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Objectives: This study was focused on the monitoring how the anti-inflammatory substance, N'-
methylnicotinamide (MNA), could influence oxidation and glycooxidation stress markers in rats under
conditions of streptozotocin (STZ)-induced diabetes mellitus.

Methods: Diabetes mellitus was induced in 60 male Wistar rats by intraperitoneal injection of STZ and after 7
days diabetic animals were allocated to five groups according to the dose of MNA administered for 7 weeks.
The degree of DNA damage in lymphocytes, as well as advanced glycation endproducts (AGEs), protein
carbonyls, lipid peroxides, and total antioxidant capacity (TEAC) in plasma were measured.

Results: Glycation damage to proteins (represented by AGEs level) was significantly increased in all diabetic
groups compared to untreated non-diabetic animals. MNA did not affect TEAC of plasma in any group of
diabetic rats. Supplementation of diabetic rats with MNA at the dose of 200 mg/kg resulted in decreased
protein carbonyls (from 0.0818 + 0.0091 to 0.0558 + 0.0044 nmol/mg proteins; P < 0.05, n= 15) and DNA
oxidation, reflected by the levels of 8-oxoG (0.6302 + 0.085 vs. 0.9213 + 0.108 8-oxoG/10° G; P < 0.05,
n=15), compared to untreated diabetic animals.

Discussion: Our results demonstrated that MNA at suitable concentrations could influence oxidative
modifications of proteins and DNA.
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Introduction

The oxidative damage provoked by reactive free rad-
icals has been demonstrated to play a significant role
in aging, diabetes, and several other pathological
events.! Diabetes mellitus is associated with an
increased flux of reactive oxygen species into the extra-
cellular space and the impaired cellular redox system
that results in a gradual loss of reducing capacity,
with later implications on enzyme activities and anti-
oxidant defense system.”

With regard to the presence of free radicals and
oxidative steps in the glycooxidation process, com-
pounds with antioxidative effects have been tested in
order to slow down or to stop glycooxidation.>®
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Nicotinamide (NA) is known to be an essential nutri-
ent (vitamin Bj), as it is the precursor of nicotinamide
adenine dinucleotide (NAD™) that participates in a
wide range of biological processes including energy
production, redox state of cells, cellular resistance to
injury, as well as longevity.”® Indeed, NA has been
reported to exert a number of physiological and
pharmacological effects, including the prevention of
ATP depletion, inhibition of poly(ADP ribose) poly-
merase (PARP), prevention of apoptosis, and suppres-
sion of lipid peroxidation.” The results derived of
animal studies indicate that NA may prevent exper-
imental diabetes similar to type 1 onset diabetes in
humans.'” NA is metabolized in the liver by cyto-
chrome P450 to nicotinamide-N-oxide (N-Ox), but
mainly is transformed by nicotinamide N-methyltrans-
ferase to 1-methylnicotinamide (MNA) that is further
metabolized to 1-methyl-2-pyridone-5-carboxamide
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(2-PYR) or 1-methyl-4-pyridone-5-carboxamide by
aldehyde oxidase (Fig. 1)."!

For many years, MNA has been considered
inactive marker of NA metabolic pathway. In in vitro
studies MNA has been shown to be a potent
anti-inflammatory agent.'>'* It appears to be more
protective than NA in the prevention of the onset of
alloxan-induced diabetes in mice.'* Thus, we cannot
exclude the fact that in vivo some biological effects of
NA are mediated by MNA.

MNA therapy was not effective in cases with
accompanying bacterial infection, which indicates
that therapeutic effectiveness of MNA is related to
its anti-inflammatory, but not antibacterial, proper-
ties.!> Moreover, it was demonstrated that MNA
displays an antithrombotic potential.'® All these
observations contradict the common view that MNA
is a biologically inactive metabolite of NA. MNA
anti-inflammatory activity could be associated with
scavenging of reactive forms of oxygen, in particular
superoxide radical anion and hydroxyl radical.
However, in contrast to NA, the mechanism of this
anti-inflammatory activity is still unclear.!”

This study was focused on monitoring the markers
of oxidative stress and glycooxidation under the con-
ditions of streptozotocin (STZ)-induced diabetes mel-
litus in rats and possible beneficial effect of MNA on
these markers in plasma or serum.

Materials and methods

Chemicals

MNA chloride salt was synthesized by alkylation of
NA with methyl chloride in methanol solution, as
described earlier.'® MNA chloride used in our exper-
iments was of high purity (>99.8%), and NA was
identified as a major impurity (<0.2%). STZ, 2,4-dini-
trophenylhydrazine and glycerol were purchased from
Fluka (Buchs, Switzerland); EDTA, o-phenylenedia-
mine, guanidine hydrochloride, Tween 20, 2,2'-azino-
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Major pathways of nicotinamide metabolism (1, nicotinamide N-methyltransferase; 2, cytochrome P450; 3, aldehyde

bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS),
Trolox, bovine serum albumin (BSA), Histopaque
1083, low melting point (LMP) agarose, normal
melting point (NMP) agarose, and Triton X-100
were purchased from Sigma-Aldrich Chemical
(Taufkirchen, Germany); DAPI (4,6-diamidino-2-
fenylindol dihydrochlorid) was purchased from
Merck (Darmstadt, Germany), formamidopyrimi-
dine-DNA glycosylase (Fpg) was received from Prof.
A.R. Collins from the Department of Nutrition,
Faculty of Medicine, University of Oslo in Norway.

Experimental animals

In our study 280-320 g Wistar male rats were used
(n=175). Diabetes mellitus was induced with STZ
(45 mg/kg of body weight dissolved in 0.1 mol/l
citrate buffer, pH 4.5), injected via the tail vein.
Diabetes was diagnosed after 48 hours based on
fasting blood glucose level. Animals with blood
glucose concentrations higher than 16 mmol/1 after
injection of STZ were considered diabetic and were
included in our study. Control rats were injected with
a corresponding volume of citrate buffer. Insulin was
not administered to any group of animals.

Animals were randomly divided into five groups
(n = 15) according to the administration and doses of
MNA: controls (non-diabetic) rats (C), untreated dia-
betic rats (D), diabetic rats treated with MNA at the
doses of 20 (DB), 100 (DC), or 200 mg/kg body
weight per day (DD), respectively. MNA was given
to animals in selected groups in drinking water as a
vehicle, while control animals (diabetic or non-dia-
betic) were treated with vehicle only (pure drinking
water).

The duration of animal treatment was 7 weeks,
starting on the seventh day after induction of diabetes.
After that time the animals were sacrificed by the
intramuscular administration of ketamine, 100 mg/kg
and xylazine, 15 mg/kg of body weight.
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All experiments were performed in accordance with
the Guide for the Care and Use of Laboratory
Animals published by the USA National Institute 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
the local Ethics Committee on Animal Experiments.

Blood collection

Blood was withdrawn by dripping from abdominal
aorta (intravenous cannula 0.8 x25mm, B. Braun
Melsungen AG [Melsungen, Germany]) and anticoa-
gulated with lithium heparin. Plasma levels of basic
biochemical parameters (glucose, uric acid, total
cholesterol, and triacylglycerols) were determined
using commercial kits from Roche Diagnostics
(Rotkreuz, Switzerland) with Hitachi 911 automatic
analyzer (Tokyo, Japan).

Determination of advanced glycation
endproducts in plasma

The level of advanced glycation endproducts (AGEs)
was measured with a modified method'” as the total
fluorescence recorded at wavelengths (exc/emis.)
370 nm/450 nm in plasma diluted with 0.01 mol/l
phosphate-buffered saline and expressed in arbitrary
units per gram of plasma proteins. Fluorescence spec-
trometer PERKIN-ELMER LS45 was used.

Determination of lipid peroxides in serum
Serum lipid peroxides were assayed spectrophotome-
trically (PharmaSpec UV-1700 Shimadzu). The
analysis was based on the ability of lipid peroxides
to convert iodide to iodine, which in assay mixture
consequently reacts with iodide to form I3. The
reaction was initiated by addition of serum (100 pl)
to the assay mixture prepared according to the
El-Saadani’s protocol.”” After 30 minutes the total
amount of lipid peroxides was monitored as absor-
bance of formed I; at 365 nm. Concentrations were
calculating using molar extinction coefficient for I3
(e =24 600Imol ' cm™' and presented in nmol per
ml of serum.

Determination of protein carbonyls in plasma

Concentration of protein carbonyls was measured
by enzyme-linked immunosorbent assay method.?!
Briefly carbonyls of protein samples were derivatized
with 2,4-dinitrophenylhydrazine. A biotin-conjugated
antidinitrophenyl-rabbit-IgG antiserum was used as
a primary antibody and a monoclonal goat antirab-
bit-IgG antibody peroxidase conjugate as secondary
antibody with spectrophotometric detection at
490 nm. Results were calculated from calibration

curve using oxidated BSA as the standard and
expressed in nmol of carbonyls per mg of proteins.

Determination of 8-oxoG (detection of DNA
damage — comet assay) in lymphocytes
Oxidative damage to DNA was determined by the
enzymatic modified comet assay using Fpg for clea-
vage of oxidatively modified purines. DNA damage
is expressed as a number of 8-oxoG per 10° of
guanines.”> >*

DNA breaks are represented by total damage (TD)
values, where 7 is a class of damage and N is the
number of cells in each class:

TD is linearly related to DNA break frequency over a
wide range of damage. The levels of 8-oxoG per 10°
were calculated using TD values and calibration
curve y = 134.97x + 7.0612, where y represents TD
and x represents DNA breaks expressed as 8-oxoG
per 10° of guanines according to ESCODD et al.**

Determination of total antioxidant capacity in
plasma

A method for the determination of antioxidant activity
(Trolox equivalent antioxidant capacity (TEAC) assay)
is a decolorization assay> applicable to both lipophilic
and hydrophilic antioxidants. The preformed radical
monocation of 2,2’-azino-bis(-3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS™) is generated by oxidation
of ABTS with potassium persulfate and is reduced in
the presence of hydrogen-donating antioxidants into
colorless form. Quantification was performed using
the dose-response curve for reference antioxidant
Trolox — a water-soluble form of vitamin E (Sigma-
Aldrich, St. Louis, USA) Results are presented as
mmol of Trolox per liter.

Statistical analysis

Descriptive statistics were obtained for all variables
using mean = SD for normally distributed continuous
variables. The data without deviation from normality
were evaluated using one-way analysis of variance, in
another case Kruskal-Wallis test was used. For stat-
istical analysis, we employed the statistical program
StatsDirect® v.2.3.7 (StatsDirect Sales, Sale, UK).
Graphical representation of data was made using
Excel 2000 (Microsoft Co.). A P-value less than 0.05
was considered statistically significant. Correlations
were characterized with Pearson’s correlation
coefficient.

Results
The biochemical parameters measured in experimen-
tal animals are shown in Table 1. Biochemical
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Table 1 Selected biochemical parameters in plasma of experimental animals (mean + SD)

Animal group

Glycemia (mmol/I)

Cholesterol (mmol/I)

Triacylglycerols (mmol/l) Uric acid (umol/l)

C 1412+0.7 1.03 +£0.038 0.902 +0.161 50.680 + 8.234
n=15 n=15 n=15 n=15

D 28.02 +1.6™* 1.642 +£0.07*** 0.947 +0.188 49357 +2.738
n=14 n=14 n=14 n=14

DB 28.82 + 2.5 1.561 + 0.050*** 0.825+0.123 77.460 = 21.727
n=15 n=15 n=15 n=15

DC 30.69 + 2.2*** 1.577 £0.128** 0.976 +0.147 62.947 += 11.301
n=15 n=15 n=15 n=15

DD 31.24 + 1.9 1.681 +£0.078*** 1.002 +0.180 44.307 + 4.019
n=14 n=14 n=14 n=14

C, untreated controls (non-diabetic); D, untreated diabetic animals; DB, diabetic animals treated with 20 mg MNA/kg of body weight;
DC, diabetic animals treated with 100 mg MNA/kg of body weight; DD, diabetic animals treated with 200 mg MNA/kg of body weight.
Significant difference compared to controls: **P < 0.01, ***P=0.001.
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Figure 2 Effect of MNA treatment on AGE-derived
fluorescence. C, untreated controls (non-diabetic) (n = 14); D,
untreated diabetic animals (n = 14); DB, diabetic animals
treated with 20 mg MNA/kg of body weight (n = 14); DC,
diabetic animals treated with 100 mg MNA /kg of body weight
(n = 15); DD, diabetic animals treated with 200 mg MNA/kg of
body weight (n = 14). DM was induced with single dose of STZ
(45 mg/kg in 0.5 mol/I citrate buffer, pH 4.5) into the tail vein.
Significant difference compared to controls: *P < 0.05,

**P =0.01. Values are expressed in mean + SD.

parameters (glucose, uric acid, total cholesterol, and
triacylglycerols) were not influenced with MNA
administration.

Glycation of proteins

In all diabetic groups AGEs levels were significantly
higher compared to group C — by 55.2% (group D),
53% (DB), 42.9% (DC), and 34.6% (DD) (Fig. 2).
Although no individual MNA dose directly influenced
AGEs level, there was found negative MNA dose
dependence (r = —0.9946, P = 0.0054).

Oxidation of proteins

We did not find higher levels of protein carbonyls in
diabetics compared to controls, but the positive
effect of MNA was observed at the highest dose
administered (Fig. 3). MNA given at the dose of
200 mg/kg of body weight for 7 weeks resulted in
significantly decreased concentration of protein
carbonyls compared to diabetic animals without
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Figure 3 Effect of MNA treatment on formation of protein
carbonyls. C, untreated controls (non-diabetic) (n = 15); D,
untreated diabetic animals (n = 14); DB, diabetic animals
treated with 20 mg MNA/kg of body weight (n = 14); DC,
diabetic animals treated with 100 mg MNA /kg of body weight
(n = 15); DD, diabetic animals treated with 200 mg MNA/kg of
body weight (n = 14). DM was induced with single dose of STZ
(45 mg/kg in 0.5 mol/I citrate buffer, pH 4.5) into the tail vein.
Significant difference compared to untreated diabetic
controls: "P < 0.05. Values are expressed in mean + SD.

treatment (0.0818 £ 0.0339 vs. 0.0558 = 0.0166 nmol/mg
proteins).

Peroxidation of lipids

Significant effect of diabetes on peroxidation of lipids
was not observed (23.83 + 13.35 nmol/ml in controls
vs. 34.99 +25.01 nmol/ml in diabetics; P = 0.1562)
as well as no effect of MNA treatment in any investi-
gated groups of animals was observed.

Oxidative damage to DNA

In our study significantly increased levels (62.2%) of
TD to DNA in untreated diabetic rats (group D) in
comparison with healthy controls were observed
(0.9213 +0.3577 vs. 0.5680 + 0.3471 8-0x0G/10° G)
(Fig. 4). The dose of 200 mg/kg of body weight
(group DD) significantly (by 31%) decreased DNA
oxidation, represented by levels of 8-oxoG levels,
when compared with untreated diabetic animals
(group D) (0.6302 =0.3079 vs. 0.9213 +0.3577
8-0x0G/10° G).
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Figure 4 Effect of MNA treatment on DNA oxidation in
lymphocytes. C, untreated controls (non-diabetic) (n = 13); D,
untreated diabetic animals (n = 11); DB, diabetic animals
treated with 20 mg MNA /kg of body weight (n =14); DC,
diabetic animals treated with 100 mg MNA/kg of body weight
(n =15); DD, diabetic animals treated with 200 mg MNA /kg of
body weight (n = 13). DM was induced with single dose of STZ
(45 mg/kg in 0.5 mol/I citrate buffer, pH 4.5) into the tail vein.
Significant difference compared to controls: *P < 0.05;
significant difference compared to untreated diabetic
controls: "P < 0.05. Values are expressed in mean + SD.
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Figure 5 Effect of MNA treatment on level of Trolox
equivalent antioxidant capacity of plasma. C, untreated
controls (non-diabetic) (n = 15); D, untreated diabetic animals
(n =14); DB, diabetic animals treated with 20 mg MNA/kg

of body weight (n = 14); DC, diabetic animals treated with
100 mg MNA/kg of body weight (n = 15); DD, diabetic animals
treated with 200 mg MNA/kg of body weight (n = 14). DM was
induced with single dose of STZ (45 mg/kg in 0.5 mol/I citrate
buffer, pH 4.5) into the tail vein. Significant difference
compared to controls: *P < 0.05, **P = 0.01. Values are
expressed in mean + SD.

TEAC of plasma

We have observed lower TEAC in plasma of diabetic
rats (group D) when compared with control animals
(1.244 +0.132 vs. 1.434+0.129 mmol Trolox/1).
Effect of MNA was not observed (Fig. 5).

Correlations between the parameters

In the group of 7-week administration of low dose of
MNA (20 mg/kg of body weight) we have observed
the association between the extent of DNA damage
and AGEs level (Table 2). We have found significant
correlations between concentrations of lipid peroxides
and AGEs levels in all studied groups. Since individual

groups have shown similar correlation, Fig. 6 presents
joined correlation for all experimental animals. Under
the conditions of diabetes mellitus lipid peroxidation
significantly negatively correlated with antioxidative
capacity.

Discussion

Although NA has been shown to possess a variety of
anti-inflammatory properties and other biologically
important effects, its main metabolite MNA has
been studied as a biologically active biomarker only
during the last couple of years. Extensive trial evaluat-
ing some of the therapeutic effects of NA, i.e. the pre-
vention of the onset of type 1 diabetes, ended with a
disappointment.?® Interestingly, there is an evidence
in the literature that its metabolite — MNA could be
more potent than its parent compound. It can be
expected that MNA when introduced into blood circu-
lation will interact with glycosaminoglycans located
on a surface of vascular endothelium cells without
effective penetration inside the tissue, thus increasing
its local concentration on the surface. In principle,
MNA can exert its therapeutic function through mul-
tiple mechanisms; however, it seems likely that MNA
anti-inflammatory properties can be associated with
its ability to reduce adherence of pro-inflammatory
cells and molecules to a surface of vascular endo-
thelium.'® Also in in vitro conditions MNA has been
shown to be a potent anti-inflammatory agent.'*!'> It
is more protective than NA in the prevention of the
onset of alloxan-induced diabetes in mice."* Results
from the in vitro study®’ indicate that NA and MNA
may also affect reactive oxygen species generation —
they have shown the dose-dependent scavenging
properties.

In the present study we have tried to find out
whether indicated scavenging properties of MNA
influence the levels of markers of oxidative stress and
oxidative modification of proteins and nucleic acids.
We have treated our animals with different doses of
MNA - 20, 100 and 200 mg/kg of body weight for 7
weeks.

One of the studied parameters was the level of
advanced glycation end products using fluorescent
properties of some of their molecules. Under the con-
ditions of hyperglycemia early glycation products are
accumulated and later modified resulting in formation
of AGEs.”® This is in agreement with our results. A
negative correlation found between MNA dose and
AGE:s fluorescence level could suggest the possibility
of better effect if higher dose of MNA is used. In
our previous work? we have published the decrease
in plasma lipid peroxides influenced by administration
of MNA at the dose of 100 mg/kg of body weight,
Here we have found significant correlations between
concentrations of lipid peroxides®® and AGEs levels
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Table 2 Correlations between the selected parameters (ns - not significant)

AGE vs. lipid peroxides

TEAC vs. lipid peroxides AGE vs. 8-o0xoG

Experimental group R P r P R P

C 0.7224 0.0053 0.2304 ns —0.0080 ns

D 0.8336 0.0004 -0.6222 0.0232 —0.4099 ns

DB 0.5922 0.0256 0.2103 ns 0.6323 0.0203
DC 0.8610 <0.0001 —0.1435 ns 0.1822 ns

DD 0.8830 <0.0001 0.1616 ns —-0.0787 ns

120

=
=)
=]

r=07872
P<0.001 *

®
o
L

Lipid peroxides (nmol/ml)
N o
o =}

AGEs fluorescence (AU/g proteins)

Figure 6 Correlation between the AGEs fluorescence and
concentration of lipid peroxides in serum in joined group of all
experimental animals.

in all studied groups. It is apparent under the con-
ditions of diabetes mellitus that glycation and oxi-
dation are closely related and they damage
concurrently more types of biomolecules.

Protein oxidation is of basic importance in many
degenerative diseases. Free radicals induce several oxi-
dative modifications, from which the protein carbonyls
are most studied and they are a good marker in evalu-
ation of oxidative stress Unlike some
studies’*?! we did not confirm higher levels of
protein carbonyls in diabetics compared to controls,
but the positive effect of MNA was found when the
highest dose was administered.

In the cells mainly the enzyme systems represent
antioxidative capacity, while in plasma low-molecular
weight antioxidants are predominating. We have
observed lower TEAC in diabetic plasma in compari-
son with control animals thus confirming the assumed
oxidative stress in diabetes. Depressed antioxidant
status in diabetes mellitus type I was discussed in
several studies.*** On the other hand, the other
studies have not demonstrated any differences
between diabetic patients and controls.*>*

According to our results effect of MNA on total
plasma antioxidant capacity has been only mild in
the group DC (100 mg MNA/kg of body weight),
which could have been caused by the fact that MNA
probably works at different levels of protection
against oxidative stress. Under the conditions of dia-
betes mellitus antioxidative capacity negatively

in vivo.
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correlated with lipid peroxidation, which could mean
that ‘depletion’ of antioxidants may increase suscepti-
bility of diabetics to oxidative damage.

As the DNA damage is efficiently repaired by cell
repair enzymes, its measurement provides a current
picture of the level of damage to DNA in contrast to
measurement of oxidation of other biomolecules
such as lipids or proteins, with slower turnover.
Thus, oxidation of DNA may be of important value
in the study of progression of disease dependent on
oxidative stress. Using the comet assay we have
found a total increase of damage to DNA in diabetic
animals confirming results of Dandona er al.>* and
Collins er al.,>® who have studied correlations with
other markers. In their work the frequency of Fpg
locations, representing damage to a DNA chain, in
diabetic samples was pretty related to blood glucose
concentration, which we have not found. High concen-
trations of 8-hydroxydeoxyguanosine as a typical
product of DNA oxidation, were found by high-per-
formance liquid chromatography method in lympho-
cytes of insulin-dependent diabetes mellitus as well
as non-insulin-dependent diabetes mellitus patients.*®

We have observed significantly increased levels of
TD to DNA in untreated diabetic rats in comparison
with healthy controls but in the case of treatment of
animals with MNA this difference has disappeared.
In the group of rats with 7-weeks administration of
subdose of MNA (20 mg/kg of body weight) an
association between DNA damage and AGEs level
was observed. 8-oxoG level results from balance
between oxidative DNA damage and the activity of
repair systems as well as activity of antioxidative
systems and it remains unclear as to which component
of the protection system preferentially works.

In the earlier study Watala er al.** have observed a
significant decrease in non-fasting glucose after treat-
ment with MNA and a mild but significant decrease
in HbA,. and for the first time demonstrated that
MNA possessed profound antidiabetic effect that
could be linked to its vasoprotective activity.

Our presented results also show that MNA may
have potential therapeutic application in prevention
and treatment of various (mainly cardiovascular) com-
plications accompanying diabetes mellitus through
affecting oxidative and glycooxidative processes,
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which increase susceptibility to lipid peroxidation,
responsible for increased incidence of atherosclerosis

n

diabetes mellitus. However, potential therapeutic

application of MNA needs further studies with exper-
imental animals as well as in humans.
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