
Free Radical Biology and Medicine 99 (2016) 87–98
Contents lists available at ScienceDirect
Free Radical Biology and Medicine
http://d
0891-58

Abbre
protein
giotensi
5-methy
HOMA-
arterial
mide ad
tensin s

n Corr
E-m

Mattias
1 Eq
journal homepage: www.elsevier.com/locate/freeradbiomed
Original article
Dietary nitrate improves age-related hypertension and metabolic
abnormalities in rats via modulation of angiotensin II receptor
signaling and inhibition of superoxide generation

Michael Hezel a,1, Maria Peleli a,1, Ming Liu a,1, Christa Zollbrecht a,1, Boye L. Jensen b,
Antonio Checa c, Alessia Giulietti a, Craig E. Wheelock c, Jon O. Lundberg a,
Eddie Weitzberg a, Mattias Carlström a,n

a Department of Physiology and Pharmacology, Karolinska Institutet, S-17177 Stockholm, Sweden
b Department of Cardiovascular and Renal Research, University of Southern Denmark, DK-5230 Odense, Denmark
c Department of Medical Biochemistry and Biophysics, Karolinska Institutet, S-17177 Stockholm, Sweden
a r t i c l e i n f o

Article history:
Received 9 June 2016
Received in revised form
6 July 2016
Accepted 25 July 2016
Available online 26 July 2016

Keywords:
Aging
Angiotensin II receptors
Endothelial dysfunction
Hypertension
NADPH oxidase
Metabolic syndrome
Nitrite
Nitric oxide
Renin
Superoxide
x.doi.org/10.1016/j.freeradbiomed.2016.07.025
49/& 2016 Elsevier Inc. All rights reserved.

viations: Ach, acetylcholine; AMPK, 5′ adenosi
kinase; ANG II, angiotensin II; AT1, angiotens
n type 2 receptor; cGMP, cyclic guanosine mo
lamino-2′,7′-difluorescein diacetate; eNOS, en
IR, homeostatic model assessment insulin res
pressure; NO3

� , nitrate; NO2
� , nitrite; NO, n

enine dinucleotide phosphate; NOX, NADPH
ystem
esponding author.
ail addresses: mihezel@gmail.com (M. Hezel),
.Carlstrom@ki.se (M. Carlström).
ual contribution.
a b s t r a c t

Advanced age is associated with increased risk for cardiovascular disease and type 2 diabetes. A proposed
central event is diminished amounts of nitric oxide (NO) due to reduced generation by endothelial NO
synthase (eNOS) and increased oxidative stress. In addition, it is widely accepted that increased angio-
tensin II (ANG II) signaling is also implicated in the pathogenesis of endothelial dysfunction and hy-
pertension by accelerating formation of reactive oxygen species. This study was designed to test the
hypothesis that dietary nitrate supplementation could reduce blood pressure and improve glucose tol-
erance in aged rats, via attenuation of NADPH oxidase activity and ANG II receptor signaling.

Dietary nitrate supplementation for two weeks reduced blood pressure (10–15 mmHg) and improved
glucose clearance in old, but not in young rats. These favorable effects were associated with increased
insulin responses, reduced plasma creatinine as well as improved endothelial relaxation to acetylcholine
and attenuated contractility to ANG II in resistance arteries. Mechanistically, nitrate reduced NADPH
oxidase-mediated oxidative stress in the cardiovascular system and increased cGMP signaling. Finally,
nitrate treatment in aged rats normalized the gene expression profile of ANG II receptors (AT1A, AT2,
AT1A/AT2 ratio) in the renal and cardiovascular systems without altering plasma levels of renin or ANG II.

Our results show that boosting the nitrate-nitrite-NO pathway can partly compensate for age-related
disturbances in endogenous NO generation via inhibition of NADPH oxidase and modulation of ANG II
receptor expression. These novel findings may have implications for nutrition-based preventive and
therapeutic strategies against cardiovascular and metabolic diseases.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

Aging and accumulation of visceral adipose tissue are asso-
ciated with increased risk of cardiovascular and metabolic
ne monophosphate-activated
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istance index; MAP, mean
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complications, such as hypertension and type 2 diabetes [1–3].
Decreased bioavailability or synthesis of nitric oxide (NO) from
endothelial NO synthase (eNOS) has been proposed as a common
underlying molecular mechanism that leads to predisposition of
aging dependent disorders [4]. Endothelial dysfunction, which is
often associated with oxidative stress, may link metabolic and
cardiovascular disease in humans, and new strategies to restore
NO bioavailability may have a therapeutic role [5]. In addition,
enhanced activation of the renin-angiotensin system (RAS) and
associated oxidative stress may contribute to the development or
the progression of disease, by altering bioenergetics and redox
signaling in the vasculature and in the kidney [6,7]. A large body of
evidence supports a crucial role of NADPH oxidase (NOX)-derived
superoxide generation in the vasculature, which can be stimulated
by angiotensin II (ANG II) and activation of ANG II type 1 receptor
(AT1) signaling [6–8].
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Our diet, mainly green leafy vegetables, is a major contributor
to the body pool of nitrate [9]. For more than a decade we and
other groups have investigated the benefits of dietary nitrate and
nitrite supplementation, which may boost the nitrate-nitrite-NO
pathway [9–12]. This alternative route for NO generation is in-
dependent of eNOS and would therefore be of particular im-
portance in conditions with compromised eNOS function, e.g. in
elderly patients with cardiovascular and metabolic disorders. We
have previously shown that dietary supplementation with in-
organic nitrate can reverse several features of metabolic syndrome
in aged eNOS-deficient mice [13]. Moreover, chronic treatment
with dietary nitrate attenuates oxidative stress and blood pressure
elevation in experimental models of renal and cardiovascular
disease as well as in ANG II-induced hypertension [14,15]. In ad-
dition, we recently described that acute treatment with nitrate can
reduce oxidative stress and restore metabolic signaling in a model
of metabolic syndrome [16]. Although findings from experimental
disease models cannot be directly translated to humans, there is
an increasing number of clinical studies [17] demonstrating ben-
eficial cardiovascular effects of dietary nitrate in humans, includ-
ing reduction in blood pressure in healthy volunteers [18] and in
hypertensive subjects [19] and improved endothelial function [20].
A recent study also showed that combined treatment with in-
organic nitrate and nitrite improved hyperglycemia and normal-
ized pulmonary hypertension associated with heart failure with
preserved ejection fraction [21]. The underlying mechanisms for
the observed favorable effects are largely unknown, but modula-
tion of NOX function has been proposed.

In the present study we aimed at further investigating the
underlying beneficial mechanisms of dietary nitrate supple-
mentation in a model of natural aging-related cardiovascular and
metabolic abnormalities. Considering our recent findings of ni-
trate- or nitrite-mediated modulation of oxidative stress [14–
16,22,23], we hypothesized that nitrate could reduce blood pres-
sure, and improve glucose tolerance, via attenuation of NOX ac-
tivity and correction of AT1A receptor signaling. We show that age-
dependent hypertension and endothelial dysfunction, as well as
deteriorative glucose clearance can be significantly improved by
short-term treatment with inorganic nitrate. These favorable ef-
fects of nitrate-mediated NO release during aging can be linked to
normalization of ANG II receptor expression, independently of
renin regulation, and by moderation of NOX-derived oxidative
stress.
2. Materials and methods

2.1. Animals

All animal procedures in this study were in strict adherence to
the Guide for the Care and Use of Laboratory Animals as adopted by
the U.S. National Institutes of Health and were approved by the
Regional Animal Care and Use Committee of Stockholm, Sweden.
3-month old male Sprague Dawley rats were purchased from
Charles River Laboratories (Sulzfeld, Germany) and aged to 22
months in our animal facility. At the time of the experiment an-
other batch of 3 month-old male Sprague Dawley rats were pur-
chased from Charles River Laboratories as young controls. The
animals were fed with standard chow (R34, Lantmannen, Sweden)
and housed in rooms at 22 °C with a 12/12 day-night cycle. Initial
non-invasive tail-cuff blood pressure assessments were per-
formed. Young and old rats were divided into two treatment
groups (Young: n¼8/group; Old: n¼5/group) minimizing differ-
ences in initial weight and blood pressure. The groups were
treated with either 10 mmol/L sodium chloride or 10 mmol/L so-
dium nitrate in distilled drinking water. Over treatment days 7–9
blood pressure was monitored again. On day 11 a glucose toler-
ance test was performed and tail blood samples were collected at
time 0 and 30 min after glucose load for measuring insulin. Blood
samples were immediately mixed with EDTA (2 mmol/L) and
centrifuged (4700g, 5 min, 4 °C) to isolate plasma. From day 14, the
animals were killed two per day. Whole blood was collected from
the vena cava to isolate plasma as described above. The organs
were collected and snap frozen while fresh mesenteric artery re-
activity was measured by wire myography. Body weight, food and
water intake were monitored over the experiment. An overview of
the experimental protocol is shown in Online Supplement Fig. S1.

2.2. Materials

All chemicals not specified were obtained from Sigma-Aldrich
(Stockholm, Sweden) at the highest grade available.

2.3. Intraperitoneal Glucose Tolerance Test (IPGTT)

Rats were starved for 12 h, individually separated, and fasting
blood glucose was recorded (Freestyle Lite, Abbott Diabetes Care,
Alameda, CA, USA). Following an intraperitoneal injection of D-
glucose (2 g/kg BW) blood glucose was measured at 15, 30, 60 and
120 min. Blood samples were collected from the tail at the 0 and
30 min time-point for insulin measurement.

2.4. Blood pressure

Blood pressure was monitored using the Coda High Throughput
Noninvasive Tail Monitoring System (Kent Scientific, Torrington,
CT, USA) using manufacturer's protocol. Systolic, diastolic and MAP
measurements were collected over 3 consecutive days, at baseline
and by the end of the experiment, and individual median of all
accepted values were compiled for assessment.

2.5. Vascular reactivity

Third branch of mesenteric arteries from rats were isolated
(diameter 271.677.5 mm), and arterial rings (2 mm) were moun-
ted in myograph chambers (model 620 M, Danish Myo Technology,
Aarhus, Denmark) in oxygenated Krebs solution. Resting tension
was set according to normalization procedure, and vessel viability
was assessed by the responses to 0.1 mol/L KCl. Dose response to
ANG II (10�12–10�6 mol/L) was obtained in the presence or ab-
sence of apocynin (NOX inhibitor, 10�4 mol/L). To avoid artifacts
from ANG II desensitization, the ANG II activity measurement was
only performed once in each individual artery. After preconstric-
tion to norepinephrine (NE, 3�10�6 mol/L), acetylcholine (ACh,
10�9�10�4 mol/L) concentration response was evaluated with or
without apocynin incubation.

2.6. Dihydroethidium (DHE) assay

DHE is cell permeable and reacts with superoxide to form
ethidium bromide, which intercalates in DNA and exhibits a bright
red color detectable by fluorescence microscopy. Fresh segments
of thoracic aorta from each rat were snap frozen in optimal cutting
temperature compound (OCT). Cryosections (10 mm) were in-
cubated in the dark with DHE (2 mmol/L) for 30 min at 37 °C.
Images were captured immediately using a Zeiss Axiophot fluor-
escence microscope at excitation and emission wavelengths of 520
and 610 nm. For each aortic ring, DHE fluorescence was measured
throughout the total vessel wall and calculated from four separate
high power fields from each quadrant of the ring. DHE fluores-
cence was quantified using image J software (NIH, Bethesda, MD,
USA).
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2.7. Western Blotting of eNOS and AMPK phosphorylation

Frozen aortic tissues were homogenized (Bullet Blender™, Next
Advance, Inc., Stockholm, Sweden) as previously described [24].
Equal amounts of soluble protein fraction were separated by SDS-
PAGE and transferred to a polyvinylidene difluoride membrane
(Bio-Rad Laboratories, Solna, Sweden). The membranes were
blocked with 5% nonfat dry milk in Tween-containing TBS, in-
cubated with specific primary antibody for p-eNOS (Ser1177, Cell
Signaling/BioNordika, Stockholm, Sweden) and anti-rabbit sec-
ondary antibody (horseradish peroxidase-conjugated goat anti-
body to rabbit IgG, Santa Cruz, Heidelberg, Germany). To detect
total eNOS, Restore™ PLUS Western Blot Stripping Buffer (Thermo
Scientific™, Göteborg, Sweden) was applied followed by blocking
and re-probing with primary antibody for eNOS (BD Bioscience,
Stockholm, Sweden) and anti-mouse secondary antibody (horse-
radish peroxidase-conjugated goat antibody to mouse IgG, Santa
Cruz). Protein bands were detected using Clarity Western ECL
Substrate (Bio-Rad), intensities were quantified with densitometry
and results are reported as relative optical density of the specific
proteins.

Frozen livers were cut and homogenized, and equal amounts of
protein were subjected to SDS-PAGE and transferred to a poly-
vinylidene difluoride membrane. The membranes were blocked
with 5% nonfat dry milk in Tween-containing TBS, incubated with
specific primary antibody for phosphorylated AMPK (Thr172; Cell
signaling/BioNordika) and anti-rabbit secondary antibody (Santa
Cruz). To detect total AMPK, Restore™ PLUS Western Blot Strip-
ping Buffer was applied followed by blocking and re-probing the
membranes with primary antibody for AMPK (Cell Signaling/Bio-
Nordika) and anti-rabbit secondary antibody. Protein bands were
detected as described above.

2.8. Markers in plasma and urine

Plasma aliquots obtained at the end of the in vivo protocol were
stored at �80 °C until analysis for the content of:

2.8.1. Nitrate and nitrite
Levels in plasma and urine were analyzed by HPLC (ENO-20)

and auto-sampler (840, EiCom, Kyoto, Japan). In brief, the plasma
samples were extracted using methanol (1:2) and then centrifuged
for 10 min 4 °C 10,000g. Nitrate and nitrite were separated by
reverse phase/ion exchange chromatography followed by nitrate
reduction to nitrite by cadmium and reduced copper. The nitrite
was then derivatized using Griess reagent to form diazo com-
pounds and analyzed by detection at 540 nm.

2.8.2. cGMP
ELISA kit was purchased from GE Healthcare (Uppsala, Swe-

den), and run according to manufacturer's instructions. Plasma
was collected in IBMX containing tubes (10 μmol/L) to prevent
degradation of cGMP.

2.8.3. Amino acids
Arginine and citrulline levels were analyzed in plasma as pre-

viously described [25]. Briefly, after thawing samples on ice, 25 ml
of plasma were crashed with 225 ml of 0.2% formic acid in iso-
propanol containing the internal standard (0.73 mmol/L of N4-Ar-
ginine). Afterwards samples were vortexed for 30 s and cen-
trifuged at 8000g for 10 min. Finally 5 ml of the supernatant were
analyzed by liquid chromatography tandem mass spectrometry
(LC-MS/MS). Separation was performed on an ACQUITY UPLC
System from Waters Corporation (Milford, MA, USA) using an
Atlantis HILIC Silica 3 mm (150�2.1 mm) column from Waters.
Mobile phases consisted of 0.2% formic acid in ACN:MeOH (75:25)
and 0.2% formic acid in water. Flow rate was set at 400 ml/min.
Detection was performed using a Waters Xevos TQ triple quad-
rupole equipped with an Electrospray Ion Source working in po-
sitive mode. The selected reaction transitions monitored were
175.1/70.1, 176.1/70.1 and 179.1/71.0 for arginine, citrulline and N4-
arginine, respectively. Arginine and citrulline were chromato-
graphically resolved at the baseline.

2.8.4. Insulin
ELISAs were purchased from Mercodia (Uppsala, Sweden), and

plasma insulin levels were analyzed according to the manufac-
turer's protocol. Homeostasis model assessment-estimated insulin
resistance (HOMA-IR) was calculated at baseline after fasting.

2.8.5. Creatinine
Levels in plasma, as a marker of renal function, were analyzed

according to the manufacturer's protocol, using the creatinine
assay from Cayman Chemical (Ann Arbor, MI, USA).

2.8.6. Renin
Plasma samples were incubated with surplus of substrate-en-

riched plasma from a nephrectomized sheep for 24 h. Plasma renin
concentration was measured by the rate of ANG I formation and
ANG I was detected by radioimmunoassay through the antibody-
trapping method of Poulsen and Jørgensen, similar to that de-
scribed previously [26]. Briefly, assay was standardized in terms of
international units of renin per liter (IU per L) by the activity of the
WHO International Renin Standard. Samples of 0.05 IU/L were
included in every run of the renin assay. In the period of mea-
surement, 1 IU of the WHO standard corresponded to 4.370.8 ng
ANG I per hour. Between-assay coefficient of variation was 19%.

2.8.7. ANG II
Plasma samples (1 ml) were extracted according to manu-

facturer (Sep-Pak Classic C18 cartridge, WAT051910). Dried eluates
were stored at �80 °C until assay. A specific anti-ANG II antibody
(Ab-5-030682) was used in a final dilution of 1:1,100,000. Plasma
samples were incubated with antibody for 24 h and with tracer
125I-labeled ANG II (kindly provided by the Dept. of Clinical
Physiology, Glostrup Hospital, Denmark) for another 24 h. Free
antigen was removed by adding a charcoal-plasma suspension,
and, after centrifugation, radioactivity of the supernatant was
measured. The detection limit was 1–2 pg/ml. Values were cor-
rected for the extraction recovery of unlabeled ANG II (�75% in
the present analyses) added to plasma in the individual assay.
Intra- and inter-assay coefficients of variation were 5% and 11%,
respectively.

2.9. NOX activity

Chemiluminescence technique was used to determine NOX-
mediated superoxide formation in cardiac and renal tissues. In
brief, a section of the left ventricular heart (220–300 mg) was
chopped into pieces with scissors, homogenized in a buffer con-
taining Tris–HCl pH¼8.0, 1 mmol/L, NaCl 150 mmol/L, and EDTA
5 mmol/L (6� v/w) with stainless steel beads (Bullet Blender TM,
Next Advance, Inc.). The supernatant was collected after cen-
trifugation at 4 °C for 20 min at 12,000g, diluted 1:5 in PBS and
5 μmol/L lucigenin was added. Finally, 300 mmol/L NADPH was
added and NOX activity was determined by measuring lucigenin
chemiluminescence every 3 s for 3 min with the AutoLumat LB953
Multi-Tube Luminometer (Berthold Technologies, Bad Wildbad,
Germany). A piece of kidney cortex was homogenized in PBS with
zirconium oxide beads (0.5 mm) in the bullet blender. The super-
natant was collected after centrifugation at 4 °C for 20 min at
2000g. Supernatant aliquots (20 ml) were added into 1 ml PBS
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containing 1 mmol/L EDTA and 5 mmol/L lucigenin and the reac-
tion was started by addition of 100 mmol/L NADPH. In both tissues,
the chemiluminescence signal was calculated over a period of
3 min and corrected by sample protein content after quantification
using the Bradford protein assay (Bio-Rad). Results are expressed
as % of the respective NaCl young animals. Previous studies have
demonstrated that incubation with either tempol or apocynin in-
hibit the chemiluminescence signal by approx. 90% in both cell
culture and tissues, suggesting that superoxide from NOX are
mainly being measured [27,28].

2.10. Real time PCR (qPCR)

Total RNA was isolated from the heart, pooled mesenteric ar-
teries and kidney cortex using the RNeasy Mini Kit (QIAGEN, Sol-
lentuna, Sweden) according to the manufacturer's protocol with
some modifications. The kidney cortex was homogenized in the
bullet blender by adding RNase free zirconium oxide beads
(0.5 mm) in RLT buffer. Heart and mesenteric arteries were
homogenized using Trizol and stainless steel beads. A portion of
homogenate corresponding to 25 mg of initial cardiac or kidney
tissue was used for RNA extraction. The tissue weight of the iso-
lated mesenteric arteries varied between 3 and 8 mg and the
whole homogenate was isolated. RNA concentration and purity
were assessed using the Thermo Scientific NanoDrop 2000 spec-
trophotometer. RNA samples of 1 μg from heart and kidney cortex
and 52 ng from the mesenteric arteries were converted to cDNA
with High Capacity cDNA Reverse transcription kit (Life Technol-
ogies, Stockholm, Sweden) in a total reaction volume of 20 ml. Real
time PCR was performed on an ABI 7500 Real-Time PCR System
using Power SYBR Green Master mix (Life Technologies). PCR re-
action was performed in 96-well plates with 5 ml cDNA corre-
sponding to 17 ng of RNA for kidney and heart and 5 ng for the
mesenteric arteries. The annealing temperatures were as follow-
ing: 53 °C for Nox2, p22phox and p47phox, 49 °C for p67phox,
Nox4, AT1A and renin, 48 °C for AT2. The mRNA levels were nor-
malized to the levels of the housekeeping gene TBP and fold
changes were calculated using the ΔΔCt method. Primer se-
quences are given in Online Supplement Table S2.

2.11. Statistical analysis

Comparison of two groups was calculated by student’s t-test.
Two-way ANOVA (repeated measures or ordinary) was used to test
time- or concentration-dependent changes (glucose clearance,
vascular reactivity). For other comparisons among 3 groups or
more, one-way ANOVAwas used. Sidak's post-hoc test was used to
assess differences between the groups. All statistical calculations
were made using Graphpad Prism (6.04, La Jolla, CA, USA). Sta-
tistical significance was defined as po0.05. Values are presented
as mean7SEM.
3. Results

Rats’ body weight, food intake and water consumption, before
and after treatment with placebo (NaCl) or nitrate (NaNO3), are
summarized in Online Supplement Table S1. As expected, body
weights were significantly higher in the old rats compared with
the young (Po0.05). During the study period, body weight in-
creased significantly in both young placebo and nitrate treated rats
(Po0.05), whereas no significant changes in body weight were
observed in the old rats. Food intake was greater in young animals
compared with the old rats, but without significant differences
between the placebo and nitrate groups. The calculated daily ni-
trate intake was higher in the young (16.970.42 mg/day)
compared with the old rats (11.670.42 mg/day) (Po0.05).

3.1. Nitrate attenuates elevated blood pressure in the old animals

To assess if the old rats had increased blood pressure, non-
invasive measurements were taken before and after treatment.
Baseline blood pressure was higher in old rats compared to young
rats (Fig. 1A-C). Treatments in the young rats yielded no difference,
while nitrate in the old animals led to significantly decreased MAP
and systolic pressure, whereas the diastolic pressure was not sig-
nificantly (p¼0.08) reduced (Fig. 1D-F).

3.2. Nitrate improves glucose clearance and insulin release in the old
rats

A characteristic of aging is accumulation of visceral adipose
tissue and impaired metabolic capabilities including clearance of a
glucose load. A fasting intraperitoneal glucose tolerance test in
young and old rats was performed after 11 days of treatment. The
old rats had worse glucose tolerance compared to the young rats,
but nitrate-treatment improved glucose clearance in old rats
(Fig. 2A, B). The old rats displayed higher fasting insulin levels
compared with young rats, and this was not changed with nitrate
treatment. In placebo treated old rats the insulin response after a
glucose load was impaired compared to young rats (Fig. 2C, D). In
contrast, old nitrate treated rats had the same insulin response as
young rats. In addition, insulin resistance expressed as HOMA-IR
during fasting condition was significantly higher in old rats, and
this was normalized by nitrate treatment (Fig. 2E). Although old
rats displayed higher amount of visceral adipose tissue compared
with young animals (6.9070.48 vs. 2.7770.22 g po0.05), the
favorable effects of nitrate on glucose and insulin regulation was
not associated with any changes in fat accumulation (data not
shown). Liver AMPK phosphorylation was reduced in old rats but
not significantly changed in old rats with nitrate treatment (Fig. 2F
& Online Supplement Fig. S2).

3.3. Nitrate treatment leads to significant elevation of plasma nitrate
and nitrite

To confirm the intake of nitrate during our experiment, we
analyzed final plasma nitrate and nitrite concentration (Fig. 3A, B),
as well as urinary nitrate level (Fig. 3C). Nitrate supplementation
increased plasma nitrite in both groups, but less strongly in old
rats compared to young rats. The same results were seen with
plasma nitrate, and may be explained by the lower nitrate intake
in the old rats (Online Supplement Table S1). Moreover, plasma
creatinine levels were significantly increased in placebo treated
old rats compared with young animals, which is in agreement
with reduced renal function due to aging (Fig. 3D). Interestingly,
dietary supplementation with nitrate was associated with nor-
malized plasma creatinine levels.

3.4. Aging is associated with impaired eNOS function and reduced
cGMP levels

Aging is associated with decreased NO bioavailability, which
results from modulation of eNOS activity and scavenging of NO.
Endothelial NOS activity is affected positively and negatively by
e.g. serine or threonine phosphorylation, respectively. Analysis of
aortic eNOS serine 1177, which is an activation site, showed re-
duced phosphorylation in the old placebo treated rats compared to
the young placebo group, and this was not improved by nitrate
treatment (Online Supplement Fig. S3). Nitrate treatment in young
rats trended to decrease eNOS serine 1177 phosphorylation
(p¼0.10), which is in agreement with our recent report of a cross-



Fig. 1. Blood Pressure. Initial mean arterial pressure (MAP) (A), diastolic pressure (B) and systolic pressure (C) in young (n¼16) and old (n¼10) rats, with the mean indicated
in the bar. The delta changes from baseline after 7–9 days of nitrate or placebo treatment in MAP (D), diastolic (E), and systolic pressure (F) are presented for each group.
*po0.05 among indicated groups. Values are presented as mean7SEM.
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talk between the classical and alternative pathways for NO gen-
eration [24]. Indirect measurement of eNOS activity, using citrul-
line-arginine ratio in plasma, showed a significantly lower ratio in
placebo treated old rats compared to young animals (Fig. 3E). This
reduction was not observed between the young and old nitrate
treated groups. Production of cGMP is a downstream event of NO
generation. Analysis of plasma cGMP showed a reduction with
aging, and this was significantly improved with nitrate treatment
in old rats (Fig. 3F).

3.5. Aging-associated superoxide production is attenuated by nitrate
supplementation

Aging is associated with excessive superoxide production that
may reduce NO bioavailability. To further understand the blood
pressure attenuation by nitrate we measured NOX-derived su-
peroxide production in the heart and in the kidney. Aging was
associated with increased NOX activity in both tissues, which was
significantly attenuated by nitrate treatment (Fig. 4A, B). In young
rats, there were no effects of nitrate on tissue NOX activity. Ad-
ditionally, we investigated superoxide production in aortic tissue
with DHE imaging. After 30 min of incubation with DHE, marked
differences in superoxide production was detected between aortas
from young and old placebo treated rats, and there was a clear
trend (p¼0.06) towards attenuation of superoxide production in
nitrate treated old rats (Fig. 4C, D).

3.6. Nitrate improves endothelial function of mesenteric resistance
arteries in old rats

The age and treatment-related vascular function was further
characterized by focusing on ex vivo reactivity of mesenteric ar-
teries. As expected, vessels from old rats displayed abrogated
vascular response to acetylcholine (Fig. 5A). In addition, aging was
associated with increased contractile responses to ANG II (Fig. 5B).
These abnormal responses in rat mesenteric resistance arteries
were restored by two weeks of nitrate treatment (Fig. 5A, B). Se-
parate vessels were incubated with the NOX inhibitor apocynin,
which was able to correct the attenuated acetylcholine relaxation
(Fig. 5C) and the enhanced ANG II-mediated contractile responses
(Fig. 5D), similarly to that observed with nitrate treatment. Taken
together, this suggests that increased NOX activity during aging
contributes to endothelial dysfunction and increased contractility,
and this can be normalized by dietary nitrate supplementation.

3.7. Decreased heart and mesenteric artery NOX expression in ni-
trate treated old rats

mRNA expression of NOX subunits was evaluated in the heart,
mesenteric arteries and kidney cortex. In the heart, Nox2, p22phox
and p47phox were increased with age, but nitrate treatment had
no major effect on their expression levels except for p22phox,
which trended to be reduced (Online Supplement Fig. S4A-D).
Small amounts of isolated mRNA from pooled mesenteric arteries
did not allow analyses of all NOX isoforms. Increased expression of
p22phox and Nox4 in mesenteric arteries of the old rats was re-
duced by nitrate treatment (Online Supplement Fig. S4E, F). Sur-
prisingly, in contrast to results observed in the heart and in me-
senteric arteries, we did not observe any changes in NOX expres-
sion in the kidney with aging, and nitrate supplementation had no
significant effect (Online Supplement Fig. S5).

3.8. Nitrate restores AT1A and AT2 receptor gene expression in old
rats

Amelioration of high blood pressure, improved vascular re-
activity and decreased tissue oxidative stress with nitrate treat-
ment led us to investigate AT1A and AT2 receptor expression as a



Fig. 2. Metabolism. Curves of glucose tolerance test on day 11 of nitrate or placebo treatment (A) together with the average area under the curve (B) are compared between
young and old rat cohorts. Fasting plasma insulin and levels 30 min after glucose injection are presented in panel C. Insulin response for the different treatment groups
(D) and HOMA-IR (E), as a measure for insulin resistance were calculated. Phospho-AMPK-to-AMPK ratio in liver tissue (F). Young Placebo n¼8, Young Nitrate n¼8, Old
Placebo n¼5, Old Nitrate n¼5. *po0.05 among indicated groups and young vs. old, #po0.05 Old rats (Placebo) vs. other groups (Panel A). Values are presented as
mean7SEM.
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possible linking mechanism. AT1A and AT2 receptor gene expres-
sion was measured in cardiac tissue, mesenteric arteries and kid-
ney cortex. In all tissues, aging was associated with increased AT1A
receptor expression, which was normalized by nitrate treatment
(Fig. 6A, D, G). Interestingly, AT2 receptor mRNA was reduced with
aging in the kidney and mesenteric arteries, but not in the heart
(Fig. 6B, E, H). In the kidney, AT2 receptor expression trended to be
higher in the aged nitrate treated animals compared to the placebo
group (Fig. 6H). Finally, the AT1A/AT2 receptor expression ratio in
aged placebo treated rats was higher in the kidney and mesenteric
arteries compared to young placebo animals, but this ratio was not
changed in nitrate treated rats. (Fig. 6C, F, I).

3.9. Nitrate does not affect renin expression or circulating levels of
renin and ANG II

To further investigate the impact of the changed AT receptor
expression, we analyzed the circulating RAS components renin
and ANG II. Both renin expression in kidney and activity in plasma
were decreased with aging, but not influenced by nitrate (Fig. 6J,



Fig. 3. Nitrate, Nitrite, Creatinine & eNOS function. Plasma nitrate (A), nitrite (B), and urinary nitrate (C) levels, as well as plasma creatinine (D) are shown for all groups at
termination after 2 weeks of treatment with nitrate or placebo. Citrulline and L-arginine levels were determined in final plasma and are presented as Cit/Arg ratio as an
indirect measure of eNOS activity (E). cGMP, an indicator of eNOS activity was measured in the final plasma collected (F). Young Placebo n¼8, Young Nitrate n¼8, Old
Placebo n¼5, Old Nitrate n¼5. *po0.05 among indicated groups. Values are presented as mean7SEM.
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K). Despite lower renin expression and concentrations with aging,
plasma ANG II levels were influenced neither by aging nor by ni-
trate (Fig. 6L).
4. Discussion

Reduced NO bioavailability due to impaired eNOS-derived NO
production or increased oxidative stress has been proposed as
central event, contributing to the age-related cardiovascular and
metabolic disorders. In the present study we used a model of
natural aging and investigated potential favorable effects of
boosting the dietary nitrate-nitrite-NO pathway in an attempt to
increase cardiovascular NO bioavailability. We show that several
adverse cardiovascular and metabolic features associated with
advanced age could be attenuated or even reversed by supple-
mentation with inorganic nitrate. Mechanistically, the therapeutic
effects were coupled to increased cGMP signaling, indicating more
bioavailable NO, decreased ANG II type 1 receptor expression,
improved endothelial function, increased insulin release and re-
duction of NOX-derived oxidative stress.

We have previously demonstrated that supplementation with



Fig. 4. Superoxide formation. NADPH oxidase-derived superoxide production was measured in heart (A) and renal tissues (B). Fresh embedded aortic rings were sectioned
and exposed to DHE to measure tissue oxidative stress capacity. Representative images are shown (C), and the averages were calculated for each group (D). Young Placebo
n¼8, Young Nitrate n¼8, Old Placebo n¼5, Old Nitrate n¼5. *po0.05 among indicated groups. Values are presented as mean7SEM.
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nitrate may attenuate features of the metabolic syndrome in
eNOS-deficient mice [13], and blood pressure elevation in models
of renal and cardiovascular disease [14,15]. Although our recent
studies have suggested an inhibitory effect on oxidative stress
[15,23] the underlying mechanisms are poorly understood, and
were further investigated in this model of natural aging. The old
rats in this study displayed many of the key features of cardio-
vascular and metabolic disease, which were associated with in-
creased cardiovascular oxidative stress and impaired eNOS func-
tion. Stimulation of the nitrate-nitrite-NO pathway has been sug-
gested to be of greater importance when eNOS function is com-
promised, such as during aging [9,24]. Indeed, a two-week treat-
ment with nitrate normalized glucose tolerance, lowered blood
pressure, and restored endothelial function of resistance arteries in
old rats, with no significant effects in young animals. The blood
pressure lowering effect of nitrate appeared to be more pro-
nounced for systolic pressure compared with diastolic pressure.
The explanation for this is not yet clear, but is in agreement with a
systematic review and meta-analysis in adults [17] as well as a
recent study in hypertensive patients receiving dietary nitrate
supplementation for four weeks [19].

Mechanistically, the favorable effects of nitrate treatment in old
animals, which restored cGMP signaling, were coupled to a re-
duction of NOX-mediated superoxide generation, as indicated by
reduced activity and expression of NOX along with lower super-
oxide levels. The fact that inhibition of NOX in mesenteric re-
sistance vessels with apocynin restored ACh-derived relaxation
and attenuated ANG II-mediated contraction in old rats with pla-
cebo, but without effect in nitrate treated rats, further supports a
modulatory effect of bioactive nitrogen oxides on NOX function.
Recent reports from Sindler and colleagues demonstrated that
short-term nitrite treatment restored endothelium-derived va-
sorelaxation in carotid arteries from old and obese, diabetic mice
[29,30]. Our study extends current knowledge and demonstrates
that similar favorable effects can be achieved with inorganic ni-
trate in resistance vessels from aged animals of a different species.

Aging and associated disorders are typically associated with
increased RAS activity, i.e. increased AT1 and/or reduced AT2 re-
ceptor expression, and beneficial effects of RAS inhibition [31].
Stimulation of the AT2 receptor has been linked with NO-cGMP
signaling and protective effects have been demonstrated in dif-
ferent disease conditions whereas activation of the AT1A receptor
is closely coupled to activation of NOX [32,33], whose signaling-
derived events are key factors for the development of many pa-
thologic features. At the same time increased ANG II signaling has
also been proposed as consequence of increased NOX-derived
superoxide generation and transcriptional stimulation of the AT1A
receptor [34], thus perpetuating a vicious circle that certainly may
contribute to development and progression of age-related dis-
orders characterized by oxidative stress. Reported protein ex-
pression data for AT receptors have to be taken with caution since
commercially available antibodies are non-specific [35,36].
Therefore, we measured AT receptor mRNA expression in the
current study and found that increased NOX function in old rats



Fig. 5. Vascular Reactivity. Fresh mesenteric resistance arteries were isolated and reactivity to acetylcholine (ACh) and angiotensin II (ANG II) dose responses were measured
in the absence (A, B) or presence (C, D) of apocynin. Young Placebo n¼8, Young Nitrate n¼8, Old Placebo n¼5, Old Nitrate n¼5. NE; norepinephrine *po0.05 vs. young rats.
Values are presented as mean7SEM.

M. Hezel et al. / Free Radical Biology and Medicine 99 (2016) 87–98 95
was associated with higher AT1A receptor expression in the kidney,
heart and mesenteric resistance arteries. Interestingly, the re-
ceptor expression was normalized by nitrate treatment in the old
rats, but again, had no effect in young animals. Both expression
and plasma levels of renin were suppressed in the old rats,
whereas the plasma ANG II concentrations were not different
among young and aged animals, and not influenced by nitrate
treatment. Considering their different AT1A and AT2 receptor pro-
file, one would expect greater ANG II-mediated effects associated
with the type 1 receptor in the old rats, which would be reduced
in the nitrate treated rats. Indeed, mesenteric arteries from old rats
displayed increased ANG II-mediated contraction, which was
normalized by nitrate treatment. Inhibition of NOX with apocynin
abolished these differences among the groups, confirming the
positive feedback between ANG II-mediated signaling and NOX.
Although additional mechanistic studies will be required to de-
termine the specific chain of events, we propose that stimulation
of the nitrate-nitrite-NO pathway and reduction of NOX activity
leads to a lower transcriptional activation of the AT1A receptor. A
similar mechanism has been demonstrated with antioxidants (e.g.
tempol, apocynin or catalase), which normalized AT1 receptor at
the transcriptional level by inhibition of oxidative stress in cul-
tured neuronal cells, intact brain and in human aortic smooth
muscle cells [37,38].

Previous studies, using classical NO donors, have suggested that
increased NO production down-regulates AT1A receptor expression
via both cGMP dependent [39] and independent [40] mechanisms,
whereas inhibition of NOS increases AT1A expression [41]. To the
best of our knowledge, this is the first study showing that similar
effects can be achieved through the nitrate-nitrite-NO pathway.
Furthermore, it has been shown that the classical ANG II receptor
antagonist losartan can restore plasma levels of NO markers in
Dahl Salt sensitive hypertensive rats, suggesting the existence of a
negative feedback between AT1 receptors and NO [42].

We have previously demonstrated renoprotective effects of
chronic nitrate treatment in a model of cardiovascular disease [14].
In a recent study we also showed that boosting the nitrate-nitrite-
NO pathway attenuated ANG II-induced hypertension, at least
partly by reducing constriction of renal afferent arterioles [15].
Since cardiovascular and metabolic disorders are closely associated
with renal dysfunction [43], an interesting finding in the current
study was that elevated plasma creatinine levels in aged rats were
normalized by nitrate treatment, suggesting improved glomerular
function. In agreement with a previous study [44] we found in-
creased renal NOX activity in the aged rats. This was reduced by
nitrate treatment, and coupled to normalized AT1A and AT2 re-
ceptor expression. Natural senescence is multi-factorial and more
stochastic than the ANG II-induced hypertension model we used
before. This might explain why nitrate in geriatric rodents exerts
its effects in many different parts of the cardiovascular system
such as conduit artery (aorta), resistance artery (mesenteric) or the
whole heart and not solely in the kidneys. Follow-up studies are



Fig. 6. RAS Components. Expression of angiotensin II receptors (AT1A, AT2) mRNA, and AT1A/AT2 ratio were determined in heart (A-C), mesenteric artery (D-F) and renal
cortex (G-I). Renin mRNA expression in the kidney cortex (J). Renin activity and ANG II levels were measured in plasma (K, L). Young Placebo n¼8, Young Nitrate n¼8, Old
Placebo n¼5, Old Nitrate n¼5. *po0.05 among indicated groups. Values are presented as mean7SEM.
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warranted to investigate the effect of dietary nitrate supple-
mentation on glomerular filtration during states of health and
disease.
Apart from the favorable cardiovascular effects of nitrate in
aged rats, we also observed improved metabolic function. Al-
though the exact mechanisms underlying the metabolic syndrome
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are still unsettled, its pathophysiology predominantly includes
abnormal insulin signaling and reduced AMPK activation [45].
From the glucose challenge test in our study it is clear that aging
was associated with a prediabetic phenotype and nitrate was ef-
fective in reversing this process. There are a number of different
ways by which nitrate, nitrite, NO and their reaction products
could affect glucose-insulin homeostasis, including regulation of
microvascular blood flow, insulin secretion or sensitivity, AMPK
activation, and mitochondrial function, as well as modulation of
inflammation and oxidative stress. Our findings are in agreement
with a study, which demonstrated that inorganic nitrite stimu-
lated pancreatic islet blood flow and insulin secretion [46].
Moreover, in a recent study we observed that acute nitrate can
improve glucose clearance in a mouse model of metabolic syn-
drome via AMPK activation and reduced NOX activity [16]. Our
current study also demonstrated reduced liver AMPK phosphor-
ylation in old rats but not in rats with nitrate treatment. Another
new mechanism that could contribute to the improved metabolic
function in the nitrate treated old rats is down-regulation of the
AT1A receptor in many target organs. Blockade of AT1A receptor has
been proved to enhance pancreatic insulin secretion and decreases
glucose intolerance in mice [47]. Moreover, it was shown that
blockade of AT1 signaling in a rat model of hypertension reversed
characteristics of metabolic syndrome via reduction of oxidative
stress and increased AMPK signaling in the kidney [48]. Experi-
mental studies demonstrated that blockade of AT1 receptors im-
proved metabolic and renal functions during aging or in diet-in-
duced obesity and hypertension [49,50]. Moreover, NOS deficient
mice manifested with metabolic syndrome [13,51], also displayed
increased RAS activity and treatment with AT1 receptor blocker
suppressed formation of arteriosclerotic lesions and improved
metabolic function [51]. Taken together, this suggests an important
interaction between NO bioavailability and AT1 receptor signaling
in regulation of both cardiovascular and metabolic functions.

In summary, increased consumption of vegetables has been
shown to reduce the risk of cardiovascular and metabolic disease,
but the specific component(s) that exert these favorable effects are
heavily debated. Green leafy vegetables are a major source of in-
organic nitrate, which may boost the nitrate-nitrite-NO pathway.
This study shows that treatment with nitrate can partially com-
pensate for important cardiovascular, metabolic and renal ab-
normalities that are associated with reduced NO bioavailability
and cGMP signaling during aging. The amount of nitrate in the
current study (0.3 mmol/kg/day) is possible to achieve by our diet,
e.g. via high intake of green leafy vegetables. Mechanistically,
supplementation with dietary nitrate leads to formation of NO and
other bioactive nitrogen oxides that can modulate ANG II signaling
partly by reducing AT1A receptor expression, and reduce NOX-de-
rived oxidative stress (Online Supplement Fig. S6). Limitations of
the current study include that 1) the experiments were conducted
in rats and cannot be directly translated to humans, and 2) some of
the in vivo protocols were conducted in a non-blinded fashion.
However, we believe that the current findings emphasize a novel
role of the nitrate-nitrite-NO pathway in modulating the RAS and
oxidative stress axis, which may have implications for novel nu-
trition based preventive and therapeutic strategies against aging-
associated disorders.
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