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Abstract

Nitric oxide (NO) is a signaling molecule that plays a crucial role in numerous cellular physiological processes. In the skin, NO is
produced by keratinocytes, fibroblasts, endothelial cells, and immune cells and is involved in skin functions such as vasodilation,
pigmentation, hair growth, wound healing, and immune responses. NO modulates both innate and adaptive immune responses.
As a signaling molecule and cytotoxic effector, NO influences the function of immune cells and production of cytokines. NO is a key
mediator that protects against or contributes to skin inflammation. Moreover, NO has been implicated in skin sensitization, a pro-
cess underlying contact dermatitis. It modulates the function of dendritic cells and T cells, thereby affecting the immune response
to allergens. NO also plays a role in contact dermatitis by inducing inflammation and tissue damage. NO-related chemicals, such
as nitrofatty acids and nitric oxide synthase (NOS) inhibitors, have potential therapeutic applications in skin conditions, including
allergic contact dermatitis (ACD) and irritant contact dermatitis (ICD). Further research is required to fully elucidate the therapeutic
potential of NO-related chemicals and develop personalized treatment strategies for skin conditions.
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INTRODUCTION cellular level, NO participates in signal transduction pathways.
NO is involved in regulating a variety of enzymes and proteins
Nitric oxide (NO) is a small gaseous molecule that plays through a process called S-nitrosylation, in which NO attaches
crucial roles in numerous physiological and pathological pro- to the thiol group of the cysteine residues in these molecules
cesses within cells (Namkoong and Kim, 2010; Gantner et (Nakamura and Lipton, 2016). This can alter the function of
al., 2020; Lundberg and Weitzberg, 2022). The primary sig- these proteins by affecting processes, such as gene expres-
nificance of this molecule in cellular processes stems from its sion, protein aggregation, apoptosis, and mitochondrial respi-
ability to function as a signaling molecule, thereby facilitating ration (Choi et al., 2014; Nakamura and Lipton, 2020; Naka-
communication among cells. It is produced from the amino mura et al., 2021; Oh et al., 2022).
acid L-arginine by a family of enzymes known as nitric ox- The role of NO in maintaining the vascular tone by promot-
ide synthases (NOS) (Krél and Kepinska, 2020). Once pro- ing vasodilation has been extensively documented in the car-
duced, NO diffuses across cell membranes because of its diovascular system (Vanhoutte et al., 2016). The NO gener-
lipophilic nature. It exerts its effects by binding to the heme ated by endothelial cells diffuses into the neighboring smooth
moiety of soluble guanylyl cyclase (sGC), thereby producing muscle cells, triggering a series of responses that lead to mus-
cyclic guanosine monophosphate, which acts as a secondary cle relaxation and vasodilation, which, in turn, helps regulate
messenger and regulates several cellular processes, includ- blood pressure and blood flow. NO prevents platelet aggrega-
ing smooth muscle relaxation, inhibition of platelet aggrega- tion, thereby inhibiting blood clot formation. NO also plays a
tion, and neurotransmission(Lehners et al., 2018; Garthwaite, significant role in the immune system (Xue et al., 2018). Im-
2019; Degjoni et al., 2022). However, NO can also react with mune cells, such as macrophages, produce NO as part of the
superoxide to form peroxynitrite, a potent oxidant that causes body’s defense mechanisms against pathogens. NO exhibits
cellular damage (Lim, 2013; Piacenza et al., 2022). Hence, antimicrobial activity and kills or inhibits the growth of bacteria,
the biological effects of NO can be both beneficial and harm- viruses, and other pathogenic organisms. Furthermore, NO
ful depending on its concentration and cellular context. At the modulates immune responses and influences inflammation
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Table 1. NO donors used for the purpose of mimicking NO
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Chemical class

Examples

Donating mechanism

Diazeniumdiolate DEA NONOate

Syndnonimine SIN-1
Organic nitrates

Nitroglycerin, Glycerol trinitrate

Spontaneous-release

Inorganic nitroso compound
S-nitrosothiol

Sodium nitroprusside (SNP)
SNAP, S-nitrosoglutathione (GSNO)

Enzymatic oxidation

Chemical reaction

and immune cell function (Garcia-Ortiz and Serrador, 2018;
Thwe and Amiel, 2018). In the nervous system, NO acts as a
neurotransmitter and is involved in various aspects of neuro-
biology, including neural development, synaptic plasticity in-
duction, and neurovascular coupling regulation (Contestabile,
2012; Nakamura et al., 2013; Lipton, 2022). These findings
have implications in learning, memory, and other cognitive
functions.

NO plays significant and diverse roles in various cellular
processes. It is a versatile molecule that participates in a wide
range of biological processes and contributes to the overall
homeostasis of the body. However, it is worth noting that im-
balances in NO production or activity can lead to pathological
conditions, highlighting the need for precise regulation of NO
in the body. Additionally, in the skin, diseases associated with
NO stem from an imbalance in its levels, caused by deficiency
or abundance. At low concentrations, NO acts as a signaling
molecule, performing regulatory and homeostatic roles, in-
cluding vasodilation, melanogenesis, and protection against
environmental stressors (Cals-Grierson and Ormerod, 2004).
Negative effects of increased NO levels can be observed in
immune-related inflammatory conditions, including psoriasis,
cutaneous lupus erythematosus, and potentially allergic skin
lesions (Ormerod et al., 1997; Oates, 2010; Plenkowska et al.,
2020). Therefore, in this study, we review whether this feature
of NO applies to the skin, particularly in relation to skin sen-
sitization.

NO AND REACTIVE NITROGEN SPECIES (RNS)

The primary method of NO production in the body involves
an enzymatic process employing the nitric oxide synthase
(NOS) family of enzymes. There are three known NOS iso-
forms: neuronal NOS (nNOS or NOS1), inducible NOS (iNOS
or NOS2), and endothelial NOS (eNOS or NOS3) (Cinelli et
al., 2020; Cyr et al., 2020; Solanki et al., 2022). These en-
zymes are found in different tissues and have different regu-
latory mechanisms. All three isoforms of NOS catalyze the
same reaction, converting L-arginine into L-citrulline and NO.
This reaction requires several cofactors including NADPH, fla-
vin adenine dinucleotide (FAD), flavin mononucleotide (FMN),
and (6R-)5,6,7,8-tetrahydrobiopterin (BH4). The enzymatic
process of NO synthesis is tightly regulated, with each NOS
isoform being subjected to different regulatory mechanisms.
For example, eNOS and nNOS are constitutively expressed,
and their activity is primarily regulated by intracellular calcium
levels, whereas iNOS is expressed in response to inflamma-
tory signals and produces NO in a calcium-independent man-
ner.

In addition to the enzymatic synthesis by NOS, NO can be

generated via non-enzymatic pathways. These pathways are
generally less significant under physiological conditions but
can get activated under certain pathological conditions or in
the presence of exogenous nitrite or nitrate (Ma et al., 2018).
One such nonenzymatic pathway involves the reduction of
inorganic nitrite to NO (Carlstrom et al., 2018). This can oc-
cur in the stomach under acidic conditions or in other tissues
in the presence of certain reductases. Another nonenzymatic
pathway involves the reduction of nitrate to nitrite by commen-
sal bacteria in the mouth and gut, followed by further reduc-
tion to NO (Vanhatalo et al., 2018). In addition, certain drugs
and dietary supplements can generate NO non-enzymatically.
For example, nitroglycerin, a medication used to treat heart
conditions, releases NO into the body, leading to vasodilation
(Zhou and Parker, 2019). Nitrate- and nitrite-rich foods such
as beetroot and leafy green vegetables can also contribute to
NO production via non-enzymatic pathways (Ocampo et al.,
2018). Various NO donors have been used to simulate NO
production (Table 1).

Nitric oxide is a highly reactive molecule that undergoes
various chemical reactions to form nitrogen species (Ford and
Miranda, 2020). These reactions are influenced by the local
environment, including the presence of other molecules, oxy-
gen levels, and pH. A major pathway for NO conversion is its
reaction with superoxide (O,"), which results in the formation
of peroxynitrite (ONOO~) (Jourd’heuil et al., 1999; Szabd et
al., 2007). It is a potent oxidant that can nitrate tyrosine resi-
dues in proteins, thereby altering their structure and function.
Peroxynitrite can also produce other reactive nitrogen species
(RNS) such as nitrogen dioxide (NO,) and dinitrogen trioxide
(N2O3). In O-rich environments, NO reacts with oxygen to form
nitrogen dioxide (NO,). It is a potent oxidant that can cause
cellular damage. NO can also react with itself to form dinitro-
gen trioxide (N2Os), particularly under acidic conditions and
in the presence of certain catalysts. N,Os; reacts with amines
to form nitrosamines, several of which are carcinogenic. NO
can also be converted back to nitrite (NO.") and nitrate (NO5")
in a process known as denitrification (Kuypers et al., 2018).
This process is primarily performed by certain bacteria under
anaerobic conditions. Nitrate can also be reduced to NO by
nitrate reductases through nitrate respiration or dissimila-
tory nitrate reduction. Each of these reactions has significant
biological implications, because the various nitrogen species
formed can affect cellular processes in different ways. Under-
standing the pathways for the conversion of NO to other ni-
trogen species and the factors that influence these pathways
is, therefore, an important area of research for understanding
numerous roles of NO in biology and medicine.
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NITRIC OXIDE SYNTHASE (NOS) IN SKIN

The three isoforms of NOS are expressed in various skin
cell types: keratinocytes, fibroblasts, endothelial cells, and im-
mune cells (Qureshi et al., 1996; Sakai et al., 1996; Wang
et al., 1996; Shimizu et al., 1997). Their differential expres-
sion and regulation contribute to the spatial and temporal
control of NO production in the skin, allowing for the fine-
tuned regulation of various skin functions. nNOS and eNOS
are considered constitutive NOS isoforms because they are
constantly produced under normal physiological conditions.
nNOS and eNOS regulate skin pigmentation, hair growth,
and wound healing, among other functions (Horikoshi et al.,
2000; Sowden et al., 2005; Man et al., 2022b). For example,
the NO generated by eNOS in endothelial cells exerts vaso-
dilatory effects that promote blood flow to the skin (Quillon et
al., 2015). This is crucial for temperature regulation, nutrient
delivery, and waste removal. Additionally, eNOS-derived NO
stimulates angiogenesis, which is important for wound healing
(Chen et al., 2020; Xu et al., 2023). In contrast, iNOS is an
inducible isoform that is usually silent under normal conditions
but can be upregulated in response to inflammatory signals or
cellular stress. In the skin, iNOS-derived NO plays a crucial
role in immune response. For example, NO produced by iNOS
in macrophages and other immune cells is involved in killing
pathogens and modulating inflammation(Xue et al., 2018). Ab-
errant iINOS activity and NO production have been implicated
in various skin pathologies including psoriasis and Alzheimer’s
disease (Man et al., 2022a).

The dual nature of NO as a beneficial and potentially harm-
ful molecule in the skin is largely dictated by the activity of
NOS enzymes. Insufficient NO production can negatively af-
fect normal skin function, whereas excessive NO can lead to
tissue damage and contribute to the development of diseases.
Understanding the complex roles of NOS enzymes in the skin
may provide new therapeutic avenues for managing a range
of skin conditions.

NO AND IMMUNE RESPONSES IN SKIN

Role of NO in innate and adaptive immune responses

NO plays a crucial role in both the innate and adaptive im-
mune responses and acts as a signaling molecule and cyto-
toxic effector (Bogdan, 2015). In the innate immune system,
NO is primarily produced by immune cells such as macro-
phages and neutrophils, in response to pathogenic invasion
(Kashfi et al., 2021; Sadaf et al., 2021). These cells express
the inducible form of nitric oxide synthase (iNOS), which is
activated upon recognition of pathogen-associated molecular
patterns (PAMPs) by pattern recognition receptors (PRRs)
such as toll-like receptors (TLRs) (Fitzgerald and Kagan,
2020). Once activated, it catalyzes the production of high
levels of NO. This molecule exerts direct antimicrobial effects
against various pathogens, including bacteria, viruses, fungi,
and parasites. Its cytotoxic action is because of its ability to
cause DNA damage, protein modification, and disruption of
metabolic pathways in these microorganisms. Additionally, NO
modulates the inflammatory response by regulating the ex-
pression and function of various cytokines, chemokines, and
adhesion molecules, thereby influencing the recruitment and
activation of immune cells at the infection site (Guzik et al.,

https://doi.org/10.4062/biomolther.2023.101

2003; Qian and Fulton, 2012).

In the adaptive immune response, NO influences the activ-
ity of both T and B cells, the primary effectors of the adaptive
immune system (Bogdan, 2015; Garcia-Ortiz and Serrador,
2018). Studies have revealed that NO can inhibit T cell prolif-
eration and cytokine production and induce T cell apoptosis,
thereby acting as a negative regulator of the T cell-mediated
immune response (Cripps et al., 2010; Giordano et al., 2014).
However, under certain conditions, NO promotes T cell ac-
tivation and function (Nagy et al., 2003). In contrast, B cells
are influenced by NO during antibody production. Dugas et
al. suggested that NO can enhance antibody production by B
cells (Dugas et al., 2000), whereas others have shown inhibi-
tory effects (Jayasekera et al., 2006; Sammicheli et al., 2016),
indicating the context-dependent role of NO.

Thus, NO contributes significantly to the orchestration of
the immune response, providing a dynamic response to vari-
ous pathogenic challenges. However, several aspects of NO
involvement in immune regulation remain to be fully elucidat-
ed. Further research on the precise mechanisms and contexts
of NO action in immunity may uncover novel therapeutic strat-
egies for various immune-related disorders.

NO as a mediator of skin inflammation

Skin inflammation was significantly influenced by NO (Man
et al., 2022a). NO is synthesized by different skin cell types,
including keratinocytes, fibroblasts, and immune cells, each
of which plays a role in the inflammatory response. Macro-
phages, a type of immune cells, produce large amounts of NO
in response to inflammatory stimuli. NO produced by macro-
phages has antimicrobial properties that protect the skin from
infection (Bath et al., 2021). However, the role of NO in skin
inflammation is not entirely protective. It also contributes to
the development and progression of inflammatory skin condi-
tions. For example, the overproduction of NO has been im-
plicated in conditions such as psoriasis and atopic dermatitis
(Plenkowska et al., 2020; Yu and Li, 2022). In these cases,
excessive NO levels can lead to skin damage and exacerbate
inflammation. NO is a key mediator of skin inflammation; once
released, NO diffuses into the surrounding tissues and exerts
its effects by modulating blood vessel dilation, immune cell ac-
tivation, and the release of other proinflammatory molecules
(Man et al., 2022a). Consequently, NO contributes to the initia-
tion, propagation, and resolution of inflammatory responses in
the skin, making it an important mediator of skin homeostasis
(Ormerod et al., 1997; Oates, 2010; Plenkowska et al., 2020).
The role of NO is multifaceted with its capacity to both protect
against and contribute to skin inflammation. The influence on
immune cells adds an additional layer of complexity, highlight-
ing the intricate balance of skin immunity.

NO AND SKIN SENSITIZATION

Skin sensitization

Skin sensitization is the process by which the immune sys-
tem learns to react to a particular substance, leading to an al-
lergic response upon subsequent exposure. This is an impor-
tant mechanism underlying allergic contact dermatitis (ACD),
a common skin inflammatory condition (Aquino and Rosner,
2019). It is important to note that skin sensitization does not
typically occur upon the first exposure to an allergen. Instead,



the initial exposure triggers a process known as sensitization,
which primes the immune system to react to future exposure.

Skin sensitization can be divided into several stages: induc-
tion, elicitation, and resolution (Li and Li, 2021; Johansen et
al., 2022; Patel and Nixon, 2022). During the induction phase,
small reactive chemicals known as haptens penetrate the
skin and form complexes with proteins. These hapten—protein
complexes are then taken up by Langerhans cells (a type of
dendritic cell located in the skin), which process these com-
plexes and present them to T cells in the lymph nodes. This
process “teaches” the immune system to recognize a hapten
as a threat. The elicitation phase begins upon re-exposure to
the same hapten. Memory T cells primed during the induction
phase recognize haptens and initiate an immune response.
This response involves the release of inflammatory cytokines,
causing redness, swelling, and itching, leading to the char-
acteristic symptoms of ACD. The resolution phase involves
the mechanisms that alleviate inflammation and repair tissue
damage. This phase is not as well understood as the induction
or elicitation phases.

It is important to mention that not all substances will cause
skin sensitization in all individuals. The potential of a sub-
stance to cause sensitization depends on a variety of factors,
including an individual’'s genetic profile, concentration of the
substance, and duration of exposure. The process of skin sen-
sitization involves an intricate interplay among immune cells,
epidermal and dermal skin cells, and signaling molecules
such as nitric oxide.

Role of NO in contact dermatitis (CD)

Allergic contact dermatitis and irritant contact dermatitis
(ICD) are skin conditions caused by exposure to allergens
and irritants, respectively (Li and Li, 2021). These conditions
trigger an immune response resulting in inflammation and
rashes. NO plays a role in both these conditions, although its
exact contribution has multiple aspects (Ormerod et al., 1997;
Sahin et al., 2001; Mehling et al., 2021).

In ACD, the immune response is driven by T cells. When the
skin comes into contact with an allergen, antigen-presenting
cells, such as dendritic cells, capture the allergen and present
itto T cells, triggering an immune response. NO plays a role in
this process by modulating the functions of both dendritic and
T cells (Garcia-Ortiz and Serrador, 2018). NO can affect den-
dritic cell migration and maturation, which are critical for the
presentation of allergens to T cells (Thwe and Amiel, 2018).
NO can regulate the proliferation of T cells and the production
of cytokines and molecules that drive the immune response
(Mahidhara et al., 2003). Therefore, alterations in the NO sig-
naling pathway could potentially affect the severity and course
of ACD. For example, UV phototherapy stimulates the produc-
tion of NO through NOS, leading to disease improvement.
This commonly employed treatment for inflammatory skin
conditions is believed to enhance the development of Tregs
possessing the cutaneous lymphocyte-associated antigen.
In this study, NO promoted the skin-homing Treg phenotype
via an sGC-GMP-dependent pathway (Yu et al., 2017). It has
been reported that when tested in mice with contact dermati-
tis, NCX 1022, a hydrocortisone compound that releases NO,
has faster and stronger protective effects than hydrocortisone
alone (Hyun et al., 2004). In contrast, it has been suggest-
ed that low NO levels facilitate the attraction of neutrophils,
whereas high levels of NO are anti-inflammatory (Ross and
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Reske-Kunz, 2001).

On the other hand, ICD is caused by direct skin damage
caused by irritants, leading to inflammation and activation of
the innate immune system. Irritants can lead to the production
of reactive oxygen species and NO in keratinocytes, which
are the predominant cell types in the skin epidermis (Mehrotra
et al., 2005). This increase in NO levels can lead to protein
modification and DNA damage, thereby contributing to skin
inflammation. Moreover, NO can dilate blood vessels and in-
crease vascular permeability, leading to redness and swelling,
common symptoms of ICD. Interestingly, the NOS inhibitor L-
NAME inhibited irritant patch test reactions, mimicking ICD in
human skin (Wallengren and Larsson, 2001). Thus, NO medi-
ates inflammation and tissue damage during ICD implantation.

Further studies are required to elucidate the role of NO in
ACD and ICD. Understanding these pathways could lead to
the development of novel therapeutic strategies that target the
NO signaling pathway to treat skin conditions.

POTENTIAL THERAPEUTIC APPLICATIONS OF
NO-RELATED CHEMICALS IN CD

NO-related chemicals have potential therapeutic applica-
tions for various skin conditions, including ACD and ICD. It
has been reported that nitro-oleic acid, an electrophilic nitro-
fatty acid obtained from the reactions among NO, nitrite, and
unsaturated fatty acids, significantly inhibits the infiltration of
inflammatory cells and production of inflammatory cytokines
in the skin of ACD mice (Mathers et al., 2017). In this study,
nitro-fatty acids (NO2-FAs) reduced IL-1p and IL-6, which are
the essential pro-inflammatory cytokines for the differentiation
of Th17 cells involved in ACD. It has also been demonstrated
that nitrofatty acids inhibit vascularization in an ACD setting.
Another recent study discovered that NO2-FAs exhibit anti-in-
flammatory effects, suggesting their possible use as beneficial
lipid molecules in regulating detrimental immune responses
mediated by T cells (Bago et al., 2023). This study discovered
that nitro-oleic acid can target and affect the Ser/Thr phospha-
tase calcineurin through nitroalkylation. Specifically, nitroalkyl-
ation of calcineurin at Cys372 decreases the transcriptional
activity of nuclear factor of activated T-cell (NFAT) and alters
the production of pro-inflammatory cytokines in activated T
cells.

Irritant contact dermatitis is a non-immune-mediated in-
flammatory skin condition caused by irritant exposure. NOS
inhibitors have been studied for their potential in alleviating
ICD symptoms (Shen et al., 2007; Ali and Sultana, 2012). Ami-
noguanidine, an inhibitor of NOS, decreases the mRNA and
protein levels of NOS and the production of NO in skin kerati-
nocytes. As NO is involved in vasodilation and increased vas-
cular permeability, inhibiting its synthesis may help reduce the
inflammation and edema associated with ICD. Furthermore,
NO inhibition can modulate the release of pro-inflammatory
mediators such as prostaglandins and leukotrienes, which
play a role in the pathogenesis of ICD. NOS inhibitors offer a
potential approach to manage the inflammatory response in
ICD by targeting the NO pathway. In addition, a role for argi-
nase1 (Arg1) and iNOS in ICD immunity has been suggested
(Suwanpradid et al., 2017). Elevated iNOS levels are asso-
ciated with increased 2,4-dinitrofluorobenzene treatment and
ICD-associated inflammation. In this study, the iINOS inhibi-
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Fig. 1. Diagram showing the involvement of NO in various skin
functions.

tor, N6-(1-iminoethyl)-I-lysine (I-NIL), significantly ameliorated
ICD responses in mice. Therefore, modulating iNOS in mac-
rophages may be a novel avenue for the future therapeutic
targeting of ICD.

Owing to the intricate characteristics of skin conditions and
the various processes implicated in their development, it is
crucial to thoroughly assess these possible therapeutic ap-
proaches. Moreover, personalized treatment strategies and
specialized delivery systems for NO-based therapies may am-
plify their efficacy and reduce adverse effects.

CONCLUSION

NO plays significant and diverse roles in various cellular
processes, including immune responses and skin inflamma-
tion (Fig. 1). The differential expression and regulation of NOS
isoforms contribute to the spatial and temporal control of NO
production in the skin, allowing for the fine-tuned regulation of
proper skin functions. NO acts as a signaling molecule and cy-
totoxic effector in both innate and adaptive immune respons-
es, modulating the activity of immune cells and influencing
cytokine production. However, imbalances in NO production
or activity can lead to pathological conditions, such as psoria-
sis and atopic dermatitis. Furthermore, NO plays a complex
role in skin sensitization, where it is involved in the induction
and elicitation phases of ACD as well as the inflammation as-
sociated with ICD. NO-related chemicals, such as nitrofatty
acids and NOS inhibitors, are promising as potential therapeu-
tic agents for regulating detrimental immune responses and
alleviating inflammation in conditions such as ACD and ICD.
However, further research is required to fully elucidate these
mechanisms and develop personalized treatment strategies
for the effective implementation of NO-based therapies for
contact dermatitis.
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