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Objective(s): Nitrite, a nitric oxide (NO) donor, increases insulin secretion from pancreatic islets 
and has positive metabolic effects in type 2 diabetes (T2D). Here, we test the hypothesis of whether 
nitrite-induced insulin secretion is due to blunting of diabetes-induced oxidative stress in the islets.
Materials and Methods: T2D was created in male rats using a combination of streptozotocin at 
25 mg/kg and a high-fat diet. Wistar rats were assigned to 3 groups (n=6 in each group), including 
control, T2D, and T2D+nitrite; the latter group consumed drinking water containing sodium nitrite 
(50 mg/l) for eight weeks. At the end of the study, mRNA levels of NADPH oxidase (Nox1, 2, 3, and 4), 
superoxide dismutase (SOD1, 2, and 3), glutathione peroxides (GPX1 and 7), glutathione reductase 
(GR), catalase, thioredoxin (TXN1 and 2), and thioredoxin reductase (TXNRD1) were measured in 
the isolated pancreatic islets. 
Results: In the islets of diabetic rats, mRNA expressions of Nox1, 2, and 4 were higher, whereas 
expressions of SOD1, 2, catalase, GPX1, 7, GR, and TXN1 were lower than controls. Nitrite 
significantly (all P-values<0.05) decreased gene expression of Nox1 (0.39-fold) and Nox4 (0.23-fold) 
and increased gene expression of SOD1 (2.2-fold), SOD2 (2.8-fold), catalase (2.7-fold), GPX1 (2.2-
fold), GPX7 (6.0-fold), GR (3.0-fold), TXN1 (2.1-fold), and TXNRD1 (2.3-fold) in diabetic rats. 
Conclusion: Nitrite decreased oxidative stress in isolated pancreatic islets of rats with T2D by 
suppressing oxidants and augmenting anti-oxidants. These findings favor the notion that nitrite-
induced insulin secretion is partially due to decreased oxidative stress. 
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Introduction
Diabetes is linked with an astonishing death rate of one 

person every eight seconds (1). Therefore, type 2 diabetes 
(T2D) management needs to change from only a glycemic-
based to a pathophysiological-based view (2). In addition, 
T2D is related to reduced bioavailability of nitric oxide 
(NO) (3); thus, a novel strategy for the management of T2D 
is to increase NO bioavailability (4). 

Experimental studies have displayed that nitrite, an NO 
donor, has favorable metabolic effects in T2D via increasing 
insulin secretion from the pancreas and decreasing insulin 
resistance (IR) (5-7). Nitrite improves IR in T2D by multiple 
mechanisms, including (i) enhancing glucose uptake in the 
adipose tissue (8); (ii) insulin-independent movement of 
glucose transporter 4 (GLUT4) to the membrane (6) via 
sirtuin3-AMP-activated protein kinase (AMPK)-dependent 
pathway (9) in skeletal muscle cells; (iii) decreasing adipocyte 
size (5); (iv) decreasing transcription of cytokines involved 
in inflammation in the adipose tissue (5); and (v) browning 
of white adipose tissue (WAT) (10). Nitrite stimulates 
insulin secretion by increasing pancreatic islet insulin 
content (7) and blood flow (11). Moreover, we recently 
reported that nitrite administration potentiates pancreatic 
insulin secretion via increasing insulin exocytosis (12). 

Oxidative stress is related to the onset and development 
of T2D (13). Pancreatic β-cells constitutively have a weak 
anti-oxidant defense system (14-16) and are at high risk of 
oxidative impairment (17). The sensitivity of rat islets to 
peroxide radicals is 25 times higher than the liver (18). The 
anti-oxidant protective capacity of the pancreatic β-cells 
may not be sufficient to deal with the challenges of modern 
lifestyles (14). Under a hyperglycemic environment in T2D, 
reactive oxygen species (ROS) are formed in pancreatic 
islets (19). This can impair insulin secretion (17, 20) and 
contribute to β-cell loss and function (16). Nitrite has 
anti-oxidant properties in the heart and vascular tissue 
(21-23), as well as in lipopolysaccharide (LPS)-activated 
mouse macrophages and human monocytes (24). Favorable 
metabolic effects of nitrite and its stimulatory effects on 
insulin secretion, synthesis, and exocytosis from pancreatic 
β-cells in T2D rats have been reported (7, 11, 12); however, 
the underlying mechanisms of nitrite-induced insulin 
secretion have not been fully elucidated. Oxidative stress 
plays a key role in decreased insulin secretion; therefore, 
we asked the question as to whether nitrite’s stimulatory 
effect on glucose-induced insulin secretion (GIIS) in T2D 
is mediated by reducing oxidative stress in the pancreatic 
islets. We thus measured mRNA levels of the genes that play 
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a key role in islets’ oxidative stress; for this purpose, we used 
isolated pancreatic islets from diabetic rats.  

Materials and Methods
Animals

Male Wistar rats (n=18, 2-month-old, 190–210 g) were 
kept in regular conditions with water and food ad libitum. 
The ethics committee of the Research Institute for Endocrine 
Sciences affiliated with Shahid Beheshti University of 
Medical Sciences approved all experimental procedures of 
the current study (IR.SBMU.ENDOCRINE.REC.1400.055; 
approved date: 2021-08-15).

Timeline of the study 
This study is an interventional experimental study; Figure 

1 presents the timeline of the study. Rats were allocated to 
3 groups (n=6 in each group), including control, T2D, and 
T2D+nitrite. Animals in the T2D+nitrite group consumed 
drinking water containing sodium nitrite at 50 mg/L for 8 
weeks, whereas rats in other groups received tap water only. 
This nitrite dose was chosen based on previous reports from 
our laboratory (7) and others (6, 25, 26), showing it to be 
safe, and producing favorable metabolic effects.

To measure water consumption (ml/24 hr/rat) and food 
intake (g/24 hr/rat), a certain amount of water (1000 ml in 
2 water bottles) and food (500 g) was added to each cage (3 
rats/cage). Then, the water remaining in the water bottles 
and food remaining in the cages at the end of each week 
were registered for 8 successive weeks using a graduated 
cylinder and a digital scale, respectively. In addition, levels 
of glucose and insulin were measured in the serum of fasted 
rats, and indices of IR [Homeostasis Model Assessment of 
IR (HOMA1-IR), updated HOMA-IR (HOMA2-IR)], and 
insulin sensitivity (quantitative insulin-sensitivity check 

index (QUICKI) were calculated as described previously 
(27). Overnight (12 hr) fasted rats were anesthetized with 
sodium pentobarbital (60 mg/kg), and blood samples 
were collected by cutting the tail tips at week 0 (for the 
confirmation of diabetes in rats, which was concurrent with 
the start of nitrite administration) and week 8 (end of the 
nitrite administration). At week 8, pancreatic islets from 
all rats were separated by the Lacy & Kostianovsky method 
(7), GIIS, and mRNA of nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase isoforms (Nox1, 2, 3, and 
4), superoxide dismutase isoforms (SOD1, 2, and 3), 
glutathione peroxidase (GPX1 and 7), glutathione reductase 
(GR), catalase, thioredoxin (TXN1 and 2), and thioredoxin 
reductase (TXNRD1) were measured in isolated pancreatic 
islets using real-time PCR.

Induction of T2D 
T2D was induced in rats using a high-fat diet (HFD) 

and streptozotocin (STZ) (28). Briefly, after 14 days of HFD 
feeding (29, 30), 25 mg/kg of STZ was intraperitoneally 
injected in all fasted rats in diabetic groups, and 7 days later, 
male rats with fasting serum glucose higher than or equal to 
150 mg/dl were allocated in T2D groups, which continued 
to receive the HFD for the rest of the study (28).

For the preparation of the HFD, 1000 g of powdered 
regular pellet diet (Pars animal feed Company, Tehran, 
Iran), 531 g sheep butter as a source of fat, 125 g of casein 
(Iran Caseinate Company, Karaj, Iran) as a source of protein, 
3 g of DL-methionine (Behparvar Company) to overcome 
low sulfur amino acids in the casein, 7 g of vitamin mix 
(Behroshd Company, Saveh, Iran), and 42 g mineral mix 
(Behroshd Company, Saveh, Iran) were thoroughly mixed 
to produce 1708 g of HFD. In the regular pellet diet, the 
total caloric value was ∼3160 kcal/kg, and calories received 

 

  Figure 1. Study timeline
T2D: Type 2 diabetes; HOMA1-IR: Homeostasis model assessment of insulin resistance (IR); HOMA2-IR: Updated HOMA-IR; GIIS: Glucose-induced 
insulin secretion; QUICKI: Quantitative insulin-sensitivity check index; GPx: Glutathione peroxidase; SOD: Superoxide dismutase; TXN: Thioredoxin; 
TXNRD: Thioredoxin reductase; Nox: Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase ; HFD: High-fat diet

Table 1. Ingredient composition of regular diet and high-fat diet (28)
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from fat, carbohydrate, and protein were 5.7, 72.2, and 
22.1%, respectively (Table 1). In the prepared HFD, the total 
caloric value was ∼4900 kcal/kg, and calories received from 
fat, carbohydrate, and protein were 58.8, 27.0, and 14.2%, 
respectively. In the HFD/low-dose STZ model of T2D, rats 
consume HFD to induce IR, and after that, low-dose of 
STZ causes partial destruction of pancreatic β-cells. STZ 
dose (15–40 mg/kg), percent of calories received from fat 
(30–67%), and duration of HFD before STZ injection (14–
84 days) vary between studies (28). However, most studies, 
including the initial ones that introduced the model (29, 
30), used 14 days on HFD before STZ injection, as we did in 
the current study. 

Serum glucose and insulin measurement 
Fasting serum glucose was measured using the glucose 

oxidase method (Pars Azmoon, Tehran, Iran, Cat. 
No.97001). Fasting serum insulin was measured using a 
rat-specific ELISA kit (Mercodia, Sweden, Cat. No.101113-
10), respectively. The intra-assay coefficient of variations for 
glucose and insulin were 1.4% and 8.4%, respectively.

Expression of target genes
The sequence of primers is shown in Table 2. Total RNA 

from isolated pancreatic islets was extracted by the RNX-Plus 
solution kit (Cinagen Co., Tehran, Iran, Cat. No. EX6101). 
A NanoDrop-1000 spectrophotometer (Thermo Scientific, 
USA) was used to determine purity and quantity of the 
extracted total RNA. For the cDNA synthesis, extracted 
RNA was reverse transcribed with a cDNA synthesis kit 
(SMOBiO Technology, Taiwan). Related products in this 

kit are Reverse transcriptase (Cat. No.RP13002108402-1), 
RNase inhibitor (Cat. No.RL10002108111-8), dNTP 
Mix (Cat. No.CD10102108400-1), Oligo (dT) (Cat. 
No.CHRP032208402-1), Random Hexamers, (Cat. 
No.CHRP0342106600-1), and DEPC-Ttrated H2O (Cat. 
No.CHRP0521081101). Finally, 1 μl cDNA was amplificated 
in a real-time PCR machine (Rotor-Gene 6000, Corbett, 
Life science, Sydney, Australia) by a SYBR Green Master 
Mix (Thermo Fisher, USA Cat. No. 4309155). PCR reaction 
contained 1 µl cDNA, 1 μl of primers (forward and reverse), 
7.5 μl Master Mix, and 5.5 μl DEPC-treated water, yielding a 
total volume of 15 µl. The thermal cycling settings included 
a 10 min (95 °C) initial denaturation followed by 40 cycles 
with 45, 45, and 60 sec at 94, 58, and 72 °C, respectively, and 
a five-min final extension at 72 °C. 

Statistical analyses
Statistical analysis was performed by GraphPad Prism 

software; all values are presented as mean±SEM. One-way 
analysis of variance followed by the Tukey post hoc test 
was used to compare water consumption and food intake, 
body weight, serum glucose and insulin, indices of insulin 
sensitivity/resistance, and insulin secretion at week 8. 
Relative expressions of genes were calculated based on their 
cycle thresholds versus β-actin as a reference gene with the 
REST software (31). This software uses a randomization 
test to compare the difference between control and 
treated samples, which avoids any assumptions about data 
distribution and is therefore preferred over parametric tests 
(31). The number of randomizations was set at 2000, which 
provides a reliable estimate of the P-value<0.05 (31). 

 

  

Table 2. Sequence of primers in Wistar rats

Nox: NADPH oxidase; TXN: Thioredoxin; TXNRD: Thioredoxin reductase; GPX: Glutathione peroxidase; SOD: Superoxide dismutase
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Results
Verification of model 

Consumption of HFD for two weeks before STZ 
injection produced IR in rats as indicated by higher 
HOMA1-IR (7.60±0.41 vs 2.86±0.27, P<0.001) and 
HOMA2-IR (3.86±0.21 vs 1.88±0.24, P<0.01) and lower 
QUICKI (0.287±0.002 vs 0.331±0.006, P<0.001) compared 
with controls. The success rate for induction of the T2D 
model was 63% (12/19); the range of glucose and insulin 
concentrations in the diabetic rats were 161–208 mg/dl 
and 113-181 pmol/L, respectively. At the end of the study, 
higher serum glucose (101%, P<0.001), serum insulin 
(124%, P<0.001), and lower GIIS from isolated islets (45%, 
P<0.001) were detected in diabetic rats. Moreover, rats with 
T2D had a higher HOMA1-IR (334%) and HOMA2-IR 
(167%), and lower QUICKI (17.6%) at the end of the study.

Effect of nitrite on final body weight and intakes of water 
and food 

Rats with T2D had higher body weight by 12.7% 
(P<0.001), and water consumption by 46% (P<0.001) at 
week 8 while they had lower food intake by 27% (P<0.001) 
than controls. As shown in Table 3, nitrite administration in 
rats with T2D decreased body weight by 8.6% (P<0.001) but 
had no significant effect on water and food intake at week 8. 

Effect of nitrite on serum glucose and insulin, insulin 
sensitivity/resistance, and insulin secretion

As shown in Table 4, nitrite administration for 8 weeks 
to the rats with T2D decreased the concentration of serum 
glucose by 17.3% (P<0.01) and serum insulin by 19.6% 
(P<0.05), and increased islets GIIS by 39.1% (P<0.001). In 
addition, nitrite administration for 8 weeks to the rats with 
T2D resulted in decreased HOMA1-IR by 34.3% (P<0.001) 
and HOMA2-IR by 25.0% (P<0.01) and increased QUICKI 
by 7.5% (P<0.05). 

Effect of nitrite administration on oxidative stress-related 
genes in islets of rats with T2D

As shown in Figure 2, mRNA levels of Nox1, 2, and 4 
were significantly higher in isolated islets of diabetic rats 
by 3.6, 2.3, and 3.8 folds, respectively; however, no change 
was observed in mRNA expression of Nox3 (Figure 2C). In 
addition, compared with the islets from T2D rats, nitrite 
administration decreased Nox1 (0.39-fold, P<0.01) and 
Nox4 (0.23-fold, P<0.01) gene expression (Figures 2A and 
2D) in the diabetic rats. But, it had no significant effect on 
Nox2 and Nox3 expression (Figures 2B and 2C). Higher 
expression of Nox2 (1.9-fold. P<0.05) was also observed in 
the T2D+nitrite group compared with the control group. 

 

  

Table 3. Effects of 8-week nitrite administration on final body weight and 
intakes of water and food in rats with type 2 diabetes

*, # P<0.05 vs control and diabetic rats, respectively. values are mean±SEM 
(n=6/group)  

Table 4. Effect of 8-week administration of nitrite on serum glucose 
concentration, serum insulin concentration, insulin sensitivity/resistance, 
and insulin secretion in rats with type 2 diabetes

*, # P<0.05 vs control and diabetic rats, respectively
GIIS: Glucose-induced insulin secretion; HOMA1-IR: Homeostasis model 
assessment of IR; HOMA2-IR: Updated HOMA-IR; QUICKI: Quantitative 
insulin-sensitivity check index; values are mean±SEM (n=6/group)

Figure 2. Effect of nitrite administration on mRNA expression of NADPH 
oxidase (Nox) isoforms [Nox1 (A), Nox2 (B), Nox3 (C), and Nox4 (D)] 
in rats with type 2 diabetes (T2D). Symbols ** and *** show significant 
differences at P<0.01 and P<0.001, respectively, vs the control group. 
Symbol ## shows a significant difference at P<0.01 vs the diabetic group. 
Values are mean±SEM (n=6/group)



Iran J Basic Med Sci, 2023, Vol. 26, No. 4

Ghasemi et al. Anti-oxidant effect of nitrite in diabetic islets 

424

As shown in Figure 3, expressions of SOD1 and 2, and 
catalase were significantly lower in isolated islets of diabetic 
rats by 0.42, 0.37, and 0.26 folds, respectively. mRNA 
expression of SOD3 was comparable between groups 
(Figure 3C). Moreover, compared with non-treated diabetic 
rats, administration of nitrite to the diabetic rats increased 
mRNA expressions of SOD1 (2.2-fold, P<0.001), SOD2 
(2.8-fold, P<0.01), and catalase (2.7-fold, P<0.01) without 
affecting SOD3 expression (Figure 3C). 

As shown in Figure 4, compared with controls, the 
following mRNA expressions were lower in isolated islets of 
rats with T2D: GPX1 (0.45-fold, P<0.05), GPX7 (0.40-fold, 
P<0.05), and GR (0.11-fold, P<0.001). Nitrite administration 
increased the expression of the following genes: GPX1 (2.2-
fold, P<0.05), GPX7 (6.0-fold, P<0.001), and GR (3.0-fold, 
P<0.01). Higher expression of GPX7 (2.5-fold, P<0.05) 
and lower expression of GR (0.34-fold, P<0.001) were also 
observed in the T2D+nitrite group in comparison with the 
control group. 
As shown in Figure 5, the expression of TXN1 was lower in 
isolated islets of diabetic rats by 0.48 (P<0.01); however, no 
change was observed in the mRNA expression of TXN2 and 
TXNRD1 (Figure 5B and 5C). Moreover, administration of 
nitrite to the diabetic rats increased mRNA expressions of 
TXN1 (2.1-fold, P<0.01) and TXNRD1 (2.3-fold, P<0.05) 
in pancreatic islets of T2D rats, but it did not affect the 
expression of TXN2 (Figure 5C). Higher expressions of 
TXNRD1 (2.2-fold, P<0.05) were also observed in the 
T2D+nitrite group compared with the control group.  

 

  Figure 3. Effect of nitrite administration on mRNA expression of 
superoxide dismutase (SOD) isoforms [SOD1 (A), SOD2 (B), and SOD3 
(C)] and catalase (D) in rats with type 2 diabetes (T2D). Symbols ** and 
*** show significant differences at P<0.01 and P<0.001, respectively, vs the 
control group. Symbols ## and ### show significant differences at P<0.01 
and P<0.001, respectively, vs the diabetic group. Values are mean±SEM 
(n=6/group)

 

  Figure 4. Effect of nitrite administration on mRNA expression of 
glutathione peroxidase (GPX) isoforms [GPX1 (A) and GPX7 (B)] and 
glutathione reductase (GR, C), in rats with Type 2 diabetes (T2D). Symbols 
* and *** show significant differences at P<0.05 and P<0.001, respectively, 
vs the control group. Symbols #, ##, and ### show significant differences at 
P<0.05, P<0.01, and P<0.001, respectively, vs the diabetic group. Values are 
mean±SEM (n=6/group)
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Discussion
The main result of the current study is that nitrite therapy 

attenuates T2D-induced increases in oxidative stress in 
isolated rat pancreatic islets. This finding indicates that the 
nitrite-induced increase in insulin secretion reported in our 
previous study (7) is at least in part due to blunting diabetes-
induced oxidative stress in pancreatic islets. 

In this study, serum glucose, serum insulin, and HOMA-
IR were higher, and GIIS was lower in diabetic rats, indicating 
increased IR and reduced insulin secretion in the HFD-
STZ model of T2D. Over an 8-week treatment by nitrite in 
diabetic rats, serum glucose and insulin concentrations were 
reduced, accompanied by decreased IR and increased GIIS; 
these findings are similar to others (5-7, 12). The positive 
effect of nitrate/nitrite on glucose homeostasis in rats with 
T2D is due to reduced IR, increased insulin secretion, and 
pancreatic islet blood flow (11), increased glucose uptake 
in the skeletal muscle (6), increased expression of NO 
synthase enzymes in tissues sensitive to insulin effects (32), 
and increased insulin exocytosis (12). In addition, nitrite 

decreased body weight without affecting food intake in 
diabetic rats, suggesting that the weight-reducing effect of 
nitrite was not associated with food intake in this study. The 
body weight-reducing effect of nitrate/nitrite in diabetic rats 
is due to WAT browning (10, 33). 

In our study, mRNA levels of Nox1, 2, and 4 but not 
Nox3 were higher in the pancreatic islets of diabetic rats. 
Nitrite restored elevated expression of Nox1 and 4 but did 
not affect Nox2 and 3. The mitochondria, peroxisomes, 
endoplasmic reticulum, and cytosol are the primary sources 
that produce ROS in the pancreatic β-cells (14, 34). Isolated 
rat islets express mRNAs of Nox1, 2, and 4 in a constitutive 
manner (35), where Nox1 and 2 are co-localized in the cell 
membrane and Nox4 is expressed in the ER, mitochondria, 
cell membrane, and the pancreatic β-cell nucleus (34). In 
line with our results, expression of Nox (subunit p22phox, 
which is critical for Nox1-4 function (36)) is higher in the 
islets isolated from patients with T2D (37). In addition, 
increased mRNA levels of Nox1, 2, and 4 but not Nox3 
participate in the metabolic dysregulation of β-cells (36), 
whereas inhibition of Nox4 protects human islets against 
glucolipotoxicity (38). Decreased activity or expression 
of Nox enzymes are among the possible mechanisms by 
which nitrite/nitrate can potentially reduce oxidative stress 
(39). Nitrite inhibits Nox activity in the kidney (39), liver 
(40), macrophages (24), and vascular tissue (21). Nitrite-
induced decreased Nox gene expression, as observed in 
our study for Nox1 and Nox4 in the pancreatic islets, has 
been reported for Nox subunit p67 protein (part of in Nox2 
and 3 holoenzymes) in the aorta (26) but not in the kidney 
(39). This differential expression suggests that nitrite may 
exert its effects on Nox isoforms by different mechanisms in 
different tissues. 

We showed that mRNA levels of SOD1 and SOD2 but 
not that of SOD3 were lower in the isolated islets of rats 
with T2D; nitrite increased SOD1 and SOD2 expressions 
to their natural values but did not affect SOD3 expression. 
In the pancreatic β-cells, Cu-Zn-SOD1 is expressed in the 
mitochondrial intermembrane space, cytosol, peroxisome, 
and the nucleus (34). Mitochondrial Mn-SOD2 and Cu/
Zn-SOD3 (EC-SOD) target the mitochondrial matrix and 
extracellular space, respectively (34). Compared with the 
liver, SOD1 and SOD2 mRNA expressions in the pancreatic 
islets of male Wistar rats have been reported to be lower 
by 23% and 55%, respectively (41). In line with our results, 
lower expression of SOD1 (37, 42) and 2 (37) were observed 
in the pancreatic islets of patients with T2D (42). Nitrite 
administration (50 mg/L) in drinking water for three weeks 
restores the decreased SOD activity in the aorta of aged (26 
to 28-month-old) mice, but it did not affect SOD1 and SOD2 
protein expression (26). However, nitrite administration did 
increase SOD1 mRNA expression in the mesenteric arteries 
of hypertensive rats (23) and cardiac tissue of mice with 
congestive heart failure (CHF) (43).

In the current study, rats with T2D had lower islet 
expression of catalase, GPX (GPX1 and 7), and GR. Nitrite 
increased the transcription of these genes, particularly that 
of GPX7. Catalase and cytoplasmic GPX are hydrogen 
peroxide-inactivating enzymes (41), of which very low 
levels are found in the pancreatic islets (41). Catalase and 
GPX activities in the pancreatic rat islets are 1-3.5% (18, 
41) and 21% (41) of those found in the liver. Catalase and 
GPX1 localize in the peroxisomes and cytosol, whereas 
GPX7 localizes in ER (34). Thus, overexpression of GPX 

 
Figure 5. Effect of nitrite administration on mRNA expression of 
thioredoxin (TXN) isoforms [TXN1 (A) and TXN2 (C)], and thioredoxin 
reductase (TXNRD1, C), in rats with Type 2 diabetes (T2D). Symbols * and 
** show significant differences at P<0.05 and P<0.001, respectively, vs the 
control group. Symbols # and ### show significant differences at P<0.05 
and P<0.001, respectively, vs the diabetic group. Values are mean±SEM 
(n=6/group)
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and catalase protect the β-cells against hydrogen peroxide 
toxicity (41). In addition, GPX1 overexpression prevents, 
whereas buthionine sulfoximine, which depletes cellular 
glutathione levels, augments ribose-induced increases 
in peroxide levels, leading to decreased insulin mRNA, 
insulin content, and GIIS in rats islets (44). In line with our 
results, nitrite increases mRNA levels of catalase and GPX1 
in vascular tissue from hypertensive rats (23) and heart 
tissue of CHF mice (43). In addition, in the heart, nitrite 
increases the reduced/oxidized-glutathione (GSH/GSSG) 
ratio in rats exposed to hypoxia (45). Of significance, the 
SOD-to-catalase ratio is higher in insulin-producing cells 
than in other tissue, favoring the accumulation of hydrogen 
peroxide (41). In our study, than controls, the ratio of SOD3-
to-catalase was 3.17 in the diabetic group; this decreased 
to 1.31 in the diabetes+nitrite group reflecting a 2.4-fold 
change, which is more relevant in determining overall 
sensitivity to hydrogen peroxide toxicity (41).

In the current study, rats with T2D had lower expression 
of TXN1; nitrite administration increased this and that 
of TXNRD1. TXN-TXNRD1 plays a significant role in 
detoxifying hydrogen peroxide in the β-cells (46). In line 
with our results, nitrite increases TXN1 gene expression in 
the vascular tissue of hypertensive rats (23), and NO donors 
increase TXNRD1 expression in pancreatic islets (47). 
S-nitrosylation, the NO-dependent alteration of protein 
thiols to form S-nitrosothiols (SNO), is one of the principal 
ways that NO exerts its effects, including gene transcription 
(48). GSH, thioredoxin, and their related redox systems 
are involved in SNO reduction (48). TXNRD1 reduces 
oxidized TXN and keeps it active (48). In addition, TXN1 
can function as a denitrosylase to protect soluble guanylyl 
cyclase (sGC) sensitivity to NO (49). 

Previously we reported that in T2D, nitrite increases islet 
insulin mRNA levels (12) and content (7), stimulates insulin 
secretion from islets (7), and increases mRNA expression 
of proteins involved in insulin exocytosis (12). Other 
studies on the islets or β-cell lines show that high glucose 
concentrations increase intracellular ROS production (20, 
44, 50), inhibiting insulin secretion. Ribose, which produces 
ROS more robustly than glucose, inhibits GIIS and decreases 
insulin content and mRNA levels; N-acetylcysteine prevents 
these effects (44). Tert-butyl hydroperoxide, an agent which 
induces oxidative stress, lowers islet GSH content by 37% 
and decreases GIIS by 67% (18). In addition, GIIS was 
potentiated by 38% in Nox4-deficient islets (20), indicating 
stimulatory effects of Nox4 inhibition on insulin secretion, 
as observed in our study following nitrite administration. 
Collectively, hyperglycemia increases ROS production, 
and long-term ROS increase can cause dysfunction and 
death of β-cell (34). Therefore, the anti-oxidant effects of 
nitrite on the pancreatic β-cells and its effect on increasing 
insulin secretion are relevant because T2D is frequently 
accompanied by oxidative stress. Dietary consumption of 
green leafy vegetables would be a viable means of providing 
adequate nitrate/nitrite supplementation in T2D patients. 
Drugs targeting oxidative stress may be advantageous in the 
future treatment of T2D (34), and enhancing β-cell anti-
oxidant activity may preserve residual β-cell function after 
the onset of T2D (44).

As for strengths, first, we provided efficiency-corrected 
relative gene expression, which is highly recommended (31) 
and prevents any miscalculated differences in expression 
ratios (51). Second, in the model of T2D in the current study, 

HFD induces IR, and STZ induces partial β-cell dysfunction; 
metabolic characteristics of this model, therefore, mimic the 
pathophysiology of T2D in humans (28). Finally, the dose of 
nitrite (50 mg/l in drinking water) used in the current study 
is ~5.8 mg/kg (based on 38 ml/day of water consumption 
and 330 g of average body weight in nitrite-treated rats), 
which translates to a human equivalent dose of 0.93 mg/kg 
(52). This nitrite dose is achievable through vegetable and 
fruit consumption, it is safe, and represents a low nitrite 
dose in humans (10, 53). As a limitation, the expression 
of the protein of studied genes was not measured in the 
current study. However, anti-oxidant enzyme activities of 
the tissues are chiefly determined by their mRNA levels (41), 
and expression of oxidative stress-response genes at mRNA 
levels in islets of rats with T2D is used as an indicator of 
β-cell oxidative stress (34, 54).

Conclusion
Nitrite administration in diabetic rats decreased oxidative 

stress in isolated pancreatic islets by suppressing oxidants 
and augmenting anti-oxidants. Therefore, nitrite-induced 
insulin secretion is at least in part due to decreased oxidative 
stress. These findings are relevant for potential translational 
nutritional-based intervention studies using nitrite. 

Acknowledgment
This study was supported by a grant (grant no. 28639-7) 

from Shahid Beheshti University of Medical Sciences, Iran.

Authors’ Contributions
SJ, SG, KK, and AG designed the experiments; SJ, SG, and 

AG performed experiments and collected data; SJ and AG 
discussed the results and strategy; AG supervised, directed, 
and managed the study; SJ, SG, KK, and AG approved the 
final version to be published.

Conflicts of Interest
None.

References
1. International Diabetes Federation. IDF Diabetes Atlas, 8th edn. 
Brussels, Belgium: International Diabetes Federation, 2019. http://
www.diabetesatlas.org.
2. Ghasemi A, Norouzirad R. Type 2 diabetes: An updated 
overview. Crit Rev Oncog 2019; 24:213-222.
3. Ghasemi A, Jeddi S. Anti-obesity and anti-diabetic effects of 
nitrate and nitrite. Nitric Oxide 2017; 70:9-24.
4. Lundberg JO, Carlstrom M, Weitzberg E. Metabolic effects of 
dietary nitrate in health and disease. Cell Metab 2018; 28:9-22.
5. Ohtake K, Nakano G, Ehara N, Sonoda K, Ito J, Uchida H, et 
al. Dietary nitrite supplementation improves insulin resistance in 
type 2 diabetic KKA(y) mice. Nitric Oxide 2015; 44:31-38.
6. Jiang H, Torregrossa AC, Potts A, Pierini D, Aranke M, Garg 
HK, et al. Dietary nitrite improves insulin signaling through 
GLUT4 translocation. Free Radic Biol Med 2014; 67:51-57.
7. Gheibi S, Bakhtiarzadeh F, Jeddi S, Farrokhfall K, Zardooz H, 
Ghasemi A. Nitrite increases glucose-stimulated insulin secretion 
and islet insulin content in obese type 2 diabetic male rats. Nitric 
Oxide 2017; 64:39-51.
8. Khoo NK, Mo L, Zharikov S, Kamga-Pride C, Quesnelle 
K, Golin-Bisello F, et al. Nitrite augments glucose uptake in 
adipocytes through the protein kinase A-dependent stimulation of 
mitochondrial fusion. Free Radic Biol Med 2014; 70:45-53.
9. Lai Y-C, Tabima DM, Dube JJ, Hughan KS, Vanderpool RR, 



427Iran J Basic Med Sci, 2023, Vol. 26, No. 4

Anti-oxidant effect of nitrite in diabetic islets Ghasemi et al.

Goncharov DA, et al. SIRT3–AMP-activated protein kinase 
activation by nitrite and metformin improves hyperglycemia and 
normalizes pulmonary hypertension associated with heart failure 
with preserved ejection fraction. Circulation 2016; 133:717-731.
10. Roberts LD, Ashmore T, Kotwica AO, Murfitt SA, Fernandez 
BO, Feelisch M, et al. Inorganic nitrate promotes the browning 
of white adipose tissue through the nitrate-nitrite-nitric oxide 
pathway. Diabetes 2015; 64:471-484.
11. Nystrom T, Ortsater H, Huang Z, Zhang F, Larsen FJ, Weitzberg 
E, et al. Inorganic nitrite stimulates pancreatic islet blood flow and 
insulin secretion. Free Radic Biol Med 2012; 53:1017-1023.
12. Ghasemi A, Afzali H, Jeddi S. Effect of oral nitrite 
administration on gene expression of SNARE proteins involved in 
insulin secretion from pancreatic islets of male type 2 diabetic rats. 
Biomed J 2022; 45:387-395.
13. Baumel-Alterzon S, Katz LS, Brill G, Garcia-Ocaña A, Scott DK. 
Nrf2: The master and captain of beta cell fate. Trends Endocrinol 
Metab 2021; 32:7-19.
14. Lenzen S. The pancreatic beta cell: an intricate relation between 
anatomical structure, the signalling mechanism of glucose-
induced insulin secretion, the low anti-oxidative defence, the high 
vulnerability and sensitivity to diabetic stress. ChemTexts 2021; 
7:1-6.
15. Lenzen S, Drinkgern J, Tiedge M. Low anti-oxidant enzyme 
gene expression in pancreatic islets compared with various other 
mouse tissues. Free Radic Biol Med 1996; 20:463-466.
16. Lenzen S. Oxidative stress: the vulnerable beta-cell. Biochem 
Soc Trans 2008; 36:343-347.
17. Newsholme P, Morgan D, Rebelato E, Oliveira-Emilio HC, 
Procopio J, Curi R, et al. Insights into the critical role of NADPH 
oxidase(s) in the normal and dysregulated pancreatic beta cell. 
Diabetologia 2009; 52:2489-2498.
18. Malaisse WJ, Malaisse-Lagae F, Sener A, Pipeleers DG. 
Determinants of the selective toxicity of alloxan to the pancreatic 
B cell. Proc Natl Acad Sci U S A 1982; 79:927-930.
19. Pi J, Bai Y, Zhang Q, Wong V, Floering LM, Daniel K, et al. 
Reactive oxygen species as a signal in glucose-stimulated insulin 
secretion. Diabetes 2007; 56:1783-1791.
20. Li N, Li B, Brun T, Deffert-Delbouille C, Mahiout Z, Daali 
Y, et al. NADPH oxidase NOX2 defines a new antagonistic role 
for reactive oxygen species and cAMP/PKA in the regulation of 
insulin secretion. Diabetes 2012; 61:2842-2850.
21. Montenegro MF, Amaral JH, Pinheiro LC, Sakamoto EK, 
Ferreira GC, Reis RI, et al. Sodium nitrite downregulates 
vascular NADPH oxidase and exerts antihypertensive effects in 
hypertension. Free Radic Biol Med 2011; 51:144-152.
22. Amaral JH, Ferreira GC, Pinheiro LC, Montenegro MF, Tanus-
Santos JE. Consistent anti-oxidant and antihypertensive effects of 
oral sodium nitrite in DOCA-salt hypertension. Redox Biol 2015; 
5:340-346.
23. Amaral JH, Rizzi ES, Alves-Lopes R, Pinheiro LC, Tostes RC, 
Tanus-Santos JE. Anti-oxidant and antihypertensive responses to 
oral nitrite involves activation of the Nrf2 pathway. Free Radic Biol 
Med 2019; 141:261-268.
24. Yang T, Peleli M, Zollbrecht C, Giulietti A, Terrando N, 
Lundberg JO, et al. Inorganic nitrite attenuates NADPH oxidase-
derived superoxide generation in activated macrophages via a 
nitric oxide-dependent mechanism. Free Radic Biol Med 2015; 
83:159-166.
25. Bryan NS, Calvert JW, Gundewar S, Lefer DJ. Dietary nitrite 
restores NO homeostasis and is cardioprotective in endothelial 
nitric oxide synthase-deficient mice. Free Radic Biol Med 2008; 
45:468-474.
26. Sindler AL, Fleenor BS, Calvert JW, Marshall KD, Zigler 
ML, Lefer DJ, et al. Nitrite supplementation reverses vascular 
endothelial dysfunction and large elastic artery stiffness with 
aging. Aging Cell 2011; 10:429-437.

27. Tohidi M, Ghasemi A, Hadaegh F, Derakhshan A, Chary A, 
Azizi F. Age- and sex-specific reference values for fasting serum 
insulin levels and insulin resistance/sensitivity indices in healthy 
Iranian adults: Tehran Lipid and Glucose Study. Clin Biochem 
2014; 47:432-438.
28. Gheibi S, Kashfi K, Ghasemi A. A practical guide for induction 
of type-2 diabetes in rat: Incorporating a high-fat diet and 
streptozotocin. Biomed Pharmacother 2017; 95:605-613.
29. Reed MJ, Meszaros K, Entes LJ, Claypool MD, Pinkett JG, 
Gadbois TM, et al. A new rat model of type 2 diabetes: the fat-fed, 
streptozotocin-treated rat. Metabolism 2000; 49:1390-1394.
30. Srinivasan K, Viswanad B, Asrat L, Kaul CL, Ramarao P. 
Combination of high-fat diet-fed and low-dose streptozotocin-
treated rat: a model for type 2 diabetes and pharmacological 
screening. Pharmacol Res 2005; 52:313-320.
31. Pfaffl MW, Horgan GW, Dempfle L. Relative expression 
software tool (REST) for group-wise comparison and statistical 
analysis of relative expression results in real-time PCR. Nucleic 
Acids Res 2002; 30:e36.
32. Shokri M, Jeddi S, Faridnouri H, Khorasani V, Kashfi K, 
Ghasemi A. Effect of Nitrate on Gene and Protein Expression of 
Nitric Oxide Synthase Enzymes in Insulin-Sensitive Tissues of 
Type 2 Diabetic Male Rats. Endocr Metab Immune Disord Drug 
Targets 2021; 21:2220-2230.
33. Jeddi S, Yousefzadeh N, Afzali H, Ghasemi A. Long-term 
nitrate administration increases expression of browning genes in 
epididymal adipose tissue of male type 2 diabetic rats. Gene 2021; 
766:145155.
34. Roma LP, Jonas JC. Nutrient Metabolism, Subcellular Redox 
State, and Oxidative Stress in Pancreatic Islets and β-Cells. J Mol 
Biol 2020; 432:1461-1493.
35. Uchizono Y, Takeya R, Iwase M, Sasaki N, Oku M, Imoto H, et 
al. Expression of isoforms of NADPH oxidase components in rat 
pancreatic islets. Life Sci 2006; 80:133-139.
36. Kowluru A. Oxidative stress in cytokine-induced dysfunction 
of the pancreatic beta cell: Known knowns and known unknowns. 
Metabolites 2020; 10:480.
37. Marchetti P, Del Guerra S, Marselli L, Lupi R, Masini M, 
Pollera M, et al. Pancreatic islets from type 2 diabetic patients have 
functional defects and increased apoptosis that are ameliorated by 
metformin. J Clin Endocrinol Metab 2004; 89:5535-5541.
38. Wang X, Elksnis A, Wikström P, Walum E, Welsh N. The novel 
NADPH oxidase 4 selective inhibitor GLX7013114 counteracts 
human islet cell death in vitro. PLoS One 2018; 13:e0204271.
39. Gao X, Yang T, Liu M, Peleli M, Zollbrecht C, Weitzberg E, et al. 
NADPH oxidase in the renal microvasculature is a primary target 
for blood pressure-lowering effects by inorganic nitrate and nitrite. 
Hypertension 2015; 65:161-170.
40. Peleli M, Hezel M, Zollbrecht C, Persson AE, Lundberg JO, 
Weitzberg E, et al. In adenosine A2B knockouts acute treatment 
with inorganic nitrate improves glucose disposal, oxidative stress, 
and AMPK signaling in the liver. Front Physiol 2015; 6:222-231.
41. Tiedge M, Lortz S, Drinkgern J, Lenzen S. Relation between 
anti-oxidant enzyme gene expression and anti-oxidative defense 
status of insulin-producing cells. Diabetes 1997; 46:1733-1742.
42. Sakuraba H, Mizukami H, Yagihashi N, Wada R, Hanyu C, 
Yagihashi S. Reduced beta-cell mass and expression of oxidative 
stress-related DNA damage in the islet of Japanese Type II diabetic 
patients. Diabetologia 2002; 45:85-96.
43. Donnarumma E, Bhushan S, Bradley JM, Otsuka H, Donnelly 
EL, Lefer DJ, et al. Nitrite Therapy Ameliorates Myocardial 
Dysfunction via H2S and Nuclear Factor-Erythroid 2-Related 
Factor 2 (Nrf2)-Dependent Signaling in Chronic Heart Failure. J 
Am Heart Assoc 2016; 5:1-10.
44. Tanaka Y, Tran PO, Harmon J, Robertson RP. A role for 
glutathione peroxidase in protecting pancreatic beta cells against 
oxidative stress in a model of glucose toxicity. Proc Natl Acad Sci 



Iran J Basic Med Sci, 2023, Vol. 26, No. 4

Ghasemi et al. Anti-oxidant effect of nitrite in diabetic islets 

428

U S A 2002; 99:12363-12368.
45. Singh M, Arya A, Kumar R, Bhargava K, Sethy NK. Dietary 
nitrite attenuates oxidative stress and activates anti-oxidant genes 
in rat heart during hypobaric hypoxia. Nitric Oxide 2012; 26:61-73.
46. Stancill JS, Broniowska KA, Oleson BJ, Naatz A, Corbett JA. 
Pancreatic β-cells detoxify H(2)O(2) through the peroxiredoxin/
thioredoxin anti-oxidant system. J Biol Chem 2019; 294:4843-4853.
47. Yagishita Y, Fukutomi T, Sugawara A, Kawamura H, Takahashi 
T, Pi J, et al. Nrf2 protects pancreatic β-cells from oxidative and 
nitrosative stress in diabetic model mice. Diabetes 2014; 63:605-618.
48. Benhar M. Nitric oxide and the thioredoxin system: A complex 
interplay in redox regulation. Biochim Biophys Acta 2015; 
1850:2476-2484.
49. Huang C, Alapa M, Shu P, Nagarajan N, Wu C, Sadoshima J, 
et al. Guanylyl cyclase sensitivity to nitric oxide is protected by a 
thiol oxidation-driven interaction with thioredoxin-1. J Biol Chem 

2017; 292:14362-14370.
50. Sakai K, Matsumoto K, Nishikawa T, Suefuji M, Nakamaru K, 
Hirashima Y, et al. Mitochondrial reactive oxygen species reduce 
insulin secretion by pancreatic beta-cells. Biochem Biophys Res 
Commun 2003; 300:216-222.
51. Rao X, Huang X, Zhou Z, Lin X. An improvement of the 2ˆ(-
delta delta CT) method for quantitative real-time polymerase chain 
reaction data analysis. Biostat Bioinforma Biomath 2013; 3:71-85.
52. Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from animal 
to human studies revisited. Faseb j 2008; 22:659-661.
53. Bryan NS, Ivy JL. Inorganic nitrite and nitrate: evidence to support 
consideration as dietary nutrients. Nutr Res 2015; 35:643-654.
54. Dreja T, Jovanovic Z, Rasche A, Kluge R, Herwig R, Tung YC, et 
al. Diet-induced gene expression of isolated pancreatic islets from 
a polygenic mouse model of the metabolic syndrome. Diabetologia 
2010; 53:309-320.


