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Abstract: Cardiovascular diseases (CVDs), which include multiple disorders of the heart
and blood vessels, are the leading causes of death. Nitric oxide (NO) is a vasodilator that
regulates vascular tension. Endogenous NO is produced via the L-arginine—nitric oxide
synthase (NOS) pathway. In conditions of cardiovascular dysfunction, NOS activity is
impaired, leading to NO deficiency. In turn, the reduction in NO bioactivity exacerbates
the pathogenesis of CVDs. Exogenous intake of inorganic nitrate supplements endogenous
production via the nitrate—nitrite-NO pathway to maintain the NO supply. Salivary glands
play an essential role in the conversion of nitrate to NO, with approximately 25% of
circulating nitrate being absorbed and secreted into saliva. As a result, salivary nitrate
concentrations can exceed that in the blood by more than tenfold. This recycled nitrate in
saliva serves as a reservoir for NO and performs NO-like functions when endogenous NO
production is insufficient. In this review, we summarize the emerging benefits of dietary
nitrate in CVDs, with a particular focus on salivary-gland-mediated nitrate recirculation in
maintaining NO bioavailability and cardiovascular homeostasis. Salivary-gland-mediated
nitrate recirculation provides a novel perspective for potential intervention of CVDs.

Keywords: cardiovascular disease; nitrate; nitrite; nitric oxide (NO); nitrate-nitrite-NO
pathway; salivary gland

1. Introduction

Cardiovascular diseases (CVDs) encompassing a wide range of cardiac and vascular
disorders are the leading causes of mortality worldwide [1]. The pathological process
of CVDs is influenced by elevated blood pressure, endothelial dysfunction, and platelet
aggregation [2]. Reductions in nitric oxide (NO) production and bioavailability are among
the main features and causes of CVDs [3]. Almost half a century ago, NO was identified
as a vasodilator in the endothelial cells [4]. This discovery uncovered the mechanism
of nitroglycerin, the first organic NO donor, on dilating the vessels to improve the heart
blood supply and release angina [5]. Later on, NO was revealed to play multiple roles
in the cardiovascular system homeostasis by sustaining blood flow, regulating platelet
aggregation and leukocyte adhesion, and protecting endothelial integrity [6-8]. Notably,
NO deficiency is one of the most common pathological causes of CVDs [9]. A sufficient
and stable NO supply is required to maintain cardiovascular function, and restoring NO
homeostasis is a potential therapeutic option for CVDs [10].

NO can be produced through two pathways: (1) the L-arginine-NO pathway, which
relies on nitric oxide synthases (NOSs), including endothelial NOS (eNOS), neuronal NOSs
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(nNOSs), and inducible NOSs (iNOSs); and (2) the nitrate—nitrite-NO pathway, which
involves the conversion of the dietary inorganic nitrate to nitrite, primarily by oral bacteria,
followed by the reduction of nitrite into NO in the stomach acidic environment [11]. The
nitrate—nitrite-NO pathway is a major contributor to NO generation, serving as an impor-
tant alternative to the classic NOS-dependent pathway [12]. The generation, regulation,
and physiological and pathophysiological roles in the cardiovascular system of the NOS-
dependent pathway have been extensively investigated and summarized [13-16]. In this
review, we specifically focus on the nitrate-nitrite-NO pathway in the context of CVDs.

Inorganic nitrate (NO3 ™), a NO donor, is commonly found in green vegetables. In
2008, Dr. Lundberg initially proposed the importance of the nitrate—nitrite-NO pathway
in the human body, and he pointed out that dietary nitrate could play a positive role in
many pathological conditions such as CVDs, hypertension, and gastric ulcers [17]. The
cardiovascular system benefits from a nitrate-rich vegetable diet that complements the
classic L-arginine-NOS pathway [18]. Supporting this notion, Dr. Bondonno highlighted
that vegetable-derived nitrate acts as an important cardioprotective chemical resource
through its sustainable NO generation [19].

Interestingly, salivary glands concentrate plasma nitrate, which raises salivary nitrate
concentrations by 10-20 times that in the blood [20]. Then, concentrated nitrate is secreted
into saliva by the salivary glands, where oral bacteria transform it into nitrite, providing
sustainable and reliable NO resources. The contributions of the nitrate-nitrite-NO pathway
to physiology and disease have been summarized [21,22]. However, several important
questions need further discussion: What is the significance of nitrate recirculation mediated
by the salivary glands? What are the roles of salivary glands and oral bacteria in regulating
NO generation? Why is vegetal nitrate considered a relatively safe source for NO produc-
tion? To explore these questions, in this review, we summarize salivary-gland-mediated
nitrate recirculation and the importance of NO homeostasis regulated by the enterosalivary
nitrate—nitrite-NO pathway, with an emphasis on CVDs.

2. Vegetal Nitrate Source

Inorganic nitrate is an essential element of the natural nitrogen cycle [23]. Human diets,
especially green vegetables, are significant sources of dietary nitrate [24]. Dietary nitrate
has been regarded as an unhealthy NO oxidation product for more than 50 years, with
worries about its possible carcinogenic implications because of the nitrogen compounds
it may form [25]. However, recent clinical evidence indicates that dietary nitrate, partic-
ularly from vegetables, is well absorbed and recycled and supports many physiological
functions [26,27].

Green vegetables are the main source of dietary nitrate intake. While vegetables such
as broccoli, cucumber, onions, and potatoes have relatively low nitrate amounts, leafy
greens including spinach, beetroot, lettuce, cress, rucola, and celery have very high nitrate
levels [28-30]. In general, nitrate concentrations are higher in leafy vegetables than in seeds
and tubers. We divide common vegetables into four groups according to their nitrogen
content to make it easier to grasp their nitrate content level. Specifically, the vegetables that
are extremely high in nitrate (>2500 mg/kg) include spinach, beetroot, and celery; those
that are high in nitrate (1000-2000 mg/kg) include parsley and leek; those that are medium
in nitrate (500-1000 mg/kg) include cabbage and turnip; and those that are low in nitrate
(<500 mg/kg) include broccoli and cucumber (Figure 1).

After ingestion, generally, the plasma nitrate levels peak 15 to 30 min following a
nitrate-rich meal, and with a half-life of 5 to 10 h in the body [31]. However, both the
peak time and elimination half-life of nitrate may vary depending on the dose and type of
nitrate-rich food consumed. For instance, in a beetroot juice nitrate formula clinical trial,
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blood nitrate can peak from 1 to 3 h, with a half-life ranging from 7 to 26 h [32]. The salivary
glands, kidneys, and biliary system resorb around 25% of nitrate in the blood, leaving the
rest of the nitrate excreted by the urine [33]. The exogenous nitrate-nitrite-NO pathway
becomes much more active under hypoxic and ischemic conditions in the body, whereas
the endogenous L-arginine-NOS pathway is blocked to a certain extent [34]. Under these
stress conditions, dietary nitrate restores NO bioavailability as an efficient NO donor.

Very high ( > 2500 mg/kg)
Spinach, Beetroot, Celery,
Lettuce, Cress, Rucola

High (1000-2500 mg/kg)
Parsley, Leek, Endive

Medium (500-1000 mg/kg)
Cabbage, Turnip, Dill

Low ( <500 mg/kg)
Broccoli, Cucumber, Onion

Figure 1. Classification of common dietary vegetables based on their nitrate content. Nitrate levels
in dietary vegetables vary from very high level to low level. Specifically, vegetables with very high
nitrate levels (>2500 mg/kg) include spinach, beetroot, and celery; those with high nitrate levels
(10002000 mg/kg) include parsley and leek; vegetables with medium nitrate levels (500-1000 mg/kg)
include cabbage and turnip; and vegetables with low nitrate levels (<500 mg/kg) include broccoli
and cucumber.

3. The Salivary-Gland-Mediated Recirculation of Nitrate

The conversion and recirculation of the nitrate—nitrite-NO pathway depends heavily
on the salivary glands. It is worth noting that salivary glands actively collect and concen-
trate circulating nitrate and store it in saliva as a backup. Oral commensal bacteria convert
salivary nitrate to nitrite; then, the stomach transforms the nitrite into NO [35]. As a highly
reactive and short-lived molecule, NO exists in its free form with a half-life only of 2-6 s.
However, NO can react with thiols in the cysteine residues, forming S-nitrosothiols (SNOs).
Notably, it can bind to the heme moiety of hemoglobin in the plasma, resulting in the
formation of S-nitrosohemoglobin (SNO-Hb), which might be a reservoir of the NO [36].

Sialin, a nitrate transporter in salivary glandular epithelial cells, uptakes and concen-
trates the nitrate [37]. The nitrate absorption from the blood at the salivary gland enhances
nitrate circulation and preserves the NO balance. Saliva, which is composed of organic
materials, dissolved minerals, and 99.5% water, is essential for maintaining oral and general
health [38]. Human salivary glands generate between 0.5 and 1.5 L of saliva each day [39].
In a clinical trial, after nitrate supplementation, plasma nitrite levels had no increase in
individuals who did not swallow saliva, emphasizing the value of nitrate recirculation
mediated by the salivary glands [40]. Thus, it is reasonable to believe that conditions or
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drugs that inhibit salivary flow could reduce nitrate recirculation and, consequently, the
NO storage pool.

Oral nitrate-reducing bacteria are also critical for the transformation of dietary nitrate.
As an entrance to the human body, the mouth cavity contains one of the five major micro-
bial ecosystems, and is intimately related to cardiovascular and metabolic disorders [41].
Because humans and other mammals lack a specific and efficient nitrate reductase, oral
microbial populations are indispensable for the reduction of nitrate to nitrite [42]. It has
been reported that antibacterial mouthwash drastically affects the composition of oral
bacteria, resulting in a lower bioavailability of NO [43]. These findings highlight the critical
role of oral bacteria in NO production from nitrate. Collectively, dietary inorganic nitrate,
processed through enterosalivary circulation, provides a reliable and safe strategy for main-
taining NO levels. The exogenous intake of inorganic nitrate and salivary-gland-mediated
nitrate recirculation are illustrated in Figure 2.

Active transport of nitrate
by sialin in salivary glands

U Sialin in

salivary glands

Nitrate from
vegetables

Nitrate is reduced to nitrite
by oral reducing bacteria

Nitrite is reduced to NO

in acid stomach i o
Nitrate and nitrite is

absorbed into blood

Figure 2. Salivary-gland-mediated recirculation of nitrate. To maintain the NO reservoir, the salivary
glands actively absorb up to 25% of the circulating nitrate and concentrate it more than ten times in
saliva. Sialin, a nitrate transporter in the parotid gland, mediates this nitrate recirculation. Nitrate-
reducing bacteria in the mouth convert nitrate to nitrite when nitrate-rich saliva is released into the
oral cavity. While most of the remaining nitrate and nitrite are absorbed into the systemic circulation,
a portion of the nitrite is subsequently transformed into NO in the stomach.

4. Protection and Mechanisms of Inorganic Nitrate on
Cardiovascular Diseases

Through the salivary-gland-mediated nitrate-nitrite-NO pathway, inorganic nitrate
supplementation, especially from nitrate-rich vegetables, is an effective cardioprotective
strategy. Dietary nitrate has been shown in multiple clinical trials to have considerable
biological NO-like effects, including reducing blood pressure and enhancing cardiac, en-
dothelial, and ischemia-reperfusion damage [44,45].
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The mechanism of the nitrate—nitrite-NO pathway likely overlaps with the L-arginine-
NO pathway, as both ultimately produce NO. NO activates the soluble guanylyl cyclase
(sGC) to form cyclic guanosine monophosphate (cGMP), which in turn activates protein
kinase G (PKG) and phosphodiesterase (PDE) [46]. The activation of the PKG pathway mod-
ulates calcium handling by regulating L-type calcium channels (LTCC), large-conductance
Ca?*-activated K* channels (BK channels), phospholamban (PLB), and the inositol trispho-
sphate receptor (IP3R) [47]. Additionally, the PKG pathway activates myriad transcription
factors to regulate gene expression. Another key effect of NO is the post-translational
modification S-nitrosylation, through which a nitrosyl group is added to the thiol group of
cysteine to form S-nitrosothiol (SNO) [48]. NO also forms reactive nitrogen species (RNS),
such as nitroxyl anion, to play pleiotropic roles by posttranslational modifications and
interactions with reactive oxygen species (ROS) [49] (see more details in Section 4.6).

It is important to mention that a nitrate-rich diet, particularly a vegetal diet, may
offer benefits beyond the nitrate-nitrite-NO pathway. Other ingredients, such as vitamin
C, can enhance the role of nitrate [50]. Furthermore, modulation of oral microbiota may
provide an efficient strategy to boost the beneficial effects of the enterosalivary nitrate—
nitrite-NO pathway.

4.1. Blood Pressure Lowered by Nitrate-Rich Vegetables

Hypertension is a common disorder that causes significant morbidity and mortality
and is also a major risk factor for CVDs. NO is widely recognized as a vital signaling
molecule involved in a variety of cardiovascular functions, including blood vessel tone,
immunological function, and related metabolic management [51]. NO is also an impor-
tant vasodilator that regulates vascular homeostasis, and a decrease in NO bioactivity is
associated with hypertension [52]. Inorganic nitrate, which can be obtained from sources
such as sodium nitrate, potassium nitrate, beetroot juice, or nitrate-rich vegetables, has
been proven to have both short- and long-term blood-pressure-lowering benefits in rats
and humans [53-57]. For the first time, Larsen et al. found that when healthy participants
consumed sodium nitrate, their diastolic blood pressure (DBP) decreased by 3.7 mmHg [58].
Further studies verified that dietary nitrate, from beetroot juice or vegetables high in nitrate,
lowered DBP by 5.3 mmHg [59]. One month of intervention with beetroot juice signifi-
cantly decreased DBP by 2.4 mmHg in patients with hypertension [60]. Furthermore, the
blood-pressure-lowering benefits of inorganic nitrate persist during and after exercise [61].
A nitrate-rich vegetable diet has been shown to lower blood pressure in healthy individuals,
prehypertensive groups, and even patients with hypertension receiving medication treat-
ment [62]. Notably, no adverse or side effects were observed in the clinical trials employing
nitrate-rich vegetables.

4.2. Nitrate Supplementation Attenuates Heart Failure

There is growing evidence that nitrate efficiently improves heart performance in
patients and animals with heart failure. Inorganic nitrate alleviates angiotensin-lI-induced
cardiac hypertrophy, endothelial dysfunction, and cardiac fibrosis [63]. Thirteen days of
beetroot juice supplementation containing inorganic nitrate improved submaximal exercise
test results in males with heart failure who had a lower ejection fraction [64]. In addition,
a recent study showed that dietary nitrate improved glucose intolerance, reduced the
production of reactive oxygen species (ROS), alleviated intestinal dysbiosis, and attenuated
cardiac remodeling in an obese mice model [65]. The cardioprotective benefits of nitrate
were found in this study to be mainly associated with decreasing the level of gut dysbiosis
rather than lowering blood pressure [65]. This result implies that the management of
intestinal microbiota homeostasis by nitrate may contribute to the improvement of cardiac
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remodeling. In animals with heart failure, sodium nitrite has been demonstrated to restore
NO-mediated cytoprotective signaling, improving left ventricular performance of the
heart [66]. In conclusion, it was found that both dietary nitrate and nitrite reduce cardiac
remodeling in heart failure.

4.3. Ischemia-Reperfusion Injury Alleviated by Nitrate-Nitrite—-NO Pathway

Tissue ischemia-reperfusion (I/R) injury occurs when blood flow restored after a pe-
riod of ischemia or hypoxia. I/R injury to the heart is one of the leading causes of mortality
and morbidity [67]. Myocardial I/R injury is caused by a variety of factors, particularly
oxidative stress, proinflammatory activation, and vascular endothelial dysfunction [68]. In
particular, reduced NO bioavailability exacerbates myocardial injury and is an important
factor in the pathogenesis of I/R injury [69]. One possible treatment for I/R injury is nitrate
therapy, which increases NO levels in ischemic tissues. Nitrate or nitrite has shown protec-
tive effects against I/R injury in the heart [70], brain [71], liver [72], and hind-limb [73]. In a
rat heart I/R model, the treatment with the NO donor S-nitroso-N-acetyl-DL-penicillamine
(SNAP) improved systolic, diastolic, and coronary reperfusion function [74]. Another NO
donor, sodium nitroprusside, also enhanced rat heart function during ex vivo I/R [75]. I/R
heart function improvement was also reported in mice, cats, and dogs by administering
nitrate /nitrite before, during, and after the ischemia [76-78]. Our group also found that
oral sodium nitrate supplements mitigated skin flap I/R injury through reduced oxidative
stress and inflammatory responses [79].

The vasodilatory increase in blood flow mediated by the nitrate-nitrite-NO pathway
is probably responsible for nitrate/nitrite protection in ischemic tissue reperfusion. Dietary
nitrate exerts its vasodilatory effects primarily through vascular smooth muscle relaxation
by reduction to NO, which in turn promotes the typical NO-cyclic guanylate monophos-
phate (cGMP)-protein kinase G signaling cascade [80]. In addition, dietary nitrate has been
shown to increase blood flow in various vascular beds, which benefits the perfusion of
the cardiovascular tissue. It was found that the brain, stomach, and skin tissues all benefit
from increased blood flow when dietary nitrate is consumed [81-85]. A clinical study
showed that nitrates promote vasodilation, which increases blood flow to the severely
hypoperfused heart [86]. The increased bioavailability of NO provided by nitrate therapy
enhances the vasodilatory effect to reduce ischemia and hypoxia, especially in special
hypoxic or acidic environments.

4.4. Endothelial Dysfunction Improved by Inorganic Nitrate

The endothelium plays an essential role in vascular homeostasis, and endothelial dys-
function is strongly associated with the development of heart failure, high systemic vascular
resistance, and hypertension [87]. One of the main causes of compromised endothelium-
dependent vasodilation and contraction is an insufficient supply of NO [88]. NO donors
can regulate endothelial dysfunction. Nitrate-rich spinach improves endothelial function in
healthy individuals [89]. Furthermore, oral nitrate supplementation improves endothelial
function and walking capacity in individuals with peripheral artery disease [90]. Age,
increasing obesity, and elevated systolic blood pressure may reduce the beneficial effects of
inorganic nitrate on endothelial function [91].

Platelets, which play a key role in acute thrombotic events, also contribute to the
pathophysiology of endothelial dysfunction. NO primarily regulates platelet adhesion
to the endothelium and platelet aggregation. Anticoagulant activity is reduced because
of insufficient NO levels, leading to endothelial dysfunction. Chronic eNOS deficiency
decreases NO availability, resulting in reduced platelet aggregation [92]. According to a
study by Webb et al., dietary nitrate effectively prevented endothelial dysfunction in the
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human forearm caused by an ischemic insult and further decreased platelet aggregation [54].
Dietary nitrate may also reduce platelet aggregation during endothelial dysfunction, as
inorganic nitrate has an antiplatelet effect in animal models of eNOS impairment. This is
supported by a clinical trial showing that nitrate supplementation reduced platelet-derived
extracellular vesicles in patients with coronary artery disease receiving clopidogrel [93].
These findings suggest that dietary nitrate may reduce the risk of thrombus formation in
patients with CVDs.

In addition, NO is essential for leukocyte adhesion and chronic inflammation asso-
ciated with endothelial dysfunction. Dietary nitrate reduces a variety of blood-soluble
inflammatory markers in middle-aged or older individuals with hypertension. Accordingly,
a recent study showed that inorganic nitrate, by increasing NO levels, partially corrected the
endothelial dysfunction caused by periodontitis [94]. In addition, our research confirmed
that dietary nitrate reduced inflammatory factors and accelerated the healing of infected
skin wounds in an animal model [81]. In conclusion, inorganic nitrate supplementation
may enhance endothelial function by serving as a reservoir of NO.

4.5. Mitochondrial Reactive Oxygen Species (ROS) Inhibited by Dietary Nitrate

Mitochondria, as the primary source of ROS generation, are also modulated by NO.
Dietary nitrate reduced lipid accumulation, mitochondrial ROS production, and oxidative
stress markers in the liver of a high-fat-diet-induced animal model [95]. Nitrate supple-
mentation also protects mitochondrial complex I and maintains mitochondrial energetics
in cardiac hypoxia, indicating that dietary nitrate is a promising treatment to preserve
mitochondrial function and bioenergetics [96]. Additionally, in a short-term (three-day)
skeletal muscle disuse model, dietary nitrate arrested the decline in mitochondrial protein
synthesis rate, mitochondrial content, and bioenergetics [97]. Nitrate also directly protects
the mitochondrial function in the cell model. Lizheng Qin et al. found that xanthine
oxidoreductase-derived NO maintained mitochondrial function and partially suppressed
lipopolysaccharide-induced inflammation in mouse RAW 264.7 macrophages [98]. Nitrate
therapy can reduce mitochondrial ROS production and increase mitochondrial efficiency.

4.6. Reactive Nitrogen Species (RNS) and Cardiac Contractility

Reactive nitrogen species (RNS) are a group of highly reactive nitrogen-containing
molecules derived from nitric oxide. RNS include principal nitroxyl anion, nitrosonium
cation, higher oxides of nitrogen, S-nitrosothiols, and dinitrosyl iron complexes, among
others [49]. RNS increases Ca®* sparks and ryanodine receptor (RyR) sensitivity to enhance
calcium transient and contractility [99]. Nitroxyl, a one-electron reduction of nitroxyl
anion generated from Angeli’s salt, enhances cardiac function with a positive inotropy
effect in the normal heart [100] and failing heart [101]. Notably, this inotropic effect is
independent of beta-adrenergic or cGMP signaling. Nitroxyl increases RyR open probability
and ATP-dependent Ca?* uptake activity [102]. Another mechanism of nitroxyl enhancing
the contractile function is mediating the disulfide bond formation between tropomyosin
(Cys190) and actin (Cys257) and the disulfide bond between myosin heavy chain and
myosin light chain 1 [103]. In addition, the NO donor S-nitroso-N-acetylpenicillamine
(SNAP) can reversibly increase Ca?* sparks without mechanical stretching [104].

Given the wide-ranging preventive function of dietary nitrate in cardiovascular home-
ostasis, we summarized its potential therapeutic benefits and underlying mechanisms in
CVDs in Figure 3.
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Nitrate—Nitrite—NO pathway

’ Increased blood perfusion/mitochondrial function/Ca2* handling/post-translational modification |
]

Vasodilation Increased Decreased Decreased Modulated Increase
blood flow ROS inflammation | | platelet function || contractility

Platelet Contractile
aggregation dysfunction

Chronic
inflammation

Increased Reduced tissue| | Increased
vascular tension perfusion ROS

‘ Cardiac dysfunction/Endothelial dysfunction ‘

’ Cardiovascular Diseases ‘

Figure 3. Potential therapeutic benefits and underlying mechanisms of inorganic nitrate in cardio-
vascular diseases. Orange highlights CVDs, including reduced tissue perfusion, increased vascular
tension, and increased production of ROS. Green indicates potential therapeutic effects and mech-
anisms. Nitrate therapy may decrease the progression of cardiovascular disease by improving
platelet function, lowering mitochondrial ROS, increasing blood perfusion, and providing anti-
inflammatory benefits.

5. Safety of Nitrate-Rich Diet

Nitrate recirculation, mediated by the salivary glands, is an essential NO reservoir. As
a green NO donor, nitrate as a supplement improves cardiovascular health. Meanwhile,
concerns have been raised regarding the potential adverse effects that prolonged exposure
to nitrates may cause, particularly an increased risk of cancer. It has been known for
many years that the conversion of nitrate and nitrite to nitrosamines poses a carcinogenic
threat [105].

Current evidence suggests that dietary nitrate supplements, particularly those de-
rived from nitrate-rich vegetables, are unlikely to pose significant health risks [106-109].
Nitrate-rich vegetables are considered safe NO donors in contrast to cured meats, which
have increased the risk of CVDs [110]. It is generally accepted that green vegetables contain
high levels of nitrate and many healthy components, such as dietary fiber, vitamin C,
carotenoids, polyphenols, and other elements that may promote cardiovascular health.
More significantly, a study by Lundberg et al. showed that dietary nitrite prolonged
longevity and protected fruit flies against age-related locomotor decline, with no negative
effects [111]. In a follow-up study, they found that in an aging rat model, nitrate supplemen-
tation improved the function of the endothelium and prolonged the lifespan of rats [112].
Thus, modest dietary nitrate intake, particularly from nitrate-rich vegetables, is a safe and
valuable NO donor.

6. Conclusions

In conclusion, the enterosalivary nitrate—nitrite-NO pathway improves mitochondrial
activity, regulates Ca®* handling, lowers blood pressure, protects against heart failure and
ischemia-reperfusion injury, and preserves endothelial cell function. Nitrate-rich vegetables,
which are readily available, provide economical and effective treatment for NO deficiency.
Specifically, through the enterosalivary circulation, dietary inorganic nitrate is stored in
saliva, providing a sustainable approach to restore NO levels and a great benefit to CVDs.
This review highlights the importance of nitrate recirculation mediated by the salivary
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glands and calls attention to the relationship among the salivary glands, oral bacteria, and
the NO homeostasis in the body.

7. Perspectives

Several important aspects of salivary-gland-mediated nitrate recirculation and its
protective role in CVDs require further investigation. First, many factors may decrease
salivary production and impair nitrate recirculation, including radiation-induced damage
to the parotid gland, oral bacterial homeostasis during head and neck cancer treatment, au-
toimmune diseases such as Sjogren’s syndrome, and many medications that may decrease
salivary production [113]. In these cases, reduced salivary flow could lead to a deficiency
in NO bioavailability via the nitrate-nitrite-NO pathway, potentially disrupting cardio-
vascular homeostasis. Second, the physiological functions and underlying mechanisms of
supplemental nitrate delivery need to be investigated. Specifically, whether and how does
nitrate influence other systems, such as the nervous system and immune system, and in
turn regulate cardiac and vascular function? Third, it is important to determine a safe level
of nitrate supplementation. Establishing a clear guideline for nitrate intake is critical for
both clinical management and everyday dietary recommendations.

Author Contributions: Conceptualization, B.P. and H.Z.; original draft preparation, B.P,; review
and editing, B.P,, X.Q. and H.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors received support from the National Institute of General Medical Sciences,
R35GM151226 (H.Z.), R35GM151096 (X.Q.), and the National Science Foundation, 2217757 (X.Q.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1. Stewart,].; Addy, K.; Campbell, S.; Wilkinson, P. Primary Prevention of Cardiovascular Disease: Updated Review of Contemporary
Guidance and Literature. JRSM Cardiovasc. Dis. 2020, 9, 2048004020949326. [CrossRef] [PubMed]

2. Wang, K;; Liu, C.-Y;; Fang, B; Li, B,; Li, Y.-H.; Xia, Q.-Q.; Zhao, Y.; Cheng, X.-L.; Yang, S.-M.; Zhang, M.-H.; et al. The Function
and Therapeutic Potential of Transfer RNA-Derived Small RNAs in Cardiovascular Diseases: A Review. Pharmacol. Res. 2024,
206, 107279. [CrossRef]

3. Bryan, N.S. Nitric Oxide Deficiency Is a Primary Driver of Hypertension. Biochem. Pharmacol. 2022, 206, 115325. [CrossRef]

4. Remuzzi, G,; Perico, N.; Zoja, C.; Corna, D.; Macconi, D.; Vigano, G. Role of Endothelium-Derived Nitric Oxide in the Bleeding
Tendency of Uremia. J. Clin. Investig. 1990, 86, 1768-1771. [CrossRef]

5. Lundberg, ].O.; Weitzberg, E. Nitric Oxide Signaling in Health and Disease. Cell 2022, 185, 2853-2878. [CrossRef]

6. Daiber, A.; Xia, N.; Steven, S.; Oelze, M.; Hanf, A.; Kroller-Schon, S.; Miinzel, T.; Li, H. New Therapeutic Implications of
Endothelial Nitric Oxide Synthase (eNOS) Function/Dysfunction in Cardiovascular Disease. Int. . Mol. Sci. 2019, 20, 187.
[CrossRef]

7. Krél, M,; Kepinska, M. Human Nitric Oxide Synthase-Its Functions, Polymorphisms, and Inhibitors in the Context of Inflamma-
tion, Diabetes and Cardiovascular Diseases. Int. J. Mol. Sci. 2020, 22, 56. [CrossRef] [PubMed]

8.  Choi, S.; Saxena, N.; Dhammu, T.; Khan, M.; Singh, A.K.; Singh, I.; Won, ]J. Regulation of Endothelial Barrier Integrity by
Redox-Dependent Nitric Oxide Signaling: Implication in Traumatic and Inflammatory Brain Injuries. Nitric Oxide 2019, 83, 51-64.
[CrossRef] [PubMed]

9.  Carlstrom, M.; Weitzberg, E.; Lundberg, J.O. Nitric Oxide Signaling and Regulation in the Cardiovascular System: Recent
Advances. Pharmacol. Rev. 2024, 76, 1038-1062. [CrossRef]

10. Farah, C.; Michel, L.Y.M,; Balligand, J.-L. Nitric Oxide Signalling in Cardiovascular Health and Disease. Nat. Rev. Cardiol. 2018,

15,292-316. [CrossRef]


https://doi.org/10.1177/2048004020949326
https://www.ncbi.nlm.nih.gov/pubmed/32994926
https://doi.org/10.1016/j.phrs.2024.107279
https://doi.org/10.1016/j.bcp.2022.115325
https://doi.org/10.1172/JCI114904
https://doi.org/10.1016/j.cell.2022.06.010
https://doi.org/10.3390/ijms20010187
https://doi.org/10.3390/ijms22010056
https://www.ncbi.nlm.nih.gov/pubmed/33374571
https://doi.org/10.1016/j.niox.2018.12.007
https://www.ncbi.nlm.nih.gov/pubmed/30590116
https://doi.org/10.1124/pharmrev.124.001060
https://doi.org/10.1038/nrcardio.2017.224

Biomolecules 2025, 15, 439 10 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.
39.

Liu, H.; Huang, Y.; Huang, M.; Wang, M.; Ming, Y.; Chen, W.; Chen, Y.; Tang, Z.; Jia, B. From Nitrate to NO: Potential Effects of
Nitrate-Reducing Bacteria on Systemic Health and Disease. Eur. |. Med. Res. 2023, 28, 425. [CrossRef]

Abukhodair, A.W.; Abukhudair, W.; Alqarni, M.S. The Effects of L-Arginine in Hypertensive Patients: A Literature Review.
Cureus 2021, 13, €20485. [CrossRef] [PubMed]

Massion, P.B.; Feron, O.; Dessy, C.; Balligand, ].-L. Nitric Oxide and Cardiac Function: Ten Years after, and Continuing. Circ. Res.
2003, 93, 388-398. [CrossRef]

Danson, E.J.; Choate, ] K.; Paterson, D.J. Cardiac Nitric Oxide: Emerging Role for nNOS in Regulating Physiological Function.
Pharmacol. Ther. 2005, 106, 57-74. [CrossRef] [PubMed]

Rastaldo, R.; Pagliaro, P.; Cappello, S.; Penna, C.; Mancardi, D.; Westerhof, N.; Losano, G. Nitric Oxide and Cardiac Function. Life
Sci. 2007, 81, 779-793. [CrossRef]

Tamargo, ].; Caballero, R.; Gémez, R.; Delpén, E. Cardiac Electrophysiological Effects of Nitric Oxide. Cardiovasc. Res. 2010, 87,
593-600. [CrossRef]

Lundberg, J.O.; Weitzberg, E.; Gladwin, M.T. The Nitrate-Nitrite-Nitric Oxide Pathway in Physiology and Therapeutics. Nat. Rev.
Drug Discov. 2008, 7, 156-167. [CrossRef] [PubMed]

Lundberg, J.O.; Feelisch, M.; Bjorne, H.; Jansson, E.A.; Weitzberg, E. Cardioprotective Effects of Vegetables: Is Nitrate the Answer?
Nitric Oxide 2006, 15, 359-362. [CrossRef]

Bondonno, C.P,; Blekkenhorst, L.C.; Liu, A.H.; Bondonno, N.P.; Ward, N.C.; Croft, K.D.; Hodgson, ].M. Vegetable-Derived
Bioactive Nitrate and Cardiovascular Health. Mol. Asp. Med. 2018, 61, 83-91. [CrossRef]

Spiegelhalder, B.; Eisenbrand, G.; Preussmann, R. Influence of Dietary Nitrate on Nitrite Content of Human Saliva: Possible
Relevance to in Vivo Formation of N-Nitroso Compounds. Food Cosmet. Toxicol. 1976, 14, 545-548. [CrossRef]

Jones, A.M.; Vanhatalo, A.; Seals, D.R.; Rossman, M.].; Piknova, B.; Jonvik, K.L. Dietary Nitrate and Nitric Oxide Metabolism:
Mouth, Circulation, Skeletal Muscle, and Exercise Performance. Med. Sci. Sports Exerc. 2021, 53, 280-294. [CrossRef]

Rocha, B.S. The Nitrate-Nitrite-Nitric Oxide Pathway on Healthy Ageing: A Review of Pre-Clinical and Clinical Data on the
Impact of Dietary Nitrate in the Elderly. Front. Aging 2021, 2, 778467. [CrossRef]

Galloway, ].N.; Townsend, A.R; Erisman, ].W.; Bekunda, M.; Cai, Z.; Freney, ].R.; Martinelli, L.A; Seitzinger, S.P.; Sutton, M. A.
Transformation of the Nitrogen Cycle: Recent Trends, Questions, and Potential Solutions. Science 2008, 320, 889-892. [CrossRef]
Skibsted, L.H. Nitric Oxide and Quality and Safety of Muscle Based Foods. Nitric Oxide 2011, 24, 176-183. [CrossRef]
Tannenbaum, S.R.; Correa, P. Nitrate and Gastric Cancer Risks. Nature 1985, 317, 675-676. [CrossRef]

Lundberg, J.O.; Carlstrom, M.; Weitzberg, E. Metabolic Effects of Dietary Nitrate in Health and Disease. Cell Metab. 2018, 28, 9-22.
[CrossRef]

Tan, L,; Stagg, L.; Hanlon, E.; Li, T.; Fairley, A.M.; Siervo, M.; Matu, J.; Griffiths, A.; Shannon, O.M. Associations between Vegetable
Nitrate Intake and Cardiovascular Disease Risk and Mortality: A Systematic Review. Nutrients 2024, 16, 1511. [CrossRef]

Hord, N.G.; Ghannam, ].S.; Garg, HK.; Berens, P.D.; Bryan, N.S. Nitrate and Nitrite Content of Human, Formula, Bovine, and Soy
Milks: Implications for Dietary Nitrite and Nitrate Recommendations. Breastfeed. Med. 2011, 6, 393-399. [CrossRef]

Hord, N.G.; Tang, Y.; Bryan, N.S. Food Sources of Nitrates and Nitrites: The Physiologic Context for Potential Health Benefits.
Am. ]. Clin. Nutr. 2009, 90, 1-10. [CrossRef] [PubMed]

Olas, B. The Cardioprotective Role of Nitrate-Rich Vegetables. Foods 2024, 13, 691. [CrossRef] [PubMed]

Yoshida, K.; Kasama, K.; Kitabatake, M.; Okuda, M.; Imai, M. Metabolic Fate of Nitric Oxide. Int. Arch. Occup. Environ. Health
1980, 46, 71-77. [CrossRef] [PubMed]

Coggan, A.R.; Racette, S.B.; Thies, D.; Peterson, L.R.; Stratford, R.E. Simultaneous Pharmacokinetic Analysis of Nitrate and Its
Reduced Metabolite, Nitrite, Following Ingestion of Inorganic Nitrate in a Mixed Patient Population. Pharm. Res. 2020, 37, 235.
[CrossRef] [PubMed]

Fritsch, P.; de Saint Blanquat, G.; Klein, D. Excretion of Nitrates and Nitrites in Saliva and Bile in the Dog. Food Chem. Toxicol.
1985, 23, 655-659. [CrossRef]

Chirinos, J.A. The Nitrate-Nitrite-NO Pathway as a Novel Therapeutic Target in Heart Failure with Reduced Ejection Fraction.
J. Card. Fail. 2018, 24, 74-77. [CrossRef] [PubMed]

Benjamin, N.; O’Driscoll, F; Dougall, H.; Duncan, C.; Smith, L.; Golden, M.; McKenzie, H. Stomach NO Synthesis. Nature 1994,
368, 502. [CrossRef]

Allen, B.W,; Stamler, ].S.; Piantadosi, C.A. Hemoglobin, Nitric Oxide and Molecular Mechanisms of Hypoxic Vasodilation. Trends
Mol. Med. 2009, 15, 452-460. [CrossRef]

Qin, L,; Liu, X,; Sun, Q.; Fan, Z,; Xia, D.; Ding, G.; Ong, H.L.; Adams, D.; Gahl, W.A.; Zheng, C.; et al. Sialin (SLC17A5) Functions
as a Nitrate Transporter in the Plasma Membrane. Proc. Natl. Acad. Sci. USA 2012, 109, 13434-13439. [CrossRef]

Uchida, H.; Ovitt, C.E. Novel Impacts of Saliva with Regard to Oral Health. J. Prosthet. Dent. 2022, 127, 383-391. [CrossRef]

Xia, D.S.; Deng, D.J.; Wang, S.L. Destruction of Parotid Glands Affects Nitrate and Nitrite Metabolism. J. Dent. Res. 2003, 82,
101-105. [CrossRef]


https://doi.org/10.1186/s40001-023-01413-y
https://doi.org/10.7759/cureus.20485
https://www.ncbi.nlm.nih.gov/pubmed/35070535
https://doi.org/10.1161/01.RES.0000088351.58510.21
https://doi.org/10.1016/j.pharmthera.2004.11.003
https://www.ncbi.nlm.nih.gov/pubmed/15781122
https://doi.org/10.1016/j.lfs.2007.07.019
https://doi.org/10.1093/cvr/cvq214
https://doi.org/10.1038/nrd2466
https://www.ncbi.nlm.nih.gov/pubmed/18167491
https://doi.org/10.1016/j.niox.2006.01.013
https://doi.org/10.1016/j.mam.2017.08.001
https://doi.org/10.1016/S0015-6264(76)80005-3
https://doi.org/10.1249/MSS.0000000000002470
https://doi.org/10.3389/fragi.2021.778467
https://doi.org/10.1126/science.1136674
https://doi.org/10.1016/j.niox.2011.03.307
https://doi.org/10.1038/317675b0
https://doi.org/10.1016/j.cmet.2018.06.007
https://doi.org/10.3390/nu16101511
https://doi.org/10.1089/bfm.2010.0070
https://doi.org/10.3945/ajcn.2008.27131
https://www.ncbi.nlm.nih.gov/pubmed/19439460
https://doi.org/10.3390/foods13050691
https://www.ncbi.nlm.nih.gov/pubmed/38472804
https://doi.org/10.1007/BF00377461
https://www.ncbi.nlm.nih.gov/pubmed/7380575
https://doi.org/10.1007/s11095-020-02959-w
https://www.ncbi.nlm.nih.gov/pubmed/33140122
https://doi.org/10.1016/0278-6915(85)90153-X
https://doi.org/10.1016/j.cardfail.2017.12.001
https://www.ncbi.nlm.nih.gov/pubmed/29247707
https://doi.org/10.1038/368502a0
https://doi.org/10.1016/j.molmed.2009.08.002
https://doi.org/10.1073/pnas.1116633109
https://doi.org/10.1016/j.prosdent.2021.05.009
https://doi.org/10.1177/154405910308200205

Biomolecules 2025, 15, 439 11 of 14

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Lundberg, J.O.; Govoni, M. Inorganic Nitrate Is a Possible Source for Systemic Generation of Nitric Oxide. Free Radic. Biol. Med.
2004, 37, 395-400. [CrossRef]

Ko, C.-Y;; Hu, A-K; Chou, D.; Huang, L.-M,; Su, H.-Z,; Yan, F-R.; Zhang, X.-B.; Zhang, H.-P,; Zeng, Y.-M. Analysis of Oral
Microbiota in Patients with Obstructive Sleep Apnea-Associated Hypertension. Hypertens. Res. 2019, 42, 1692-1700. [CrossRef]
Huang, L.; Borniquel, S.; Lundberg, J.O. Enhanced Xanthine Oxidoreductase Expression and Tissue Nitrate Reduction in Germ
Free Mice. Nitric Oxide 2010, 22, 191-195. [CrossRef]

Rosier, B.T.; Takahashi, N.; Zaura, E.; Krom, B.P; Martfnez-Espinosa, R.M.; van Breda, 5.GJ.; Marsh, P.D.; Mira, A. The Importance
of Nitrate Reduction for Oral Health. . Dent. Res. 2022, 101, 887-897. [CrossRef]

Hu, X,; Xu, H.; By, L.; Sun, J.; Deng, J.; Song, K.; Wang, L.; Pang, B. Exploring the Wound Healing Potential of Dietary Nitrate in
Diabetic Rat Model. Front. Physiol. 2024, 15, 1475375. [CrossRef]

Lima, L.; Gaspar, S.; Rocha, B.S.; Alves, R.; Almeida, M.G. Current Clinical Framework on Nitric Oxide Role in Periodontal
Disease and Blood Pressure. Clin. Oral Investig. 2024, 28, 521. [CrossRef]

Ahmad, A.; Dempsey, S.K.; Daneva, Z.; Azam, M.; Li, N.; Li, P.-L.; Ritter, ].K. Role of Nitric Oxide in the Cardiovascular and
Renal Systems. Int. J. Mol. Sci. 2018, 19, 2605. [CrossRef]

Lincoln, T.M.; Dey, N; Sellak, H. Invited Review: cGMP-Dependent Protein Kinase Signaling Mechanisms in Smooth Muscle:
From the Regulation of Tone to Gene Expression. J. Appl. Physiol. (1985) 2001, 91, 1421-1430. [CrossRef]

Fernando, V.; Zheng, X.; Walia, Y.; Sharma, V.; Letson, J.; Furuta, S. S-Nitrosylation: An Emerging Paradigm of Redox Signaling.
Antioxidants 2019, 8, 404. [CrossRef]

Martinez, M.C.; Andriantsitohaina, R. Reactive Nitrogen Species: Molecular Mechanisms and Potential Significance in Health
and Disease. Antioxid. Redox Signal. 2009, 11, 669-702. [CrossRef]

Zhang, H.; Zhang, Y.; Zhang, Y.; Wei, H; Jin, S.; Huo, T,; Qin, L. Combination of Inorganic Nitrate and Vitamin C Prevents
Collagen-Induced Arthritis in Rats by Inhibiting Pyroptosis. Food Funct. 2025, 16, 673-690. [CrossRef]

Zhao, Y.; Ouyang, X.; Peng, Y.; Peng, S. Stimuli Responsive Nitric Oxide-Based Nanomedicine for Synergistic Therapy. Pharmaceu-
tics 2021, 13, 1917. [CrossRef]

Edosuyi, O.; Igbe, I; Oyekan, A. Fumarate and Its Downstream Signalling Pathways in the Cardiorenal System: Recent Insights
and Novel Expositions in the Etiology of Hypertension. Eur. |. Pharmacol. 2023, 961, 176186. [CrossRef]

Jonvik, K.L.; Nyakayiru, J.; Pinckaers, PJ.; Senden, ].M.; van Loon, L.J.; Verdijk, L.B. Nitrate-Rich Vegetables Increase Plasma
Nitrate and Nitrite Concentrations and Lower Blood Pressure in Healthy Adults. J. Nutr. 2016, 146, 986-993. [CrossRef] [PubMed]
Webb, AJ.; Patel, N.; Loukogeorgakis, S.; Okorie, M.; Aboud, Z.; Misra, S.; Rashid, R.; Miall, P.; Deanfield, J.; Benjamin, N.;
et al. Acute Blood Pressure Lowering, Vasoprotective, and Antiplatelet Properties of Dietary Nitrate via Bioconversion to Nitrite.
Hypertension 2008, 51, 784-790. [CrossRef] [PubMed]

Benjamim, C.J.R.; da Silva, L.S.L.; Sousa, Y.B.A.; da Silva Rodrigues, G.; de Moraes Pontes, Y.M.; Rebelo, M.A.; da Silva Gongalves,
L.; Tavares, S.S.; Guimaraes, C.S.; da Silva Sobrinho, A.C.; et al. Acute and Short-Term Beetroot Juice Nitrate-Rich Ingestion
Enhances Cardiovascular Responses Following Aerobic Exercise in Postmenopausal Women with Arterial Hypertension: A
Triple-Blinded Randomized Controlled Trial. Free Radic. Biol. Med. 2024, 211, 12-23. [CrossRef]

Tawa, M.; Nagata, R.; Sumi, Y.; Nakagawa, K.; Sawano, T.; Ohkita, M.; Matsumura, Y. Preventive Effects of Nitrate-Rich Beetroot
Juice Supplementation on Monocrotaline-Induced Pulmonary Hypertension in Rats. PLoS ONE 2021, 16, €0249816. [CrossRef]
Bonilla Ocampo, D.A.; Paipilla, A.F; Marin, E.; Vargas-Molina, S.; Petro, ].L.; Pérez-Idarraga, A. Dietary Nitrate from Beetroot
Juice for Hypertension: A Systematic Review. Biomolecules 2018, 8, 134. [CrossRef]

Larsen, FJ.; Ekblom, B,; Sahlin, K.; Lundberg, J.O.; Weitzberg, E. Effects of Dietary Nitrate on Blood Pressure in Healthy Volunteers.
N. Engl. ]. Med. 2006, 355, 2792-2793. [CrossRef]

van der Avoort, CM.T.; Jonvik, K.L.; Nyakayiru, J.; van Loon, L.J].C.; Hopman, M.T.E.; Verdijk, L.B. A Nitrate-Rich Vegetable
Intervention Elevates Plasma Nitrate and Nitrite Concentrations and Reduces Blood Pressure in Healthy Young Adults. J. Acad.
Nutr. Diet. 2020, 120, 1305-1317. [CrossRef]

Kapil, V,; Khambata, R.S.; Robertson, A.; Caulfield, M.].; Ahluwalia, A. Dietary Nitrate Provides Sustained Blood Pressure
Lowering in Hypertensive Patients: A Randomized, Phase 2, Double-Blind, Placebo-Controlled Study. Hypertension 2015, 65,
320-327. [CrossRef]

Benjamim, C.J.R.; Lopes da Silva, L.S.; Valenti, V.E.; Gongalves, L.S.; Porto, A.A.; Tasinafo Junior, M.E,; Walhin, ].-P.; Garner,
D.M.; Gualano, B.; Bueno Janior, C.R. Effects of Dietary Inorganic Nitrate on Blood Pressure during and Post-Exercise Recovery:
A Systematic Review and Meta-Analysis of Randomized Placebo-Controlled Trials. Free Radic. Biol. Med. 2024, 215, 25-36.
[CrossRef] [PubMed]

Fejes, R; Pilat, N.; Lutnik, M.; Weisshaar, S.; Weijler, A.M.; Kriiger, K.; Draxler, A.; Bragagna, L.; Peake, ].M.; Woodman, R.J.; et al.
Effects of Increased Nitrate Intake from Beetroot Juice on Blood Markers of Oxidative Stress and Inflammation in Older Adults
with Hypertension. Free Radic. Biol. Med. 2024, 222, 519-530. [CrossRef]


https://doi.org/10.1016/j.freeradbiomed.2004.04.027
https://doi.org/10.1038/s41440-019-0260-4
https://doi.org/10.1016/j.niox.2010.01.004
https://doi.org/10.1177/00220345221080982
https://doi.org/10.3389/fphys.2024.1475375
https://doi.org/10.1007/s00784-024-05913-x
https://doi.org/10.3390/ijms19092605
https://doi.org/10.1152/jappl.2001.91.3.1421
https://doi.org/10.3390/antiox8090404
https://doi.org/10.1089/ars.2007.1993
https://doi.org/10.1039/D4FO03096F
https://doi.org/10.3390/pharmaceutics13111917
https://doi.org/10.1016/j.ejphar.2023.176186
https://doi.org/10.3945/jn.116.229807
https://www.ncbi.nlm.nih.gov/pubmed/27075914
https://doi.org/10.1161/HYPERTENSIONAHA.107.103523
https://www.ncbi.nlm.nih.gov/pubmed/18250365
https://doi.org/10.1016/j.freeradbiomed.2023.11.039
https://doi.org/10.1371/journal.pone.0249816
https://doi.org/10.3390/biom8040134
https://doi.org/10.1056/NEJMc062800
https://doi.org/10.1016/j.jand.2020.02.014
https://doi.org/10.1161/HYPERTENSIONAHA.114.04675
https://doi.org/10.1016/j.freeradbiomed.2024.02.011
https://www.ncbi.nlm.nih.gov/pubmed/38403254
https://doi.org/10.1016/j.freeradbiomed.2024.07.004

Biomolecules 2025, 15, 439 12 of 14

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Gee, L.C.; Massimo, G.; Lau, C.; Primus, C.; Fernandes, D.; Chen, ].; Rathod, K.S.; Hamers, A.].P,; Filomena, F.; Nuredini, G.; et al.
Inorganic Nitrate Attenuates Cardiac Dysfunction: Roles for Xanthine Oxidoreductase and Nitric Oxide. Br. J. Pharmacol. 2022,
179,4757-4777. [CrossRef]

Woessner, M.N.; Levinger, L; Allen, J.D.; Mcllvenna, L.C.; Neil, C. The Effect of Dietary Inorganic Nitrate Supplementation on
Cardiac Function during Submaximal Exercise in Men with Heart Failure with Reduced Ejection Fraction (HFrEF): A Pilot Study.
Nutrients 2020, 12, 2132. [CrossRef] [PubMed]

Petrick, H.L.; Ogilvie, L.M.; Brunetta, H.S.; Robinson, A.; Kirsh, A.]J.; Barbeau, P-A.; Handy, R.M.; Coyle-Asbil, B.; Gianetto-Hill,
C.; Dennis, KM.J.H.; et al. Dietary Nitrate and Corresponding Gut Microbiota Prevent Cardiac Dysfunction in Obese Mice.
Diabetes 2023, 72, 844-856. [CrossRef] [PubMed]

Bhushan, S.; Kondo, K.; Polhemus, D.J.; Otsuka, H.; Nicholson, C.K.; Tao, Y.-X.; Huang, H.; Georgiopoulou, V.V.; Murohara,
T.; Calvert, ].W.; et al. Nitrite Therapy Improves Left Ventricular Function during Heart Failure via Restoration of Nitric
Oxide-Mediated Cytoprotective Signaling. Circ. Res. 2014, 114, 1281-1291. [CrossRef]

Yu, L; Jin, Z.; Li, M.; Liu, H.; Tao, J.; Xu, C.; Wang, L.; Zhang, Q. Protective Potential of Hydroxysafflor Yellow A in Cerebral
Ischemia and Reperfusion Injury: An Overview of Evidence from Experimental Studies. Front. Pharmacol. 2022, 13, 1063035.
[CrossRef]

Kloner, R.A ; Shi, J.; Dai, W.; Carreno, J.; Zhao, L. Remote Ischemic Conditioning in Acute Myocardial Infarction and Shock States.
J. Cardiovasc. Pharmacol. Ther. 2020, 25, 103-109. [CrossRef]

Lundberg, J.O.; Carlstrom, M.; Larsen, EJ.; Weitzberg, E. Roles of Dietary Inorganic Nitrate in Cardiovascular Health and Disease.
Cardiovasc. Res. 2011, 89, 525-532. [CrossRef]

Eriksson, K.E.; Eidhagen, F; Liska, J.; Franco-Cereceda, A.; Lundberg, J.O.; Weitzberg, E. Effects of Inorganic Nitrate on Ischaemia-
Reperfusion Injury after Coronary Artery Bypass Surgery: A Randomised Controlled Trial. Br. J. Anaesth. 2021, 127, 547-555.
[CrossRef] [PubMed]

Siervo, M.; Babateen, A.; Alharbi, M.; Stephan, B.; Shannon, O. Dietary Nitrate and Brain Health. Too Much Ado about Nothing
or a Solution for Dementia Prevention? Br. |. Nutr. 2022, 128, 1130-1136. [CrossRef] [PubMed]

Ibrahim, S.A.; Abdel-Gaber, S.A.; Ibrahim, M.A.; Amin, E.F.; Mohammed, R.K.; Abdelrahman, A.M. Nitric Oxide Modulation
as a Potential Molecular Mechanism Underlying the Protective Role of NaHS in Liver Ischemia Reperfusion Injury. Curr. Mol.
Pharmacol. 2022, 15, 676—682. [CrossRef] [PubMed]

Kumar, D.; Branch, B.G.; Pattillo, C.B.; Hood, J.; Thoma, S.; Simpson, S.; Illum, S.; Arora, N.; Chidlow, ].H.; Langston, W.; et al.
Chronic Sodium Nitrite Therapy Augments Ischemia-Induced Angiogenesis and Arteriogenesis. Proc. Natl. Acad. Sci. USA 2008,
105, 7540-7545. [CrossRef]

Brunner, F; Leonhard, B.; Kukovetz, WR.; Mayer, B. Role of Endothelin, Nitric Oxide and L-Arginine Release in Is-
chaemia/Reperfusion Injury of Rat Heart. Cardiovasc. Res. 1997, 36, 60—66. [CrossRef] [PubMed]

Chin, K.Y.; Michel, L.; Qin, C.X.; Cao, N.; Woodman, O.L.; Ritchie, R.H. The HNO Donor Angeli’s Salt Offers Potential
Haemodynamic Advantages over NO or Dobutamine in Ischaemia-Reperfusion Injury in the Rat Heart Ex Vivo. Pharmacol. Res.
2016, 104, 165-175. [CrossRef]

Hendgen-Cotta, U.B.; Merx, M.W.; Shiva, S.; Schmitz, J.; Becher, S.; Klare, J.P.; Steinhoff, H.-].; Goedecke, A.; Schrader, J.;
Gladwin, M.T.; et al. Nitrite Reductase Activity of Myoglobin Regulates Respiration and Cellular Viability in Myocardial
Ischemia-Reperfusion Injury. Proc. Natl. Acad. Sci. USA 2008, 105, 10256-10261. [CrossRef]

Kapil, V.; Khambata, R.S.; Jones, D.A.; Rathod, K.; Primus, C.; Massimo, G.; Fukuto, ].M.; Ahluwalia, A. The Noncanonical
Pathway for In Vivo Nitric Oxide Generation: The Nitrate-Nitrite-Nitric Oxide Pathway. Pharmacol. Rev. 2020, 72, 692-766.
[CrossRef]

Yassaghi, Y.; Jeddi, S.; Kashfi, K.; Ghasemi, A. Myocardial Infarct Size Is Reduced by Nitrite and Nitrate Administration: A
Systematic Review and Meta-Analysis of Animal Studies. EXCLI ]. 2024, 23, 18-33. [CrossRef]

Cui, H.; Feng, Y;; Shu, C.; Yuan, R.; Bu, L.; Jia, M.; Pang, B. Dietary Nitrate Protects Against Skin Flap Ischemia-Reperfusion Injury
in Rats via Modulation of Antioxidative Action and Reduction of Inflammatory Responses. Front. Pharmacol. 2020, 10, 1605.
[CrossRef]

Laustiola, K.E.; Vuorinen, P,; Porsti, I.; Metsa-Keteld, T.; Manninen, V.; Vapaatalo, H. Exogenous GTP Enhances the Effects of
Sodium Nitrite on Cyclic GMP Accumulation, Vascular Smooth Muscle Relaxation and Platelet Aggregation. Pharmacol. Toxicol.
1991, 68, 60-63. [CrossRef]

Hu, X.; Wang, L.; Deng, J.; Xu, H.; Song, K.; Bu, L.; Pang, B. Dietary Nitrate Accelerates the Healing of Infected Skin Wounds in
Mice by Increasing Microvascular Density. Biochem. Biophys. Res. Commun. 2023, 686, 149176. [CrossRef]

Joris, PJ.; Mensink, R.P.; Adam, T.C.; Liu, T.T. Cerebral Blood Flow Measurements in Adults: A Review on the Effects of Dietary
Factors and Exercise. Nutrients 2018, 10, 530. [CrossRef] [PubMed]

Jin, L.; Qin, L,; Xia, D.; Liu, X,; Fan, Z.; Zhang, C.; Gu, L.; He, J.; Ambudkar, 1.S.; Deng, D.; et al. Active Secretion and Protective
Effect of Salivary Nitrate against Stress in Human Volunteers and Rats. Free Radic. Biol. Med. 2013, 57, 61. [CrossRef] [PubMed]


https://doi.org/10.1111/bph.15636
https://doi.org/10.3390/nu12072132
https://www.ncbi.nlm.nih.gov/pubmed/32709051
https://doi.org/10.2337/db22-0575
https://www.ncbi.nlm.nih.gov/pubmed/36812497
https://doi.org/10.1161/CIRCRESAHA.114.301475
https://doi.org/10.3389/fphar.2022.1063035
https://doi.org/10.1177/1074248419892603
https://doi.org/10.1093/cvr/cvq325
https://doi.org/10.1016/j.bja.2021.06.046
https://www.ncbi.nlm.nih.gov/pubmed/34399982
https://doi.org/10.1017/S0007114522002434
https://www.ncbi.nlm.nih.gov/pubmed/36688430
https://doi.org/10.2174/1874467214666210909154609
https://www.ncbi.nlm.nih.gov/pubmed/34503437
https://doi.org/10.1073/pnas.0711480105
https://doi.org/10.1016/S0008-6363(97)00138-7
https://www.ncbi.nlm.nih.gov/pubmed/9415273
https://doi.org/10.1016/j.phrs.2015.12.006
https://doi.org/10.1073/pnas.0801336105
https://doi.org/10.1124/pr.120.019240
https://doi.org/10.17179/excli2023-6740
https://doi.org/10.3389/fphar.2019.01605
https://doi.org/10.1111/j.1600-0773.1991.tb01209.x
https://doi.org/10.1016/j.bbrc.2023.149176
https://doi.org/10.3390/nu10050530
https://www.ncbi.nlm.nih.gov/pubmed/29693564
https://doi.org/10.1016/j.freeradbiomed.2012.12.015
https://www.ncbi.nlm.nih.gov/pubmed/23277147

Biomolecules 2025, 15, 439 13 of 14

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Pang, B.-X,; Bu, L.-X,; Jia, M.-Y,; Chen, L.-Q.; Song, K_; Liu, Y.-S.; Yuan, R.-T.; Shang, W. Protective Effect of Dietary Nitrate on
Stress-Induced Gastric Mucosal Injury via Enhancing Blood Perfusion in Mongolian Gerbils. Chin. Med. J. (Engl.) 2020, 133,
2141-2142. [CrossRef]

Fuchs, D.; Nyakayiru, J.; Draijer, R.; Mulder, T.PJ.; Hopman, M.T.E,; Eijsvogels, T.M.H.; Thijssen, D.H. Impact of Flavonoid-Rich
Black Tea and Beetroot Juice on Postprandial Peripheral Vascular Resistance and Glucose Homeostasis in Obese, Insulin-Resistant
Men: A Randomized Controlled Trial. Nutr. Metab. 2016, 13, 34. [CrossRef] [PubMed]

Slart, RH.J.A.; Agool, A.; van Veldhuisen, D.].; Dierckx, R.A.; Bax, ].J. Nitrate Administration Increases Blood Flow in Dysfunc-
tional but Viable Myocardium, Leading to Improved Assessment of Myocardial Viability: A PET Study. J. Nucl. Med. 2006, 47,
1307-1311.

Hobbs, D.A.; George, T.W.; Lovegrove, J.A. The Effects of Dietary Nitrate on Blood Pressure and Endothelial Function: A Review
of Human Intervention Studies. Nutr. Res. Rev. 2013, 26, 210-222. [CrossRef]

Ju,J.; Liu, Y,; Liang, H.; Yang, B. The Role of Pyroptosis in Endothelial Dysfunction Induced by Diseases. Front. Immunol. 2022,
13,1093985. [CrossRef]

Bondonno, C.P; Yang, X.; Croft, K.D.; Considine, M.].; Ward, N.C.; Rich, L.; Puddey, .B.; Swinny, E.; Mubarak, A.; Hodgson, ].M.
Flavonoid-Rich Apples and Nitrate-Rich Spinach Augment Nitric Oxide Status and Improve Endothelial Function in Healthy
Men and Women: A Randomized Controlled Trial. Free Radic. Biol. Med. 2012, 52, 95-102. [CrossRef]

Pekas, E.J.; Wooden, TK,; Yadav, S.K,; Park, S.-Y. Body Mass-Normalized Moderate Dose of Dietary Nitrate Intake Improves
Endothelial Function and Walking Capacity in Patients with Peripheral Artery Disease. Am. |. Physiol. Regul. Integr. Comp. Physiol.
2021, 321, R162-R173. [CrossRef]

Lbban, E.; Ashor, A.; Shannon, O.M.; Idris, I.; Siervo, M. Is Vitamin C a Booster of the Effects of Dietary Nitrate on Endothelial
Function? Physiologic Rationale and Implications for Research. Nutrition 2023, 109, 111995. [CrossRef] [PubMed]

Gielis, J.F; Lin, J.Y.; Wingler, K.; Van Schil, PE.Y.; Schmidt, H.H.; Moens, A.L. Pathogenetic Role of eNOS Uncoupling in
Cardiopulmonary Disorders. Free Radic. Biol. Med. 2011, 50, 765-776. [CrossRef]

Burnley-Hall, N.; Abdul, F.; Androshchuk, V.; Morris, K.; Ossei-Gerning, N.; Anderson, R.; Rees, D.A.; James, PE. Dietary Nitrate
Supplementation Reduces Circulating Platelet-Derived Extracellular Vesicles in Coronary Artery Disease Patients on Clopidogrel
Therapy: A Randomised, Double-Blind, Placebo-Controlled Study. Thromb. Haemost. 2018, 118, 112-122. [CrossRef] [PubMed]
Fernandes, D.; Khambata, R.S.; Massimo, G.; Ruivo, E.; Gee, L.C.; Foster, J.; Goddard, A.; Curtis, M.; Barnes, M.R.; Wade, W.G.;
et al. Local Delivery of Nitric Oxide Prevents Endothelial Dysfunction in Periodontitis. Pharmacol. Res. 2023, 188, 106616.
[CrossRef]

DesOrmeaux, G.J.; Petrick, H.L.; Brunetta, H.S.; Holloway, G.P. Independent of Mitochondrial Respiratory Function, Dietary
Nitrate Attenuates HFD-Induced Lipid Accumulation and Mitochondrial ROS Emission within the Liver. Am. ]. Physiol.
Endocrinol. Metab. 2021, 321, E217-E228. [CrossRef]

Ashmore, T.; Fernandez, B.O.; Branco-Price, C.; West, J.A.; Cowburn, A.S.; Heather, L.C.; Griffin, J.L.; Johnson, R.S.; Feelisch, M.;
Murray, A.J. Dietary Nitrate Increases Arginine Availability and Protects Mitochondrial Complex I and Energetics in the Hypoxic
Rat Heart. J. Physiol. 2014, 592, 4715-4731. [CrossRef]

Petrick, H.L.; Handy, R.M.; Vachon, B.; Frangos, S.M.; Holwerda, A.M.; Gijsen, A.P.; Senden, ].M.; van Loon, L.J.C.; Holloway,
G.P. Dietary Nitrate Preserves Mitochondrial Bioenergetics and Mitochondrial Protein Synthesis Rates during Short-Term
Immobilization in Mice. J. Physiol. 2023; ahead of print. [CrossRef]

Yang, Y;; Li, S.; Qu, Y.; Wang, X.; An, W.; Li, Z.; Han, Z.; Qin, L. Nitrate Partially Inhibits Lipopolysaccharide-Induced Inflammation
by Maintaining Mitochondrial Function. J. Int. Med. Res. 2020, 48, 0300060520902605. [CrossRef] [PubMed]

Zhang, H.; Gomez, A.M.; Wang, X.; Yan, Y.; Zheng, M.; Cheng, H. ROS Regulation of Microdomain Ca(2+) Signalling at the
Dyads. Cardiovasc. Res. 2013, 98, 248-258. [CrossRef]

Paolocci, N.; Saavedra, W.E; Miranda, K.M.; Martignani, C.; Isoda, T.; Hare, ].M.; Espey, M.G.; Fukuto, ].M.; Feelisch, M.;
Wink, D.A.; et al. Nitroxyl Anion Exerts Redox-Sensitive Positive Cardiac Inotropy in Vivo by Calcitonin Gene-Related Peptide
Signaling. Proc. Natl. Acad. Sci. USA 2001, 98, 10463-10468. [CrossRef]

Paolocci, N.; Katori, T.; Champion, H.C.; St John, M.E.; Miranda, K.M.; Fukuto, ].M.; Wink, D.A ; Kass, D.A. Positive Inotropic
and Lusitropic Effects of HNO/NO- in Failing Hearts: Independence from Beta-Adrenergic Signaling. Proc. Natl. Acad. Sci. USA
2003, 100, 5537-5542. [CrossRef]

Tocchetti, C.G.; Wang, W.; Froehlich, ].P.; Huke, S.; Aon, M.A.; Wilson, G.M.; Di Benedetto, G.; O'Rourke, B.; Gao, W.D.; Wink,
D.A.; et al. Nitroxyl Improves Cellular Heart Function by Directly Enhancing Cardiac Sarcoplasmic Reticulum Ca2+ Cycling.
Circ. Res. 2007, 100, 96-104. [CrossRef] [PubMed]

Gao, W.D.; Murray, C.I; Tian, Y.; Zhong, X.; DuMond, J.E; Shen, X.; Stanley, B.A.; Foster, D.B.; Wink, D.A_; King, S.B.; et al.
Nitroxyl-Mediated Disulfide Bond Formation between Cardiac Myofilament Cysteines Enhances Contractile Function. Circ. Res.
2012, 111, 1002-1011. [CrossRef]


https://doi.org/10.1097/CM9.0000000000000943
https://doi.org/10.1186/s12986-016-0094-x
https://www.ncbi.nlm.nih.gov/pubmed/27182277
https://doi.org/10.1017/S0954422413000188
https://doi.org/10.3389/fimmu.2022.1093985
https://doi.org/10.1016/j.freeradbiomed.2011.09.028
https://doi.org/10.1152/ajpregu.00121.2021
https://doi.org/10.1016/j.nut.2023.111995
https://www.ncbi.nlm.nih.gov/pubmed/36917872
https://doi.org/10.1016/j.freeradbiomed.2010.12.018
https://doi.org/10.1160/TH17-06-0394
https://www.ncbi.nlm.nih.gov/pubmed/29304531
https://doi.org/10.1016/j.phrs.2022.106616
https://doi.org/10.1152/ajpendo.00610.2020
https://doi.org/10.1113/jphysiol.2014.275263
https://doi.org/10.1113/JP284701
https://doi.org/10.1177/0300060520902605
https://www.ncbi.nlm.nih.gov/pubmed/32043404
https://doi.org/10.1093/cvr/cvt050
https://doi.org/10.1073/pnas.181191198
https://doi.org/10.1073/pnas.0937302100
https://doi.org/10.1161/01.RES.0000253904.53601.c9
https://www.ncbi.nlm.nih.gov/pubmed/17138943
https://doi.org/10.1161/CIRCRESAHA.112.270827

Biomolecules 2025, 15, 439 14 of 14

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

Petroff, M.G.; Kim, S.H.; Pepe, S.; Dessy, C.; Marbén, E.; Balligand, J.L.; Sollott, S.J. Endogenous Nitric Oxide Mechanisms Mediate
the Stretch Dependence of Ca2+ Release in Cardiomyocytes. Nat. Cell Biol. 2001, 3, 867-873. [CrossRef]

Swann, PF. Carcinogenic Risk from Nitrite, Nitrate and N-Nitrosamines in Food. Proc. R. Soc. Med. 1977, 70, 113-115. [PubMed]
Hezel, M.P; Liu, M.; Schiffer, T.A.; Larsen, FJ.; Checa, A.; Wheelock, C.E.; Carlstrom, M.; Lundberg, ].O.; Weitzberg, E. Effects of
Long-Term Dietary Nitrate Supplementation in Mice. Redox Biol. 2015, 5, 234-242. [CrossRef] [PubMed]

Xia, D.; Qu, X,; Tran, S.D.; Schmidt, L.L.; Qin, L.; Zhang, C.; Cui, X.; Deng, D.; Wang, S. Histological Characteristics Following a
Long-Term Nitrate-Rich Diet in Miniature Pigs with Parotid Atrophy. Int. ]. Clin. Exp. Pathol. 2015, 8, 6225-6234.

Sindelar, J.J.; Milkowski, A.L. Human Safety Controversies Surrounding Nitrate and Nitrite in the Diet. Nitric Oxide 2012, 26,
259-266. [CrossRef]

Clements, W.T.; Lee, S.-R.; Bloomer, R.J. Nitrate Ingestion: A Review of the Health and Physical Performance Effects. Nutrients
2014, 6, 5224-5264. [CrossRef]

Rohrmann, S.; Linseisen, J. Processed Meat: The Real Villain? Proc. Nutr. Soc. 2016, 75, 233-241. [CrossRef]

Moretti, C.H.; Schiffer, T.A.; Montenegro, M.E,; Larsen, E].; Tsarouhas, V.; Carlstréom, M.; Samakovlis, C.; Weitzberg, E.; Lundberg,
J.O. Dietary Nitrite Extends Lifespan and Prevents Age-Related Locomotor Decline in the Fruit Fly. Free Radic. Biol. Med. 2020,
160, 860-870. [CrossRef]

Carvalho, L.R.R.A.; Guimaraes, D.D.; Flor, A.F.L.; Leite, E.G.; Ruiz, C.R.; de Andrade, J.T.; Monteiro, M.M.O.; Balarini, C.M.;
de Lucena, R.B.; Sandrim, V.C.; et al. Effects of Chronic Dietary Nitrate Supplementation on Longevity, Vascular Function and
Cancer Incidence in Rats. Redox Biol. 2021, 48, 102209. [CrossRef] [PubMed]

Huang, S.H.; de Almeida, J.R.; Watson, E.; Glogauer, M.; Xu, W.; Keshavarzi, S.; O’Sullivan, B.; Ringash, J.; Hope, A_; Bayley, A,;
et al. Short-Term and Long-Term Unstimulated Saliva Flow Following Unilateral vs Bilateral Radiotherapy for Oropharyngeal
Carcinoma. Head Neck 2021, 43, 456-466. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/ncb1001-867
https://www.ncbi.nlm.nih.gov/pubmed/859806
https://doi.org/10.1016/j.redox.2015.05.004
https://www.ncbi.nlm.nih.gov/pubmed/26068891
https://doi.org/10.1016/j.niox.2012.03.011
https://doi.org/10.3390/nu6115224
https://doi.org/10.1017/S0029665115004255
https://doi.org/10.1016/j.freeradbiomed.2020.09.018
https://doi.org/10.1016/j.redox.2021.102209
https://www.ncbi.nlm.nih.gov/pubmed/34915448
https://doi.org/10.1002/hed.26496
https://www.ncbi.nlm.nih.gov/pubmed/33058305

	Introduction 
	Vegetal Nitrate Source 
	The Salivary-Gland-Mediated Recirculation of Nitrate 
	Protection and Mechanisms of Inorganic Nitrate on Cardiovascular Diseases 
	Blood Pressure Lowered by Nitrate-Rich Vegetables 
	Nitrate Supplementation Attenuates Heart Failure 
	Ischemia-Reperfusion Injury Alleviated by Nitrate–Nitrite–NO Pathway 
	Endothelial Dysfunction Improved by Inorganic Nitrate 
	Mitochondrial Reactive Oxygen Species (ROS) Inhibited by Dietary Nitrate 
	Reactive Nitrogen Species (RNS) and Cardiac Contractility 

	Safety of Nitrate-Rich Diet 
	Conclusions 
	Perspectives 
	References

