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ABSTRACT 
 

Insulin dependent diabetes mellitus (IDDM) results from irreversible loss of beta cells (β-
cells) of the pancreas. A Streptozotocin (STZ)-induced diabetes in animal model mimics, in 
some aspects, recent onset IDDM. This study was conducted to investigate the effect of 
nicotinamide on experimentally-induced IDDM.   

Thirty Spraque Dawley rats were divided into 3 groups; a control group, a diabetic group 
which received an intraperitoneal (i.p.) injection of 55 mg/kg STZ and a nicotinamide group 
(1g/kg/day) which were dosed orally for 3 days followed by (i.p.) STZ (55 mg/kg)  with the 
nicotinamide treatment continuing for an additional 14 days.  

Rats receiving STZ became diabetic after 2 weeks.  This diabetic group showed            
hyperglycemia, and a very low level of C-peptide. Furthermore, pancreatic islets exhibited  
increased nitric oxide (NO) production together with an increased apoptotic index (as       
detected by TUNEL and electron microscopy). Nicotinamide treatment prevented STZ-
induced diabetes, it also antagonized an increase in NO, and inhibited β-cell apoptosis.   
Fasting blood glucose, serum insulin and serum C-peptide were all within the normal range 
in the nicotinamide group.  

The nicotinamide protection of β-cells may be facilitated via inhibition of apoptosis and 
nitric oxide generation.  It is suggested that nicotinamide might be considered an effective 
agent for the prevention and treatment of IDDM in prediabetic, and early stages, of IDDM. 
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INTRODUCTION 
 

Insulin dependent diabetes mellitus (IDDM) is one of 
the most common chronic diseases and a major cause of  
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morbidity and mortality. It is manifested by a set of 
metabolic abnormalities, all of which are attributed to 
insulin deficiency. In diabetes, activation of the nuclear 
enzyme poly ADP-ribose polymerase (PARP) is an im-
portant factor in oxidative-nitrosative injury, which con-
tributes to the development of experimental IDDM.  

IDDM is likely to be associated with dysregulation of 
apoptosis or an increase in apoptosis. The non-obese 
diabetic (NOD) mice, a widely used model of human 
autoimmune IDDM, were used to establish the mode of 
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beta-cell death (β-cell) responsible for the development 
of IDDM. It is a cytokine-mediated, T-helper cell and 
macrophage-dependent disease. Activated macrophages 
produce a variety of free radicals, nitric oxide (NO), and 
also produce interleukin-1 (IL-1). IL-1 β has been found 
to activate the inducible form of nitric oxide synthase 
(iNOS) and thus cause increased production of NO 
within the β-cell.1,2 

Nicotinamide (vitamin B3), a water-soluble vitamin, 
is a weak PARP inhibitor and a biochemical precursor of 
nicotinamide adenine dinucleotide (NAD). It has been 
shown to improve energy status in ischemic tissues,3 
exhibit antioxidant properties and metabolic improve-
ments4,5 and inhibit apoptosis.6 This makes it an attrac-
tive potential agent for the treatment of IDDM. Nicoti-
namide has no serious side effects, and plays a beneficial 
role in delaying the onset of IDDM in NOD mice7 and 
has shown promising results in humans.8 Treatment of 
prediabetic with nicotinamide improves diabetic meta-
bolic alterations, most likely by counteracting beta-cell 
dysfunction and loss associated with oxidative stress.9 It 
is also not known whether the effects of nicotinamide on 
rodent beta cells can be reproduced in human β-cells. 
Protection was induced by giving the agent after the cells 
had been exposed to cytotoxic compounds such as Strep-
tozotocin (STZ).10 Treatment with nicotinamide provides 
protection against free radicals and oxidative stress,11,12 
improves neurological outcome and reduces infarct vol-
ume in transient and ischemia in vivo.13,14 

However, the exact mechanism of action of nicoti-
namide in diabetes is still under investigation. The main 
objectives of the present study were to evaluate the ef-
fect of nicotinamide in experimentally-induced diabetes, 
and to investigate the mechanism of action of nicotina-
mide especially aspects of β-cell, NO metabolism and 
apoptosis, using a variety of biochemical and histologi-
cal approaches. 

 
MATERIALS AND METHODS 

 
Animals and Treatment 

Thirty male Spraque Dawley rats weighing 200-250g 
were used in this study. Rats were obtained from the 
Jackson Laboratory (ME, USA) and were kept in metal-
lic cages with good ventilation. Animals were fed a stan-
dard laboratory chow, with water and libitum. 

Rats were divided into three equal groups, with 10-
animals in each. The first group received a single intrap-
eritoneal (i.p.) dose of 55 mg/kg b.w. (ref15) of the dia-

betogenic agent streptozotocin (STZ; Sigma, USA) 
which had been dissolved in citrate buffer at pH 4.5. The 
second group received a single i.p injection of citrate 
buffer and served as control group. The third group re-
ceived oral nicotinamide (Sigma, USA) dissolved in dis-
tilled water, at a dose of 1 g/kg b.w. (ref15) given daily 
for 3 consecutive days, followed by a single i.p. injection 
of 55 mg/kg b.w. of STZ, after which oral nicotinamide 
administration continued for an additional 14 days. 

Urine glucose content and body weight were moni-
tored throughout the 14 days for each of the three animal 
groups. At the end of the treatment protocol, rats were 
fasted overnight, and then anaesthetized with sodium 
pentobarbitone (60 mg/kg, ip.). Blood samples were 
taken from the heart, and serum was separated by cen-
trifugation at 3000g for 15 min, and then stored at -20˚C 
until used. The pancreas from each animal was removed 
using the technique described by Lacy and 
Kostianovsky,16 and was then divided into three parts. 

 
Isolation of Pancreatic Islets 

Islets were isolated from one portion of the pancreas 
using a Ficoll gradient after collagenase digestion.17 Islet 
cells then were counted and plated at a concentration of 
104 cells/ml into tissue culture dishes containing RPMI-
1640 (Sigma, USA) culture medium supplemented with 
10% fetal calf serum. 

 
Histological Examination  

The second portion of pancreas was fixed in Bouin's 
solution, embedded in paraffin and serial sections (4 μm) 
were cut. The sections were stained with hematoxylin 
and eosin (H & E) and aldehyde fuchsin for the differen-
tiation of β –and α-cells.18 To demonstrate apoptosis, 
sections were stained immunohistochemically using the 
terminal deoxy- nucleotidy1 transferase deoxyuridine 
triphosphate nick end labeling method (TUNEL) (R&D, 
USA). TUNEL-stained apoptotic cells were counted and 
the apoptotic index was calculated as the number of 
apoptotic cells per 100 islets. Viable cells were identified 
by their intact nuclei with blue fluorescence; necrotic 
cells by their intact nuclei with yellow fluorescence 
(positive for fragmented nuclei with blue fluorescence). 

 
Electron Microscopy   

The third portion of the pancreas was immediately 
cut into small cubes and transferred to ice-cold fixation 
buffer (1.25% v/v glutaraldehyde in 0.1 mM cacodylate-
HC1 buffer, 0.1 M sucrose, and 2 mM calcium chloride; 
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pH 7.2) and prepared for transmission electron micros-
copy.19 
 
Biochemical Analysis 

Blood glucose was measured by the glucose oxidase 
method using Haemoglucotest strips (Boehringer Mann-
heim, Germany). Serum insulin was determined by Im-
mulite Insulin (Diagnostic Products Corporation, Los 
Angeles) which depends on a two-site chemiluminescent 
enzyme-labeled immunometric assay20 Serum C-peptide 
was measured by radioimmunoassay (Medgenix Diag-
nostics) as described by Kumar et al.21 Nitric oxide in 
islet cells cultured in vitro was determined spectropho-
tometrically by measuring the accumulation of its stable 
oxidized product, nitrite. Nitrite was estimated in cell 
culture by using Griess reagent and was quantified using 
sodium nitrite as standard.22 All chemicals and reagents 
were of pure analytical grade. 

 
Determination of Apoptotic Cells by Terminal De-
oxynucleotidyl Transferase dUTP Nick End Label-
ling (TUNEL)  

Slides were air dried overnight, rehydrated in TBS 
for 15 minutes at room temperature and dried. The slides 
were covered by a 5 ml droplet of protein K diluted 
1:100 in 10mM Tris (pH 8), incubated 5 minutes at room 
temperature then dipped three times into TBS and dried. 
The slide was covered with 100 μl of supplied equilibra-
tion buffer and incubated for 30 minutes at RT. Excess 
buffer was poured off and freshly prepared TdT labelling 
mixture (3 μl TdT enzyme in 57 μl TdT labelling reac-
tion mix (Frag EL:Calbiochem, Nottingham, UK) was 
layered on to the cells. The slide was incubated at 37°C 

in humidified chamber for 1.5 hour then washed x3 in 
TBS at room temperature. A coverslip was applied over 
mounting medium (Frag EL) and sealed with nail var-
nish to prevent evaporation. Apoptotic cells were scored 
by fluorescent light microscopy (494 nm).  
 
Statistical Analysis 

Statistical analysis was carried out using Microsoft 
Excel spreadsheet and the StatView SE +graphics soft-
ware. The probability of a significant difference between 
groups was determined by Mann-Whitney U test and 
Wilcoxon Signed rank test. Graphs were plotted using 
Cricket graph graphics package. All software was run on 
a Macintosh computer. 

 
RESULTS 

 
Biochemical Results 

The results illustrated in Table 1 and Figure 1 show 
that STZ injection (55 mg/kg b.w.) into rats induced se-
vere diabetes. This was manifested as a significant eleva-
tion in fasting blood glucose (+ 146.1%), and significant 
reductions in serum insulin (-82.2%) and C-peptide  
(-90.5%). These changes were accompanied by a signifi-
cant decrease in body weight (-24.9%) as compared with 
the control group. 

Nicotinamide treatment (oral 1 g/kg b.w.) for 18 days 
(starting from 3 days prior to STZ injection), signifi-
cantly prevented the diabetogenic effect of STZ as com-
pared with the STZ group. In the nicotinamide treated 
group, body weight, fasting blood glucose, serum insulin 
and C-peptide were similar to the normal values seen in 
the control group (Table 1, Figure 1). 

 
 
Table 1. Body weight, blood glucose, serum insulin, serum C-peptide and β-cell nitrite in the control and the treated rat 
groups. 

Parameter Control group STZ group Nic+STZ group 
Body weight (g) 229.4+4 172.3+5.1* 227.3+4* 

Blood glucose (mg/dL) 72.3+4 177.9+15.4* 81+3.4** 

Serum insulin (uIU/mL) 25.3+1 4.5+0.6* 25+1.5** 

Serum C-peptide (pmol/mL) 0.7+0.1 0.1+0.01* 0.7+0.1** 

Β-cell nitrite (pmol/10 cells) 33.7+3.2 161.5+5.5 40+4** 
Values are means + SEM; n=10 
STZ was injected i.p. as a single dose of 55 mg/kg b.w. 
Nicotinamide was administered orally 1 g/kg b.w. daily for 3 days prior to STZ injection and continued for additional 14 days.  
* Significant at P<0.001 compared with the control group.  
**Significant at P<0.001 compared with the STZ group. 
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Figure 1. Blood glucose, serum insulin and serum C-peptide 14 days post STZ injection in various experimental groups. Val-
ues are means of 10 experiments. 

 
STZ-induced diabetes was associated with a signifi-

cant increase in the nitric oxide content in the β-cell cul-
ture (measured as nitrite). This increase was counter-
acted by nicotinamide treatment, as shown in Table-1. 
We found a significant negative correlation between β-
cell nitrite and fasting serum insulin (r = -0.9768, P 
<0.001) (data not shown). We also found a significant 
positive correlation between β-cell nitrite and fasting 
blood glucose (r = + 0.9262, P < 0.001) (data not 
shown). These results indicate that nitric oxide plays a 
central role in β-cell damage induced by STZ. This no-
tion was further confirmed by histological and electron 
microscopic examinations of the pancreatic islets. 

 
Histological Findings 
i- Light microscopy 

Pancreatic sections from the control group showed 
the cells of the islets of Langerhans arranged as anasto-
mosing cords that were profusely supplied by fenestrated 
capillaries (Figure 2A). Aldehyde fuchsin stain showed 
the β-cells, in control group, characterized by specific 
fine fed granules distributed in the cytoplasm and located 
mainly in the center of the islets forming the main mass 
of islets (Figure 2B). In STZ group, there was extensive 
degeneration of most of the β-cells, and this was mani-
fested by the vaculated cytoplasm, the absence of secre-
tory granules, and furthermore, the nuclei were small and 
pyknotic (Figure 2C). Light microscopic examination of 
the third group of animals (nicotinamide+STZ group) 
showed no pathological changes and β-cells appeared 
normal (data not shown). Figure 2D shows normal β-
cells on nicotinamide-treated rats on light microscopy. 

 
Figure 2A. A photomicrograph of islet of Langerhans of 
normal non-diabetic rat showing islet cells arranged as 
anastomosing cords profusely by fenestrating capillaries (H 
& E ×400).  

 

 
Figure 2B. A photomicrograph of islet of Langerhans show-
ing β cells of control rat characterized by specific fine red 
granules distributed in the cytoplasm and located mainly in 
the center of islets forming the main mass of islets (Alde-
hyde fuchsin ×400). 
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Figure 2C. A photomicrograph of islet of Langerhans of 
diabetic rat showing vaculated cytoplasm, absence of secre-
tory granules and the nuclei are small and pyknotic (H & E 
×400). 
 

 
Figure 2D. A photomicrograph of islet of Langerhans of 
nicotinamide-treated group showing normal β cells more or 
less as the control (Aldehyde fuchsin ×400). 

 
ii- Electron microscopy 

β-cells of both the control and nicotinamide-STZ 
groups appeared normal with a single nucleus sur-
rounded by a cytoplasm which contained mitochondria, 
Golgi apparatus, endoplasmic reticulum and insulin sec-
retory granules (Figure 3A).  

On the other hand, β-cells of STZ group showed 
electron -translucent areas in the cytoplasm, nuclear 
pyknosis and indentation of the nuclear membrane. Fur-
thermore, the nuclear membrane of some cells appeared 
dissolved with the chromatin content spilled into the 
cytoplasm. The cytoplasmic organelles showed severe 
pathological changes when the mitochondria were swol-
len; they had lost their cristae, and the vesicles of the 
Golgi apparatus were dilated. The secretary granules 
were fewer in number, and sometimes had even com-
pletely disappeared (Figure 3B).  

 
Figure 3A. Electonmicrograph of β cells of control rat 
showing the single nucleus surrounded by a cytoplasm con-
taining mitochondria, Golgi apparatus, endoplasmic reticu-
lum and insulin secretory granules.  
 

 
Figure 3B. Electonmicrograph of β cells of diabetic rat 
showing degenerating β cells, absence of   secretory gran-
ules and degeneration of organelles. 

 
iii- TUNEL immunohistochemistry: 

Apoptotic cells appeared as blue-stained and were 
detected by TUNEL assay (Figure 4A). They were 
counted and the apoptotic index was calculated (Figure 
4B).  

The apoptotic index in the STZ (diabetic) group was 
12.6 + 1.5, whereas the apoptotic indices of the control 
group, and of the nicotinamide-STZ group, were 1.8 + 
0.1 and 2.2+0.2, respectively. The STZ group showed a 
significant increase in apoptosis as compared with the 
control group (P<0.001). There was no significant dif-
ference in β-cell apoptosis between the nicotinamide-
STZ group and the control group. 

Apoptosis index correlated with the rate of nitric ox-
ide production in β-cells (r = + 0.922, P<0.001) (data not 
shown), thereby supporting our notion of a central role 
of nitric oxide in STZ-induced apoptosis. 
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Figure 4A. A photomicrograph of islet of diabetic rat show-
ing apoptotic β cells stained blue (TUNEL ×400). 
 

 
Figure 4B. Apoptotic index of β-cells in various experimen-
tal groups (expressed as mean number of apoptotic cells 
per 100 islets) 14 days post STZ injection. Values are means 
of 10 experiments. 

 
DISCUSSION 

 
STZ contains a nitroso moiety and can liberate NO 

which may, at least in part, be responsible for the STZ-
induced damage of pancreatic β-cells of rodents.12 Gen-
eration of free radicals, DNA strand breaks, activation of 
the PARP and depletion of intracellular NAD appear to 
be common factors in β-cell death, whether mediated by 
oxygen radicals, nitric oxide, or STZ.23-25 

It has been demonstrated that, in a multiple low dose 
STZ model of IDDM, apoptosis of mouse β-cells was the 
mode of death in these cells.25 In the present study, STZ 
(55 mg/kg b.w. single dose) was used to induce diabetes 
in rats. This was characterized by hyperglycemia, hy-
poinsulinemia, and a very low level of C-peptide. More-
over, TUNEL immunohistochemistry of pancreatic islets 

showed enhanced apoptosis as compared to normal con-
trol rats. Electron microscopic examination confirmed 
the presence of apoptotic changes manifested as nuclear 
pyknosis, indentation of nuclear membrane, chromatin 
release into the cytoplasm, swollen mitochondria, dila-
tion of Golgi apparatus vesicles and disappearance of 
secretory granules.  

Type-1 diabetes has been accepted to be a cytokine-
mediated, T-helper-cell and macrophage-dependent dis-
ease. Recruited macrophages are stimulated by IFN-γ to 
produce IL-1 β and TNF-a which, in synergy with IFN-γ, 
leads to β-cell toxicity via β-cell specific induction of 
NOS and apoptosis-activating pathways.26 The present 
data demonstrated that STZ-induced diabetes was asso-
ciated with an increased production of NO in β-cells. 

NO has been implicated in β-cell death by inducing 
necrosis or apoptosis, or both. NO is known to activate 
Krebs cycle aconitase by nitrosylation of Fe-S groups, 
thereby preventing glucose oxidation and ATP genera-
tion, and thus leading to cell death by necrosis.27 More-
over, NO can damage DNA through the induction of 
DNA strand breaks.26,27 DNA strand breaks may cause β-
cell necrosis by themselves, or by the activation of DNA 
repair mechanisms, including the induction of the PARP, 
and thereby leading to depletion of cellular NAD and 
finally β-cell death.26,27 

In the present investigation, a significant positive 
correlation was found between NO production and the 
percentage of apoptotic cells in rat islets. NO generation 
has been suggested to be one of the mechanisms of STZ-
induced diabetogenesis.28 Besides being a strong alkylat-
ing agent that can directly damage DNA in β-cells, STZ 
contains a nitroso moiety that can liberate NO.29 In an in 
vitro β experiment, NO was found to be generated from 
STZ in presence of ascorbate and Cu (II). Nicotinamide 
was shown to prevent this NO release through complex 
formation between nicotinamide and Cu (I) which is 
reduced by ascorbate.30 

Since the pancreatic islets of rats contain both ascor-
bate and copper in relatively high amounts relative to 
other organs, the induction of diabetes by STZ (and its 
protection by nicotinamide) has been attributed to NO 
generation, and to inhibition of NO generation, respec-
tively.30 

In the present in vivo study, rats treated with nicoti-
namide (1g/kg b.w./day), 3 days prior to STZ and for 14 
days after STZ, exhibited normal nitric oxide levels, to-
gether with a normal apoptotic index of β-cells. Further, 
nicotinamide prevented STZ-induced diabetes where 
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fasting blood glucose, serum insulin and C-peptide were 
all within the normal range. Thus, we believe nicotina-
mide protected β-cells against STZ by inhibiting NO-
mediated damage. Nicotinamide may prevent islet cell 
nitric oxide production by inhibiting the expression of 
iNOS in β-cells. The role of oxygen radicals, generated 
during STZ-induced islet cell damage, as possible me-
diators of the expression of iNOS has already been sug-
gested. NO is known to react synergistically with the 
superoxide anion, released by macrophages, to form a 
peroxynitrite anion and the far-more reactive hydroxyl 
radical which might play a major role in apoptotic cell 
death. Nicotinamide has proven to have free radical 
scavenging activity and consequently could well reduce 
DNA damage.31 In the present study, we feel the impor-
tance of the process whereby nicotinamide treatment 
inhibits β-cell apoptosis may be further supported by our 
finding that nicotinamide prevented the development of 
diabetes in a cyclophosphamide induced NOD mouse 
model, and that it did so by reducing β-cell apoptosis. As 
nicotinamide is involved in NAD biosynthesis, it can 
restore the islet cell content of NAD towards normality 
and can also inhibit the DNA repair enzyme, PARP, 
thereby preventing cellular NAD depletion and inhibit-
ing apoptosis.32-34 Although nicotinamide can antagonize 
the damaging effects of STZ by suppressing glutathione 
depletion, the mechanism by which nicotinamide pro-
tects cells against apoptosis does not involve a reduction 
in oxidative stress.35 It can be concluded that nicotina-
mide holds promise as a dietary supplement to help pre-
vent disorders involving excessive apoptosis. As apop-
tosis represents the mode of β-cell death in STZ-induced 
IDDM, and nicotinamide effectively prevented it, we 
feel that nicotinamide (a readily available and regulatory 
approved natural substance) may be thus recommended 
as a promising candidate for the prevention and treat-
ment of IDDM in prediabetic and early stages of IDDM 
in humans. 
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