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� Endogenous gasotransmitters nitric
oxide (NO), carbon monoxide (CO),
hydrogen sulfide (H2S), and potential
candidates sulfur dioxide (SO2),
methane (CH4), hydrogen gas (H2),
ammonia (NH3) and carbon dioxide
(CO2), are generated within the
human body.

� Endogenous and potential
gasotransmitters regulate
inflammation, vasodilation, and
oxidation in inflammatory
dermatological disorders.

� Endogenous and potential
gasotransmitters play potential roles
in psoriasis, atopic dermatitis, acne,
and chronic skin ulcers.

� Further research should explore the
function of these gases and gas
donors and inhibitors in
inflammatory dermatological
disorders.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 6 July 2021
Revised 16 August 2021
Accepted 19 August 2021
Available online 1 September 2021
a b s t r a c t

Background: Endogenous gasotransmitters are small gaseous mediators that can be generated endogen-
ously by mammalian organisms. The dysregulation of the gasotransmitter system is associated with
numerous disorders ranging from inflammatory diseases to cancers. However, the relevance of these
endogenous gasotransmitters, prodrug donors and inhibitors in inflammatory dermatological disorders
has not yet been thoroughly reviewed and discussed.
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Aim of review: This review discusses the recent progress and will provide perspectives on endogenous
gasotransmitters in the context of inflammatory dermatological disorders.
Key scientific concepts of review: Endogenous gasotransmitters nitric oxide (NO), carbon monoxide (CO)
and hydrogen sulfide (H2S) are signaling molecules that regulate several physiological and pathological
processes. In addition, sulfur dioxide (SO), methane (CH4), hydrogen gas (H2), ammonia (NH3), and carbon
dioxide (CO2) can also be generated endogenously and may take part in physiological and pathological
processes. These signaling molecules regulate inflammation, vasodilation, and oxidative stress, offering
therapeutic potential and attracting interest in the field of inflammatory dermatological disorders includ-
ing psoriasis, atopic dermatitis, acne, rosacea, and chronic skin ulcers. The development of effective gas
donors and inhibitors is a promising alternative to treat inflammatory dermatological disorders with con-
trollable and precise delivery in the future.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction independent pathways [15]. When the skin is exposed to ultraviolet
Endogenous gasotransmitters are freely permeable, small and
reactive gaseousmessengers, produced endogenously by an organism,
being involved in several physiological processes [1]. Nitric oxide
(NO), carbon monoxide (CO) and hydrogen sulfide (H2S) are three
classical gasotransmitters, implicated in signaling pathways [2]. Other
molecules such as sulfur dioxide (SO₂), methane (CH4), hydrogen gas
(H2), ammonia (NH3) as well as carbon dioxide (CO2), although have
not been thoroughly investigated yet, or do not fully meet the diag-
nostic criteria for endogenous gasotransmitters, are also considered
as potential gasotransmitters candidates [1]. Due to adverse effects
within the body, especially in the brain and heart, these gases have
long been defined as harmful molecules. Indeed, some researchers
have revealed that exogenous gases can damage most organ systems
in the human body [3–7]. However, later discoveries have suggested
that these oxygen/nitrogen radicals may play dual roles in which they
might also be beneficial, although the specific mechanism needs to be
further explored. In the past few years, an increasing number of
researchers have studied these gases and explored their effects within
the digestive, nephritic and cardiovascular systems as well as in tumor
biology, and intracellular antiviral defenses [8–13].

The skin is the largest organ in humans and plays an essential role in
homeostasis, protecting the internal organs. Emerging evidence indi-
cates that endogenous gasotransmitters are relevant to cutaneous biol-
ogy andmight be involved in the pathogenesis of many dermatological
disorders. Indeed, the roles of gasotransmitter H2S in some skin disor-
ders have been highlighted [14]. However, to our knowledge, the role
of these endogenous gasotransmitters and related prodrug donors or
inhibitors in inflammatory dermatological disorders has not yet been
thoroughly reviewed and discussed. In this review, we summarize
research advances and provide perspectives on NO, CO and H2S to be
used in inflammatory dermatological disorders. Furthermore, we also
describe the possible roles for SO₂, CH4, H2, NH3, and CO2 in the skin.
Finally, potential therapies targeting thesemolecules are also reviewed.
The main biologic production process of endogenous
gasotransmitters

The endogenous generation of gasotransmitters in mammals
involves various processes and needs a plethora of materials and/
or enzymes. These radicals are formed as natural metabolism
products and act as signaling molecules, controlling physiological
processes or participating in pathological conditions. In the follow-
ing paragraphs, we shall review the production and biological
function of these endogenous gasotransmitters.
NO

NO is a reactive oxygen and nitrogen species (RONS) that can be
produced endogenously through enzymatic and enzyme-
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(UV) light, vasoactive NO is formed via the enzyme-independent
pathway, with the photodecomposition of cutaneous NO derivates
like nitrite and S-nitrosothiols (RSNOs) [16]. UVA irradiation of
human skin results in an obvious drop in blood pressure, attributed
to UVA-induced NO release, eliciting a systemic response via the
blood circulation. Furthermore, Pelegrino MT et al. reported that
UVB with a peak at 280–285 nm also could trigger NO generation
from its storage in the skin through a non-enzymatic pathway [17].

Enzymatic pathways are based on the action of nitric oxide syn-
thase enzymes (NOSs) including neuronal NOS (nNOS or NOS1),
inducible NOS (iNOS or NOS2), and endothelial NOS (eNOS or
NOS3), using L-arginine as the substrate, and molecular oxygen
and nicotinamide-adenine-dinucleotide phosphate (NADPH) as
the co-substrates [18]. Generally, NOS hydroxylates L-arginine to
Nx-hydroxy-L-arginine, which is further oxidized to L-citrulline
andNO, thefinal product for the effects and actions ofNOSs. Usually,
nNOS are constitutively expressed in the nervous system and pro-
duce small amount of NO for neuronal signaling. Similarly, eNOS is
constitutively expressed in the endothelium and the activation of
eNOS results in the productionof low level NO,mediating cutaneous
vasodilatation [19]. Conversely, iNOS, which is primarily found in
fibroblasts, keratinocytes, monocytes and macrophages, is mainly
induced or stimulated by pro-inflammatory cytokines and/or bacte-
rial lipopolysaccharide (LPS), leading to the production of NO at
much greater levels, thus contributing to immune response and reg-
ulation [20,21]. The production process of NO is shown in Fig. 1A.
CO

CO, another endogenously produced gas, is a biological signaling
mediator. The formation of CO is generally dependent on the degra-
dation of heme catalyzed by heme oxygenase (HO) enzymes, which
are mainly divided into three subtypes (HO-1, HO-2, and HO-3),
among which only the stress-inducible HO-1 and the constitutively
expressed HO-2 are biologically active [22,23]. HO-1 is transcription-
ally inducible by several stress events, such as oxidants, hypoxia, and
cytokines. As the rate-limiting enzyme of heme catabolism, HO-1
breaks down the heme ring to biliverdin, free iron and CO, with the
activation of the nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
kelch-like ECH-associated protein 1 (Keap1) signaling pathway [22].
HO-2 is mainly expressed in endothelial cells and neurons and can
be induced by adrenal glucocorticoid, causing the production of CO
and vasorelaxation [24]. In addition, NH3 can stimulate the expres-
sion of HO-1 in endothelial cells, which contributes to the generation
of CO [25]. The production process of CO is shown in Fig. 1B.
H2S

H2S, the third endogenous gasotransmitter after NO and CO, is
also a potential biologically active mediator and is generated by

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. The main biologic production process of endogenous gasotransmitters. (A) In enzymatic pathway, NO is formed through the decomposition of L-arginine, based on the
action of nitric oxide synthase enzymes (NOSs) including neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). In enzymatice-independent pathway,
when the skin is exposed to ultraviolet (UV) light, with the photodecomposition of nitrite and S-nitrosothiols, NO is formed. (B) The formation of CO is dependent on the
degradation of heme catalyzed by heme oxygenase (HO) enzymes (HO-1 and HO-2). With stress events, such as oxidants, hypoxia, cytokines, and NH3, HO-1 is
transcriptionally inducible. HO-2 is mainly expressed in endothelial cells and neurons and can be induced by adrenal glucocorticoid. (C) The production of H2S is based on
enzymatic pathway and non-enzymatic pathway. The enzymatic pathway is mainly attributed to L-cysteine, L-cystathionine, L-homocysteine, and b-mercaptopyruvate
pyruvate, with the catalysis of cystathionine-c-lyase (CSE), cystathionine-b-synthase (CBS), and 3-mercaptopyruvate sulfur transferase (3-MST). In non-enzymatic
production of H2S is derived from cysteine, with the presence of Vitamin B6, pyridoxal (phosphate), and iron. (D) SO2 is mainly produced via the metabolism of L-cysteine,
with the catalysis of cysteine dioxygenase (CDO) and aspartate aminotransferase (AAT). H2S catalyzed by NADPH oxidases can produce sulfite, the hydrated form of SO2. H2 is
primarily generated by hydrogenases-containing microorganisms. With the presence of H2, methanogens reduce carbon dioxide, acetate, and some methyl compounds into
CH4�NH3 is mainly produced from the breakdown of purines, pyrimidines, polyamines, amino acids and urease-producing bacteria during cell metabolism.
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either enzymatic or non-enzymatic processes [26–28]. In mam-
mals, the enzymatic pathway is mainly attributed to L-cysteine,
L-cystathionine and L-homocysteine, with the catalysis of
cystathionine-c-lyase (CSE) and cystathionine-b-synthase (CBS).
Furthermore, with the substrate b-mercaptopyruvate pyruvate, 3-
mercaptopyruvate sulfur transferase (3-MST) can synthesize H2S
in mitochondria. The non-enzymatic pathway for the H2S produc-
tion is mainly dependent on sulfur-containing amino acids cys-
teine, requiring coordinated catalysis by Vitamin B6, pyridoxal
(phosphate), and iron [29]. Besides, H2S is a volatile gas and might
also exist in different forms, such as a reducible form, an acid labile
pool and a bound sulfane Sulphur, which can produce free hydro-
gen sulfide under the physiological stimuli in biological systems
[30,31]. In parallel, with the presence of endogenous reductants,
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gastrointestinal (GI) bacteria can produce H2S, while the extent
to which bacteria-derived H2S could modulate human function
remains unclear [32]. A number of skin cells including melanocytes
and keratinocytes can produce H2S and for more detailed reviews
on the production of H2S, please refer to M. Xu et al. [14] and H.-
J. Sun et al. [33]. The production process of H2S is shown in Fig. 1C.

Other endogenous molecules

Other molecules such as SO₂, H2, CH4, and NH3 can also be gen-
erated endogenously in mammals and the detailed production and
biological function of these gases are reviewed below.

SO2 has been identified as a possible endogenous gasotransmit-
ter and is mainly produced via the metabolism of sulfur-containing
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amino acids L-cysteine, with the catalysis of cysteine dioxygenase
(CDO) and aspartate aminotransferase (AAT) [34]. In addition, H2S
catalyzed by NADPH oxidases can produce sulfite [35], the
hydrated form of SO2.

In humans, endogenous H2, is an energy source for electrons or
a possible product of anaerobic metabolism and is primarily gener-
ated by hydrogenases-containing microorganisms present in the
respiratory system, GI tract, oral cavity, and skin [36,37].

Meanwhile, the production of CH4 or methanogenesis repre-
sents the energetic metabolism of methanogens such as
Methanobrevibacter in the human intestine and skin. Methanogens
are mostly involved in hydrogenotrophic metabolism requiring the
presence of H2 to reduce carbon dioxide, acetate, and some methyl
compounds into CH4 [38–40].

NH3 is mainly produced from the breakdown of purines, pyrim-
idines, polyamines, and the deamination of several amino acids
during cell metabolism [25]. In addition, urease-producing bacteria
located in the GI tract can also generate NH3 [41]. Finally, CO2 is the
gaseous product of oxidative phosphorylation in respiration. The
production process of these molecules is shown in Fig. 1D.
Design and preparation of endogenous gasotransmitters
prodrug donors

NO

L-arginine is a kind of amino acid serves as an endogenic NO
donor, producing NO intracellularly catalyzed by NO synthase
(NOS). To our knowledge, in addition to endogenic NO donor L-
arginine, there are only a few small molecular NO donors that have
been approved for several diseases, among which cardiovascular
disease (CVD) is the most common indication. Indeed, congestive
heart failure and life-threatening high blood pressure can be trea-
ted with sodium nitroprusside (SPN) [42] and organic nitrates such
Fig. 2. The chemical structures of endogenous gasotransmitters prodrug donors. (
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as glyceryl trinitrate (GTN), isosorbide mononitrate (ISMN), and
pentaerythrityl tetranitrate (PETN) (Fig. 2A) [43]. Besides, inhaled
NO can be used for the treatment of pulmonary diseases [44,45],
and latanoprostene bunod ophthalmic solution (VYZULTA) can be
used for high intraocular eye pressure in glaucoma patients
[46,47].

With the discovery of nitrate tolerance and endothelial dysfunc-
tion, the development of novel NO donors has attracted significant
attention from both the chemistry and medicinal fields. As a result,
several recognized chemical scaffolds have been documented as
parent compounds to develop novel and potent NO donors to be
applied to treat diseases including not just cardiovascular disor-
ders, but diverse cancer and neuroinflammation. Novel small
molecular NO donors based on edaravone, ascorbic acid, butylated
hydroxytoluene (BHT), carnosine, 3-n-butylphthalide (NBP), ferulic
acid, salicylic acid, flurbiprofen, curcumin and isosteviol scaffolds
are depicted in Fig. 2A [48].

Structural modifications based on edaravone, a clinical drug
that can reduce ischemic injuries by scavenging free radicals, gave
birth to phenylfuroxan and cyano-substituted furoxan derivatives
1 and 2, which showed remarkable antioxidant and vasodilation
activities [49]. Alkyl chains containing nitrooxy or diverse furoxan
moieties were added, to improve the lipophilicity of the hydrophi-
lic antioxidant ascorbic acid, to the hydroxyl groups, thus generat-
ing the derivatives 3–5 with potent antioxidant activity on lipid
peroxidation [50]. Similar nitrooxy and furoxan NO donor sub-
structures were added to other scaffolds, namely syringic acid
derivative 6 and BHT derivatives 7, 8 generating LPO inhibitors
and vasodilators [51]. Compound 9, derived from the histidine-
containing dipeptide carnosine, was shown to have antioxidant
and vasodilating activities in vitro and effective against cerebral
ischemia-reperfusion injury in vivo [52]. Since impaired NO release
in diseased vessels contributes to thrombus formation, NO donors
display antiplatelet, antithrombotic, anti-inflammatory, and blood
pressure-lowering activities. Indeed, 3-n-Butylphthalide (NBP) has
A) NO donors. (B) CO donors. (C) H2S donors. (D) CO2 donors. (E) SO2 donors.
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been utilized as a parent scaffold to develop novel antithrombotic
molecules, leading to a four-carbon linker and a diethylamino side
chain-fused NBP derivative compound 10 and its isosteric substi-
tuted analog 11, both of which showed an enhanced antithrom-
botic activity compared to that of NBP and aspirin [53].
Moreover, these compounds can be hydrolyzed into NPB and fer-
ulic acid, a hydroxycinnamic acid (HCA) with potent antioxidant
and cardioprotective properties [54,55]. Salicylic acid’s nitrooxya-
cyl derivative 12 was shown to be an irreversible COX-1 inhibitor,
while its analog 13, which bears a longer carbon chain, was selec-
tive to COX-2 [56]. Besides, aspirin-derived compound 14 that
bears both an NO donor and H2S releasing moieties displayed
anti-inflammatory activity and inhibited the proliferation of a
panel of human cancer cell lines [57].

The use of NO donors in cancer has been regarded as a promis-
ing strategy since excessive and unregulated NO production has
been implicated as a causal or contributing factor to several types
of cancer. In addition to the abovementioned aspirin-derived com-
pound 14, molecules derived from other scaffolds were also devel-
oped. Amine-based diazeniumdiolates, also called NONOates, hold
the advantage of a spontaneous NO release in physiological media
[58]. 5-fluorouracil (5-FU)-NONOate hybrids 15 and 16 displayed
enhanced cytotoxicity on human cancer cell lines HeLa and
DU145, while NONOate derivative DETA/NO(compound 17)
increase pulmonary vasodilation [59]. Curcumin and its derivatives
18–21 significantly increased nitrite production in human mono-
cytic leukemia (THP-1) cells and showed anticancer and anti-
inflammatory activities [60]. The tetracyclic diterpenoid isosteviol
analog 22 displayed antiproliferative activity on B16F10 cells [61].
Besides, NO-releasing derivatives 23–25 based on ferulic acid con-
taining a phenylsulfonylfuroxan moiety were identified as com-
pounds with a potent and broad-spectrum anti-tumor activity
[62]. The ferulic acid scaffold has also been used for the develop-
ment of drugs to decrease neuroinflammation [63]. Its 4-
nitrooxybutyl-ester derivative 26 was identified as a potent neuro-
protective agent due to the inhibition of iNOS [64]. Finally, the NO-
releasing neuroprotective ester 27 was derived from the nons-
teroid anti-inflammatory drug (NSAID) and potent COX inhibitor
Flurbiprofen [65].

CO

To break through serious obstacles of CO gas administration
such aswell-known toxicity, CO-releasing molecules (CO-RMs)
have been designed as donors to monitor CO in cellular environ-
ments, including encapsulated CO-RMs, metal-organic framework
(MOF) based CO-RMs, CO dissolved in a liquid and photosensitive
metal-free CO-RMs. Selected small CO-RMs are depicted in Fig. 2B.

Organic CO donors are another type of CO prodrugs that are
metal-free and light is unnecessary for CO release under physiolog-
ical conditions. Norbornadien-7-ones 28, which can extrude CO via
a facile cheletropic reaction with mild conditions, have been
described as stable CO prodrug donors (Fig. 2B). Therefore, the
development of strategies based on ‘‘click and release” methods
and b-elimination reactions are crucial for the precursors of
norbornadien-7-ones. In this context, an intermolecular reaction
of teteraphenylcyclopentadienones and bicyclo[6.1.0]nonyne
(BCNs) has been demonstrated as an effective ‘‘click and release”
way to generate norbornadien-7-ones [66]. Additionally, an
intramolecular system has been found significant due to an entro-
pic advantage. As a consequence, unimolecular CO prodrug donors
bearing scaffolds 29 and 30, which are stable at room temperature,
have been synthesized for CO release using intramolecular Diels.
Furthermore, an esterase-sensitive cleavable linker was introduced
as a conformational constraint to keep the alkyne group away from
the cyclopentadienone group, preventing the cycloaddition until
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the restriction is released. As a result, two CO prodrug donors,
which release CO when porcine liver esterase (PLE) is present, were
obtained to illustrate that cleavable linkers (-Y � X-) are essential
[67].

In addition to the abovementioned examples of inter or
intramolecular ‘‘click and release” strategies that demonstrate that
norbornadien-7-ones are the key intermediate for CO release,
efforts have been made to modify the norbornadien-7-one struc-
ture to acquire more stable compounds that release CO via b-
elimination. Two norborn-2-en-7-ones, 33 and 34 display out-
standing stability and could release CO inside LPS-challenged
Raw 264.7 cells and suppress the expression of tumor necrosis fac-
tor (TNF) [68]. Compounds 33 and 34 have an aldehyde at the C5
position and a leaving group at C6 that can be eliminated to pro-
vide a double bond between the C5 and C6 under physiological
conditions. Similarly, using amide and bromide as the electron
withdrawing and leaving group, respectively, organic CO prodrug
donors 35 and 36 were designed and showed therapeutic effects
both in vivo and in vitro [69]. Also, based on the fact that the
increase of ROS levels could be observed in patients with condi-
tions such as infection, cancer and inflammation, ROS-sensitive
CO prodrug donors 37 and 38 bearing a phenyselenium group at
the C5 position were developed [70]. However, these two mole-
cules can only release CO in cells with elevated ROS levels, becom-
ing a potential treatment option for diseases correlated with
increased ROS levels.

H2S

H2S is a relevant endogenous gasotransmitter and its potential
therapeutic role led to the use of H2S on direct inhalation and sim-
ple administration of inorganic sulfide salts, such as Na2S, NaHS,
CaS, recognized as fast-releasing H2S donors. In addition, some
naturally occurring compounds including diallyl disulfide (DADS)
diallyl trisulfide (DATS), and mixture SG1002 have been reported
[71–73]. Several small synthetic H2S donors or carbonyl sulfide
(COS)-based H2S donors are depicted in Fig. 2C [74].

Other endogenous gases

In addition to NO, CO and H2S, other gas molecules such as CO2

and SO2 have been recently recognized as important biological sig-
naling molecules with implications in a wide variety of processes
[75]. This led to an interest in developing donors of these gases
as both research tools and potential therapeutic agents. Therefore,
prodrug donors that release CO2 and SO2 are depicted in Fig. 2D
and Fig. 2E.
Implications of endogenous gasotransmitters, prodrugs, and
inhibitors in cutaneous biology and its inflammatory diseases

NO

NO is a ubiquitous cellular messenger in human skin homeosta-
sis and can be produced by several human cell types, including ker-
atinocytes and macrophages. Its biological function can be
categorized as cyclic GMP(cGMP)-dependent signaling and
cGMP-independent signaling. cGMP-dependent or classical signal-
ing mainly involves producing the second messenger cGMP and
the subsequent activation of specific downstream protein kinases
G, channels, or phosphodiesterases [76]. On the other hand, when
the NO concentration is higher, the cGMP-independent or non-
classical signaling initiates through a covalent post-translational
modification of specific proteins, i.e., cysteine and tyrosine residues
in proteins, causing nitrosative stress, analogous to oxidative stress
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[77]. These functions facilitate NO taking part in several physio-
logic processes, such as vasodilation, antimicrobial barrier, regula-
tion of inflammation (pro- and anti-inflammatory), autophagy,
wound healing, and others [78–80]. To date, an increasing number
of researchers have described the role of NO in skin diseases and
suggest that NO may be regarded as a potential therapeutic target
for inflammatory dermatological disorders. Table 1 depict the
potential role of NO in inflammatory dermatological disorders.

Psoriasis
Psoriasis is a chronic, immune-mediated disease with complex

pathogenesis. Genetic and environmental factors, such as immune
system dysfunction, contribute to its development [81]. The prolif-
eration of keratinocytes, increased levels of angiogenic and inflam-
matory mediators, and infiltration of immune cells are often found
in the psoriatic skin [82]. Abeyakirthi S et al. found that arginase is
overactive in lesional skin, causing increased arginine consumption
while the production of NOS-derived NO is relatively decreased in
psoriasis. Furthermore, compared to a vehicle control gel group,
the topical application of NO donors improved the plaque in four
patients with psoriasis after seven weeks [83]. However, this study
included few patients and several authors report a negative and
pro-inflammatory effect of NO in the pathogenesis of psoriasis.

NO levels in serum and plasma from psoriasis patients are sig-
nificantly higher than those from healthy subjects [84,85]. How-
ever the serum levels of NO were shown to decrease after
therapy with methotrexate, and displayed a positive correlation
with the severity of disease [85]. Besides, Zhong J et al. revealed
that the expression levels of NOS2 were up-regulated in LPS- and
IFNc-stimulated monocyte subsets from psoriatic arthritis (PsA)
patients compared to those of healthy controls. Furthermore,
mannan-induced psoriasis and PsA (MIP) could be suppressed by
either deletion of NOS2 or inhibition of NO synthases, and NOS2-
Table 1
The potential role of NO in inflammatory cutaneous diseases.

Inflammatory cutaneous disease Protective role of NO

Psoriasis Arginase is overactive and NOS-derived NO produ
decreased in psoriatic skin[83];
An aqueous NO donor gel improves the plaque in
patients[83].

Atopic dermatitis(AD) SB414, a NO donor, is a potential treatment for A
antimicrobial and anti-inflammatory activity[93];
NO released during phototherapy for AD may rest
suppressive function and Treg cell migration to th
localized inflammation[94].

Acne C. acnes may cause oxidative damage with increa
other radicals, initiating degenerative processes o
NO can be used as a therapy due to antimicrobial
suppression of IL-1b by the NLRP3 inflammasome
Topical gel SB204, a NO donor, significantly decre
age of both non-inflammatory and inflammatory
vulgaris patients[107].

Allergic contact dermatitis (ACD) Nitro-oleic acid, a electrophilic nitro-fatty acid fro
between NO, nitrite, and unsaturated fatty acids,
inhibits inflammatory cell infiltration and the pro
inflammatory cytokines in the ACD mice skin[113

alopecia areata (AA) –

chronic skin ulcers or wounds NO alleviates the inflammatory reaction, increase
cutaneous blood flow, and promotes wounds heali
Wnt/b-catenin signaling pathway in skin ulcers[1
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derived NO by tissue macrophages promoted MIP [86]. More
recently, Skutnik-Radziszewska A et al. showed that the dysregula-
tion of salivary glands in psoriasis patients is due to inflammation
and nitrosative stress, with elevated NO concentration in the saliva
and plasma. Indeed, NO is an oxidatively active molecule that reg-
ulates inflammation due to its interaction with superoxide anions
to form peroxynitrite and other free radicals, suggesting a potential
role in psoriasis [87].

NO is a potent regulator of keratinocyte growth and differenti-
ation and a vasodilator and inflammatory mediator involved in
skin inflammation, facilitating the development of psoriasis.
Coto-Segura P et al. found that eNOS gene polymorphisms may
be risk factors for developing psoriasis [88]. Alba BK et al. revealed
that NO bioavailability is reduced in individuals with psoriasis,
resulting in systemic microvascular dysfunction and impaired
endothelium-dependent vasodilation [89]. Furthermore, the
degree of psoriatic symptoms is directly related to reductions in
NO-dependent vasodilation [89]. Guryanova S et al. revealed that
muramyl peptide, a ligand of innate immunity receptors, improves
plaque psoriasis, with the ability to normalize the balance of
immunocompetent cells and NO [90]. This evidence indicates a
possible use of NO inhibitors and potential targets for improving
NO bioavailability in the treatment of psoriasis. However, as
reported by Dao VT et al., all clinical attempts to inhibit NOS seem
to have failed even though with positive results in preclinical mod-
els [91]. More scientific studies may be needed to explore the effi-
ciency of these NOS inhibitors.

Atopic dermatitis
Atopic dermatitis (AD) or eczema is a common inflammatory

skin disorder characterized by intense itching and recurrent
eczematous lesions. The complex and multifactorial causes, such
as genetic background, skin microbiome abnormalities, skin bar-
Negative role of NO

ction is relatively

four psoriasis

NO levels in saliva, serum, and plasma from psoriasis
patients are significantly higher[84,85,87];
Mannan-induced psoriasis can be suppressed by either
deletion of NOS2 or inhibition of NO synthases[86];
eNOS gene polymorphism may be risk factors for the
developing of psoriasis[88];
Muramyl peptide is helpful for plaque psoriasis because of
its ability to normalize the balance of NO[90].

D because of the

ore/enhance
e skin to dampen

NO may be involved in the pathogenesis of vasodilation and
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rier, and a predominant type-2 immune dysregulation, contribute
to the form and development of AD [92]. Furthermore, increased
levels of iNOS are implicated in AD skin, resulting in NO release
from endothelial cells, keratinocytes, Langerhans cells and macro-
phages. Since NO exerts both pro- and anti-inflammatory activities,
the exact role of NO in AD remains unclear. Some authors have
shown that SB414, a cream containing berdazimer sodium, com-
posed of a polysiloxane backbone with covalently bound N-
diazeniumdiolate NO donors, is effective against AD due to its
antimicrobial and anti-inflammatory activities [93]. In addition,
Yu C et al. found that phototherapy releases NO, which may restore
or enhance Treg cell migration and restrain localized inflammation,
thus playing a therapeutic role in AD treatment [94].

However, other studies indicate that increased levels of NO may
be involved in the pathogenesis of vasodilation and erythema in
AD skin [95]. As a potent vasodilator, NO regulates the vascular
tone and responses to histamine and prostaglandin E2 (PGE2),
modulating airway inflammation, the immune system, and oxida-
tive damage [96]. Besides, it was reported that iNOS-derived NO
induces the production of a-melanocyte-stimulating hormone
(a-MSH), affecting cytokine production and mediator release,
which exacerbates the symptoms of an AD animal model caused
by epicutaneous sensitization [97]. These studies provide new
insights for therapies targeting the NO pathway to treat AD.
Indeed, Stücker M et al. examined the efficacy of a vitamin B (12)
cream, an NO synthase inhibitor and NO scavenger in a phase III
multicentre trial, and they concluded that there is a significant
improvement in the use of vitamin B (12) compared to placebo
in AD patients [98].

Taken together, an imbalanced expression of NO is involved in
AD development. However, the protective or negative roles for
NO in this disease are controversial and further research is needed
to uncover their clinical implications.

Acne and rosacea
Acne is a multifactorial inflammatory skin disease that affects

the pilosebaceous follicles, with pathogenic factors such as micro-
bial colonization with Cutibacterium acnes (C. acnes, also named
Propionibacterium acnes, P. acnes), sebum production, and complex
inflammatory pathways [99,100]. Inflammation induced by P.
acnes plays a significant role in the pathogenesis of acne, with
the activation of a nucleotide-binding domain, leucine-rich-
containing family, pyrin domain-containing-3 (NLRP3) inflamma-
some, increased interleukin-1b (IL-1b) and TNF-a. In parallel, C.
acnes may cause oxidative damage with increased iNOS, superox-
ide dismutase (SOD) and other radicals, initiating degenerative
processes in skin cells [101–103]. Although oxidative damage
aggravates inflammation, NO can be beneficial due to its antimi-
crobial properties and suppression of inflammatory cytokines
[104]. Besides, NO can also suppress the continual production of
IL-1b by the NLRP3 inflammasome [105]. Indeed, Qin M et al. pro-
vided evidence that NO-releasing nanoparticles prevent inflamma-
tion caused by P. acnes via the inhibition of microbial stimulation
of the innate immune response [106]. Furthermore, another phase
II study indicated that the topical gel SB204, an NO donor, signifi-
cantly decreased the percentage of non-inflammatory and inflam-
matory lesions in acne vulgaris patients [107]. Importantly, this
molecule may eliminate a clinical concern regarding the excessive
use of antibiotics and bacterial resistance.

Rosacea is also a chronic inflammatory dermatosis, with recur-
rent flushing, persistent erythema of the central face, papulopus-
tules, telangiectasia and even phymatous changes [108]. Genetic
susceptibility with dysregulation of immune and neurocutaneous
pathways contribute to the pathogenesis of rosacea. Among these
mechanisms, the activation of keratinocyte-derived toll-like recep-
tor 2 (TLR2), induced by an extracellular pathogen- or damage-
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associated molecular patterns, such as microbes, is the classical
inflammatory pathway. This facilitates the expression of the
antimicrobial peptide cathelicidin and activation of the NLRP3
inflammasome [109]. The possible role of NO in the pathogenesis
of rosacea is still unclear and data gathered are still limited. A
study by Mehmet Ali Gürer et al. that included thirty-three rosacea
patients has shown a normal serum nitrate level [110]. However,
Moura AKA et al. found that the expression of iNOS is increased
in rosacea lesions [111]. Since there are similar pathogenesis
mechanisms between acne and rosacea, such as increased cytoki-
nes and activation of the NLRP3, NO may be a possible candidate
compound to treat rosacea. However, further research is needed
to explore the correlation between NO and rosacea.

Other inflammatory dermatological disorders
A few studies have focused on the association between NO and

other skin diseases. Allergic contact dermatitis (ACD) is a common
inflammatory dermatosis, mainly mediated by antigen-specific T
cells. It is suggested that low NO levels facilitate the attraction of
neutrophils, while high levels of NO are anti-inflammatory [112].
Mathers AR et al. revealed that nitro-oleic acid, an electrophilic
nitro-fatty acid obtained from reactions between NO, nitrite, and
unsaturated fatty acids, significantly inhibits the infiltration of
inflammatory cells and the production of inflammatory cytokines
in the skin of ACD mice [113].

Alopecia areata is a common inflammatory and nonscarring
type of hair loss with complex pathogenesis that involves genetic,
innate and adaptive immune pathways (T-cell involvement), as
well as oxidative stress [114]. It has been shown that eNOS poly-
morphism is significantly associated with AA [115]. In addition, a
previous study indicated that NO modifies SOD in erythrocytes,
which is an important regulator of oxidative/nitrosative stress,
thus contributing to the development of AA [116].

Besides, chronic skin ulcers or wounds are non-healed wounds
caused by the inflammation of the epidermis up to the dermis,
mainly associated with systemic diseases or mechanical damage,
such as diabetic skin wounds, and pressure ulcers [117]. Moreover,
skin and GI mucosa share some important characteristics, such as
being physical protective barriers and richly vascularized in the
histologic structures, and both of them are complex immune
organs that play critical roles in the overall immune systems and
homeostasis [118,119]. It was reported that NO antagonized the
gastric ulceration through a cytoprotective way [120].Also, previ-
ous research revealed that NO donors, such as glyceryl trinitrate
(GTN), isosorbide dinitrate (IDN) and molsidomine (MOL) had pro-
tective effect on the gastric electrolyte barrier [121]. Furthermore,
since there are similar pathophysiological healing processes
between skin wounds and gastric ulcers, with inflammation, prolif-
eration, and remodeling [122,123], thus they may have similar
treatment methods. In fact, several studies have found that NO
can alleviate the inflammatory reaction, increasing peri-wound
cutaneous blood flow and promoting wound healing via the activa-
tion of the Wnt/b-catenin signaling pathway [124,125]. Taken
together, these data support that NO donors are a promising treat-
ment strategy for skin ulcers.

CO

CO has traditionally been considered a poison due to its high
affinity for hemoglobin (Hb) and O2 transport and delivery inhibi-
tion. However, CO also serves as a therapeutic molecule for neural
and vascular systems because of its protective effects, similar to
HO-1 [126]. CO can bind to heme iron and activate the hemopro-
tein guanylate cyclase, which inhibits cellular signaling molecules,
such as p38 MAPK, NF-jB and NLRP3 inflammasome, all of which
are relevant during inflammation and neuropathic pain [127,128].
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Besides, HO-1 and CO can modulate the mitochondria since over-
expression of HO-1 and high levels of CO inhibit mitochondrial res-
piration, resulting in changes in mitochondrial membrane
potential, ROS production and autophagy [128,129]. Furthermore,
CO can also target immune responses by regulating T cell prolifer-
ation and differentiation [130]. Also, CO has been reported to be a
potential messenger with communication from host to bacteria in
human, especially in GI tract [131]. Hence, CO plays critical roles in
biological processes, such as chronic pain, mitochondrial biogene-
sis, cellular proliferation, inflammation, and immune responses
[127,132]. Recently, CO has been proposed as a promising thera-
peutic mediator due to its demonstrated cytoprotective, anti-
inflammatory, anti-oxidative, and immunomodulatory effects
[133]. Table 2 summarize the potential role of CO in inflammatory
dermatological disorders.
Psoriasis
Previous literature suggests a protective role for HO-1/CO in

inflammatory conditions via anti-inflammatory and anti-
oxidative mechanisms, and several researchers have shown a pos-
sible role of HO and CO in psoriasis. Increased expression of HO-1 is
found in psoriatic skin and may protect from the toxic effects of
ROS. Meanwhile, pharmacologic up-regulation of HO-1 was shown
to improve psoriasiform lesions in guinea pigs [134,135]. As the
main product of HO-1, CO seems to be the active compound
responsible for improving psoriasis. Indeed, in a psoriasis mouse
model induced by imiquimod, psoriasis-mediated inflammation
was reduced by hybrid molecules, consisting of CO-RMs or CO
donors, known to activate nuclear factor-2 erythroid factor-2
(Nrf2) and HO-1 [136]. Nrf2 is involved in the defense of tissues
against oxidative and inflammatory stress given that activated
Nrf2 contributes to the inhibition of NF-jB and STAT3 in psoriasis
[137].
Skin inflammation, AD, and skin wounds
Skin inflammation, characterized by increased inflammatory

cells and pro-inflammatory cytokines in dermal tissues, is a classi-
cal expression of inflammatory dermatological diseases. Recently,
Lee G Y et al. showed that CO-RM-2-entrapped ultradeformable
Table 2
The potential role of CO in inflammatory cutaneous diseases.

Inflammatory
cutaneous disease

Protective role of CO

Psoriasis The expression levels of HO-1 is increased in psoriatic
skin and may play an importantly protective role
from the toxic effects of ROS [134];
Pharmacologic up-regulation of HO-1 contributes to
the resolution of psoriasiform skin lesions in guinea
pigs [135];
Psoriasis-mediated inflammation in a mouse psoriasis
model is reduced by hybrid molecules, consisting of
CO-RMs or CO donors, known to activate nuclear
factor-2 erythroid factor-2 (Nrf2) and HO-1 [136].

Acute skin
inflammation

CO-RM-2-entrapped ultradeformable liposomes
(CORM-2-UDLs), mimicking the function of CO,
demonstrate anti-inflammatory activity by
decreasing nitrite production and pro-inflammatory
cytokine levels in vitro [138];
CORM-2-UDLs ameliorate skin inflammation by
reducing ear edema, pathological scores, neutrophil
accumulation, and inflammatory cytokines including
IL-6, IL-1b and TNF-a expression in an acute skin
inflammation model [138].

Chronic skin ulcers
or wounds

The activation of the Akt/Nrf2/HO-1 pathway protects
endothelial cell function, reduces inflammation, and
impedes oxidative damage, facilitating the skin
wounds healings [143].
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liposomes (CORM-2-UDLs), exogenous counterparts that mimic
CO, demonstrated anti-inflammatory properties through a
decrease of the production and levels of nitrite and pro-
inflammatory cytokines in vitro. Furhermore, this compound could
successfully alleviate skin inflammation by reducing ear edema,
neutrophil accumulation, and cytokines including IL-6, IL-1b and
TNF-a expression in an acute skin inflammation model [138].

On the other hand, another group indicates that CO increases
ROS concentration in biofilms, repressing the electron transport
chain, displaying an antimicrobial activity against Staphylococcus
aureus [139], which is an important pathogenic factor that drives
inflammation in AD [140]. Also, researches found that CO could
decrease ulcer size and accelerated the gastric ulcer healing
[141,142]. Similarly, it was reported that the activation of the
Akt/Nrf2/HO-1 pathway protects endothelial cell function, reduces
inflammation, and impedes oxidative damage, facilitating the heal-
ing of skin wounds [143]. Thus, as a powerful antioxidant, anti-
inflammatory and cytoprotective molecule, CO has protective
effect in wounds healing and future studies should focus on the
effects of CO in dermatology.
H2S

H2S, initially considered a poisonous gas, is now perceived to
play important roles in a series of physiological and pathological
conditions. H2S acts as a signaling molecule, directly interacting
with intracellular biomolecules and improving vascular remodel-
ing through PPARd/SOCS3 signaling [144,145]. H2S also mediates
autophagy, with both pro- or anti-autophagy effects, which is
involved in signaling pathways PI3K/Akt/mTOR, AMPK/mTOR,
and others [146]. In addition, H2S protects against cell damage
via PI3K/Akt/Nrf2 signaling and promotes melanocytes prolifera-
tion and melanin synthesis [147,148]. Also, H2S is an important
mediator for mucosal defense and repair, affecting bacterial-
epithelial interactions, and microbiota also appears to be an impor-
tant target of H2S in GI tract. Moreover, H2S can regulate the
immune system and is associated with various inflammatory and
immune diseases [149]. Table 3 shows the potential role of H2S
in inflammatory dermatological disorders.
Psoriasis
Psoriasis is characterized by hyper-proliferative keratinocytes

and auto-reactive immune cells [150]. It is indicated that psoriatic
keratinocytes generate excessive polyamine that upon cellular
turnover activate dendritic cells, which amplify inflammation
[151]. Indeed, many studies have focused on the regulation of ker-
atinocyte proliferation, apoptosis and inflammation to improve
Table 3
The potential role of H2S in inflammatory cutaneous diseases.

Inflammatory
cutaneous disease

Protective role of H2S

Psoriasis H2S level in psoriasis patients are significantly
lower than those of healthy controls [155];
H2S inhibits keratinocytes growth, adhesion and IL-
8 expression through inhibiting mitogen-activated
protein kinase(MAPK) signaling [156,157];
H2S donors NaHS and GYY4137 significantly en-
hance iNOS, resulting in the increase of NO, which
down-regulates ERK1/2 activation [158].

Itching-related
inflammatory
diseases

H2S donors GYY4137and NaHS significantly reduce
pruritus secondary to type-2 protease activated
receptors (PAR-2) activation in mice [161].

Chronic skin ulcers or
wounds

H2S accelerates wound healing via inhibiting ROS
production, ERK1/2 and p38 activation and
enhancing VEGF expression [163,164].



Table 4
The potential role of SO2, CH4, H2, and NH3 in inflammatory cutaneous diseases.

Signaling
gas

Potential role in inflammatory cutaneous disease

SO2 SO₂ has anti-oxidant effect due to its propensity to get oxidized
and anti-inflammation effect via NLRP3 inflammasome signaling
pathway [166].
inhibit mast cell degranulation by upregulating the cAMP
pathway under hypoxic circumstance [167].

CH4 CH4 is inherently nontoxic and protects the organ against injury
through anti-apoptotic, anti-oxidative, and anti-inflammatory
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psoriasis [152–154]. Alshorafa AK et al. revealed that the serum
H2S levels in psoriasis patients are significantly lower than those
of healthy controls, while serum levels of TNF-a, IL-6 and IL-8
are significantly higher than those of controls [155]. H2S inhibits
keratinocyte growth, adhesion and IL-8 expression by inhibiting
the mitogen-activated protein kinase (MAPK) signaling [156,157].
In addition, H2S donors NaHS and GYY4137 significantly enhance
iNOS levels, increasing NO, which down-regulates ERK1/2 activa-
tion in keratinocytes [158]. Based on these pieces of evidence,
H2S-releasing agents may be promising agents to treat psoriasis.
actions [169,170].
H2 H2 has a number of advantages, including neuroprotection, anti-

oxidant, anti-apoptotic and anti-inflammatory properties
[36,171].
H2 inhalation remarkably decreases ROS accumulation and
inhibit the overexpression of inflammatory cells infiltration and
pro-inflammatory cytokines (TNF-a, IL-1, IL-6 and IL-8), sup-
pressing the formation of pressure ulcer in a mouse model [174].

NH3 NH3 promotes endothelial cell survival and has cytoprotective
action via indirectly generating HO-1 and CO [25].
Other inflammatory dermatological disorders
Studies find that the mean disulfide level is significantly higher

in rosacea patients than control [159], and the serum H2S level in
AD patients is also significantly higher compared to healthy con-
trols [160]. Although it is unclear whether H2S plays a role in the
development of rosacea and AD, increased H2S levels may repre-
sent a generalized response to tissue inflammation.

In addition, Coavoy-Sánchez SA et al. indicate that both H2S
donors GYY4137 and NaHS significantly reduce pruritus secondary
to type-2 protease activated receptors (PAR-2) activation in mice
[161]. Since pruritus or itching is an unpleasant sensation relevant
to disorders of the skin and other organs [162], H2S donors may be
promising candidates to treat itching-related inflammatory dis-
eases. Furthermore, like NO and CO mediator, H2S also plays posi-
tive role in the gastric ulcer healing [142] and it accelerates wound
healing via the inhibition of ROS production, ERK1/2 and p38 acti-
vation and enhancement of VEGF expression [163,164], which fur-
ther support the positive function of H2S donors in skin wound
healing.
The possible roles of other endogenous gasotransmitters in
inflammatory dermatological disorders

With a low concentration, SO2 has been found to induce vasore-
laxation [165]. Furthermore, SO₂ has an anti-oxidant effect due to
its propensity to be oxidized and anti-inflammatory effect via the
NLRP3 inflammasome signaling pathway [166]. Recently, a study
has shown that SO2 can also inhibit mast cell degranulation by
the upregulation of the cAMP pathway under hypoxia [167]. Fur-
thermore, a GSH-responsive SO2 prodrug donor has been success-
fully used in the therapy of subcutaneous and metastatic
melanoma therapy [168]. Meanwhile, CH4 is inherently nontoxic
and protective against apoptosis, oxidative stress, and inflamma-
tion [169,170]. Although the roles of SO2 and CH4 in skin inflamma-
tory disorders are unclear, we believe that these mechanisms make
them promising gases to be used in the treatment of several
inflammatory dermatological disorders.

H2 is beneficial due to its neuroprotective, anti-oxidant, anti-
apoptotic and anti-inflammatory properties [36,171]. H2 can
upregulate Nrf-2 and HO-1, and downregulate the TNF-a, IL-1b,
IL-6 and IL-8 [172,173]. Fang W et al. reveal that H2 inhalation
remarkably decreases ROS accumulation and inhibits the infiltra-
tion of inflammatory cells and pro-inflammatory cytokines (TNF-
a, IL-1, IL-6 and IL-8), thus suppressing the formation of pressure
ulcers in a mouse model [174]. NH3 is a potentially important sig-
naling mediator in the vasculature that facilitates endothelial cell
survival and has cytoprotective properties via indirectly generating
HO-1 and CO [25]. Endogenous stimuli-responsive CO2 delivery is
primarily used in anticancer treatment because it can be loaded
with anticancer drug [175]. Besides, CO2 therapies improves the
microvasular function in diabetic skin ulcers [176]. However, the
possible application of NH3 and CO2 still needs further exploration.
Table 4 summarizes the potential roles of these mediators in
inflammatory dermatological disorders.
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Conclusions and future perspectives

Endogenous gasotransmitters NO, CO and H2S regulate both
physiological and pathological processes and are important signal-
ing molecules in mammalian tissues. Furthermore, SO₂, CH4, H2,
and NH3 can also be generated endogenously and may partcipate
in physiological processes. Inflammatory skin disorders cause
major problems in dermatology due to their complex pathophysi-
ology and refractory nature. As the first endogenous gasotransmit-
ter discovered, NO displays anti-inflammatory properties and is
protective against cell apoptosis, making NO donors promising
compounds to treat psoriasis, AD, acne, and rosacea. However,
due to its vasodilation and pro-inflammatory function, NO may
be involved in the pathogenesis of psoriasis and AD, and NO inhi-
bitors may be useful under these circumstances. The exact role of
NO in these diseases is complex and controversial, and further
research is needed to explore the relationship between NO and
psoriasis and AD. In addition, CO and H2S donors are also potential
therapeutic gases for inflammatory skin disorders due to their
antioxidant, anti-inflammatory and cytoprotective activities.
Although the roles of SO₂, CH4, H2, and NH3 in inflammatory der-
matological disorders are unclear and remain insufficiently
explored, studies have increasingly focused on the possible roles
of these endogenous molecules to treat these disorders.

In addition, gaseous molecules such as CO and H2S have been
reported to be potential messengers in communication in the
direction from host to bacteria and microbiota also appears to be
an important target of these molecules in human, especially GI
tract [131,177]. Similar to microbes in GI tract, the skin is popu-
lated with millions of microbes, which participant in both the
innate and adaptive responses of the cutaneous immune system
[178]. In fact, studies have revealed that the unbalanced skin and
gut microorganisms were present in diverse inflammatory derma-
tological disorders, such as psoriasis, AD, acne, and rosacea [179].
Although relevant reports on the relationship between these gas-
eous mediators and skin microbiome are scarce, the possible role
of CO and H2S on the possible modulation of skin microbiome is
worth exploring and studying.

In summary, these signaling molecules offer a therapeutic
potential and have attracted interest in treating inflammatory der-
matological disorders due to their possible roles in skin inflamma-
tion (Fig. 3). However, the inherent labile nature of these
therapeutic gases makes them challenging to store and deliver
[180]. Hence, it is difficult to predict the exact contribution of these



Fig. 3. The potential roles of endogenous gasotransmitters in skin inflammation. (A) Keratinocyte, melanocyte, fibroblast and macrophage produce NO, which facilitates the
production of keratinocyte, regulatory T cell(Treg cell), vasodilation, and oxidative stress, while inhibits macrophage and microbe. Furthermore, Treg cell inhibits the
production of inflammation, while vasodilation, macrophage, microbe and oxidative stress can cause inflammtion, which further increases the production of NO. (B) The
vessel and macrophage can produce CO, which inhibit inflammtion via inhibiting oxidative stress and facilitating the production of NRF2. Oxidative stress causes skin
inflammtion, but NRF2 inhibit inflammtion. (C) Keratinocyte and melanocyte produce H2S, which facilitates the production of melanocyte but inhibts the production of
keratinocyte. H2S can inhibit inflammtion via inhibiting AMPK and oxidative stress. H2S can also cause vasodilation. (D) CO2 and NH3 facilitate vasodilation and the
production of CO. SO2 can inhibit skin inflammtion with the mast cell and oxidative stress inhibition. H2 and CH4 also inhibit skin inflammtion through the inhibition of
oxidative stress. Furthermore, H2 facilitates the production of NRF2 to inhibit inflammtion.
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molecules in complex immune and inflammatory processes in vivo.
Further research toward developing more effective gas donors and
inhibitors with a capacity for organelle-specific accumulation is
needed. As the outmost layer of the body, the skin is visible, which
makes these donors or inhibitors a promising alternative as con-
trollable and precise delivery drugs in future experimental and
clinical therapies against skin diseases. Besides, since topical use
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of non-steroidal anti-inflammatory drugs is usually used to treat
inflammatory dermatological disorders, gaseous molecules-
releasing anti-inflammatory drugs probably be potential dominant
drugs in the development of skin-pharmacology. Also, there may
also be complex interactions among various signaling molecules,
further research should focus on the effects of these mediators in
inflammatory dermatological disorders.
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[110] Gürer MA, Erel A, Erbas� D, Cağlar K, Atahan C. The seroprevalence of
Helicobacter pylori and nitric oxide in acne rosacea. Int J Dermatol
2002;41:768–70.

[111] Moura AKA, Guedes F, Rivitti-Machado MC, Sotto MN. Inate immunity in
rosacea. Langerhans cells, plasmacytoid dentritic cells, Toll-like receptors and
inducible oxide nitric synthase (iNOS) expression in skin specimens: case-
control study. Arch Dermatol Res 2018;310:139–46.

[112] Ross R, Reske-Kunz AB. The role of NO in contact hypersensitivity. Int
Immunopharmacol 2001;1:1469–78.

[113] Mathers AR, Carey CD, Killeen ME, Diaz-Perez JA, Salvatore SR, Schopfer FJ,
et al. Electrophilic nitro-fatty acids suppress allergic contact dermatitis in
mice. Allergy 2017;72:656–64.

[114] Strazzulla LC, Wang EHC, Avila L, Lo Sicco K, Brinster N, Christiano AM, et al.
Alopecia areata: Disease characteristics, clinical evaluation, and new
perspectives on pathogenesis. J Am Acad Dermatol 2018;78:1–12.

[115] Alfadhli S, Kharrat NJ, Al-Tememy B, Nanda A, Rebai A. Susceptible and
protective endothelial nitric oxide synthase gene polymorphism in alopecia
areata in the Kuwaiti population. Autoimmunity 2008;41:522–5.

[116] Rasheed Z, Alzolibani AA, Al-Shobaili HA, Saif GB, Al Robaee AA. Biochemical
and immunological studies on erythrocytes superoxide dismutase modified
by nitric oxide in patients with alopecia areata: Implications in alopecia
patchy persistent and alopecia universalis. Immunol Lett 2014;160:50–7.

[117] Zhao R, Liang H, Clarke E, Jackson C, Xue M. Inflammation in Chronic Wounds.
Int J Mol Sci 2016;17.

[118] O’Neill CA, Monteleone G, McLaughlin JT, Paus R. The gut-skin axis in health
and disease: A paradigm with therapeutic implications. BioEssays
2016;38:1167–76.

[119] Allaire JM, Crowley SM, Law HT, Chang SY, Ko HJ, Vallance BA. The Intestinal
Epithelium: Central Coordinator of Mucosal Immunity. Trends Immunol
2018;39:677–96.

[120] Qui BS, Mei QB, Liu L, Tchou-Wong KM. Effects of nitric oxide on gastric
ulceration induced by nicotine and cold-restraint stress. World J
Gastroenterol 2004;10:594–7.

[121] Szlachcic A, Bilski R, Dziaduś-Sokolowska A, Michalski J, Mroczka J. The effect
of nitric oxide donors and L-arginine on the gastric electrolyte barrier. J
Physiol Pharmacol 2001;52:211–20.

[122] Falanga V. Wound healing and its impairment in the diabetic foot. Lancet
2005;366:1736–43.

[123] Tarnawski AS, Ahluwalia A. Molecular mechanisms of epithelial regeneration
and neovascularization during healing of gastric and esophageal ulcers. Curr
Med Chem 2012;19:16–27.

[124] Minniti CP, Gorbach AM, Xu D, Hon YY, Delaney KM, Seidel M, et al. Topical
sodium nitrite for chronic leg ulcers in patients with sickle cell anaemia: a
phase 1 dose-finding safety and tolerability trial. Lancet Haematol 2014;1:
e95–e103.

[125] Nie X, Zhang H, Shi X, Zhao J, Chen Y, Wu F, et al. Asiaticoside nitric oxide gel
accelerates diabetic cutaneous ulcers healing by activating Wnt/b-catenin
signaling pathway. Int Immunopharmacol 2020;79:106109.

[126] Otterbein LE, Soares MP, Yamashita K, Bach FH. Heme oxygenase-1:
unleashing the protective properties of heme. Trends Immunol
2003;24:449–55.

[127] Pol O. The role of carbon monoxide, heme oxygenase 1, and the Nrf2
transcription factor in the modulation of chronic pain and their interactions
with opioids and cannabinoids. Med Res Rev 2021;41:136–55.

[128] Ryter SW. Heme oxygenase-1/carbon monoxide as modulators of autophagy
and inflammation. Arch Biochem Biophys 2019;678:108186.
273
[129] Stucki D, Stahl W. Carbon monoxide - beyond toxicity? Toxicol Lett
2020;333:251–60.

[130] Ryter SW, Choi AM. Targeting heme oxygenase-1 and carbon monoxide for
therapeutic modulation of inflammation. Transl Res 2016;167:7–34.

[131] Hopper CP, De La Cruz LK, Lyles KV, Wareham LK, Gilbert JA, Eichenbaum Z,
et al. Role of Carbon Monoxide in Host-Gut Microbiome Communication.
Chem Rev 2020;120:13273–311.

[132] Ryter SW, Ma KC, Choi AMK. Carbon monoxide in lung cell physiology and
disease. Am J Physiol Cell Physiol 2018;314:C211–27.

[133] Yang X, de Caestecker M, Otterbein LE, Wang B. Carbon monoxide: An
emerging therapy for acute kidney injury. Med Res Rev 2020;40:1147–77.

[134] Hanselmann C, Mauch C, Werner S. Haem oxygenase-1: a novel player in
cutaneous wound repair and psoriasis? Biochem J 2001;353:459–66.

[135] Ma LJ, You Y, Bai BX, Li YZ. Therapeutic effects of heme oxygenase-1 on
psoriasiform skin lesions in guinea pigs. Arch Dermatol Res
2009;301:459–66.

[136] El Ali Z, Ollivier A, Manin S, Rivard M, Motterlini R, Foresti R. Therapeutic
effects of CO-releaser/Nrf2 activator hybrids (HYCOs) in the treatment of skin
wound, psoriasis and multiple sclerosis. Redox Biol 2020;34:101521.

[137] Lee J, Song K, Hiebert P, Werner S, Kim TG, Kim YS. Tussilagonone Ameliorates
Psoriatic Features in Keratinocytes and Imiquimod-Induced Psoriasis-Like
Lesions in Mice via NRF2 Activation. J Invest Dermatol 2020;140:1223-32.e4.

[138] Lee GY, Zeb A, Kim EH, Suh B, Shin YJ, Kim D, et al. CORM-2-entrapped
ultradeformable liposomes ameliorate acute skin inflammation in an ear
edema model via effective CO delivery. Acta Pharm Sin B 2020;10:2362–73.

[139] Klinger-Strobel M, Gläser S, Makarewicz O, Wyrwa R, Weisser J, Pletz MW,
et al. Bactericidal Effect of a Photoresponsive Carbon Monoxide-Releasing
Nonwoven against Staphylococcus aureus Biofilms. Antimicrob Agents
Chemother 2016;60:4037–46.

[140] Kobayashi T, Glatz M, Horiuchi K, Kawasaki H, Akiyama H, Kaplan DH, et al.
Dysbiosis and Staphylococcus aureus Colonization Drives Inflammation in
Atopic Dermatitis. Immunity 2015;42:756–66.

[141] Takagi T, Naito Y, Uchiyama K, Mizuhima K, Suzuki T, Horie R, et al. Carbon
monoxide promotes gastric wound healing in mice via the protein kinase C
pathway. Free Radic Res 2016;50:1098–105.

[142] Brzozowski T, Magierowska K, Magierowski M, Ptak-Belowska A, Pajdo R,
Kwiecien S, et al. Recent Advances in the Gastric Mucosal Protection Against
Stress-induced Gastric Lesions. Importance of Renin-angiotensin Vasoactive
Metabolites, Gaseous Mediators and Appetite Peptides. Curr Pharm Des
2017;23:3910–22.

[143] Lin S, Zhang Q, Li S, Zhang T, Wang L, Qin X, et al. Antioxidative and
Angiogenesis-Promoting Effects of Tetrahedral Framework Nucleic Acids in
Diabetic Wound Healing with Activation of the Akt/Nrf2/HO-1 Pathway. ACS
Appl Mater Interfaces 2020;12:11397–408.

[144] Papapetropoulos A, Pyriochou A, Altaany Z, Yang G, Marazioti A, Zhou Z, et al.
Hydrogen sulfide is an endogenous stimulator of angiogenesis. Proc Natl
Acad Sci USA 2009;106:21972–7.

[145] Tian D, Teng X, Jin S, Chen Y, Xue H, Xiao L, et al. Endogenous hydrogen
sulfide improves vascular remodeling through PPARd/SOCS3 signaling. J Adv
Res 2021;27:115–25.

[146] Wu D, Wang H, Teng T, Duan S, Ji A, Li Y. Hydrogen sulfide and autophagy: A
double edged sword. Pharmacol Res 2018;131:120–7.

[147] Zhang J, Shi C, Wang H, Gao C, Chang P, Chen X, et al. Hydrogen sulfide
protects against cell damage through modulation of PI3K/Akt/Nrf2 signaling.
Int J Biochem Cell Biol 2019;117:105636.

[148] Ying J, Wang Q, Jiang M, Wang X, Liu W, Wang X, et al. Hydrogen Sulfide
Promotes Cell Proliferation and Melanin Synthesis in Primary Human
Epidermal Melanocytes. Skin Pharmacol Physiol 2020;33:61–8.

[149] Dilek N, Papapetropoulos A, Toliver-Kinsky T, Szabo C. Hydrogen sulfide: An
endogenous regulator of the immune system. Pharmacol Res
2020;161:105119.

[150] Benhadou F, Mintoff D, Del Marmol V. Psoriasis: Keratinocytes or Immune
Cells - Which Is the Trigger? Dermatology 2019;235:91–100.

[151] Lou F, Sun Y, Xu Z, Niu L, Wang Z, Deng S, et al. Excessive Polyamine
Generation in Keratinocytes Promotes Self-RNA Sensing by Dendritic Cells in
Psoriasis. Immunity 2020;53:204-16.e10.

[152] Weatherhead SC, Farr PM, Jamieson D, Hallinan JS, Lloyd JJ, Wipat A, et al.
Keratinocyte apoptosis in epidermal remodeling and clearance of psoriasis
induced by UV radiation. J Invest Dermatol 2011;131:1916–26.

[153] Shi HJ, Zhou H, Ma AL, Wang L, Gao Q, Zhang N, et al. Oxymatrine therapy
inhibited epidermal cell proliferation and apoptosis in severe plaque
psoriasis. Br J Dermatol 2019;181:1028–37.

[154] Thatikonda S, Pooladanda V, Sigalapalli DK, Godugu C. Piperlongumine
regulates epigenetic modulation and alleviates psoriasis-like skin
inflammation via inhibition of hyperproliferation and inflammation. Cell
Death Dis 2020;11:21.

[155] Alshorafa AK, Guo Q, Zeng F, Chen M, Tan G, Tang Z, et al. Psoriasis is
associated with low serum levels of hydrogen sulfide, a potential anti-
inflammatory molecule. Tohoku J Exp Med 2012;228:325–32.

[156] Gobbi G, Ricci F, Malinverno C, Carubbi C, Pambianco M, Panfilis G, et al.
Hydrogen sulfide impairs keratinocyte cell growth and adhesion inhibiting
mitogen-activated protein kinase signaling. Lab Invest 2009;89:994–1006.

[157] Mirandola P, Gobbi G, Micheloni C, Vaccarezza M, Di Marcantonio D, Ruscitti
F, et al. Hydrogen sulfide inhibits IL-8 expression in human keratinocytes via
MAP kinase signaling. Lab Invest 2011;91:1188–94.

http://refhub.elsevier.com/S2090-1232(21)00165-X/h0510
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0510
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0515
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0515
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0515
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0520
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0520
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0520
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0520
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0520
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0525
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0525
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0525
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0525
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0530
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0530
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0530
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0530
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0530
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0535
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0535
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0535
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0535
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0540
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0540
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0540
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0540
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0545
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0545
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0550
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0550
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0550
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0550
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0555
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0555
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0555
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0555
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0560
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0560
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0565
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0565
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0565
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0570
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0570
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0570
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0575
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0575
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0575
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0580
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0580
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0580
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0580
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0585
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0585
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0590
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0590
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0590
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0595
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0595
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0595
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0600
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0600
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0600
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0605
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0605
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0605
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0610
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0610
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0615
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0615
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0615
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0620
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0620
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0620
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0620
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0625
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0625
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0625
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0630
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0630
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0630
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0635
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0635
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0635
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0640
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0640
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0645
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0645
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0650
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0650
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0655
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0655
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0655
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0660
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0660
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0665
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0665
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0670
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0670
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0675
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0675
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0675
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0680
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0680
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0680
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0690
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0690
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0690
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0695
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0695
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0695
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0695
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0700
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0700
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0700
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0705
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0705
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0705
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0710
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0710
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0710
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0710
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0710
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0715
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0715
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0715
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0715
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0720
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0720
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0720
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0725
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0725
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0725
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0730
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0730
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0735
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0735
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0735
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0740
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0740
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0740
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0745
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0745
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0745
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0750
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0750
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0760
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0760
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0760
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0765
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0765
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0765
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0770
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0770
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0770
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0770
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0775
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0775
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0775
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0780
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0780
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0780
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0785
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0785
http://refhub.elsevier.com/S2090-1232(21)00165-X/h0785


L. Wang, X. Xie, B. Ke et al. Journal of Advanced Research 38 (2022) 261–274
[158] Merighi S, Gessi S, Varani K, Fazzi D, Borea PA. Hydrogen sulfide modulates
the release of nitric oxide and VEGF in human keratinocytes. Pharmacol Res
2012;66:428–36.

[159] Sener S, Akbas A, Kilinc F, Baran P, Erel O, Aktas A. Thiol/disulfide homeostasis
as a marker of oxidative stress in rosacea: a controlled spectrophotometric
study. Cutan Ocul Toxicol 2019;38:55–8.

[160] Moniaga CS, Kamata Y, Ogawa H, Suga Y, Tominaga M, Takamori K. Hydrogen
sulfide modulates the expression of axon-guidance molecules in human
keratinocytes. J Dermatol Sci 2020;97:232–5.

[161] Coavoy-Sánchez SA, Rodrigues L, Teixeira SA, Soares AG, Torregrossa R, Wood
ME, et al. Hydrogen sulfide donors alleviate itch secondary to the activation
of type-2 protease activated receptors (PAR-2) in mice. Pharmacol Res
2016;113:686–94.

[162] Cevikbas F, Lerner EA. Physiology and Pathophysiology of Itch. Physiol Rev
2020;100:945–82.

[163] Yang CT, Chen L, Chen WL, Li N, Chen MJ, Li X, et al. Hydrogen sulfide primes
diabetic wound to close through inhibition of NETosis. Mol Cell Endocrinol
2019;480:74–82.

[164] Xu M, Hua Y, Qi Y, Meng G, Yang S. Exogenous hydrogen sulphide supplement
accelerates skin wound healing via oxidative stress inhibition and vascular
endothelial growth factor enhancement. Exp Dermatol 2019;28:776–85.

[165] Zhang Q, Lyu W, Yu M, Niu Y. Sulfur dioxide induces vascular relaxation
through PI3K/Akt/eNOS and NO/cGMP signaling pathways in rats. Hum Exp
Toxicol 2020;39:1108–17.

[166] Yang L, Zhang H, Chen P. Sulfur dioxide attenuates sepsis-induced cardiac
dysfunction via inhibition of NLRP3 inflammasome activation in rats. Nitric
Oxide 2018;81:11–20.

[167] Zhang L, Jin H, Song Y, Chen SY, Wang Y, Sun Y, et al. Endogenous sulfur
dioxide is a novel inhibitor of hypoxia-induced mast cell degranulation. J Adv
Res 2021;29:55–65.

[168] An L, Zhang P, Shen W, Yi X, Yin W, Jiang R, et al. A sulfur dioxide polymer
prodrug showing combined effect with doxorubicin in combating
subcutaneous and metastatic melanoma. Bioact Mater 2021;6:1365–74.

[169] Sun A, Wang W, Ye X, Wang Y, Yang X, Ye Z, et al. Protective Effects of
Methane-Rich Saline on Rats with Lipopolysaccharide-Induced Acute Lung
Injury. Oxid Med Cell Longev 2017;2017:7430193.

[170] Song K, Zhang M, Hu J, Liu Y, Liu Y, Wang Y, et al. Methane-rich saline
attenuates ischemia/reperfusion injury of abdominal skin flaps in rats via
regulating apoptosis level. BMC Surg 2015;15:92.

[171] Ohsawa I, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K, Yamagata K,
et al. Hydrogen acts as a therapeutic antioxidant by selectively reducing
cytotoxic oxygen radicals. Nat Med 2007;13:688–94.

[172] Yang M, Dong Y, He Q, Zhu P, Zhuang Q, Shen J, et al. Hydrogen: A Novel
Option in Human Disease Treatment. Oxid Med Cell Longev
2020;2020:8384742.

[173] Nogueira JE, Passaglia P, Mota CMD, Santos BM, Batalhão ME, Carnio EC, et al.
Molecular hydrogen reduces acute exercise-induced inflammatory and
oxidative stress status. Free Radic Biol Med 2018;129:186–93.

[174] Fang W, Wang G, Tang L, Su H, Chen H, Liao W, et al. Hydrogen gas inhalation
protects against cutaneous ischaemia/reperfusion injury in a mouse model of
pressure ulcer. J Cell Mol Med 2018;22:4243–52.

[175] Min HS, Son S, You DG, Lee TW, Lee J, Lee S, et al. Chemical gas-generating
nanoparticles for tumor-targeted ultrasound imaging and ultrasound-
triggered drug delivery. Biomaterials 2016;108:57–70.
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