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Background: Nitrite stimulates insulin secretion from pancreatic b-cells; however, the un-

derlying mechanisms have not been completely addressed. The aim of this study is to

determine effect of nitrite on gene expression of SNARE proteins involved in insulin

secretion from isolated pancreatic islets in Type 2 diabetic Wistar rats.

Methods: Three groups of rats were studied (n ¼ 10/group): Control, diabetes, and

diabetes þ nitrite, which treated with sodium nitrite (50 mg/L) for 8 weeks. Type 2 diabetes

was induced using a low-dose of streptozotocin (25 mg/kg) combined with high-fat diet. At

the end of the study, pancreatic islets were isolated and mRNA expressions of interested

genes were measured; in addition, protein expression of proinsulin and C-peptide in

pancreatic tissue was assessed using immunofluorescence staining.

Results: Compared with controls, in the isolated pancreatic islets of Type 2 diabetic rats,

mRNA expression of glucokinase (59%), syntaxin1A (49%), SNAP25 (70%), Munc18b (48%),

insulin1 (56%), and insulin2 (52%) as well as protein expression of proinsulin and C-peptide

were lower. In diabetic rats, nitrite administration significantly increased gene expression

of glucokinase, synaptotagmin III, syntaxin1A, SNAP25, Munc18b, and insulin genes as well

as increased protein expression of proinsulin and C-peptide.

Conclusion: Stimulatory effect of nitrite on insulin secretion in Type 2 diabetic rats is at least

in part due to increased gene expression of molecules involved in glucose sensing

(glucokinase), calcium sensing (synaptotagmin III), and exocytosis of insulin vesicles

(syntaxin1A, SNAP25, and Munc18b) as well as increased expression of insulin genes.
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At a glance of commentary

Scientific background on the subject

Type 2 diabetes (T2D) is associated with decreased nitric

oxide (NO) availability. Animal studies have shown that

nitrite has beneficial metabolic effects in T2D by

decreasing insulin resistance and increasing insulin

secretion. However, mechanisms by which nitrite in-

creases insulin secretion have not been fully understood.

What this study adds to the field

This study shows that nitrite stimulates insulin secre-

tion in rats with T2D by increasing gene expression of

molecules involved in glucose sensing (glucokinase),

calcium sensing (synaptotagmin III), and exocytosis of

insulin vesicles (syntaxin1A, SNAP25, and Munc18b) in

pancreatic islets.

Diabetes, the largest epidemic in human history [1], is the

ninth cause of death [2] with one death every eight seconds in

2019 [3]. Despite available treatments, Type 2 diabetes is

poorly controlled in many afflicted subjects, an issue that

warrants development of new therapeutic approaches. Type 2

diabetes is associated with decreased nitric oxide (NO)

bioavailability [4] and impairedNOhomeostasis contributes in

the development of Type 2 diabetes [5]. It has been proposed

that new strategies that increase NO bioavailability poten-

tially have therapeutic application in Type 2 diabetes [6].

Favorable metabolic effects of nitrite, a NO releasing agent,

has been well documented in animal studies and recently

reviewed by Kapil et al. who conclude that nitrite/nitrate

supplementation is associated with improved glucose toler-

ance, suggesting nitrite/nitrate-based therapeutics to be

added to the management of Type 2 diabetes [7].

Mechanisms underlying favorable metabolic effects of ni-

trite/nitrate have been mostly investigated at the level of in-

sulin action and include browning of white adipose tissue [8]

and increased translocation of glucose transporter 4 (GLUT4)

from cytoplasm to plasma membrane in the skeletal muscle

[9,10]. Few studies have reported stimulatory effects of nitrite

on insulin secretion from pancreatic b-cells [11,12] indicating

that nitrite increases insulin secretion by increasing pancreatic

islet blood flow [11] or insulin content of pancreatic islets [12].

Decreased expression of proteins involved in exocytosis of

insulin in islets of Type 2 diabetic GK rats has been previously

reported [13]. Regarding proteins involved in insulin secretion,

glucose enters b-cell via GLUT2, which is the predominant

carrier in rodent b-cells [14] and may have a role in glucose

sensing [15]; glucokinase phosphorylates glucose to glucpse-

6-phosphate and acts as glucose sensor [14]. Calcium ion is

essential for exocytosis and synaptotagmins act as calcium

sensor [16]. Synaptosome-associated protein of 25 kDa

(SNAP25) and syntaxin-1A are soluble N-ethylmaleimide-

sensitive factor attachment protein receptor (SNARE) proteins

in plasma membrane involved in vesicle exocytosis [17].

Mammalian homologue of the unc (uncoordinatedmutant)-18
gene (Munc18) or syntaxin-binding protein (STXBP) helps

bridging between membrane of insulin-containing vesicles

and plasma membrane of b-cells [17]. Although favorable

metabolic effects of nitrite in Type 2 diabetes have been re-

ported, effect of nitrite on insulin exocytosis from pancreatic

b-cells has not been investigated; therefore, the aim of this

study is to determine effect of nitrite administration on gene

expression of GLUT2, glucokinase, synaptotagmin III, SNAP25,

syntaxin1A, Munc18b (also called STXBP2 or Munc18-2), and

insulin in isolated pancreatic islets as well as protein

expression of proinsulin and C-peptide in pancreatic tissue of

Type 2 diabetic male Wistar rats.
Materials and methods

Animals and induction of Type 2 diabetes

MaleWistar rats (weight range: 190e210 g, n¼ 30) were kept in

standard conditions. Type 2 diabeteswas induced using a low-

dose of streptozotocin combined with high-fat diet (HFD) as

described previously [18]. In brief, after two-week HFD

feeding, streptozotocin (25 mg/kg) was intraperitoneally

injected and one week later, animals with fasting serum

glucose � 150 mg/dL were considered to be diabetic; diabetic

rats were on HFD throughout the study. All experimental

procedures were approved by the Ethics committee of the

Research Institute for Endocrine Sciences of Shahid Beheshti

University of Medical Sciences (9ECRIES 94/02/15 Approval

Date: 2015-05-05 and IR.SBMU.ENDOCRINE.REC.1399.107;

Approval Date: 2020-10-20).

Experimental design

The experimental design is presented in Fig. 1. In this study,

three groups of rats were studied (n ¼ 10/group): Control, dia-

betes, and diabetes þ nitrite. Rats in the control and diabetic

groups received tape water, whereas in the diabetes þ nitrite

group, sodium nitrite (50 mg/L) was added to the drinking

water of animals for 8 weeks. Body weight was measured

weekly from the first day of nitrite administration (week 0)

until the end of week 8, using a A&D Scale, EK-300i, Japan;

sensitivity 0.01 g. Water consumption (mL/day), and food

intake (g/day) were measured weekly and calorie intake was

calculated (kcal/day). At the end of the study, pancreatic islets

were isolated using the method of Lacy & Kostianovsky [19] as

described elsewhere [12] and mRNA levels of GLUT2, glucoki-

nase, synaptotagmin III, SNAP25, syntaxin1A, Munc18b and

insulin genes were measured using real-time PCR. Rat b-cells

have two different non-allelic insulin genes named insulin1

and insulin2 that are localized in chromosome 1 [20]. In a

separate set of experiments, expression of protein levels of

proinsulin and C-peptide were measured by immunofluores-

cence staining in isolated pancreatic tissues.

Measurement of insulin in serum

Serum concentrations of insulin were measured in overnight-

fasted rats at week 8. Insulin in serum was measured using a

rat ELISA kit (Rat insulin ELISA; Mercodia, Uppsala, Sweden,
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Fig. 1 Experimental design of the study. Abbreviations: STZ: streptozotocin; GLUT2: glucose transporter 2; Munc18: mammalian

homologue of the unc (uncoordinated mutant)-18; SNAP-25: synaptosome associated protein-25.
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sensitivity of the assay was �26.1 pmol/L); Intra-assay coeffi-

cient of variation was 8%.
RNA extraction, cDNA synthesis, and real-time PCR

Isolated pancreatic islets were frozen in liquid nitrogen

and stored at �80 �C; total RNA was extracted using RNX-

Plus solution kit (Cinagen Co., Tehran, Iran) according to the

manufacturer instruction. A nanodrop spectrophotometer

(NanoDrop-1000, Thermo Scientific, USA) was used for

measuring quantity and purity of RNA samples. Thermo

Scientific RevertAid Reverse Transcriptase was used for

cDNA synthesis according to the manufacturer instruction.

Primers were designed with primer3 and Gene Runner

programs [Table 1]. Total volume of PCR reaction was 15 mL
Table 1. Primers for real time PCR.

(Target) Gene Name Accession No.

GLUT2 NM_012879.2 F: GC

R: AG

Glucokinase NM_001270849.1 F: GG

R: CC

Synaptotagmin III NM_019122.1 F: CG

R: AG

Syntaxin1A NM_053788.2 F: AA

R: TG

SNAP25 NM_001270576.1 F: GG

R: TG

Munc18b NM_031126.1 F: GA

R: TT

Insulin1 NM_019129.3 F: GA

R: CC

Insulin2 NM_019130.2 F: CG

R: TG

b-actin NM_031144.3 F: GC

R: CG

Abbreviations: GLUT2: glucose transporter 2; Munc18b: mammalian hom

tosome associated protein-25.
containing cDNA, 1 mL; each forward and reverse primer,

0.5 mL; SYBR Green PCR Master Mix 2X (Thermo Fisher, USA),

7.5 mL; and nuclease-free water, 5.5 mL. For PCR reactions, the

following cycling profilewas used: Initial denaturation (10min

at 95 �C) followed by 40 cycles with 45 s at 94 �C, 45 s at 58 �C,
and 1 min at 72 �C; final extension for 5 min at 72 �C. All
samples were run in duplicate and in negative control re-

actions, nuclease-free water was used instead of templates.

Relative mRNA levels of interested genes were normalized

using b-actin as reference gene.
Immunofluorescence staining for proinsulin and C-peptide

At the end of the study (week 8 of the intervention), rats were

anesthetized with sodium pentobarbital (60 mg/kg; Sigma
Primer sequence (50/30) Product length (bp)

AACATGTCAGAAGAGAAGATCA

GAGCATTGATCACACCGA

107

TCAGCAGCTGTACGAGAAG

GTGTAACAGAAGGTTCTCG

101

GAACCGAGATGCTGATACC

GCTCACGGAAATGTCTGC

101

GACGCAGCATTCCACGC

CAGCGTTCTCGGTAGTCT

88

CTTCATCCGCAGGGTAAC

ACGCAGGTTTCCGATGATG

92

AACTGATTGTCCCGGTGC

TCCTCACTCACACCGTTCC

104

CCTTGGCACTGGAGGTT

AGTTGGTAGAGGGAGCAG

80

AAGTGGAGGACCCACA

CTGGTGCAGCACTGAT

128

GTCCACCTGCTAGTACAAC

ACGACTAGCTCAGCGATA

100

ologue of the unc (uncoordinated mutant)-18 gene; SNAP-25: synap-
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Table 2. Effects of sodium nitrite on body weight, water
consumption, food intake, and calorie intake.

Parameters Groups

Control Diabetes Diabetes þ Nitrite

Initial body weight (g) 191.1 ± 3.2 189.0 ± 4.9 185.3 ± 3.4

Final body weight (g) 363.7 ± 5.9 382.1 ± 9.3a 351.0 ± 18.4b

Body weight gain (g) 116.3 ± 1.0 150.6 ± 3.3a 129.5 ± 7.7b

Initial food intake (g/

day/rat)

17.2 ± 0.4 14.3 ± 0.2v 14.6 ± 0.5a

Final food intake (g/

day/rat)

18.2 ± 1.4 13.9 ± 1.0a 14.2 ± 1.0

Initial calorie intake

(kcal/day/rat)

52.6 ± 1.1 70.0 ± 1.1a 71.8 ± 2.6a

Final calorie intake

(kcal/day/rat)

55.5 ± 0.7 68.1 ± 0.8a 69.6 ± 5.1a

Initial water

consumption (ml/

day/rat)

27.9 ± 0.8 34.2 ± 0.7a 34.3 ± 1.1a

Final water

consumption (ml/

day/rat)

25.8 ± 0.5 38.3 ± 0.7a 39.3 ± 3.4a

a Statistically significant difference compared to the control and

diabetes groups, respectively. Values are mean ± SEM (n ¼ 10/

group).
b Statistically significant difference compared to the diabetes

group. Values are mean ± SEM (n ¼ 10/group). This Table is

modified from our previously published paper [12].

b i om e d i c a l j o u r n a l 4 5 ( 2 0 2 2 ) 3 8 7e3 9 5390
Aldrich, Hamburg, Germany) and pancreatic tissues were

dissected and fixed in 10% formalin. Following fixation, sam-

ples were embedded in paraffin and then sectioned (5-mm

thickness), deparaffinized, and rehydrated using a series of

10-min washes in xylene (�2) and graded alcohol solutions

(100% ethanol � 2, 90% ethanol � 1, 80% ethanol � 1, and 70%

ethanol � 1), followed by washing four times in phosphate-

buffered saline (PBS, 100 mM, pH 7.4) for 5 min per wash [21].

For immunofluorescence staining, sectionswere incubated

in 2N HCl for 30 min for antigen retrieval. Borate buffer was

added for 5min to neutralize acid and the section waswashed

with PBS. For permeabilization of cells, sections were incu-

bated with 0.3% Triton X-100 for 30 min. After washing with

PBS, sections were incubated in 10% goat serum for 30 min to

block unspecific binding of the antibodies. After that, sections

were incubated overnight at 4 �C with primary antibodies

(Proinsulin: Bio-Rad, Kidlington, UK, Cat#5330-3369 and C-

peptide: Cell Signaling Technology, Danvers, USA, Cat# 5330-

3369) diluted in PBS (1:100). The next day, sections were

washed four times in PBS for about 5 min per wash. Subse-

quently, secondary antibodies (Abcam, USA, Cat# ab6785)

were added to the samples at a dilution of 1:150 and then

incubated in room temperature in a dark humid chamber for

1 h. Finally, sections were counterstained with a nuclear

staining DAPI (Merck, Darmstadt, Germany, Cat#D9542). The

sections were then photographed using an fluorescence mi-

croscope (Labome, USA) equipped with digital imaging ac-

cessories and the percentage of positive labeled cells was

calculated using imageJ analysis software [21].

Statistical analyses

Relative mRNA expressions of target genes were calculated

using 2�DDCt formula [22] in which DCt(cycle threshold) ¼ Ct of

target gene eCt of reference gene and DDCt ¼ DCt of the target

genes in the interested group eDCt of the target gene in the

corresponding control group. GraphPad Prism software

version 8.0.2 was used for statistical analysis. The Kruskal

Wallis test with Dunn's test as pos-hoc was used for

comparing fold changes inmRNA expression between groups.

One-way analysis of variance (ANOVA) followed by Bonferroni

post-hoc test was used for comparing water consumption,

food intake, calorie intake, body weight, serum insulin con-

centrations, as well as proinsulin and C-peptide in isolated

pancreatic tissues. Two-sided p values < 0.05 were considered

statistically significant.
Results

Body weight, food intake and water consumption

As shown in Table 2, all groups had comparable body weight

at the start of study. Compared to controls, diabetic rats had

significantly higher final body weight and body weight gain at

the end of study. Nitrite administration significantly

decreased final body weight and body weight gain in diabetic

rats. Compared to controls, diabetic rats had higher calorie

intake and water consumption but lower food intake; nitrite

administration had no effect on these parameters.
Serum insulin concentrations

Compared to the control group, diabetic rats had higher insulin

concentration in serum (158.1 ± 8.7 vs. 75.0 ± 12.2 pmol/L,

p < 0.0001). Nitrite administration for 8 weeks decreased serum

insulin concentration by 23% (p ¼ 0.0596) in diabetic rats.

Protein expression of proinsulin and C-peptide

As shown in the Fig. 2, compared with controls, expression of

proinsulin and C-peptide were significantly lower in isolated

pancreatic tissues of rats with Type 2 diabetes. Nitrite

administration for 8 weeks increased expression of proinsulin

and C-peptide in rats with Type 2 diabetes.

Gene expression of insulin1 and insulin2

As shown in the Fig. 3, compared with controls, rats with Type

2 diabetes had lower mRNA expression of insulin1 (56%) and

insulin2 (52%) in their islets and nitrite administration for 8

weeks increased expression of both genes.

Gene expression of SNARE proteins involved in insulin
secretion

As shown in the Fig. 4, compared with controls, expression of

glucokinase but not GLUT2 was significantly lower in isolated

islets of rats with Type 2 diabetes. Nitrite administration

significantly increased glucokinase expression in diabetic rats

but had no effect on expression of GLUT2. Expression of cal-

cium sensor synaptotagmin III remained unchanged in the

https://doi.org/10.1016/j.bj.2021.04.004
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Fig. 2 Effect of nitrite on expression of proinsulin (A) and C-peptide (B) in the pancreatic tissues of Type 2 diabetic rats.

Representative images of pancreatic tissue immune fluorescence stained with DAPI (blue, DNA stain), proinsulin, and C-

peptide (green) as well as quantification of immune fluorescence staining by imageJ analysis are shown. Scale bar ¼ 100 mm.

Values are mean ± SEM (n ¼ 6/group). *, y significant difference (p values < 0.05) compared with control and diabetes groups,

respectively.
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isolated islets of Type 2 diabetic rats; however, administration

of nitrite significantly increased mRNA expression of syn-

aptotagmin III by 6.9 folds [Fig. 5]. As shown in Fig. 6,

compared with controls, mRNA expression of syntaxin1A,

SNAP25, and Munc18b were significantly lower in the isolated

islets of rats with Type 2 diabetes by 49%, 70%, and 48%,

respectively. Administration of nitrite, significantly increased

expression of these genes in diabetic rats to almost near

control values.
Discussion

Results of this study indicated that in isolated pancreatic islets

of Type 2 diabetic rats, nitrite increases expression of genes

involved in glucose sensing (glucokinase), calcium sensing

(synaptotagmin III), and exocytosis of insulin-containing

vesicles (syntaxin1A, SNAP25, and Munc18b); in addition ni-

trite increases mRNA expression of both insulin 1 and insulin

2 genes and therefore insulin synthesis. To our knowledge,

these data for the first time present a new mechanism for

explaining nitrite-stimulated insulin secretion and therefore

for metabolic favorable effects of nitrite in Type 2 diabetes.

Data presented in this study are in continuation of our

previous report that nitrite increases glucose-stimulated in-

sulin secretion (GSIS) by ~35%, and improves glucose toler-

ance in Type 2 diabetic rats [12]. In the current study, Type 2

diabetic rats showed insulin resistance as reflected by higher
serum concentrations of insulin and glucose than controls

and nitrite administration restored these increased values to

their near normal levels. The mechanisms by which nitrite

decreases insulin resistance include insulin-independent

translocation of GLUT4 to plasma membrane [9] and there-

fore increasing glucose uptake in skeletal muscle and adipose

tissue [9,10], decreasing body weight [23], and increasing

browning of white adipose tissue [24]. Through these effects,

nitrite decreases circulating concentrations of both glucose

and insulin and therefore insulin resistance in animal models

of Type 2 diabetes.

In this study, compared to the control group, ratswith Type

2 diabetes had lower gene expression of insulin1 and insulin2

as well as lower protein expression of proinsulin and C-pep-

tide, indicating impaired insulin production. Nitrite increased

mRNA expression of insulin1 and insulin2 in isolated

pancreatic islets as well as expression of proinsulin and C-

peptide in pancreatic tissue; these data indicate that nitrite

increases insulin synthesis in Type 2 diabetic rats. Similar to

our results, it has been shown that nitrite increases insulin

content in pancreatic islets in Type 2 diabetic rats [12] and NO

increases insulin mRNA levels in isolated islets from male

Wistar rats and in Min6 b-cell line; in fact NO stimulates in-

sulin gene promoter via phosphoinositide 3-kinase signaling

pathway [25]. In addition, C-peptide, an indicator of b-cell

function [26], increases NO production [27] and blood flow in

pancreatic b-cells [28] that may be involved in higher insulin

production after nitrite administration.

https://doi.org/10.1016/j.bj.2021.04.004
https://doi.org/10.1016/j.bj.2021.04.004


Fig. 3 Effect of nitrite administration on mRNA expression of

insulin1 (A) and insulin2 (B) in pancreatic isolated islets in

Type 2 diabetic rats. *, y significant difference compared with

control and diabetes, respectively. n ¼ 10/group.

Fig. 4 Effect of nitrite administration of mRNA expression of

glucose transporter 2 (GLUT2) and glucokinase in pancreatic

isolated islets in Type 2 diabetic rats. *, y significant

difference compared with control and diabetes, respectively.

n ¼ 10/group.
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In line with our results decreased expressions of SNARE

proteins involved in insulin secretion including glucokinase

[29], syntaxin1A [30e32], SNAP25 [30e32], and Munc18b [30]

have been reported in islets of Type 2 diabetic animals or

patients. In our study, mRNA expression of synaptotagmin III

in pancreatic islets was comparable between control and

diabetic rats; nitrite administration however markedly

increased expression of synaptotagmin III by 6.9 folds. Syn-

aptotagmins act as calcium sensors in b-cells [33] and among

different isoforms, synaptotagmin III is one themost sensitive

to calcium [34] and an important candidate that have physi-

ological role in insulin secretion in b-cells [35]. Unlike our re-

sults, weaker immunoreactivity for synaptotagmin III has

however been observed in islets of GK Type 2 diabetic rats

compared to controls [13]; possible explanation for this dif-

ference may be related to the animal models used.

In the current study, mRNA expression of syntaxin1A and

SNAP25were 49% and 70% lower in islets of Type 2 diabetic rats

compared with controls and nitrite administration restored

these decreased values to their near normal levels. In syntax-

in1A-knockout mice, first phase of GSIS is decreased and ani-

mals have impaired glucose tolerance [36]. It has been shown

that in b-cell-specific syntaxin1A-knockout mice, both first and
second phases of insulin secretion are impaired that resulted in

hyperglycemia and glucose intolerance [37]. In addition, resto-

ration of decreased expression of syntaxin1A and SNAP25 inGK

Type 2 diabetic rats increases GISIS [32].

Our results indicated that in diabetic rats, expression of

Munc18b was 48% lower than controls; nitrite administration

increased Munc18b expression and restored it to normal

values. Munc18b is a major mediator of insulin secretion in

isolated islets of rats and accounts for one-half of the physi-

ologic biphasic GSIS [38]. Overexpression of Munc18b in-

creases insulin secretion of isolated islets in rats [38] and

humans [30] and improves glucose homeostasis in GK Type 2

diabetic rats [30].

Nitrite is mostly converted to NO and exerts its metabolic

effects [6], however NO-independent effects of nitrite cannot

be ruled out. Contribution of NO in insulin secretion is not

straightforward and may be a summation of positive and

negative effects [39]. The dual effect of NO on insulin secretion

has been reviewed recently [5,40] and can be attributed to NOS

enzyme isoforms participating in NO production [5], low or

high NO concentration [41], and the variability of the experi-

mental conditions in different studies [40]. High amount of

iNOS-derived NO (micro molar range) decreases insulin

https://doi.org/10.1016/j.bj.2021.04.004
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Fig. 6 Effect of nitrite administration of mRNA expression of

syntaxin1A, synaptosome-associated protein of 25 kDa

(SNAP25), and mammalian homologue of the unc

(uncoordinated mutant)-18 gene (Munc18b) in pancreatic

isolated islets in Type 2 diabetic rats. *, y significant

difference compared with control and diabetes, respectively.

n ¼ 10/group.

Fig. 5 Effect of nitrite administration of mRNA expression of

calcium sensor synaptotagmin III in pancreatic isolated

islets in Type 2 diabetic rats. *, y significant difference

compared with control and diabetes, respectively. n ¼ 10/

group.
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secretion, whereas cNOS-derived NO (low-nano molar range)

mostly increases insulin secretion by inhibition of KATP

channels in b-cells and activation of the cGMP pathway [5,41].

NO can stimulate insulin release by interaction with glucoki-

nase, which is the main glucose sensor in the pancreatic b-

cells [42]; similarly, in our study, nitrite increased glucokinase

mRNA expression in isolated pancreatic islets. In neurons, it

has been shown that SNAP25 and syntaxin1A are required for

NO-stimulated neurotransmitter release and that NO poten-

tiates binding of syntaxin1A to SNAP25 [43]. In addition, S-

nitrosylation of syntaxin1A facilitates vesicle exocytosis in the

brain [44]. SNARE proteins involved in insulin secretion are

potential targets for enhancing b-cell function [15,38] and our

data indicate that nitrite supplementation is a potential ligand

for this purpose.

As a strength, this is the first study reporting stimulatory

effect of long-term in vivo nitrite administration on SNAREs

involved in insulin secretion from isolated pancreatic islets of

Type 2 diabetic rats; these data may have implications

considering potential effects of dietary nitrite interventions as

a cost-effective approach for prevention and treatment of

Type 2 diabetes [6]. This study has some limitations that

should be taken into account when interpreting results. First,

we did not measure effect of nitrite on expression of proteins

involved in exocytosis of insulin and also S-nitrosylation of

related proteins. Second, we only assessed effect of nitrite on

gene expression of SNARE proteins involved in insulin secre-

tion in male rats. However, the National Institute of Health

recommends balancing sex in animal studies [45]. Finally, we

did not measure effect of nitrite on pancreatic islet survival;

however, we previously reported that following 8-week con-

sumption of 50 mg/L nitrite in the drinking water, GSIS (in

presence of 16.7 mM glucose) was 29% and 34% higher in

isolated islets of control and Type 2 diabetic rats while no

effect was observed in response to basal glucose level (in

presence of 5.6 mM glucose) [12]. This stimulation index is
used for assessing functional viability of islets [46]. In addi-

tion, the dose of nitrite used in this study (50 mg/Lin drinking

water, equates to 5.6e9.2 mg/kg) is translated to a human

equivalent dose of 0.9e1.5 mg/kg [47], which is a safe and low-

dose of nitrite in human [48]; it has been reported that low NO

concentration can increases proliferation and survival of

pancreatic b-cells [49] by providing protection against DNA

fragmentation and apoptosis [50,51]. Therefore, it is possible

that nitrite increased survival of pancreatic b-cell in our study.

https://doi.org/10.1016/j.bj.2021.04.004
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Conclusion

Our results indicate that stimulatory effect of nitrite on insulin

secretion in Type 2 diabetic rats is at least in part due to

increased gene expression of molecules involved in glucose

sensing (glucokinase), calcium sensing (synaptotagmin III),

exocytosis of insulin vesicles (syntaxin1A, SNAP25, and

Munc18b) as well as increased insulin production in pancre-

atic islets.
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