), a major endogenous metabolite of nicotinamide, possesses anti-thrombotic and anti-inflammatory

activity, and reverses endothelial dysfunction. In the present work, we investigated whether such a vasoprotective profile of MNA

activity affords anti-diabetic action in rats.

Diabetes was induced by streptozotocin (STZ) in Sprague-Dawley rats. Eight weeks after STZ injection in untreated or MNA-

treated rats (100 mg kg–1 daily), development of diabetes (plasma concentrations of fasting and non-fasting glucose, HbA1c, peptide C),

development of oxidant stress (lipid peroxidation, carbonylation of plasma proteins), as well as NO-dependent endothelial function

in aorta, coronary and mesenteric vessels were analyzed. Finally, the effect of chronic treatment with MNA on long-term survival of

diabetic rats was determined.

Chronic treatment with MNA profoundly lowered fasting glucose concentrations in plasma, displayed mild effects on plasma HbA1c

and peptide C concentrations, while having no effects on non-fasting glucose. On the other hand, MNA treatment considerably low-

ered lipid peroxidation, protein carbonylation, completely prevented impairment of endothelium-dependent vasodilatation in the

aorta that was mediated entirely by NO, but failed to affect endothelial function in resistant vessels, which was mediated only par-

tially by NO. Most importantly, chronic treatment with MNA prolonged the long-term survival of diabetic rats. In conclusion, MNA

displayed a significant anti-diabetic effect that may be linked to its vasoprotective activity.
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Introduction

1-Methylnicotinamide (MNA), the major metabolite

of nicotinamide (NA, vitamin B3, niacin), is formed

by nicotinamide N-methyltransferase (EC 2.1.1.1.1)

[2] and is further metabolized to 1-methyl-2-pyri-

done-5-carboxamide (Met-2-PY) and 1-methyl-4-py-

ridone-5-carboxamide (Met-4-PY) [42, 43]. For a long

time, MNA has been considered as a biologically in-

active or even toxic molecule [6, 22, 38].

Recently, anti-inflammatory efficacy of MNA after

its topical application was demonstrated in patients

with skin diseases [24, 48]. In addition, in experimen-

tal studies in animal models in vivo, it was discovered

that MNA displays remarkable anti-thrombotic, anti-

inflammatory and gastroprotective activities [9, 10,

15], as well as lowers triglycerides [4]. It was claimed

that the anti-thrombotic, anti-inflammatory, as well as

gastroprotective action of MNA involved a PGI2-de-

pendent mechanism. Interestingly, in numerous patho-

logical states including atherosclerosis, alterations in

the concentration of endogenous MNA in plasma

have been found. Recently, we have suggested that in-

creased production of NNMT-derived MNA in athero-

sclerosis may represent an endogenous vasoprotective

response limiting thrombotic and inflammatory pro-

cesses in the vascular wall [32]. Thus, it seems that

the biological activity of exogenous as well as en-

dogenous MNA is primarily linked to its vascular

mechanisms of action.

Endothelial dysfunction, which is associated with

oxidant stress and vascular inflammation, represent

a hallmark of diabetes and its vascular complications.

Furthermore, numerous treatments that improve endo-

thelial function also display anti-diabetic activity and

inhibit the progression of diabetic vascular complica-

tions (e.g. statins, ACE-I) [13, 36].

Taking this paradigm into account, as well as the

vasoprotective properties of MNA with its ability to

reverse endothelial dysfunction and to limit throm-

botic and inflammatory vascular responses [4, 9, 15],

we tested whether chronic treatment with exogenous

MNA displays a possible therapeutic efficacy in ex-

perimental diabetes induced by STZ. In particular, we

studied effects of chronic MNA treatment on bio-

chemical parameters of diabetes and oxidant stress, as

well as on NO-dependent functions in conduit and re-

sistant vessels in diabetic rats. Finally, we assessed

the effect of chronic MNA treatment on survival of

diabetic animals.

Materials and Methods

Reagents and chemicals

MNA chloride salt was synthesized by alkylation of

nicotinamide with methyl chloride in methanol solu-

tion, as described by Shaw [40]. MNA chloride used

in the experiments described here was of high purity

(> 99.8%), and nicotinamide was identified as a major

impurity (< 0.2%). Streptozotocin was purchased

from Fluka (Buchs, Switzerland). A rat C-Peptide Ra-

dioimmunoassay kit was obtained from DRG Interna-

tional Inc. (NJ, USA). All other chemicals, including

bradykinin (Bra), acetylcholine (ACh), histamine

(His), phenylephrine (Phe), indomethacine, diethyl-

amine/nitric oxide (DEA/NO), NG-nitro-L-arginine

methyl ester (L-NAME), S-nitroso-N-acetyl-penicill-

amine (SNAP) were purchased from Sigma (St.

Louis, MO, USA). The reagent kit for glycated hemo-

globin (HbA1c) was purchased from Drew Scientific

Ltd. (Barrow-in-Furness, Cumbria, UK). Water used

for the solution preparation and glassware washing

was passed through an Easy Pure UF water purifica-

tion unit (Thermolyne Barnstead, USA).

Animals and experimental diabetes

The study was performed in 258 male Sprague-

Dawley rats, weighing 300–350 g at the onset of the

study. Rats were bred in groups of five in accordance

with the guidelines of the International Guiding Prin-

ciples for Biomedical Research Involving Animals of

the Council for International Organizations of Medi-

cal Sciences (CIOMS 1983), which supports the prin-

ciples of respect for all life. Animals were housed in

an isolated room under conditions of controlled tem-

perature, humidity, and 12 h light-dark cycles with

free access to water and food. Standard laboratory

chow and tap water was provided ad libitum. Food in-

take was monitored daily for all animals participating

in the experiment. All experiments were performed in

accordance with the Guide for the Care and Use of

Laboratory Animals published by the US National In-

stitute of Health (NIH Publication No. 85–23, revised

1985), as well as with the guidelines formulated by

the European Community for the Use of Experimental

Animals (L358-86/609/EEC). The experimental pro-

cedures used in the present study were approved by

local Ethical Committees on Animal Experiments.
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Diabetes was induced by an intraperitoneal injec-

tion of streptozotocin (STZ) in a single dose of 70 mg

per kilogram of body weight. Briefly, STZ was dis-

solved in 0.1 mol × l–1 citrate buffer, pH 4.5, and was

injected into the peritoneal cavity. Diagnosis of diabe-

tes was made in the morning (09:00 – 10:00 a.m.) on

the basis of non-fasting blood glucose concentration

(with a drop of full blood using Accucheck Active

glucose strips, Roche Diagnostics Polska Ltd.,

Warszawa, Poland). Animals with blood glucose con-

centrations higher than 16.7 mmol × l–1 24 h after in-

jection of STZ were considered diabetic and were in-

cluded in the study. STZ-injected rats with hypergly-

cemia lower than 16.7 mmol × l–1 were excluded from

the study. The rats were not treated with insulin or any

other hypoglycemic agents.

Experimental groups

Randomly selected rats injected with STZ and that

had developed hyperglycemia were divided into two

groups: (1) treated with MNA (100 mg × kg–1 body

weight × day–1 in drinking water as a vehicle, n = 29;

MNA[+] group) and (2) treated with vehicle only

(pure drinking water, n = 36; MNA[–] group). MNA

supplementation was started on the eighth day after

the STZ injection (after the acute phase of diabetes

mellitus) and was continued for 7 weeks. Non-diabetic

rats (n = 29) treated with the vehicle served as a con-

trol. Twenty-four rats were selected for assessment of

endothelial function in aortic rings (8 control rats,

8 diabetic rats MNA[+], 8 diabetic rats MNA[–]),

while 34 rats (9 control rats, 9 diabetic rats MNA[+],

16 diabetic rats MNA[–],) were used for assessment

of endothelial function in mesenteric vessels, and 36

rats were used for assessment of endothelial function

in coronary vessels (12 control rats, 12 diabetic rats

MNA[+], 12 diabetic rats MNA[–]). For the analysis

of biochemical parameters of diabetes and oxidant

stress (e.g., fasting glucose, peptide C, HbA1c, car-

bonylated proteins, etc.), representative groups of rats

from all subgroups were analyzed (according to the

procedure of the estimation of minimal sample size).

Additionally, 70 diabetic rats were chosen for evalua-

tion of the impact of MNA supplementation on the

long-term survival of rats with streptozotocin-induced

experimental diabetes. They were randomly allocated

to one of two groups: MNA[+] group (n = 31) was

given MNA in the drinking water at a dose of 100 mg

× kg–1 body weight × day–1 until the experiment was

terminated; MNA[–] group (n = 39) administrated with

the vehicle (pure drinking water) served as a control.

The follow-up time was 30 weeks. Non-fasting morning

blood glucose (always measured at 09:00 – 10:00 a.m.)

and body weights were monitored weekly in all ani-

mals under study. Blood was obtained from tail ves-

sels by needle prick and tested using Accucheck Ac-

tive glucose strips (Roche Diagnostics Polska Ltd.,

Warszawa, Poland) or, when exceeding 33.3 mmol × l–1

in plasma, with a biochemical analyzer. The last de-

termination of blood glucose and body weight was re-

corded at a time preceding the critical event (within

a week) or immediately after animal death, and was

further referred as terminal glucose or terminal body

weight, respectively. There were no significant differ-

ences in the averaged food intake recorded for rats in

both groups.

Preliminary experiments for establishing an op-

timal dose of 1-methylnicotinamide (MNA)

Initially, to determine an optimal dose of MNA for

chronic experiments, 38 control non-diabetic rats were

randomly assigned into four groups and provided ei-

ther vehicle (pure drinking water) or MNA at daily

doses of 20 mg × kg–1, 100 mg × kg–1 or 500 mg ×

kg–1 body weight for one week. At the end of the ob-

servation period, samples of blood and urine were col-

lected from each animal. Blood was collected from ab-

dominal aorta and centrifuged to obtain plasma as de-

scribed below, while single samples of urine were col-

lected from rat urinary bladders. Plasma and urine con-

centrations of nicotinamide (NA), MNA and its metabo-

lites (1-methyl-2-pyridone-5-carboxamide (Met-2-PY)

and 1-methyl-4-pyridone-5-carboxamide (Met-4-PY))

were examined by an LC/MS technique.

Briefly, a small aliquot of plasma or urine (0.4 ml)

was passed through a Millipore ultra-free ultrafiltra-

tion membrane (10,000 cut-off) fitted into a centri-

fuge tube insert, and the tubes were centrifuged at

12,000 × g for 45 min at 4°C. Ultrafiltrate was di-

rectly analyzed with the use of reversed-phase high-

performance liquid chromatography with mass detec-

tion (LC/MS), according to a modified previously re-

ported method [41]. The identity of MNA in human

plasma was confirmed by a similarity in molecular

weights, established with the use of a mass detector

(LCQ, ThermoFinnigan, San Jose, CA, USA). Blood

and urine were collected as described below (see
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Blood and Urine Collection and Biochemical Meas-

urements). As shown on Figure 1, MNA given at a dose

of 100 mg/kg was associated with maximum levels of

MNA in plasma. Similar results were obtained based

on measurements in urine. On the basis of these ex-

periments, a 100 mg × kg–1 dose was chosen for

chronic experiments in diabetic rats. Furthermore,

chronic treatment of diabetic rats with the 100 mg ×

kg–1 of MNA elevated the concentration of endoge-

nous MNA and its metabolites in plasma by at least

five-fold, supporting the rationale to use the dose of

100 mg × kg–1 for chronic experiments.

Measurements of biochemical parameters

of diabetes and oxidant stress

Animals were anesthetized with im injection of keta-

mine HCl (100 mg × kg–1 b.w.) and xylazine (10 mg ×

kg–1 b.w.). Blood was collected from abdominal aorta

of anesthetized rats. Briefly, once deep anesthesia was

achieved, skin and muscles in the midline of the abdo-

men were cut exposing abdominal cavity. Aorta was

carefully dissected to enable catheterization using ve-

nous cannula. After cannulation, blood was collected

under free outflow conditions into a tube containing

3.2% natrium citrate. Blood samples were centrifuged

immediately upon withdrawal (3,000 × g, 5 min) to

separate plasma from blood cells. All collected plasma

and urine samples were immediately frozen at –70°C

and analyzed within six months upon sampling [18].

Routine biochemical determinations (glucose, lip-

ids) were performed with an Olympus AU640 Ana-

lyser (Olympus Optical Co., Ltd., Shizuoka, Japan).

Measurements of glycated hemoglobin (HbA1c) in

blood samples were made with a kit and measured us-

ing a DS5 instrument (Drew Scientific Ltd., Barrow-

in-Furness, Cumbria, UK). Plasma levels of rat C-pep-

tide were determined using a Linco Rat C-Peptide Ra-

dioimmunoasay Kit (DRG International Inc., NJ,

USA, sensitivity 25 pmol × l–1).

The extent of lipid peroxidation was determined

based on the concentration of lipid peroxides in

plasma [20]. Plasma protein carbonyls were deter-

mined according to Buss et al. [11] with slight modifi-

cations [37]. Antioxidant activity was screened in

blood plasma using a decolorization assay, as reported

by Re et al. [39]. This method is equivalent to Trolox

antioxidant capacity assay and is applicable to both

lipophilic and hydrophilic antioxidants. The pre-

formed radical monocation of 2,2’-azinobis-(-3-ethyl-

benzothiazoline-6-sulfonic acid) (ABTSÿ+) is gener-

ated by oxidation of ABTS with potassium persulfate

and is reduced in the presence of such hydrogen-

donating antioxidants [39].

Assessment of endothelium-dependent and

endothelium-independent vasodilatation

in the isolated aorta

Animals were anesthetized, and the thoracic aorta was

removed and carefully dissected from the surrounding

tissue. The isolated aorta was placed in K-H solution,

cleaned from connective and fat tissues, and cut into

rings. Then, rings were mounted between two hooks

attached to an isometric force transducer (Biegastab

K30 type 351; Hugo Sachs March-Fr, Germany) with

continuous monitoring of tension (Graphtec WR3320,

UK), and washed with the K-H solution. After mount-

ing, the resting tension in the rings was increased in

a step-wise fashion to reach final 4 g, and then, rings

were incubated to equilibrate for 30 min. Six circular

segments (3 to 5 mm in length) of the artery were si-

multaneously used for an experiment. Aortic rings

were kept in 5 ml organ baths containing a pre-
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Fig. 1. Plasma concentrations of nicotinamide and its metabolites in
Sprague-Dawley rats supplemented with 1-methylnicotinamide.
Data represent the means ± SD (n = 6–10) of plasma concentrations
of the nicotinamide derivatives upon administration of 1-methylni-
cotinamide (MNA) in a drinking water at doses of 20 mg × kg–1,
100 mg × kg–1 or 500 mg × kg–1 body weight per day. Administration
of the vehicle (pure drinking water) only served as a control. Determi-
nation of nicotinamide (NA), MNA, 1-methyl-2-pyridone-5-carboxami-
de (Met-2-PY) and 1-methyl-4-pyridone-5-carboxamide (Met-4-PY)
were performed with LC/MS (for details see “Materials and Methods”)



warmed (37°C) K-H solution that was continuously

bubbled with 5% CO2 in O2 to maintain a pH of 7.4.

After stretching and 60 min of equilibration, the

experiment was started by obtaining maximum con-

traction in response to KCl (60–90 mM). Then, the

aortic rings were contracted with increasing concen-

trations of phenylephrine (Phe, 10–8 – 10–5 mol × l–1)

to determine a concentration of phenylephrine that

gave 60–80% of maximum KCl-induced contraction.

Endothelial function was assessed by a cumulative

concentration-dependent response to acetylcholine

(ACh, 10–8 – 10–5 mol × l–1) or histamine (His, 10–8 – 3

× 10–4 mol × l–1) in phenylephrine-pre-constricted

vessels. The endothelium-independent function was

tested by a response evoked by S-nitroso-N-acetyl-

penicillamine (SNAP from 10–9 – 10–5 mol × l–1). To

test the relative contribution of NO in the endothel-

ium-dependent response, cumulative concentration-

dependent curves for acetylcholine and histamine

were obtained in the absence and in the presence of

L-NAME (3 × 10–4 mol × l–1). L-NAME was incu-

bated for at least 15 min before eliciting a response to

acetylcholine or histamine. The relaxation response

was expressed as a percentage of the pre-contraction

induced by phenylephrine and presented here for con-

centrations of acetylcholine (10–5 mol × l–1), hista-

mine (3 × 10–4 mol × l–1) and SNAP (10–5 mol × l–1)

that induced maximum vasodilatation.

Assessment of endothelium-dependent and

endothelium-independent vasodilatation in

the mesenteric resistance arteries

Mesenteric arteries were mounted in a pressure myog-

raph (JP Trading, Aarhus, Denmark). Cannulated ves-

sels were filled with a K-H buffer containing 1% of

albumin. The buffer in the chamber was bubbled with

a gas mixture containing 21% O2, 5% CO2 and 74%

N2. The outer diameter of the vessels was continu-

ously monitored by a video camera attached to an in-

verted microscope. After 30 min of stabilization, the

vasoconstrictor response of phenylephrine-precon-

stricted vessels to KCl (60 mM) and the cumulative

concentration-dependent response to Ach (10–8 – 10–5

mol × l–1) and DEA-NO (10–8 – 10–5 mol × l–1) were

tested in the absence and in the presence of L-NAME.

The relaxation response was expressed as a percent-

age of the pre-contraction induced by phenylephrine

and presented here for concentrations of acetylcholine

(10–5 mol × l–1) and DEA-NO (10–5 mol × l–1) that in-

duced maximum vasodilation.

Assessment of endothelium-dependent and in-

dependent vasodilatation in an isolated heart

Hearts were excised through access provided by mid-

line thoracotomy and placed in heparinized (Polfa, 10

IU × ml–1) ice-cold (4°C) perfusion buffer. Immedi-

ately after isolation, aortic cannulation was performed

and retrograde perfusion in a Langendorff model

(Langendorff System, ADInstruments) was established.

Hearts were perfused with a modified Krebs-Henseleit

bicarbonate buffer (K-H: NaCl 118 mM, NaHCO3

25.0 mM, KCl 4.7 mM, KH2PO4 1.2 mM, CaCl2 1.2

mM, MgSO4 1.2 mM, glucose 11.0 mM) at a constant

pressure of 73 mmHg maintained by a peristaltic

pump controller (STH Pump Controller, ADInstru-

ments). The buffer was saturated with 95% O2 / 5%

CO2 and kept at a constant temperature of 37°C. The

solution was constantly filtered using a 5 �m porosity

filter (Millipore) to remove contaminants. Two stain-

less steel electrodes were attached to the apex of the

heart and an aortic cannula to stimulate a constant

heart rate (HR) of 300 beats per minute (Stimulus Iso-

lator, ADInstruments). Coronary flow (CF) was con-

stantly recorded by PowerLab Recorder (ADInstru-

ments). Throughout the experiment, the hearts were

kept in a water-jacketed chamber to maintain a con-

stant temperature of 37°C.

Hearts were initially subjected to a 30-minute

equilibration period. All vasoactive drugs were in-

jected by a corrected infusion syringe pump con-

nected to a Y luerlock valve installed above the aortic

cannula [18]. To test endothelium-dependent vasore-

laxation of the coronary bed, bradykinin in concentra-

tions of 10–10 – 10–6 mol × l–1 was administered as

a 120 second-long intracoronary infusion followed by

eight minutes of K-H buffer washout. DEA-NO in the

concentrations of 10–9 – 10–6 mol × l–1 was adminis-

tered using the same protocol to test endothelium-

independent vasorelaxation. The responses were re-

peated after 15 min of perfusion with L-NAME (3 ×

10–4 mol × l–1).

The relaxation response was expressed as a per-

centage of the mean coronary flow during the initial

perfusion period and presented here for concentra-

tions of bradykinin (10–7 mol × l–1) and DEA/NO

(10–6 mol × l–1) that induced maximum vasodilation.
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Statistical analysis

For all quantitative parameters, a mean with a stan-

dard deviation (x ± SD) or a median (Me) with an in-

terquartile range (Q1-Q3, 25–75%) were evaluated.

The statistical significance of differences was esti-

mated by means of ANOVA or the Kruskal-Wallis test

(when departing from normality) and the Student-

Newman-Keuls post-hoc multiple comparisons test

(or the non-parametric Dunn’s multiple comparison

test). A standard Student’s test for the two-sample

comparisons of the data showing no departures from

normality or the non-parametric Mann-Whitney U test

for the remaining variables were applied for measure-

ment of the influence of MNA supplementation on

time-dependent changes in the in-life non-fasting

blood glucose and body weight in chronic STZ-dia-

betic Sprague-Dawley rats.

Time-to-event data were analyzed with the use of

survival analysis. The starting point was the date of

the first MNA intake in drinking water, and for uncen-

sored (complete) data, the ending point was animal

death. Censored (incomplete) data included rats that

remained alive at the termination of this study, died of

causes unrelated to the effect of diabetes, or those de-

liberately chosen according to the study design. The

life table method was used to estimate the overall sur-

vival rate, and the log-rank test was used to compare

two survival curves.

Results

Effects of MNA treatment on metabolic and

antioxidant status of diabetes

As shown in Table 1, diabetes development was asso-

ciated with a significant decrease in peptide C con-

centration in plasma (0.53; 0.44–0.68 �mol × l–1 vs.

4.80; 4.25–5.30 �mol × l–1, p < 0.02) and a marked

elevation in fasting glucose (22.2; 5.9–27.9 mmol × l–1

vs. 6.2; 4.7–8.8 mmol × l–1, p < 0.0001) and glycated

hemoglobin (9.6 ± 1.6% vs. 4.5 ± 0.4%, p < 0.0001).

Plasma glycemia was positively associated with the

long-term glycation marker, HbA1c (RS = 0.686; p <

0.0001). The STZ-induced diabetes was also associ-
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Tab. 1. Effect of 1-methylnicotinamide (MNA) administration on selected determinants of carbohydrate and lipid metabolism in the plasma of
Sprague-Dawley non-diabetic animals and rats with chronic STZ-diabetes

Parameter Non-diabetic animals
(no MNA)

Diabetic animals
(no MNA)

Diabetic animals
(MNA supplementation)

Significance
(p <)

Fasting glucose [mmol × l–1] 6.2; 4.7–8.8 22.2 (5.9; 27.9) 6.3 (5.8; 9.4) 0.0001
0.03

Glycated hemoglobin (HbA1c) [%] 4.5 ± 0.4 9.6 ± 1.4 8.0 ± 1.6 0.0001
0.005*

Peptide C [pmol × l–1] 480 (425; 530) 53 (44; 68) 73 (67; 92) 0.0001
0.02

Cholesterol [mmol × l–1] 1.17 (0.94; 1.23) 1.49 (1.40; 1.50) 1.52 (1.44; 1.75) 0.0001
n.s.

Triglycerides [mmol × l–1] 0.64 (0.39; 0.84) 1.00 (0.60; 2.22) 1.19 (0.63; 1.43) 0.0001
n.s.

Protein carbonyls [nmol × g–1 protein] 65 (43; 93) 77 (62; 95) 56 (46; 61) n.s.
0.03

Lipid peroxidation [nmol × l–1] 18.5 (16.3; 26.2) 29.2 (23.6; 35.3) 20.5 (15.8; 22.3) 0.02
0.01

Antioxidant activity [mmol × l–1] 1.46 (1.33; 1.50) 1.24 (1.18; 1.35) 1.29 (1.23; 1.38) 0.0002
n.s.

Data presented as the mean ± SD (for normally distributed data) or median and interquartile range (lower to upper quartile) (for data showing
departures from normality) for non-diabetic rats treated with a vehicle (n = 29) and diabetic rats on a diet devoid of (n = 14–19) or supple-
mented with MNA (n = 9–10). Significance estimated with one-tailed Student’s t-test (*) for independent variables or nonparametric one-sided
Mann-Whitney U test with the Bonferroni’s correction for non-diabetic vs. diabetic non-treated (upper) and diabetic without vs. diabetic with
MNA (lower); n.s., considered non-significant if p � 0.05



ated with an increased concentration of carbonylated

plasma proteins and increased lipid peroxidation

(Tab. 1), but no changes in overall antioxidant activity

in plasma were detected.

Treatment of diabetic rats with MNA lowered fast-

ing glucose concentration, reduced glycation of he-

moglobin, decreased carbonylation of plasma proteins

and plasma lipid peroxidation, while the concentra-

tions of non-fasting glucose, triglycerides, total cho-

lesterol in plasma remained unchanged. Interestingly,

diabetic animals receiving MNA were also character-

ized by slightly higher plasma C peptide concentra-

tion, a main biochemical marker of insulin production

(Tab. 1).

Effects of MNA treatment on the endothelial

function in aorta

Endothelium-dependent vasodilatation induced by

acetylcholine or histamine in the aorta from the dia-

betic rats was impaired (Fig. 2A, B). In diabetic rats

treated with MNA, the endothelium-dependent re-

sponse evoked by acetylcholine or histamine was

markedly improved and did not differ significantly

from the respective response in the control rats. In the

presence of L-NAME acetylcholine or histamine-

induced vasodilatation in the aorta was completely in-

hibited in all experimental groups. In contrast, endo-

thelium-independent relaxation induced by SNAP did

not differ in all experimental groups (Fig. 2C).

Effects of MNA treatment on the endothelial

function in mesenteric and coronary vessels

Similarly to the aorta, in the resistance mesenteric ar-

teries of diabetic rats, the endothelium-dependent re-

sponse induced by acetylcholine was impaired (Fig. 3A).

92 Pharmacological Reports, 2009, 61, 86–98

Fig. 2. Effects of chronic treatment with MNA on aortic endothelium-
dependent and independent relaxation in diabetic rats. Data repre-
sent the mean ± SD (n = 9–16) of aortic endothelium-dependent
relaxation to (A) acetylcholine or (B) histamine prior to (white bars)
and after L-NAME (grey bars), and (C) aortic endothelium-inde-
pendent relaxation to SNAP in diabetic rats administered with MNA
(100 mg × kg–1). The relaxation response was expressed as a per-
centage of the pre-contraction induced by phenylephrine and pre-
sented here for selected doses of acetylcholine (10–5 mol × l–1), hista-
mine (3 × 10–4 mol × l–1) and SNAP (10–5 mol × l–1). Significance was
estimated by the Mann-Whitney test (before and after L-NAME) or
by the Kruskal-Wallis and post-hoc all-pairwise Connover-Inman test:
* p < 0.01, ** p < 0.001 vs. control rats; ## p < 0.001, ### p < 0.0001 vs.
diabetic MNA[–] rats; ^^^ p < 0.0001 between after vs. before L-NAME



However, in contrast to aorta, in the presence of

L-NAME, acetylcholine-induced vasodilatation was

only partially inhibited, and acetylcholine-induced re-

sponse was not reversed by the MNA treatment. Endo-

thelium-independent relaxation induced by DEA-NO

was comparable in all experimental groups (Fig. 3B).

In the resistance vessel of coronary circulation in

the isolated heart endothelium-dependent vasodilata-
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Fig. 3. Effects of chronic treatment with MNA on mesenteric endo-
thelium-dependent and independent relaxation in diabetic rats. Data
represent the mean ± SD (n = 6–12) of (A) mesenteric endothelium-
dependent relaxation to acetylcholine prior to (white bars) and after
L-NAME (grey bars) and of (B) mesenteric endothelium-independent
relaxation to DEA/NO in diabetic rats administered with MNA (100 mg
× kg–1). The relaxation response was expressed as a percentage of
the pre-contraction induced by phenylephrine and presented for se-
lected doses of acetylcholine (10–5 mol × l–1) and DEA/NO (10–5 mol
× l–1). Significance estimated by the Mann-Whitney test (before and
after L-NAME) or by the Kruskal-Wallis and post-hoc all-pairwise
Connover-Inman test: * p < 0.02, ** p < 0.01 vs. control rats; ^ p < 0.05
between after vs. before L-NAME

Fig. 4. Effects of chronic treatment with MNA on coronary endothe-
lium-dependent and independent relaxation in diabetic rats. Data re-
present the mean ± SD (n = 12) of (A) coronary endothelium-de-
pendent relaxation to bradykinin prior to (white bars) after L-NAME
(grey bars) and (B) coronary endothelium-independent relaxation to
DEA/NO in diabetic rats administered with MNA (100 mg × kg–1).
The relaxation response is expressed as a percentage of the mean
coronary flow during initial perfusion period and presented for se-
lected doses of bradykinin (10–7 mol × l–1) and DEA/NO (10–6 mol ×

l–1). Significance estimated by the Wilcoxon signed rank test (before
and after L-NAME) or by the Kruskal-Wallis and post-hoc all-pairwise
Connover-Inman test: *** p < 0.0001 vs. control rats; ^ p < 0.05 and
^^ p < 0.002 between after vs. before L-NAME



tion induced by bradykinin was significantly de-

creased in diabetes (Fig. 4A) and MNA treatment did

not reverse this impairment. In the presence of

L-NAME bradykinin-induced vasodilatation was only

partially inhibited in all experimental groups. Endo-

thelium-independent relaxation induced by DEA/NO

was also reduced in diabetic rats and not modified by

MNA treatment (Fig. 4B).

MNA treatment on diabetes-induced rat mortality

As shown in Figure 5, the Kaplan-Meier estimates of

the 30-week survival rates for the diabetic rats treated

with MNA (25.6%; 95% CI: 5.8–45.4%; n = 31) and

for the untreated diabetic rats (7.7%; 95% CI:

–5.4–21.0%; n = 39) were significantly different

(Gehan-Breslow test p < 0.025 and log-rank test (p <

0.013), clearly showing MNA-improved survival in

diabetic animals. Median survival time was 113 days

(95%CI: 62–164 days) for the MNA[+] group and 63

days (95%CI: 53–72 days) for the MNA[–] group,

which means that 50% of animals untreated with

MNA had an estimated life span of nine weeks after

inducing diabetes. In contrast, 50% of the rats receiv-

ing MNA had an estimated live span of over 16

weeks, meaning that MNA treatment significantly

prolongs survival of diabetic rats and limits the risk of

deaths from chronic diabetes.

Interestingly, the measured biochemical parameters

could not explain the difference in mortality between

the MNA[+] and MNA[–] groups. Indeed, as evi-

denced by the Cox proportional hazard regression

analysis, there was no significant compounding effect

of fasting blood glucose levels measured eight weeks

after starting point on the incidence of fatal events in

the rats with the long-term chronic STZ-diabetes.

The non-fasting in-life glucose, which was moni-

tored terminally (i.e. within a week preceding animal

death or at the termination of the experiment; not

standardized for diverse survival in both groups), re-

mained the same in both groups (33.1; 33.1–33.2

mmol × l–1 in MNA[+] vs. 33.1; 32.3–33.2 mmol × l–1

in MNA[–], NS). Also, terminal body weight was not
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Fig. 5. Kaplan-Meier curves for cumulative proportion of survivors in
groups of rats subdivided based on 1-methylnicotinamide (MNA) ad-
ministration. The step functions of the estimated cumulative propor-
tions of survivors are given for rats on a diet supplemented with MNA
(solid line; group 1) and in animals not receiving MNA (dashed line;
group 2). Complete observations are marked with circles or dia-
monds, respectively, for group 1 and group 2; censorships are
marked by ‘+’. The significance of differences between the survival
curves, obtained by a log-rank test, is p = 0.0125

Fig. 6. Effect of MNA supplementation on time-dependent changes
in the in-life non-fasting blood glucose and body weight in chronic
STZ-diabetic Sprague-Dawley rats. Time-averaged raw data col-
lected weekly and presented as the means after intra-group stan-
dardization for survivals in control (dashed line) and MNA-treated
(solid line) groups; (A) morning plasma glucose; (B) body mass. Sig-
nificances estimated by the one-tailed Mann-Whitney U test were p =
0.079 and p < 0.0001, respectively



different between the MNA[–] group and rats receiv-

ing MNA (230 [183–287] g vs. 230 [193–263] g in

MNA[–] group; p = 0.227), being not standardized for

animal survival rate. However, the extents of the re-

ductions in the body weight, standardized for different

survival rates in both animal groups, were apparently

diverging, pointing to a significantly lower body

weight loss in the MNA-treated animals. On the other

side, a similar divergence in the standardized time-

dependent changes in the in-life values of plasma glu-

cose remained beyond statistical significance (Fig. 6).

Negative association was revealed between the termi-

nal body mass and the terminal plasma glucose (RS =

–0.409; p < 0.0005).

Discussion

In the present work, we demonstrated that in rats with

STZ-induced diabetes, chronic treatment with MNA

profoundly lowered fasting glucose concentration in

plasma, displayed mild effect on plasma HbA1c and

peptide C concentration, while it had no effects on the

non-fasting glucose, triglycerides and cholesterol con-

centrations. On the other hand, the MNA treatment

considerably lowered lipid peroxidation, protein car-

bonylation, completely prevented impairment of endo-

thelium-dependent vasodilatation in aorta, which was

mediated entirely by NO, but failed to affect the endo-

thelial function in resistance vessels that was medi-

ated only partially by NO. Most importantly, the chronic

treatment with MNA prolonged the long-term sur-

vival of diabetic rats. Altogether, our studies demon-

strated for the first time that MNA possessed pro-

found anti-diabetic effect that seems to be linked to its

endothelial action that was previously described [4,

9, 15].

Endothelial dysfunction, oxidant stress, and insulin

resistance have been proposed as pathogenic mecha-

nisms that determine diabetes development and dia-

betic vascular complications in humans [3, 17, 36]. In

the present work, we used classical model of the

STZ-induced diabetes that is driven by pancreatic

beta cell loss, and is characterized by increased oxida-

tive stress, impaired NO-dependent function and, as

recently reported, also by insulin resistance [46]. Ob-

viously, insulin resistance as well as endothelial dys-

function develops secondary to prolonged hypergly-

cemia and/or dyslipidemia and increased concentra-

tion of FFA in plasma that are driven by the loss of

beta-cells [29, 30]. The features of insulin resistance

in STZ-models of experimental diabetes also involve

suppression of GLU-4 in skeletal muscle [26], altered

activity of hormone sensitive ATPase [31], and a sig-

nificant loss of adipose mass [44].

The surprising finding of the present work is that

the MNA treatment completely prevented the impair-

ment of endothelial function in aorta but did not re-

versed the impaired endothelial function in resistance

coronary and mesenteric vessels. Importantly, in con-

trast to aorta where endothelial response to acetylcho-

line or histamine was abrogated by L-NAME and thus

mediated entirely by NO, there was only partial in-

volvement of NO in the endothelium-dependent re-

sponses in mesenteric and coronary vessels. These re-

sults suggest that in contrast to aorta, in resistance

mesenteric and coronary vessels, apart from NO,

other endothelial mediators such as COX or EDHF

pathways may play an important role [16], and that

the MNA-mediated protection of arterial endothelium

may be selective toward conduit type of vessels. On

the other hand, it may be linked to a lesser sensitivity

of the detection of changes in NO-dependent func-

tional response if the response was mediated only par-

tially by NO. Indeed, in aorta, NO-dependent hista-

mine-induced response amounted to 94.4%, 66.6%

and 98.6%, respectively for control, diabetic, and dia-

betic + MNA groups, while in coronary vessels, the

NO-dependent component of BK-induced response

amounted to approximately 44.8%, 11.7% and 19.3%

in control, diabetic and diabetic + MNA groups, re-

spectively. Thus, both heterogeneous effects of the

MNA treatment, as well as less sensitive readout of

the MNA effects on the NO-dependent function in

coronary/mesenteric vessels vs. the NO-dependent

function in the aorta has to be taken into account.

Interestingly, there is a clear-cut relationship be-

tween the NO-dependent function and insulin resis-

tance in humans and in experimental animals [36].

For example, in NOS-3 knock-out mice, endothel-

ium-dependent vasodilatation in aorta is lost, and

NOS-3 KO mice display features of the insulin resis-

tance syndrome [19]. However, in the resistance ves-

sels of NOS-3 knock-out mice, impairment of

endothelium-dependent response is not so evident [8,

14], which may further exemplify an heterogeneous

nature of the endothelial regulation in aorta vs. resis-

tance vessels. Interestingly, a differential effect of
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various anti-diabetic treatments on the endothelial

dysfunction in aortic and resistance vessels in STZ-

diabetic rats has been previously reported [28, 45,

47], suggesting that the heterogeneity of endothelium

may have not only functional, but also therapeutic

significance [1].

Despite the lack of the effect of MNA on endothe-

lial dysfunction in resistance vessels, chronic treat-

ment with MNA displayed a remarkable effect on oxi-

dant stress of diabetes (plasma lipid peroxidation, and

carbonylation of plasma proteins), completely pre-

vented the impairment of endothelium-dependent

vasodilatation in aorta that was mediated entirely by

NO, and displayed a profound effect on fasting glu-

cose concentration that could be regarded as an indi-

cator of insulin resistance. This profile of the MNA

action suggests that endothelial/vascular properties of

MNA, but not direct hypoglycemic effects of MNA,

were responsible for the observed significant anti-

diabetic activity and increased long-term survival in

the MNA-treated animals. In fact, the effect of MNA

on long-term survival was independent on changes in

the non-fasting glycemia. Furthermore, the antidia-

betic effect of MNA, being independent on nonfasting

glycemia, may also involve the anti-inflammatory

activity of MNA [9].

Various anti-diabetic treatments are available to-

day, and there is an increased attention to their impact

on the endothelial dysfunction, insulin resistance, oxi-

dant stress and low grade chronic inflammation, that

always co-exist [36], Interestingly, many drugs with

different action mechanisms having beneficial effects

on endothelial function (thiazolidinediones, met-

formin, renin-angiotensin system inhibitors, HMG

CoA reductase inhibitors) were shown to be able to

improve insulin sensitivity, and to possess anti-

diabetic activity. In addition, in the STZ-induced dia-

betes, the AT1 antagonist [35] and PDE-3 inhibitor

cilostazol [12] afford anti-diabetic activity that could

be linked to the vasoprotective activity of these

agents. In that context, treatment with MNA, a major

metabolite of NA, represents another vascular-targeted

therapeutic approach for prevention and treatment of

diabetes and its vascular complications. However, it

remains to be proven whether vascular COX-2/PGI2

pathway and PGI2-dependent anti-inflammatory and

vasoprotective mechanisms [4, 9, 15, 34] or other

mechanisms are involved in the anti-diabetic action of

MNA demonstrated in the present work.

It was previously reported that both nicotinamide

and MNA protected against experimental diabetes in-

duced by high doses of alloxan (800–1200 mg × kg–1)

in mice [21]. Interestingly, these effects were not ap-

parent when acting on pancreatic beta cells in vitro,

which support the notion of vascular mechanisms of

the MNA effect rather than of direct cytoprotective ef-

fects of MNA on beta cells. In our study, in animals

receiving MNA, we revealed higher levels of peptide

C, suggesting that MNA may also be vasoprotective

towards the function of residual pancreatic beta cells,

which have not been completely damaged upon the

cytotoxic action of STZ. Furthermore, in numerous

previous studies, NA also displayed anti-diabetic ef-

fect [7, 21, 27], including its protective effects against

lipid peroxidation in STZ-induced diabetes [33].

However, despite experimental evidence supporting

anti-diabetic efficacy of NA and positive results of

some clinical trials with NA in type I diabetes [5],

larger clinical trials with NA brought disappointment

[23]. No convincing explanation was provided so far

for the variable therapeutic efficacy of NA in diabetes

that was apparent in clinical trails. It is worth noting

however, that Gostelli proposed that therapeutic effi-

cacy of NA may be limited by a diminished NMMT

activity in diabetes [25] and, therefore, by limited

availability of MNA in patients treated with NA. Our

results demonstrating anti-diabetic effect of exoge-

nous MNA treatment seem to support this hypothesis

and point to MNA as a vasoprotective molecule that

afford anti-diabetic effects when given exogenously

as MNA, or when its synthesis was augmented by the

treatment with NA, the substrate for the NNMT activity.

In summary, in the present work, we have demon-

strated that MNA treatment reversed the impairment

of NO-dependent vasodilatation in conduit but not re-

sistance vessels, diminished oxidant stress, improved

insulin resistance (fasting glucose), and altogether led

to a prolonged survival of diabetic rats. Our results

point out that MNA may have potential therapeutic

implications in prevention and treatment of diabetes

vascular complications and warrant further studies in

experimental animals as well as in humans.
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