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Abstract: Nitric oxide (NO) has been defined as the “miracle molecule” due to its essential pleiotropic
role in living systems. Besides its implications in physiologic functions, it is also involved in the
development of several disease states, and understanding this ambivalence is crucial for medicinal
chemists to develop therapeutic strategies that regulate NO production without compromising
its beneficial functions in cell physiology. Although nitric oxide synthase (NOS), i.e., the enzyme
deputed to the NO biosynthesis, is a well-recognized druggable target to regulate NO bioavailability,
some issues have emerged during the past decades, limiting the progress of NOS modulators in
clinical trials. In the present review, we discuss the most promising advancements in the research
of small molecules that are able to regulate NOS activity with improved pharmacodynamic and
pharmacokinetic profiles, providing an updated framework of this research field that could be useful
for the design and development of new NOS modulators.

Keywords: activators; cancer; cardiovascular diseases; drug design; inflammation; inhibitors; natural
sources; nitric oxide; nitric oxide synthase; neurodegenerative diseases

1. Introduction

Just over 25 years ago, the Nobel Prize won by Robert F. Furchgott, Louis J. Ignarro
and Ferid Murad for their independent discoveries related to the role of nitric oxide (NO) in
the cardiovascular system, definitively established the importance of this molecule in living
systems, so much so that it was defined the “miracle molecule” [1]. In the beginning, the
chemical structure of this powerful biological messenger was unknown, so it was reported
as an endothelial relaxing factor. Later, it was identified as NO, deeply impacting different
research fields [2], with about 53,000 articles with NO in the title published in the 2000’s
that have improved our understanding of its mechanism of action and biosynthesis.

Nitric oxide synthases (NOSs) are a family of enzymes responsible for the production
of NO. They use L-arginine (L-Arg) as a substrate, converting it into NO and L-citrulline
(L-Citr) through a series of oxidation reactions (Scheme 1). This process requires several co-
factors, including nicotinamide adenine dinucleotide phosphate (NADPH), flavin adenine
dinucleotide (FAD), flavin mononucleotide (FMN), and tetrahydrobiopterin (BH4) [3] The
activity of NOS enzymes is tightly regulated at multiple levels, including gene expression,
protein–protein interactions, post-translational modifications, as well as by the availability
of its substrate and cofactors.

There are three main isoforms of NOSs, two of which are constitutive, i.e., the neuronal
(nNOS or NOS1) and the endothelial (eNOS or NOS3), and one that is inducible (iNOS or
NOS2). Each of these isoforms plays distinct roles in the body and is regulated differently
(Figure 1). The nNOS is primarily found in the nervous system, and it is anchored to
the neuronal postsynaptic membrane by means of the postsynaptic density protein 95
(PSD-95). When N-methyl-D-aspartate receptors (NMDARs) are stimulated, a ternary
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NMDAR/PSD95/nNOS complex is formed, initiating nNOS activity [4]. The NO produced
plays different roles, involved in neurotransmission and the regulation of synaptic plasticity,
which is essential for learning and memory and affects neurogenesis [5]. Additionally, it
contributes to the regulation of blood flow and muscle contraction. The eNOS is predom-
inantly found in endothelial cells, which line the blood vessels, and can be activated by
different signals such as growth factors, hormones, and shear stress that stimulate the eNOS
phosphorylation [6]. NO produced by eNOS plays a critical role in maintaining vascular
homeostasis by regulating vascular tone, blood pressure, and blood flow. Moreover, it
inhibits platelet aggregation and prevents the adhesion of leukocytes to the endothelium,
thus protecting against atherosclerosis and thrombosis [7].
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Scheme 1. Global catalytic mechanism of NO synthesis. In the first step, L-Arg hydroxylation occurs 
in the presence of one molecule of oxygen and one equivalent NAPH via a sequential hydride and 
electron transfer through FAD, FMN up to heme and BH4. The formed N-hydroxyl-arginine re-
quires a molecule of oxygen and one electron from 0.5 NADPH to be further oxidized to L-Citr and 
NO, and the final production of two H2O molecules. Abbreviations: NADPH: nicotinamide adenine 
dinucleotide phosphate; FAD: flavin adenine dinucleotide; FMN: flavin mononucleotide; and BH4: 
tetrahydrobiopterin. 

There are three main isoforms of NOSs, two of which are constitutive, i.e., the neu-
ronal (nNOS or NOS1) and the endothelial (eNOS or NOS3), and one that is inducible 
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chored to the neuronal postsynaptic membrane by means of the postsynaptic density pro-
tein 95 (PSD-95). When N-methyl-D-aspartate receptors (NMDARs) are stimulated, a ter-
nary NMDAR/PSD95/nNOS complex is formed, initiating nNOS activity [4]. The NO pro-
duced plays different roles, involved in neurotransmission and the regulation of synaptic 
plasticity, which is essential for learning and memory and affects neurogenesis [5]. Addi-
tionally, it contributes to the regulation of blood flow and muscle contraction. The eNOS 
is predominantly found in endothelial cells, which line the blood vessels, and can be acti-
vated by different signals such as growth factors, hormones, and shear stress that stimu-
late the eNOS phosphorylation [6]. NO produced by eNOS plays a critical role in main-
taining vascular homeostasis by regulating vascular tone, blood pressure, and blood flow. 
Moreover, it inhibits platelet aggregation and prevents the adhesion of leukocytes to the 
endothelium, thus protecting against atherosclerosis and thrombosis [7]. 

The iNOS is induced in response to inflammatory signals, such as cytokines and bac-
terial endotoxins. It produces large amounts of NO as part of the immune response, help-
ing to kill pathogens and modulate inflammation. While this can be beneficial in fighting 
infections, excessive iNOS activity can lead to tissue damage and contribute to inflamma-
tory diseases [8].  

Several studies have been reported pointing to the dual roles of NO in both normal 
physiology and disease states, and understanding this ambivalence is crucial for medici-
nal chemists to develop therapeutic strategies that regulate NO production without com-
promising its beneficial functions in cell physiology. The different effects of NOSs are re-
lated to different factors, and one major aspect is the level of NO produced. This depends 
not only on the specific activated NOS isoform but also on the bioavailability of the cofac-
tors, as well as the extension of the NOS expression and its appropriate activation [6–8]. 
In this review, we focus on the advancements and critical issues in the development of 
therapeutic options related to the modulation of NOS activity by means of small mole-
cules. 

Scheme 1. Global catalytic mechanism of NO synthesis. In the first step, L-Arg hydroxylation occurs
in the presence of one molecule of oxygen and one equivalent NAPH via a sequential hydride and
electron transfer through FAD, FMN up to heme and BH4. The formed N-hydroxyl-arginine requires
a molecule of oxygen and one electron from 0.5 NADPH to be further oxidized to L-Citr and NO,
and the final production of two H2O molecules. Abbreviations: NADPH: nicotinamide adenine
dinucleotide phosphate; FAD: flavin adenine dinucleotide; FMN: flavin mononucleotide; and BH4:
tetrahydrobiopterin.
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Figure 1. NOS isoforms and their regulation and effects. The nNOS is activated by its interaction 
with the NMDAR/PSD95 complex. The generated NO interacts with the sGC, which catalyzes the 
production of cGMP from the GTP, and then the cGMP mediates downstream effects. The transcrip-
tion of iNOS is mediated by different proteins, such as NF-κB, STAT1, and AP1, in response to pro-
inflammatory stimuli. NO is generated at high levels as an immune defense. In physiological con-
ditions, eNOS is activated through its phosphorylation by different protein kinases, and the pro-
duced NO, by interacting with the sGC, maintains vascular homeostasis. Abbreviations: NMDAR: 
N-methyl-D-aspartate receptor; PSD95: postsynaptic density protein 95; sGC: soluble guanylate 
cyclase; cGMP: cyclic guanosine monophosphate; GTP: triphosphate guanosine; PTM: post-transla-
tional modifications; LPS: lipopolysaccharides; IL1β: interleukin-1β; TNFα: tumor necrosis factor α; 
NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; STAT1: signal transducer and 
activator of transcription 1; AP1: activator protein 1; PI3K/AKT: phosphatidylinositol 3-kinase/ pro-
tein kinase B; AMPK: 5′AMP-activated protein kinase; and PKA: protein kinase A. 
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involving the following two primary domains: the oxygenase domain and the reductase 
domain, which are connected by a calmodulin-binding region (Figure 2). The oxygenase 
domain is located at the N-terminal of the NOS protein. This domain is responsible for 
binding the substrate L-arginine and converting it to nitric oxide and L-citrulline. Key 
structural features of the oxygenase domain include the following: (i) a heme prosthetic 
group, which is essential for its catalytic activity. The heme iron is the site where oxygen 
is activated, and NO synthesis begins, and it participates in L-Arg oxidation through com-
plex mechanisms that are not fully elucidated [2,3,10]. (ii) BH4 is a critical cofactor that 
stabilizes the enzyme and aids in the electron transfer necessary for NO production [11]; 
finally, (iii) the substrate binding site is the site that specifically binds L-Arg, positioning 
it correctly for the catalytic reaction to occur [3]. Many NOS inhibitors developed so far 
compete with L-Arg, blocking enzymatic activity [12]. 

The calmodulin-binding region is located between the oxygenase and reductase do-
mains. This region is crucial for the regulation of NOS activity. Calmodulin binding in-
creases the efficiency of electron transfer by constraining the rotational movements of the 
reductase domain relative to the oxidase domain. In particular, CaM binding releases the 
FMN subdomain from the FAD/NADPH subdomain, allowing electron transfer to the ox-

Figure 1. NOS isoforms and their regulation and effects. The nNOS is activated by its interaction
with the NMDAR/PSD95 complex. The generated NO interacts with the sGC, which catalyzes the
production of cGMP from the GTP, and then the cGMP mediates downstream effects. The tran-
scription of iNOS is mediated by different proteins, such as NF-κB, STAT1, and AP1, in response to
proinflammatory stimuli. NO is generated at high levels as an immune defense. In physiological
conditions, eNOS is activated through its phosphorylation by different protein kinases, and the
produced NO, by interacting with the sGC, maintains vascular homeostasis. Abbreviations: NMDAR:
N-methyl-D-aspartate receptor; PSD95: postsynaptic density protein 95; sGC: soluble guanylate cy-
clase; cGMP: cyclic guanosine monophosphate; GTP: triphosphate guanosine; PTM: post-translational
modifications; LPS: lipopolysaccharides; IL1β: interleukin-1β; TNFα: tumor necrosis factor α; NF-κB:
nuclear factor kappa-light-chain-enhancer of activated B cells; STAT1: signal transducer and activator
of transcription 1; AP1: activator protein 1; PI3K/AKT: phosphatidylinositol 3-kinase/protein kinase
B; AMPK: 5′AMP-activated protein kinase; and PKA: protein kinase A.

The iNOS is induced in response to inflammatory signals, such as cytokines and
bacterial endotoxins. It produces large amounts of NO as part of the immune response,
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helping to kill pathogens and modulate inflammation. While this can be beneficial in
fighting infections, excessive iNOS activity can lead to tissue damage and contribute to
inflammatory diseases [8].

Several studies have been reported pointing to the dual roles of NO in both normal
physiology and disease states, and understanding this ambivalence is crucial for medicinal
chemists to develop therapeutic strategies that regulate NO production without compro-
mising its beneficial functions in cell physiology. The different effects of NOSs are related
to different factors, and one major aspect is the level of NO produced. This depends not
only on the specific activated NOS isoform but also on the bioavailability of the cofactors,
as well as the extension of the NOS expression and its appropriate activation [6–8]. In this
review, we focus on the advancements and critical issues in the development of therapeutic
options related to the modulation of NOS activity by means of small molecules.

2. The NOS Structure

When targeting NOS activity, a well-defined issue is isoform selectivity. There is no
doubt that a given inhibitor must act without modifying the activity of eNOS and that, in
general, modulating the activity of one or more isoforms depends on specific pathological
conditions. Therefore, studies aimed at highlighting the structural differences between
NOSs have been of fundamental importance for the design of molecules that are able to
selectively bind to a single enzyme.

NOSs have a complex structure consisting of a homodimer in which each subunit is
approximately 130–150 kDa in size [9]. The enzyme operates through a two-step process
involving the following two primary domains: the oxygenase domain and the reductase
domain, which are connected by a calmodulin-binding region (Figure 2). The oxygenase
domain is located at the N-terminal of the NOS protein. This domain is responsible for
binding the substrate L-arginine and converting it to nitric oxide and L-citrulline. Key
structural features of the oxygenase domain include the following: (i) a heme prosthetic
group, which is essential for its catalytic activity. The heme iron is the site where oxygen
is activated, and NO synthesis begins, and it participates in L-Arg oxidation through
complex mechanisms that are not fully elucidated [2,3,10]. (ii) BH4 is a critical cofactor that
stabilizes the enzyme and aids in the electron transfer necessary for NO production [11];
finally, (iii) the substrate binding site is the site that specifically binds L-Arg, positioning
it correctly for the catalytic reaction to occur [3]. Many NOS inhibitors developed so far
compete with L-Arg, blocking enzymatic activity [12].
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Figure 2. Schematic representation of the NOS dimer. Each monomer is formed by the oxygenase
domain (in red) containing the heme and the BH4 and L-Arg-binding sites and the reductase domain
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domain by a calcium–calmodulin (Ca2+-CaM) binding sequence. Zn–tetrathiolate is bound at the
dimer interface between the two oxygenase domains.
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The calmodulin-binding region is located between the oxygenase and reductase do-
mains. This region is crucial for the regulation of NOS activity. Calmodulin binding
increases the efficiency of electron transfer by constraining the rotational movements of
the reductase domain relative to the oxidase domain. In particular, CaM binding releases
the FMN subdomain from the FAD/NADPH subdomain, allowing electron transfer to
the oxidase domain [13]. Unlike neuronal and endothelial NOSs, which are regulated
by calcium/calmodulin binding, iNOS is constitutively bound to calmodulin once it is
expressed. This binding ensures that iNOS is fully active under conditions of inflammation
or immune response [14,15].

The reductase domain is located at the C-terminal of the NOS protein. This domain
is responsible for transferring electrons from NADPH to the oxygenase domain to facili-
tate NO production. Besides NADPH, the reductase domain includes several important
cofactors as follows: FAD, which accepts electrons from NADPH and passes them to FMN,
which then transfers them to the heme group in the oxygenase domain. It was observed
that one reductase domain at a time contributes to NOS catalysis, with the other remaining
in the input state [13].

The hinge region connects the oxygenase and reductase domains and provides flexi-
bility for the enzyme to undergo conformational changes necessary for electron transfer
between the domains. This region is also involved in the calmodulin-mediated regulation
of iNOS activity [16].

The dimerization interface is crucial for the formation of the active dimeric structure
of NOS. This interface is formed by interactions between the oxygenase domains of the two
subunits, stabilizing the enzyme and optimizing its catalytic efficiency [17].

NOS isoforms exhibit a high degree of sequence homology, reflecting their evolu-
tionary relationship and functional similarities. However, the exact grade of homology
varies depending on the specific regions of the enzymes being compared. Variations in
the aminoacidic sequence are most prominent in regions critical for substrate and cofactor
binding, enzyme dimerization, and interactions with regulatory proteins. For example,
the oxygenase domains of the three isoforms contain conserved regions for the substrate
catalytic pocket, the heme, and BH4 binding; yet, amino acids in the substrate access chan-
nel vary, affecting the binding affinities and catalytic efficiencies for each isoform [18,19].
Therefore, NOS inhibitor-bearing moieties that were able to interact with these regions
were developed in order to obtain select compounds.

Moreover, the specific calcium/calmodulin-binding motifs that are included in the
nNOS and eNOS structures allow their activities to be tightly regulated by intracellular
calcium levels, whereas iNOS lacks these motifs, leading to its calcium-independent, consti-
tutive activation once expressed [20]. The reductase domains also exhibit subtle sequence
variations that influence their electron transfer rates and interactions with other cofac-
tors. Additionally, some differences among the isoforms can be found at the dimerization
interfaces, with eNOS having a more stable interface [21]. These amino acid sequence
variations enable each NOS isoform to adapt its structure and function to meet specific
physiological demands, and, in principle, they can be exploited to design selective modula-
tors. However, it should be considered that there are some differences in the expression
and regulation of NOSs in human versus animal cell models, both in physiologic and dis-
ease conditions [22,23]. Considering this issue, appropriate preclinical evaluations should
be performed.

3. nNOS Modulators

The dysregulation of nNOS is implicated in various neurological conditions, including
stroke, neurodegenerative diseases, and neuropathic pain. In particular, in the early stages
of pathological conditions, there is often an overactivation of the NMDARs [24]. This results
in an excessive influx of calcium ions (Ca2+) in the consequent nNOS-extended overstimu-
lation. The excess NO produced during this process contributes to disease progression by
mediating the post-translational modifications (PTMs) of proteins, such as nitrotyrosination
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(Tyr-NO2), which involves the reaction of tyrosine residues with peroxynitrite (ONOO−),
and cysteine nitrosylation (SNO) [25]. In these disease contexts, PTMs are primarily patho-
logical, leading to either the loss or gain of protein function. Therefore, nNOS inhibition
is regarded as a potential therapeutic option, and nNOS inhibitors could be useful to
rebalance NO production. Small molecules that are able to selectively inhibit the nNOS can
act by binding specific enzymatic sequences located at the L-Arg binding site or preventing
the interaction of nNOS with the postsynaptic density protein 95 (PSD-95), which anchors
nNOS to the postsynaptic membrane in neurons and is crucial for the enzyme‘s activation.
These molecules have been mainly studied at the preclinical and clinical levels, as reported
in Table 1.

There are several examples of selective small molecules targeting the nNOS bind-
ing site. One of the most used pharmacological tools to study the therapeutic effects of
nNOS inhibition is the 7-nitroindazole (7-NI, Figure 3), which provides neuroprotection in
different disease models [26–28].
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Figure 3. Chemical structure of 7-nitroindazole.

This molecule is a quite effective nNOS inhibitor (Ki = 0.16 µM), although it does
not exhibit isoform selectivity in vitro [29]. This could be due to its mechanism of action,
which involves binding to the NOS’s heme by the iron chelation [29]. However, some
in vivo studies reported that 7-NI does not affect blood pressure since it does not inhibit
eNOS; therefore, it was suggested that this molecule could be accumulated in the nervous
system, resulting in tissue selectivity [30]. Nevertheless, a full consensus regarding 7-NI’s
in vivo selectivity has never been reached [30]. A promising class of molecules able to
selectively inhibit nNOS activity by targeting the enzyme’s catalytic site is based on the
2-aminopyridine scaffold. In these compounds, different lipophilic and basic moieties were
connected to the pyridine core by means of a central linker, which is often a cycle (Figure 4),
with the aim to modulate their potency of action and selectivity towards nNOS, as well as
their pharmacokinetic properties and blood–brain barrier permeation [31–34].

The most promising molecule is 4, which showed excellent potency for rat (Ki = 15 nM)
and human nNOS (Ki = 19 nM), with a selectivity of 1075-fold over human eNOS and
115-fold over human iNOS. Moreover, 4 displayed excellent cell-membrane permeability
and good metabolic stability. A crystallographic study clarified the binding mode of these
molecules in the human nNOS. The 2-aminopyridine binds with a bidentate, H-bonding
the active site Glu residue. The presence of the 4-methyl group ensures further non-polar
interactions with a small pocket close to the active site. The central aromatic ring is
positioned over the heme, assuming a specific upward orientation, which places the amine
tail towards a H2O molecule positioned in between the BH4 and the heme propionate A.
This typical binding mode is different in the eNOS active site. Here, different interactions
are lost since the central aromatic core is less favorably orientated over the heme so that
also the amine tail cannot establish interactions. Very interestingly, it was found that
bis-2-aminopyridine derivatives, such as compound 1, as well as 2-aminoquinoline-based
compounds, such as 3, are able to bind to both the active site, as expected, and the BH4
pocket. Crystallographic studies revealed that two molecules bind to each dimer subunit
and that the second can displace the BH4 cofactor in nNOS, although this is much less likely
to occur in eNOS [35]. This is the reason for the high selectivity over the eNOS exhibited by
these molecules.
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Table 1. Inhibitors of the nNOS evaluated in preclinical/clinical studies.

Compound Target Therapy Area Study Reference

7-NI NOS heme neuroprotection preclinical [26–28]

1–4 L-Arg catalytic site neurodegeneration/
neuropathic pain preclinical [34]

AVLX-144 nNOS-PSD95
interaction stroke Phase 1

(completed) [36]

ZL006 nNOS-PSD95
interaction stroke preclinical [37–39]

SCR4026 nNOS-PSD95
interaction stroke preclinical [40]

5 nNOS-PSD95
interaction stroke preclinical [41]

nerinetide NMDAR-PSD95
interaction stroke Phase III

(completed) [42]

On the other side, few examples are reported of compounds able to block the nNOS-
PSD95 interaction, which is vital for the precise spatial production of NO. This interaction
occurs among the nNOS PDZ (postsynaptic density-95, discs large, zonula occludens-1)
domain, located at the N-terminus of nNOS, and the PSD-95′s PDZ2 subunit and can be
blocked either by small molecules or peptides. In general, these compounds do not affect
the NMDA receptor function, nNOS expression, or nNOS catalytic activity, and for this
reason, can be considered safer with respect to molecules directed against the nNOS active
site. AVLX-144 (Figure 5) is a peptide-based molecule under clinical investigation with
promising activity in neurodegeneration and stroke models [36]. It binds the PSD95’s
PDZ1 and PDZ2 domains simultaneously, preventing interactions with both NMDARs
and nNOS. Small molecules based on a benzyl-aniline scaffold are able to bind to the
nNOS PDZ domain, blocking protein–protein interactions. For example, ZL006 (Figure 5)
diminishes the neuronal damage and oxidative stress caused by Aβ1-42 and reduces
neuronal injury and apoptotic cell death in a model of Parkinson’s disease [37,38]. Moreover,
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it has demonstrated promising neuroprotectant activity in stroke in vivo models [39].
SCR4026 (Figure 5) exhibited neuroprotective activities and showed potential in treating
ischemia stroke by disrupting PSD95-nNOS protein–protein interactions. However, it
displayed moderate solubility and short half-time [40], and these issues were optimized by
the introduction of a 2-aminobenzamide and a glycine group on the aniline of the SCR4026,
obtaining compound 5 (Figure 5) [41]. The last showed significant neuroprotective effects
on damaged primary cultured neurons at 0.1 µM. Moreover, it had therapeutic effects
in the MCAO rat model, reducing the era of ischemic cerebral infarction and improving
rats’ behavior.
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Very recently, a phase III clinical trial (ESCAPE-NA1) was completed on the drug
candidate nerinetide in the treatment of acute ischemic stroke [42]. This is an eicosapeptide
that prevents the NMDAR/PSD-95 interaction and, consequently, inhibits the neurotoxic
signaling of nNOS. The results from this study showed no significant differences between
placebo- and nerinetidine-treated patients at 90 days after stroke, and this was related to
the cleavage of nerinetide by plasmin, which is activated by the co-administration of the
tissue plasminogen activator alteplase. Therefore, this trial encourages the development of
other neuroprotective drugs targeting the NMDAR/PSD95/nNOS activation.

4. iNOS Modulators

Dysregulated iNOS contributes to the pathology of chronic inflammatory diseases,
such as rheumatoid arthritis [43], inflammatory bowel disease [44], and asthma [45]. In
neurodegenerative disorders like Parkinson’s and Alzheimer’s disease, excessive NO can
exacerbate neuronal injury and death [46]. Additionally, iNOS-derived NO is involved
in the pathogenesis of certain cancers by influencing tumor progression, angiogenesis,
and immune evasion [47–49]. Table 2 provides a list of those promising selective iNOS
inhibitors discussed in this section with proven therapeutic action.

Several compounds able to target the iNOS have been reported during the 2000’s, and
some of them resulted in appearing very potent and selective, such as 1400W, GW274150,
L-NIL (N6-(1-iminoethyl)-L-lysine hydrochloride), and BYK191023 (Figure 6) [50–53] In
particular, these compounds are competitive inhibitors, binding to the iNOS catalytic site,
and they proved to be a useful pharmacological tool to investigate the effects of iNOS
inhibition in different pathological contexts, such as in stroke [54], hyperalgesia [55] cancer
and cancer chemo-resistance [56], septic shock [57], renal ischemia/reperfusion injury [58],
Parkinson’s disease [59], and rheumatoid arthritis [60].
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Despite these promising results, none of these compounds progressed into advanced clin-
ical trials, mainly due to preclinical toxicity or failure to slow the disease progression [61–63].
One of the reasons for these unsuccessful trials might be differences in the disease patho-
mechanism among different species so that preclinical animal models are not sufficiently
predictive [23]. Other issues are inappropriate for the in vivo iNOS inhibition degree, as
well as the lack of safety and tissue specificity exhibited by the known molecules [64].
Therefore, the research of new iNOS modulators is highly desired, and different interesting
molecules have been recently reported.

Based on the leading structure of the 1400W, a set of phenyl-amidine derivatives
bearing a sulfonamide moiety was prepared (Figure 7), and molecule 6 gave promising
results in terms of its potency of action (human iNOS IC50 = 0.65 µM), selectivity over
constitutive isoforms, and antiproliferative and antimetastatic effects in a triple-negative
breast cancer cell line [65]. A docking study revealed that the sulfonamide group interacted
with the iNOS-specific Asp382, stabilizing benzamidine binding on the catalytic site. This
interaction is lost in the eNOS, where the molecule is forced toward the opposite side of the
catalytic site entrance, disrupting the effectiveness of benzamidine interactions.
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chemical structure of the most interesting molecule, 6. In the general structure, the phenyl ring,
which was introduced to ameliorate 1400W lipophilicity, is reported in green; in red, the 1400W
amidine-benzyl core is reported, and in blue, the phenyl-sulfonamide moiety responsible for the
compounds’ selectivity is shown.
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Table 2. Inhibitors of the iNOS evaluated in preclinical/clinical studies.

Compound Target Therapy Area Study References

1400W L-Arg catalytic site Hyperalgesia,
stroke, cancer preclinical [54–56]

GW274150 L-Arg catalytic site
Septic shock,

neuroprotection,
rheumatoid arthritis

Phase 2
(completed) [59,60]

L-NIL L-Arg catalytic site renal ischemia/
reperfusion injury preclinical [58]

BYK191023 L-Arg catalytic site septic shock; cancer preclinical [57]
6 L-Arg catalytic site cancer preclinical [65]

7–8 L-Arg catalytic site inflammation preclinical [66,67]

9–12 Inhibition of NF-kB inflammation,
cancer preclinical [68–71]

13–15 iNOS dimerization arthritis preclinical [72,73]

chrysamide B iNOS dimerization oedema, septic
shock preclinical [74]

Aril-carboximidamides 7–8 were reported for their capability to reduce iNOS-derived
NO, as well as to inhibit PGE2 and COX in LPS-stimulated RAW264.7 macrophages
(Figure 8). In these molecules, the imidamide group acted as an amidine bioisoster, and
encouraging results were obtained in an in vivo model of carrageenan-induced rat paw
odoema [66,67].
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inflammatory activity.

Interestingly, compounds including a nitrogen heterocycle, such as triazole, pyrazole,
or a pirimidine core, proved to be promising iNOS modulators. Compounds like 9–12
(Figure 9) mainly acted as anti-inflammatory agents able to modulate the NF-kB pathway
in inflamed cellular models, such as in PAM212 keratinocytes and different cancer cells
(9, 10) [68,69], BV2 cells (11) [70], and RAW 264.7 macrophages (12) [71], resulting in a
reduction in iNOS expression.

On the other side, molecules 13–15 (Figure 10) acted as iNOS dimerization inhibitors,
i.e., small molecules preventing the assembly of the initially synthesized monomeric NOS
protein into the functional homodimer [72,73]. In particular, the azole moiety binds to the
heme, causing a conformational change in the monomer, which prevents the formation.
These compounds do not suffer from the typical loss of cellular effectiveness of L-Arg
competitive inhibitors, which is due to the high concentrations of the natural substrate. For
example, thieno[3,2-d]pyrimidine derivative 14 inhibits the stabilization of iNOS dimers in
LPS-stimulated RAW 264.7 cells, resulting in quite potent iNOS inhibition (IC50 = 1.86 µM).
Its anti-inflammatory activity was assessed by an adjuvant-induced arthritis rat model
in vivo, and it showed good drug-like properties.
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Chrysamide B (Figure 11) is a natural compound isolated from the deeper sea fungi
Penicillium chrysogenum. It has a dimeric nitrophenyl trans-epoxyamide structure and
has been demonstrated to inhibit the overproduction of NO and the activation of iNOS
(IC50 = 0.082 µM) by affecting the formation of dimeric iNOS. Chrysamide B provided anti-
inflammatory effects in carrageenan-induced paw edema and in LPS-induced septic mice
and can be considered a promising chemical scaffold to obtain new iNOS inhibitors [74].
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5. eNOS Modulators

The function and activity of eNOS in the endothelium are crucial for maintaining
vascular integrity and homeostasis. Most cardiovascular diseases are associated with the
imbalanced production of ROS and peroxynitrite, which, by oxidating the cofactor BH4,
triggers the so-called eNOS uncoupling, which is a dysfunctional state where the enzyme
produces superoxide instead of NO [75,76]. This shift contributes to even more oxidative
stress and endothelial dysfunction, playing a significant role in the pathogenesis of various
cardiovascular diseases [77]. Consequently, eNOS is an appealing therapeutic target that
has yet to be pharmacologically utilized. eNOS enhancers that have demonstrated a
therapeutic potential are reported in Table 3.

Compounds like AVE9488 and AVE3085 (Figure 12) are eNOS enhancers, upregu-
lating the enzyme’s transcriptional levels. These molecules produced highly promising
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preclinical results, such as the improvement of left ventricular remodeling in myocardial
infarction [78] and the improvement of diastolic heart failure in rats. In diabetic rats,
AVE3085 normalized altered hind limb blood flow and reduced vascular inflammation.
Additionally, this molecule restored endothelial function and blood pressure in sponta-
neously hypertensive rats and decreased oxidative stress and endothelial dysfunction in
diabetic db/db mice [79,80]. Despite these results, human clinical trials were inconclusive,
and these molecules were not entered into therapy. A possible reason for this failure is
that the upregulated eNOS levels require increased BH4 levels at the same time; otherwise,
eNOS uncoupling occurs. Therefore, the supplementation of BH4 or its precursors (e.g.,
sepiapterin or folate) could improve the clinical outcomes of eNOS activation [81,82].
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Natural compounds, such as flavonoids (Figure 13), have undoubtedly attracted
considerable interest for their capability to activate the eNOS, triggering the enzyme’s
phosphorylation via the upstream activation of signals such as PI3K/Akt, or by regulating
the p38, ERK1/2, MAPKs, and Nrf-2 pathways [83–89]. These compounds are also radical
scavengers and inhibitors of ROS production, with the potential to improve BH4 availability
in the inflammatory disease context [90,91]. Although dietary flavonoids were proven to
preserve eNOS functions, limiting its uncoupling, this evidence was obtained in an animal
preclinical model of cardiovascular diseases; therefore, more advanced clinical studies are
necessary to ascertain their activity in human pathological conditions.
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Compound Target Therapy Area Study Reference
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AVE3085

transcription
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endothelial
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dysfunction preclinical [86,87]

myricetin eNOS phosphorilation endothelial
dysfunction preclinical [88]
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Another issue is polymorphisms in gene-encoding eNOS, which can affect the en-
zyme’s regulation, thereby impacting responses to eNOS enhancers [92]. In this regard,
pharmacogenetic studies are highly requested to appropriately define the potential useful-
ness of eNOS enhancers.

6. Conclusions

Since their identification, NOSs have gained considerable interest as a pharmacological
target to treat different conditions, from cancer to neurodegenerative diseases, from septic
shock to metabolic syndrome, and from migraine to autoimmune and cardiovascular
diseases. Crystallographic and biochemical studies have revealed the NOS architecture,
and the initial discovery of many NOS ligands has largely contributed to understanding the
subtle differences among the three NOS isoforms. These studies have led to the improved
design of selective NOS modulators, and the identification of these issues has also limited
the progression of NOS modulators into clinics due to inappropriate safety, irreproducible
outcomes from animal models, and isoform polymorphism. In this review, a discussion of
the most important findings about the modulators of the three NOS isoforms is provided,
with a particular focus on those promising molecules recently reported that could be used
to translate the promising preclinic evidence into therapeutic outcomes.
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