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Abstract

Background: Nitric oxide (NO) is a gaseous free radical produced from L-arginine by the
nitric oxide synthase (NOS) enzymes. NO exerts a dose-dependent biphasic effect on lung
cancer development, angiogenesis, and dissemination. The widespread contribution of
nitric oxide signaling to lung cancer biology has cast a spotlight on the identification of
NO-based therapeutic approaches as well as the use of fractional exhaled NO (FeNO) as a
prognostic biomarker of clinical control. However, the significance of lung cancer treatment
and prognosis has not been fully elucidated. Objective: This narrative review gives an
overview of NO in lung cancer, focusing on its therapeutic and prognostic implications.
Results: FeNO may help to assess the complications associated with non-pharmacological
treatments, including postoperative pneumonia and radiation pneumonitis. By contrast,
the role of FeNO dynamics during pharmacological treatment is still largely unexplored
due to the suppressive effect of chemotherapy on FeNO levels. The rise of immunotherapy
may pave the way to a better evaluation of FeNO as a prognostic biomarker of treatment
response. The dichotomous involvement of NO in lung cancer events has led to the adop-
tion of several NO-centered treatments that are focused on both inhibiting and enhancing
NO signaling. However, NO chemical and biological characteristics have hindered its
implementation in clinical practice. Conclusions: In the coming years, the advancements
in drug delivery systems may lead to more effective anti-cancer applications of NO by
improving tumor targeting and minimizing the systemic side effects. Together, our findings
emphasize the promising role of NO in lung cancer treatment, underscoring the challenges
and avenues for future research.

Keywords: nitric oxide; lung cancer; immunooncology; biomarker; novel therapeutic
approaches; fractional exhaled nitric oxide

1. Introduction
1.1. Nitric Oxide Signaling and Nitrosative Stress in Respiratory Pathophysiology

Nitric oxide (NO) is a gaseous free radical molecule that is produced from L-arginine
by the action of various NADPH-dependent enzymes called NO synthases (NOSs) [1].
Unlike other isoforms, inducible NOS (iNOS) is not usually expressed in cells, but its
expression can be induced by different triggers, such as immunostimulatory cytokines or
bacterial products, in a wide variety of cell types [2] (Table 1).
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Table 1. Description of the main characteristics of NOS Isoforms.

Isoform Descriptive
Name

Molecular
Weight
(kD)

Gene Encoding
and Position Tissue Expression Subcellular Localization

NOS-1 neuronal NOS
(nNOS) 155 NOS1

(12q24.2-31)
Neurons,
skeletal muscle Constitutive

Cytosol, endoplasmic
reticulum, sarcolemma,
postsynaptic densities,
caveolae (caveolin 3)

NOS-2 inducible NOS
(iNOS) 125 NOS2

(17q11.2-12)

Macrophages,
smooth muscle
cells

Transcriptional
induction Phagosomes

NOS-3 endothelial
NOS (eNOS) 135 NOS3

(7q35-36)
Endothelial
cells, neurons Constitutive Golgi apparatus,

plasmalemmal caveolae

Once iNOS is expressed, it is constitutively activated, producing unregulated high
concentrations of NO in a short time frame [2]. The overproduction of NO by iNOS can
either produce positive or negative biological effects, dependent upon its concentration
and the organs involved. The main signaling pathway carried out by NO is through the
S-nitrosylation of proteins, regulating several cellular mechanisms, including membrane
trafficking and protein phosphorylation, and, when dysregulated, plays a key role in a
broad spectrum of human diseases [3,4]. Moreover, increased NOS activity leads to the
excess formation of reactive nitrogen species, like peroxynitrite, resulting in cellular ni-
trosative stress [5,6]. Nitrosative stress promotes protein tyrosine nitration, eliciting many
detrimental effects on cellular homeostasis, such as the activation of cascade signal re-
sponses of cell death and DNA strand breaks [7]. Over the last decades, the biochemical
mechanisms underlying NO signaling dysregulation and nitrosative stress have attracted
considerable attention [8,9]. Scientific inquiries have embarked on the development of
NO-based novel therapeutic approaches, including inhibitors of endogenous NO synthesis,
scavengers of NO, and prodrugs elevating NO levels [10]. NO is also a key regulator of
respiratory tract homeostasis, which is involved in a countless number of physiological and
pathophysiological processes, including antimicrobial protection, blood flow regulation,
modulation of bronchial reactivity, and mucociliary activity [11,12]. Dysregulated NO sig-
naling may result in noxious effects such as airway inflammation, bronchial hyperreactivity,
and mucus hypersecretion [13,14], thus correlating NO with the pathogenesis of many
respiratory diseases [1,14–18]. Fractional exhaled NO (FeNO) is a non-invasive test that
measures the amount of NO produced in the airways and is currently recommended in
the diagnostic work-up and therapeutic management of bronchial asthma [19,20]. The
enhanced comprehension of different disease pathways may lead to an expansion of their
clinical use to a broader spectrum of respiratory diseases, including interstitial lung dis-
eases [21] and chronic obstructive pulmonary disease [22], with promising results.

1.2. Nitric Oxide Signaling in Lung Cancer: Mechanisms, Therapeutic Potential, and Challenges

The pleiotropic activity of NO reflects its multifaceted role in tumor biology [23]. The
complex network of interactions between NO and the tumor microenvironment contributes
to cancer proliferation, angiogenesis, metastasis, and anti-tumor immunity [24,25]. De-
pending on several factors, including the duration and cellular sensitivity to exposure, NO
can exert both tumoricidal and tumor-promoting responses [23,25] (Figure 1).

Lung cancer is the leading cause of cancer-related deaths worldwide. Although lung
cancer pathogenesis is considered a multiphase phenomenon depending on the interplay
of genetics with environmental factors [26], it has been widely accepted that NO plays a
master role in different lung cancer-related events [27]. Indeed, cigarette smoking, a major
cause of lung cancer, associated with more than 85 percent of lung cancers [26], induced a
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huge exposure to reactive oxygen/nitrogen species, boosting oxidative/nitrosative stress to
the bronchial and alveolar tissues [28]. Moreover, prolonged exposure to cigarette smoking
may lead to the upregulation of iNOS, further enhancing pulmonary NO production [29].

Figure 1. Dose-dependent biphasic effect of NO on cancer development, cell proliferation, angiogene-
sis, and dissemination.

During the last decades, several studies have explored the contribution of NO accu-
mulation to human lung carcinoma, reporting discordant results.

Given the dualism of NO activity based on its concentration, a better understanding
of the molecular mechanisms underlying NO activity on cancer cells and the tumor en-
vironment could potentially lead to the development of novel therapeutic agents for the
treatment of lung cancer [24]. Low and intermediate concentrations of NO promote cancer
cell progression, prevent apoptosis, stimulate angiogenesis and metastasis, while higher
concentrations of NO have an anti-tumor effect by enhancing apoptosis and the efficacy of
chemotherapy and radiotherapy on cancer cells [25]. This leads to the idea of developing
targeted therapy based on NO [1]: exogenous delivery of NO can add up to endogenous
NOS-derived sources, raising the concentrations of NO to cytotoxic levels against neoplastic
cells, whereas inhibiting NO or its production can block tumor-promoting activity.

Studies based on the use of NO have been carried out using in vitro and in vivo
models for the treatment of various tumors, such as prostate cancer, breast cancer, and
neuroblastoma [10,29]. The main approach was focused on modulating the amount of NO
exposed to cells and included viral transfection of genes, cell-based methods, NO prodrug,
free radical scavengers, and pharmacological inhibition of NOS and NO itself [1].

However, even though the widespread contribution of NO to cancer-related events
supports the potential adoption of NO-centered treatments [30], NO’s chemical and biologi-
cal characteristics hinder their implementation in clinical practice [29]. NO has a very short
half-life under physiological conditions and participates in different physiological pro-
cesses of the body by modulating biochemical reactions, such as neurotransmission, blood
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flow regulation, inflammation, pain, immune responses, and gastroprotection. Given the
assumptions, controlled delivery of NO-centered therapies is mandatory to limit systemic
side effects and maximize anti-cancer effectiveness [23].

In recent decades, the potential of NO-based anti-cancer treatments has expanded
with the development of more stable and optimized NO-based therapies [31]. In parallel,
recent advancements in cancer therapies pose a significant challenge due to the lack of
biomarkers capable of reliably predicting the course or progression of the disease.

The broad involvement of NO signaling in lung cancer biology raised the scientific
interest of FeNO testing as a potentially simple and quantitative method to better assess
anti-cancer treatment responses, as well as to intercept chemotoxicity and/or radiation
toxicity early [32]. However, the prognostic implications of FeNO dynamics still raise
controversy about the usefulness of this marker, mainly due to the heterogeneity of the
available studies and the factors influencing its concentration [32,33].

The aim of this review is to provide an overview of the therapeutic and prognos-
tic effectiveness of NO-based clinical strategies, encompassing the insights, limitations,
challenges, and avenues for future research.

2. FeNO as a Biomarker of Treatment Response
In recent years, FeNO has been investigated in several studies that sought to deter-

mine whether it could be used as a prognostic marker for treatment response in cancer
patients [32]. Its implementation in clinical practice was investigated in three main areas of
cancer treatment: surgery, radiotherapy (RT), and pharmacological treatment.

2.1. Surgery

Since airway inflammation could be linked to an increase in postoperative complica-
tions, FeNO could possibly be used as a prognostic marker in patients undergoing lung
resection. A study conducted by Okamoto et al. discovered that the postoperative lev-
els of FeNO were increased in all patients, regardless of the type of surgery performed,
but the patients with higher levels of FeNO before surgery had an increased incidence
of potentially preventable complications, which, in turn, correlated with mortality [34].
Similarly, a study by Liu et al. found that FeNO significantly increased in the patients
who developed postoperative pneumonia (POP) [35]. Lastly, Lin et al. demonstrated that
elevated preoperative levels of FeNO are independent risk factors for the development
of a postoperative cough. Patients with high preoperative FeNO levels exhibited a signif-
icantly poorer cough-related quality of life and experienced delayed resolution of their
postoperative cough symptoms [36] (Figure 2).

2.2. Radiotherapy

The opportunity of using FeNO as a prognostic marker for lung inflammation also
led to the development of studies that focused on RT and its complications. Pulmonary
toxicity is a well-known side effect of RT, which limits the dose that can be administered
to patients and can impact their quality of life [37]. One of the manifestations of lung
toxicity is radiation pneumonitis (RP), which is an inflammatory reaction that occurs within
irradiated lung tissue [38]. The symptoms include cough, fever, shortness of breath, and
changes in pulmonary function, and in rare cases, may be fatal. Several studies underlined
the necessity to identify additional biomarkers to allow an early detection of lung toxicity
and RP [39]. Some studies, like the one carried out by McCurdy et al., found that eNO could
represent a valuable, rapid and cost-effective tool that was able to predict symptomatic RP
with an anticipation of weeks to months before peak symptoms [40,41], whereas Enache
et al. found that, eight months after the RT session, a spike in FeNO might indicate
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recurrence or progression of lung cancer as well as lung injury (such as RP) [42]. On the
contrary, Szejniuk et al. found no difference in the FeNO levels between patients who
developed RP and those who did not after high-dose RT, but still, patients who developed
RP showed higher basal levels of FeNO that persisted throughout the RT and follow-up
period [43] (Figure 2).

Figure 2. Potential implementation of FeNO testing in the assessment of complications associated
with surgical treatment and RT.

2.3. Chemotherapy

Chemotherapy (CHT) has also been associated with a reduction in FeNO after a
couple of days from its administration [44], likely due to the reduction in monocytes in
peripheral blood, which, in turn, is caused by the cell death in the tumor and the change in
the microenvironment [45]. Certain CHT drugs, such as cisplatin, induce the production
of reactive oxygen species (ROS); therefore, in patients undergoing CHT, the amount of
ROS produced might overpower the antioxidant systems, thus resulting in diminished
anti-tumoral activity [46]. Srivasta et al. reported that NO increased after CHT, whereas the
antioxidant system concentration decreased proportionally to the severity of the cancer [47].
This finding was also described by Wevel et al., who sought to understand whether CHT
caused a fall in FeNO and if that decrease might be caused by a reduction in monocytes in
peripheral blood. Interestingly, the levels of FeNO were reduced concurrently with the fall
of monocytes in peripheral blood, though not in a statistically significant manner [48].

To our knowledge, there are no available studies that correlate FeNO as a prognostic
marker of progression in patients undergoing CHT. This might be an interesting field to
explore in the future because of the low invasiveness and reliability of FeNO in measuring
airway inflammation.

2.4. Immune Checkpoint-Inhibitors

Some studies have investigated the potential of FeNO or multiple-flows eNO parame-
ters in assessing or predicting respiratory complications secondary to immune checkpoint
inhibitor (ICI) treatment. A case report described a reliable and timely increase in FeNO in
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patients experiencing checkpoint inhibitor pneumonitis (CIP), suggesting its implementa-
tion in clinical practice for the early detection of this potentially dreadful complication [49].
Interestingly, FeNO appears to retain its well-established association with type 2 inflam-
mation, as it was reported to be increased also in ICIs-treated patients developing chronic
eosinophilic pneumonia, asthma exacerbation, or eosinophilic airway inflammation [50–52].
Supporting these preliminary findings, a very recent paper by Gao and colleagues proposed
a CIP diagnostic model based on many parameters, among them CaNO. Notably, CaNO
values >6.35 ppb were independently associated with CIP [53]; and even if promising, these
findings will need to be further validated in prospective multicentric cohorts.

No data are currently available concerning the potential role of FeNO in predicting
a good response to ICIs: in this regard, a pilot study, whose main outcome is to address
FeNO as a prognostic marker of response to anti-PD-L1 immunotherapy in NSCLC, is
actually recruiting (NCT05985330).

2.5. Limitations and Confounding Factors

In recent years, with the rise of personalized medicine, FeNO’s role has evolved
significantly, no longer limited to serving as a static diagnostic or prognostic marker, but
rather as a dynamic biomarker to guide individualized therapy. Elevated FeNO levels are
strongly associated with T2-high inflammation, thus routinely enabling clinicians to make
precise decisions regarding the use of inhaled corticosteroids (ICS) or biologic therapies,
with superior outcomes over an approach that is based solely on asthma symptoms [54,55].

Overall, when it comes to using FeNO as a marker in cancer patients, we must
also take into account some of its limitations, such as the fact that patients with asthma,
eosinophilic airway inflammation, or high levels of allergen exposure, as well as patients
with exacerbated chronic obstructive pulmonary disease, are known to express elevated
FeNO levels, whereas inhaled and oral corticosteroids and cigarette smoke cause the
opposite effect [56].

It must also be noted that the studies mentioned above attempted to find an FeNO
cut-off level that could predict complications with acceptable sensitivity; however, it was
not possible to reach a unified number. Subsequent studies with larger cohorts might
be helpful in shedding light on this topic and will help define a “subgroup of high-risk
patients” using an inexpensive and easily accessible tool such as FeNO.

Future studies might also shed light on the use of measuring FeNO at multiple flow
rates—a tool that enables a partitioning of the measure of FeNO into its bronchial and
alveolar sources. Lower flow rates reflect bronchial FeNO production (J’awNO) and are,
therefore, associated with the bronchial compartment, which is more useful in asthma
management [57,58].

CaNO is instead linked to the alveolar compartment and might therefore be useful
in detecting parenchymal inflammation or tissue damage caused by systemic diseases
affecting the lung [21,59]. These extended measurements appear to be a promising tool that
might help explain more accurately the cause of FeNO elevation in every single patient.
Their use is, however, not standardized at present and, thus, requires further validation in
large clinical trials.

3. NO-Centered Therapeutic Approaches in Lung Cancer
3.1. Anti-NO Therapeutic Strategies

Given that low levels of NO promote tumor cell proliferation, migration, and angio-
genesis, one strategy to prevent tumorigenesis is to inhibit NO production by targeting
the molecular pathways involved. Indeed, iNOS is more expressed in lung tumors than
in surrounding normal tissues, and its expression correlates with angiogenic status and
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metastatic range in tumors [60], suggesting NOS enzymes as potential new therapeutic
targets in lung cancer.

Silibinin, a major constituent in silymarin, has a chemopreventive and antiangio-
genic efficacy on urethane-induced lung tumorigenesis in terms of tumor growth and
progression [61]. Indeed, studies on mouse models supported iNOS as a potential chemo-
preventive target during lung carcinogenesis as sibilinin decreases lung tumor multiplicity
by 71% in wild-type mice but failed to have such efficacy in iNOS−/− mice. iNOS is a
target of silibinin-mediated action, and the antiangiogenetic role of silibinin is related to
iNOS-dependent suppression of VEGF and its receptor, which are highly expressed in
lung tumors [62,63]. In addition, the iNOS gene promoter region has binding sites for
STAT, NF-κB, and HIF-1α, and silibinin inhibition of these transcription factors leads to the
downregulation of iNOS expression observed in lung cancer cells [62].

In terms of inhibition of NO production, NG-nitro-L-arginine methyl ester (L-NAME)
is one of the most clinically developed pan-NOS inhibitors for the treatment of septic and
cardiogenic shock, evaluated for the treatment of lung cancer in a genetically engineered
mouse model of KRAS mutation-positive non-small cell lung cancer (NSCLC). The re-
sults showed that L-NAME treatment inhibits lung growth, reduces tumor burden, and
increases the median overall survival, especially if administered after platinum-based
chemotherapeutics [64]. A recent study demonstrated that the combination of L-NAME
and Hypericum alpestre extracts exerts an inhibitory effect on the PI3K/Akt signaling
pathway, thereby enhancing apoptotic activity and exhibiting anti-cancer potential in A549
lung adenocarcinoma cells [65].

On the other hand, β-Elemene (the active component of elemene, extracted from the
Chinese medicinal herb Curcuma Wenyujin) used in conjunction with radiotherapy, is an
effective tool to overcome radioresistance in NSCLC [66]. β-Elemene reduces the expression
of EMT/CSC markers and inhibits the Prx-1/NF-kB/iNOS signaling pathway. B-Elemene
blocks the translocation of NF-κB p50/p65 from cytoplasm to nuclei induced by irradiation
and downregulates the transcription and expression of iNOS. Consequently, a combination
of β-Elemene and irradiation treatment may promote radio-sensitization [67].

Lastly, a series of novel Palladium (II) complexes containing heterocyclic NO chelators
appended to andrographolide were recently evaluated in vitro. These complexes demon-
strated significant radical scavenging activity against a range of free radicals, including NO,
outperforming standard antioxidants. Furthermore, they induced substantial cell death
through apoptosis in the A549 human lung cancer cell line, exhibiting greater efficacy than
the widely used chemotherapeutic drug cisplatin [68].

3.2. NO-Based Therapeutic Strategies

Another potential therapeutic strategy to impair tumor growth, decrease tumor angio-
genesis, and control metastatic potential is to administer NO exogenously or to utilize a
NO donor using drug delivery systems (DDS) to potentiate these mechanisms [69].

Preclinical studies utilizing ultra-high concentration gaseous NO (UHCgNO) have
demonstrated its potential as a potent anti-neoplastic agent and its use as a novel method
for tumor ablation. The anti-neoplastic effect may be mediated by reactive NO species
generation, such as peroxynitrite, that can oxidize DNA and induce single-strand breaks.
Additionally, UHCgNO induces apoptosis through the accumulation of the tumor suppres-
sor protein p53, mitochondrial damage, alterations in the expression of members of the
anti-apoptotic Bcl-2 family, caspase activation, and DNA fragmentation.

Tumor ablation mediated by UHCgNO offers several advantages. Its highly diffusible
nature allows for good distribution within the tumor, though its short half-life limits its
overall effect.
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Additionally, short-term treatment can stimulate an immune-mediated anti-tumor
response. It has been demonstrated that NO activates innate and adaptive immune system
responses against tumors in a concentration-dependent manner, even when the primary
tumor is not completely ablated. This suggests that it may be sufficient to destroy only part
of the tumor to expose immune cells to cancer antigens.

The administration of UHCgNO to murine models bearing Lewis lung carcinoma
cell lines demonstrated that T cells and dendritic cells were able to penetrate the tumor
within 14 days. Additionally, there is an increase in T and B cells in both the spleen and
blood, while there is a reduction in polymorphonuclear myeloid-derived suppressor cells
(MDSCs) in the spleen 21 days following treatment. Tumor cells undergoing apoptosis
release damage-associated molecular patterns (DAMPs), which recruit antigen-presenting
cells (APCs) to process and present tumor antigens to T cells, thereby stimulating T cell
proliferation and maturation and initiating a long-term immune response. These find-
ings indicate that the UHCgNO ablation method may have therapeutic potential as an
immunomodulating agent.

Moreover, endogenous NO production in tumor adjacent blood vessels may limit
cancer cells’ intravasation by causing DNA damage and apoptosis of malignant cells.
Additionally, gNO may enhance the efficacy of chemotherapy and radiotherapy in resistant
cancer cells by improving tumor blood flow and the delivery of drugs and oxygen [70].

There is increasing interest in developing NO-releasing compounds that can generate
NO in particular tissues, avoiding systemic toxic effects. Exogenously supplied NO donors
could induce cell death in human lung carcinoma.

This action can be explicated through a NO-mediated downregulation of survivin
expression, a protein herein most tumor cells associated with both anti-apoptosis and
mitotic progression [71]. NO donors S-nitroso-N-acetyl-penicillamine (SNAP) and sodium
nitroprusside (SNP) decrease survivin expression via the p38 MAP kinase-dependent path-
way, inducing apoptosis in lung carcinoma cells. SNAP inhibits cell growth and increases
the G2/M fractions in lung cancer cells; the activation of the CDC2-cyclin B1 complex is
required for the mitotic entry, and it was found that NO decreases the level of cyclin B1
and inhibits CDC2 kinase activity, causing the inhibition of survivin activity with enhanced
NO-induced cell death. Moreover, NO may reduce radio- and chemoresistance through
lowering survivin levels in tumor cells, considering survivin expression is enhanced during
administration of several anti-cancer agents [72].

Another promising class of NO-based therapy is diazeniumdiolate-based NO-releasing
prodrugs, such as O2-(2,4-dinitrophenyl)-1-[(4-ethoxycarbonyl) piperazin-1-yl] diazen-1-
ium-1,2-diolate (JS-K). JS-K has a strong inhibitory effect on a subset of NSCLC cancer cell
lines, and its effectiveness has a strong and statistically significant positive correlation with
endogenous pre-existing levels of ROS/RNS, for which high levels are required for the
generation of additional ROS/RNS. In mitochondria, NO determines increased superoxide
generation and DNA damage by the inactivation of manganese superoxide dismutase
through nitration. Beyond the alteration of redox balance in tumor cells, JS-K decreases the
reduced levels of glutathione (GSH) and increases its oxidized form (GSSG). This leads to
the activation of the intrinsic apoptotic pathway initiator Bax and consequent translocation
to mitochondria, which triggers cytochrome c release from mitochondria [73].

Tumor lung metastasis is mediated by epithelial–mesenchymal transition (EMT) and
endothelial–mesenchymal transition EMT (EndMT), promoted by TGF-β1 and epigenetic
reprogramming, leading to a loss of typical epithelial (such as E-cadherin) or endothelial
markers (such as CD31, CD34, VE-cadherin, and von Willebrand factor) and the acquisition
of mesenchymal markers, such as vimentin and alpha smooth muscle actin (αSMA). The
Zn-based metal nonoate [Zn (PipNONO)Cl] releases NO, serving as a regulator of EMT
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by interfering negatively with the expression and activity of TGF-β1, thus inhibiting
cancer progression. Therefore, [Zn(PipNONO)Cl] may be a promising drug, acting on
both tumor and endothelial cells, and reprogramming the cells toward their physiological
phenotypes [69].

The effect of NO is influenced by a multitude of factors, including the kinetics of NO
release by NO-based drugs, the availability of said drugs within the tumor microenviron-
ment, and the presence of reactive oxygen species or other scavengers during the process
of drug distribution [73].

All the presented therapeutic strategies, graphically summarized in Figure 3, were
applied in the in vitro or in vivo mouse model studies. Indeed, for cancer therapy, the
usefulness of aqueous solutions of NO and NO donors is highly restricted due to their brief
half-lives, instability under physiological conditions, fast system clearance, non-specific NO
release, and NO-independent toxicities. The advent of nanotechnology offers the potential
for the development of a targeted therapeutic strategy that enables the regulated release of
NO within the tumor microenvironment [74,75].

Figure 3. NO-centered therapeutic strategies in lung cancer: (a) Therapies inhibiting NO production
by targeting the molecular pathways involved, such as the STAT/NF-κB/HIF-1α pathway, by silibinin.
L-NAME acts as a pan-inhibitor of NOS enzymes, while β-Elemene inhibits the Prx-1/NF-kB/iNOS
signaling pathway and reduces the expression of EMT/CSC markers. (b) Therapies based on
exogenous administration of NO to potentiate its anti-tumor effects. UHCgNO increases the RNS
levels, causing DNA damage and, from an immunological perspective, causes a rise in T and B
cells in both the spleen and blood, while the MDSC levels decrease in the spleen. SNAP and SNP
decrease survival activity, inducing cancer cell death. JS-K increases the RNS, ROS, and GSSG levels,
determining an inhibitory effect on cancer cells. [Zn (PipNONO)Cl] inhibits EMT and EndMT by
interfering negatively with the expression and activity of TGF-β1, inhibiting cancer progression.

In light of the characteristics of the tumor microenvironment and the inherent insta-
bility of the NO molecule, NO donors that can be released in response to external factors
have attracted considerable attention. In particular, it is possible to distinguish between
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donors that are sensitive to endogenous stimuli and donors that are sensitive to exogenous
stimuli [75].

Endogenous stimuli include pH, glutathione (GSH), nitric oxide synthase 2 (NOS2),
and glucose.

NONOates—widely used NO donors—are activated under acidic conditions such as
those found in the tumor microenvironment. Their decomposition rate depends on both
the solution pH and the substituents on the secondary amine groups. In contrast, high intra-
cellular concentrations of GSH in cancer cells can trigger NO release from phenylsulfonyl
furoxan (PSF) and nitrate-based polymers. Additionally, L-arginine, a natural precursor of
NO, can function as a glucose-responsive NO donor, as glucose oxidase (GOx) catalyzes
the conversion of glucose into gluconic acid and hydrogen peroxide (H2O2), the latter of
which promotes NO release from L-arginine [75,76].

Conversely, external stimuli that are capable of inducing NO release include ultraviolet
(UV) and near-infrared (NIR) light, in addition to X-rays. In view of the phototoxicity of
UV rays, NIR-sensitive NO donors are the preferred option for achieving deeper tissue
penetration. S-nitrosothiols (SNO) represent a class of NO donors that exhibit a multiple
response, being activated by NIR, heat, and X-rays [75,77].

It has been reported that the use of biopolymers, such as polyethylene glycol gel,
facilitates the delivery of NO to tumor cells that have been exposed to light, thereby
inducing anti-tumor effects [78].

Another feature that can be exploited for the use of NO for anti-tumor purposes is
hypoxia, which is known to be a prevalent feature of solid tumors, contributing to their
progression through the stabilization of HIF-1α, a process that regulates genes involved
in angiogenesis and cell survival. Indeed, it has been demonstrated that certain NO
donors, including sodium nitroprusside, nitroglycerin, and isosorbide dinitrate, possess
the capacity to reduce HIF-1α levels in a hypoxic environment. It has been demonstrated
that this process results in a reduced hypoxic microenvironment, which may consequently
enhance therapeutic efficacy [79].

In the field of nanomedicine, other agents employed as nano-carriers include ther-
mosensitive liposomes. These liposomes possess the capacity to store, transfer, and acti-
vate the release of NO in a heat-mediated manner [80,81]. Moreover, NO donors can be
combined with fluorescent nanoparticles and can be used for photodynamic therapy of
tumors [82,83].

An alternative strategy is the combination of a NO donor with other drugs, with the
objective of maintaining the pharmacological activity of the parent drug while exploit-
ing the biological actions of NO [84]. Combination strategies that have shown efficacy
against NSCLC cell lines include the use of nitric oxide donors together with cisplatin and
doxorubicin [85,86]. In parallel, recent advancements in nanotechnology have led to the
development of innovative nanosystems that combine NO with chemotherapeutic agents.
One such system, (ZnO, NONO)@Ves-PTX, was engineered to release NO under the acidic
conditions characteristic of the tumor microenvironment (TME). The NO generated within
the TME inhibits angiogenesis, thereby enhancing the delivery and distribution of thera-
peutic agents. Upon internalization by tumor cells, (ZnO, NONO)@Ves-PTX decomposes
in response to intracellular GSH, releasing bilayer-encapsulated paclitaxel (PTX), which
exerts its chemotherapeutic effects against lung cancer cells [87].

Nitric oxide-driven nanotherapeutics have also been used in combination with RT
for the treatment of lung cancer. Resistance to RT in some lung cancer patients is often
attributed to reduced DNA damage, cytoprotective mechanisms, and an impaired immune
response following treatment. To address these challenges, a combined approach utilizing
radiotherapy and S-nitrosated human serum albumin nanoparticles has been investigated.
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This combination has demonstrated a significant suppression of lung tumor growth, high-
lighting the potential of NO donors to enhance the efficacy of radiotherapy by sensitizing
tumor cells and mitigating cytoprotective and immune-resistant effects [88].

Other therapeutic strategies developed over recent decades aim to provide a targeted
delivery of NO at the tumor site. These include conjugating NO with antibodies to specif-
ically target tumor cells [89] and employing gene therapy, which involves transferring a
cDNA sequence encoding NOS into tumor cells [27,90].

It is anticipated that these therapeutic strategies will be evaluated in human models
in the future, with the goal of developing targeted approaches for the treatment of lung
cancer that minimize systemic side effects.

It is evident that NO exerts a dual effect on tumors, demonstrating both anti-tumor
and carcinogenic properties. The manifestation of these effects is predominantly contingent
on the concentration of NO [27]. This duality presents a double challenge in determining
the net impact of NO on cancer and in defining the therapeutic role of NO-focused anti-
tumor strategies. Currently, there is no clear evidence or guidelines defining a minimum or
maximum cut-off value of the NO required to exert an anti-tumor effect. The instability of
the NO molecule in the tumor microenvironment further complicates the definition of this
value. Preclinical studies emphasize the importance of controlled and tumor-specific NO
release strategies [14]. Nevertheless, a more profound and dynamic understanding of the
influence of NO on the molecular and cellular mechanisms of tumor biology may enable
researchers to fully exploit the anti-tumor potential of NO-targeting therapies.

However, further research employing standardized dose–response models and real-
time monitoring of NO levels in the tumor microenvironment will be essential to establish
clinically relevant threshold values.

4. Future Directions and Conclusion Remarks
Over the past decade, a better understanding of the complex pathogenesis of lung

cancer has led to the development of new therapeutic options. However, despite advances
in treatment, the overall prognosis

FeNO may help to assess the complications that are associated with multimodal
treatments involving surgery and RT, including postoperative pneumonia and radiation
pneumonitis. Several interesting issues remain to be solved regarding the impact of
confounding and selection bias alongside the standardization of a reliable cut-off value.
Further studies with a larger sample size are needed to confirm and validate the clinical
utility of FeNO in predicting potentially preventable complications.

Due to the marked inhibitory effect of CHT on FeNO levels, the interpretation of
FeNO kinetics during pharmacological treatment is still a largely unexplored issue. In
recent years, the rise of biological treatment targeting different cancer pathways and/or
enhancing the immune system’s responses may lead to a better evaluation of FeNO as a
prognostic biomarker of treatment response.

The extensive role of NO in cancer development and progression has cast a spotlight
on the therapeutic role of NO-targeting, while the bimodal effect of NO on carcinogenesis
and cellular homeostasis has impeded its clinical use.

NO donors’ therapeutic strategies have been shown to increase the availability of NO,
resulting in a chemotherapeutic and radiotherapeutic sensitizing activity. Nevertheless, the
administration of exogenous NO, other than promoting the immunogenicity of cancer cells,
also has immunosuppressive effects. This may result in accelerated tumor progression, as
current NO delivery systems are limited in their ability to deliver high concentrations of
NO only to the tumor microenvironment and not to other sites. Moreover, high systemic
doses of NO may cause a reduction in arterial blood pressure due to the vasodilatory
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effects of NO. On the other hand, low concentrations of NO may be insufficient to exert
anti-tumor action.

Moreover, due to NO chemical and biological features, such as its low half-life and
rapid systemic clearance, its clinical efficacy in real-life settings is debated, and its toxicity
profile is considerable.

The improvements of DDS, including liposomes and nanoparticles, may improve
tumor targeting, constitute a major challenge of research, and may pave the way for more
effective anti-cancer applications of NO.

Author Contributions: Conceptualization T.P., A.D., A.F., L.B., M.d., E.B., and P.C.; methodology T.P.,
and P.C.; software, and validation, L.B. and M.d.; formal analysis; T.P., A.D., and A.F., investigation
T.P., A.D., A.F., and P.C.; resources T.P., A.D., and A.F.; data curation T.P., A.D., A.F., and P.C.; writing—
original draft preparation T.P., A.D., and A.F.; writing—review and editing T.P., A.D., A.F., and P.C.;
visualization T.P., A.D., and A.F.; supervision L.B., M.d., E.B., and P.C.; project administration T.P.,
L.B., M.d., E.B., and P.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

APC Antigen-presenting cell
CHT Chemotherapy
DAMP Damage-associated molecular patterns
DDS Drug delivery system
EMT Epithelial–mesenchymal transition
FeNO Fractional exhaled nitric oxide
GSH Glutathione
GSSG Glutathione disulfide
L-NAME NG-nitro-L-arginine methyl ester
MDSCs Myeloid-derived suppressor cells
NO Nitric oxide
NOS Nitric oxide synthase
NSCLC Non small cell lung cancer
POP Postoperative pneumonia
PTX Paclitaxel
ROS Reactive oxygen species
RP Radiation pneumonitis
RT Radiotherapy
SNAP S-nitroso-N-acetyl-penicillamine
SNP Sodium nitroprusside
TME Tumor microenvironment
UHCgNO Ultra-high concentration gaseous NO

References
1. Andrabi, S.M.; Sharma, N.S.; Karan, A.; Shahriar, S.M.S.; Cordon, B.; Ma, B.; Xie, J. Nitric Oxide: Physiological Functions, Delivery,

and Biomedical Applications. Adv. Sci. 2023, 10, 2303259. [CrossRef]

https://doi.org/10.1002/advs.202303259


J. Clin. Med. 2025, 14, 6801 13 of 16

2. Cinelli, M.A.; Do, H.T.; Miley, G.P.; Silverman, R.B. Inducible Nitric Oxide Synthase: Regulation, Structure, and Inhibition. Med.
Res. Rev. 2020, 40, 158–189. [CrossRef]

3. Fukumura, D.; Kashiwagi, S.; Jain, R.K. The Role of Nitric Oxide in Tumour Progression. Nat. Rev. Cancer 2006, 6, 521–534.
[CrossRef]

4. Lala, P.K.; Orucevic, A. Role of Nitric Oxide in Tumor Progression: Lessons from Experimental Tumors. Cancer Metastasis Rev.
1998, 17, 91–106. [CrossRef] [PubMed]

5. Burke, A.J.; Sullivan, F.J.; Giles, F.J.; Glynn, S.A. The Yin and Yang of Nitric Oxide in Cancer Progression. Carcinogenesis 2013, 34,
503–512. [CrossRef] [PubMed]

6. Ridnour, L.A.; Thomas, D.D.; Donzelli, S.; Espey, M.G.; Roberts, D.D.; Wink, D.A.; Isenberg, J.S. The Biphasic Nature of Nitric
Oxide Responses in Tumor Biology. Antioxid. Redox Signal. 2006, 8, 1329–1337. [CrossRef]

7. Perera, F.P. Environment and Cancer: Who Are Susceptible? Science 1997, 278, 1068–1073. [CrossRef]
8. Yokota, J.; Shiraishi, K.; Kohno, T. Genetic Basis for Susceptibility to Lung Cancer. In Advances in Cancer Research; Elsevier:

Amsterdam, The Netherlands, 2010; Volume 109, pp. 51–72, ISBN 978-0-12-380890-5.
9. Grimm, E.A.; Sikora, A.G.; Ekmekcioglu, S. Molecular Pathways: Inflammation-Associated Nitric-Oxide Production as a

Cancer-Supporting Redox Mechanism and a Potential Therapeutic Target. Clin. Cancer Res. 2013, 19, 5557–5563. [CrossRef]
10. Warren, G.W.; Cummings, K.M. Tobacco and Lung Cancer: Risks, Trends, and Outcomes in Patients with Cancer. Am. Soc. Clin.

Oncol. Educ. Book 2013, 33, 359–364. [CrossRef]
11. Pryor, W.A.; Stone, K. Oxidants in Cigarette Smoke Radicals, Hydrogen Peroxide, Peroxynitrate, and Peroxynitritea. Ann. N. Y.

Acad. Sci. 1993, 686, 12–27. [CrossRef] [PubMed]
12. Zi, Y.; Wang, X.; Zi, Y.; Yu, H.; Lan, Y.; Fan, Y.; Ren, C.; Liao, K.; Chen, H. Cigarette Smoke Induces the ROS Accumulation and

iNOS Activation through Deactivation of Nrf-2/SIRT3 Axis to Mediate the Human Bronchial Epithelium Ferroptosis. Free Radic.
Biol. Med. 2023, 200, 73–86. [CrossRef]

13. Salimian Rizi, B.; Achreja, A.; Nagrath, D. Nitric Oxide: The Forgotten Child of Tumor Metabolism. Trends Cancer 2017, 3, 659–672.
[CrossRef]

14. Alimoradi, H.; Greish, K.; Gamble, A.B.; Giles, G.I. Controlled Delivery of Nitric Oxide for Cancer Therapy. Pharm. Nanotechnol.
2019, 7, 279–303. [CrossRef]

15. Bellary, A.; Nowak, C.; Iwanicki, I.; Flores-Guzman, F.; Wu, L.; Kandel, J.J.; Laetsch, T.W.; Bleris, L.; Hernandez, S.L.; Sirsi, S.R.
Non-Viral Nitric Oxide-Based Gene Therapy Improves Perfusion and Liposomal Doxorubicin Sonopermeation in Neuroblastoma
Models. Theranostics 2023, 13, 3402–3418. [CrossRef]

16. Iwasaki, T.; Higashiyama, M.; Kuriyama, K.; Sasaki, A.; Mukai, M.; Shinkai, K.; Horai, T.; Matsuda, H.; Akedo, H. NG-Nitro-L-
arginine Methyl Ester Inhibits Bone Metastasis after Modified Intracardiac Injection of Human Breast Cancer Cells in a Nude
Mouse Model. Jpn. J. Cancer Res. 1997, 88, 861–866. [CrossRef] [PubMed]

17. Bonavida, B.; Baritaki, S.; Huerta-Yepez, S.; Vega, M.I.; Jazirehi, A.R.; Berenson, J. Nitric Oxide Donors Are a New Class of
Anti-Cancer Therapeutics for the Reversal of Resistance and Inhibition of Metastasis. In Nitric Oxide (NO) and Cancer; Bonavida, B.,
Ed.; Springer: New York, NY, USA, 2010; pp. 459–477, ISBN 978-1-4419-1431-6.

18. Mocellin, S.; Bronte, V.; Nitti, D. Nitric Oxide, a Double Edged Sword in Cancer Biology: Searching for Therapeutic Opportunities.
Med. Res. Rev. 2007, 27, 317–352. [CrossRef] [PubMed]

19. Menzies-Gow, A.; Mansur, A.H.; Brightling, C.E. Clinical Utility of Fractional Exhaled Nitric Oxide in Severe Asthma Management.
Eur. Respir. J. 2020, 55, 1901633. [CrossRef] [PubMed]

20. Pianigiani, T.; Alderighi, L.; Meocci, M.; Messina, M.; Perea, B.; Luzzi, S.; Bergantini, L.; D’Alessandro, M.; Refini, R.M.;
Bargagli, E.; et al. Exploring the Interaction between Fractional Exhaled Nitric Oxide and Biologic Treatment in Severe Asthma:
A Systematic Review. Antioxidants 2023, 12, 400. [CrossRef] [PubMed]

21. Cameli, P.; Bargagli, E.; Bergantini, L.; d’Alessandro, M.; Pieroni, M.; Fontana, G.A.; Sestini, P.; Refini, R.M. Extended Exhaled
Nitric Oxide Analysis in Interstitial Lung Diseases: A Systematic Review. Int. J. Mol. Sci. 2020, 21, 6187. [CrossRef]

22. Liu, X.; Zhang, H.; Wang, Y.; Lu, Y.; Gao, Y.; Lu, Y.; Zheng, C.; Yin, D.; Wang, S.; Huang, K. Fractional Exhaled Nitric Oxide Is
Associated with the Severity of Stable COPD. COPD J. Chronic Obstr. Pulm. Dis. 2020, 17, 121–127. [CrossRef]

23. Miranda, K.M.; Ridnour, L.A.; McGinity, C.L.; Bhattacharyya, D.; Wink, D.A. Nitric Oxide and Cancer: When to Give and When
to Take Away? Inorg. Chem. 2021, 60, 15941–15947. [CrossRef]

24. Mintz, J.; Vedenko, A.; Rosete, O.; Shah, K.; Goldstein, G.; Hare, J.M.; Ramasamy, R.; Arora, H. Current Advances of Nitric Oxide
in Cancer and Anticancer Therapeutics. Vaccines 2021, 9, 94. [CrossRef]

25. Khan, F.H.; Dervan, E.; Bhattacharyya, D.D.; McAuliffe, J.D.; Miranda, K.M.; Glynn, S.A. The Role of Nitric Oxide in Cancer:
Master Regulator or NOt? Int. J. Mol. Sci. 2020, 21, 9393. [CrossRef]

26. Smolarz, B.; Łukasiewicz, H.; Samulak, D.; Piekarska, E.; Kołaciński, R.; Romanowicz, H. Lung Cancer—Epidemiology, Pathogen-
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