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Abstract
Purpose The aim of this study was to evaluate the effect of dietary nitrate on secretory function of pancreatic islet and oxidative
stress status in streptozotocin (STZ) induced type 1 diabetes in absence or presence of nitric oxide synthase inhibitor (L-NAME).
Methods Fifty adult male sprague-dawly rats were divided into 5 groups: controls (C), diabetes (D), diabetes+nitrate (DN),
diabetes +L-NAME (D + Ln), and diabetes+nitrate+L-NAME (DN + Ln) for 45 days. The concentrations of sodium nitrate and
L-NAMEwere respectively 80mg/L in drinking water and 5mg/kg intraperitoneally. Body weight gain, plasma levels of glucose
and insulin, islet insulin secretion and content, lipid peroxidation and antioxidant status in the pancreas of rats were determined.
Results Compared to control group, the body weight gain and plasma insulin level were significantly decreased and plasma
glucose and pancreatic NO and MDA concentrations and antioxidant enzymes activities were significantly increased in the STZ
diabetic rats. In the diabetic rats, nitrate alone significantly reduced plasma glucose and increased pancreatic SOD and GPx
activity. Reduced plasma glucose, pancreaticMDA andNO concentrations and increased plasma insulin level and pancreatic islet
insulin secretion were observed in D + Ln and DN+ Ln groups. Antioxidant enzymes activities were increased in diabetic rats
which received combination of nitrate and L-NAME.
Conclusions Our results showed that nitrate without effect on pancreatic islet insulin content and secretion decreased the blood
glucose and slightly moderate oxidative stress and its effects in the presence of L-NAME on glucose hemostasis and pancreatic
insulin secretion higher than those of nitrate alone.
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Introduction

Inorganic nitrate and nitrite are the nutritional elements that
have recently been taken into consideration. The general
population can be exposed to nitrate and nitrite through in-
gestion of food and drinking water. These inorganic com-
pounds are in the human diet as plant-based foods and food
additive compounds. It is generally believed that these com-
pounds are unpleasant residues in the food chain and useless

products of nitric oxide (NO) oxidation [1, 2]. There is a lot
of confusion about the effects of nitrates and nitrites on hu-
man health. During the past decade, some studies have
shown therapeutic and nutritional effects of nitrate and nitrite
in many diseases such as cardiovascular disease, obesity,
sickle cell anemia, gastric ulcer, systemic and pulmonary
hypertension, metabolic syndrome, and even type 2 diabetes
[1, 3–5]. The role of nitrate/nitrite in some biological path-
ways was considered after discovering the non-enzymatic
pathway of NO production from nitrate in the diet that acts
as physiological alternative sources of NO in healthy tissues
[6]. Nitric oxide is a simple and highly bioactive molecule
with complex function in the body. NO acts as a signaling
molecule that regulates many biological functions and has an
essential role in the pathogenesis of many disorders including
diabetes. It has been shown that nitric oxide synthesis occurs
by two pathways, dependent and independent L-arginine-
nitric oxide synthase (NOS) pathway. There are three
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isoforms of NOS including endothelial NOS (or eNOS), neu-
ronal NOS (or nNOS) and inducible NOS (or iNOS) that can
be expressed in many tissues and cell types [1]. All three
isoforms of NOS (iNOS, eNOS and nNOS) are expressed
in pancreatic β-cells [7–9]. Effects of NO on insulin secre-
tion are different, so that both the stimulatory [10] and inhib-
itory [11] effects of nitric oxide on insulin secretion were
reported. In contrast, Jones et al. [12] have shown that nitric
oxide has no effect on insulin secretion from the rat pancre-
atic islets. This controversy contributed to different concen-
trations of NO or different isoforms of the enzyme NO syn-
thase (NOS) involved in its production. It has been shown
that in the physiological state, eNOS-derived NO increases
the pancreatic insulin secretion, while in the pathological
state, higher NO concentrations derived by iNOS decrease
te insulin secretion [13, 14].

In comparison to other cells, low levels of antioxidant en-
zymes in the pancreatic beta cells cause high sensitivity of these
cells to oxidative stress. It is well known that increased ROS
production plays a key role in the pathogenesis of pancreatic
beta cells disorder and diabetes development [15, 16]. To the
best of our knowledge, there is no study on the effects of inor-
ganic nitrate on oxidative status of pancreatic tissues. Therefore,
the purpose of this study was to investigate the effect of this
component on pancreatic oxidative stress markers.

Although there have been few reports about the beneficial
effects of dietary nitrite/nitrate on the pancreatic islet insulin
secretion in type 2 diabetes mellitus, it is unclear whether
these components are beneficial in streptozotocin (STZ) in-
duced type 1 diabetes that shows islet beta cell dysfunction,
increased oxidative stress, and pancreatic NO production in-
duced by iNOS. It is not known whether inhibition of nitric
oxide synthase (NOS) byN-G-Nitro-L-ArginineMethyl Ether
(L-NAME) and reduction of NO production in the pancreas
alter the effects of dietary nitrate on insulin secretion and lipid
peroxidation and antioxidant enzymes activities in STZ in-
duced diabetic rats.

Therefore, the aims of this study were to evaluate the ef-
fects of dietary nitrate supplementation on glucose homeosta-
sis, oxidative stress status and secretory function of pancreatic
islets in STZ- induced diabetic rats in absence or presence of
L-NAME, a nonspecific NOS inhibitor.

Materials and methods

Chemicals

All reagent-grade chemicals were purchased from Sigma (St.
Louis, MO, USA) or Merck (Darmstadt, Germany). Rat insulin
kit (Mercodia, Uppsala, Sweden) and commercial glucose as-
say kit (Pars Azmoon Co, Ira) were respectively used for deter-
mination of the plasma levels of insulin and glucose.

Antioxidant enzymes assay kits were purchased from ZellBio
(ZellBio GmbH, Ulm, Germany). Phosphate-buffered saline
(PBS), fetal bovine serum (FBS) and other culture materials
were obtained from Gibco (Waltham, MA, USA).

Animals and study design

Adult sprague-Dawley male rats (230–260 g) were purchased
from laboratory animal center of the Research Institute of
Shiraz University of Medical Sciences (Shiraz, Iran) and kept
in controlled conditions of light (12 h–12 h light–dark cycles),
temperature (24 ± 2 °C) and relative humidity (23 ± 5%) with
free access to food and water. The rats were randomized into 5
groups, including controls (C), diabetes (D), diabetes + nitrate
(DN), diabetes +L-NAME (D + LN) and diabetes + nitrate +
L-NAME (DN + LN). In the present study, the concentrations
of sodium nitrate and L-NAMEwere respectively, 80 mg/L in
drinking water [17] and 5 mg/kg intraperitoneally [18].

Induction of diabetes mellitus in adult male rats was per-
formed by intraperitoneal injection of streptozotocin (STZ,
65 mg/kg). After 72 h of STZ injection, diabetes was con-
firmed by the blood glucose levels higher than 250 mg/dL.
The experiment lasted for 45 days. During the experiment, the
bodyweights of all animals weremeasured every week. At the
end of the experiments, the animals were anaesthetized with
intra-peritoneal injection of pentobarbital (120 mg/kg), and
the pancreas was removed to evaluate the islet insulin secre-
tion and oxidative stress parameters and antioxidant enzymes
activities.

Animal handling and surgical procedures were carried out in
accordance with the standard principles of laboratory animal
care to reduce the animal suffering, and the study was approved
by the local ethics committee of Shiraz University of Medical
Sciences (Approval No: IR.SUMS.REC.1395.S1119)

Intraperitoneal glucose tolerance test (IPGTT)

After 40 days, intraperitoneal glucose tolerance test (IPGTT)
was performed in all experimental animals. For IPGTT, after
overnight (10–12 h) fasting and under general anaesthesia,
blood samples were collected by cutting the tail tip at time zero
before IP injection of glucose, and at 15, 30, 60, 90, and
120 min after glucose injection (2 g/kg body weight). The glu-
cose oxidase method (Pars Azmoon Co., Tehran, Iran) and
ultrasensitive rat insulin enzyme-linked immunosorbent assay
method (ELISA, Mercodia, Uppsala, Sweden) were used for
assessment of the plasma levels of glucose and insulin concen-
trations, respectively. Both insulin and glucose measurements
were repeated three times. Intra- and inter-assay coefficients of
variation for insulin measurement were 4.8 and 8.2% and for
glucose assay was 3.6 and 6.9%, respectively.
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The following formula [19] was used for calculation of
homeostasis model assessment of insulin resistance
(HOMA-IR):

HOMA IR =Glucose (mmol/l) × Insulin (U/ml) /22.5.

Islet isolation, insulin secretion and content

Islet isolation was performed based on the method described
in a previous study [20]. Briefly, after anesthesia (60 mg/kg
pentobarbital I.P.), the pancreas of the rats was exposed; the
pancreatic main duct to the intestine was clamped and then
10 ml ice-cold Hank’s Balanced Salt Solution (HBSS) con-
taining 0.5 mg/ml of collagenase P was injected through the
bile duct. The inflated pancreas was removed and digested by
collagenase at 37 °C for 17 min. The islets were washed four
times with cold HBSS, passed through a sterile 50μm mesh
cell strainer, and hand-picked under a stereomicroscope.

For insulin secretion, batches of eight islets were placed in
each well of 12-well plate and cultured in 1 ml RPMI-1640
media supplemented with 5 mmol/l glucose, 10% fetal bovine
serum (FBS), and 1% penicillin/streptomycin for 60 min in
37 °C CO2 incubator. After that, the incubation medium was
collected and used for insulin measurement. Insulin secretion
was evaluated in the basal concentration of glucose of 5 mM.

As described in a previous study, the total pancreatic insu-
lin content was measured with acid- ethanol extraction (0.18
M HCl in 70% ethanol) [21]. The released insulin, total intra-
cellular insulin content, and the insulin released from the islets
were assayed by the ELISA method. Measurements were re-
peated three times.

Measurement of oxidative stress markers and nitric
oxide metabolites (NOx) in the pancreas

On day 45, after deep anesthesia, the animals were killed and
immediately their pancreases were removed. The pancreases
were weighted, washed with cold saline, sliced, and homoge-
nized in cold sodium phosphate buffer (pH 7.4) containing
1 mM EDTA. After centrifuging, the pancreatic tissue was
homogenated at 4000 rpm for 15 min at 4 °C; then, their su-
pernatants were separated and used to assay lipid peroxidation,
enzyme activities, Glutathione (GSH) and protein determina-
tion. Superoxide dismutase (SOD) activity was measured by
SOD Assay Kit (ZellBio GmbH, Ulm, Germany) according
to the manufacturer’s instructions using colorimetrically meth-
od at 450 nm. Glutathione Peroxidase (GPx) activity was
assayed by GPx Assay kit (ZellBio GmbH, Ulm, Germany)
according to the manufacturer’s instructions. GPx activity was
measured according to coupled enzyme assay in which GPx
reduces cumene hydroperoxide while oxidizing GSH to
oxidised glutathione (GSSG). Then, GSSG was converted to
the GSH with consumption of NADPH and its oxidation to
NADP+ by glutathione reductase (GR). The decrease of

NADPH was proportional to GPx activity measured by color-
imetric method at OD 340 nm. The glutathione (GSH) concen-
tration was determined by glutathione colorimetric assay kit
(ZellBio GmbH, Ulm, Germany). In this assay, DTNB (5,5′-
dithio-bis-[2-nitrobenzoic acid]) reacts with reduced glutathi-
one to form a yellow product that absorbs at 412 nm. The
optical density, measured at 412 nm, is directly proportional
to glutathione concentration in the sample. MDA generated
during lipid peroxidation was determined by TBARS method
[20]. The pancreatic level of total NOx was assayed by the
Griess method. The Bradford method [22] was used for assess-
ment of protein content of the supernatant using bovine serum
albumin (BSA) as standard. Measurement of oxidative stress
markers and nitric oxide metabolites were repeated twice.

Statistical analysis

GraphPad Prism software, version 8.0 (Graphpad Software,
La Jolla, CA, USA) was used for statistical analysis. For mul-
tiple comparisons and evaluation of the differences among the
groups, one way ANOVA (post-hoc: Tukey) was used. For
analysis of plasma glucose and insulin data during IPGTT,
two-way repeated measures ANOVA (post-hoc: Bonferroni)
was used. Data are presented as expressed as means ± SEM.
P < 0.05 was considered statistically significant.

Results

Effect of nitrate and L-NAME on body weight

The results of body weight are shown in Fig. 1. There were no
differences in the initial body weights of animals among the
experimental groups at the start of the experiment. From the
fourth week after STZ injection until the end of the experi-
ment, a significant difference in the bodyweight was observed
in the STZ induced diabetic rats compared to the control
group. Compared to the diabetic group, nitrate and L-
NAME alone or together did not alter the body weight gain
in DN, D + Ln and DN+ Ln groups. This study also showed
significant differences in the body weight from the fourth
week until the end of the experiment among the treated dia-
betic groups.

Effect of nitrate and L-NAME on plasma glucose
concentrations during glucose tolerance test

The plasma concentrations of glucose were assayed during
intraperitoneal glucose tolerance test (IPGTT). As shown in
Fig. 2a and b, the mean plasma concentrations of glucose at
the time zero (fasting conditions) and after injection of glucose
(2 g/kg body weight) during IPGTT (Fig.2a) and the AUC of
plasma glucose levels (Fig. 2b) in the D group were
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significantly higher than those in the C group. In diabetic rats
receiving oral nitrate (DN), the plasma glucose concentrations
at all times of glucose tolerance test except for 15 min after the

injection of glucose and plasma glucose area under the curve
(AUC) were decreased compared to the STZ-diabetic rats, but
these parameters were still significantly higher than control

Fig. 1 Effect of nitrate and
L-NAME on body weights in
experimental groups: Data are
expressed as means ± SEM,
n = 10 animals per group.
Differences were analyzed by
Student’s unpaired t test
* P < 0 . 0 5 , * * P < 0 . 0 1 ,
***P < 0.001 vs. Control (c)
group.

Fig. 2 Mean plasma glucose
levels (a) and AUC (b) during
intravenous glucose tolerance test
in experimental groups: The
histograms represent the total area
under the glucose curve. Data are
expressed as means ± SEM of
three independent replicates.
n = 10 animals per group.
Significant differences were
assessed by two-way ANOVA
and Bonferoni post hoc test
***P < 0.001 vs. Control (c)
group.
#P < 0.05, ##P < 0.01,
###P < 0.001 vs Diabetic (D)
group.
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group. Plasma glucose concentrations during IPGTT and
AUC for D + Ln and DN+ Ln groups were similar to those
in the DN group (Fig. 2a, b).

Effect of nitrate and L-NAME on plasma insulin
concentrations during glucose tolerance test

Our results showed that in D and DN groups, the mean plasma
insulin levels after intraperitoneal injection of glucose during
IPGTT (Fig.3a) and plasma insulin AUC (Fig.3b) were sig-
nificantly lower than the C group. Compared to the D group,
the plasma insulin concentrations were increased at 15, 30, 60
and 90 min in the D + Ln group and at 15, 30, 60, 90 and
120 min in the DN+ Ln group. The plasma insulin AUC for
these groups were significantly higher and lower than those of
the D and C groups, respectively (Fig. 3a, b).

Effect of nitrate and L-NAME on the insulin content
and secretion from the isolated islets

The insulin secretion and content of the isolated islets in dif-
ferent experimental groups are presented in Fig. 4. Data
showed that the insulin secretion from the pancreatic isolated
islets in response to 5 mM glucose in the D and DN groups
was significantly lower than that of C group. L-NAME alone
(D + Ln) or in combination with nitrate (DN + Ln) significant-
ly increased the glucose stimulated insulin secretion from the
islets compared to the diabetic islets, but it was significantly
lower than that of the control islets.

The insulin content of the pancreatic islets in the D group
was significantly lower than that of pancreatic islets in the C
group. Nitrate and L-NAME alone or in combination did not
affect the islet insulin content (Fig.4b).

Effect of nitrate and L-NAME on fasting glucose
and insulin and HOMA-IR

The one way ANOVA analysis showed that in the D group,
fasting plasma glucose and HOMA-IR index were significant-
ly higher and fasting plasma insulin was significantly lower
than those of the C group (Table 1). Oral administration of
nitrate in the DN group only significantly reduced the fasting
plasma glucose compared to the D group; however, there were
no differences in the fasting plasma levels of insulin and
HOMA-IR. In the D + Ln and DN + Ln groups, fasting plas-
ma glucose concentration was significantly lower than that of
the D group, but fasting plasma insulin level and HOMA-IR
were not significantly different from the D group, but these
groups demonstrated significant differences in these values
compared with the C group.

# P < 0.05 vs Diabetic (D) values.

Effect of nitrate and L-NAME on nitric oxide
metabolites (NOx) and oxidative stress parmeters
in the pancreas

Pancreatic levels of NOx and MDA, GSH, SOD and GPx in
all of the experimental groups are presented in Fig. 5 A-E. The
results of this study showed that pancreatic tissue NOx and
MDA levels and specific activities of GPx and SOD in the D,
DN, D + Ln and DN + Ln groups were significantly (P < 0.05)
higher than those in the C group. The pancreatic concentration
of GSH was significantly decreased in these groups compared
to the control group. No significant differences were observed
between the DN group and D group in pancreatic concentra-
tions of Nox, MDA and GSH. Antioxidant enzyme activities
of GPx and SOD were not significantly increased in the pan-
creas of DN rats compared to D rats. Compared to the D
group, in groups that received L-NAME alone (D + Ln) or
in combination with nitrate (DN + Ln), significant decreases
in the pancreatic levels of Nox, and MDA and significant
increases in specific activities of SOD and GPx in the DN +
Ln group were observed. The pancreatic concentration of
GSH in the D + Ln and DN + Ln groups was not significantly
different from the D group. There were the statistically signif-
icant differences between DN and DN+ Ln in pancreatic NOx
levels, as well between D + Ln and DN + Ln in pancreatic
SOD activity.

Discussion

In this study, we investigated the effect inorganic nitrate in the
presence or absence nitric oxide synthase inhibitor on oxida-
tive stress status and secretory function of the pancreatic islet
in STZ- induced diabetic rats. The results of this study showed
that although inorganic nitrate alone did not alter the plasma
insulin level in diabetic rat, this compound could slightly im-
prove the glucose intolerance and decrease the plasma glucose
level. L-NAME as nitric oxide synthase inhibitor alone or in
combination with nitrate increased plasma inulin level and
islet insulin secretion that led to a decrease in the plasma
glucose. The effect of nitrate in the presence of L-NAME
reduced the oxidative stress more effectively than that of ni-
trate alone.

In STZ induced diabetic rats, there was a significant decrease
in the body weight compared to the control group. Weight loss
in the STZ-induced diabetic rats was shown in some studies,
which could be due to a decrease in the plasma insulin concen-
tration that resulted in reduced body protein synthesis and
weight loss [23, 24]. In diabetic rats, no difference was ob-
served in the weight gain percentage before and after adminis-
tration of nitrate. Similar to our result, some studies have indi-
cated that administration of sodium nitrate (200 and 400 mg / l
in drinking water) for 60 days [25] and sodium nitrite (500,
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1500 mg / kg of body weight)) for 18 days in rats [26] did not
alter the weight gain. In the studies performed on both male and
female rats by Til et al. [27] and on streptozotocin-induced
diabetic rats by Khalif et al. [28], no significant differences in
the weight gain were observed between the nitrate treated group
and control group. In contrast to our data, some of the studies
reported a decline in weight gain after oral administration of
high dose of nitrate [29]. In our study, L-NAME alone or com-
bination with nitrate consumption did not alter the weight gain
in diabetic groups. According to our results, Broulík et al. [24]
showed that L-NAME had no effect on the weight gain in the
diabetic and control groups.

The present study showed that the levels of NOx metabo-
lites in diabetic rats were higher than those of in the control
rats. It is reported that expression of iNOS in diabetic rats is
higher than the controls [30, 31]. It has been shown that fac-
tors such as anti-inflammatory cytokines, obesity, free fatty

acids, hyperglycemia, and oxidative stress increase the iNOS
expression [13, 32, 33]. It has been suggested that the dys-
function and destruction of pancreatic islet beta cells in diabe-
tes is due to high expression of iNOS isoform and excessive
production of NO [9, 31, 33].

Although nitrate and nitrite anions could act as substrates
for NO generation and other nitrogenous forms of bioactive
oxides, contrary to expectation, there were no significant dif-
ferences in the NOx metabolites between nitrate treated dia-
betic group and diabetic control group. Some studies have
shown that mineral nitrite significantly reduces iNOS
mRNA levels in the mouse and human active macrophages
through reduced NADPH oxidase activity or through nitrite-
derived NO that have negative feedback on iNOS mRNA
expression [14, 34]. It seems that nitrate, on the one hand,
increased NO generation from nitrate-nitrite- NO pathway,
and on the other hand, it decreased NO production from

Fig. 3 Mean plasma insulin
levels (a) and AUC (b) during
intravenous glucose tolerance test
in experimental groups: The
histograms represent the total area
under the insulin curve. Data are
expressed as means ± SEM of
three independent replicates.
n = 10 animals per group.
Significant differences were
assessed by
two-way ANOVA and Bonferoni
post hoc test
*P < 0.05, **P < 0.01,
***P < 0.001 vs. Control (c)
group.
#P < 0.05, ##P < 0.01,
###P < 0.001 vs Diabetic (D)
group.
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endogenous L-arginine–NOS pathway by reducing the ex-
pression or activity of iNOS. Therefore, in the nitrate treated
diabetic group, reduction of iNOS activity/expression by ni-
trate and increase in NO production by nitrate-nitrite- NO
pathway may neutralize each other. In the diabetic group,
the use of L-NAME, as inhibitor of nitric oxide synthases
(NOSs), significantly reduced NO production in the

pancreatic tissue. The simultaneous administration of nitrate
and L-NAME resulted in further reduction of NOx levels in
the pancreas of diabetic rats due to the inhibitory effects of L-
NAME on NOSs and reduction of iNOS activity/expression
by nitrate/nitrite compounds that prevent excessive NO pro-
duction [14, 34, 35].

In the present study, our results indicated that fasting plas-
ma glucose and insulin levels significantly were increased and
decreased respectively in STZ-diabetic rats. It was demon-
strated that insulin secretion and content were significantly
decreased in diabetic islets. Reduced insulin secretion may
be due to increased pancreatic iNOS activity and STZ- in-
duced oxidative stress that resulted in the pancreatic β-cells
damage. Administration of sodium nitrate in diabetic rats sig-
nificantly decreased the plasma glucose level with no signifi-
cant alterations in the plasma insulin concentration. Nitrate
sodium also had no effect on insulin secretion and islet insulin
content in diabetic rats. Studies have shown that nitrate/nitrite
compounds independent of insulin can improve the insulin
resistance and enhance the glucose uptake in the peripheral
tissue by increasing the GLUT4 gene expression and the
translocation of GLUT4 to plasma membrane of the skeletal
muscle and adipose tissue [14, 36, 37]. It seems that nitrate
could reduce hyperglycemia in diabetic rats through increase
in insulin-independent glucose uptake in the peripheral tis-
sues, rather than alteration in the pancreatic islet insulin secre-
tion and content.

Compared to the diabetic control group, in the diabetic rats
which had received L-NAME, simultaneously with reduction
of pancreatic concentrations of NO, plasma insulin levels were
significantly increased; consequently, plasma glucose concen-
trations were significantly decreased. The role NO in the phys-
iology of insulin secretion is still being debated. It seems that
the low concentrations of NO produced by eNOS act as surviv-
al factor in pancreaticβ –cells, while high levels of NO induced
by iNOS are involved in the development of both type 1 and
type 2 diabetes [38]. A number of studies have shown that
glucotoxicity and lipotoxicity induce iNOS expression and en-
hance NO production [32, 39] .Therefore, pancreatic β-cell
dysfunction and impaired insulin secretion in diabetes may be
due to the expression of the iNOS isoform and excessive pro-
duction of NO induced by hyperglycemia [31, 40]. It has been

Fig. 4 Effect of nitrate and L-NAME on insulin release (a) and content
(b) in experimental groups: Data are expressed as means + SEM of three
independent replicates. n = 10 batches of eight islets incubated for 60 min
in 1 ml RPMI-1640 media supplemented with 5 mmol/l glucose.
Differences were analyzed by One way ANOVA (post Hoc:Tukey)
* P < 0.05, **P < 0.01, ***P < 0.001 vs. Control (c) group.
# P < 0.05 vs Diabetic (D) group.

Table 1 Effects of nitrate and L-
NAME on fasting plasma glucose
and insulin, HOMA-IR

Group Fasting glucose (mmol/l) Fasting insulin (U/ml) HOMA-IR

C 4.11 ± 0.27 111.99 ± 8.85 3.64 ± 0.29

D 14.11 ± 0.43*** 58.55 ± 6.93*** 5.31 ± 0.64 **

DN 11.41 ± 0.45 *** # 55.20 ± 10.21 *** 3.91 ± 0.59

D + Ln 11.66 ± 0.55 *** # 75.56 ± 9.99 *** 5.95 ± 0.81 **

DN+ Ln 11.19 ± 0.47 *** # 70.66 ± 9.13 *** 5.01 ± 0.58 **

Values are expressed as means ± SEM of three independent replicates. n = 8 animals per group.

** P < 0.01, *** P < 0.001 vs Control (C) values
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shown that inhibition of iNOS leads to an increase in β -cell
stability in the pancreatic islets and regular insulin secretion in
type 2 diabetes [32]. In current study, L-NAME, as a non-
specific NOS inhibitor, prevented excessive NO production in
the pancreatic islets that resulted in increased islet insulin secre-
tion and plasma insulin levels and partially improved glucose
intolerance in diabetic rats. In diabetic rats, co-administration of
nitrate and L-NAME improved the glucose intolerance and
regulated the plasma glucose and insulin concentrations which
may be related to the inhibitory effect of L-NAME on iNOS
and the effect of nitrate/nitrite compounds on insulin signaling
pathways in the peripheral tissues.

In the present study, the pancreatic lipid peroxidation and
antioxidant enzymes activities were measured. A significant
increase in MDA concentration was observed in the pancreas
of control the diabetic rats compared with the control rats.
Oxidative stress plays an important role in the onset and pro-
gression of diabetes and pancreatic beta cells dysfunction
[41]. It has been shown that excessive ROS production and
oxidative stress in diabetes mellitus can be associated with
bioavailability of nitric oxide. Increased oxidative and
nitrosative stress is closely attributed to hyperglycemia that
leads to increased superoxide anion formation. In diabetes,
nitric oxide produced by iNOS can interact with superoxide

Fig. 5 Effect of nitrate and
L-NAME on NOx level (a),
MDA concentration (b), GSH
content (c), enzymatic activities
of GPx (d), and SOD (e) in
pancreas of experimental rats.
Each bar
presents the mean ± SEM of three
independent replicates. n = 8
animals per group. Differences
were analyzed by one-way
ANOVA
* P < 0 . 0 5 , * * P < 0 . 0 1 ,
***P < 0.001 vs. Control (c)
group.
#P < 0.05, ##P < 0.01 vs Diabetic
(D) group.
δ P < 0.05 vs DN+ Ln group.
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anion to form the potent cytotoxic peroxynitrite [42]. The
pancreatic antioxidant enzymes activities of superoxide dis-
mutase (SOD) and glutathione peroxidase (GPx) in diabetic
rats were higher than those in control ones. Some studies
reported reduced activities of SOD and GPx while others
found increase in antioxidant enzymes activities [43, 44].
The hyperglycemia in the diabetic rats might enhance produc-
tion of superoxide anion. Superoxide anion is a highly reactive
oxygen compound that is produced as a by-product of oxygen
metabolism. High concentration of superoxide anions causes
oxidative stress and cell damage. SOD is an important antiox-
idant enzyme that breaks down harmful oxygen molecules
specially superoxide anion in cells [45]. This enzyme has im-
portant role in the regulation of oxidative stress in diabetes,
therefore, the elevation of SOD activity in diabetic rats might
be due to increased production of superoxide anions. The
elevation of GPx activity in diabetic rats might also be due
to attenuate the oxidative stress. It has been shown that with
increased oxidative stress, the activities of antioxidant en-
zymes as a compensatory mechanism were increased in dia-
betic rats [44, 46].

GSH level in diabetic rats was reduced. The decreased
GSH levels in diabetic rat might be due to the increased ac-
tivity of GPx that convert reduced glutathione (GSH) to oxi-
dized glutathione (GSSG) to alleviate the oxidative stress [47].

In the diabetic group, the oral consumption of sodium ni-
trate did not alter the level of plasma insulin. Nitrate consump-
tion also led to increases in antioxidant enzymes activities of
the pancreas with no significantl decrease in theMDA level. It
was expected that in the nitrate treated diabetic rats, the pro-
duction of more NO by nitrate compounds resulted in in-
creased proxynitrite formation and oxidative stress, but in this
group, to prevent further increase of oxidative stress and more
production of MDA in the pancreas of diabetic rats receiving
nitrate, the activities of the pancreatic antioxidant enzymes as
a compensatory mechanism were increased.

Some studies have reported that components of nitrate and
nitrite decrease oxidative stress by reducing NADPH activity
and superoxide production [34, 48]. Intraperitoneal injection
of L-NAME decreased NO and MDA concentrations in the
pancreases of diabetic rats. According to our study, Seven
et al. [42] have shown that L-NAME resulted in decreased
oxidative stress due to the inhibition of iNOS enzyme in the
STZ-diabetic rats. In comparison to the diabetic group, in
diabetic rats receiving nitrate and L-NAME, increased pancre-
atic antioxidant activities and decreased MDA concentrations
were observed. It seems that increased activities of antioxidant
enzymes and possible reduction of iNOS activity by L-NAME
have led to reduced lipid peroxidation and oxidative stress.

In conclusion, our results demonstrated that nitrate de-
creased the blood glucose and increased antioxidant enzymes
activities but did not affect the pancreatic insulin secretion and
content. It seems that reduced blood glucose by nitrate is

probably through increased glucose uptake in the peripheral
tissue. Our observations also showed that effects of combina-
tion of nitrate and L-NAME on reduced oxidative stress and
increased secretory function of pancreas and improved glu-
cose intolerance were more than nitrate alone.
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