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ABSTRACT 

Recent years have seen a major shift in how the role of dietary nitrates is perceived, following extensive debate. 

Traditionally, low-nitrate diets were recommended due to epidemiological data linking nitrate-rich foods with 

cancer risk. However, newer research indicates that dietary nitrate, once converted to nitrite by oral microbiota, 

serves as a vital alternative source for nitric oxide (NO) production—a key molecule involved in regulating 

blood pressure, defending against pathogenic bacteria, and supporting a balanced gut and oral microbiome. 

This concise narrative review summarizes clinical and in vitro evidence highlighting the dual nature of dietary 

nitrates in systemic and oral health, and discusses how strategically incorporating nitrate-rich foods could offer 

novel, targeted approaches for managing caries and periodontal disease. 
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Introduction 
 

Nitrate (NO₃⁻) represents the oxidized form of nitric 

oxide (NO) and nitrite (NO₂⁻). As a component of soil, 

nitrate is vital for plant development, supplying 

nitrogen necessary for the synthesis of nitrogen-

containing amino acids. Plants absorb nitrate through 

their roots, which originates either from microbial 

decomposition of organic matter or from certain soil 

bacteria that convert atmospheric nitrogen into 

ammonia, nitrite, and nitrate. Because nitrate 

availability often limits plant growth, it is commonly 

supplemented in agricultural soils through nitrate-

based fertilizers [1–3]. 

Importance of the NO–NO₂–NO₃ cycle in human 

physiology 

The NO–NO₂–NO₃ metabolic cycle is closely linked to 

numerous critical physiological processes in humans. 

In 1998, Robert F. Furchgott, Louis J. Ignarro, and 

Ferid Murad received the Nobel Prize in Physiology for 

identifying nitric oxide (NO) as a signaling molecule 

within the cardiovascular system. They demonstrated 

that the key mechanism for regulating blood pressure 

is the relaxation of vascular smooth muscle cells, 

mediated by NO produced in the endothelium through 

the oxidation of L-arginine to L-citrulline by nitric 

oxide synthase (NOS) [4]. Humans express three NOS 

isoforms, all of which generate NO via this L-arginine 

pathway [5]: 

  Endothelial nitric oxide synthase (eNOS) 

eNOS is primarily found in endothelial cells but is also 

present in platelets, kidney epithelial cells, the 

placenta, and neurons. Its activity is mainly controlled 

by Ca²⁺-dependent binding to calmodulin, although 

Ca²⁺-independent pathways—such as fluid shear 

stress—also activate eNOS. Factors like plasma 

insulin, estrogen, and vascular endothelial growth 

factor (VEGF) can modulate eNOS activity. NO 

released by eNOS dilates blood vessels, inhibits 

platelet aggregation and adhesion, reduces MCP-1 
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synthesis, and prevents leukocyte adhesion to vessel 

walls [6, 7]. In individuals with cardiovascular disease 

or risk factors, eNOS-mediated NO production is often 

impaired, accompanied by increased reactive oxygen 

species from NADPH oxidase, which promotes NO 

degradation. Chronic oxidative stress in aging vessels 

can also lead to eNOS uncoupling, shifting its function 

from NO production to oxygen radical generation [8, 

9]. Dietary supplementation with ~3 g L-arginine daily 

has been shown to partially restore endothelial function 

in affected patients [10]. 

  Neuronal nitric oxide synthase (nNOS) 

nNOS is constitutively expressed in central and 

peripheral neurons and some other cell types. In the 

CNS, it supports synaptic plasticity, including long-

term potentiation and depression, which are essential 

for learning and memory. nNOS also contributes to 

central blood pressure regulation, as animal studies 

show that hypothalamic nNOS inhibition leads to 

systemic hypertension [11]. In the peripheral nervous 

system, nNOS regulates smooth muscle tone in 

intestinal motility, penile erection, and peripheral 

blood pressure through nitrergic nerve activity, all 

mediated by NO. Like eNOS, nNOS is regulated by 

Ca²⁺-dependent calmodulin binding. 

  Inducible nitric oxide synthase (iNOS) 

iNOS is expressed in various immune and other cells 

in response to pro-inflammatory cytokines, bacterial 

lipopolysaccharides, or tissue stress. Its activation 

leads to Ca²⁺-independent release of large NO 

quantities to destroy pathogens, tumor cells, or 

parasites through nitrosative stress. Unlike eNOS and 

nNOS, iNOS activity is not tightly regulated, and 

excessive activation can damage host tissues, 

contributing to periodontitis [12] and chronic 

inflammatory diseases such as cardiovascular disorders 

[13]. High levels of iNOS-derived NO entering 

circulation are a major trigger of septic shock [14]. 

Nitric oxide (NO) 

Nitric oxide is a highly reactive signaling molecule due 

to its unpaired electron, acting through multiple 

pathways. Primarily, NO binds to the heme group of 

soluble guanylyl cyclase, increasing intracellular cyclic 

guanosine monophosphate (cGMP), which mediates 

effects such as vasodilation, nerve signaling, 

mitochondrial biogenesis, and angiogenesis [15]. NO 

is extremely short-lived, with a half-life of 

milliseconds, and is rapidly oxidized to nitrate by 

oxyhemoglobin or to nitrite by ceruloplasmin [16]. 

Normal plasma nitrate levels range from 20–40 µM and 

nitrite from 50–300 nM, maintained via renal 

excretion. In severe systemic inflammation, these 

levels can rise due to massive iNOS induction, whereas 

cardiovascular diseases with endothelial dysfunction 

and impaired eNOS activity usually show reduced 

plasma nitrate and nitrite concentrations [17]. 

NOS-independent nitric oxide production from dietary 

nitrate 

For many years, it was assumed that NO production in 

humans occurred exclusively through NOS-mediated 

oxidation of L-arginine, with resulting plasma nitrate 

and nitrite considered mere byproducts without 

physiological significance. However, research over the 

past few decades has shown that NO availability is not 

solely dependent on NOS, but is also supported by an 

alternative pathway involving dietary nitrate and 

nitrite, particularly under acidic or hypoxic conditions 

[16]. Once ingested, dietary nitrate rapidly enters the 

bloodstream—approximately 75% is excreted via the 

kidneys, while 25% accumulates in the salivary glands 

at concentrations 20–100 times higher than in plasma 

[15]. Commensal bacteria on the tongue, such as 

Veillonella and Rothia species, possess nitrate 

reductases that convert salivary nitrate into nitrite for 

energy, reflecting a likely symbiotic relationship with 

the host [16]. 

Swallowed salivary nitrite is protonated by gastric acid 

to form nitrous acid (HNO₂), which subsequently 

decomposes into NO and other nitrogen oxides [18]. 

This NO formation is enhanced in the presence of 

antioxidants like ascorbic acid and polyphenols, 

abundant in fruits and vegetables. NO generated in the 

stomach improves mucosal blood flow and strengthens 

mucus barriers [16], while increased nitrite levels 

enhance the antimicrobial properties of gastric fluid 

[18, 19]. In vitro studies have demonstrated that 1 mM 

nitrite can effectively eliminate Helicobacter pylori, a 

bacterium linked to gastric ulcers and cancer [20]. In 

critically ill, intubation interrupts salivary nitrite 

delivery to the stomach, reducing intragastric NO 

formation and potentially promoting pathogen 

overgrowth and bacterial translocation, which may 

worsen patient prognosis [21]. 

Additionally, salivary nitrite in the acidic stomach 

environment facilitates the formation of S-

nitrosothiols, organic compounds containing nitroso 

groups on thiols [22], which play crucial roles in blood 

pressure regulation and are explored as 

antihypertensive agents [23]. S-nitrosohemoglobin in 

red blood cells releases NO under hypoxia, promoting 

vasodilation [24]. Unreacted salivary nitrite is 

eventually absorbed into the bloodstream as inorganic 

nitrite, providing an important NO source when 

oxygen-dependent NOS activity is limited. Elevated 
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plasma nitrite has protective effects during ischemia 

and reduces reperfusion injury in conditions such as 

myocardial infarction [16, 25]. A transient rise in 

nitrate and nitrite has also been observed in elite breath-

hold divers, counteracting hypoxia-induced oxidative 

stress during deep dives [26]. The pathways of the NO–

NO₂–NO₃ cycle are illustrated schematically in Figure 

1. 

 
Figure 1. Pathways of the NO-NO2-NO3 cycle. 

Dietary nitrate and oral health maintenance 

While the role of the oral microbiota in converting 

nitrate-rich foods into nitrite and NO has been 

recognized for years, it is only recently that the 

potential preventive and therapeutic effects of a nitrate-

rich diet have garnered attention from dental 

researchers. 

Effects of dietary nitrate on caries formation 

Salivary nitrite exhibits strong antibacterial activity, 

which intensifies under lower pH and can readily 

penetrate microbial biofilms [19]. Elevating salivary 

nitrite through nitrate-rich diets has therefore been 

proposed as a promising strategy for caries prevention. 

Scoffield et al. [27] studied nitrite effects in culture 

media containing Streptococcus mutans co-cultured 

with Streptococcus parasanguinis, finding a marked 

reduction in S. mutans growth and biofilm formation 

compared to controls without nitrite exposure. In an 

animal study, rats pre-inoculated with S. parasanguinis 

and given nitrite-supplemented water before S. mutans 

infection showed significantly fewer new carious 

lesions in enamel and dentin than control rats without 

nitrite supplementation. 

These findings are further supported by Hohensinn et 

al. [28], who reported that healthy volunteers 

consuming nitrate-rich beetroot juice showed 

significant increases in salivary NO₃⁻, NO₂⁻, and NO, 

along with a rise in mean salivary pH from 7.0 to 7.5. 

Similarly, Burleigh et al. [29] observed that male 

endurance athletes experienced less pH reduction in 

saliva after consuming carbohydrate-rich snacks when 

nitrate-rich beetroot juice was ingested concurrently. 

Huffines et al. [30] provided additional insights into 

salivary nitrate’s role in fostering a balanced, non-

cariogenic oral microbiome. Using a mixed in vitro 

biofilm model with S. parasanguinis, S. mutans, and 

Candida albicans, they found that S. parasanguinis was 

highly resistant to increased nitrosative stress and even 

amplified it through peroxide production, which 

converts to peroxynitrite in the presence of nitrite—a 

potent antibacterial agent. Conversely, S. mutans and 

C. albicans were highly susceptible to nitrosative 

stress, showing significant reductions in growth and 

biofilm formation. 

Despite these promising results, controlled clinical 

trials confirming the effectiveness of nitrate-rich diets 

in preventing caries are still lacking. 

Impact of dietary nitrate on gingivitis and periodontitis 

development 

Historically, periodontology research primarily 

focused on the role of iNOS activation in periodontal 

tissue destruction and strategies to control it [31, 32]. 

As discussed earlier, salivary nitrite levels may reflect 

the activity of nitrate-reducing oral bacteria or the local 

release of iNOS-derived NO and NO₂ from inflamed 

gingival and periodontal tissues. Consequently, several 

studies have investigated NO and NO₂ concentrations 

in gingival crevicular fluid and saliva as potential 

markers of periodontal health, with mixed results. 

Topcu et al. [33] found significantly higher nitrite 
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levels in the gingival fluid of patients with gingivitis 

compared to healthy individuals. In vitro, Hussain et al. 

[34] exposed oral keratocytes to supernatants from 

various oral microorganisms, including 

Aggregatibacter actinomycetemcomitans, 

Campylobacter rectus, Porphyromonas gingivalis, 

Streptococcus salivarius, and Candida albicans, and 

observed differing nitrite release by the keratocytes, 

with A. actinomycetemcomitans and C. rectus inducing 

the strongest responses. In a subsequent study [35], the 

same group reported that the number of iNOS- and 

adrenomedullin-expressing cells in inflamed gingiva 

was three times higher than in healthy tissue, and 

salivary NO and AM levels were markedly elevated in 

patients with aggressive periodontitis compared to 

those with chronic periodontitis or gingivitis. 

Differences in gingival crevicular fluid NO levels were 

also significant between these patient groups. Similar 

trends were observed in elderly Korean patients with 

periodontitis [36], although Aurer et al. [37] reported 

lower salivary NO and NO₂ levels in periodontitis 

cases. 

Only recently has the role of dietary nitrate in 

supporting periodontal health been investigated. In a 

controlled clinical trial, Jockel-Schneider et al. [38] 

examined the effect of daily consumption of a nitrate-

rich lettuce juice on chronic gingivitis in periodontitis 

patients undergoing regular aftercare. Participants 

consuming 200 mg of dietary nitrate daily for two 

weeks following professional mechanical plaque 

removal (PMPR) exhibited a 50% reduction in gingival 

inflammation compared to baseline. In contrast, 

controls consuming nitrate-depleted lettuce juice 

showed only minimal, non-significant improvement. 

Whole-genome sequencing of periodontal pocket 

microbiota revealed a significant shift in bacterial 

composition in the nitrate-supplemented group: 

inflammation-associated genera such as Treponema 

and Prevotella decreased, while health-associated 

genera like Rothia and Neisseria increased. In the 

control group, microbiota composition remained 

largely unchanged despite PMPR, indicating that 

mechanical plaque removal alone may only address 

symptoms, whereas dietary nitrate can contribute to 

resolving dysbiosis and suppressing pathogenic oral 

bacteria [39]. 

These findings are partially supported by Woelber et 

al. [40], who reported that a diet rich in omega-3 fatty 

acids, antioxidants, and dietary nitrate reduced 

gingivitis in participants previously consuming a 

Western diet high in processed carbohydrates. 

However, the study combined multiple anti-

inflammatory nutrients, making it difficult to isolate 

the specific contribution of nitrate. Despite promising 

preliminary evidence for the role of high-nitrate diets 

in preventing and mitigating periodontal inflammation, 

further research from larger controlled trials is required 

to confirm these effects. 

Impact of oral antiseptics on salivary nitrite levels 

In many industrialized nations, antibacterial 

mouthwashes are commonly used alongside daily 

toothbrushing. However, indiscriminate long-term use 

of oral antiseptics can be problematic, as they not only 

suppress pathogenic bacteria but may also disrupt 

beneficial oral microbes, including nitrate-reducing 

bacteria on the tongue. Kapil et al. [41] demonstrated 

that using a chlorhexidine-based mouthwash inhibited 

microbial nitrate reduction and led to a significant rise 

in systolic blood pressure in healthy young adults. 

Similar results have been confirmed by other studies 

[42], and epidemiological surveys have linked frequent 

mouthwash use to higher rates of hypertension [43] and 

type 2 diabetes [44], likely because dietary nitrate plays 

a key role in modulating insulin resistance in obese and 

metabolic syndrome patients [45, 46]. Therefore, while 

chlorhexidine and other proven antiseptics are 

generally considered safe, current guidelines 

recommend their use only as adjuncts to mechanical 

plaque control, for specific indications and limited 

durations [47, 48]. 

Nitrate-rich vegetables 

Vegetables high in nitrate include common varieties 

such as lettuce, rocket, chard, spinach, cabbage, radish, 

and beetroot (Figure 2). Nitrate content varies not only 

by plant type but also by factors such as fertilization, 

season, geographic location, and even the time of day 

of harvest [49]. This is because sunlight drives 

photosynthesis, which not only reduces carbon dioxide 

but also consumes inorganic nitrate absorbed from the 

soil [50]; consequently, nitrate accumulates in plants 

overnight and is utilized during the day, making it 

difficult for farmers to consistently standardize nitrate 

levels in harvested produce. Cooking or frying can 

further alter nitrate content [51], so intake from raw 

vegetables can only be roughly estimated using 

reference tables [49]. More precise monitoring of 

nitrate consumption requires either processed 

vegetables with defined nitrate content, as in Jockel-

Schneider et al. [38], or direct measurement of salivary 

nitrite, which rises after nitrate-rich meals due to the 

activity of oral nitrate-reducing bacteria. Salivary 

nitrite testing is easily performed using commercially 

available strips, popular among athletes, since nitrate-

rich diets can enhance endurance and high-intensity 

performance by improving coronary and muscular 

blood flow [52, 53]. 
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Figure 2. Common nitrate-rich vegetables. 

Diet and oral health—historical perspectives 

The role of malnutrition and nutrient-poor diets in 

promoting bacterial dysbiosis and the development of 

caries and periodontal disease is further supported by 

findings from a unique archaeological study. 

Researchers examined human skulls from the late 

Neolithic to the early Industrial Revolution, assessing 

dental health and recovering microbial DNA from 

dental calculus [54]. Whole-genome sequencing 

allowed identification of specific microbial species and 

analysis of microbial diversity. The study linked the 

emergence of widespread caries and periodontal 

disease to the shift from a hunter-gatherer to an 

agricultural lifestyle. Hunter-gatherers consumed a 

highly varied diet that not only supported overall health 

but also provided substrates for a diverse, health-

promoting oral microbiota. In contrast, the move to 

sedentary farming at the end of the Neolithic led to 

reduced dietary diversity, decreased oral microbial 

diversity, and a dysbiotic environment favoring 

disease-causing bacteria, contributing to periodontal 

disease. Comparisons of medieval dental calculus with 

samples from the Industrial Revolution showed further 

reductions in microbial diversity and widespread 

colonization by cariogenic bacteria, likely due to 

increased refined sugar consumption, which 

accelerated oral health deterioration. Although not 

directly assessed in the study, the regular intake of wild 

edible plants by hunter-gatherers likely supplied 

substantial dietary nitrate, as many wild plants 

naturally contain high nitrate levels [55]. 

Controversies surrounding the effects of dietary nitrate 

on general health 

The evidence reviewed thus far highlights the 

important physiological role of dietary nitrate (NO₃⁻) 

in supporting microbial balance and maintaining oral 

and systemic health; however, NO, NO₂, and NO₃ are 

inherently ambivalent molecules. While essential for 

normal physiological function, they can act as toxic 

agents when released by host defense cells during 

inflammation. In many countries, legal limits for 

nitrate and nitrite in drinking water have been 

established to prevent methemoglobinemia in 

newborns, as fetal hemoglobin is particularly 

vulnerable to oxidation by NO₂ due to a transient 

deficiency of methemoglobin reductase, which can 

lead to cyanosis [55]. Although contaminated water is 

an unlikely cause in industrialized nations, 

consumption of nitrate-rich foods contaminated with 

bacteria may still pose a risk to infants [56]. 

Another safety concern highlighted by toxicological 

and epidemiological studies is the potential formation 

of carcinogenic compounds following ingestion of 

nitrate-rich foods or water [57]. Epidemiological data 

have linked frequent consumption of processed 

meats—such as ham, bacon, salami, and hot dogs, 

often cured with nitrite- and nitrate-containing salts—

to an increased cancer risk [58]; however, this 

association remains debated and has not been 

definitively confirmed in recent meta-analyses [59]. In 

the stomach, ingested nitrite can form reactive nitrosyl 

(NO⁻) species under acidic conditions, which may react 

with biogenic amines from meat to produce 

carcinogenic nitrosamines. Yet, the clinical relevance 

of this pathway is questioned, as even in high red meat-

consuming countries like Australia, only about 1% of 

total nitrate intake comes from processed meats, while 

over 80% is derived from vegetables [60]. Moreover, 

frequent consumption of nitrate-rich leafy greens is 

actually inversely associated with cancer risk [61, 62]. 

Thus, while the cancer-related effects of nitrates in 

processed meats remain debated, regular consumption 

of fresh nitrate-rich vegetables is generally considered 

safe. According to the European Food Safety Authority 

(EFSA), a daily intake of more than 400 g of mixed 

vegetables does not exceed the Acceptable Daily 

Intake (ADI) of 222 mg NO₃⁻, as established by 

WHO/FAO for a 60 kg adult [49]. It is important to 

note that the ADI does not indicate a toxicity threshold 

but represents a level that can be consumed daily over 

a lifetime without significant health risks. 

Dietary nitrates—clinical practice considerations 

Although dietary deficiencies are recognized as 

significant contributors to the deterioration of systemic 

and oral health, current evidence-based guidelines for 

periodontal therapy do not emphasize targeted 

nutritional counseling. This is likely due to the limited 

long-term controlled clinical trial data demonstrating 

the efficacy of dietary interventions [63], while 

established mechanical plaque control methods are 
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well-supported and effectively limit disease 

progression in most patients [48]. Additionally, 

achieving lasting changes in patients’ unhealthy dietary 

habits can be challenging, as indicated by a systematic 

review on long-term compliance with dietary 

recommendations among individuals with 

hypertension [64]. Nonetheless, in cases of severe 

caries or advanced periodontitis, particularly when 

accompanied by chronic systemic inflammation, 

mechanical plaque control alone may be insufficient, 

and addressing dietary deficiencies as an adjunct 

strategy can enhance disease management. 

Conclusion 

Dietary nitrate serves as a vital alternative source for 

nitric oxide, a critical signaling molecule involved in 

numerous essential physiological processes, including 

the maintenance of a health-promoting balance 

between the human microbiota and its host. Evidence 

from controlled clinical trials indicates that 

incorporating a varied, nitrate-rich diet as an adjunct to 

conventional therapeutic and preventive approaches 

may support the restoration and stabilization of oral 

health and microbial eubiosis. 
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