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Abstract
	 Background: Both C-peptide and nicotinamide are known to reduce blood glucose in type 1 
diabetes. In the present study, the effects of C-peptide alone or in combination with nicotinamide on 
glucose and insulin levels in streptozotocin-nicotinamide-induced type 2 diabetic mice.
	 Methods: The study used 70 adult male NMARI mice, weighing 25–35 g, divided into 
seven groups: control; type 1 diabetic; type 2 diabetic; type 2 diabetic + C-peptide; type 2 diabetic 
+ nicotinamide; type 2 diabetic + nicotinamide and C-peptide; type 2 diabetic + glyburide. Type 2 
diabetes was induced with ip injection of streptozotocin–nicotinamide. Twenty eight days after the 
onset of diabetes, treatment with C-peptide, nicotinamide, nicotinamide + C-peptide, or glyburide 
were initiated. Glucose and insulin levels were evaluated. One-way ANOVA and Least Significant 
Difference (LSD) tests were used to test for significance.
	 Results: Blood glucose significantly increased (P < 0.001) in all diabetic mice compared with 
control mice. Insulin resistance and blood glucose levels were significantly reduced (P < 0.05) in 
C-peptide and nicotinamide + C-peptide mice compared with type 2 diabetic mice.
	 Conclusions: The present study supports the anti-diabetic effects of C-peptide, nicotinamide 
+ C-peptide, and suggests that one of the anti-diabetic mechanisms of these compounds is mediated 
through the reduction of insulin resistance.
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Introduction

	 Type 2 diabetes mellitus (T2DM) is an 
advanced and complicated metabolic disorder 
that is characterised by weakened insulin release 
and reduced insulin sensitivity in target tissues 
such as the liver, muscle, and adipose tissue; thus, 
the metabolic effects of insulin normally do not 
apply. High blood glucose is the principal cause 
associated with the complications of T2DM (1). 
All over the world, T2DM currently affects 246 
million people, and is expected to increase to 
380 million by 2025 (2). Long-term high blood 
glucose leads to complications related to T2DM, 
such as cardiovascular disease, neuropathy, 
kidney failure, and retinopathy (3). Novel 

compounds are successively being examined 
and novel strategies established to prevent and 
improve T2DM. In experimental studies, several 
appropriate animal models of diabetes have been 
applied. One of these models is streptozotocin 
(STZ)–nicotinamide (NA)-induced diabetes in 
the mouse. In this model, mice present mild 
hyperglycemia linked with the lack of first-phase 
insulin release, and reduction in mean insulin 
secreted from the pancreas. Therefore, STZ–NA-
induced diabetic mice possess many pathological 
characteristics similar to T2DM (4). STZ is a 
common diabetogenic factor that has cytotoxic 
effects on pancreatic β-cells. NA has partially 
protective effects on pancreatic β-cells in mice; 
therefore, injection of STZ and NA leads to partial 
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damage of pancreatic β-cells (5).
	 C-peptide is composed of 31 amino acids 
and has a half-life of nearly 30 min, and plays 
an important role in the biosynthesis of insulin. 
After separation from proinsulin in the pancreatic 
β-cells, C-peptide is released into the blood stream 
in the same amounts with insulin (6). C-peptide 
has long been regarded as an inert compound; 
however, several studies suggest that C-peptide 
has a physiological function in various tissues. 
C-peptide elevates nitric oxide (NO) generation 
and Na+/K+-ATPase activation in different 
tissues (7). C-peptide improves the complications 
caused by T2DM, including kidney disease and 
neuropathy (8).
	 NA is a water soluble vitamin belonging to 
the vitamin B group. It has been shown to act in 
four different ways: (1) it reduces the toxicity of 
free oxygen radical scavengers, (2) it can improve 
insulin release via increasing NA-adenine 
dinucleotide (NAD), (3) it can increase B-cell 
regeneration, and (4) it can prevent NO release. 
Nicotinamide is therapeutic in type 1 diabetes of 
experimental animal models and humans (9,10). 
The effects of nicotinamide, C-peptide, and 
C-peptide-nicotinamide combination in animal 
models of type 2 diabetes have not been studied. 
Therefore, in the present paper, we examined the 
effects of C-peptide alone and in combination 
with nicotinamide on glucose and insulin levels in 
STZ–NA-induced type 2 diabetes mice. Another 
aim of this study was to induce type 1 diabetes by 
STZ and compare with STZ–NA-induced type 2 
diabetes.

Materials and Methods

Materials

	 Streptozotocin, nicotinamide, and glyburide 
were bought from Sigma-Aldrich Co. (St. 
Louis, MD, USA). C-peptide was bought from 
Bachem Company (Germany). IRMA kit for the 
measurement of insulin was purchased from 
Belgium Company.

Animals

	 70 normal male mice NMARI, five weeks 
of age, weighing approximately 25–35 g, were 
purchased from Ahvaz Jundishapur University 
of Medical Sciences Animal Care Center (Iran). 
The mice were housed in cages under standard 
conditions at 22 °C  ± 2 °C with a 12 h day and 12 
h night cycle, and 65% ± 10% relative humidity. 
Food pellets and water were available throughout 

the experiment. Our study was conducted in 
accordance with guidelines for ethical laboratory 
animal care from Ahvaz Jundishapur University 
of Medical Sciences.

Experimental Design

	 After one week of adaptation, the mice were 
divided principally into the following groups (in 
each group, n = 10)

Group 1: Control (0.5 mL/kg saline, 
intraperitoneal (ip))

Group 2: Untreated type 1 diabetic (65 mg/kg 
STZ, ip)

Group 3: Untreated type2 diabetic (110 mg/kg 
NA and 65 mg/kg STZ, ip)

Group 4: Type 2 diabetic + C-peptide (25 
nmol/kg, ip)

Group 5: Type 2 diabetic + Nicotinamide 
(120 mg/kg, ip)

Group 6: Type 2 diabetic + combination 
C-peptide and Nicotinamide 
(25 nmol/kg C-peptide + 120 mg/kg 
Nicotinamide, ip)

Group 7: Type 2 diabetic + glyburide (10 mg/
kg, ip)

	
	 Before the experiment, the mice were 
fasted for 12 h, but water was freely given. 
Streptozotocin (STZ) was dissolved in normal 
saline. Type 1 diabetes was induced in mice 
via a single administration of 65 mg/kg 
streptozotocin (11). During the first 24 h after 
injection of streptozotocin, to overcome the fatal 
hypoglycemia caused by STZ injection, the mice 
were given a glucose solution (12).
	 In the present study, the goal of inducing 
type 1 diabetes was to compare it with STZ–NA- 
induced type 2 diabetic mice. Nicotinamide was 
dissolved in normal saline. Type 2 diabetes was 
induced in mice via a single administration of 65 
mg/kg streptozotocin, 15 min after the injection 
of 110 mg/kg of nicotinamide (13). Diabetes was 
made conclusive 14 days after administration 
by the positive identification of increased blood 
glucose levels (14). STZ-injected mice exhibited 
blood glucose greater than 250 mg/dL, regarded 
as type 1 diabetic, and STZ–NA-injected mice 
exhibited blood glucose greater than 200 mg/dl, 
regarded as type 2 diabetic (15,16). Blood glucose 
levels from tail vein samples were measured using 
a glucometer. Body weight was measured weekly 
during the experiment. 
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	 The doses of C-peptide (12), Nicotinamide 
(10), and glyburide (17) were obtained through 
prior studies. The compounds were injected once 
daily for 28 days after verification of diabetes 
in STZ–NA-induced type 2 diabetic mice. The 
control and untreated diabetic mice were given 
saline (0.5 mL/kg) daily during the treatment 
period. In this study, glyburide was utilized as 
the hypoglycemic factor (18). Before injections, 
C-peptide and nicotinamide were dissolved in 
normal saline. Glyburide was dissolved in distilled 
water. At 24 h after the final injections, the mice 
were killed under light ether anesthesia and blood 
samples were obtained from the heart. A portion 
of blood was used for glucose measurement, while 
the remaining blood was poured into centrifuge 
tubes and centrifuged at 3500 rpm for 20 min, 
and then the serum was used for the measurement 
of insulin (19).

Blood glucose, serum insulin levels, and fasting 
insulin resistance index (FIRI)
	 Serum insulin levels were measured via 50 μL 
of serum using immunoradiometric assay (IRMA) 
kit. Intra- and inter-assay coefficients of variation 
were 2% and 4%, respectively (20). Low-end 
sensitivity of insulin was 1 μU/mL. Blood glucose 
levels were determined using a glucometer. A 
drop of blood given from the heart was slowly 
placed on the test region of the glucometer and 
the blood glucose level was indicated in mg/dL. 
FIRI was computed using the formula, FIRI = 
fasting insulin (μU/mL) × fasting glucose (mg/
dL) / 405 (21).

Statistical analysis
	 The results were presented as mean (SD), if 
normally distributed. Before statistical analysis 
was performed, the normal distribution and 
homogeneity of the variances were evaluated 
using Kolmogorov–Smirnov test and Levene’s 
test. Results were analysed by one-way analysis 
of variance (ANOVA), followed by post-hoc 
LSD tests. P < 0.05 was regarded as significant. 

Calculations were performed with SPSS                                                       
version 15.0.

Results

Effect of STZ and combination of STZ–NA- in 
mice
	 Injection of STZ significantly enhanced blood 
glucose levels (P < 0.001) in STZ-induced diabetic 
mice compared to control and STZ–NA mice, and 
also decreased body weight (P < 0.05) and serum 
insulin (P < 0.001) in STZ-induced diabetic 
mice compared to control mice. Injection of ST–
ZNA significantly enhanced blood glucose levels                                                    
(P < 0.001) in STZ–NA-induced diabetic mice 
compared to control mice (Table 1).

Effect of C-peptide, nicotinamide, and 
combination of C-peptide with nicotinamide 
on blood glucose levels in STZ–NA-induced 
diabetic mice
	 Administration of C-peptide and glyburide, 
and co-administration of C-peptide and 
nicotinamide, for 28 days in STZ–NA-induced 
diabetic mice when compared to type 2 diabetic 
mice, had significantly (P < 0.05) reduced 
blood glucose. Blood glucose in type 1 diabetic 
(P < 0.001), type 2 diabetic (P < 0.05), and 
nicotinamide-treated (P < 0.05) mice were 
significantly elevated compared to control mice 
(Figure 1).

Effect of C-peptide, nicotinamide, and 
combination of C-peptide with nicotinamide 
on serum insulin levels in STZ–NA-induced 
diabetic mice
	 Administration of C-peptide and 
nicotinamide for 28 days in STZ–NA-induced 
diabetic mice did not significantly alter serum 
insulin compared to control mice. Serum insulin 
levels in type 1 diabetic (P < 0.001), C-peptide + 
nicotinamide-treated (P < 0.01), and glyburide-
treated (P < 0.01) were significantly reduced 
compared with control mice.

Table 1: Effect of streptozotocin (STZ) and combination of nicotinamide (NA)– with STZ in diabetic 
mice (n = 10)

Control Group STZ group STZ-NA group
Body weight (g) 35.53 (0.87) 30.83 (2.9)* 32.66 (2.71)
Blood glucose (mg/dL) 152.54 (4) 346.5 (4.5) ***# 256.53 (4)***
Serum insulin (µIU/mL) 39.24 (1) 28.28 (1.31)*** 34.46 (2)
*P < 0.05, ***P < 0.001 versus control group, #P < 0.05 versus STZ-NA group. Mean (SD), one-way ANOVA and post hoc                      
LSD tests.
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Effect of C-peptide, nicotinamide, and 
combination of C-peptide with nicotinamide 
on fasting insulin resistance index (FIRI) in 
STZ–NA-induced diabetic mice
	 Administration of C-peptide and glyburide, 
and co-administration of C-peptide and 
nicotinamide, for 28 days in STZ–NA-induced 
diabetic mice compared to type 2 diabetic 
mice, significantly (P < 0.05) reduced FIRI. 
Nicotinamide-treated mice did not significantly 
alter FIRI compared to type 2 diabetic mice.

Discussion

	 The present study showed that STZ injection 
seriously enhanced blood glucose caused by 
loss of insulin, and decreased body weight as a 
consequence of glycosuria and serious destruction 
of tissue proteins in STZ-induced type 1 diabetic 
mice (11,22). STZ is a toxic compound for 
pancreatic beta cells and can release nitric oxide 
(NO), which NO plays a main role in beta cell 
destruction linked to STZ. STZ causes rapid death 
of beta cells. STZ has been shown to cause damage 
to beta cells and subsequent insulin deficiency 
(23–25). Previous investigations demonstrated 
that hyperglycemia-induced destruction of 
pancreatic beta cells could be a consequence 
of the oxidative stress; therefore, antioxidant 
compounds possess protective effects against 
the damage caused by hyperglycemia (26). NA 
and STZ administration mildly enhanced the 
blood glucose without affecting body weight 
in STZ–NA-induced type 2 diabetic mice, and 
this may be ascribed to NA inducing T2DM. NA 

functions as an antioxidant and inhibitor of NO 
release, protecting β-cells against the cytotoxic 
action of STZ (10). T2DM occurs through the 
downregulation of insulin receptors in target 
tissues and insulin resistance. Insulin is released 
but cannot activate receptors on target tissues 
(27). Glyburide is an anti-diabetes medication in 
which the mechanism of action is not properly 
understood (28). In this study, administration of 
glyburide for 28 days in STZ–NA-induced diabetic 
mice significantly decreased serum insulin, blood 
glucose, and FIRI compared to control and type 
2 diabetic mice. Extended administration periods 
of glyburide reduces blood glucose associated 
with a progressive descent in insulin release. In 
type 2 diabetic patients, Hirshman et al. showed 
that glyburide administration decreased insulin 
resistance in rats (18). C-peptide is an effective 
endogenous compound that increases the 
expression of endothelial nitric oxide synthase 
(eNOS), Na+, K+-ATPase activity, glycogen 
synthesis, amino acid absorption, and the 
stimulation of glucose transport (6,29). Several 
experiments in animals and type 1 diabetic patients 
have shown that C-peptide administration 
exerts advantageous effects on diabetes-induced 
complications in kidneys, central and peripheral 
nerves (30). Results from the present study 
revealed that blood glucose and FIRI were 
significantly reduced without affecting serum 
insulin levels in type 2 diabetic mice that received 
C-peptide. Reduced blood glucose, the decrease 
of FIRI, and the reducing effect of C-peptide on 
FIRI may be because of stimulation of glucose 
transport in skeletal muscle. Wu and Sato et al. 
showed that C-peptide decreased blood glucose 
in type 1 diabetic rats (8,31); however, Rebsomen 
and Akihiro et al. showed that C-peptide did not 
affect blood glucose levels (11,32). Nicotinamide 
is a vitamin that is utilized for the prevention 
of type 1 diabetes in animal models and clinical 
trials (12). In this investigation, nicotinamide 
injection did not show an effect on blood glucose 
in type 2 diabetic mice. Yoshino et al. reported 
that nicotinamide injection improved glucose 
tolerance in female diabetic mice, but glucose 
tolerance was not completely improved in male 
diabetic mice (33). Alenzi, Stevens et al. revealed 
that nicotinamide administration decreased 
blood glucose in type 1 diabetic rats (10,34). Co-
administration of C-peptide and nicotinamide in 
our study reduced blood glucose and FIRI similar 
to C-peptide administration alone. C-peptide, 
when associated with nicotinamide, was capable 
of decreasing serum insulin levels compared with 
control mice, although the mechanism of action 
is unclear. Further experiments are needed to 

Figure 1: Blood glucose concentration of control 
(cont), type 1 diabetic (dia1), type 2 
diabetic (dia2), C-peptide-treated (CP), 
Nicotinamide-treated (NA), C-peptide 
+ nicotinamide-treated (CP+NA) and 
glyburide (glyb) treated mice (n = 10). 
*P < 0.05, ***P < 0.001 versus control 
group, #P < 0.05 versus dia2 group. 
Mean (SD). one-way ANOVA and post 
hoc LSD tests.
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understand the precise mechanisms by which 
C-peptide, nicotinamide, and the combination of 
C-peptide and nicotinamide reduce the increased 
blood glucose in type 2 diabetic mice.

Conclusion

	 Our study suggests that C-peptide 
administration, and co-administration of 
C-peptide and nicotinamide, may decrease                         
blood glucose by reducing FIRI in type 2 diabetic 
mice.
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