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Abstract
Administration of both streptozotocin (STZ) and nicotinamide (NA) has been proposed to induce experimental diabetes in the

rat. STZ is well known to cause pancreatic B-cell damage, whereas NA is administered to rats to partially protect insulin-

secreting cells against STZ. STZ is transported into B-cells via the glucose transporter GLUT2 and causes DNA damage

leading to increased activity of poly(ADP-ribose) polymerase (PARP-1) to repair DNA. However, exaggerated activity of this

enzyme results in depletion of intracellular NADþ and ATP, and the insulin-secreting cells undergo necrosis. The protective

action of NA is due to the inhibition of PARP-1 activity. NA inhibits this enzyme, preventing depletion of NADþ and ATP in

cells exposed to STZ. Moreover, NA serves as a precursor of NADþ and thereby additionally increases intracellular NADþ

levels. The severity of diabetes in experimental rats strongly depends on the doses of STZ and NA given to these animals.

Therefore, in diabetic rats, blood glucose may be changed in a broad range – from slight hyperglycemia to substantial

hyperglycemia compared with control animals. Similarly, blood insulin may be only slightly decreased or substantial

hypoinsulinemia may be induced. In vitro studies demonstrated that the insulin-secretory response to glucose is

attenuated in STZ–NA-induced diabetic rats compared with control animals. This is due to reduced B-cell mass as well as

metabolic defects in the insulin-secreting cells. Results of numerous experiments have demonstrated that this model of

diabetes is useful in studies of different aspects of diabetes.
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Introduction

Diabetes mellitus is a complex metabolic disease affecting
about 5% of people all over the word. According to the
classification proposed by the American Diabetes
Association, diabetes is divided into different types.1 Type 1
diabetes accounts for 5–10% of all diabetic cases and
results from the autoimmune destruction of the pancreatic
B-cells. This type of diabetes usually develops rapidly
because of the grave destruction of the insulin-secreting
cells and patients are dependent on exogenous insulin.
Type 2 diabetes is more frequent, accounts for 90–95% of
all diabetic cases, is characterized by insulin resistance and
relative insulin deficiency, and is frequently accompanied
by overweight or obesity. Hyperglycemia usually develops
slowly, and at earlier stages, blood glucose is moderately
elevated. In type 2 diabetes, insulin resistance is initially
compensated by increased secretion of insulin; however,
this prolonged overstimulation of insulin secretion leads
over time to progressive exhaustion and degradation of
B-cells.2,3 In individuals with type 2 diabetes, numerous
abnormalities in these cells have been described. In

humans with type 2 diabetes, glucose-stimulated insulin
secretion is substantially impaired. However, insulin-
secretory response to amino acids or sulphonylureas is
usually less affected. Moreover, the first phase of insulin
secretion and the pulsatility of hormone release have also
been demonstrated to be disturbed in type 2 diabetic
patients.4,5 The insulin-secretory abnormalities of B-cells
are accompanied, among others, by decreased oxidation of
glucose and by a lower ATP/ADP ratio. Moreover,
decreased expression of insulin, glucose transporters and
glucokinase have been found in pancreatic islets of
humans with type 2 diabetes. It is also known that oxidative
stress in pancreatic islets of type 2 diabetic humans and
apoptosis of islet cells are increased compared with
healthy individuals.5 – 7 However, abnormalities in diabetes
are still poorly elucidated.

New drugs are continually being tested and new strat-
egies developed to prevent and treat diabetes. In these
studies, different experimental animal models of diabetes
have been used. One of them is streptozotocin (STZ)–nico-
tinamide (NA)-induced diabetes in the rat. In this model,
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created by Masiello et al.,8 diabetes is induced by adminis-
tration of two compounds – STZ and NA. STZ is a well-
known diabetogenic agent exerting cytotoxic action on pan-
creatic B-cells, whereas NA is given to rats to partially
protect these cells against STZ. The present article focuses
on the mechanisms of action of STZ and NA on B-cells
and characterizes the experimental model of diabetes
induced by administration of these two compounds. The
information included in this study will be helpful not only
in understanding the action of STZ and NA at the cellular
level, but also in inducing experimental diabetes in the rat.

Cytotoxic action of STZ

STZ (2-deoxy-2(3-methyl-3-nitrosoureido)-D-glucopyranose;
Figure 1) is a nitrosourea analogue widely used to induce
experimental diabetes in animals. The precise mechanism
of STZ action in B-cells of the pancreas has been described
previously in review articles.9,10 The potent diabetogenic
action of STZ results from injury of the pancreatic B-cells,
which are the only source of insulin. STZ is relatively selec-
tive in relation to these cells. The glucose moiety enables
STZ to be transported into insulin-secreting cells via the
glucose transporter GLUT2,11,12 whereas the nitrosoamide
moiety of STZ (methylnitrosourea) is responsible for the tox-
icity of this compound.13 It is well documented that
exposure of the insulin-secreting cells to STZ results in
DNA damage.13 – 15 Numerous in vitro studies have revealed
that STZ causes DNA alkylation resulting in fragmentation
of DNA in B-cells and insulinoma cells (RINm5F).12,16 – 22 As
a result of DNA injury, intracellular mechanisms targeted
toward DNA repair are activated. In the case of STZ-induced
DNA damage in the insulin-secreting cells, the crucial role in
DNA repair is ascribed to poly(ADP-ribose) polymerase-1
(PARP-1). This nuclear enzyme catalyses the synthesis of
poly(ADP-ribose) from NADþ.23–25 The intracellular pro-
duction of poly(ADP-ribose) is known to be increased by
different factors generating strand interruptions in DNA.26

DNA injury brought about by STZ has been demonstrated to
induce overstimulation of PARP-1 in the insulin-secreting
cells.21,27,28 In the case of a mild DNA damage, the activation
of PARP-1 is beneficial.29 However, extensive DNA injury
induced by STZ leads to hyperactivity of PARP-1 and is detri-
mental to the cell as a result of a substantial depletion
of the intracellular PARP-1 substrate, NADþ. Several studies
have indeed demonstrated that NADþ content in islet cells

exposed to STZ is significantly diminished.30–34 NADþ is
an important molecule implicated in energy metabolism at
the cellular level. Moreover, a severe reduction of NADþ

leads to depletion of ATP since NADþ biosynthesis is
ATP-dependent.35 In vitro studies confirmed a substantial
decrease in ATP contents in B-cells exposed to STZ.34,36,37

However, this ATP depletion seems to result not only from
increased activity of PARP-1, but also from STZ-induced
mitochondrial dysfunction. It is known that short-term
exposure to STZ decreases islet mitochondrial aconitase
activity, reduces oxygen consumption by mitochondria and
decreases the mitochondrial membrane potential.34,38,39

Moreover, studies on insulinoma cells have revealed STZ-
induced mitochondrial Ca2þ overloading.22 Some data also
indicate that nitric oxide may play a role in the cytotoxic
action of STZ on insulin-secreting cells.28,38,40,41 This assump-
tion is supported by results demonstrating that scavengers of
nitric oxide (NO) attenuate early DNA-strand breaks
induced by STZ.41 Moreover, exposure of rat pancreatic islets
to STZ augments the activity of guanylyl cyclase and increases
islet cyclic guanosine monophosphate.38 It is also known that
STZ generates low amounts of reactive oxygen species in pan-
creatic B-cells.42 These effects may partially contribute to B-cell
damage induced by STZ because of a weak antioxidant
defense in these cells.43

Mokhtari et al.44 and Cheon et al.45 revealed that c-Jun
N-terminal kinase (JNK) is also involved in the cytotoxicity
of STZ. Increased activity of this enzyme is observed in the
case of cellular stress leading to cell death. Studies on
insulin-secreting cells exposed to STZ demonstrated
increased activity of JNK, whereas inhibitors of this
enzyme attenuated the cytotoxic action of STZ. Activation
of JNK by STZ is supposed to be preceded by increased
activity of PARP-1 since PARP-1 inhibitors are able to
decrease the activity of both PARP-1 and JNK.45

Protective action of NA

NA (pyridine-3-carboxamide; Figure 1) is the amide form of
vitamin B3 (niacin). The protective action of NA against cel-
lular damage induced by different harmful agents is well
established.46 – 48 Results of many in vitro and in vivo
studies have provided evidence that NA is also able to effec-
tively protect B-cells against the cytotoxicity of STZ.

In vitro effects of NA

Experiments on isolated rat pancreatic islets have revealed that
STZ significantly reduces proinsulin biosynthesis, and that
this effect is attenuated by NA.49 It is also known that NA ame-
liorates the inhibitory effect of STZ on glucose-stimulated
insulin secretion by isolated rat islets.15,50,51 STZ-induced
impairment in glucose oxidation and decreased islet cell
viability are also markedly improved by NA. The beneficial
influence of NA on cell viability was recently confirmed in
insulinoma cells (NIT-1) exposed to STZ.45 Importantly, the
protective action of NA on pancreatic islet cells also involves
a decrease in DNA damage caused by STZ.15,52

Figure 1 Chemical structure of streptozotocin and nicotinamide
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In vivo effects of NA

Administration of the diabetogenic dose of STZ to rats
causes a decrease in body weight; however, this is attenu-
ated by pretreatment of animals with NA.8 Numerous
studies have also demonstrated that the STZ-induced
increase in blood glucose is significantly blunted when
NA is administered prior to STZ.8,53 – 56 The advantageous
effect of NA on blood glucose is due to the protection of
B-cells against STZ-induced injury and is accompanied by
increased blood insulin.8 According to these results,
studies on perfused pancreases have revealed that
glucose-induced insulin output is substantially higher in
the case of pancreases obtained from rats treated with STZ
and NA compared with pancreases of rats that received
only STZ.8 It is also known that STZ administered to rats
diminishes pancreatic insulin content, but this effect is dose-
dependently prevented by NA given prior to STZ.8 The pro-
tective action of NA is additionally confirmed by studies
demonstrating reduced damage of islets and reduced
methylation of pancreatic DNA in rats pretreated with NA
compared with animals that received STZ alone.54,57

Data from the literature allows one to conclude that the
mechanism of the protective action of NA against
STZ-induced damage of B-cells involves two main effects:
inhibition of PARP-1 and provision of NADþ (Figure 2),
whereas other effects are of minor importance.

Inhibition of PARP-1

NA is a well-known inhibitor of PARP-1. The inhibitory
action of NA on the activity of this enzyme has been docu-
mented in different kinds of cells, including insulin-
secreting cells of the pancreas.24,28,58,59 Hyperactivity of
PARP-1 in B-cells exposed to STZ is thought to be pivotal

for the cytotoxicity of STZ. This was demonstrated in exper-
iments with different PARP-1 inhibitors and in studies on
PARP-1-deficient animals.28,58,60 – 62 In both cases, attenu-
ation of PARP-1 action appeared to significantly decrease
the cytotoxicity of STZ. Therefore, inhibition of PARP-1 by
NA plays an important role in the mechanism of the protec-
tive action of NA on B-cells. The structure of PARP-1 con-
sists of three main domains: an N-terminal DNA-binding
domain, an automodification domain and a C-terminal
region. A C-terminal region catalyses the synthesis of
poly(ADP-ribose) and binds to target proteins. This active
site of PARP-1 is divided into an acceptor and a donor
site. The donor site is occupied by NADþ and is addition-
ally divided into three subsites: a nicotinamide-ribose
binding site, a phosphate binding site and an adenine-ribose
binding site.24 A detailed analysis performed by Pandya
et al. has revealed that the inhibition of PARP-1 results
from the interaction of NA with the binding site for the
NA moiety of NADþ.59 NA enters into hydrogen bound
associations with Ser(904) and Gly(863) at the nicotinamide-
ribose binding site of the active site of PARP-1. The inhi-
bition of PARP-1 by NA is of a competitive nature since
NA blocks the binding of NADþ to the catalytic domain
of the enzyme.63 The inhibitory concentration of NA for
50% reduction of PARP-1 activity (IC50) was estimated to
be 210 mmol/L.59

Provision of NAD1

Apart from the inhibition of PARP-1, the protective action of
NA against cellular damage induced by STZ is thought to
result from provision of NADþ. Jackson et al.64 demon-
strated that administration of NA to animals increases
NADþ contents in different tissues. Moreover, NA increases
intracellular NADþ and prevents NADþ depletion under
different pathological conditions.46,48 This effect is due to
reduced utilization of NADþ and/or its increased biosyn-
thesis. In mammals, NADþ is synthesized mainly from
NA and its formation is catalyzed by two enzymes – nico-
tinamide phosphoribosyltransferase (Nampt) and nicotina-
mide/nicotinic acid mononucleotide adenylyltransferase
(Nmnat). In the first step of NADþ generation catalyzed
by Nampt, NA and 5-phosphoribosylpyrophosphate
(PRPP) are converted to nicotinamide mononucleotide
(NMN). Then, NMN undergoes transformation to NADþ

in a reaction catalyzed by Nmnat. The activity of Nampt
in B-cells is supposed to be low. However, Nampt acts
as an intracellular (iNampt) and extracellular (eNampt)
enzyme and in the case of calls with a low activity of
iNampt, the majority of NMN utilized to form NADþ is
generated extracellularly.65,66

Characteristics of STZ–NA-induced diabetic
rats

It should be emphasized that the effects induced in rats by
STZ and NA vary depending on the doses of these two com-
pounds, the age of the animals and the time of NA admin-
istration in relation to the administration of STZ. Other

Figure 2 Schematic representation of the cytotoxic action of streptozotocin

and the protective action of nicotinamide on B-cells. PARP-1, poly(adenosine

triphosphate [ADP]-ribose) polymerase-1; PRPP, 5-phosphoribosylpyropho-

sphate; NMN, nicotinamide mononucleotide; Nampt, nicotinamide phosphor-

ibosyltransferase; Nmnat, nicotinamide/nicotinic acid mononucleotide

adenylyltransferase, , increase/activation, , decrease/inactivation. (A color

version of this figure is available in the online journal)
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factors, such as the administration route of STZ and the
nutritional state of rats may also have some influence. In
the case of relatively low doses of NA given to rats, its pro-
tective action is negligible. Conversely, high doses of NA
may provide total protection.8,59 The age of rats is also of
major importance since B-cells of younger animals are less
sensitive to STZ and are better protected by NA.53,67,68 It
is also known that the protective action of NA on B-cells
decreases with the time elapsed after administration of
STZ to rats.53 This decrease is supposed to result from
ATP depletion since the uptake of NA by B-cells is
ATP-dependent.37 In the majority of experiments, NA is
given to rats 15 min before STZ (Table 1).

Blood insulin and glucose

The concentrations of blood insulin in diabetic rats differ
depending on doses of STZ and NA given to these
animals. Blood insulin may be profoundly decreased
when the dose of STZ is relatively high. Conversely, admin-
istration of a high dose of NA in relation to the amount of
STZ substantially protects B-cells, and blood insulin is
unchanged compared with control rats. Similarly to
changes in insulinemia, diabetic rats may manifest very
high hyperglycemia, moderate hyperglycemia, or blood
glucose may be only slightly increased. It was found that
in animals that were given low doses of NA (100–
120 mg/kg body weight), administration of STZ at a dose
ranging from 45 to 65 mg/kg body weight, causes a
higher increase in blood glucose than that in rats receiving
higher doses of NA (180–290 mg) and comparable doses
of STZ (Table 1). However, in order to obtain a STZ–
NA-induced diabetic model, doses of both compounds
must be adjusted to avoid profound hyperglycemia, which
is characteristic for STZ-induced diabetes.

The comparison of rats with STZ–NA-induced diabetes
and rats with diabetes induced by STZ alone, used as a
model of type 1 diabetes, demonstrates that in the latter
animals, blood glucose is substantially higher, whereas
blood insulin is much lower.8,55 In obese (ob/ob) mice,
representing a model of type 2 diabetes, both blood
insulin and glucose are significantly elevated compared
with normal mice.69 In early stages of type 2 diabetes in
humans, blood glucose is near normal or only moderately
increased and blood insulin is increased. This is due to the
compensatory hypersecretion of insulin. However, over
time, hyperglycemia gradually develops and blood insulin
is reduced.1,70

A glucose tolerance test reveals glucose intolerance in
rats with STZ–NA-induced diabetes. In healthy animals,
glucose challenge causes an initial increase in blood
glucose followed by a gradual decrease. However, in dia-
betic rats, the fall in glycemia is very slow compared with
control animals.8,71 – 73 The insulin-secretory response to
glucose load is impaired in STZ–NA-induced diabetic rats
compared with the physiological response observed in
control animals. Administration of glucose to normal rats
significantly increases blood insulin followed by a rapid
decrease. Conversely to these dynamic changes in healthy
rats, in diabetic animals, the insulin-secretory response to

glucose is significantly abated and insulinemia is almost
completely unchanged.8,71,72 Therefore, glucose intolerance
observed after glucose challenge in rats with STZ–
NA-induced diabetes is mainly due to impaired secretion
of insulin. This is in contrast to ob/ob mice, in which
increased blood glucose is accompanied by increased
blood insulin and hyperglycemia results from insulin resist-
ance.69 In humans with type 2 diabetes, glucose challenge
induces a rise in blood glucose which is markedly higher
than in healthy people and is comparable with that
observed in rats with STZ–NA-induced diabetes.
However, in type 2 diabetic humans, hyperglycemia
observed after glucose load usually results from both
insulin resistance and impaired function of B-cells.70

Importantly, in rats with STZ–NA-induced diabetes, the
glucose intolerance may be alleviated by pharmacological
compounds, which enhance secretion of insulin such as sul-
fonylurea drugs. The well-known insulinotropic action of
sulfonylureas results from the closure of ATP-sensitive Kþ

channels in the plasma membrane. In the B-cells of
healthy individuals, this effect triggers insulin release and
substantially potentiates insulin secretion induced by
glucose.74 In STZ–NA-induced diabetic rats, the combi-
nation of glucose and tolbutamide significantly increases
blood insulin and improves glucose tolerance compared
with effects caused by glucose alone.8 Moreover, Chi
et al.56 revealed that a single administration of glibenclamide
alone to rats with STZ–NA-induced diabetes reduces blood
glucose with a simultaneous rise in blood insulin. Similar
effects were demonstrated in diabetic animals receiving
glibenclamide for 21 days or glyclazide for 30 days.75,76

B-cells

Insulin-secreting cells of rats with STZ–NA-induced dia-
betes are characterized by numerous functional and meta-
bolic abnormalities compared with B-cells of non-diabetic
animals (Table 2). Comparative studies have demonstrated
significant differences in the pattern of insulin secretion by
pancreatic islets isolated from control and diabetic rats. In
the case of control islets perifused with 16.7 mmol/L
glucose, a characteristic biphasic insulin secretory response
develops. Islets of diabetic rats exposed to 16.7 mmol/L
glucose also respond by an initial increase in insulin
release; however, the second phase is not generated.
Moreover, total secretion of insulin is significantly reduced
in the case of islets derived from diabetic rats.77 Similarly
to the results obtained in experiments on pancreatic islets,
studies on isolated perfused pancreases stimulated by
16.7 mmol/L glucose demonstrated a preserved first phase
of insulin secretion, but lacked the second phase in diabetic
rats.72 In the other experiments on perfused pancreases
stimulated by glucose, both the first and second phases
of insulin secretion were blunted in rats with STZ–
NA-induced diabetes. However, the magnitude of these
changes depends on the doses of STZ and NA administered
to animals.8 Static incubations of pancreatic islets isolated
from diabetic rats revealed that insulin secretion induced
by 8.3 mmol/L glucose may be unchanged or reduced com-
pared with control islets.71,78 However, both studies
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Table 1 Induction of diabetes and blood glucose and insulin concentrations in control and STZ–NA-induced diabetic rats

Dose of STZ� and

way of treatment

Dose of

NA�
Body weight/age on the day

of induction of diabetes

Blood glucose

(mmol/L)

Blood insulin

(ng/mL)

Time of examination after

induction of diabetes References

65 mg, iv 100 mg 220–230 g C 6.6 C 2.20 4 weeks 8

10-week-old D 31.2 D 0.30 Non-fasted

180 mg C 6.6 C 2.20

D 10.4 D 1.56

230 mg C 6.6 C 2.20

D 8.5 D 1.94

350 mg C 6.6 C 2.20

D 6.7 D 2.56

65 mg, iv 230 mg 220–230 g C 7.2 C 2.19 3 weeks 71

10-week-old D 8.9 D 1.96

60 mg, iv 290 mg 2–3 months C 7.0 C 3.9 3–5 weeks 78

D 8.8 D 3.3 Non-fasted

60 mg, iv 270 mg 220–230 g C 6.1 C 3.8 2 weeks 72

D 7.5 D 2.8

C 7.1 – 3 months

D 9.3 –

65 mg, iv 260 mg 220–240 g C 5.4 C 4.36 23 days 87

10-week-old D 8.5 D 3.53 Fasted

60 mg, iv 270 mg 2–3 months C 6.7 – 5–8 weeks 77

D 8.3 – Non-fasted

80 mg, ip 230 mg 200–250 g C 5.4 – 4 weeks 101

D 9.6 – Non-fasted

50 mg, iv 180 mg

(30 min)

2-month-old C 5.6 C 0.28 8 weeks 102

D 8.7 D 0.27

50 mg, iv 180 mg

(30 min)

2-month-old C 5.7 C 0.28 4 weeks 103

D 8.6 D 0.25 8 weeks

D 8.8 D 0.27

65 mg, ip 110 mg 180–200 g C 5.5 C 0.48 45 days 93

Overnight fasted D 15.5 D 0.16 Fasted

60 mg, ip 120 mg 250–280 g C 4.1 C 5.16 21 days 75

Overnight fasted D 13.3 D 2.18 Fasted

60 mg, iv 120 mg 8–10 weeks C 4.3 – 2 weeks 55

Overnight fasted D 14.2 –

60 mg, iv 200 mg 250–300 g – C 7.7 4 weeks 56

– D 7.8

60 mg, iv 210 mg 2–3 months C 5.9 C 1.87 2 weeks 104

D 8.2 D 1.40

45 mg, ip 110 mg 200–220 g C 4.8 C 0.41 30 days 92

Overnight fasted D 14.5 D 0.20 Overnight fasted

65 mg, ip 230 mg 200–250 g C 6.5 – 5 days 97

Overnight fasted D 7.8 –

50 mg, ip 110 mg 160–180 g C 5.3 C 0.56 37 days 89

12 h fasted D 15.5 D 0.26 12 h fasted

45 mg, ip 110 mg 180–220 g C 5.0 C 0.67 45 days 73

Overnight fasted D 15.5 D 0.25 Overnight fasted

45 mg, ip 110 mg 180–220 g C 5.2 C 0.51 45 days 99

Fasted D 15.7 D 0.15 Fasted

45 mg, ip 110 mg 180–220 g C 4.7 C 0.54 48 days 90

Overnight fast D 15.4 D 0.15 Overnight fasted

50 mg, ip 110 mg 160–180 g C 5.3 C 0.63 37 days 85

6-week-old

12 h fasted

D 17.7 D 0.14 Fasted

45 mg, ip 110 mg 180–220 g C 5.1 C 0.51 45 days 100

6-week-old D 14.9 D 0.16 Overnight fasted

60 mg, ip 146 mg 200–225 g C 4.4 C 0.65 24 h 59

Fasted D 9.3 D 0.18

292 mg D 8.2 D 0.40

439 mg

(45 min)

D 6.6 D 0.52

65 mg, ip 60 mg 150–200 g C 5.0 C 1.07 23 days 86

Overnight fasted D 23.0 D 0.39 Fasted

45 mg, ip 110 mg 200–220 g C 5.5 C 0.67 45 days 94

Overnight fasted D 16.0 D 0.32 Fasted

�Per kg body weight

C, control rats; D, diabetic rats; iv, intravenous administration; ip, intraperitoneal administration

Streptozotocin (STZ) is administered in 100 mmol/L citrate buffer, pH ¼ 4.5, whereas nicotinamide (NA) is dissolved in saline and is administered intraperitoneally

usually 15 min before STZ (with some exceptions, indicated in parenthesis)
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demonstrated a significantly lower insulin-secretory response
of diabetic islets to 16.7 mmol/L glucose.71,78 It was also
found that a-ketoisocaproate, an insulin secretagogue
metabolized only in mitochondria, and sulfonylurea tolbuta-
mide generate a similar secretion of insulin in control and
diabetic islets.8,78

In vitro studies have demonstrated that B-cells isolated
from rats with type 1 diabetes induced by STZ alone, con-
versely to the insulin-secreting cells of STZ–NA-induced
diabetic rats, are almost completely unresponsive to stimu-
lation by glucose or sulfonylureas.8 This is in contrast to
ob/ob mice since pancreatic islets of these animals were
demonstrated to secrete more insulin compared with
healthy mice. Moreover, the biphasic insulin-secretory
response to glucose in ob/ob mice is preserved.69,79

Pancreatic islets of type 2 diabetic humans, conversely to
islets of rats with STZ–NA-induced diabetes, are usually
characterized by a loss of the first phase of insulin secretion;
however, the second phase may also be deteriorated.5,80

Interestingly, insulin release stimulated by arginine
appeared to be exaggerated in the case of pancreases and
islets derived from rats with STZ–NA-induced diabetes.8,77

This hypersecretion of insulin in the presence of arginine
was proposed to be due to reduced activity of constitutive
NO synthase in islet cells.77 Excessive insulin secretion
induced by arginine was also revealed in Goto-Kakizaki
(GK) rats, a non-obese model of type 2 diabetes.80 In type 2
diabetic patients with reduced insulin-secretory response
to glucose, B-cell response to arginine may be normal or
slightly increased.80,81

Novelli et al.78 demonstrated that functional defects in
B-cells of STZ–NA-induced diabetic rats are accompanied
by metabolic abnormalities in these cells. Under physiologi-
cal conditions, glucose-stimulated insulin secretion is pre-
ceded by glucose transport and oxidative metabolism to
pyruvate. Then, pyruvate enters mitochondrial metabolism
and the high activity of mitochondrial flavin adenine dinu-
cleotide (FAD)-glycerolphosphate dehydrogenase (the key
enzyme of the glycerophosphate shuttle) and malate–

aspartate shuttle and low activities of both lactate dehydro-
genase and plasma membrane lactate/monocarboxylate
transporter ensure efficient mitochondrial metabolism of
pyruvate. This results in increased formation of ATP and
induces the sequence of events involving the increase in
the ATP/ADP ratio, the closure of the ATP-sensitive potass-
ium channels, depolarization of the plasma membrane,
opening of voltage-sensitive calcium channels and the rise
in cytosolic Ca2þ. The increase in cytosolic Ca2þ triggers
secretion of insulin. Moreover, other signals are generated
to maintain the sustained secretion of insulin.74,82 However,
pancreatic islets of STZ–NA-induced diabetic rats were
found to have reduced activity of mitochondrial
FAD-glycerophosphate dehydrogenase compared with the
activity of this enzyme in normal rats. The reduced activity
of FAD-glycerophosphate dehydrogenase was also observed
in pancreatic islets of type 2 diabetic humans and GK rats,
but not in islets of ob/ob mice.69,83,84 This indicates that
some metabolic defects are similar in islets of both type 2
diabetic humans and STZ–NA-induced diabetic rats.

It was also revealed that the blockade of the malate–
aspartate shuttle impairs insulin secretion more in islets of
STZ–NA-induced diabetic rats than in islets of control
rats. These abnormalities are accompanied by reduced
glucose utilization by islets of diabetic rats, particularly at
higher glucose concentrations.78 Moreover, atrophy and
destruction of B-cells, vacuolization, reduction of the
number and size of islets, the decrease in the secretory gran-
ules of B-cells and other degenerative changes were shown
in pancreatic islets isolated from STZ–NA-induced diabetic
rats.78,85,86 Induction of diabetes by STZ and NA also
reduced islet insulin content.8,78,87 However, this effect
strongly depends on the doses of STZ and NA given to
rats.8

Pancreatic insulin content in rats with type 1 diabetes
induced by STZ is deeply reduced compared with STZ–
NA-induced diabetic animals.8 In contrast, islets of ob/ob
mice contain much more insulin than islets of normal
mice and B-cell hyperplasia is observed in these animals.69

Table 2 Characteristics of the insulin-secreting cells of STZ–NA-induced diabetic rats compared with cells of control animals

Effect Experimental conditions References

Reduced insulin secretion 2.8 mmol/L glucose Isolated islets 78

2.8 mmol/L glucose Perifused islets 77

8.3 and 16.6 mmol/L glucose Isolated islets 71

16.7 mmol/L glucose Perfused

pancreas

72

16.7 mmol/L glucose Perifused islets 77

Lack of the second phase of insulin secretion 16.7 mmol/L glucose Perfused

pancreas

72

16.7 mmol/L glucose Perifused islets 75

Preserved response to non-glucose secretagogues 5 mmol/L glucose þ 0.19 mmol/L

tolbutamide

Perfused

pancreas

8

10 mmol/L a-ketoisocaproate Isolated islets 78

Hypersensitivity to arginine 7 mmol/L arginine þ 2.8 mmol/L glucose Perfused

pancreas

8

10 mmol/L arginine þ 2.8 mmol/L glucose Perifused islets 77

Reduced activity of constitutive NO synthase Isolated islets 77

Reduced glucose utilization 16.7 mmol/L glucose Isolated islets 78

Reduced activity of mitochondrial FAD-glycerophosphate

dehydrogenase

Isolated islets 78

STZ, streptozotocin; NA, nicotinamide; NO, nitric oxide; FAD, flavin adenine dinucleotide
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In type 2 diabetic humans, insulin resistance is initially com-
pensated by increased insulin secretion to maintain normo-
glycemia. This compensatory mechanism is thought to
involve both enhanced secretory function of B-cells and
increased B-cell mass. However, over time, exaggerated
secretion of insulin leads to the progressive failure of
B-cells, cells undergo apoptosis and B-cell mass is
reduced.70 In this context, islets of rats with STZ–
NA-induced diabetes correspond to the stage of type 2 dia-
betes in humans when B-cell mass is reduced.

Other abnormalities in diabetic rats

Pancreatic B-cell dysfunction and changes in blood glucose
and insulin in STZ–NA-induced diabetic rats are
accompanied by numerous other abnormalities. Increased
activities of alkaline phosphatase, aspartate transaminase
and alanine transaminase and changes in the activities of
different enzymes of carbohydrate metabolism were
demonstrated in rats with diabetes.76,88 – 90

Moreover, increased levels of tumor necrosis factor a

(TNF-a), interleukin 1b (IL-1b), IL-6, nuclear factor kB
(NF-kB) p65 unit and NO were found in these animals com-
pared with control rats.85,88 Recent studies have also demon-
strated an impairment in the antioxidative defense system in
STZ–NA-induced diabetic rats. The levels of lipid
peroxides, hydroperoxides and protein carbonyls are signifi-
cantly higher in plasma, pancreatic tissue and kidney
of diabetic animals.85,88,91 Simultaneously, the activities of
superoxide dismutase, catalase, glutathione peroxidase
and glutathione-S-transferase were found to be deeply
reduced in erythrocytes, pancreatic tissue, liver and
kidney of rats with diabetes compared with healthy
animals.85,88,92 – 94 However, changes observed in rats with
STZ–NA-induced diabetes are less marked than in animals
with diabetes induced by STZ alone. In ob/ob mice and
type 2 diabetic humans, oxidative stress is also increased in
different tissues and is supposed to contribute to some
diabetic complications.95,96

Utility of the STZ–NA-induced diabetic model

Rats with STZ–NA-induced diabetes are used in many
studies testing the potential beneficial effects of various
pharmacological and natural compounds on the course of
diabetes. Experiments on these animals demonstrate that
many of the tested compounds possess a real therapeutic
value in diabetes.55,56,71 – 73,75,76,85 – 94,97 – 104 These results
indicate the high utility of the STZ–NA-induced diabetic
model in this kind of studies.

Maintaining normoglycemia is one of the important pro-
blems in diabetes. Therefore, in many animal studies, the
potential antihyperglycemic effects of different compounds
and new drugs are tested. Rats with STZ–NA-induced dia-
betes manifest relatively mild hyperglycemia compared
with animals with diabetes induced by STZ alone and there-
fore seem to be a better model for testing antihyperglycemic
efficacy of various compounds. Many of these compounds,
including some biologically active plant-derived

compounds and sulfonylurea drugs, were demonstrated to
reduce blood glucose in rats with STZ–NA-induced
diabetes.

Regenerative capacity of the endocrine pancreas is also
studied using different animal models. Rats with STZ–
NA-induced diabetes are characterized by moderately
decreased B-cell mass compared with STZ-induced diabetic
animals and thus constitute a good model in these
studies.78,105

Since B-cells of STZ–NA-induced diabetic rats possess
preserved insulin-secretory response to glucose and some
other stimuli, these animals are often useful in studies of
different aspects of B-cell dysfunction. These studies
involve testing the effects of various compounds on blood
insulin concentrations in diabetic animals and on insulin
secretion by isolated pancreatic islets or perfused pancreas.
Apart from functional investigations, pancreatic islets
derived from STZ–NA-induced diabetic rats are also used
to determine metabolic defects in B-cells.

Rats with diabetes induced by administration of STZ and
NA are also very helpful in studies of diabetic compli-
cations, such as cardiovascular defects, effects of diabetes
on exocrine pancreas and on diabetic nephropa-
thy.87,88,101 – 104 Experiments on these animals have demon-
strated several symptoms of renal dysfunction – increased
kidney weight, diminished creatinine clearance, renal
hypertrophy and glomerular injury compared with non-
diabetic rats.88,94,100 Other diabetic complications, such as
impairment in vascular dynamics, increased coronary resist-
ance and cardiac defects were also found in diabetic
rats.101 – 104 Experiments on rats with STZ–NA-induced dia-
betes have demonstrated that some tested compounds are
able to alleviate diabetic complications in these animals.
Importantly, since the severity of diabetes in animals may
be mild, moderate or grave, depending on doses of STZ
and NA, this experimental model may be used to study dia-
betic complications of varying degrees of severity, from
those present at the early stage of type 2 diabetic humans
to complications in advanced diabetes.

Studies on STZ–NA-induced diabetic rats have demon-
strated that the anti-oxidative defense system is impaired
in these animals. Therefore, this model of diabetes is also
a good tool for determining the anti-oxidative properties
of different compounds. Some of the tested compounds
were found to possess anti-oxidative activity in diabetic rats.

Other aspects of diabetes may also be elucidated using
STZ–NA-induced diabetic rats and results of these exper-
iments may be helpful in preventing and treating diabetes
in humans.

Summary

Administration of STZ and NA to adult rats causes partial
destruction of B-cells which leads to a decrease in blood
insulin and an increase in blood glucose in these animals.
Although diabetes may be easily induced using STZ and
NA, doses of these compounds must be adjusted to obtain
the appropriate severity of diabetes. The severity of STZ–
NA-induced diabetes is much lower than that of diabetes
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induced by STZ alone; rats manifest moderate hyperglyce-
mia and do not require exogenous insulin to survive.

The insulin-secretory response to glucose in STZ–
NA-induced diabetes is impaired, particularly at higher
glucose concentrations and the second phase of glucose-
induced insulin secretion is lacking. Impairment in
glucose-stimulated insulin secretion results from both a
reduced mass of B-cells and some defects in existing cells.
However, the insulin-secretory response to sulfonylurea
drugs is preserved, and the response to arginine is exaggerated.

Diabetes induced by STZ and NA remains stable for a
long time and thus this model of diabetes is suitable not
only for short-term, but also for long-term, animal studies.
Moreover, this model is very useful in studies of different
aspects of diabetes, including diabetic complications and
anti-diabetic properties of new drugs and some natural
compounds.
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Gangnerau MN, Dolz M, Tourrel-Cuzin C, Movassat J. The GK rat
beta-cell: a prototype for the diseased human beta-cell in type 2
diabetes? Mol Cell Endocrinol 2009;297:73–85

81 Palmer JP, Benson JW, Walter RM, Ensinck JW. Arginine-stimulated
acute phase of insulin and glucagon secretion in diabetic subjects. J Clin
Invest 1976;58:565–70

82 Rutter GA. Nutrient-secretion coupling in the pancreatic islet beta-cell:
recent advances. Mol Aspects Med 2001;22:247–84

83 Fernandez-Alvarez J, Conget I, Rasschaert J, Sener A, Gomis R,
Malaisse WJ. Enzymatic, metabolic and secretory patterns in human
islets of type 2 (non-insulin-dependent) diabetic patients. Diabetologia
1994;37:177–81

84 Rasschaert J, Giroix MH, Conget I, Mercan D, Leclercq-Meyer V, Sener
A, Portha B, Malaisse WJ. Pancreatic islet response to dicarboxylic acid
esters in rats with type 2 diabetes: enzymatic, metabolic and secretory
aspects. J Mol Endocrinol 1994;13:209–17

85 Palsamy P, Subramanian S. Ameliorative potential of resveratrol on
proinflammatory cytokines, hyperglycemia mediated oxidative stress,
and pancreatic beta-cell dysfunction in streptozotocin–
nicotinamide-induced diabetic rats. J Cell Physiol 2010:224:423–32

86 Li HT, Wu XD, Davey AK, Wang J. Antihyperglycemic effects of
baicalin on streptozotocin–nicotinamide induced diabetic rats.
Phytother Res 2011;25:189–94
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Cigarroa-Vázquez P, Villalobos-Molina R, Estrada-Soto S.
Antidiabetic and toxicological evaluations of naringenin in
normoglycaemic and NIDDM rat models and its implications on
extra-pancreatic glucose regulation. Diabetes Obes Metab
2008;10:1097–104

98 Tahara A, Matsuyama-Yokono A, Nakano R, Someya Y, Hayakawa M,
Shibasaki M. Antihyperglycemic effects of ASP8497 in
streptozotocin-nicotinamide induced diabetic rats: comparison with
other dipeptidyl peptidase-IV inhibitors. Pharmacol Rep
2009;61:899–908

99 Karthikesan K, Pari L, Menon VP. Combined treatment of
tetrahydrocurcumin and chlorogenic acid exerts potential
antihyperglycemic effect on streptozotocin-nicotinamide-induced
diabetic rats. Gen Physiol Biophys 2010;29:23–30

100 Pari L, Karthikesan K, Menon VP. Comparative and combined effect of
chlorogenic acid and tetrahydrocurcumin on antioxidant disparities in
chemical induced experimental diabetes. Mol Cell Biochem
2010;341:109–17
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