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Rationale: Dietary nitrate and nitrite have a notoriously bad reputation because of their proposed association
with disease, in particular cancer. However, more recent lines of research have challenged this dogma suggesting
that intake of these anions also possess beneficial effects after in vivo conversion to the vital signaling molecule
nitric oxide. Such effects include improvement in cardiovascular, renal and metabolic function, which is partly
mediated via reduction of oxidative stress. A recent study even indicates that low dose of dietary nitrite extends
life span in fruit flies.

Methods: In this study, 200 middle-aged Wistar rats of both sexes were supplemented with nitrate or placebo in
the drinking water throughout their remaining life and we studied longevity, biochemical markers of disease,
vascular reactivity along with careful determination of the cause of death.

Results: Dietary nitrate did not affect life span or the age-dependent changes in markers of oxidative stress, kidney
and liver function, or lipid profile. Ex vivo examination of vascular function, however, showed improvements in
endothelial function in rats treated with nitrate. Neoplasms were not more common in the nitrate group.
Conclusion: We conclude that chronic treatment with dietary nitrate does not affect life span in rats nor does it
increase the incidence of cancer. In contrast, vascular function was improved by nitrate, possibly suggesting an

increase in health span.

1. Introduction

The role of inorganic nitrate and nitrite in human health has since
long attracted scientific interest. In the mid 50’s, animal experiments
revealed that a group of potentially cancerogenic nitrosamines could be
generated in the acidic stomach from protonation of nitrite, generating
nitrous acid, that could then nitrosate dietary amines [1]. Since then, a
great concern in society has led to strict recommendations and regula-
tions to reduce human exposure to these anions via the food and
drinking water.

The major sources of nitrate in our diet are vegetables and to some

extent also drinking water [2]. The relevance in considering nitrate as a
potential carcinogen is related to its conversion to nitrite by oral
commensal bacteria in mammals [3]. Although there is little doubt that
some nitrosamines have carcinogenic properties, the question of
whether nitrate intake is related to cancer in humans remains unclear.
Experimental animal studies performed during the last three decades,
using long-term dietary treatment with low-to-high doses of inorganic
nitrate have not shown convincing evidence that nitrate is carcinogenic
[4-6]. National and international authorities regularly survey the sci-
entific field and publish recommendations on the risk related to intake of
nitrate. The World Health Organization’s International Agency for
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Fig. 1. Experimental design. Chronic supplementation with dietary nitrate from 15 months of age, with periodic clinical and biochemical evaluation until natural
death or euthanasia and subsequent histopathological diagnosis of the cause of death.

Research on Cancer, summarizes that there is inadequate evidence in
humans for the carcinogenicity of nitrate in food and water [7]. In
addition, the European Food Safety Authority concludes in their survey
on nitrate in vegetables that exposures to nitrate from vegetables are
unlikely to result in appreciable health risks [8].

Since the discovery of nitric oxide (NO) as an endogenous signaling
molecule [9,10] and later that inorganic nitrate can be serially reduced
to generate NO bioactivity [11,12], a completely different aspect on the
biological role of nitrate and nitrite has emerged among preclinical and
clinical scientists within the medical field. It is now evident that a
nitrate-nitrite-NO pathway exists alongside the more classical L-argini-
ne-NO synthase (NOS) pathway, with beneficial effects on cardiovas-
cular [13], renal [14] and metabolic functions [15].

In animal disease models, treatment with nitrate and nitrite attenu-
ates hypertension, prevents endothelial dysfunction [16] and protects
against ischemia-reperfusion injury in several organs such as heart [17],
liver [18] and kidney [19,20], by reducing inflammation, modulating
mitochondrial function and by dampening oxidative stress [21,22].
Moreover, nitrate improves cardiometabolic function in animal models
of ageing-, genetic- or diet-induced metabolic syndrome [15]. In
humans, dietary nitrate reduces blood pressure [23], improves endo-
thelial function [24] and enhances aerobic and muscular efficiency
during exercise [25]. Taken together, these results implicate that dietary
nitrate may improve health span and life expectancy. However, older
long-term studies in rodents, performed to investigate the carcinogenic
effects of nitrate by using very high doses, showed varying results in
generation of tumors and life span [7]. A recent study by our group,
using very low doses of nitrite, showed extended lifespan and prevention
of age-related locomotor decline in fruit flies [26].

In light of these opposing views on the actions and effects of inor-
ganic nitrate we aimed to investigate if nitrate administration would
affect life span in rats, and at the same time monitor any carcinogenic
properties of such an intervention. Nitrate was administered in the
drinking water from 15 months of age and the animals were monitored
throughout their remaining lifespan.

2. Material and methods
2.1. Animal care and experimental procedure

The animal experimental protocol was approved by the Animal Use
Ethics Committee of the Federal University of Paraiba — CEUA/UFPB
(authorization N° 1975060318). We used 200 adult Wistar rats (Rattus
novergicus), male and female (1:1), aged 15 months, weighing between
250 and 450 g, from the Animal Production Unit - Prof. Thomas George -
UFPB. The animals were submitted to medical history evaluations and
placed in polysulfone mini-isolators (1154 cm? floor area), with a
maximum capacity of four animals, in a double-face ventilated rack
system (40 air changes every 60 min).

The rats were kept under a controlled environment, with constant
temperature (2242 °C) and a 12-h light-dark cycle (i.e. 6am to 6pm;
lights on period). The water was filtered and supplied ad libitum through
a polysulfone drinker (700 ml), with a stainless-steel spout in a lying
model. The Labina Presence® commercial pelleted feed was supplied ad
libitum according to the manufacturer’s instructions.

This study has a longitudinal prospective character and was designed
in parallel in a randomized and placebo-controlled manner. The animals
were divided into four groups with 50 rats each: males and females who
maintained the supply of filtered water - FEMALE CONTROL (FC) and
MALE CONTROL (MC) and rats treated with inorganic nitrate (10 mM)
by adding 0.85 g/L of Sodium Nitrate (NaNOs; - Sigma-Aldrich
n°221341) to filtered drinking water - FEMALE NITRATE (FN) and
MALE NITRATE (MN). The drinking water solutions were changed every
48 h and there were no changes in the feed supply.

The treatment was provided from a pre-established age (15 months)
and continued until natural death (Fig. 1). Several studies have
demonstrated that supplementation at a dose of 10 mM inorganic nitrate
in drinking water is associated with short-term beneficial effects
[27-29]. In addition, the positive effect of nitrate consumption on health
and diseases progression has already been described by our research
group in several other dosages, routes, and experimental models [15].

2.2. Experimental follow-up

The animals were followed weekly until death with water con-
sumption, mental state, presence of locomotor disorders,
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dermatological, dental, and neoplastic alterations being evaluated.
Furthermore, the natural death of animals was monitored and recorded
(total lifespan).

As this was an observational follow-up study, no concomitant
intervention or treatment was performed. However, in cases of detection
of any signs of pain and suffering, the animals were promptly euthanized
(Humane endpoint), as recommended by the Brazilian National Council
of Animal Experimentation Control [30].

2.3. Biochemical assessments

Every three months, plasma samples were collected to assess markers
of oxidative stress, kidney and liver function, and lipid profile. For blood
collection, animals were contained in acrylic restrainers according to
size. Disposable syringes (3 ml) and needles (0.3 x 13 mm) were used for
puncture and collection of approximately 1 ml of blood from the lateral
tail vein. After collection, the samples were placed in Eppendorf tubes
and centrifuged at 3000 rpm for 10 min before freezing.

Plasma oxidative stress was evaluated by analyzing malondialde-
hyde (MDA), one of the end products of lipid peroxidation, through
reactions with thiobarbituric acid (TBARS assay). An aliquot of 250 pl of
plasma was separated and submitted to a dry bath at 37 °C for 1 h. Then
400 pl of perchloric acid was added and the mixture centrifuged at
14000 rpm for 20 min at 4 °C. The supernatant was removed, mixed
with 400 pl of 0.6% thiobarbituric acid, and incubated at 100 °C for 1 h.
After returning to room temperature, the absorbance of the sample was
measured at 532 nm in a spectrophotometer and the results were
tabulated and expressed as nmol of MDA/ml of plasma.

Plasma concentrations of nitrate+nitrite (NOx) were quantified
using a Fluorometric Assay Kit (Cayman Chemical Company® - Ann
Arbor, USA). Separate values for nitrate and nitrite could not be ach-
ieved so NOx represents the combined levels of nitrate-+nitrite.

The other biochemical evaluations in plasma were performed using
Bioclin® commercial kits (Minas Gerais, Brazil) and the absorbance was
measurement by spectrophotometer (ChemWell-T Automatic Analyzer).
Renal function was evaluated by analyzing urea and creatinine levels.
Liver function was evaluated by measurement of the extravasation en-
zymes alanine amino transferase and aspartate amino transferase (ALT-
AST); and induction enzymes, alkaline phosphatase and gamma glu-
tamyl transferase (ALP-GGT). The lipid profile was evaluated by
measuring total cholesterol and plasma levels of high-density lipopro-
teins (HDL).

-
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Control Nitrate
12 MONTHS

Control Nitrate
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Fig. 2. Plasma concentrations of NOx (Nitrate+Nitrite) in elderly rats. At 15
months of age (INITIAL) and after 1 year of supplementation with dietary ni-
trate (12 MONTHS) a significant increase in plasma concentration (*) was
identified in both sexes after chronic supplementation with inorganic nitrate
NaNOj3, 10 mM compared to control and baseline. Values are expressed as
mean + SEM.
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2.4. Vascular reactivity

This study had an end-of-life character, so for the analysis of vascular
reactivity, fresh samples from euthanized animals (Humane endpoint)
were used. To normalize the evaluation range, only animals that were in
dietary supplemental experiment for 12-18 months were used. After
euthanasia, a single incision was made in the linea alba to access the
abdominal cavity. Subsequently, the cranial mesenteric artery was
identified, removed and immediately incubated in Tyrode solution [31].

Then, the artery was cleaned, dissected and sectioned into rings 1-2
mm in length. The rings were immersed in vats (10 ml) and suspended
vertically by cotton threads attached to a force transducer (PowerLab™,
ADInstruments, MA, USA). The tissues were kept in Tyrode, at 37 °C,
gassed with a mixture of 95% O3 and 5% CO; (carbogen), with a con-
stant pH between 7.2 and 7.4. The rings were then subjected to a basal
tension of approximately 0.75 g for a period of 60 min. During this
period, the bath solution was changed every 15 min to prevent the
interference of metabolites, and the basal tension was adjusted when
necessary [32].

Changes in isometric tension were captured by the specific acquisi-
tion system (Miobath-4, WPI, Sarasota, USA). After the 60-min stabili-
zation period, the test to assess the endothelial integrity of the vessels
was performed. For this, the contraction of the ring was initially induced
with phenylephrine (Phe, 10 pM), the rings that obtained a contraction
greater than 0.30 g were considered viable. The presence of functional
endothelium was verified by the relaxation of the rings after addition of
acetylcholine (ACh, 10 pM). Rings with a relaxation greater than 60%
over pre-contraction with Phe were considered to have a functional
endothelium (E+), a specific value for elderly animals [33]. Further-
more, when the relaxation was less than 60% and greater than 10%, the
rings were discarded, and were considered without functional endo-
thelium (E—) when the relaxation was less than 10%.

The contractile response of the rings to Phe was evaluated through
the cumulative addition of increasing Phe concentrations (0.1 nM - 10
pM) at 3-min intervals, forming a concentration-response curve of the
vasoconstrictor effect. Then, the relaxation of the rings was evaluated,
adding cumulative concentrations of vasorelaxant agents at intervals of
3 min between each. For rings with functional endothelium, increasing
concentrations of acetylcholine were used (ACh 0.1 nM - 10 pM) and for
rings without functional endothelium, concentrations of sodium nitro-
prusside (SNP 0.1 nM - 10 uM) were used, composing the concentration-
response curves. All reagents and salts used in the assessment of vascular
reactivity were obtained from Sigma-Aldrich®.

2.5. Histopathological evaluation

In the case of death due to senescence or euthanasia (see section 2.2),
necropsy was performed, with macroscopic analysis, photo documen-
tation, and collection of organ samples for histopathological evaluation
(s). The samples were immediately stored in a 10% formalin solution for
fixation, and later preparation of slides as previously described [34]. The
tissues were dehydrated using ethyl alcohol in increasing concentra-
tions, diaffinized in xylene, embedded in liquid paraffin (60 °C), and cut
using a microtome (5 pm). Finally, the samples were submitted to
hematoxylin-eosin (HE) staining and histopathological analysis by
specialized professionals from the Veterinary Pathology Laboratory of
the Veterinary Hospital (HV/CCA/UFPB).

2.6. Statistical analysis

The date of death of the animals was used to compose the survival
curves (Kaplan-Meier), which were compared by the Log-rank statistical
test (Mantel-Cox). The lifespan results and biochemical analyzes were
expressed as mean =+ standard deviation of the mean. The significance
was determined with unpaired t-test for comparisons between two
groups, and two-way ANOVA when the additional variable “time” was
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Fig. 3. Lifespan and Kaplan-Meier survival curves of aged animals treated with inorganic nitrate (10 mM NaNOj3) from 15 months of age onwards (black arrow).
Combined genders (A-B), females (C-D) and males (E-F). Values were considered significant when p<0.05.

applicable.

For the concentration-response curves, Emax (Maximum Effect) and
pD2 (negative logarithm of the concentration that produces 50% of
Emax values were obtained by non-linear regression. A p-value less than
0.05 was considered statistically significant. All statistical analyzes were
performed using GraphPad Prism 9.0.

3. Results

3.1. Long term inorganic nitrate supplementation does not affect the
longevity

The primary aim of this study was to assess whether chronic con-
sumption of inorganic nitrate affects lifespan. Rats of both sexes were
supplemented with nitrate (10 mM) from 15 months of age until death
(Mean treatment time = 4066 + 18.5 days). An increase in plasma
concentrations of NOx (nitrate+nitrite) compared to control and base-
line values was noted after one year of supplementation (Fig. 2). The
interval between birth and death (lifetime) was used to compose the
Kaplan-Meier survival curves and statistical comparison with the control
groups.

We found that animals chronically supplemented with inorganic

nitrate did not show differences in a total lifetime when compared to the
control group (p = 0.22) (Fig. 3A). The same was true for the survival
analyzes, where there is an overlapping of the Kaplan-Meier survival
curves with no difference in the Log-rank test (p = 0.66), and risk of
death (Fig. 3B).

Using only data from animals that died naturally (Female: 74%/
Male: 70%), no difference was observed (Supplementary Fig. S1). Also,
long-term consumption of nitrate was not responsible for differences in
the proportion of animals that died naturally or were euthanized
(human endpoint).

Our group demonstrated recently in a short-lived invertebrate model
(i.e. fruit flies), that the consumption of very low dietary doses of nitrite
(0.1 and 1 pM) can increase life-span. However, the results were evident
only in females, suggesting a possible sex-specific effect of this anion
[26].

To clarify this, in our mammalian longevity experiment, we sepa-
rated the groups with respect to gender. The group of female rats that
consumed nitrate had the same total lifetime (p = 0.94) and no differ-
ence between the survival curves (p = 0.46) in females consuming the
control solution (Fig. 3C and D).

For males, the results were in the same line, the animals that
consumed nitrate had a total lifetime equal to the control group (p =
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Table 1

Description of causes of death, diagnosed by histopathology in male and female
rats, submitted to chronic treatment with inorganic nitrate NaNO3 10 mM, from
15 months of age until death. *Humane endpoint.

CONTROLQ NITRATEQ CONTROLGZ NITRATEG

Neoplasms

Fibroma 3 4 1 2

Fibrosarcoma 3 3 1 -

Cystic leiomyoma 1 - 1 1

Breast Fibroadenoma 2 1 - -

Hemangiosarcoma 1 - 1 -

Pancreatic - 1 - -
adenocarcinoma

Myxoma - 1 - -

Lipoma 2 2 - 2

Uterine 1 1 -
adenocarcinoma

Granulosa cell tumor - 1 - -

Gastric cancer - - - -

Neurological system

Head tilt* - 1 2 1

Uremic 1 1 2 3
encephalopathy

Urinary system

End-stage renal disease 2 1 3 4

Polycystic kidneys - 1 - -

Digestive system

Dental changes* 1 1 4 3

Hepatic lipidosis 3 3 4 5

Respiratory system

Granulomatous 4 2 4 3
pneumonia

Uremic lung disease 1 - 2 2

Pulmonary emphysema  — 2 1

Others

Alopecia/Ulcerative 7 6 5 7
lesions™

Polycystic ovary 2 1 - -
syndrome

Pyometra/Mucometra 4 2 - -

Endometritis 1 - - -

TOTAL (%) 39 (78%) 35 (70%) 31 (62%) 33 (66%)

0.1159), with no changes in the survival analyses (p = 0.55), and risk of
death (Fig. 3E and F). As expected, we also demonstrated that males live
shorter than females (Supplementary Fig. S1).

In aggregate, our results suggest that long-term consumption of
inorganic nitrate is safe, does not increase the risk of death, neither in-
fluences the lifetime of animals regardless of gender.

Redox Biology 48 (2021) 102209

3.2. Long-term inorganic nitrate supplementation does not increase the
incidence of cancer and age-related diseases

Supplementation with inorganic nitrate and increased consumption
of nitrate-rich vegetables have been associated with salutary effects on
cardiovascular, renal and metabolic function [15]. However,
throughout history, nitrate has predominantly been related to delete-
rious health effects, in particular due to possible formation of carcino-
genic nitrosamines [35,36].

In order to investigate the relationship of chronic nitrate consump-
tion with the development of spontaneous illnesses, our longevity
experiment was designed in an “end of life” model, where animals were
followed until the end of life without medical intervention. After natural
death or euthanasia (humane endpoint), a complete post-mortem ex-
amination with histopathological analysis of the organs was performed
(Supplementary Fig. S2).

Pathological alterations were organized by the organic system
involved, except for neoplasms, composing a separate group. The results
are shown in Table 1. Chronic consumption of nitrate was not related to
any variation in the incidence of cancer or diseases involved in the cause
of death of the animals (Fig. 4).

However, regardless of nitrate supplementation, females had a
greater natural development of neoplasms (relative risk 5.3 x greater),
especially tumors originating from connective tissue such as fibroma
and fibrosarcoma (Table 1; Supplementary Fig. S3). This would be in
accordance with previous reports on gender differences related to the
spontaneous development of pathological conditions in laboratory ani-
mals [37,38].

Finally, in approximately 31% of the cases it was not possible to
diagnose the cause of death (Undefined - Fig. 4), mainly because the
animals were found in an advanced state of autolysis making the eval-
uation impossible, or when death due to senescence occurred without
histopathological changes leading to a diagnostic association, such as
some cardiovascular diseases.

3.3. Time-dependent organ functional decline is not affected by nitrate
consumption

The aging process is characterized by the progressive loss of physi-
ological integrity, leading to impaired function and greater risk of death
[39]. In organic systems, in addition to time-dependent structural and
functional changes, there is also a greater predisposition to pathological
changes, such as the compromised immune system and increased
oxidative stress.

Beneficial effects of dietary nitrate have mainly been described

CONTROL

NITRATE

c N CAUSE OF DEATH
W 30% 32% Undefined
[ 17% 19% Neoplasms
l 5% 6% Neurological disorders
5% 6% Urinary disorders
B 2% 12% Digestive disorders
B 12% 9% Respiratory disorders

19% | 16% Others

Fig. 4. Distribution of the cause of death diagnosed by histopathology in aging rats, treated with inorganic nitrate (NaNO3 10 mM), from 15 months of age until

death. (Combined genders, C = Control/N = Nitrate).
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Fig. 5. Biochemical evaluation of plasma markers of oxidative stress (MDA), renal function (Urea - Creatinine), liver injury (ALT -AST), impaired bile flow (ALP -
GGT) and lipid profile (Total cholesterol - HDL) in aging rats chronically treated with inorganic nitrate NaNO3, 10 mM. Sample description and gender data in the

supplemental content. Values expressed as mean + SEM.

following short-term supplementation and in disease models using
relatively young animals. Isolated studies demonstrate beneficial effects
of nitrate consumption on the lipid profile [40], and liver function [41]
of elderly animals. Thus, to investigate the effect of aging and chronic
consumption of inorganic nitrate, samples were collected every 3
months for measurement of plasma biomarkers of kidney and liver
function, oxidative stress and lipid profile.

In our experiment, altered characteristics was associated with aging,
but without any significant differences between controls and nitrate
treated animals (Fig. 5). Oxidative stress was evaluated by quantifying
malondealdehyde (MDA), one of the end products of cell lipid peroxi-
dation; and as expected, it was possible to identify a time-dependent,
progressive increase in plasma concentrations (Fig. 5A).

As for the kidneys, the development of severe functional disorders
requires a great loss of viable nephrons. Therefore, due to the reserve
capacity of the renal tissue, only mild changes are commonly observed
over time [42]. At this point, we demonstrated a slight and progressive
reduction in plasma urea and creatinine concentrations (Fig. 5B and C),
but no differences between animals that consumed nitrate and control
solution.

Finally, enzymes that indicate the presence of direct injury to he-
patocytes (Fig. 5D and E), impaired bile flow (Fig. 5F and G) and
markers of liver function/lipid profile (Fig. 5H and I) demonstrate the
effect of time on liver activity. However, corroborating the previous
findings, with no differences in the consumption of nitrate, suggesting
that this supplementation is not harmful to organ function in the long
term.

The results were arranged according to the intervention. Further, in
order to investigate the effect of nitrate consumption on organ functions

according to gender, the same indicators were investigated and
compared separately between females (Supplementary Fig. S4) and
males (Supplementary Fig. S5). Furthermore, due to the “end-of-life”
design of the experiment, the number of live animals for evaluation also
suffered a progressive reduction (Supplementary Table S1).

3.4. Long term inorganic nitrate supplementation improves vascular
reactivity without signs of tolerance

The use of nitroglycerin in the treatment of angina pectoris began
after its original synthesis in 1847. Since then, organic nitrates, and
more recently inorganic nitrate, have been widely related to beneficial
effects on cardiovascular function through NO-dependent and inde-
pendent mechanisms [43,44].

However, chronic exposure to organic nitrates often leads to toler-
ance and progressive reduction of its vasodilator effect. This reaction is
still poorly understood and constitutes a limiting factor for clinical use
[45]. Thereby, inorganic nitrate has gained prominence in cardiovas-
cular therapy over the past 20 years, despite that their long-term effects
are still not fully understood.

To investigate this question, we used cranial mesenteric vascular
rings from elderly rats in an isolated organ bath system (ex vivo) to
evaluate vascular reactivity. The assessment range was normalized
(accordingly with standardized protocol [33]) and animals that received
nitrate and control solution for at least 1 year and at most 1.5 years (age
range 27-33 months) were used.

Chronic treatment with nitrate was associated with a considerable
improvement in acetylcholine-mediated vasodilation in rings with
functional endothelium present, as evident by an increase in maximum
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Table 2

Values (%) of Emax and pD2 referring to the vasorelaxant effect of acetylcholine
(ACH) and sodium nitroprusside (SNP) in rings of the cranial mesenteric artery
of elderly animals, of both sexes, chronically treated with inorganic nitrate
NaNO3, 10 mM.

COMBINED GENDERS FUNCTIONAL FUNCTIONAL
(n=16) ENDOTHELIUM PRESENT ENDOTHELIUM ABSENT
(ACH) (SNP)

Emax pD2 Emax pD2

CONTROL 80.04 + 5.38 + 114.10 + 6.61 +
3,69 0.08 3.37 0.12

NITRATE 96.18 + 6.98 + 113.00 + 6.99 +
5.96* 0.21%* 2.38 0.15

GROUPS (n = 8) FUNCTIONAL FUNCTIONAL
ENDOTHELIUM PRESENT ENDOTHELIUM
(ACH) ABSENT (SNP)

Emax pD2 Emax pD2

FEMALE CONTROL 76.76 + 511 + 108.85 + 7.22 +
6.03 0.09 2.82 0.19

FEMALE NITRATE 86.26 + 6.34 + 11591 + 7.11 +
7,61 0.22* 1.88 0.25

MALE CONTROL 83.33 £ 5.59 + 119.30 + 6.10 +
4,35 0.11 5.75 0.11

MALE NITRATE 106.10 + 7.52 + 110.40 + 6.89 +
8.13* 0.31%* 4.06 0.14

Values expressed as mean + SEM. *p<0.05 **p<0.01 Control vs Nitrate.

response and sensitivity (Fig. 6A, Table 2). These results were apparent
in both males and females (Fig. 6B and C). In rings without functional
endothelium, no changes were evident regarding the vasodilator effect
of sodium nitroprusside (Fig. 7; Table 2). Also, no difference was
observed when evaluating the vasoconstrictor effect of Phe in rings with
and without functional endothelium (Supplementary Figs. S6-7; Sup-
plementary Table S2).

Our data suggest that even with uninterrupted consumption for more
than 1 year, the improvements in vascular reactivity associated with
inorganic nitrate are persistent. These effects were mediated by the
endothelium and were similar in both sexes, as described earlier in
short-term studies [46-48].

4. Discussion

Over the past decades there has been a great debate regarding the
potential carcinogenic effect of inorganic nitrate, which is predomi-
nantly found in vegetables and to a minor extent also in our drinking
water. At the same time, short term supplementation with this anion has
been shown to restore NO bioactivity in experimental disease models of
cardiovascular, renal and metabolic disorders. Here we extensively
examined the health effects of dietary inorganic nitrate in rats with the
intervention starting at midlife and lasting throughout the remaining
lifespan. We find that nitrate does not affect longevity, and importantly
show that it is not associated with increased incidence of cancer. Nor did
supplementation with nitrate significantly alter age-dependent markers
of oxidative stress, kidney and liver function, or lipid profile. Nitrate,
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however, did seem to partly prevent an aging-dependent decline in
cardiovascular function, measured as an improvement in endothelial
function in ex vivo vessel preparation.

When designing the current study, we aimed at following the
guidelines for large-scale comprehensive evaluation methods outlined in
the US National Toxicology Program (NTP) cancer bioassay protocols
[49-51]. The NTP protocol suggests 2-year exposure periods, a broad
range of tissues histologically examined in addition to mortality and
body mass measures, the use of a large number of female and male
animals (usually 50 animals per gender and group) in addition to the
concurrent controls in the individual study [52,53]. Here we used a
single rather high dose of nitrate and treated the rats from around
midlife. Obviously, the use of multiple doses would have been even more
preferable, but it is difficult to say if a higher or lower dose would have
given different results. Carlstrom and colleagues described, in relatively
young animals, a crosstalk between the nitrate-nitrite-NO pathway and
vascular eNOS in rats, with eNOS activity being down-regulated by the
very same dose of nitrate (10 mM) [54]. It is therefore possible, that
some positive eNOS-mediated health effects, for example on metabolic
function15, might have been counteracted by the high nitrate dose used
in the current study. Speaking against this notion, however, is the pre-
served or even better endothelial (eNOS) function in the nitrate treated
group compared with controls. These results are actually in line with
previous finding by Hezel et al., showing that two-weeks treatment with
a similar dose of nitrate in elderly rats improved endothelial relaxation
to acetylcholine and attenuated contractility to angiotensin II [55].

Moretti and colleagues recently showed a surprising increase in

longevity in fruit flies after dietary nitrite, possibly implying that inor-
ganic nitrate would actually extend lifespan [26]. Of course, it is difficult
to compare different species, and more importantly, the dose of nitrite
used in the cited study was minute (0.1-1 pM in the fly food). The dose
of nitrate used in the current rat study (approx. 50 mg/kg/day) is
considerably higher than would be achievable in humans through a
normal diet [2] and well above the Acceptable Daily Intake (ADI) for
nitrate which is set to 3.7 mg/kg/day.

One should keep in mind that humans and rodents differ greatly in
their overall metabolism of nitrate, so any results looking at long-term
effects in rats must be interpreted with caution. As an example,
humans actively concentrate nitrate in saliva [56,57] which is not the
case in rodents [58]. In saliva nitrate is readily converted to nitrite by
oral commensal bacteria. This means that humans are generally more
exposed to nitrite at any given intake of nitrate. On the other hand,
rodents have a greater NOS activity [59] which contributes to higher
endogenous levels of nitrate and nitrite. Moreover, gastric pH is gener-
ally lower in humans, particularly under fasting conditions [60], which
likely results in more pronounced generation of reactive nitrogen oxides
from nitrite in saliva [61]. Also, rodents synthesize ascorbic acid
endogenously and excrete it in the gastrointestinal tract, while humans
rely on dietary intake of this vitamin [62]. Ascorbic acid acts as an in-
hibitor of nitrosation reactions and the high content of this vitamin in
vegetables is suggested to explain why this food group is not associated
with cancer in humans despite being the major source of dietary nitrate
[63]. One limitation of the present study is the fact that we were unable
to measure nitrate and nitrite separately so what we present
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(nitrate-+nitrite) really is merely a reflection of nitrate exposure, keeping
in mind that this anion dominates greatly over nitrite in plasma and
tissues. Also, measurements of N-nitrosamines would have been infor-
mative. Having said this, one should be aware that with this dose of
nitrate and when administering it orally over a long period of time,
measurable increases in systemic levels of nitrite are commonly modest
or not even seen [55].

The fact that endothelial function was better preserved in nitrate-
treated rats is interesting although this apparently did not affect over-
all lifespan. These results are well in line with previous results obtained
in rodents and humans [64,65] and indicate that health span might have
improved. The mechanism behind preservation of endothelial function
can only be speculated upon at this stage. It may be related to an in-
crease in the expression and/or activity of eNOS as suggested [66] or
alternatively it may be related to preserved NO bioavailability in the
vascular wall e.g through nitrate-dependent inhibition of vascular
NADPH-oxidases [27,55], thereby lowering the levels of superoxide
which would rapidly scavenge NO. In any case, although we did not
measure endothelial function before the intervention, these results also
indicate that long-term treatment with inorganic nitrate is not associ-
ated with development of tolerance, as is the case with traditional
organic nitrates.

Dietary nitrate has been associated with negative health effects ever
since the discovery of endogenously formed potentially carcinogenic N-
nitrosamines, generated through bacteria-dependent nitrate metabolism
[35,67,68]. The more recent discovery of NO generation from dietary
nitrate with positive effects on cardiovascular, renal and metabolic
function in rodents and humans13,14 prompted us to perform a
long-term study using a rather high dose of nitrate and looking at
neoplasm development, longevity along with assessment of
cardio-reno-metabolic functions as well as biochemical analyses of
aging-associated changes in markers of oxidative stress, inflammation
and lipid homeostasis. We conclude that dietary nitrate has no effect on
tumor development or lifespan in rats when treated from midlife. In
contrast, vascular function was improved by nitrate, possibly suggesting
an increase in health span.
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