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The human microbiome refers to the genomic content of microorganisms

inhabiting the human body, including the lungs, oral cavity, intestinal tract,

esophagus, and other areas. The human oral microbiota is a diverse and

complex ecosystem that includes bacteria, microeukaryotes, archaea, and

viruses. These communities have a highly structured biogeography resulting

from the various microenvironments in the oral cavity, shaping local metabolic

exchange. Dietary nitrate (NO3
-) is an ion naturally present in vegetables,

especially leafy greens. When consumed, it leads to the production of nitric

oxide (NO). This bioactive molecule benefits bodily functions like host defense

and neuronal communication and improves vascular and metabolic health.

Dietary NO3
- is reduced to NO via the nitrate-nitrite-NO pathway, facilitated

by nitrate-reducing bacteria inside the oral cavity. NO has a leading role in

different types of diseases, including cancer, cardiovascular disease, and

diabetes. The bioavailability of NO is greatly enhanced by the activity of

bacteria residing in the mouth, which reduces NO3
-to NO2

- and increases the

concentration of circulating NO2
-. NO is the key to causing different

malignancies, including gastrointestinal cancers. NO can cause cell death by

inducing DNA damage and anti-apoptotic signaling pathways. Low to moderate

levels of NO derived from tumors can activate angiogenesis and promote an

invasive phenotype, while high levels of NO may have an anti-tumor effect in

protecting against cancer. In this review, we intend to discuss the human

microbiome, dietary NO3
-consumption, the vital role of NO in the human

body, types of cancers, and treatments based on it.
KEYWORDS

nitric oxide, dietary nitrate, nitrite (NONO2
-), nitrate (NO3

-), oral microbiome,
microbiota, gastrointestinal cancers, iNOS
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1 Introduction

The human microbiome refers to the diverse microbial

communities and their collective genetic material that inhabit

various regions of the human body (Morrison et al., 2023). These

microbial residents, encompassing bacteria, fungi, viruses, and

archaea, inhabit a variety of anatomical niches, including the

lungs, oral cavity, intestinal tract, esophagus, and skin. Each

locale nurtures its distinct microbial community, meticulously

sculpted by environmental factors such as pH, oxygen levels, and

nutrient availability. Far from being passive occupants, these

microorganisms are active participants in our physiology, playing

critical roles in digestion, immune regulation, and defense against

pathogens (Kozak and Pawlik, 2023; Morrison et al., 2023).

The human microbiome occupies specific anatomical niches

and significantly impacts essential physiological processes, such as

immune regulation, metabolic function, and homeostasis

maintenance. The gut microbiota interacts with the host immune

system, promoting the development and maturation of immune

responses and affecting susceptibility to inflammatory and

autoimmune diseases (Belkaid and Hand, 2014). Microbiota-

driven metabolism plays a crucial role in nutrient digestion,

energy balance, and metabolic signaling pathways, influencing

metabolic health and contributing to conditions like obesity and

type 2 diabetes (Fan and Pedersen, 2021). Microbiota-derived

signals are crucial for maintaining physiological homeostasis, as

demonstrated by their role in regulating barrier integrity and local

immune tolerance at mucosal surfaces (Thaiss et al., 2016). The

functional impact of the microbiome significantly surpasses its

compositional diversity across various body sites, highlighting its

importance in both health and disease.

The tongue, teeth, gums, and salivary glands each harbor

unique microbial populations, engaged in complex metabolic

interactions reflective of their specific microenvironments

(Arweiler and Netuschil, 2016)., This dynamic ecosystem is

shaped by an array of influences, including diet, oral hygiene

practices, age, genetics, and overall health status. Beyond its role

as a sentinel of oral well-being, the oral microbiome exerts systemic

effects, with recent studies implicating it in conditions extending

well beyond the mouth, including oncological processes (Schwartz

et al., 2021; Wade, 2021).

A remarkable nexus between the oral microbiome and systemic

health emerges through the metabolism of dietary nitrates (NO3
-),

naturally occurring compounds plentiful in vegetables like spinach,

beets, and leafy greens. Upon ingestion, these NO3
- initiate an

elegant biochemical cascade that culminates in the production of

NO, a molecule of profound physiological importance. NO serves as

a multifaceted signaling agent, renowned for its contributions to

vasodilation, neurotransmission, and immune response. Yet, in the

realm of cancer, NO exhibits a striking duality: it may either foster

tumor progression or suppress malignancy, a behavior contingent

upon its concentration, exposure duration, and the surrounding

biological context (Hezel and Weitzberg, 2015; Bedale et al., 2016;

Bryan et al., 2022; Morou-Bermúdez et al., 2022; Moran et al., 2024;

Olas, 2024; Luetic et al., 2025).
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Importantly, this microbiome-mediated conversion of dietary

NO3
- to NO2

- and NO has significant implications for cancer

pathogenesis, particularly in the gastrointestinal tract. NO2
-,

produced by oral bacteria such as Veillonella and Rothia, can lead

to the formation of carcinogenic nitrosamines in the acidic stomach

environment, increasing the risk of gastric cancer (Figure 1).

Similarly, in esophageal cancer, the reflux of NO2
-rich gastric

contents contributes to nitrosative stress and DNA damage in the

esophageal epithelium (Lundberg et al., 2008a; Hyde et al., 2014). In

colorectal cancer (CRC), NO2
- from swallowed saliva, along with

translocated oral bacteria like Fusobacterium nucleatum, can

influence the colonic microenvironment, potentially modulating

tumor progression through NO-mediated signaling. Even in

cancers outside the gastrointestinal tract, such as pancreatic

cancer and glioblastoma, systemic NO levels, partly derived from

microbiome-mediated NO3
-metabolism, may play a role (Hyde

et al., 2014). Thus, the oral microbiome serves as a critical link

between dietary NO3
-intake, NO production, and cancer risk, with

dysbiosis, a condition known as the repercussions can be significant,

potentially altering the abundance or activity of NO2
-producing

bacteria and affecting tumorigenesis (Hezel and Weitzberg, 2015;

Blekkenhorst et al., 2018; Khan et al., 2020).

NO’s dualistic nature, capable of either promoting or inhibiting

tumorigenesis, renders it a focal point in oncological research

(Korde Choudhari et al., 2013; Kandalai et al., 2023). At modest

concentrations, NO may drive carcinogenesis by enhancing

angiogenesis, suppressing programmed cell death (apoptosis), and

fostering an invasive tumor phenotype. At elevated levels, NO can

inflict DNA damage, exert cytotoxic effects, and mobilize immune-

mediated tumor suppression. This behavior positions the oral

microbiome, via its modulation of NO synthesis, as a potential

influencer of cancer risk and progression, particularly in

gastrointestinal malignancies where microbially derived NO

exerts its most immediate effects (Kamm et al., 2019; Król and

Kepinska, 2020; Mintz et al., 2021). In this exploration, we will

undertake a thorough examination of the human microbiome, with

a special emphasis on the oral cavity and its pivotal role in

mediating the effects of dietary NO3
- on NO production. We will

probe the multifaceted roles of NO in health and disease, with a

keen focus on its implications for cancer pathogenesis, particularly

within the gastrointestinal tract. Additionally, assess emerging NO-

based therapeutic modalities, ranging from NO donors to

immunomodulatory agents, and their promise in augmenting

existing cancer therapies. By illuminating these intricate

relationships, aim to deepen our grasp of cancer biology and

catalyze the development of transformative approaches to

patient care.
2 Dietary nitrate consumption

NO3
- and NO2

- are ubiquitous chemical compounds naturally

present in a wide array of dietary sources, including vegetables,

fruits, processed foods, drinking water, and also serve as food

additives in certain products. Vegetables constitute the primary
frontiersin.org
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source of dietary NO3
-, accounting for approximately 80–90% of

intake in most populations (Hord et al., 2009). Among these, leafy

greens such as spinach, arugula, lettuce, Swiss chard, and celery are

notably rich, frequently containing NO3
-concentrations exceeding

2500 mg kg-¹ fresh weight (Luetic et al., 2025). Root vegetables,

including beetroot, and cruciferous vegetables like cabbage and

broccoli also contribute substantial amounts, with levels influenced

by soil composition, irrigation, and agricultural practices, such as

the application of nitrogen-based fertilizers.

Fruits, while less nitrate-dense than vegetables, are noteworthy

contributors to dietary intake. Apples, pears, grapes, berries,

bananas, melons, and stone fruits typically contain NO3
- in the

range of 10–100 mg kg (Colla et al., 2018; Olas, 2024). Additional

sources include grains, pod vegetables, mushrooms, onions, and

garlic, which harbor lower but detectable NO3
-levels, which are

integral to a balanced diet, and are valued not only for their NO3
-

content but also for their provision of essential vitamins, minerals,

and antioxidants (Bedale et al., 2016; Ferysiuk and Wójciak, 2020).

NO2
-s, by contrast, are less prevalent in fresh produce but are

commonly introduced through processed foods, particularly cured

meats such as bacon, sausages, and ham. In these products, sodium
Frontiers in Cellular and Infection Microbiology 03
or potassium NO2
- is employed as a preservative to enhance color,

flavor, and microbial stability (Ferysiuk and Wójciak, 2020).

Certain vegetables, including spinach and celery, also contain

naturally occurring NO2
-s, though in smaller quantities (Luetic

et al., 2023). Drinking water represents another source of both NO3
-

and NO2
-s, with concentrations varying based on geological factors

and agricultural runoff, though regulatory standards aim to limit

exposure (Ward et al., 2018).

The dietary intake of NO3
- and NO2

- reflects regional and

cultural dietary patterns. In Western diets, adults typically consume

50–150 mg of NO3
- daily, predominantly from vegetables, while

NO2
- intake is lower, ranging from 0.1–10 mg, largely from

processed meats and water (Song et al., 2015; Srour et al., 2023).

Preparation methods further influence NO3
-content: boiling, for

instance, can reduce vegetable NO3
-levels by 20–50%, whereas fresh

or minimally processed produce retains higher concentrations (Tiso

and Schechter, 2015).

Moreover, additional biological and dietary aspects could

influence how NO3
-, NO2

-s, and their associated chemicals affect

the body. Some oral bacteria strains have been found to convert

NO3
-present in meals to NO2

- (Tiso and Schechter, 2015). For
FIGURE 1

Schematic illustrating the role of dietary NO3
- in nitrogen cycle and oral microbiota in metabolizing dietary NO3

- into NO2
- and NO, highlighting

specific bacterial species involved.
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example, certain species of Veillonella or Rothia, located on the back

of the tongue, use saliva NO3
-as an energy source and convert it into

NO2
- (Lundberg et al., 2008b).

Researchers discovered that eating foods high in NO3
- was

linked to a lower risk of gastric cancer and that eating foods high in

NO2
- and NDMA was linked to an increased risk of cancer (Song

et al., 2015).

When NO2
- comes into contact with the stomach’s highly acidic

secretions, they are transformed into nitrous acid, which interacts

with amines to create nitrosamines (Kobayashi et al., 2015).

Generally speaking, dietary NO2
-, the primary nitrosating agent

acquired from meals and reduction of salivary NO3
-, is catalyzed in

the acidic stomach to form NO-related compounds, such as S-

nitroso, N-nitroso, O-nitroso compounds, and NO (Gago et al.,

2008; Pinheiro et al., 2015). According to reports, nitrosamines can

cause esophageal, gastric, and colon cancers (Park et al., 2015;

Bedale et al., 2016; Alaei et al., 2021).

Eating foods rich in NO3
- and NO2

-s, particularly animal

sources, has been linked to an increased risk of cancer, including

breast, gastric, renal cell, adult glioma, colorectal, esophageal, and

thyroid cancers. Such foods contain high levels of amines and

amides, as well as heme iron, which may promote the production of

endogenous N-nitroso compounds, thus contributing to cancer risk

(Karwowska and Kononiuk, 2020). Also, some data point to a

possible connection between CRC and NO3
- in drinking water

(Schullehner et al., 2018; Temkin et al., 2019). This is due to the

conversion of NO3
- into carcinogenic N-nitroso compounds

(Schullehner et al., 2018). Thus, eating vegetables(consumption of

NO3
-) is seen as a component of a healthy diet for people, whereas

increased consumption of NO2
- and NDMA seems to be a risk

factor for cancer (Song et al., 2015).
3 Nitric oxide production pathway

NO production begins with the substrate L-arginine, which is

converted to NO and L-citrulline by the enzyme NO synthase (NOS).

This reaction occurs within different cells, such as endothelial cells,

neurons, andmacrophages (Figure 1). The enzymeNOSexists in three

isoforms: endothelial (eNOS), neuronal (nNOS), and inducible

(iNOS). Each of these isoforms is involved in a physiological

process, including vascular homeostasis, neurotransmission, and

immunological defense mechanisms.

Further, the NO produced via this pathway exerts its effects by

stimulating guanylate cyclase, leading to increased levels of cyclic

guanosine monophosphate (cGMP). This molecule acts as a

secondary messenger, resulting in various physiological responses

such as vasodilation and inhibition of platelet aggregation. Thus, the

L-arginine-NO pathway plays a vital role in maintaining

physiological homeostasis (Gonzalez et al., 2025). Endothelial

cells, which are critical for NO production through endothelial

eNOS, do not play a direct role in the oxidation of NO2
- to NO3

-

under physiological conditions. eNOS catalyzes the conversion of L-

arginine to NO and L-citrulline, and the NO produced can be

oxidized to NO2
- in plasma or further to NO3

-by oxyhemoglobin
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(HbO2) in erythrocytes (Ignarro, 1990). However, there is no

evidence that endothelial cells themselves possess the enzymatic

machinery to oxidize NO2
- to NO3

-. Instead, endothelial cells may

contribute indirectly to NO2
- dynamics by generating NO, which is

then metabolized in the bloodstream to form NO2
- and NO3

-.

In certain contexts, such as hypoxia, endothelial cells can reduce

NO2
- to NO, mediated by enzymes like xanthine oxidoreductase or

eNOS acting as a NO2
- reductase, enhancing local NO

bioavailability (Su et al., 2020). Under inflammatory conditions,

endothelial cells may express enzymes like myeloperoxidase, which

could theoretically oxidize NO2
-, but this is not a primary function

and occurs mainly in pathological states (Pacher et al., 2007). Thus,

while endothelial cells are integral to NO synthesis and NO2
-

reduction, their role in NO2
- oxidation is negligible, with HbO2 in

the blood serving as the dominant mediator.

This distinction is relevant to cancer biology, as the balance

between NO2
- and NO3

-levels influences the availability of

substrates for the NO3
-NO2

-NO pathway, potentially affecting

tumor microenvironments. For instance, excessive NO2
-

accumulation due to dysregulated metabolism could contribute to

nitrosative stress, promoting DNA damage in gastrointestinal

cancers (Lundberg et al., 2008a).
3.1 Nitric oxide generation from dietary
nitrate

The generation of NO from dietary NO3
- represents a critical

metabolic pathway mediated by the oral microbiome and

gastrointestinal environment. Dietary NO3
-, from vegetables, is

ingested and absorbed into the bloodstream (Keller et al., 2020;

Liu et al., 2020), where they are concentrated in saliva by the

salivary glands (Figure 1). In the oral cavity, facultative anaerobic

bacteria, notably Veillonella and Rothia species, reduce NO3
- to

NO2
- through enzymatic activity. These bacteria, residing

predominantly on the tongue, utilize NO3
-as an electron acceptor,

producing NO2
- as a metabolic byproduct, as NO, and other

reactive nitrogen oxides. NO2
- can also be converted into NO and

other bioactive nitrogen oxides in the blood and tissues by

enzymatic and nonenzymatic mechanisms. Interestingly, these

mechanisms are accelerated under hypoxic and acidic conditions

when oxygen-dependent NOS enzymes may not function properly.

Therefore, the NO3
-NO2

-NO pathway is considered a backup

system that ensures NO bioactivity when there is low NOS output

(Lundberg and Weitzberg, 2022).

Following its production, NO is a highly reactive molecule that

undergoes rapid metabolism in the body, with one of its primary

fates being oxidation to NO3
-. This process is predominantly

mediated by oxyheme-containing proteins, such as (HbO2 in red

blood cells and oxymyoglobin in muscle tissues. These proteins,

which contain heme groups with iron in the ferrous (Fe²+) state

bound to oxygen, facilitate the oxidation of NO to NO3
-through a

series of biochemical reactions (Ignarro, 1990).

In the bloodstream, HbO2, is the primary mediator of NO

oxidation. NO reacts with oxyhemoglobin to form methemoglobin
frontiersin.org
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(where the heme iron is oxidized to Fe³+) and NO3
-, as described by

the reaction:

NO +HbO2 → metHb + NO−
3

This reaction occurs rapidly in the vascular compartment,

particularly in erythrocytes, ensuring that NO is efficiently

converted to NO3
-, which is then excreted in urine or recycled

through the NO3
-NO2

-NO pathway. The high concentration of

HbO2 in blood (approximately 10 mM heme) makes this a

dominant pathway for NO clearance in the systemic circulation,

preventing excessive NO accumulation that could lead to

cytotoxicity or vasodilation (Ignarro, 1990).

In tissues, particularly skeletal and cardiac muscle, HbO2 plays a

similar role. NO reacts with HbO2 to produce NO3
-and

metmyoglobin, effectively regulating NO levels in these oxygen-

rich environments. This process is especially relevant in tissues with

high metabolic activity, where NO produced by endothelial or

inducible iNOS must be tightly controlled to maintain

homeostasis (Shiva, 2013).

Additionally, NO can be oxidized to NO3
- in other oxygen-rich

environments, such as the lungs, where inhaled oxygen or Reactive

oxygen species (ROS) may contribute to non-enzymatic oxidation.

However, the oxyheme-mediated pathway remains the primary

mechanism due to its efficiency and prevalence (Lundberg et al.,

2008a). The resulting NO3
-is either excreted by the kidneys or

concentrated in saliva by the salivary glands, re-entering the NO3
-

NO2
-NO pathway, thus completing a cyclical process that integrates

dietary NO3
- metabolism with endogenous NO turnover.

This oxidation process has implications for cancer biology, as

NO3
- levels in the body, whether derived from dietary sources or NO

metabolism, can influence the availability of substrates for the NO3
-

NO2
-NO pathway, potentially modulating tumor microenvironment

dynamics. For instance, excessiveNO3
-production fromNOoxidation

indysbiotic conditions could amplify nitrosative stress, contributing to

DNA damage and carcinogenesis, particularly in gastrointestinal

cancers (Khan et al., 2020).
4 Characteristics of the oral
microbiota in carcinogenesis

The oral microbiota, a complex community of over 700

microbial species including bacteria, fungi, viruses, and protozoa,

plays a critical role in metabolizing dietary NO3
- into NO, as

outlined in the preceding section (Caselli et al., 2020; Tuominen

and Rautava, 2021), is shaped by various factors, such as dietary

habits, oral hygiene practices, the host’s immune response, systemic

health conditions, and the use of medications. The composition of

microbial communities is significantly influenced by diet, which

affects nutrient availability and pH levels (Wade, 2013). The

immune system, especially innate immunity and mucosal

defenses, regulates microbial balance and prevents the overgrowth

of pathogenic species (Belkaid and Hand, 2014). Systemic diseases,

including diabetes and autoimmune disorders, can disturb

microbial balance and lead to oral dysbiosis (Lamont and
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Hajishengallis, 2015). Furthermore, antimicrobial drug

treatments, particularly broad-spectrum antibiotics, may diminish

microbial diversity and facilitate the growth of opportunistic

pathogens (Bhalodi et al., 2019). Age and hormonal changes

influence the composition of oral microbiota over time

(Huttenhower et al., 2012; Lloyd-Price et al., 2016). Beyond its

contribution to NO production via the NO3
-NO2

-NO pathway, the

oral microbiota is increasingly recognized for its role in

carcinogenesis, particularly in oral, esophageal, gastric, and

colorectal cancers, where dysbiosis may amplify NO-related

oncogenic processes (Figure 2) (Lundberg et al., 2008a; Pennisi

et al., 2017; Zhang et al., 2018; Cali et al., 2019; Sun et al., 2020).

Dysbiosis of the oral microbiota can significantly affect the host’s

metabolism and immune system and lead to local and systemic

disorders such as systemic lupus erythematosus and cancers such as

squamous cell carcinoma (SCC) which, in this situation, excessive

NO production can lead to nitrosative stress, causing DNA damage

and tumor initiation. This mechanism is particularly relevant in

esophageal cancer, which affects 604,100 individuals annually

(Lamont and Hajishengallis, 2015; Helmink et al., 2019; Li et al.,

2020; Sarkar et al., 2021). For instance, one of the risk factors for

oral squamous cell carcinomas (OSCC), a subgroup of head and

neck (SCC) (Tandon et al., 2017; Bray et al., 2018) is homeostasis

dysregulation. Due to the possibility that bacteria may encourage

inflammation, cell proliferation, and the production of some

oncogenic substances, several species, including Capnocytophaga

gingivalis, Fusobacterium sp, Streptococcus sp, Peptostreptococcus

sp, Porphyromonas gingivalis, and Prevotella sp, have been strongly

correlated with oral carcinoma (Karpiński, 2019). Porphyromonas

gingivalis, Fusobacterium nucleatum, Treponema denticola, and

Streptococcus anginosus, four common oral cavity residents, have

been identified as probable causative agents of OSCC (Zhang

et al., 2019).

The findings show that six families (Prevotellaceae,

Fusobacteriaceae, Flavobacteriaceae, Lachnospiraceae,

Peptostreptococcaceae, and Campylobacteraceae) and 13 genera,

including Porphyromonas, Alloprevotella, and Fusobacterium, are

enriched in cancer tissues. Also, Fusobacterium nucleatum,

Prevotella intermedia, Aggregatibacter segnis, Capnocytophaga

leadbetteri, Peptostreptococcus stomatis, and five additional species

have significantly higher abundances at the species level, indicating

a probable link between these bacteria and OSCC (Zhang

et al., 2019).

Esophageal adenocarcinoma (EAC) and esophageal squamous

cell carcinoma (ESCC) are the two primary histological forms of

esophageal cancer (Figure 2) (Kelly, 2019) (Uhlenhopp et al., 2020;

Sung et al., 2021).

Fusobacterium nucleatum has been demonstrated to promote

CRC in experimental tests by producing chemokines and activating

the E-cadherin/b-catenin signaling pathway via its FadA adhesin

(Figure 2) (Rubinstein et al., 2013; Franzosa et al., 2014; Ferlay et al.,

2015; Derakhshankhah et al., 2017; Douaiher et al., 2017; Siegel

et al., 2020; Uchino et al., 2021) (Pignatelli et al., 2021) (Sun et al.,

2017). IL-8 and growth-related oncogene (GRO), two CXC-

chemokine genes, are expressed in cultured epithelial cells by
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viable Streptococcus anginosus isolated from esophageal cancer

tissues (GRO) (Narikiyo et al., 2004). Also, the presence of

Streptococcus anginosus has been documented in tissues from

esophageal cancer, gastric cancer, dysplasia of the esophagus, and

head and neck squamous cell carcinomas. These indicate that

Streptococcus anginosus is involved in the carcinogenic process

(Sasaki et al., 1998; Tateda et al., 2000).

Besides oral cancer correlated with oral cavity microbiome, the

fourth most prevalent cancer in the world, and the fifth most

frequently diagnosed malignancy in gastric cancer, which is

associated with oral cavity microbiome, has been correlated with

poor oral health (Ndegwa et al., 2018; Sung et al., 2021). The

development of gastric cancer and the oral microbiome have been

linked. Streptococcus salivarius was the first bacterium found in

gastric tumors (Ijyuuin and Umehara, 2012). Based on the studies

conducted about the oral microbiome and gastric cancer, it has been

found that the microbial abundance of Tenericutes, M. orale,
Frontiers in Cellular and Infection Microbiology 06
E. yurii, and Cutibacterium decreases. In contrast, the abundance

of Betaproteobacteria, Neisseriales, Neisseriaceae, N. mucosa, and

P. pleuritidis increases (Yang et al., 2022). In a recent study

conducted in the United States, the prevalence of periodontal

pathogens was compared in samples of dental plaque and saliva

from 35 patients with precancerous gastric lesions and 70 controls.

They discovered precancerous gastric lesions were more likely to

develop when Tannerella forsythia, Treponema denticola, and

Actinobacillus actinomycetemcomitans loads were present (Sun

et al., 2017).

Maintaining oral microbial balance through rigorous hygiene

practices, such as regular brushing and tongue cleaning, may reduce

pathogenic bacterial loads and modulate NO production,

potentially lowering cancer risk (Tanda et al., 2019). The oral

microbiota ’s dual role in NO generation and dysbiosis

underscores its significance in carcinogenesis, particularly in the

context of dietary NO3
-metabolism, and highlights the need for
FIGURE 2

Various cancers-associated bacteria are depicted, which intricate interplay between these microorganisms and NO signaling pathways may affect
cancer development and progression.
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further research into its mechanistic contributions to

cancer development.
5 Resilience and composition of oral
microbiome

In the context of oral cancer and NO production, resilience

refers to the microbiome’s capacity to maintain or restore its

compositional and functional stability, particularly its role in

metabolizing dietary NO3
- into NO despite perturbations such as

dysbiosis, cancer development, or therapeutic intervention (Krasse,

2001; Trombelli et al., 2004; Izadi et al., 2016; Kilian et al., 2016;

Rosier et al., 2018; Zhang et al., 2018; Dashper et al., 2019; Caselli

et al., 2020; Shouval et al., 2020; Welch et al., 2020; Ingham et al.,

2021; Wade, 2021).
5.1 Factors influencing resilience

Resilience is challenged by both cancer development and its

treatments. Oral hygiene practices (e.g., brushing, tongue cleaning)

and dietary NO3
-intake (e.g., from spinach, beetroot) promote

resilience by supporting beneficial bacteria (Blekkenhorst et al.,

2018). Conversely, poor hygiene or low NO3
-intake may exacerbate

dysbiosis, increasing cancer risk through altered NO dynamics

(Rosier et al., 2018). The oral microbiome’s resilience is crucial

for maintaining balanced NO production, influencing cancer risk

through NO3
-metabolism. Dysbiosis, treatment-induced shifts, and

lifestyle factors can disrupt this balance, highlighting the need for

strategies like targeted hygiene or dietary interventions to enhance

resilience and mitigate oncogenic NO effects.

Chemotherapy and radiotherapy, common in OSCC

management, induce significant microbial shifts, reducing

beneficial nitrate-reducing bacteria and increasing opportunistic

pathogens like Candida species (Alnuaimi et al., 2015). These

treatments disrupt microbial biofilms, impair salivary function,

and exacerbate inflammation, further compromising microbiome

resilience (Gaetti-Jardim et al., 2009). For instance, post-treatment

reductions in Veillonellamay diminish NO production from dietary

NO3
-, while dysbiotic enrichment of Fusobacterium nucleatummay

enhance inflammation-driven carcinogenesis via NO-mediated

pathways (Gaetti-Jardim et al., 2009). Despite these perturbations,

the oral microbiome often demonstrates partial recovery, with

resilient taxa like Streptococcus and Actinomyces recolonizing

within months post-treatment, potentially restoring NO3
-

metabolism (He et al., 2015).

The interplay between microbiome resilience, oral cancer, and

NO production underscores the importance of maintainingmicrobial

balance. Strategies to enhance resilience, such as targeted oral hygiene

and dietary interventions, may mitigate dysbiosis and modulate NO-

related oncogenic processes, offering potential avenues for cancer

prevention and treatment optimization.
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6 Exploring the role of NO in cancers

NO can lead to mutations primarily through the induction of

nitrosative stress. Under conditions where ROS are present, NO

rapidly reacts with superoxide anions (O2
·−) to generate

PeroxyNO2
- (ONOO−).

ONOO− is a highly reactive oxidant that can modify critical

cellular components, including DNA (Radi, 2013). ONOO− and

other RNS can cause direct modifications to DNA bases, and

nitration and nitrosation reactions may transform guanine into 8-

nitroguanine or other altered bases (Pacher et al., 2007;

Semenikhina et al., 2022). These modifications can lead to

mispairing during DNA replication and eventually result in point

mutations. The oxidative and nitrosative stress generated by ONOO

− can induce both single-strand and double-strand breaks in DNA.

Such strand breaks compromise the integrity of the genome and

increase the likelihood of mutagenesis if not adequately repaired

(Semenikhina et al., 2022).

Also, NO and its derivatives can impair the function of key

DNA repair enzymes. This interference can diminish the cell’s

ability to rectify errors arising during DNA replication, allowing

mutations to accumulate over time.

Another function in which NO can also contribute to the

formation of nitrosamines, especially in acidic environments,

which are known to be mutagenic. Although this mechanism is

more prominent in the context of dietary NO2
- and processed

meats, it further supports the link between NO-related biochemical

reactions and DNA mutation processes (Pacher et al., 2007;

Semenikhina et al., 2022).

At low to moderate levels, NO produced by the oral microbiome

supports cellular homeostasis and immune surveillance. For

instance, in the oral cavity, NO derived from nitrate-reducing

bacteria enhances antimicrobial defenses, potentially inhibiting

early tumor initiation (Wink et al., 2011; Khan et al., 2020).

However, in the context of microbial dysbiosis, excessive NO

production can drive oncogenic processes. Dysbiosis ,

characterized by enrichment of pathogenic bacteria like

Porphyromonas gingivalis and Fusobacterium nucleatum in

OSCC, disrupts the balance of nitrate-reducing bacteria, leading

to elevated NO levels that induce nitrosative stress (Karpiński, 2019;

Sun et al., 2020). This stress causes DNA damage, protein

nitrosylation, and activation of oncogenic signaling pathways,

promoting tumor initiation and progression in OSCC (Bray

et al., 2018).

Similarly, ROS, such as hydrogen peroxide (H2O2), produced by

dysbiotic oral bacteria via enzymes like NADPH oxidase, acts as a

second messenger in signaling pathways, promoting cell

proliferation at low concentrations or inducing cell death at

higher levels. The interplay between NO and ROS amplifies

oxidative and nitrosative stress, exacerbating carcinogenesis in

OSCC (McBee et al., 2017; Kandalai et al., 2023).

This interplay between the oral microbiome, NO production,

and cancer underscores the need for targeted interventions.

Strategies to modulate microbial composition, such as probiotics
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or nitrate-rich diets, may optimize NO levels to favor antitumor

effects while minimizing oncogenic nitrosative stress. These insights

highlight the oral microbiome’s critical role in shaping NO’s impact

on cancer, particularly in the context of dietary NO3
-metabolism.

Further illustrates the oral-gut microbiome axis. Oral bacteria such

as Fusobacterium nucleatum and Peptostreptococcus stomatis

translocate to the gut via saliva, where they promote NO-driven

inflammation and ROS production, enhancing tumor growth

(Uchino et al., 2021). Fusobacterium nucleatum activates b-
catenin signaling, while gut bacteria produce ROS/RNS via

NADPH oxidase, contributing to oncogenic signaling in early

CRC and potentially tumor-suppressive effects in advanced stages

(Ndegwa et al., 2018). The dual role of NO and ROS/RNS highlights

their context-dependent effects, with microbiome-driven

production shaping cancer outcomes (Table 1).
6.1 NO’s role in promoting tumorigenesis

Angiogenesis is a primary pro-tumorigenic effect, as NO

stimulates vascular endothelial growth factor (VEGF) expression,
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promoting blood vessel formation to supply nutrients and oxygen to

tumors (Korde Choudhari et al., 2013). This is evident in colorectal

and gastric cancers, where NO enhances tumor vascularization,

supporting growth and metastasis. Inhibition of apoptosis is

another key mechanism, with NO suppressing caspase activity and

upregulating anti-apoptotic proteins like Bcl-2, allowing tumor cells

to evade programmed cell death (Khan et al., 2020). Additionally, NO

facilitates tumor invasion by activating matrix metalloproteinases

(MMPs), which degrade extracellular matrix, enabling cancer cell

migration, as seen in pancreatic and esophageal cancers (Monteiro

et al., 2019). These effects are amplified in dysbiotic conditions, where

oral bacteria like Fusobacterium nucleatum increase NO production,

contributing to tumor progression (Sun et al., 2020). Collectively,

these mechanisms highlight NO’s role in fostering an oncogenic

environment at low concentrations.
6.2 NO’s anti-cancer properties

At high concentrations, NO exhibits anti-cancer properties,

counteracting tumor growth through cytotoxic and immune-
TABLE 1 The results of preclinical studies regarding the different effects of nitric oxide in various types of cancer.

Cancers Types Study Model Results References

Gastric cancer In vitro The elevated amount of NO was shown in this research to be a potential
therapeutic target for gastric cancer.

(Zhang et al., 2018)

Gastric cancer In vivo Through several established cancer-related processes, increased NOS3 expression
promoted the emergence and progression of STAD. Drugs that suppress NOS3
were found, according to drug response analyses.

(Zou et al., 2021)

Pancreatic cancer In vitro NO controlled release showed dose-dependent cytotoxicity in vitro. These data
imply that NO is an effective chemosensitizer. A new class of therapies that uses
locally regulated release of NO for chemosensitization may change the treatment
of pancreatic cancer and other solid tumors with chemoresistance.

(Araujo-Gutierrez
et al., 2019)

Esophageal cancer In vitro According to the study’s findings, treatment with various NO concentrations
and/or radiotherapy dosages had an impact on the esophageal cancer cell line
TE-1 by increasing cell death and reducing cell growth.

(Sun et al., 2013)

Liver cancer In vivo Specifically, in a subgroup of individuals with diminished liver Protein arginine
methyltransferase 1 (PRMT1) and high iNOS activity levels, the findings
provided in this research show that selective iNOS inhibition is a potential
approach for treating alcoholic liver disease ALD and alcohol-associated HCC.

(Zhao et al., 2020)

Cholangiocarcinoma In vivo The bile duct epithelia and hepatocyte cells in the experimental
cholangiocarcinoma group showed positive staining for eNOS in their cytoplasm.
The untreated group’s bile duct epithelial cells just faintly stained positive
for eNOS.

(Suksawat et al., 2017)

Gastric cancer In vitro The presence of an elevated level of NO for those with gastric cancer has an
inhibitory effect on the growing number of cancer cells.

(Yao et al., 2015)

Colon cancer In vivo The proliferation of cancer cells and a reduction in apoptosis among these cancer
cells were seen in an animal colon cancer investigation, despite an elevated NO.

(Monteiro et al., 2015)

Pancreatic ductal adenocarcinoma In vivo NO levels, as well as the proliferation of cancer cells, were shown to be reduced
in an animal study with the pancreatic cancer model.

(Wang et al., 2016a)

Glioblastoma In vitro
In vivo

NO administration affects GSCs by slowing their growth and enhancing their
susceptibility to chemotherapy, which could have implications for long-term
management.
BET inhibitor targeting of iNOS expression in cancer cells. Such targeting can
markedly improve therapeutic efficacy in glioblastoma
Targeting the nitrosative stress with HU-53 and HU-54 may be a promising
therapeutic strategy for glioblastoma treatment

(Salvatori et al., 2023)
(Fahey et al., 2018)
(Tripathi et al., 2023)
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mediated mechanisms. DNA damage is a primary effect, as elevated

NO levels, often from iNOS, induce nitrosative stress, causing

single- and double-strand DNA breaks that trigger tumor cell

apoptosis (Pacher et al., 2007). This is observed in glioblastoma,

where high NO levels sensitize tumor cells to chemotherapy

(Tripathi et al., 2023). Immune activation is another critical

mechanism, with NO enhancing cytotoxic T-cell and macrophage

activity, promoting tumor cell killing. In the oral cavity, NO from

nitrate-reducing bacteria supports immune surveillance, potentially

inhibiting early tumor initiation. Additionally, high NO levels

disrupt mitochondrial function, inducing cytotoxicity and

apoptosis in tumor cells, as seen in pancreatic and hepatocellular
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carcinomas. These anti-tumorigenic effects underscore NO’s

potential as a therapeutic agent, particularly when modulated to

achieve high local concentrations (Mintz et al., 2021).
6.3 Gastrointestinal cancer

GI cancers represent more than one-fourth of all cancer

incidence and one-third of cancer-related mortality (Huang et al.,

2023). The positive expression of P53, iNOS, and vascular

endothelial growth factor is significantly increased in gastric

cancer. NOS can induce DNA mutations in tumor suppressor
FIGURE 3

Schematic illustrates of the concentration-dependent effects of NO on tumor progression and suppression. At low to moderate NO levels, tumor-
promoting pathways are activated, including VEGF-mediated angiogenesis and inhibition of apoptosis through Bcl-2 and caspase pathways. In
contrast, high NO levels trigger tumor-suppressive mechanisms such as DNA damage, impaired repair, immune-mediated cytotoxicity, and
mitochondrial dysfunction leading to apoptosis. The involvement of different NOS isoforms eNOS, iNOS, and nNOS s highlighted in mediating these
divergent outcomes.
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genes, leading to the occurrence of gastric cancer. In gastric cancer,

for example, NO can inhibit the growth and proliferation of cancer

cells and promote apoptosis in cancer cells. Additionally, NO can

also help to regulate inflammation and oxidative stress in the

stomach, which can contribute to the development of gastric

cancer (Sang et al., 2011; de Oliveira et al., 2017).

iNOS was reported to be involved in the occurrence,

development, invasiveness, and metastasis of esophageal

carcinoma. Also, high iNOS, eNOS, and NOS mRNA expression

has been found in human colorectal cancer tissues. The

accumulation and phosphorylation of p53 caused by NO leads to

cell cycle arrest, and the levels of iNOS and p53-p-Ser15 positively

correlate with the degree of inflammation (Hu et al., 2020).

In esophageal cancer, chronic exposure to NO can lead to the

formation of nitrosamines, which are potent carcinogens that can

contribute to the development of cancer. However, NO can also

help to protect against the development of esophageal cancer by

inhibiting the growth and proliferation of cancer cells (Hofseth

et al., 2003).

In CRC, NO can have both pro- and anti-cancer effects. In some

cases, NO can inhibit the growth and proliferation of cancer cells in

the intestines, while in other cases, NO can promote the survival

and growth of cancer cells (Wang et al., 2020).

Additionally, NO can also modulate the immune response in

the intestines, which can impact the development and progression

of cancer (Mokry et al., 2020).
6.4 Colorectal cancer

Some microbiomes, including E. Coli and Species belonging to

genera Bacteroides and Prevotella, have also been noted as being

significantly more abundant in CRC patients. The commensal

bacteria Fusobacterium nucleatum was also found to increase

intestinal tumorigenesis without aggravating colitis or inflammatory

pathways (Kandalai et al., 2023).

ROS plays an essential role in our bodies as a moderate level of

ROS leads to cell damage and promotes cancer; however, an

excessively high level of ROS induces cancer cell death, acting as

an anti-cancer. ROS are usually higher in CRC cells and induce cell

death in cancer cells while not affecting normal cells (Lin et al.,

2018). Different NOS3 and NOS1 polymorphisms described in

colorectal tissue are suspiciously associated with the development

of colon cancer. NOS2 and NOS3 promote colon cancer’s migration

and invasive capacity by activating soluble guanylate cyclase

(Monteiro et al., 2019).

NO produced by NOS2 exacerbates colon cancer at

inflammatory sites. NOS2 is expressed in 50–60% of colon cancer

patients, and those with high NOS2 expression have the prognosis.

In healthy individuals, NOS2 expression is absent in colon epithelial

cells, and it is low-to-intermediate in patients with chronic colitis

and is high in patients with colon cancer. In the primary stages of

colon cancer, low NOS2 expression is found (Monteiro et al., 2019).
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In the case of CRC, Veillonella and Rothia facilitate the reduction

of dietary NO3
- into NO2

-, which can form carcinogenic nitrosamines

in the stomach’s acidic environment, elevating gastric cancer risk. In

esophageal cancer, particularly adenocarcinoma, NO2
- rich saliva

from oral microbial activity can reflux into the esophagus,

contributing to nitrosative stress and DNA damage (Table 2)

(Hyde et al., 2014; Camañes-Gonzalvo et al., 2024).
6.5 Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the second most common

cause of cancer-related mortality worldwide. NOS expression and

autophagy inhibition have been linked to cancer cell death

(Figure 3) (Al-Shahari et al., 2022). Lei Zhou et al., in a 2012

study, indicated that decreased levels of NO/NOS-2 in liver tissues

may be relevant to the development and metastasis of HCC. It was

also found that the level of NO was higher in HCC tissues without

metastasis than in those with metastasis (Zhou et al., 2012). In a

2016 study, Lei Zhou et al. found that NO inhibits the proliferation

of HepG2 cells, with more significant suppression when using

increasing concentrations of sodium nitroprusside (SNP), and

NO stopped HepG2 cells in the G1 phase. The results indicated

that cell apoptosis depends on NO concentration. NO suppresses

proliferation, migration, and invasion, stops the cell cycle, and

induces apoptosis in HepG2 cells; however, the detailed

mechanism is still unclear, and further investigation is required

(Zhou et al., 2016).
6.6 Gastric cancer

H. pylori is a Gram-negative bacterium colonizing the human

gastric mucosa (Kim et al., 2011). H. pylori is challenged by a toxic

environment that produces reactive oxygen species, such as

hydrogen peroxide and superoxide anions, and reactive nitrogen

species, most notably NO (Allen et al., 2023). This bacterium is

mainly responsible for persistent oxidative stress in the stomach

and induction of chronic immune responses, resulting in DNA

damage and gastric cancer (also called stomach cancer). Oxidative

stress results from the excessive release of ROS/RNS by activated

neutrophils, whereas bacteria also produce ROS in host cells (Jain

et al., 2021). Elevated NO is caused by up-regulated iNOS following

inflammation or tissue damage in gastric epithelial cells. Increased

iNOS expression inH. pylori-associated chronic gastritis diminishes

and returns to baseline once it is eradicated (Figure 3) (Saaed et al.,

2021). Gobert et al. reported that H. pylori expresses the gene rocF

that encodes arginase, effectively dampening NO production by

iNOS in macrophages (Gobert et al., 2001). Also, NOS2 expression

is seen to increase in gastric adenocarcinoma. In a 2017 study,

Oliveira et al. recognized 12 miRNAs associated with NOS2 gene

expression in gastric carcinoma (Table 2) (de Oliveira et al., 2017).
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6.7 Pancreatic cancer

Pancreatic ductal adenocarcinoma (PDAC) is one of the

deadliest epithelial malignancies in the world (Connor and

Gallinger, 2022). Excessive NO production and the expression of

iNOS are closely related to PDAC, promoting the occurrence of

cancer and angiogenesis (Xiong et al., 2021). A study conducted in

2003 on PDAC patients found that the expression rate of iNOS was

62.7%, which was related to lymph node metastasis (Liu et al.,

2003). In another study in 2016, Jian Wang et al. suggested that

PDAC expresses a high level of NOS2, leading to sustained NO

production. Also, enhanced NOS2 expression in tumors was

significantly associated with poor survival in PDAC patients

(Wang et al., 2016a). Although less directly exposed to oral

microbial products, pancreatic cancer may be influenced by

systemic NO derived from dietary NO3
-metabolism, which

contributes to the body’s NO pool. This systemic NO could reach

the pancreas via circulation or ductal connections with the

duodenum, potentially affecting tumor angiogenesis and

progression. While the connection is less pronounced than in

gastrointestinal cancers, dysbiosis altering NO2
- production may
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still play a subtle role in pancreatic ductal adenocarcinoma (Wang

et al., 2016b).
6.8 Bile duct cancers

Biliary tract cancers (BTC), including intrahepatic

cholangiocarcinoma (iCCA), extrahepatic cholangiocarcinoma

(eCCA), and gallbladder carcinoma (GBC), account for

approximately 3% of gastrointestinal malignancies (Fava et al., 2007).

NO and inducible iNOS play significant roles in BTC pathogenesis,

particularly through their regulation of Notch signaling, a critical

pathway in bile duct development and carcinogenesis.

In cholangiocytes, inflammatory cytokines (e.g., TNF-a, IL-1b)
induce iNOS expression, leading to elevated NO production, which

promotes malignant transformation (Fava et al., 2007). NO regulates

Notch signaling through multiple mechanisms. First, NOmediates S-

nitrosylation of Notch receptors or ligands, stabilizing the Notch

intracellular domain (NICD) and enhancing its nuclear translocation

to activate oncogenic target genes likeHES1 andHEY1 (Charles et al.,

2010). Second, NO upregulates Notch-1 expression by activating

transcription factors such as NF-kB, which is heightened in the
FIGURE 4

Schematic illustration of NO association effect on glioblastoma. NO administration affects glioblastoma by slowing their growth and enhancing their
susceptibility to chemotherapy. This has potential implications for long-term management. Additionally, BET inhibitors targeting iNOS expression in
cancer cells can significantly improve therapeutic efficacy in glioblastoma.
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inflammatory tumor microenvironment of cholangiocarcinoma (Ma

et al., 2013). Third, NO-induced nitrosative stress impairs DNA

repair mechanisms, leading to epigenetic changes (e.g., histone

modifications) that further amplify Notch signaling, promoting

tumor progression (Khan et al., 2020).

Notch-1 is hyper-expressed in cholangiocarcinoma cells,

correlating with tumor growth and invasion, and its dependency

on NO generation positions NO as a key regulator of BTC

pathogenesis (Fava et al., 2007). The oral microbiome may

indirectly contribute to this process, as NO derived from dietary

NO3
-metabolism by bacteria like Veillonella and Rothia increases

systemic NO levels, potentially enhancing Notch activation in

tumors (Hyde et al., 2014). Targeting NO-Notch interactions,

such as with iNOS or Notch inhibitors, holds therapeutic promise

for BTC, warranting further clinical exploration.
6.9 Esophageal cancer

Esophageal cancer is one of the most fatal malignancies in the

world. Esophageal SCC and esophageal adenocarcinoma (EAC) are
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the two main types of esophageal cancer (Shi and Chen, 2022).

Esophageal adenocarcinoma involves chronic exposure of the distal

epithelium to stomach and bile acids, causing inflammation and

intestinal metaplasia, which is also known as Barrett’s esophagus

(BE). The esophageal injury can be caused by reflux directly or by

the generation of ROS indirectly. Other risk factors for EAC include

obesity and gastroesophageal reflux disease (GERD). The gram-

negative, dysbiotic microbiota in the EAC may stimulate iNOS,

leading to lower esophageal sphincter relaxation and inducing

GERD. NO, and iNOS induce apoptosis, angiogenesis, and DNA

damage during tumorigenesis in esophageal adenocarcinoma.

Studies have also shown high iNOS expression in BE patients

(Sharma et al., 2022).

NOS2 expression is upregulated in esophageal cancer.

Mutations in the NOS2 gene or its promoter are related to NOS

induction and increased rates of different cancers, including

esophageal cancer. Also, mutations of the p53 gene are seen in

this malignancy (de Oliveira et al., 2017).

Esophagus (SCC) is characterized by increased expression of genes

encoding glucose transporter 1 (GLUT1), iNOS, and ornithine

decarboxylase (ODC) of the L-arginine/NO/polyamine pathway
FIGURE 5

Illustration highlights the aggressive nature of TNBC, characterized by the absence of ER, and PR. High NOS2 expression promotes tumor
progression, metastasis, and poor prognosis. The diagram depicts immune modulation through NOS2 depletion and COX2 inhibition, enhancing
CD8+ T-cell infiltration and anti-tumor response. It also shows the therapeutic potential of NO donor–aurovertin B hybrids in inducing apoptosis
and suppressing tumor growth.
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(Bednarz-Misa et al., 2020). Increased esophageal (SCC) rates are also

associated with specific changes in the salivary microbiota (Chen et al.,

2015). An increase in harmful bacteria shifts the balance towards a

disease state. An imbalanced microbiota environment, also known as

dysbiosis, leads to immune activation and chronic inflammation of the

esophageal mucosa (Table 2) (Chiang et al., 2023).
6.10 Glioblastoma

Gliomas represent the most prevalent form of brain tumors,

amongwhich glioblastomas are themostmalignant subtype. Despite

advances in comprehending their biology and treatment strategies,

median survival remains disappointingly low. Inflammatory

processes involving NO critically contribute to glioma formation.

The inducible isoform iNOS is highly overexpressed in gliomas and

has been linked to resistance against temozolomide (TMZ)

treatment, neoplastic transformation, and modulation of immune

response. At low levels, NOenhances tumor growth,while high levels

may induce cytotoxicity, reflecting its dual nature

While both in vitro and in vivo studies showed the potential of

iNOS inhibitors as effective treatments for gliomas, no clinical trials

on gliomas have been published (Figure 4) (Mazurek and Rola,

2021; Tripathi et al., 2023).

Merenzone et al.’s systematic review demonstrated that

inhibitors exhibit substantial potential as treatment options for

oncologic lesions, and they have demonstrated a safe toxicity

profile in humans for other pathological conditions. Their

research endeavors should be focused on investigating their

potential effects on brain tumors (Merenzon et al., 2023). While

glioblastoma’s connection to the oral microbiome is less direct,

systemic NO levels partly derived from dietary NO3
-metabolism

may still be relevant. As circulating NO could influence the tumor

microenvironment or immune responses in the brain. Although

endogenous NO production via iNOS dominates in glioblastoma,

microbiome-derived NO might subtly modulate systemic

inflammation, warranting further exploration of this indirect link

(Fahey et al., 2018).
6.11 Triple-negative breast cancer

This type of breast is an aggressive subtype occurring more in

younger woman, characterized by rapid metastasis, a poor

prognosis, absence of estrogen receptors (ER), progesterone

receptors (PR), and human epidermal growth factor receptor

expression (Obidiro et al., 2023). NOS2 plays a significant role in

TNBC progression as high levels of NOS2 expression correlates

with poor prognosis, increased metastasis, and cancer recurrence

(Figure 5) (Nafea et al., 2021).

One study suggests that reducing NOS2 expression alters the

spatial orientation and density of lymphoid cells, particularly CD8

T cells within the tumor microenvironment and when NOS2 is

depleted and COX2 is inhibited, tumor growth slows and the

immune response enhances (Somasundaram et al., 2022).
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Another study focuses on NO donors and shows that NO

donor-aurovertin hybrids can be used to treat TNBC by inducing

apoptosis. These hybrids combine aurovertin B (AVB), a natural

polyketide with anti-proliferative effects, with NO donors to

enhance therapeutic efficacy (Figure 5) (Ma et al., 2024).
6.12 Nitric oxide and NOS2 as prognostic
markers in cancer

High levels of NO and iNOS have been identified as markers of

poor prognosis in several cancers, reflecting their role in promoting

tumor progression, angiogenesis, and treatment resistance.

In PDAC, elevated NOS2 expression is strongly associated with

poor survival. A study of PDAC patients found that 62.7% of

tumors expressed high NOS2 levels, correlating with lymph node

metastasis and reduced overall survival (Wang et al., 2016b). This

suggests that NOS2-driven NO production enhances tumor

aggressiveness, making it a robust prognostic marker. For CRC,

NOS2 expression is observed in 50–60% of cases, with high levels

linked to worse prognosis, particularly in advanced stages. Patients

with elevated NOS2 expression exhibit increased tumor

invasiveness and reduced survival, likely due to NO-mediated

inflammation and angiogenesis (Monteiro et al., 2019). This

positions NOS2 as a marker of poor outcomes in CRC. Also,

HCC, overexpression of iNOS and endothelial eNOS contributes

to elevated NO levels, associated with tumor progression and

poorer prognosis. Clinical studies show that high iNOS

expression correlates with increased tumor size, vascular invasion,

and reduced survival in HCC patients (Zhang et al., 2019). NO’s

role in promoting angiogenesis and inhibiting apoptosis

underscores its prognostic relevance.

Glioblastoma also demonstrates high iNOS expression as a

marker of poor prognosis. Elevated iNOS levels drive resistance

to temozolomide and enhance tumor growth, correlating with

shorter survival times in preclinical and clinical (Merenzon

et al., 2023).

In gastric cancer, the prognostic role of NOS2 is less consistent

but notable in advanced cases. High iNOS expression is associated

with larger tumors (>5 cm), serosal invasion, and lymph node

metastases, linked to reduced survival (Rajnakova et al., 2001).

However, some studies report variability, suggesting context-

dependent effects. In other cancers, such as esophageal cancer and

bile duct cancers, evidence is less conclusive. While iNOS expression

is elevated in esophageal (SCC) and cholangiocarcinoma, its direct

correlation with poor prognosis is not consistently reported,

warranting further investigation (Suksawat et al., 2017; Bednarz-

Misa et al., 2020).

In summary, high NO/NOS2 levels serve as markers of poor

prognosis in pancreatic, colorectal, hepatocellular, glioblastoma,

and, to a lesser extent, gastric cancers. These associations reflect

NO’s role in enhancing tumor aggressiveness and resistance to

therapy. Future studies should validate these markers in larger

cohorts and explore their integration into clinical prognostic

models, potentially guiding NO-targeted therapies.
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7 Nitric oxide-based anti-cancer
therapies

Four major categories of NO-based anti-cancer therapies—NO

donors, phosphodiesterase inhibitors (PDE-i), soluble guanylyl

cyclase (sGC) activators, and immunomodulators NO to target

cancer cells, offering promising avenues for treatment (Mintz et al.,

2021). NO donors, such as glyceryl trinitrate, release NO directly into

the tumor microenvironment, inducing cytotoxicity by disrupting

mitochondrial function and sensitizing cancer cells to chemotherapy

and radiotherapy (Huang et al., 2017). Phosphodiesterase inhibitors,

like sulindac sulfone, block cGMP degradation, enhancing NO-

cGMP signaling to inhibit tumor cell proliferation and promote

apoptosis (Mehta and Patel, 2019). Soluble guanylyl cyclase

activators, such as riociguat, stimulate cGMP production,

amplifying NO signaling to suppress tumor growth by inhibiting

proliferation and inducing apoptosis, particularly in resistant cancers

(Schenk et al., 2021). Immunomodulators, including TLR7 agonists

combined with iNOS inhibitors, modulate NO levels to enhance

cytotoxic T-cell and macrophage activity, boosting immune-

mediated tumor cell killing (PeÑarando et al., 2019). These

mechanisms, detailed in the following subsections, highlight NO’s

therapeutic potential, potentially modulated by oral microbiome-

derived NO from dietary NO3
- (Morou-Bermúdez et al., 2022).
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7.1 NO donors
NO donors are compounds capable of generating NO, including

Glyceryl triNO3
-(GTN) (Huang et al., 2017). They function by

elevating NO or NO isoforms without endogenous production

(Mintz et al., 2021). NO donors work through different

mechanisms, i.e., increased NO concentration within tissue beds

(Alimoradi et al., 2019). In cancer therapy, NO donors can work

alone, combined with other therapeutics, such as chemo–, radio–, or

immunotherapy, and hybridization of NO donors. Recently, organic

NO3
- has joined the clinical field of cancer treatment and affects

tumor vessels by improving tumor oxygenation (Huang et al., 2017).

In a 2015 phase I study, Illum et al. used the combination of 5-FU,

topical GTN, and radiation therapy against advanced operable rectal

cancer to evaluate the maximum tolerable dose of NO donor (Illum

et al., 2015). Planchette et al.’s study shows that NO can potentially

bypass chemotherapy resistance mechanisms associated with

platinum-based drugs. Research has focused on combining

platinum chemotherapeutic drugs with NO donors. These

combination regimens have demonstrated antitumor benefits,

particularly in non-small cell lung cancer (Plenchette et al., 2017).

Phosphodiesterase is a group of iso-enzymes that hydrolyze cyclic

nucleotides and lowering intracellular cAMP and cGMP, leading to

tumorigenic effects. Many tumors show a decreased level of
TABLE 2 The results of clinical studies regarding the different effects of nitric oxide in different types of cancer.

Cancers Types Study Model Results References

Gallbladder cancer Clinical trial In healthy gallbladder epithelial cells, iNOS expression was not present, however,
stromal cells sometimes expressed it positively. In the cytoplasm of the inflammatory
cells surrounding the tumor cells in gallbladder carcinoma tissue, iNOS was
mostly expressed.

(Niu et al., 2004)

Esophageal cancer Clinical trial In comparison to the group that acted as the control, the patients’ levels of NO were
found to be significantly higher.

(Sayır et al., 2019)

Esophageal cancer Clinical trial There was an increase in eNO levels, but compared to baseline, there was only a slight
increase after radiation, and by the time of the follow-up appointment, it had almost
completely subsided.

(McCurdy et al., 2011)

Esophageal cancer In vitro & clinical trial Studies showed that a high luminal NO concentration creates a special environment
for Barrett’s oesophagus to form in esophageal stromal cells during esophageal
wound healing.

(Sun et al., 2013)

Gastric cancer Clinical trial With the development of the tumor, the expression of the cytoprotective enzymes
ecNOS and COX-1 in gastric cancer decreased. When compared to less advanced
tumors, advanced tumors greater than 5 cm, penetrating into or through the serosa,
and having metastases to lymph nodes or distant organs exhibited considerably higher
iNOS and COX-2 expression.

(Rajnakova et al., 2001)

Colon cancer In vitro & clinical trial According to the study, individuals who expressed more NOS1 tended to have shorter
overall survival times than those who expressed less NOS1 among all colon
cancer patients.

(Wang et al., 2019)

Colon cancer In vitro & clinical trial According to the current research, human colon cancer feed arteries have improved
vasorelaxant and decreased vasoconstrictive function when compared to
corresponding normal colon arteries, indicating that they are specialized towards
lower resistance. The increased NO-dependent signaling that underlies these variations
in vasomotor function tends to increase tumor perfusion.

(Voss et al., 2019)

Liver cancer Clinical trial According to this recent research, the overexpression of eNOS and iNOS in cancer
tissue, but not nNOS, is a factor that leads to elevated NO levels in patients
with HCC.

(Zhang et al., 2019)
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intracellular cAMP due to high PDE expression. For example,

Sulindac sulfone (exisulind) inhibits PDE2 and PDE5 isoforms and

induces apoptosis in colon cancer cells (Mehta and Patel, 2019).

Soluble guanylate cyclase (sGC) is a protein essential for sensing NO

and is upregulated in disease progression, leading to chemoresistance.

Genetic reduction of sGC levels or pharmacological inhibition of sGC

activity with an NOS inhibitor re-sensitized a progression in

treatment. In a 2021 study, Schenk et al. concluded that the sGC

signaling pathway can be the reason for relapsing small cell lung

cancer (SCLC) (Schenk et al., 2021).
7.2 Immunomodulators

Immunomodulators represent a promising class of NO-based

anti-cancer therapies, leveraging NO’s role in modulating the

immunosuppressive tumor microenvironment to enhance

immune responses. This subsection explores how NO-targeted

immunomodulators can improve cancer immunotherapy, with

potential links to microbiome-mediated NO production.

Activated macrophages generate NO or have cytotoxic antitumor

activity, indicating NO’s pivotal role in the immune system. NO plays

a vital role in the immunosuppressive tumor environment; therefore,

therapies against NO have been considered in different types of

tumors to increase the efficacy of immunotherapy (PeÑarando et al.,

2019). For example, administering the Toll-like receptor 7 (TLR7)

agonist imiquimod requires the simultaneous inhibition of iNOS

activity to promote tumor antigen-specific Th1 responses and

suppress tumor growth in vivo (Ito et al., 2015). Arginine is an

amino acid used in protein, cell division, and wound healing

biosynthesis that can be obtained from daily food intake or

synthesized in the body. Arginine-dependent migration requires

arginine to be metabolized by the NO synthase enzyme (NOS) (Al-

Koussa et al., 2020). Feng et al.’s study on glioblastoma, based on

mRNA sequencing data of 560 IDH-wildtype glioblastoma patients

from three public cohorts, aimed to construct an arginine

metabolism-related genes signature (ArMRS) based on four

essential arginine metabolism-related genes (ArMGs). Analyses of

tumor immune microenvironment revealed that higher ArMRS was

correlated with more immune infiltration and a relatively “hot”

immunological phenotype. Also, demonstrated that ArMRS was

posit ively correlated with the expression of multiple

immunotherapy targets, including PD1 and B7-H3. Additionally,

the glioblastomas in the ArMRS high-risk group would present with

more cytotoxic T cells (CTLs) infiltration and better-predicted

response to immune checkpoint inhibitors (ICIs) (Feng et al., 2023).

The oral microbiome may indirectly influence these therapies

by contributing to systemic NO levels through dietary NO3
-

metabolism. Nitrate-reducing bacteria (Veillonella, Rothia)

produce NO2
-, which can increase circulating NO, potentially

modulating immune responses in tumors (Hyde et al., 2014).

Future research should explore how microbiome-targeted

interventions could optimize NO levels for immunotherapy.

In summary, NO-based immunomodulators offer a novel approach

to overcome tumor immunosuppression, with potential synergies with
Frontiers in Cellular and Infection Microbiology 15
microbiome-derived NO. Clinical trials are needed to validate these

strategies and integrate them with existing immunotherapies.
8 Future prospects

As research into the human microbiome and its influence on

NO production advances, the complex relationship between dietary

NO3
-, the oral microbiome, and cancer risk emerges as a pivotal

area for future investigation. Dietary NO3
-, primarily derived from

vegetables and processed meats, exhibits a dual role in cancer

biology, as discussed, they can either protect against or promote

carcinogenesis, depending on their source and the physiological

context. This duality underscores the need for a nuanced

understanding to inform cancer prevention and therapeutic

strategies. Evidence suggests that NO3
- from vegetables, which are

accompanied by antioxidants such as vitamin C, generally exert

protective effects against gastrointestinal cancers, including gastric

and CRC, by inhibiting the formation of carcinogenic NOCs (Song

et al., 2015). Conversely, NO2
- from processed meats, which lack

these protective compounds and are rich in amines, facilitates NOC

formation, elevating cancer risk (Said Abasse et al., 2022). However,

the tipping point at which dietary NO3
- transitions from beneficial

to harmful remains poorly defined (Li et al., 2013). Conditions like

acidic gastric pH, H. pylori infection, or atrophic gastritis can

enhance NOC synthesis from NO2
-s (Bryan et al., 2012). Genetic

variations affecting inflammation or DNA repair may further

amplify susceptibility to NOCs (Mubayi et al., 2011).

While a broad consensus supports the protective role of

vegetable-derived NO3
- and the risks posed by processed meat

NO2
-s, inconsistencies persist. Some studies find no clear link

between NO3
-intake and cancer risk, particularly for NO3

- from

drinking water, suggesting a need for improved dietary assessment

methods and control of confounding variables (Xie et al., 2016).

Additionally, the safe thresholds for NO3
- and NO2

- consumption

remain contentious, necessitating further research to establish

evidence-based limits. To address these uncertainties, future studies

should prioritize the following: mixed genomics, transcriptomics,

proteomics, and metabolomics to get the full picture of NO in cancer.

That could uncover new targets and show us how NO teams up with

things like reactive oxygen species or cytokines maybe even spark

some clever combo treatments. Further steps could include modeling

blend NO data with a patient’s tumor stage, microbial mix, and

genetics. Which could fine-tune NO donor doses or pair them with

immune checkpoint inhibitors think glioblastoma, where arginine

and immunotherapy overlap. That’s personalized medicine in action.

These steps feel like the natural nextmove. They build on what we’ve

learned and push us closer to making NO a real tool against cancer. The

way it ties into the microbiome and therapy, it’s a wide-open field.
9 Conclusion

The intricate relationship between NO, the human microbiome,

and cancer pathogenesis, as elucidated in this review, underscores
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NO’s remarkable dual nature as both a promoter and suppressor of

tumor development. It’s a molecule that wears two hats one minute

it’s nudging tumors to grow, the next it’s putting the brakes on

them. We’ve dug into how NO gets made, whether through the L-

arginine-NO synthase NOS pathway or the NO3
-NO2

-NO pathway

route powered by the oral microbiome. That link between what we

eat, the bacteria in our mouths, and cancer risk? It’s honestly pretty

fascinating. What stands out is how NO plays out differently

depending on the situation. In cancers like gastric, esophageal,

colorectal, pancreatic, and even glioblastoma, it’s a bit of a wildcard.

At lower doses, it’s like a cheerleader for tumor growth, helping

blood vessels form and making cancer cells bigger. But crank up the

levels, and NO flips the script, triggering cell death and hinting at a

built-in defense against tumors. The oral microbiome is a big piece

of this puzzle, turning dietary NO3
- into NO and tying our daily

habits straight to cancer outcomes. Ideas like NO donors,

phosphodiesterase inhibitors, soluble guanylyl cyclase activators,

and immunomodulators could shake up current treatments, maybe

even help patients beat drug resistance or live longer, as some

clinical studies backing this up, showing how NOS levels and NO

activity shift in cancer tissues and track with how the disease

progresses. Then there’s the tumor microenvironment, where NO

interacts with immune cells, stromal bits, and oxidative stress in

ways that are, frankly, a little mind-boggling. It’s this complexity

that makes NO so intriguing, it could either fuel cancer or give us a

way to stop it, depending on how we approach it. The clinical

patterns talked about, like how NOS ties to prognosis, make me

think we’re onto something big, like personalized treatments

tailored to each patient’s unique setup.

This review shines a light on NO’s double-edged role in cancer

and gets us thinking about how to turn that into real-world

solutions. It’s a field brimming with potential, and I’d say we’ve

laid a solid foundation for what’s next.
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