EXCLI Journal 2025;24:339-350 — ISSN 1611-2156
Received: November 25, 2024, accepted: February 25, 2025, published: March 03, 2025

Original article:

LONG-TERM NITRATE ADMINISTRATION MODULATES SIALIN
GENE EXPRESSION IN THE MAIN TISSUES OF MALE WISTAR
RATS WITH TYPE 2 DIABETES

Sajad Jeddil*’, Nasibeh Yousefzadeh'', Vajiheh Khorasanil'*’, Maryam Zarkesh?,
Khosrow Kashfi3'2', Asghar Ghasemit”

1 Endocrine Physiology Research Center, Research Institute for Endocrine Sciences,
Shahid Beheshti University of Medical Sciences, Tehran, Iran

Cellular and Molecular Endocrine Research Center, Research Institute for Endocrine
Sciences, Shahid Beheshti University of Medical Sciences, Tehran, Iran

Department of Molecular, Cellular, and Biomedical Sciences, Sophie Davis School of
Biomedical Education, City University of New York School of Medicine, NY, USA

* Corresponding author: Asghar Ghasemi, Endocrine Physiology Research Center,
Research Institute for Endocrine Sciences, Shahid Beheshti University of Medical
Sciences, Tehran, Iran, No. 24, Arabi Street, Daneshjoo Blvd, Velenjak,

P.O. Box: 19395-4763, Tehran, Iran. Phone: +98 21 22409309, Fax: +98 21 22416264,
E-mail: Ghasemi@endocrine.ac.ir

https://dx.doi.org/10.17179/excli2024-8051

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/).

ABSTRACT

The increased sialin gene expression in the main tissues of diabetic rats is associated with decreased nitrate and
nitrite levels, suggesting a counterregulatory response for reduced nitric oxide (NO) bioavailability. In this study,
we hypothesized that long-term nitrate administration (6 months) would decrease sialin gene expression in rats
with type 2 diabetes (T2D). Rats were assigned to two groups (n=10): T2D and T2D+nitrate, receiving nitrate in
their drinking water at a concentration of 100 mg/L over 6 months. Samples from the main tissues were collected
and used to measure the gene expression of sialin, as well as nitrate and nitrite levels. Nitrate-treated T2D rats had
higher nitrate levels in the soleus muscle (SM) (163 %), stomach (83 %), lung (271 %), pancreas (90 %), aorta
(61 %), adrenal gland (88 %), brain (145 %), liver (95 %), and heart (87 %). Nitrite levels were also higher in SM
(136 %), lung (108 %), pancreas (86 %), kidney (88 %), aorta (33 %), brain (221 %), epididymal adipose tissue
(eAT) (52 %), and heart (93 %), of nitrate treated T2D rats (all P<0.05). Nitrate decreased sialin gene expression
in the SM (0.21-fold, P<0.001), stomach (0.37-fold, P=0.002), liver (0.21-fold, P<0.001), and eAT (0.47-fold,
P=0.016) but it increased it in the intestine (1.99-fold, P<0.001), pancreas (2.01-fold, P=0.006), and the kidney
(2.45-fold, P<0.001) of diabetic rats, with no effects in the lung, aorta, adrenal gland, brain, and heart. Nitrate
administration restores the compensatory increase in sialin gene expression in tissues of T2D rats. However, this
compensatory mechanism is not generalizable to all tissues.
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INTRODUCTION in 2000, projected to reach 12.2 % by 2045,

Type 2 diabetes (T2D) ranks as the ninth representing an increase from 151 to 783 mil-

: . . lion (IDF, 2021). The levels of nitrite/nitrate
leading cause of mortality worldwide (Zhen L
etal., 2018). Its global p?/evalence wasf 4.60}2 and nitric oxide (NO) have been reported to
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be lower in the tissues of rats with T2D, in-
cluding the liver (Shokri et al., 2021;
Yousefzadeh et al., 2023), soleus muscle
(SM) (Shokri et al., 2021; Yousefzadeh et al.,
2023), epididymal adipose tissue (eAT)
(Shokri et al., 2021; Yousefzadeh et al.,
2023), inguinal AT (Varzandi et al., 2018),
kidney (YYousefzadeh et al., 2023), heart
(Bulhak et al., 2009; Yousefzadeh et al.,
2023), and aorta (Bitar et al., 2005; Yousef-
zadeh et al., 2023). This data represents a gen-
eralized decreased NO bioavailability in T2D
that contributes to the pathophysiology of
T2D (Bahadoran et al., 2015; Lundberg et al.,
2018). Reduced NO bioavailability in T2D is
associated with impaired NO synthase (NOS)
(Linetal., 2002; Muhammed et al., 2012) and
nitrate-nitrite-NO pathways (Bahadoran et
al., 2015). It has been suggested that nitrate,
as a NO-boosting supplement, potentiates the
nitrate-nitrite-NO pathway and provides a
complementary resource for the NOS path-
way in T2D (Lundberg and Weitzberg, 2009;
Lundberg et al., 2015).

Previous studies have demonstrated that
nitrate/nitrite exerts favorable metabolic ef-
fects in T2D rodent models through multiple
mechanisms, including increasing browning
of white adipose tissue (WAT) (Roberts et al.,
2015; Varzandi et al., 2018), pancreatic insu-
lin secretion (Nystrom et al., 2012; Ghasemi
et al., 2022), glucose uptake in the skeletal
muscle and AT (Jiang et al., 2014; Khoo et al.,
2014) as well as improving insulin resistance
(Ohtake et al., 2015) and decreasing pancre-
atic oxidative stress (Ghasemi et al., 2023).
The phospholipid bilayer restricts the free
movement of nitrate molecules; therefore, ni-
trate needs to be transported into cells for
these anti-diabetic effects to manifest. This is
done through sialin, a 2NO3/H* cotransporter
(Ip et al., 2020; Qin and Wang, 2022). Knock-
down of sialin decreases (Srihirun et al.,
2020), whereas its overexpression facilitates
(Feng et al., 2021) nitrate influx into skeletal
muscle cells and submandibular gland cell
lines of humans, respectively. Sialin has
widespread expression, including in the sali-
vary glands, muscles, cardiovascular system,

liver, pancreas, brain, AT, and kidney (Qin et
al., 2012; Park et al., 2020; Feng et al., 2021;
Yousefzadeh et al., 2023), suggesting its po-
tential role in the regulation of systemic ni-
trate-nitrite—NO balance (Qin et al., 2012;
Park et al., 2020; Feng et al., 2021; Yousef-
zadeh et al., 2023).

We recently reported that T2D rats have
higher sialin gene expression in the SM, liver,
stomach, eAT, and adrenal gland; this in-
creased sialin gene expression coincided with
decreased nitrite and nitrate concentrations in
these tissues (Yousefzadeh et al., 2023). We
hypothesized that increased expression of si-
alin in the main tissues of T2D rats is a com-
pensatory mechanism for counteracting the
decrease in NO bioavailability. Supporting
this idea, sialin expression increased by 89 %
in the skeletal muscle of mice with myoglo-
bin-deficient phenotype (Park et al., 2019)
and by 50 % in dietary nitrate-deficient rats
(Park et al., 2021); both have reduced NO bi-
oavailability. To our knowledge, alterations
in sialin gene expression following nitrate ad-
ministration in T2D, if any, have not been re-
ported. Hence, this study aimed to fill this gap
and assess the effects of long-term (6-month)
nitrate administration at a concentration of
100 mg/L in drinking water on sialin gene ex-
pression in the main tissues of T2D rats.

MATERIALS AND METHODS

Ethical approval

All experiments of the current study were
affirmed by the published guideline of the
care and use of laboratory animals in Iran
(Ahmadi-Noorbakhsh et al., 2021) and re-
ported following ARRIVE guidelines (Percie
du Sert et al., 2020). The ethics committee of
the Research Institute for Endocrine Sciences,
affiliated with the Shahid Beheshti University
of Medical Sciences, confirmed and approved
all experimental procedures of the current
study (Ethic Code: IR.SBMU.ENDO-
CRINE.REC.1402.075). In the present study,
rats were anesthetized with an intraperitoneal
(IP) injection of xylazine (10 mg/kg) and ket-
amine (50 mg/kg). After confirming success-
ful euthanasia through cervical dislocation,
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the rat's brain was isolated first, and then other
tissues were removed from the body for fur-
ther study.

Induction of T2D

Wistar rats were obtained from the Re-
search Institute for Endocrine Sciences of
Shahid Beheshti University of Medical Sci-
ences, Tehran, Iran. Two-month-old male
Wistar rats weighing 200-210 g were kept in
polypropylene cages under controlled envi-
ronmental conditions, including temperature
maintained at 232 °C and a light-dark cycle
of 12 hours each. Rats had unrestricted access
to a standard diet and water ad libitum
throughout the study. To induce T2D, rats
were given a high-fat diet (HFD) for 2 weeks,
followed by an intraperitoneal injection of
streptozotocin (STZ, 30 mg/kg). One week
later, fasting blood glucose was measured,
and rats were considered to be diabetic if their
blood glucose levels were > 150 mg/dL
(Ghasemi and Jeddi, 2023).

Experimental design of the study

The interventional experimental design is
illustrated in Figure 1. Once the T2D model
was confirmed, rats at the beginning of the
study (month 0) were randomly allocated into
two experimental groups, T2D and T2D+ni-
trate (n=10 per group). The T2D+nitrate
group received sodium nitrate for 6 months
(100 mg/L in drinking water), whereas the
T2D group received tap water only. In addi-
tion, both groups were maintained on the
HFD during the study. Serum glucose and
body weight were measured in all animals at
the intervention's start (month 0) and end
(month 6). Rats were anesthetized using keta-
mine/xylazine (50/10 mg/kg) at month 6, and
the main tissues, including the SM, stomach,
intestine, lung, pancreas, kidney, aorta, ad-
renal gland, brain, liver, eAT, and heart, were
isolated, snap frozen in liquid nitrogen, and
stored at -80 °C for further processing. Tissue

sialin gene expression was measured using
real-time PCR, and for all samples, NO me-
tabolite levels (nitrate + nitrite = NOXx) were
determined using the Griess method.

Measurement of serum glucose level

Serum glucose was measured utilizing the
glucose oxidase method (Pars Azmoon Co.,
Iran). Rats were fasted for 12 hours and anes-
thetized as described above. Serum samples
were prepared from blood obtained from the
tips of the tails by centrifugation at 5000 g for
10 minutes. The intra-assay coefficient of var-
iation (CV) was 2.6 %.

Measurement of tissues’ nitric oxide
metabolites

The modified Griess method was em-
ployed to measure the concentrations of NOx
and nitrite in all samples (Miranda et al.,
2001). In brief, NaOH (3.72 M) (Navarro-
Gonzalvez et al., 1998) and zinc sulfate (15
mg/mL) (Ghasemi et al., 2007) were added to
the 300 uL of homogenized tissues (100 mg
of all the tissues studied in 500 uL of phos-
phate-buffered saline (PBS, pH 7.4) except
for the brain and eAT where 200 pL of PBS
was used) to prevent turbidity in the Griess re-
action and to deproteinize the samples, re-
spectively. The homogenates were centri-
fuged at 10,000 g for 10 minutes; the super-
natants were used to measure NOXx and nitrite
concentrations. To determine NOX levels, va-
nadium trichloride (100 pL, 8 mg/mL in 1 M
HCI), N-(1-naphthyl) ethylenediamine (50
uL, 0.1 % in ddH20), and sulfanilamide (50
ulL, 2 % in 5 % HCI), were added to the sam-
ples. For measuring nitrite levels, the follow-
ing components were added to the samples: 1
M HCI (100 pL), N-(1-naphthyl) ethylenedi-
amine (50 pL, 0.1 % in ddH20), and sulfanil-
amide (50 pul, 2 % in 5 % HCI). NOx and ni-
trite concentrations were determined using a
standard calibration curve ranging from
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Figure 1: Experimental design of the study. NO, Nitric oxide; HFD, High-fat diet; T2D, Type 2 diabetes;

STZ, Streptozotocin

0 to 100 uM for sodium nitrate and 0 to 20
UM for sodium nitrite, respectively. The ni-
trite values were subtracted from the NOXx
concentrations to determine tissue nitrate con-
centrations. Protein concentration was deter-
mined by the Bradford method. The concen-
trations of nitrate and nitrite in the tissues are
expressed as nmol/mg protein. The intra-as-
say CVs for nitrite and Nox were 4 % and
3 %, respectively.

Assessment of sialin gene expression

The TRIzol reagent (Invitrogen, USA)
was used for RNA extraction from the tissue
samples, and RNA quality and concentration
were assessed using a NanoDrop-1000 spec-
trophotometer (Thermo Scientific, USA).
cDNA was synthesized using a kit (SMOBIO
Technology, Taiwan). The reaction mixture
consisted the extracted RNA (1 pg), random
hexamer (1 puL, 100 uM), dNTPS Mix (1 pL,
10 mM), RNAokTM RNase inhibitor (1uL,
20 U/uL), ExcelRTTM Reverse transcriptase
(RT) (1 pL, 200 U/uL), RT buffer (4 uL), and
diethyl pyrocarbonate (DEPC)-treated H.O (4
pL). The thermal cycling procedure consisted
of a 5-minute incubation at 70 °C, followed
by subsequent incubations at 25 °C for 20
minutes and at 50 °C for 50 minutes.

For cDNA amplification, a Rotor-Gene
6000 real-time PCR machine (Corbett, Life

Science, Sydney, Australia) was employed
along with SYBR Green PCR Master Mix 2X
(Ampligon Company, Denmark). The reac-
tion mixture was composed of cDNA (2 pL),
forward and reverse primers (2 pL), DEPC-
treated H2O (8.5 uL), and Master Mix (12.5
uL); the total volume was 25 pL. The thermal
cycling protocol began with an initial denatur-
ation step at 95 °C for 10 minutes, followed
by 40 amplification cycles under the follow-
ing conditions: 94 °C for 45 seconds, 58 °C
for 45 seconds, and 72 °C for 60 seconds. Du-
plicate runs were performed for each tissue
sample, and negative control reactions were
carried out using nuclease-free water in place
of templates. The primer sequences for the si-
alin gene and the housekeeping gene,
GAPDH, are listed in Table 1. GAPDH is fre-
quently used as a housekeeping gene in gene
expression studies across various tissues due
to its high abundance and consistent expres-
sion levels in both normal (Barber et al.,
2005) and T2D (Perez et al., 2017) rodents.

Statistical analysis

Data analysis was performed using
GraphPad Prism software (Version 8, La
Jolla, California, USA). Data are presented as
mean = SEM, except for the gene expressions
of sialin. The gene expressions of sialin are
presented as relative fold changes. The Dixon
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Table 1: Primers sequence

PCR product length

Genes  Accession No. Primers sequence (5'—3") (bp)
Forward: GTCAGCCAAGCAACGATAG

Sialin NM_001009713.2 Reverse: AAGCATAGAGAACGAA- 209
GAAACC

GAPDH NM_017008.4 Forward: AGTGCCAGCCTCGTCTCATA 248

Reverse: GATGGTGATGGGTTTCCCGT

outlier range statistic was used to determine
outliers (Horn et al., 2001). In the Dixon test,
if the D (absolute difference between the most
extreme values)/R (range of the data) ratio ex-
ceeds 1/3, the extreme value should be deleted
as an outlier (Horn et al., 2001). The REST
software was used to calculate relative ex-
pressions of sialin versus GAPDH (Pfaffl et
al., 2002). This software performed randomi-
zation tests comparing T2D and T2D+nitrate
samples, avoiding data distribution assump-
tions and preferred over parametric tests
(Pfaffl et al., 2002). It also provides effi-
ciency-corrected relative gene expression,
preventing miscalculations (Rao et al., 2013),
and allows comparisons between groups
based on reference and target genes (Pfaffl et
al., 2002). The Student's t-test was used to
compare the nitrite and nitrate levels among
the two groups. To compare the body weight
and glucose levels between groups at the be-
ginning and end of the study, a two-way
mixed (between-within) analysis of variance
(ANOVA) was performed. The Bonferroni
post-hoc test was used for further analysis.
Statistical significance was determined with
two-sided P-values<0.05.

RESULTS

Serum glucose and body weight

Compared to T2D rats, the T2D+nitrate
group had 18.8 % lower serum glucose levels
(P=0.022) and 9.0% lower body weight
(P=0.028) at month 6 (Table 2).

Tissue nitrate and nitrite levels

Compared to non-treated T2D rats, the ni-
trate-treated T2D rats had higher nitrate levels
in the SM (163 %), stomach (83 %), lung

(271 %), pancreas (90 %), aorta (61 %), ad-
renal gland (88 %), brain (145 %), liver
(95 %), and heart (87 %); however, no
changes were detected in the intestine, kid-
ney, and eAT. Also, compared to the non-
treated T2D rats, the T2D+nitrate group had
higher nitrite levels in the SM (136 %), lung
(108 %), pancreas (86 %), kidney (88 %),
aorta (33 %), brain (221 %), eAT (52 %), and
heart (93 %). Nitrite values in the liver, intes-
tine, stomach, and adrenal gland were similar
between T2D and T2D+nitrate rats (Figure 2).

Tissue sialin gene expression

Sialin gene expression was significantly
lower in the SM (0.21-fold), stomach (0.37-
fold), liver (0.21-fold), and eAT (0.47-fold) of
the nitrate-treated rats compared to the un-
treated rats. In comparison to the T2D group,
the T2D+nitrate group demonstrated in-
creased sialin gene expressions in the intes-
tine (1.99-fold), pancreas (2.01-fold), and
kidney (2.45-fold). No significant alterations
in sialin gene expression were detected in the
lung, aorta, heart, adrenal gland, and brain
(Figure 3).

DISCUSSION

The results of the current study showed,
for the first time, that nitrate administration to
rats with T2D decreased sialin gene expres-
sion in some tissues (SM, stomach, liver, and
eAT). In contrast, it increased it in others
(pancreas, intestine, and kidney), with no sig-
nificant alterations in the remaining studied
tissues (lung, aorta, adrenal gland, brain, and
heart). These findings partially confirm our
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Table 2: Fasting serum glucose concentrations and body weights at the beginning and end of the study
in type 2 diabetes (T2D) and T2D +nitrate rats.

T2D T2D +nitrate
Month 0 Month 6 Month 0 Month 6
Fasting serum glucose
196.1+14.8 181.1+5.5 187.2+6.7 147.045.2%
(mg/dL)
Body weight (g) 240.0t5.4 380.1+8.2# 237.615.3 345.8+15.0**

* Significant difference compared to T2D at month 6, # Significant difference compared to month 0. The values are mean + SEM
(n=10 rats/group)
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Figure 2: Changes in tissues’ nitrate and nitrite levels in type 2 diabetes (T2D) and T2D+nitrate groups.
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Figure 3: Changes in gene expression of sialin in type 2 diabetes (T2D) and T2D+nitrate groups

hypothesis regarding the compensatory in-
crease in sialin gene expression to counteract
the reduced availability of NO in T2D.

In this study, nitrate administration de-
creased serum glucose and body weight in
T2D rats by 18.8 % and 9.0 % at month 6, re-
spectively. Previous reports have documented
decreased fasting glucose levels and body
weight in T2D rats following nitrate or nitrite
administration after 8 (Gheibi et al., 2018), 10

(Carlstrom et al., 2010), 12 (Lai et al., 2016;
Varzandi et al., 2018), and 28 (Khorasani et
al., 2019; Shokri et al., 2021) weeks. The pos-
itive metabolic effects of nitrate have been at-
tributed to several factors, including increased
glucose uptake by skeletal muscle (Lai et al.,
2016), decreased insulin resistance (Nystrom
et al., 2012), increased browning of white ad-
ipose tissue (Roberts et al., 2015; Varzandi et
al., 2018), enhanced insulin secretion by the
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pancreas (Nystrom et al., 2012; Ghasemi et
al., 2022), reduced oxidative stress in the pan-
creatic islets (Ghasemi et al., 2023), increased
glucose uptake by skeletal and adipose tissue
(Jiang et al., 2014; Khoo et al., 2014), and im-
proved insulin sensitivity in skeletal muscle
(Ohtake et al., 2015).

Based on our findings, it was observed
that in all the tissues studied, except for the
intestine, higher levels of nitrate (SM, stom-
ach, lung, pancreas, aorta, adrenal gland,
brain, liver, and heart) and nitrite (SM, lung,
pancreas, kidney, aorta, brain, eAT, and
heart) were observed in T2D rats after 6
months of nitrate administration. In line with
our results, increased levels of NO metabo-
lites have been reported in the SM (168 %)
(Shokri et al., 2021) and inguinal AT (95 %)
(Varzandi et al., 2018) of T2D rats after 3
(Varzandi et al., 2018) and 6 (Shokri et al.,
2021) months of nitrate (100 mg/L) (Shokri et
al., 2021) or nitrite (50 mg/L) (Varzandi et al.,
2018) administration. These findings suggest
that nitrate supplementation counteracts NO
deficiency at the tissue level in T2D rats. Ef-
ficacy of nitrate administration for increasing
tissue NO bioavailability has also been re-
ported in normal rats, where nitrate/nitrite
levels increased in gluteus muscle (1.7-fold),
liver (2.4-fold), and eyes (4.2-fold) following
3 days of nitrate administration at 1 g/L (Park
et al., 2023). Similarly, a recent study by
Piknova et al. reported that three hours after
ingestion of *°*N-nitrate (1g/L) in normal pigs,
nitrate concentrations in skin, femur bone,
gluteus muscle, and liver increase by ~2-2.4-
fold (Piknova et al., 2024). Increased NO me-
tabolites in tissues of T2D are mediated by
improving NOS-dependent NO production
and activating the nitrate-nitrite-NO pathway.
In support, administering nitrate to T2D rats
increased mMRNA and protein levels of eNOS
in rats' liver, SM, and eAT (Shokri et al.,
2021) and decreased INOS mRNA in their
SMand eAT (Gheibi et al., 2018). In addition,
consuming nitrate can activate the nitrate-ni-
trite-NO pathway, compensating for impaired
endogenous eNOS-derived NO (Lundberg et
al., 2010).

Our results showed that nitrate admin-
istration decreased the sialin gene expression
in the SM, stomach, liver, and eAT, accompa-
nied by increased nitrate or nitrite concentra-
tions in these tissues. These results confirm
our hypothesis that increased gene expression
of sialin in some tissues (SM, stomach, liver,
and eAT) is a counterregulatory response for
reduced NO bioavailability in rats with T2D.
In further support of this hypothesis, it has
been reported that myoglobin-deficient mice
have a lower reduction rate of nitrite to NO
and higher (89 %) sialin expression, which
acts as a counterregulatory response for in-
creased NO bioavailability (Park et al., 2019).
Moreover, Park et al. have shown that sialin
expression increased by 50 % in rat SM fol-
lowing decreased nitrate supplementation for
21 days, suggesting that elevated sialin gene
expression acts as a counterregulatory in re-
sponse to decreasing nitrate levels (Park et al.,
2021). To sum up, it seems that sialin in-
creases the influx of nitrate into cells that
boosts NO production in the states of NO de-
ficiency. However, it has been recently re-
ported that sialin decreases NO bioavailabil-
ity in dysfunctional endothelial cells by in-
creasing nitrate efflux (Akhtar et al., 2024).
Our findings in SM of diabetic rats support
the hypothesis proposed by Piknova et al.,
which suggests that skeletal muscle, due to its
large size and limited nitrate reductase activ-
ity, acts as the primary organ for nitrate stor-
age (Piknova et al., 2022). In a recent study
by the same group, three criteria were sug-
gested for organs that effectively store ni-
trates: a large volume, low metabolism, and
well-regulated blood flow, all characteristics
evident in the skeletal muscle (Piknova et al.,
2024). In contrast, other organs, such as the
liver, are considered the main sites for nitrate
consumption and reduction (Piknova et al.,
2022). This unique characteristic of skeletal
muscle allows it to play a protective role
against dietary nitrate deprivation (Piknova et
al., 2022). However, this compensatory
mechanism cannot be generalized to all tis-
sues in our study, and nitrate administration
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increased sialin gene expression in the intes-
tine, pancreas, and kidney.

It has been suggested that nitrate posi-
tively feedbacks on its transport and vice
versa in the intestine, pancreas and kidney,
potentially amplifying of the nitrate-nitrite-
NO pathway (Park et al., 2023). It has been
shown that nitrate (4 mM sodium nitrate in
drinking water for 7 [47] and 180 [47] days)
increases sialin protein expression, which can
prevent hypoxia-induced intestinal injury in
mice (Xu et al., 2024) and age-related intesti-
nal epithelial dysfunction in aged (18-month-
old) mice (Wang et al., 2024). Results of
some in vitro studies also support the notion
that nitrate positively feedbacks on its trans-
port and that sialin gene expression increased
in human parotid gland cells (hPGCs) follow-
ing nitrate administration (0.1, 0.2, or 0.5
mmol/L for 72 hours) (Feng et al., 2021). In
addition, sialin gene expression decreased af-
ter adding a NO blocker to the cultures of
hPGCs (Feng et al., 2021). Sialin in the kid-
ney may contribute to nitrate reabsorption
(Carlstrom, 2021), and it is speculated that in-
creases in its expression in the kidney would
be associated with elevated nitrate and nitrite
levels.

The strengths of this study are that we as-
sessed the sialin gene expression in 12 tissues
of rats, providing insights into the distribution
of this gene. Additionally, we used a combi-
nation of an HFD and low-dose STZ to induce
conditions that mimic the pathophysiology of
T2D in humans. This model effectively in-
duces insulin resistance, relative hyperinsu-
linemia, stable hyperglycemia, and hypertri-
glyceridemia, thus closely resembling the
characteristics observed in T2D patients
(Reed et al.,, 2000; Gheibi et al., 2017;
Ghasemi and Jeddi, 2023). A limitation of our
study is that we only measured sialin gene ex-
pression at the end of the research period. Ad-
ditional studies at various time points could
reveal nitrate administration's acute and
chronic effects on sialin expression.

CONCLUSION

The results of this study demonstrated that
nitrate administration restores the compensa-
tory upregulation of sialin gene expression in
specific tissues (SM, stomach, liver, and eAT)
of T2D rats. This compensatory mechanism is
tissue-specific and nitrate administration in
T2D rats elevated sialin gene expression in
the intestine, kidney, and pancreas, suggest-
ing that nitrate positively feedbacks on its
transport in these tissues and vice versa.

Ethical approval

The ethics committee at the Research In-
stitute for Endocrine Sciences, associated
with Shahid Beheshti University of Medical
Sciences approved all experimental proce-
dures for this study (Ethics Code:
IR.SBMU.ENDOCRINE.REC.1402.075).

Declaration of competing interest
The authors declare that they have no
competing interests.

Data availability

The data that support the findings of this
study are available from the corresponding
author, upon reasonable request.

Acknowledgment and funding information

This study was supported by a grant
(Grant No. 43003490-4) from Shahid Be-
heshti University of Medical Sciences.

Author contribution

Conceptualization, SJ, NY, KK, and AG;
methodology, SJ, NY, VK, MZ, and AG,; for-
mal analysis, SJ, NY, VK, and AG; data cura-
tion, KK and AG; original draft preparation,
SJ, NY and AG,; review and editing, SJ, KK
and AG; supervision, AG; project administra-
tion, AG; funding acquisition, AG. All au-
thors have read and approved the final manu-
script.

347



EXCLI Journal 2025;24:339-350 — ISSN 1611-2156

Received: November 25, 2024, accepted: February 25, 2025, published: March 03, 2025

REFERENCES

Ahmadi-Noorbakhsh S, Mirabzadeh Ardakani E, Sadi-
ghi J, Aldavood SJ, Farajli Abbasi M, Farzad-Mohajeri
S. Guideline for the care and use of laboratory animals
in Iran. Lab Anim. 2021;50:303-5. doi:
10.1038/s41684-021-00871-3.

Akhtar S, Sagar K, Singh A, Hote MP, Roy A, Sharma
A. Inflammation-induced sialin mediates nitrate efflux
in dysfunctional endothelium affecting NO bioavaila-
bility.  Nitric ~ Oxide.  2024;146:37-47.  doi:
10.1016/j.niox.2024.04.002.

Bahadoran Z, Ghasemi A, Mirmiran P, Azizi F, Ha-
daegh F. Beneficial effects of inorganic nitrate/nitrite
in type 2 diabetes and its complications. Nutr Metab
(Lond). 2015;12:16. doi: 10.1186/s12986-015-0013-6.

Barber R, Harmer D, Coleman R, Clark B. GAPDH as
a housekeeping gene: analysis of GAPDH mRNA ex-
pression in a panel of 72 human tissues. Physiol Ge-
nom.  2005;21:389-95. doi:  10.1152/physiol-
genomics.00025.2005.

Bitar MS, Wahid S, Mustafa S, Al-Saleh E, Dhaunsi
GS, Al-Mulla F. Nitric oxide dynamics and endothelial
dysfunction in type Il model of genetic diabetes. Eur J
Pharmacol. 2005;511(1):53-64 doi:
10.1016/j.ejphar.2005.01.014.

Bulhak AA, Jung C, Ostenson C-G, Lundberg JO,
Sjoquist P-O, Pernow J. PPAR-a activation protects
the type 2 diabetic myocardium against ischemia-
reperfusion injury: involvement of the PI13-Kinase/Akt
and NO pathway. Am J Physiol. 2009;296:H719-27.
doi: 10.1152/ajpheart.00394.2008.

Carlstrom M, Larsen FJ, Nystrom T, Hezel M, Borni-
quel S, Weitzberg E, et al. Dietary inorganic nitrate re-
verses features of metabolic syndrome in endothelial
nitric oxide synthase-deficient mice. Proc Natl Acad
Sci U S A 2010;107:17716-20.  doi:
10.1073/pnas.1008872107.

Carlstrom M. Nitric oxide signalling in kidney regula-
tion and cardiometabolic health. Nat Rev Nephrol.
2021;17:575-90. doi: 10.1038/s41581-021-00429-z.

Feng X, Wu Z, Xu J, Xu Y, Zhao B, Pang B, et al. Di-
etary nitrate supplementation prevents radiotherapy-in-
duced xerostomia. eLife. 2021;10:e70710. doi:
10.7554/eLife.70710.

Ghasemi A, Jeddi S. Streptozotocin as a tool for induc-
tion of rat models of diabetes: a practical guide. EXCLI
J. 2023;22:274-94. doi: 10.17179/excli2022-5720.

Ghasemi A, Hedayati M, Biabani H. Protein precipita-
tion methods evaluated for determination of serum ni-
tric oxide end products by the Griess assay. JMSR.
2007;2(15):29-32.

Ghasemi A, Afzali H, Jeddi S. Effect of oral nitrite ad-
ministration on gene expression of SNARE proteins in-
volved in insulin secretion from pancreatic islets of
male type 2 diabetic rats. Biomed J. 2022;45:387-95.
doi: 10.1016/j.bj.2021.04.004.

Ghasemi A, Gheibi S, Kashfi K, Jeddi S. Anti-oxidant
effect of nitrite in the pancreatic islets of type 2 diabetic
male rats. Iran J Basic Med Sci. 2023;26:420-8. doi:
10.22038/ijbms.2023.68245.14900.

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 Pharmaco-
ther. 2017;95:605-13. doi: 10.1016/j.bio-
pha.2017.08.098.

Gheibi S, Jeddi S, Carlstrdm M, Gholami H, Ghasemi
A. Effects of long-term nitrate supplementation on car-
bohydrate metabolism, lipid profiles, oxidative stress,
and inflammation in male obese type 2 diabetic rats.
Nitric Oxide. 2018;75:27-41. doi:
10.1016/j.niox.2018.02.002.

Horn PS, Feng L, Li Y, Pesce AJ. Effect of outliers and
nonhealthy individuals on reference interval estima-
tion. Clin Chem. 2001;47:2137-45.

International Diabetes Federation. IDF Diabetes Atlas.
Retrieved from https://www.diabetesatlas.org/en/re-
sources/. Dunia: IDF, 2021.

Ip YK, Hiong KC, Teng JH, Boo MV, Choo CY, Wong
WP, et al. The fluted giant clam (Tridacna squamosa)
increases nitrate absorption and upregulates the expres-
sion of a homolog of SIALIN (H+: 2NO 3— cotrans-
porter) in the ctenidium during light exposure. Coral
Reefs. 2020;39:451-65.

Jiang H, Torregrossa AC, Potts A, Pierini D, Aranke
M, Garg HK, et al. Dietary nitrite improves insulin sig-
naling through GLUT4 translocation. Free Radic Biol
Med. 2014;67:51-7. doi:  10.1016/j.freeradbio-
med.2013.10.809.

Khoo NKH, Mo L, Zharikov S, Kamga-Pride C, Ques-
nelle K, Golin-Bisello F, et al. Nitrite augments glu-
cose uptake in adipocytes through the protein kinase A-
dependent stimulation of mitochondrial fusion. Free
Radic Biol Med. 2014;70:45-53. doi: 10.1016/j.fre-
eradbiomed.2014.02.009.

348


https://www.diabetesatlas.org/en/resources/
https://www.diabetesatlas.org/en/resources/

EXCLI Journal 2025;24:339-350 — ISSN 1611-2156

Received: November 25, 2024, accepted: February 25, 2025, published: March 03, 2025

Khorasani V, Jeddi S, Yaghmaei P, Tohidi M, Ghasemi
A. Effect of long-term sodium nitrate administration on
diabetes-induced anemia and glucose homeostasis in
obese type 2 diabetic male rats. Nitric Oxide. 2019;
86:21-30. doi: 10.1016/j.niox.2019.02.003.

Lai YC, Tabima DM, Dube JJ, Hughan KS,
Vanderpool RR, Goncharov DA, et al. SIRT3-AMP-
activated protein kinase activation by nitrite and met-
formin improves hyperglycemia and normalizes pul-
monary hypertension associated with heart failure with
preserved ejection fraction. Circulation. 2016;133:717-
31. doi: 10.1161/CIRCULATIONAHA.115.018935.

Lin KY, Ito A, Asagami T, Tsao PS, Adimoolam S,
Kimoto M, et al. Impaired nitric oxide synthase path-
way in diabetes mellitus: role of asymmetric dime-
thylarginine and dimethylarginine dimethylaminohy-
drolase. Circulation. 2002;106:987-92. doi:
10.1161/01.cir.0000027109.14149.67.

Lundberg JO, Weitzberg E. NO generation from inor-
ganic nitrate and nitrite: Role in physiology, nutrition
and therapeutics. Arch Pharm Res. 2009;32:1119-26.
doi: 10.1007/s12272-009-1803-z.

Lundberg JO, Carlstrdm M, Larsen F, Weitzberg E.
Roles of dietary inorganic nitrate in cardiovascular
health and disease. Cardiovasc Res. 2010;89:525-32.
doi: 10.1093/cvr/cvg325.

Lundberg JO, Gladwin MT, Weitzberg E. Strategies to
increase nitric oxide signalling in cardiovascular dis-
ease. Nat Rev Drug Discov. 2015;14:623-41. doi:
10.1038/nrd4623.

Lundberg JO, Carlstrém M, Weitzberg E. Metabolic
effects of dietary nitrate in health and disease. Cell Me-
tab. 2018;28:9-22. doi: 10.1016/j.cmet.2018.06.007.

Miranda KM, Espey MG, Wink DA. A rapid, simple
spectrophotometric method for simultaneous detection
of nitrate and nitrite. Nitric Oxide. 2001;5(1):62-71.
doi: 10.1006/niox.2000.0319.

Muhammed SJ, Lundquist I, Salehi A. Pancreatic -
cell dysfunction, expression of iNOS and the effect of
phosphodiesterase inhibitors in human pancreatic islets
of type 2 diabetes. Diabetes Obes Metab. 2012;14:
1010-9. doi: 10.1111/j.1463-1326.2012.01632.x.

Navarro-Gonzalvez JA, Garcia-Benayas C, Arenas J.
Semiautomated measurement of nitrate in biological
fluids. Clin Chem. 1998,;44:679-81.

Nystrém T, Ortsédter H, Huang Z, Zhang F, Larsen FJ,
Weitzberg E, et al. Inorganic nitrite stimulates pancre-
atic islet blood flow and insulin secretion. Free Rad
Biol Med. 2012;53:1017-23. doi: 10.1016/j.freeradbio-
med.2012.06.031.

Ohtake K, Nakano G, Ehara N, Sonoda K, Ito J, Uchida
H, et al. Dietary nitrite supplementation improves in-
sulin resistance in type 2 diabetic KKAy mice. Nitric
Oxide. 2015;44:31-8. doi: 10.1016/j.niox.2014.11.009.

Park JW, Piknova B, Dey S, Noguchi CT, Schechter
AN. Compensatory mechanisms in myoglobin defi-
cient mice preserve NO homeostasis. Nitric Oxide.
2019;90:10-4. doi: 10.1016/j.niox.2019.06.001.

Park JW, Piknova B, Jenkins A, Hellinga D, Parver
LM, Schechter AN. Potential roles of nitrate and nitrite
in nitric oxide metabolism in the eye. Sci Rep. 2020;
10(1):13166. doi: 10.1038/s41598-020-69272-9.

Park JW, Thomas SM, Schechter AN, Piknova B. Con-
trol of rat muscle nitrate levels after perturbation of
steady state dietary nitrate intake. Nitric Oxide.
2021;109-110:42-9. doi: 10.1016/j.niox.2021.03.003.

Park JW, Piknova B, Walter PJ, Cai H, Upanan S,
Thomas SM, et al. Distribution of dietary nitrate and its
metabolites in rat tissues after 15N-labeled nitrate ad-
ministration. Sci  Rep. 2023;13(1):3499. doi:
10.1038/s41598-023-28190-2.

Percie du Sert N, Hurst V, Ahluwalia A. The ARRIVE
guidelines 2.0: Updated guidelines for reporting animal
research. PLoS Biol. 2020;18(7):e3000410. doi:
10.1371/journal.pbio.3000410.

Perez LJ, Rios L, Trivedi P, D'Souza K, Cowie A,
Nzirorera C, et al. Validation of optimal reference
genes for quantitative real time PCR in muscle and ad-
ipose tissue for obesity and diabetes research. Sci Rep.
2017;7(1):3612. doi: 10.1038/s41598-017-03730-9.

Pfaffl MW, Horgan GW, Dempfle L. Relative expres-
sion software tool (REST) for group-wise comparison
and statistical analysis of relative expression results in
real-time PCR. Nucleic Acids Res. 2002;30(9):e36.
doi: 10.1093/nar/30.9.e36.

Piknova B, Schechter AN, Park JW, Vanhatalo A,
Jones AM. Skeletal muscle nitrate as a regulator of sys-
temic nitric oxide homeostasis. Exerc Sport Sci Rev.
2022;50:2-13. doi: 10.1249/jes.0000000000000272.

Piknova B, Park JW, Tunau-Spencer KJ, Jenkins A,
Hellinga DG, Walter PJ, et al. Skeletal muscle, skin,
and bone as three major nitrate reservoirs in mammals:
chemiluminescence and 15N-Tracer studies in York-
shire pigs. Nutrients. 2024;16(16):2674.

QinL, Liu X, Sun Q, Fan Z, Xia D, Ding G, et al. Sialin
(SLC17A5) functions as a nitrate transporter in the
plasma membrane. Proc Natl Acad Sci U S A. 2012;
109:13434-9. doi: 10.1073/pnas.11166331009.

349



EXCLI Journal 2025;24:339-350 — ISSN 1611-2156

Received: November 25, 2024, accepted: February 25, 2025, published: March 03, 2025

Qin L, Wang S. Protective roles of inorganic nitrate in
health and diseases. Curr Med. 2022;1(1):4. doi:
10.1007/s44194-022-00002-1.

Rao X, Huang X, Zhou Z, Lin X. An improvement of
the 2"(-delta delta CT) method for quantitative real-
time polymerase chain reaction data analysis. Biostat
Bioinforma Biomath. 2013;3(3):71-85.

Reed MJ, Meszaros K, Entes LJ, Claypool MD, Pinkett
JG, Gadbois TM, et al. A new rat model of type 2 dia-
betes: the fat-fed, streptozotocin-treated rat. Metabo-
lism. 2000;49:1390-4. doi: 10.1053/meta.2000.17721.

Roberts LD, Ashmore T, Kotwica AO, Murfitt SA,
Fernandez BO, Feelisch M, et al. Inorganic nitrate pro-
motes the browning of white adipose tissue through the
nitrate-nitrite-nitric oxide pathway. Diabetes. 2015;64:
471-84. doi: 10.2337/db14-0496.

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-
30. doi: 10.2174/1871530321666210622155649.

Srihirun S, Park JW, Teng R, Sawaengdee W, Piknova
B, Schechter AN. Nitrate uptake and metabolism in hu-
man skeletal muscle cell cultures. Nitric Oxide. 2020;
94(1):1-8. doi: 10.1016/j.niox.2019.10.005.

Varzandi T, Abdollahifar MA, Haeri Rohani SA, Piry-
aei A, Zadeh-Vakili A, Jeddi S, et al. Effect of long-
term nitrite administration on browning of white adi-
pose tissue in type 2 diabetic rats: A stereological
study. Life Sci. 2018;207:219-26. doi:
10.1016/j.1fs.2018.06.012.

Wang X, Liu H, Yue M, Wang J, Zhang C, Qin L, et
al. Dietary nitrate maintains intestinal epithelia home-
ostasis in aged mice. Biogerontology. 2024;25:1171-
87. doi: 10.1007/s10522-024-10127-5.

Xu'Y, SaY, Zhang C, Wang J, Shao Q, Liu J, etal. A
preventative role of nitrate for hypoxia-induced intes-
tinal injury. Free Radic Biol Med. 2024;213:457-69.
doi: 10.1016/j.freeradbiomed.2024.01.030.

Yousefzadeh N, Jeddi S, Zarkesh M, Kashfi K,
Ghasemi A. Altered sialin mRNA gene expression in
type 2 diabetic male Wistar rats: implications for nitric
oxide deficiency. Sci Rep. 2023;13(1):4013. doi:
10.1038/s41598-023-31240-4.

Zheng Y, Ley SH, Hu FB. Global aetiology and epide-
miology of type 2 diabetes mellitus and its complica-
tions. Nat Rev Endocrinol. 2018;14(2):88-98. doi:
10.1038/nrendo.2017.151

350



