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A B S T R A C T

Purpose: Anemia is common in patients with type 2 diabetes. This aims at determining long-term effects of
nitrate administration on diabetes-induced anemia in obese type 2 diabetic rats.
Methods: Male Wistar rats were divided into 4 groups: Control, control + nitrate, diabetes, and diabetes + ni-
trate. Type 2 diabetes was induced using high-fat diet followed by injection of streptozotocin (30 mg/kg).
Sodium nitrate (100 mg/L in drinking water) was administered for six months. After overnight fasting, levels of
glucose and erythropoietin (EPO) and complete blood cell count (CBC) were measured at month 0, month 3, and
month 6. At month 6, serum iron, and testosterone as well as EPO protein levels and hypoxia-inducible factor-1
(HIF-1) mRNA levels in kidney and liver were measured.
Results: Nitrate administration decreased serum glucose in diabetic rats by 10% and 15% at months 3 and 6,
respectively. Nitrate restored decreased red blood cells count, hemoglobin concentration, and hematocrit to
control levels in diabetic rats; in addition, nitrate restored decreased serum, kidney, and liver EPO levels to near
normal values. Nitrate also increased HIF-1 mRNA levels in both kidney and liver of diabetic rats. Diabetic rats
had lower serum testosterone (37%) and iron (20%) and nitrate restored these parameters to near normal values.
Conclusion: Long-term and low dose of nitrate had beneficial effects against anemia in obese type 2 diabetic rats;
these effects were associated with increased EPO and HIF-1 levels in kidney and liver as well as increased
circulating EPO, testosterone, and iron.

1. Introduction

Anemia is common in patients with type 2 diabetes [1] and in-
tensifies the risk of type 2 diabetes complications [2]. Worldwide pre-
valence of anemia in diabetic patients ranges between 14 and 45% [2].
Erythropoietin (EPO) and iron deficiencies, hyporesponsiveness to EPO,
low testosterone levels, some medications as well as chronic hy-
perglycemia are among the causes of anemia in diabetic patients [2].

Diabetes and obesity are associated with decreased nitric oxide
(NO) bioavailability mostly due to decreased expression and activity of
NO synthase (NOS) enzymes and quenching of NO by reactive oxygen
species [3]. In addition to classic pathway of conversion of L-arginine to
NO by NOS isoforms [viz. endothelial (eNOS), neural (nNOS) and in-
ducible (iNOS)], NO is also produced from nitrate and nitrite in parti-
cular in hypoxic conditions [4]. Direct measurement of oxygen pressure

indicates obesity-associated adipose tissue hypoxia in human [5] and
mice [6–8]. Oxygen pressure in adipose tissue of obese and diabetic
mice (15–20 mm Hg) is lower than lean mice (35–55 mm Hg mm Hg)
[6–8]; findings indicating a 70% reduction in adipose tissue oxygen
pressure that indicate tissue hypoxia in diabetes and obesity [9].

Effects of NO on erythropoiesis and EPO production is conflicting
and both inhibitory [10] and stimulatory [11] effects of endogenous NO
on EPO production in mice have been reported. In addition, NO could
decrease hemoglobin (Hb) synthesis [12] and inhibits the growth of
colony-forming unit-erythroid (CFU-E) in mononuclear cells derived
from human bone marrow [13].

Nitrate/nitrite has been introduced as a new treatment for diabetes
with promising effects mostly in animal studies [14–16]. Few studies
have assessed effects of dietary nitrate/nitrite on erythropoiesis
[17,18]. Globus et al. have reported that nitrite stimulates embryonic
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hepatic production of erythroid cells in mice [17] and Ashmore et al.
have reported that dietary nitrate (9 mg/kg/day) suppress erythropoi-
esis in male Wistar rats by suppressing hepatic EPO expression [18]. To
the best of our knowledge, there is no study to address effects of nitrate
on EPO levels and red blood cell (RBC) indices in diabetes, the aim of
this study was therefore to assess the long-term effect of low dose ni-
trate administration on diabetes-induced anemia in obese type 2 dia-
betic rats.

2. Materials and methods

2.1. Animals

Male Wistar rats (weight range: 180–200 g) were kept on a 12:12 h
light-dark cycle under controlled temperature (23 ± 2 °C) and hu-
midity (50 ± 6%). All procedures were performed in accordance with
the guidelines for the care and use of laboratory animals approved by
the ethics committee of the Research Institute for Endocrine Sciences,
affiliated to the Shahid Beheshti University of Medical Sciences (Ethic
Code: IR.SBMU.Endocrine.Rec.1396.198).

2.2. Induction of diabetes

For induction of type 2 diabetes, rats were fed with a high-fat diet
(HFD) for two weeks and then a single low dose of streptozotocin (STZ,
30 mg/kg dissolved in 0.1 mM citrate buffer, pH 4.5; Sigma Aldrich,
Hamburg, Germany) was injected intraperitoneally (IP). One week after
STZ injection, rats with fasting glucose levels ≥150 mg/dL were

considered to be diabetic [19].

2.3. Experimental design

Rats were divided into 4 groups (n = 10/group): Control, con-
trol + nitrate, diabetes, and diabetes + nitrate. The nitrate-treated
control and diabetic rats received sodium nitrate (100 mg/L in drinking
water) and the control and diabetic groups received tap water for 6
months. The 21st day of study was designated as the first day for so-
dium nitrate administration in nitrate-treated control and diabetic rats.
Control rats consumed standard rat chow (∼3160 kcal/kg) and diabetic
rats consumed HFD from start of study (week −3) until the end of the
study (month 6). Details of preparation of HFD (∼4900 kcal/kg) as well
as components of HFD and standard rat chow has previously been re-
ported [19]. In standard rat chow, 5.7%, 72.2%, and 22.1% of calories
were from fat, carbohydrate, and protein, respectively and in HFD,
58%, 27.5%, and 14.5% of calories were from fat, carbohydrates, and
proteins, respectively [19].

Timeline of the study is shown in Fig. 1. Body weight (g), water
consumption (mL/day/rat), food intakes (g/day/rat), calorie intake
(kcal/day/rat), energy efficiency ratio, and food efficiency ratio were
measured weekly. Fasting serum glucose and NOx (nitrite + nitrate)
were measured at the start of the study (week −3), start of the sodium
nitrate administration (month 0), month 3, and the end of the study
(month 6). Serum levels of EPO were measured at the month 0, month
3, and month 6. At the end of study (month 6), protein levels of EPO
and mRNA expression of hypoxia-inducible factors-1 (HIF-1) in kidney
and liver as well as iron, ferritin, and testosterone levels in serum were

Fig. 1. Experimental procedures over the course of the study. STZ, streptozotocin; NOX, nitrite + nitrate; EPO, erythropoietin; HIF-1, hypoxia-inducible factors-1.

Table 1
Effects of sodium nitrate (100 mg/L in drinking water) on body weight, water consumption, food intake, and calorie intake.

Parameters Groups

Control Control + Nitrate Diabetes Diabetes + Nitrate

Initial body weight (g) 191.1 ± 3.2 186.9 ± 2.9 189.0 ± 4.9 185.3 ± 3.4
Final body weight (g) 363.7 ± 5.9 348.2 ± 10.7 382.1 ± 9.3 351.0 ± 18.4†
Body weight gain (g) 172.3 ± 5.2 161.3 ± 9.9 193.1 ± 9.9* 165.7 ± 19.9
Body weight gain (g/day) 0.86 ± 0.03 0.80 ± 0.05 0.96 ± 0.05 0.82 ± 0.10
Food intakes (g/day/rat) 18.4 ± 0.4 17.8 ± 0.34 14.2 ± 0.2* 14.6 ± 0.2*
Food efficiency ratioa (%) 4.7 ± 0.17 4.5 ± 0.21 6.8 ± 0.39* 5.6 ± 0.65*
Calorie intake (kcal/day/rat) 57.0 ± 1.2 55.2 ± 1.0 69.8 ± 0.9* 71.7 ± 0.8*
Energy efficiency ratiob (%) 1.51 ± 0.10 1.44 ± 0.10 1.38 ± 0.10 1.14 ± 0.10
Water consumption (mL/day/rat) 34.0 ± 0.7 35.6 ± 0.8 36.1 ± 0.4* 33.4 ± 0.2†

*, † Statistically significant difference compared to the control and diabetes groups, respectively. Values are mean ± SEM (n = 10/each group).
a Food efficiency ratio = body weight gain (g/day)/food intake (g/day/rat) × 100 [22].
b Energy efficiency ratio (EER) = body weight gain (g/day)/energy intake (kcal/day) × 100 [23].

V. Khorasani, et al. Nitric Oxide 86 (2019) 21–30

22



measured. Complete blood count (CBC) including RBC count, he-
moglobin concentration (Hb), hematocrit (Hct), mean corpuscular vo-
lume (MCV), mean corpuscular Hb (MCH), mean corpuscular Hb con-
centration (MCHC), were done at the week −3, month 0, month 3, and
month 6. At the end of the study, rats were anesthetized with in-
traperitoneal injection of sodium pentobarbital (60 mg/kg; Sigma Al-
drich, Hamburg, Germany) and kidney and liver were removed and
immediately transferred to liquid nitrogen for further assessments.

2.4. Complete blood cell count

After 12–14 h fasting, blood samples were collected in anticoagulant
tubes containing K2EDTA (ethylene diamine tetra-acetic acid, 1.8 mg/
mL per milliliter of blood) and CBC was performed by the Sysmex au-
tomated hematology analyzer (model Kx 21 N, Japan). Intra- and inter-
assay coefficients of variation were < 3% for all CBC parameters.

2.5. Measurement of serum glucose, NOx, EPO, testosterone, iron, and
ferritin levels

Serum glucose concentration was measured using an enzymatic
colorimetric assay by a commercial kit (Pars Azmoon, Tehran, Iran).
Fasting serum NOx levels was measured by the Griess method using a
commercial kit (Pazhoheshkave Afagh, Iran). Nitrate content in stan-
dard rat chow and HFD were measured according to ISO6635:1984;
details of the procedure has previously been reported [20]. In brief, 1 g
of the samples were treated with tetraborate sodium, Carrez I, and
Carrez II (potassium hexacyanoferrate (II) trihydrate and zinc acetate
solution, respectively); extraction was followed by filtration through
filter paper. To measure sample nitrate concentration, vanadium (III)
trichloride and Griess reagents including Griess I and Griess II (sulfo-
namide in hydrochloric acid and N-(1-naphtyl) ethylene diamine di-
hydrochloride in water, respectively) were added to filtrate; the volu-
metric flask was incubated at 37 °C for 180 min and then the
absorbance was read at 538 nm using ELISA reader.

Serum, kidney, and liver levels of EPO were measured using a
specific rat ELISA kit (ZellBio Gmbh, Germany). Serum testosterone
levels were measured by an ELISA kit (Arka fan azma, Tehran, Iran),
and serum level of iron and ferritin were measured by commercial
standard kits (Pars Azmoon, Tehran, Iran). Intra-assay coefficients of
variation were < 4% for all parameters.

2.6. Measurement of mRNA expression of HIF-1 by qRT-PCR

After anesthesia, the kidney and liver were removed and placed in
liquid nitrogen, thereafter stored at −80 °C. Details of RNA extraction,
cDNA synthase, and qRT-PCR have been previously reported [21]. Total
RNA was extracted by the RNX-Plus solution kit (Cinagen Co., Tehran,
Iran) and cDNA synthesis was performed using Thermo Scientific Re-
vertAid Reverse Transcriptase in accordance with manufacturers’ in-
structions. The primers sequences used for HIF-1 gene is forward,
5′-CCGAGCGTGAGCACAGTTAC-3′ and reverse, 5′- TTCATCAGTGGTG
GCAGTTGC -3′. The primers sequences used for β-actin gene is forward,
5′- CCGTGAAAAGATGACCCAGATC-3′ and reverse, 5′- CACAGCCTGG
ATGGCTACGT -3′. Amplifications were performed in a Rotor-Gene
6000 real time PCR machine (Corbett, Life science, Sydney, Australia).
Target gene was normalized with β-actin as reference. The relative
mRNA level for HIF-1 gene was calculated by the 2 Ct method.

2.7. Statistical analyses

Analyses were done using GraphPad Prism software (Version 6) and
all values are expressed as mean ± SEM. Two-way mixed (between-
within) analysis of variance (ANOVA), followed by Fisher post-hoc test
was used for analyzing data of body weight, water consumption, food
and calorie intakes, serum glucose, serum NOx, serum EPO levels and
CBC parameters. A two-way mixed ANOVA include a repeated measure
design with addition of a between subject factor. One-way ANOVA was
used for comparing the area under the curves (AUC), CBC parameters
and serum level of testosterone, iron, and ferritin as well as levels of
EPO in serum, kidney and liver at the end of study. The Mann-Whitney
U test was used for comparing fold change in mRNA expression levels
between the groups. Correlation between EPO and NOX concentration,
RBC count, hemoglobin concentration, and hematocrit was determined
using Spearman correlation coefficient. Two-sided P-values < 0.05
were considered statistically significant.

3. Results

3.1. Body weight, water consumption, food intake, and calorie intake

As shown in Table 1, all groups had comparable body weights at
start of the study. Compared to controls, diabetic rats had significantly

Fig. 2. Effects of sodium nitrate administration (100 mg/L in drinking water)
on fasting serum glucose (A) and fasting serum nitric oxide metabolite (NOx)
(B). Insets indicate the area under the curves (AUC) after nitrate administration.
*, † Statistically significant difference compared to the control and diabetic
groups, respectively. Values are mean ± SEM (n = 10/each group).
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higher body weight gain, water consumption, calorie intake, and food
efficiency ratio and lower food intake during study. It should be noted
that calorie content of HFD was higher than that of normal chow diet
(∼4900 vs. ∼3160 kcal/kg) and therefore diabetic rats had lower food
intake but higher calorie intake. Nitrate administration decreased body
weight and water consumption in diabetic rats but had no effect on food
intake, calorie intake, energy efficiency ratio, and food efficiency ratio
(Table 1 and Supplementary Fig. 1).

3.2. Serum glucose concentrations

Serum glucose concentrations were comparable in all groups at the
start of the study (week −3). Serum glucose was significantly higher in
diabetic rats (200 ± 15 mg/dL) than controls (106 ± 6 mg/dL) at the

start of nitrate administration (month 0); an effect that was maintained
throughout the rest of the study (Fig. 2A). Nitrate administration sig-
nificantly (P < 0.05) decreased serum glucose concentration in dia-
betic rats by 10% at month 3 (174 ± 6 to 156 ± 2 mg/dL) and by
15% at month 6 (178 ± 6 to 151 ± 6 mg/dL) (Fig. 2A).

3.3. Serum concentrations of nitric oxide metabolites

As shown in Fig. 2B, serum NOx concentrations did not differ be-
tween control and diabetic rats at the start of study and also at month 0
(i.e. before nitrate administration). Compared to controls, diabetic rats
had lower NOx concentrations in serum at month 3 (20.3 ± 1.6 vs.
34.1 ± 3.8 μmol/L, P < 0.05) and month 6 (23.6 ± 2.4 vs.
34.4 ± 2.4 μmol/L, P < 0.05). Nitrate administration increased

Fig. 3. Effect of sodium nitrate administration (100 mg/L in drinking water) on red blood cell count (A), hemoglobin concentration (B), hematocrit (C), mean
corpuscular volume (MCV) (D), mean corpuscular hemoglobin (MCH) (E), and mean corpuscular hemoglobin concentration (MCHC) (F) in control and diabetic rats.
Insets indicate the result for CBC parameters at the end of study. *, † Statistically significant difference compared to the control and diabetes groups, respectively.
Values are mean ± SEM (n = 10/each group).
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serum NOx concentrations of control and diabetic rats by 58% and
54%, respectively.

3.4. CBC

As shown in Fig. 3, RBC count, Hb concentration and Hct did not
differ between control and diabetic rats at the start of study, month 0,
and month 3. Diabetic rats, compared to controls, had significantly
lower RBC count, Hb concentration and Hct at the end of study. Nitrate
administration significantly (P < 0.05) increased RBC count, Hb con-
centration, and Hct in diabetic rats by 3.4%, 5.2%, 5.8%, respectively.
MCV, MCH, and MCHC did not differ between control and diabetic rats
throughout the study. Nitrate administration had no effect on these
parameters in both control and diabetic rats.

3.5. Erythropoietin concentrations in serum, kidney and liver

Diabetic rats, compared to controls, had significantly lower con-
centrations of EPO in serum at the month 0, month 3, and month 6 by
37%, 34%, and 63%, respectively. Diabetic rats also had significantly
lower concentrations of EPO in kidney and liver than controls at the end
of study (month 6). At the end of study, nitrate-treated diabetic rats
compared to non-treated ones had significantly higher concentrations
of EPO in serum; in addition, nitrate treatment restored EPO levels to
normal values in kidney and liver (Fig. 4).

3.6. Correlation between EPO and NOX concentration, RBC count,
hemoglobin concentration, and hematocrit

As shown in Fig. 5, in diabetic rats, serum EPO concentration was
positively correlated with serum NOX (r = 0.821, P < 0.001), RBC
count (r = 0.542, P = 0.048), hemoglobin concentration (r = 0.527,
P = 0.055), and hematocrit (r = 0.488, P = 0.078). In addition, there
was an inverse correlation between serum EPO concentration and
serum NOX (r = −0.462, P = 0.096) in control rats. There was no
significant correlation between serum EPO concentrations with CBC
parameters in control rats.

3.7. mRNA expression of HIF-1 in the kidney and liver

As shown in Fig. 6, in diabetic rats, compared to the controls, mRNA
expression of HIF-1 was significantly lower in the kidney (43% of
control) but not in the liver. Six-month nitrate administration increased
HIF-1 mRNA expression in kidney and liver in diabetic rats by 2.26 and
2.31 fold, respectively.

3.8. Serum concentrations of testosterone, iron, and ferritin

Diabetic rat compared to controls, had lower serum testosterone
(1.70 ± 0.15 vs. 2.77 ± 0.38 ng/mL, P = 0.03) and serum iron
(135.8 ± 11.2 vs. 170.1 ± 10.3 μg/dL, P = 0.05), as well as higher
serum ferritin (397.1 ± 29.3 vs. 284.9 ± 41.8 μg/dL, P = 0.05). Six-
month nitrate administration restored testosterone, iron, and ferritin
levels to near normal values (Fig. 7).

4. Discussion

The results of this study showed that low dose and long-term ad-
ministration of nitrate had beneficial effects against type 2 diabetes-
induced anemia in rats; these effects are at least in part due to increased
EPO and HIF-1 levels in kidney and liver as well as increased circulating
levels of EPO, testosterone, and iron.

Fig. 4. Effect of sodium nitrate administration (100 mg/L in drinking water) on
concentrations of erythropoietin (EPO) in serum (A), kidney (B), and liver (C) in
control and diabetic rats. Inset indicates the EPO in serum at the end of study. *,
† Statistically significant difference compared to the control and diabetes
groups, respectively. Values are mean ± SEM.
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In this study, we showed that in type 2 diabetic rats, six months
nitrate administration decreased fasting glucose by 15%; this finding
are in support of previous studies on antihyperglycemic effects of ni-
trate/nitrite during 1 [24], 2 [15], and 3 [25,26] months of interven-
tion. Anti-hyperglycemic effect of nitrate/nitrite is due to decreased

insulin resistance, increased insulin secretion [27], increased glucose
uptake in skeletal muscle [24], and increased pancreatic islet blood
flow [27]. In addition, nitrate administration decreased body weight
but had no effect on food intake, calorie intake, energy efficiency ratio
and food efficiency ratio in type 2 diabetic rats; we previously reported

Fig. 5. Correlation between EPO and serum NOX concentration and CBC parameters in control (left column) and diabetic (right column) rats. EPO, erythropoietin;
NOX, nitric oxide metabolite.
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that body weight lowering effect of nitrate or hyperoxia in type 2
diabetic rats is due to browning of white adipose tissue [25,28].

In our study, diabetic rats had significantly lower RBC count, Hb
and Hct and normal MCV, MCH and MCHC; these results indicate a
normocytic normochromic anemia, characteristic of anemia of chronic
disease [29]. In line with our results, normocytic normochromic anemia
has been reported in rats [30,31] and humans with type 2 diabetes
[32].

Anemia of chronic disease characterize by lower serum iron and
higher serum ferritin [33] as observed in our study and is also in line
with reports from type 2 diabetic patients [34–37]. Another cause of
anemia in diabetic rats is decreased serum testosterone as observed in
our study and is in line with previous reports from rats and humans
with type 2 diabetes [38,39]; decreased serum testosterone is asso-
ciated with normocytic normochromic anemia [40]. Testosterone de-
ficiency in diabetes may be associated with decreased stimulatory effect
of insulin on Leydig cells [41], which decreases testosterone secretion
[38,42].

Diabetic rats in our study had lower mRNA expression of HIF-1 in
kidney and also lower levels of EPO in serum, kidney, and liver (63%,
19% and 16%, respectively). In support of our results, chronic hy-
perglycemia in diabetes decreases stabilization of HIF in mice [43,44],
and human with type 2 diabetes [45,46] and also decreases production
of EPO by kidney due to increases injury in renal tubular cells [47–49].
Regarding tissue hypoxia reported in diabetes [7], our data on

decreased mRNA expression of HIF-1 in diabetic rats seems to be
paradoxical. It has however been reported that cellular adaptation to
hypoxia is impaired in diabetes [50]. In addition, chronic hypoxia in-
creased HIF-1 degradation by destabilizing its mRNA [51,52]. In dia-
betes, EPO and iron deficiencies decrease activity of bone marrow and
then decrease production of RBC [2,29]. In addition, oxidative stress
and inflammation decreases expression of HIF-1 and EPO production by
kidney that contribute to development of anemia in diabetes
[47,48,53].

Our results showed for first time that administration of low dose of
nitrate for 6 months increased RBC count, Hb concentration, and Hct
levels in diabetic rats; in addition, serum EPO levels were positively
correlated with serum NOx and RBC count. There is no report on the
effects of nitrate administration on diabetes-induced anemia; however
in control rats, increased erythropoiesis has been reported after nitrate
administration at dose 45, 90, and 135 mg/L [54] and NO gas inhala-
tion at dose 8 ppm [55]. Unlike to our results, decrease in erythropoi-
esis has been reported following administration of nitrate/nitrite in
control rats, it has however been observed with high doses of nitrate
(1000 and 3000 mg/L) [56] and nitrite (50 and 30 mg/kg/day) [57,58]
as well as after short-term administration of nitrate (18 day) [18]. High
doses but not low doses of nitrite/nitrate increases lysis and decreases
production of RBC [57–59] and induces methemoglobinemia [60]. In
addition, it has been suggested that nitrate at low dose increases bone
marrow activity and at high dose decreases it [59].

Fig. 6. Effect of sodium nitrate administration (100 mg/L in drinking water) on mRNA expression of hypoxia-inducible factors-1 (HIF-1) in kidney (A) and liver (B).
*, † Statistically significant difference compared to the control and diabetes groups, respectively. Values are mean ± SEM (n = 8/each group).
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In this study, nitrate administration restored serum testosterone,
iron, and ferritin levels to near normal values in diabetic rats. Nitrate
and NO-donors increase serum testosterone levels in rats wit type 1
diabetes [61] and testosterone secretion in cultured Leydig cells of rats
[42,62]. Diabetic patients have higher levels of hepcidin, which

decreases iron absorption [63,64]. Testosterone increases EPO pro-
duction [65,66], iron absorption and therefore serum iron [63], iron
incorporation into RBC [63,64] and therefore erythropoietic activity.
These effects may partly explain anti-anemia effects of nitrate in dia-
betes.

In this study, long-term nitrate administration increased con-
centrations of EPO in serum, kidney, and liver as well as mRNA ex-
pression of HIF-1 in kidney and liver in diabetic rats. In line with these
results, administration of sodium nitroprusside (a NO donor) increases
serum levels of EPO [11], increases gene and protein expression of EPO
[11] and L-NAME (a nonspecific NOS inhibitor), decreases EPO pro-
duction [67]. NO also stabilizes HIF-1α and increases transcription of
its target genes including EPO [68]. In this regard, Ashmore et al. re-
ported that administration of nitrate (9 mg/kg/day) increases mRNA
levels of HIF-1 and EPO in kidney of control rats [18]. In addition, Ikuta
et al. reported that NO increases the differentiation of hematopoietic
progenitors toward erythroid-lineage cells by increases cGMP levels
[55]. The HIF increases erythropoiesis by increasing EPO production,
promoting the uptake and utilization of iron, and altering the bone
marrow microenvironment to facilitate erythroid progenitor matura-
tion and proliferation [69]. Nitrate/nitrite converts to NO and increases
cGMP levels in male type 2 diabetic rats [25,70], which could stimu-
lates erythropoiesis by increasing testosterone levels, HIF-1 and EPO
expression. These data highlight the favorable effect of nitrate/nitrite-
nitric oxide-cGMP pathway against diabetes-induced anemia in obese
type 2 diabetic rats.

This study has some strengths; first, low dose of nitrate was ad-
ministrated to diabetic rats for a long-time (i.e. 100 mg/L in drinking
water for 6 months). The same dose of nitrate used in this study is
derived from eNOS under normal conditions in mice [71] and also
achievable through vegetable and fruit consumption in human and is
sufficient for induction of NO-like activity in humans and animals
[72,73]. In our study, nitrate content of standard rat chow, HFD, and
water were 112 ± 15 mg/kg, 88 ± 13 mg/kg, and 0.29 ± 0.22 mg/
L, respectively; according to these values, nitrate intake in control,
control + nitrate, diabetes, and diabetes + nitrate groups were
2.07 ± 0.14, 4.60 ± 0.31, 1.26 ± 0.05 and 3.73 ± 0.07 mg/day/
rat respectively. According to Bryan et al. large range of nitrate from
very low dose (85 mg/L equal to 6.2 mg/kg) to high dose (1000 mg/L
equal to 160 mg/kg) has been studied in both humans and mice that
provide therapeutic effects without any signs of toxicity [74]. Ther-
apeutic potential effects of nitrate/nitrite against type 2 diabetes have
been reviewed recently and seems to be promising for prevention and
treatment of type 2 diabetes [72]. Regarding high levels of nitrate/ni-
trite in green leafy vegetables, this can provide a cost-effective and
nutritional-based approach for managing type 2 diabetes [72].

Second, we used the HFD-STZ model of type 2 diabetes that causes
long-lasting and stable hyperglycemia and mimics the pathogenesis of
human type 2 diabetes [19]; in this model, HFD induces insulin re-
sistance and then STZ partially destructs β-cells [19]. Finally, given that
a living day in rats is equivalent to 26 days in humans [75], 6 months of
nitrate administration in rat could be considered as a long-term inter-
vention in human. As a limitation, we measured serum NOX but not
nitrate and nitrite separately. This is because the Griess method used in
our study is useful for the NOX measurement but provides less reliable
results for nitrite [76,77].

In conclusion, long-term and low dose administration of nitrate had
beneficial effects against anemia in obese type 2 diabetic rats; these
effects were associated with increased EPO and HIF-1 levels in kidney
and liver as well as increased circulating EPO, testosterone, and iron.
Nitrate therapy could be achieved through nutrition-based interven-
tions and may be therefore considered for managing diabetes-induced
anemia.

Fig. 7. Effect of sodium nitrate administration (100 mg/L in drinking water) on
serum concentrations of testosterone (A), iron (B) and ferritin (C) in control and
diabetic rats at the end of the study. *, † Statistically significant difference
compared to the control and diabetes groups, respectively. Values are
mean ± SEM (n = 8/each group).

V. Khorasani, et al. Nitric Oxide 86 (2019) 21–30

28



Declaration of interest

The authors report no conflict of interest.

Acknowledgments

This manuscript is a part of M.Sc. thesis written by Vajiheh
Khorasani, Department of Biology, Science and Research Branch,
Islamic Azad University and was funded by the Research Institute for
Endocrine Sciences of Shahid Beheshti University of Medical Sciences
(grant No. 914), Tehran, Iran. The authors wish to thank Mr. Reza
Norouzirad for his assistance in measurement of erythropoietin and also
wish to thank Dr. Sevda Gheibi, Tarlan Varzandi, Hanieh Gholami, and
Golnaz Tajaddod for their assistance in handling and housing of rats.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.niox.2019.02.003.

References

[1] M.C. Thomas, Anemia in diabetes: marker or mediator of microvascular disease?
Nat. Clin. Pract. Nephrol. 3 (2007) 20–30, https://doi.org/10.1038/ncpneph0378.

[2] M. Sahay, S. Kalra, R. Badani, G. Bantwal, A. Bhoraskar, A.K. Das, et al., Diabetes
and anemia: International diabetes federation (IDF) - southeast Asian region (SEAR)
position statement, Diabetes Metab Syndr 11 (Suppl 2) (2017) S685–s695, https://
doi.org/10.1016/j.dsx.2017.04.026.

[3] B.E. Sansbury, B.G. Hill, Regulation of obesity and insulin resistance by nitric oxide,
Free Radical Biol. Med. 73 (2014) 383–399, https://doi.org/10.1016/j.
freeradbiomed.2014.05.016.

[4] J.O. Lundberg, E. Weitzberg, The biological role of nitrate and nitrite: the times
they are a-changing, Nitric Oxide 22 (2010) 61–63, https://doi.org/10.1016/j.niox.
2009.11.004.

[5] B. Kabon, A. Nagele, D. Reddy, C. Eagon, J.W. Fleshman, D.I. Sessler, et al., Obesity
decreases perioperative tissue oxygenation, Anesthesiology 100 (2004) 274–280.

[6] N. Hosogai, A. Fukuhara, K. Oshima, Y. Miyata, S. Tanaka, K. Segawa, et al.,
Adipose tissue hypoxia in obesity and its impact on adipocytokine dysregulation,
Diabetes 56 (2007) 901–911, https://doi.org/10.2337/db06-0911.

[7] J. Ye, Z. Gao, J. Yin, Q. He, Hypoxia is a potential risk factor for chronic in-
flammation and adiponectin reduction in adipose tissue of ob/ob and dietary obese
mice, Am. J. Physiol. Endocrinol. Metab. 293 (2007) E1118–E1128, https://doi.
org/10.1152/ajpendo.00435.2007.

[8] M.E. Rausch, S. Weisberg, P. Vardhana, D.V. Tortoriello, Obesity in C57BL/6J mice
is characterized by adipose tissue hypoxia and cytotoxic T-cell infiltration, Int. J.
Obes. 32 (2008) 451–463, https://doi.org/10.1038/sj.ijo.0803744.

[9] R. Norouzirad, P. Gonzalez-Muniesa, A. Ghasemi, Hypoxia in Obesity and Diabetes:
Potential Therapeutic Effects of Hyperoxia and Nitrate, 2017 (2017) 5350267, ,
https://doi.org/10.1155/2017/5350267.

[10] V. Todorov, B. Gess, A. Godecke, C. Wagner, J. Schrader, A. Kurtz, Endogenous
nitric oxide attenuates erythropoietin gene expression in vivo, Pflügers Archiv 439
(2000) 445–448, https://doi.org/10.1007/s004249900192.

[11] T. Ohigashi, J. Brookins, J.W. Fisher, Interaction of nitric oxide and cyclic guano-
sine 3',5'-monophosphate in erythropoietin production, J. Clin. Invest. 92 (1993)
1587–1591, https://doi.org/10.1172/jci116740.

[12] B. Chenais, I. Molle, P. Jeannesson, Inhibitory effect of nitric oxide on chemically
induced differentiation of human leukemic K562 cells, Biochem. Pharmacol. 58
(1999) 10449186773–778.

[13] P.J. Shami, J.B. Weinberg, Differential effects of nitric oxide on erythroid and
myeloid colony growth from CD34+ human bone marrow cells, Blood 87 (1996)
8562969977–982.

[14] S. Jeddi, S. Khalifi, M. Ghanbari, F. Bageripour, A. Ghasemi, Effects of nitrate intake
on myocardial ischemia-reperfusion injury in diabetic rats, Arq. Bras. Cardiol. 107
(2016) 339–347, https://doi.org/10.5935/abc.20160137.

[15] S. Gheibi, S. Jeddi, M. Carlstrom, H. Gholami, A. Ghasemi, Effects of long-term
nitrate supplementation on carbohydrate metabolism, lipid profiles, oxidative
stress, and inflammation in male obese type 2 diabetic rats, Nitric Oxide 75 (2018)
27–41, https://doi.org/10.1016/j.niox.2018.02.002.

[16] Z. Bahadoran, A. Ghasemi, P. Mirmiran, F. Azizi, F. Hadaegh, Beneficial effects of
inorganic nitrate/nitrite in 3 type 2 diabetes and its complications, Nutr. Metabol.
(2015), https://doi.org/10.1172/JCI44079.

[17] M. Globus, D. Samuel, Effect of maternally administered sodium nitrite on hepatic
erythropoiesis in fetal CD-1 mice, Teratology 18 (1978) 367–378, https://doi.org/
10.1002/tera.1420180311.

[18] T. Ashmore, B.O. Fernandez, C.E. Evans, Y. Huang, C. Branco-Price, J.L. Griffin,
et al., Suppression of erythropoiesis by dietary nitrate, FASEB J. 29 (2015)
1102–1112, https://doi.org/10.1096/fj.14-263004.

[19] S. Gheibi, K. Kashfi, A. Ghasemi, A practical guide for induction of type-2 diabetes
in rat: incorporating a high-fat diet and streptozotocin, Biomed. Pharmacother. 95

(2017) 605–613, https://doi.org/10.1016/j.biopha.2017.08.098.
[20] Z. Bahadoran, P. Mirmiran, S. Jeddi, F. Azizi, A. Ghasemi, F. Hadaegh, Nitrate and

nitrite content of vegetables, fruits, grains, legumes, dairy products, meats and
processed meats, J. Food Compos. Anal. 51 (2016) 93–105 https://doi.org/10.
1016/j.jfca.2016.06.006.

[21] H. Gholami, S. Jeddi, A. Zadeh-Vakili, K. Farrokhfall, F. Rouhollah, M. Zarkesh,
et al., Transient congenital hypothyroidism alters gene expression of glucose
transporters and impairs glucose sensing apparatus in young and aged offspring
rats, Cell. Physiol. Biochem. 43 (2017) 2338–2352, https://doi.org/10.1159/
000484386.

[22] A. Miyazaki, M. Sano, T. Fukuwatari, K. Shibata, Effects of ethanol consumption on
the B-group vitamin contents of liver, blood and urine in rats, Br. J. Nutr. 108
(2012) 1034–1041, https://doi.org/10.1017/s0007114511006192.

[23] H. Joo, C.-T. Kim, I.-H. Kim, Y. Kim, Anti-obesity effects of hot water extract and
high hydrostatic pressure extract of garlic in rats fed a high-fat diet, Food Chem.
Toxicol. 55 (2013) 100–105 https://doi.org/10.1016/j.fct.2012.12.044.

[24] H. Jiang, A.C. Torregrossa, A. Potts, D. Pierini, M. Aranke, H.K. Garg, et al., Dietary
nitrite improves insulin signaling through GLUT4 translocation, Free Radic. Biol.
Med. 67 (2014) 51–57, https://doi.org/10.1016/j.freeradbiomed.2013.10.809.

[25] T. Varzandi, M.A. Abdollahifar, S.A. Haeri Rohani, A. Piryaei, A. Zadeh-Vakili,
S. Jeddi, et al., Effect of long-term nitrite administration on browning of white
adipose tissue in type 2 diabetic rats: a stereological study, Life Sci. 207 (2018)
219–226, https://doi.org/10.1016/j.lfs.2018.06.012.

[26] Y.C. Lai, D.M. Tabima, J.J. Dube, K.S. Hughan, R.R. Vanderpool, D.A. Goncharov,
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 133 (2016) 717–731,
https://doi.org/10.1161/circulationaha.115.018935.

[27] T. Nyström, H. Ortsäter, Z. Huang, F. Zhang, F.J. Larsen, E. Weitzberg, et al.,
Inorganic nitrite stimulates pancreatic islet blood flow and insulin secretion, Free
Radic. Biol. Med. 53 (2012) 1017–1023 https://doi.org/10.1016/j.freeradbiomed.
2012.06.031.

[28] R. Norouzirad, M. Ghanbari, Z. Bahadoran, M.A. Abdollahifar, N. Rasouli,
A. Ghasemi, Hyperoxia improves carbohydrate metabolism by browning of white
adipocytes in obese type 2 diabetic rats, Life Sci. 220 (2019) 58–68 https://doi.org/
10.1016/j.lfs.2019.01.045.

[29] J. Barbieri, P.C. Fontela, E.R. Winkelmann, C.E. Zimmermann, Y.P. Sandri,
E.K. Mallet, et al., Anemia in patients with type 2 diabetes mellitus, Anemia 2015
(2015) 354737, , https://doi.org/10.1155/2015/354737.

[30] A.M. Mahmoud, Hematological alterations in diabetic rats - role of adipocytokines
and effect of citrus flavonoids, EXCLI J. 12 (2013) 26966427647–657.

[31] S.M. Daniele, J.C. Picena, H. Rodriguez, S.M. Montenegro, M.C. Tarres,
S.M. Martinez, Anemia in spontaneously type 2 diabetic rats with renal impairment,
J. Endocrinol. Metabol. 2 (2012) 171–175.

[32] T. Saito, K. Tojo, A. Morimoto, N. Tajima, Normocytic normochromic anemia due to
autonomic neuropathy in type 2 diabetic patients without severe nephropathy: a
possible role of microangiopathy, Diabetes Res. Clin. Pract. 70 (2005) 239–247
https://doi.org/10.1016/j.diabres.2005.04.003.

[33] E. Nemeth, T. Ganz, Anemia of Inflammation, Hematology/oncology Clinics of
North America 28 (2014), https://doi.org/10.1016/j.hoc.2014.04.005 671-vi.

[34] Z. Canturk, B. Cetinarslan, I. Tarkun, N.Z. Canturk, Serum ferritin levels in poorly-
and well-controlled diabetes mellitus, Endocr. Res. 29 (2003) 299–306.

[35] S. Akter, A. Nanri, K. Kuwahara, Y. Matsushita, T. Nakagawa, M. Konishi, et al.,
Circulating ferritin concentrations and risk of type 2 diabetes in Japanese in-
dividuals, J. Diabetes Invest. 8 (2017) 462–470, https://doi.org/10.1111/jdi.
12617.

[36] M. Borah, R.K. Goswami, Evaluation of serum ferritin in in type II diabetes mellitus:
a hospital based observational study from Dibrugarh, Assam, India, Int. J. Res. Med.
Sci. 4 (2016) 4916–4921.

[37] G. Misra, S.K. Bhatter, A. Kumar, V. Gupta, M.Y. Khan, Iron profile and glycaemic
control in patients with type 2 diabetes mellitus, Med. Sci. (Basel, Switzerland) 4
(2016) 22, https://doi.org/10.3390/medsci4040022.

[38] Y.-J. Chang, C.-Y. Jian, C.-Y. Lin, Y.-W. Hsu, P.S. Wang, Effects of Type 2 Diabetes
on Testosterone Production in Male Rats, Oxford University Press, 2008.

[39] I.J. Asiedu-Gyekye, C. Antwi-Boasiako, S. Oppong, S. Arthur, J.E. Sarkodie,
Hematological changes and nitric oxide levels accompanying high-dose artemether-
lumefantrine administration in male Guinea pigs: effect of unsweetened natural
cocoa powder, J. Intercult. Ethnopharmacol. 5 (2016) 350–357, https://doi.org/10.
5455/jice.20160721104042.

[40] S. Dhindsa, H. Ghanim, M. Batra, N.D. Kuhadiya, S. Abuaysheh, K. Green, et al.,
Effect of testosterone on hepcidin, ferroportin, ferritin and iron binding capacity in
patients with hypogonadotropic hypogonadism and type 2 diabetes, Clin.
Endocrinol. 85 (2016) 772–780, https://doi.org/10.1111/cen.13130.

[41] J. Ballester, M.C. Munoz, J. Dominguez, T. Rigau, J.J. Guinovart, J.E. Rodriguez-
Gil, Insulin-dependent diabetes affects testicular function by FSH- and LH-linked
mechanisms, J. Androl. 25 (2004) 706–719.

[42] S. Valenti, C.M. Cuttica, L. Fazzuoli, G. Giordano, M. Giusti, Biphasic effect of nitric
oxide on testosterone and cyclic GMP production by purified rat Leydig cells cul-
tured in vitro, Int. J. Androl. 22 (1999) 336–341.

[43] L. Liu, G.P. Marti, X. Wei, X. Zhang, H. Zhang, Y.V. Liu, et al., Age-dependent
impairment of HIF-1alpha expression in diabetic mice: correction with electro-
poration-facilitated gene therapy increases wound healing, angiogenesis, and cir-
culating angiogenic cells, J. Cell. Physiol. 217 (2008) 319–327, https://doi.org/10.
1002/jcp.21503.

[44] K.A. Mace, D.H. Yu, K.Z. Paydar, N. Boudreau, D.M. Young, Sustained expression of
Hif-1alpha in the diabetic environment promotes angiogenesis and cutaneous

V. Khorasani, et al. Nitric Oxide 86 (2019) 21–30

29

https://doi.org/10.1016/j.niox.2019.02.003
https://doi.org/10.1016/j.niox.2019.02.003
https://doi.org/10.1038/ncpneph0378
https://doi.org/10.1016/j.dsx.2017.04.026
https://doi.org/10.1016/j.dsx.2017.04.026
https://doi.org/10.1016/j.freeradbiomed.2014.05.016
https://doi.org/10.1016/j.freeradbiomed.2014.05.016
https://doi.org/10.1016/j.niox.2009.11.004
https://doi.org/10.1016/j.niox.2009.11.004
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref5
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref5
https://doi.org/10.2337/db06-0911
https://doi.org/10.1152/ajpendo.00435.2007
https://doi.org/10.1152/ajpendo.00435.2007
https://doi.org/10.1038/sj.ijo.0803744
https://doi.org/10.1155/2017/5350267
https://doi.org/10.1007/s004249900192
https://doi.org/10.1172/jci116740
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref12
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref12
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref12
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref13
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref13
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref13
https://doi.org/10.5935/abc.20160137
https://doi.org/10.1016/j.niox.2018.02.002
https://doi.org/10.1172/JCI44079
https://doi.org/10.1002/tera.1420180311
https://doi.org/10.1002/tera.1420180311
https://doi.org/10.1096/fj.14-263004
https://doi.org/10.1016/j.biopha.2017.08.098
https://doi.org/10.1016/j.jfca.2016.06.006
https://doi.org/10.1016/j.jfca.2016.06.006
https://doi.org/10.1159/000484386
https://doi.org/10.1159/000484386
https://doi.org/10.1017/s0007114511006192
https://doi.org/10.1016/j.fct.2012.12.044
https://doi.org/10.1016/j.freeradbiomed.2013.10.809
https://doi.org/10.1016/j.lfs.2018.06.012
https://doi.org/10.1161/circulationaha.115.018935
https://doi.org/10.1016/j.freeradbiomed.2012.06.031
https://doi.org/10.1016/j.freeradbiomed.2012.06.031
https://doi.org/10.1016/j.lfs.2019.01.045
https://doi.org/10.1016/j.lfs.2019.01.045
https://doi.org/10.1155/2015/354737
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref30
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref30
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref31
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref31
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref31
https://doi.org/10.1016/j.diabres.2005.04.003
https://doi.org/10.1016/j.hoc.2014.04.005
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref34
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref34
https://doi.org/10.1111/jdi.12617
https://doi.org/10.1111/jdi.12617
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref36
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref36
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref36
https://doi.org/10.3390/medsci4040022
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref38
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref38
https://doi.org/10.5455/jice.20160721104042
https://doi.org/10.5455/jice.20160721104042
https://doi.org/10.1111/cen.13130
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref41
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref41
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref41
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref42
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref42
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref42
https://doi.org/10.1002/jcp.21503
https://doi.org/10.1002/jcp.21503


wound repair, Wound Repair Regen. 15 (2007) 636–645, https://doi.org/10.1111/
j.1524-475X.2007.00278.x.

[45] S.B. Catrina, K. Okamoto, T. Pereira, K. Brismar, L. Poellinger, Hyperglycemia
regulates hypoxia-inducible factor-1alpha protein stability and function, Diabetes
53 (2004) 3226–3232.

[46] J.E. Gunton, R.N. Kulkarni, S. Yim, T. Okada, W.J. Hawthorne, Y.H. Tseng, et al.,
Loss of ARNT/HIF1beta mediates altered gene expression and pancreatic-islet
dysfunction in human type 2 diabetes, Cell 122 (2005) 337–349, https://doi.org/
10.1016/j.cell.2005.05.027.

[47] S. Thomas, M. Rampersad, Anaemia in diabetes, Acta Diabetol. 41 (Suppl 1) (2004)
S13–S17, https://doi.org/10.1007/s00592-004-0132-4.

[48] S.O. Oyedemi, E.A. Adewusi, O.A. Aiyegoro, D.A. Akinpelu, Antidiabetic and hae-
matological effect of aqueous extract of stem bark of Afzelia africana (Smith) on
streptozotocin-induced diabetic Wistar rats, Asian Pac. J. Trop. Biomed. 1 (2011)
353–358, https://doi.org/10.1016/S2221-1691(11)60079-8.

[49] H. Xiao, Z. Gu, G. Wang, T. Zhao, The possible mechanisms underlying the im-
pairment of HIF-1α pathway signaling in hyperglycemia and the beneficial effects
of certain therapies, Int. J. Med. Sci. 10 (2013) 1412–1421, https://doi.org/10.
7150/ijms.5630.

[50] C.F. Bento, P. Pereira, Regulation of hypoxia-inducible factor 1 and the loss of the
cellular response to hypoxia in diabetes, Diabetologia 54 (2011) 1946–1956,
https://doi.org/10.1007/s00125-011-2191-8.

[51] T. Uchida, F. Rossignol, M.A. Matthay, R. Mounier, S. Couette, E. Clottes, et al.,
Prolonged hypoxia differentially regulates hypoxia-inducible factor (HIF)-1alpha
and HIF-2 alpha expression in lung epithelial cells: implication of natural antisense
HIF-1alpha, J. Biol. Chem. 279 (2004) 14871–14878, https://doi.org/10.1074/jbc.
M400461200.

[52] Z.Z. Yang, A.Y. Zhang, F.X. Yi, P.L. Li, A.P. Zou, Redox regulation of HIF-1alpha
levels and HO-1 expression in renal medullary interstitial cells, Am. J. Physiol.
Renal. Physiol. 284 (2003) F1207–F1215, https://doi.org/10.1152/ajprenal.00017
2002.

[53] F. Lang, S.M. Qadri, Mechanisms and significance of eryptosis, the suicidal death of
erythrocytes, Blood Purif. 33 (2012) 125–130, https://doi.org/10.1159/
000334163.

[54] S. Rawat, R. Singh, F. Bansode, P. Singh, R.P. Singh, Nitrate induced toxicity on
some haematological parameters of Charles Foster rats, J Recent Adv Appl Sci 28
(2013) 35–38.

[55] T. Ikuta, H. Sellak, N. Odo, A.D. Adekile, K.M.L. Gaensler, Nitric oxide-cGMP sig-
naling stimulates erythropoiesis through multiple lineage-specific transcription
factors: clinical implications and a novel target for erythropoiesis, PLoS One 11
(2016) e0144561, , https://doi.org/10.1371/journal.pone.0144561.

[56] H.P. Til, H.E. Falke, C.F. Kuper, M.I. Willems, Evaluation of the oral toxicity of
potassium nitrite in a 13-week drinking-water study in rats, Food Chem. Toxicol. 26
(1988) 851–859.

[57] Y. Gluhchevaa, I. Ivanovb, E. Petrovaa, E. Pavlovaa, I. Vladova, Sodium nitrite-
induced hematological and hemorheological changes in rats, Series on Biomechanic
27 (2012) 53–58.

[58] E. Helal, S. Zahkok, G.Z. Soliman, M. Al-Kassas, H. Abdel Wahed, Biochemical
studies on the effect of sodium nitrite and/or glutathione treatment on male rats,
Egypt. J. Hosp. Med. 30 (2008).

[59] R. Ogur, A. Korkmaz, M. Hasde, Effects of high nitrate intake in rats, J. Basic Clin.
Physiol. Pharmacol. 11 (2000) 47–56.

[60] M. Sharma, H. Sharma, Evaluation of the haematological responses to high nitrate
exposure in rabbits, J. Clin. Diagn. Res. 6 (2012) 145–149.

[61] H. Oghbaei, M.R. Alipour, G. Hamidian, M. Ahmadi, V. Ghorbanzadeh,

R. Keyhanmanesh, Two months sodium nitrate supplementation alleviates testi-
cular injury in streptozotocin-induced diabetic male rats, Exp. Physiol. 103 (2018)
1603–1617, https://doi.org/10.1113/ep087198.

[62] S.A. Andric, M.M. Janjic, N.J. Stojkov, T.S. Kostic, Sildenafil treatment in vivo
stimulates Leydig cell steroidogenesis via the cAMP/cGMP signaling pathway, Am.
J. Physiol. Endocrinol. Metab. 299 (2010) E544–E550, https://doi.org/10.1152/
ajpendo.00337.2010.

[63] W. Guo, E. Bachman, M. Li, C.N. Roy, J. Blusztajn, S. Wong, et al., Testosterone
administration inhibits hepcidin transcription and is associated with increased iron
incorporation into red blood cells, Aging Cell 12 (2013) 280–291, https://doi.org/
10.1111/acel.12052.

[64] N. Zhao, A.S. Zhang, C.A. Enns, Iron regulation by hepcidin, J. Clin. Invest. 123
(2013) 2337–2343, https://doi.org/10.1172/jci67225.

[65] E. Bachman, T.G. Travison, S. Basaria, M.N. Davda, W. Guo, M. Li, et al.,
Testosterone induces erythrocytosis via increased erythropoietin and suppressed
hepcidin: evidence for a new erythropoietin/hemoglobin set point, J Gerontol A
Biol Sci Med Sci 69 (2014) 725–735, https://doi.org/10.1093/gerona/glt154.

[66] S. Shahani, M. Braga-Basaria, M. Maggio, S. Basaria, Androgens and erythropoiesis:
past and present, J. Endocrinol. Invest. 32 (2009) 704–716, https://doi.org/10.
1007/bf03345745.

[67] S. Imagawa, T. Tarumoto, N. Suzuki, H.Y. Mukai, Y. Hasegawa, M. Higuchi, et al., L-
arginine rescues decreased erythropoietin gene expression by stimulating GATA-2
With L-NMMA, Kidney Int. 61 (2002) 396–404 https://doi.org/10.1046/j.1523-
1755.2002.00152.x.

[68] M.D. Hendrickson, R.O. Poyton, Crosstalk between nitric oxide and hypoxia-in-
ducible factor signaling pathways: an update, Res. Rep. Biochem. 5 (2015)
147–161.

[69] J. Liu, Q. Wei, C. Guo, G. Dong, Y. Liu, C. Tang, et al., Hypoxia, HIF, and associated
signaling networks in chronic kidney disease, Int. J. Mol. Sci. 18 (2017) 950,
https://doi.org/10.3390/ijms18050950.

[70] L.D. Roberts, T. Ashmore, A.O. Kotwica, S.A. Murfitt, B.O. Fernandez, M. Feelisch,
et al., Inorganic nitrate promotes the browning of white adipose tissue through the
nitrate-nitrite-nitric oxide pathway, Diabetes 64 (2015) 471–484, https://doi.org/
10.2337/db14-0496.

[71] M. Carlstrom, F.J. Larsen, T. Nystrom, M. Hezel, S. Borniquel, E. Weitzberg, et al.,
Dietary inorganic nitrate reverses features of metabolic syndrome in endothelial
nitric oxide synthase-deficient mice, Proc. Natl. Acad. Sci. U. S. A. 107 (2010)
17716–17720, https://doi.org/10.1073/pnas.1008872107.

[72] J.O. Lundberg, M. Carlstrom, E. Weitzberg, Metabolic effects of dietary nitrate in
health and disease, Cell Metabol. 28 (2018) 9–22, https://doi.org/10.1016/j.cmet.
2018.06.007.

[73] E. Weitzberg, J.O. Lundberg, Novel aspects of dietary nitrate and human health,
Annu. Rev. Nutr. 33 (2013) 129–159, https://doi.org/10.1146/annurev-nutr-
071812-161159.

[74] N.S. Bryan, J.L. Ivy, Inorganic nitrite and nitrate: evidence to support consideration
as dietary nutrients, Nutr. Res. 35 (2015) 643–654, https://doi.org/10.1016/j.
nutres.2015.06.001.

[75] R. Quinn, Comparing rat's to human's age: how old is my rat in people years?
Nutrition 21 (2005) 775–777, https://doi.org/10.1016/j.nut.2005.04.002.

[76] R.A. Hunter, W.L. Storm, P.N. Coneski, M.H. Schoenfisch, Inaccuracies of nitric
oxide measurement methods in biological media, Anal. Chem. 85 (2013)
1957–1963, https://doi.org/10.1021/ac303787p.

[77] E. Tatsch, G.V. Bochi, R. da Silva Pereira, H. Kober, V.A. Agertt, M.M.A. de Campos,
et al., A simple and inexpensive automated technique for measurement of serum
nitrite/nitrate, Clin. Biochem. 44 (2011) 348–350.

V. Khorasani, et al. Nitric Oxide 86 (2019) 21–30

30

https://doi.org/10.1111/j.1524-475X.2007.00278.x
https://doi.org/10.1111/j.1524-475X.2007.00278.x
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref45
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref45
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref45
https://doi.org/10.1016/j.cell.2005.05.027
https://doi.org/10.1016/j.cell.2005.05.027
https://doi.org/10.1007/s00592-004-0132-4
https://doi.org/10.1016/S2221-1691(11)60079-8
https://doi.org/10.7150/ijms.5630
https://doi.org/10.7150/ijms.5630
https://doi.org/10.1007/s00125-011-2191-8
https://doi.org/10.1074/jbc.M400461200
https://doi.org/10.1074/jbc.M400461200
https://doi.org/10.1152/ajprenal.00017
https://doi.org/10.1152/ajprenal.00017
https://doi.org/10.1159/000334163
https://doi.org/10.1159/000334163
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref54
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref54
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref54
https://doi.org/10.1371/journal.pone.0144561
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref56
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref56
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref56
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref57
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref57
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref57
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref58
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref58
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref58
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref59
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref59
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref60
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref60
https://doi.org/10.1113/ep087198
https://doi.org/10.1152/ajpendo.00337.2010
https://doi.org/10.1152/ajpendo.00337.2010
https://doi.org/10.1111/acel.12052
https://doi.org/10.1111/acel.12052
https://doi.org/10.1172/jci67225
https://doi.org/10.1093/gerona/glt154
https://doi.org/10.1007/bf03345745
https://doi.org/10.1007/bf03345745
https://doi.org/10.1046/j.1523-1755.2002.00152.x
https://doi.org/10.1046/j.1523-1755.2002.00152.x
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref68
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref68
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref68
https://doi.org/10.3390/ijms18050950
https://doi.org/10.2337/db14-0496
https://doi.org/10.2337/db14-0496
https://doi.org/10.1073/pnas.1008872107
https://doi.org/10.1016/j.cmet.2018.06.007
https://doi.org/10.1016/j.cmet.2018.06.007
https://doi.org/10.1146/annurev-nutr-071812-161159
https://doi.org/10.1146/annurev-nutr-071812-161159
https://doi.org/10.1016/j.nutres.2015.06.001
https://doi.org/10.1016/j.nutres.2015.06.001
https://doi.org/10.1016/j.nut.2005.04.002
https://doi.org/10.1021/ac303787p
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref77
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref77
http://refhub.elsevier.com/S1089-8603(18)30354-9/sref77

	Effect of long-term sodium nitrate administration on diabetes-induced anemia and glucose homeostasis in obese type 2 diabetic male rats
	Introduction
	Materials and methods
	Animals
	Induction of diabetes
	Experimental design
	Complete blood cell count
	Measurement of serum glucose, NOx, EPO, testosterone, iron, and ferritin levels
	Measurement of mRNA expression of HIF-1 by qRT-PCR
	Statistical analyses

	Results
	Body weight, water consumption, food intake, and calorie intake
	Serum glucose concentrations
	Serum concentrations of nitric oxide metabolites
	CBC
	Erythropoietin concentrations in serum, kidney and liver
	Correlation between EPO and NOX concentration, RBC count, hemoglobin concentration, and hematocrit
	mRNA expression of HIF-1 in the kidney and liver
	Serum concentrations of testosterone, iron, and ferritin

	Discussion
	Declaration of interest
	Acknowledgments
	Supplementary data
	References




