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Sulfide regulation and catabolism in health and disease
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The metabolic pathway of sulfur-containing amino acids in organisms begins with methionine, which is metabolized to produce
important sulfur-containing biomolecules such as adenosylmethionine, adenosylhomocysteine, homocysteine, cystine, and
hydrogen sulfide (H,S). These sulfur-containing biomolecules play a wide range of physiological roles in the body, including anti-
inflammation, antioxidant stress, DNA methylation, protein synthesis, etc., which are essential for maintaining cellular function and
overall health. In contrast, dysregulation of the metabolic pathway of sulfur-containing amino acids leads to abnormal levels of
sulfur-containing biomolecules, which produce a range of pathological consequences in multiple systems of the body, such as
neurodegenerative diseases, cardiovascular diseases, and cancer. This review traces the milestones in the development of these
sulfur-containing biomolecules from their initial discovery to their clinical applications and describes in detail the structure,
physiochemical properties, metabolism, sulfide signaling pathway, physiopathological functions, and assays of sulfur-containing
biomolecules. In addition, the paper also explores the regulatory role and mechanism of sulfur-containing biomolecules on
cardiovascular diseases, liver diseases, neurological diseases, metabolic diseases and tumors. The focus is placed on donors of
sulfur-containing biological macromolecule metabolites, small-molecule drug screening targeting H,S-producing enzymes, and the
latest advancements in preclinical and clinical research related to hydrogen sulfide, including clinical trials and FDA-approved
drugs. Additionally, an overview of future research directions in this field is provided. The aim is to enhance the understanding of
the complex physiological and pathological roles of sulfur-containing biomolecules and to offer insights into developing effective

therapeutic strategies for diseases associated with dysregulated sulfur-containing amino acid metabolism.
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INTRODUCTION

Sulfur is an essential element in biological systems and is vital to
life. In healthy individuals, sulfur is absorbed in the digestive tract
in the form of sulfur-containing amino acids, of which methionine
is an essential amino acid. Endogenous sulfur-containing amino
acid metabolism begins with the dietary intake of methionine, and
through methionine cycle pathway, S-adenosylmethionine (SAM),
S-adenosylhomocysteine (SAH), homocysteine (Hcy) and methio-
nine are produced successively. Cystathionine and cysteine are
produced from Hcy via the Hcy trans-mercapto pathway. Cysteine
on the one hand produces taurine and sulfur dioxide through
cysteine oxidative metabolism pathway, and on the other hand
produces cystathionine, cystine, cysteine and hydrogen sulfide
(H,S) through cysteine trans-mercapto pathway. H,S is eventually
metabolized to sulfate or dimethyl sulfide and excreted from the
body. Therefore, this metabolic pathway leads to the production
of key intermediate metabolites such as SAM, SAH, Hcy,
cystathionine, cysteine, and cystine, as well as terminal metabo-
lites such as H,S, taurine, and sulfur dioxide.

A review of the research history reveals key milestones in the
study of sulfur-containing amino acids and H,S (Fig. 1). In 1899-
1900, Morner and Embden isolated cystine from scleroprotein,
marking the identification of sulfur-containing amino acids. Later
research demonstrated that cystine and cysteine are interconver-
tible through oxidation and reduction reactions.'™ In the 1930s,
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methionine was recognized as an essential amino acid in protein
synthesis.*> Hcy was identified in 1932 by Du Vigneaud and later
recognized as an intermediate in the methionine metabolic
pathway, forming cysteine through the transsulfuration path-
way.® In 1953, Giulio Cantoni described the formation and
function of SAM, pivotal for methylation reactions.” SAH, a product
of SAM transmethylation, was synthesized by Baddiley and
Jamieson in 1953."° In the 1960s, scientists gradually elucidated
the specific steps of methionine metabolism, revealing that
methionine enters the methylation pathway via SAM, is then
converted to Hcy through SAH, and subsequently re-enters the
methionine cycle through remethylation reactions. H,S produc-
tion in mammals was known biochemically by the early 1990s.
Subsequent studies confirmed the presence of H,S-producing
enzymes in the brain'" and blood vessels,'? gradually demonstrat-
ing that H,S plays important roles across various physiological
systems. H,S is now recognized as the third gasotransmitter,
following nitric oxide (NO) and carbon monoxide (CO).'*'*

In a healthy state, these sulfur-containing biomolecules
participate in protein synthesis, as well as the synthesis and
degradation of fatty acids, and are involved in key energy
metabolism processes such as the citric acid cycle. They exert
neurotransmitter, modulatory, and hormone-like biological effects,
protect cells from environmental toxins and drug-induced
damage, and play a critical role in the oxidant-antioxidant
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Fig. 1 Timeline of major advancements in the study of sulfur-containing biomolecules produced by metabolism of sulfur-containing amino
acids. In 1810, Wollaston identified cystine; in 1899-1900, Morner and Embden isolated cystine, showing cysteine’s interconvertibility; in 1922,
Mueller isolated methionine; in the 1930s, methionine was recognized as essential for protein synthesis; in 1932, Du Vigneaud identified
homocysteine; in 1953, Cantoni described SAM formation and Baddiley and Jamieson discovered SAH; and in the 1960s, methionine
metabolism pathways were further elucidated. H,S, first observed by Ulysse Gayon in 1877 from bacteria in spoiled eggs, was linked to sulfur
amino acid metabolism. In the 1930s and 1940s, Du Vigneaud discovered the transsulfuration pathway. By the 1960s and 1970s, enzymes like
CBS, CSE, and 3-MST were identified. In the 1980s, sulfides were found in deep-sea vents. By the early 1990s, H,S production in mammals was

known, with its biological effects explored later

homeostasis.””° Through these diverse functions, sulfur-

containing biomolecules play a crucial role in maintaining life
activities, regulating physiological processes, protecting cells from
damage, and are important substances in regulating homeostasis
in the body. And disruption of sulfur-containing amino acid
metabolic pathways is closely linked to the development of many
diseases. It is well known that long-term induced hypermethio-
ninemia leads to hyperhomocysteinemia, which affects methyla-
tion and metabolic processes. Clinical studies have confirmed that
hyperhomocysteinemia is not only an independent risk factor for
the development of cardiovascular and cerebrovascular diseases,
such as atherosclerosis, acute myocardial infarction, stroke,
coronary artery lesions, and peripheral vascular disease, but also
increases the risk of neurodegenerative disorders and tumors, and
impairs the efficacy of antifolate drugs.®’ In contrast, H,S has a
protective effect on the development of many diseases. It
prevents cardiovascular diseases such as myocardial infarction,
myocardial ischemia-reperfusion (IR) injury, cardiac hypertrophy,
and atherosclerosis, reduces renal IR injury,”® attenuates non-
alcoholic fatty liver disease (NAFLD) and hepatic fibrosis,>* reduces
brain injury, promotes neurofunctional recovery, alleviates neuro-
degenerative diseases,”> promotes dendritic development of
Purkinje cells and protects the cerebellum from oxidative stress
damage. H,S presents a complex regulatory mechanism in tumors.
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In tumors such as breast,® colorectal,?” and prostate cancers,®®

H,S may promote tumor growth through pro-angiogenic and anti-
apoptotic effects. Nevertheless, it has also been found that H,S
may have anti-tumor properties by inducing apoptosis and
inhibiting cell proliferation.?' The role of H,S in diseases may
vary due to individual differences, disease types, and disease
stages. Therefore, further research is still needed to better
understand the effect of H,S in the occurrence and progression
of specific diseases.

This paper summarizes the structure, physicochemical proper-
ties, metabolic processes, signaling pathways, physiological and
pathophysiological functions of sulfur-containing biomolecules.
Furthermore, novel mechanisms such as disulfide stress, dis-
ulfidptosis, and protein sulfhydration are discussed, highlighting
their diverse roles in cellular regulation and disease progression.
Moreover, the detection methods were also described, with an
emphasis on innovative techniques such as fluorescence probes
and mass spectrometry, which allow for highly sensitive and real-
time monitoring of H,S in biological systems. In addition, this
paper summarizes the currently developed donors of sulfur-
containing biomacromolecule metabolites and the screening of
small molecule drugs targeting hydrogen sulfide-producing
enzymes. These advances open new therapeutic avenues,
particularly in modulating the sulfide metabolism to address
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Fig. 2 Generation and metabolism of sulfur-containing biomolecules. The metabolism of methionine begins with its breakdown by
methionine adenosyltransferase (MAT), producing S-adenosylmethionine (SAM). Subsequently, SAM is converted to S-adenosylhomocysteine
(SAH) through the action of methyltransferase (MT). SAH is then hydrolyzed by adenosylhomocysteinase (AHCY) to homocysteine (Hcy). Hcy
can enter the transsulfuration pathway or be recycled back into methionine via the methionine synthase (MS) pathway or the betaine-
homocysteine S-methyltransferase (BHMT), completing the methionine cycle. Within the MS pathway, Hcy also participates in the folate cycle.
Additionally, SAM can contribute to methionine salvage pathways via MAT to replenish methionine levels. In the transsulfuration pathway, Hcy
can be converted to cysteine (Cys) via cystathionine f-synthase (CBS) and cystathionine y-lyase (CSE), leading to hydrogen sulfide (H,S)
production. Hcy can also be directly converted to H,S by CSE. Furthermore, Cys and cystine can interchange with each other. D-amino acid
oxidase (DAO), located in peroxisomes, can utilize D-cysteine (D-Cys) as a substrate to produce 3-mercaptopyruvate (3-MP), which can then be
converted to H,S by 3-mercaptopyruvate sulfurtransferase (3-MST). The metabolism of H,S in the body can occur through simple gas
exhalation, as well as via oxidation (which occurs in the mitochondria), methylation, and clearance by methemoglobin. Created with
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diseases like cancer, neurodegenerative disorders, and metabolic
diseases. We also focus on recent advances in preclinical and
clinical studies of sulfur-containing biomacromolecule metabo-
lites, noting the critical need to overcome existing research gaps.
To this end, we propose strategies such as advancing clinical trials
and further exploring large animal models, which will help bridge
the gap between preclinical findings and human therapeutic
applications. This holistic approach provides a new research
orientation in the treatment of sulfur-containing biomacromole-
cule metabolism imbalance-related diseases.

CHEMICAL BIOLOGY OF SULFIDES

Methionine

Amino acids are the fundamental elements of proteins and are
involved in various critical biological processes in the body, such
as metabolism,>>>* growth and development,>*=” and immune
function>**¥% In prokaryotes, nearly all proteins are initiated
with N-formylmethionine, whereas in eukaryotes, protein synth-
esis starts with methionine.*' For humans, methionine is the only
sulfur-containing essential amino acid. Methionine exists in two
isomeric forms, L-methionine and D-methionine, with the former
being the predominant form found in nature.** Methionine has a
slightly distinctive odor and is unstable in strong acids, which can
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lead to demethylation. Additionally, it is soluble in water, dilute
acids, and dilute bases, while being sparingly soluble in ethanol.*?
The metabolism of methionine begins with its breakdown by
methionine adenosyltransferase (MAT), producing the universal
methyl donor SAM. SAM then donates its methyl group via the
action of methyltransferase (MT), resulting in the formation of
SAH. SAH is hydrolyzed by adenosylhomocysteinase (AHCY) into
Hcy and adenosine. Hcy can either enter the transsulfuration
pathway or be remethylated back to methionine via the
methionine synthase (MS) pathway or the betaine-homocysteine
S-methyltransferase (BHMT) pathway, thereby completing the
methionine cycle*'**** (Fig. 2). In addition to serving as a
precursor for protein synthesis, methionine’s broader physiologi-
cal functions are primarily mediated through the intermediate
products of the methionine cycle, such as the methylation
processes dependent on its derivative SAM. Furthermore, elevated
levels of Hcy, a byproduct of methionine metabolism, are
associated with cardiovascular diseases and neurodegenerative
disorders.*> Methionine can also be converted into cysteine, which
is involved in the synthesis of glutathione. Glutathione is a critical
intracellular antioxidant that scavenges free radicals and protects
cells from oxidative stress-induced damage. Therefore, methionine
plays a key role in maintaining cellular redox balance.'®*¢~*® The
current limitations in methionine research primarily lie in the

SPRINGER NATURE



Sulfide regulation and catabolism in health and disease
Hou et al.

incomplete understanding of its complex role in various diseases.
While methionine is associated with several metabolic disorders
and cancers, the specific pathological effects of its excess or
deficiency remain unclear. Existing therapeutic strategies mainly
focus on regulating homocysteine levels, with limited effective
interventions targeting methionine itself.

S-adenosylmethionine

As early as 1951, Giulio Cantoni*® discovered SAM which is
formed when methionine binds to the adenosyl group of ATP.
SAM is a typical sulfonium compound, where the sulfur atom is
covalently bonded to three substituents arranged in a trigonal
pyramidal geometry, with a lone pair of electrons also associated
with the sulfur atom.”® The high-energy sulfonium ion present in
SAM enables it to transfer its methyl group to a variety of
substrates via substitution reactions, including proteins, DNA,
RNA, and metals.’’ The most prominent metabolic function of
SAM s its role as a methyl donor, with over 90% of the SAM
produced being consumed in methylation reactions.>>>* DNA
methyltransferases (DNMTs) transfer the methyl group from SAM
to DNA, typically adding the methyl group to the 5™ carbon of
cytosine, forming 5-methylcytosine. This DNA methylation plays a
crucial role in the regulation of gene expression and is often
associated with gene silencing.>> SAM is also involved in RNA
methylation modifications, such as N6-methyladenosine (m6A)
modification in mRNA. This modification influences mRNA
stability and translation efficiency, thereby regulating gene
expression.”® SAM is also a critical methyl donor for histone
methylation. Histone methylation is carried out by histone
methyltransferases (HMTs) and typically occurs on lysine or
arginine residues. This modification affects chromatin structure
and regulates gene expression.”’” SAM also participates in the
synthesis of polyamines. In this pathway, SAM is decarboxylated
by SAM decarboxylase, generating decarboxylated SAM (dcSAM).
Subsequently, spermidine synthase catalyzes the addition of the
first aminopropyl group from dcSAM to putrescine, forming
spermidine (SPD). SPD is then converted into spermine (SPM) by
spermine synthase through the addition of a second aminopropyl
group. Both reactions generate 5'-methylthioadenosine as a
byproduct.®®°° SPD and SPM are involved in various cellular
processes, such as the regulation of autophagy pathways, mTOR
signaling, and oxidative stress and antioxidant pathways.5'~%3
Methylthioadenosine (MTA) inhibits both spermidine synthase
and spermine synthase. As a result, MTA can be recycled into
methionine through the methionine salvage pathway.®* MTA is
phosphorylated by MTA phosphorylase (MTAP), and subsequently
converted into adenine and 5-methylthioribose-1-phosphate, the
latter of which is further metabolized into methionine. In the
absence of MTAP, endogenous MTA cannot be salvaged into
methionine, leading to the accumulation of dcSAM and MTA,
both of which inhibit methylation reactions.®*~%’ In addition, SAM
mediates radical-based chemical reactions. Several SAM-
dependent radical enzymes exist in the body, and the SAM
radical enzyme family can form characteristic [4Fe-4S] clusters.
These clusters provide the electrons necessary for the reductive
cleavage of SAM, generating a 5'-deoxyadenosyl radical, which
initiates radical mechanisms.®®° Despite its critical involvement
in methylation reactions, the precise mechanisms by which SAM
dysregulation contributes to diseases such as cancer, neurode-
generative disorders, and liver diseases are still not fully
elucidated. Moreover, while SAM supplementation has shown
promise in some clinical settings, its therapeutic application is
limited by the lack of standardized dosing and concerns over
potential side effects.

S-adenosylhomocysteine

AHCY is the only enzyme that catalyzes the reversible hydrolysis
of SAH into adenosine and homocysteine, thereby maintaining

SPRINGERNATURE

methylation homeostasis within the methionine cycle.”® Exces-
sive accumulation of SAH within the cell can inhibit the activity
of SAM-dependent methyltransferases.”’ Therefore, the ratio of
SAM/SAH is often used as an indicator of cellular methylation
capacity, with a decrease in this ratio signaling a reduction in
cellular methylation potential.”? Previous Study has shown that
SAH can reduce the expression of DNA methyltransferase
DNMT1 protein, lead to demethylation of the CpG islands in
the NF-kB gene promoter region, and increase NF-kB expression,
trigger the expression of pro-inflammatory senescence-asso-
ciated secretory phenotype (SASP) factors, and thus induce
cellular senescence in rat aortic smooth muscle cells.”?
Additionally, inhibition of AHCY can induce endothelial cell
senescence by downregulating hTERT expression, which is
linked to reduced histone methylation in the hTERT promoter
region.”* Notably, AHCY inhibition can also promote the
development of atherosclerosis; it leads to downregulation of
DNMT1 expression, which subsequently triggers the Drpl-
mitochondrial reactive oxygen species (mtROS) pathway,
ultimately resulting in atherosclerosis.”> Conversely, overexpres-
sion of AHCY can rescue cell function by activating the Nrf2-HO-
1 signaling pathway. Transplantation of diabetic bone marrow
mesenchymal stem cells with AHCY overexpression can enhance
angiogenesis and mitigate adverse cardiac remodeling in rats.”®

Homocysteine

Hcy is a sulfur-containing, non-proteinogenic amino acid derived
from methionine and is a homolog of cysteine,’” with an
additional methylene group (-CH2-) preceding the thiol group
(-SH) on its side chain. Homocysteine is converted back to
methionine via the MS pathway and the BHMT pathway, thus
fulfilling a biological function of protecting methionine. In the
MS pathway, 5,10-methylene tetrahydrofolate (5,10-MTHF) is
converted into 5-methyl tetrahydrofolate (5-MTHF) by methyle-
netetrahydrofolate reductase (MTHFR). 5-MTHF then donates a
methyl group to Hcy under the catalysis of MS, forming
methionine. Subsequently, 5-MTHF is converted into tetrahy-
drofolate (THF). THF can be reconverted into 5,10-MTHF to
complete the folate cycle, a process that requires normal levels
of folate and vitamin B12.”%7° This also demonstrates the role of
Hcy as an essential substrate in the folate cycle. In the BHMT
pathway, Hcy uses betaine as a methyl donor, ultimately
producing methionine and dimethylglycine (DMG).2° Betaine is
a metabolite of choline, and the process is also a necessary step
in the catabolism of choline.®! Another important physiological
function of Hcy is its entry into the transsulfuration pathway. As
early as the 1930s and 1940s, Du Vigneaud began studying the
oxidation of sulfur-containing amino acids in tissues and whole
animals, ultimately discovering the transsulfuration pathway.”?
Through this pathway, Hcy can produce cysteine as well as the
important gaseous signaling molecule H,S. Notably, SAM
indirectly participates in the transsulfuration pathway by
inhibiting MTHFR®? and activating CBS.2* When SAM is depleted,
Hcy is remethylated back to methionine to regenerate SAM.
Conversely, when SAM levels are high, Hcy is directed toward the
transsulfuration pathway. Elevated levels of Hcy are considered
an independent risk factor for the development of cardiovascular
diseases. Hcy can induce endothelial dysfunction and is
associated with atherosclerotic vascular diseases and ischemic
heart attacks.®*® Additionally, high Hcy levels are well-
established risk factors for neurological disorders such as
dementia and cognitive impairment.®’~3° While elevated Hcy
levels are associated with cardiovascular, neurodegenerative,
and metabolic disorders, the direct causality between Hcy and
these diseases remains unclear. Furthermore, therapeutic
approaches targeting Hcy metabolism, such as supplementation
with B vitamins, show inconsistent results, highlighting the need
for more effective and standardized treatments.”®°!
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Cystine

Cystine is a dimer formed by the linkage of two cysteine
molecules through a disulfide bond. Cystine has better solubility
in acidic and alkaline solutions but is relatively unstable, easily
reduced back to two cysteine molecules in a reductive environ-
ment. The primary physiological function of cystine is its reduction
to cysteine, which then participates in the synthesis of
glutathione. Under the catalysis of y-glutamylcysteine synthetase
(GCL) and in the presence of ATP, glutamate and cysteine form y-
glutamylcysteine. This step is the rate-limiting step in glutathione
synthesis and serves as a key regulatory point in the process.”
Subsequently, y-glutamylcysteine combines with glycine under
the catalysis of glutathione synthetase, forming glutathione. This
reaction also requires ATP for energy.”® The function of the
cystine/glutamate antiporter (system x(c)(-)) is crucial for main-
taining glutathione levels® and plays a significant role in
ferroptosis.”>’

Hydrogen sulfide

H,S is a colorless, rotten egg flavor, soluble in water gas.”® H,S is a
weak acid with an equilibrium state: in a 140 mM NaCl solution at
pH 7.4, 14% of the free sulfide is H,S gas, 86% is HS,” and a trace
amount of $*7'? (BS and CSE mediate the transsulfuration
pathway to produce H,S (Fig. 2). CBS first catalyzes the
-substitution reaction of L-homocysteine (L-Hcy) with L-serine
to produce cystathionine, followed by a, y-elimination reactions of
CSE, which catalyzes the production of cystathiones to produce
L-cysteine (L-Cys), a-ketobutyric acid, and NH;."** L-Cys and water
can further react to generate H,S. It should be noted that in this
reaction, CBS generates H,S and serine through (-elimination
reaction, while CSE generates H,S and pyruvate through q,
B-elimination reaction.'** Additionally, both CBS and CSE can
catalyze B-substitution reactions, resulting in the condensation of
two L-Cys molecules to produce H,S and lanthionine, or the
condensation of L-Hcy and L-Cys through (3, y-substitution
reactions to produce H,S and cystathionine. Among them, CBS
catalyzed the condensation of L-Hcy and L-Cys more predomi-
nantly, and L-Hcy and L-Cys were the most suitable substrates for
the enzymatic reaction of CB.*® CSE can also catalyze the reaction
of L-Hcy with water via q, y-elimination reactions to produce
homoserine, a-ketobutyrate, and NHs, or it can condense two
molecules of L-Hcy through y-substitution reaction to ultimately
generate H,S.'>> CBS is considered the main H,S synthesizing
enzyme in the central nervous system, but it is also expressed in
other organs such as the kidneys, liver, and lymphocyte.'*
Compared to CBS, CSE has a wider distribution in mammalian
tissues, mainly expressed in the periphery, responsible for H,S
production in peripheral tissues,'?” and is highly expressed in the
cardiovascular and respiratory system.'?® The third key enzyme for
H,S generation is 3-MST, which catalyzes the synthesis of
endogenous H,S using 3-mercaptopyruvate (3-MP) as a sub-
strate'? (Fig. 2). 3-MP is produced from L-Cys by cysteine
aminotransferase (CAT) with o-ketoglutarate as a coenzyme.
3-MST can remove sulfur from 3-MP, resulting in the creation of
a persulfide on the enzyme (3-MST-ssh). H,S can be liberated from
3-MST-SSH through endogenous reducing agents like thioredoxin
(Trx) or dihydrolipoic acid (DHLA)."**'3" 3-MST exhibits high
activity in various tissues, such as kidney proximal renal tubular
epithelial cells, cardiac cells and liver cells. Currently, 3-MST is
believed to be the main enzyme in mitochondria that catalyzes
H,S production.'®"'3?

Studies'*® have shown that D-amino acid oxidase (DAO) also
contributes to endogenous H,S production (Fig. 2). DAO utilizes
D-cysteine (D-Cys) as a substrate to produce 3-MP, which is then
converted to H,S by the action of 3-MS."*? It is worth noting that,
unlike the best H,S production under alkaline conditions using
L-Cys as a substrate, D-Cys has the best H,S production under
neutral conditions, specifically at pH 7.4. Furthermore, the
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endogenous H,S generation pathway using D-Cys as a substrate
primarily functions in the cerebellum and kidneys, which are 7-and
80-fold higher than the source of L-Cys as a substrate generation
pathway, respectively. Meanwhile, DAO is localized in peroxi-
somes, while 3-MST mainly exists in mitochondria. The two
exchange various metabolites through specific forms of vesicular
transport,'** that is, 3-MST and DAO produce H,S through
organelle interactions.

Metabolism of H,S can occur through simple gaseous exhala-
tion,'* or through oxidation, methylation, and scavenging by
methemoglobin (Fig. 2). Research have shown that after
intravenous injection of sodium sulfide in rats, a significant
amount of exhaled H,S gas can be detected. This finding was
subsequently confirmed in humans, where an increase in exhaled
H,S gas was observed during intravenous injection of sodium
sulfide.’*®'” The final products of protein hydrolysis by oral
microbial organisms often include H,S gas, which is also
considered a potential underlying cause of halitosis.'*® Increased
levels of H,S in exhaled gas have also been observed in newborns
and children with sepsis. Therefore, endogenous H,S can be
eliminated in the form of gas. Considering that the production and
metabolism of endogenous H,S can alter under various patholo-
gical and physiological conditions, it may be worth exploring
exhaled H,S gas as one of the diagnostic indicators. However, it is
important to note that exhaled H,S is a minor (<1%) route of
elimination in the human bod,"*” and attention should still be
paid to other metabolic pathways.

The metabolism of H,S primarily occurs through mitochondrial
oxidation. Sulfide:quinone oxidoreductase (SQR) is located in the
inner membrane of the mitochondria and initiates the irreversible
oxidation of H,S. Through the oxidation of H,S, SQR introduces
electrons into the electron transport chain by transferring
electrons from H,S to the oxidized form of coenzyme Q (CoQ),
eventually resulting in ATP production.'® At the same time, H,S is
oxidized to sulfur atoms and bound to the SQR to produce SQR
persulfide (SQR-SSH). Subsequently, there are two pathways for
further metabolism of SQR-SSH. The first pathway involves the
transfer of sulfur atoms from SQR-SSH to sulfite (505%), forming
thiosulfate (5,05%), the sulfur atoms are transferred by thiosulfate
sulfotransferase (TST) to reduced glutathione (GSH) to form
Glutathione persulfide(GSSH) while regenerating 505.>" In another
pathway, sulfur atoms in SQR-SSH are transferred directly to GSH
to form GSSH, which is then oxidized to SOs>~ by persulfide
dioxygenase (ETHE1). SOs* can be further oxidized to sulfate
(504%) by sulfite oxidase (SO) and excreted by the kidneys.'*%'*!
Notably, rhodanese (Rhd) can transfer sulfur from GSSH to 5057,
which in turn generates $,0;%, most of which is further
metabolized to sulfate by thiosulfate reductase (TR) and SO.'*

Methylation is another pathway for the metabolism of H,S.
Unlike oxidation, methylation of H,S occurs in the cytoplasm and
is catalyzed by Thiol S-methyltransferase (TSMT).'** Methylation of
H,S produces methanethiol (CHsSH), which can be further
methylated to produce a relatively non-toxic compound, dimethyl
sulfide (CH3SCH3). Both methylation products are sufficiently
volatile to be excreted by respiration. On this basis, the conversion
of CH3SH to CH3SCH;5 is slower than the initial conversion of H,S to
CHs3SH, so the methylation of H,S is much slower than
oxidation.'”®* TSMT is a widely distributed enzyme, with the
highest activity in the mucosa of the colon and cecum.
Additionally, it has also been reported to be active in the live'**
and brain."*

H,S can also be eliminated by methemoglobin. H,S can rapidly
bind to the Fe*™ in methemoglobin (MetHb), eventually produ-
cing heme-bound polysulfides and free thiosulfate, with Fe3"
reduced to Fe.>™ This process does not interfere with the function
of hemoglobin as an oxygen carrier in the blood.'*® Furthermore,
based on the inherent binding characteristics of MetHb and H,S,
Yuto Suzuki'® have designed and developed MetHb-albumin
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clusters as an antidote for H,S poisoning. Clusters of MetHb-
albumin contain a ferric Hb core coated with three human serum
albumins covalently. Rat cardiomyocytes (H9c2) death exposed to
H,S can be inhibited by MetHb-albumin clusters while maintaining
mitochondrial function. Additionally, they can restore cytochrome
c oxidase activity in mice with lethal H,S toxicity.

SAM interacts with nucleic acids and plays a crucial role in
cellular methylation processes. SAM serves as an essential methyl
donor for DNMT, facilitating DNA methylation reactions.'*®
Additionally, SAM is involved in the methylation of RNA,
particularly in RNA modifications, where it plays a critical role in
regulating RNA stability, processing, and function.'*® The thiol
group (-SH) of cysteine can bind to metal ions such as copper,
iron, and zinc, forming chelates that influence the biological
functions of these metal ions. For example, cysteine’s interaction
with copper ions can inhibit copper-induced oxidative reactions,
thereby protecting cells from oxidative damage caused by
metals.””%">! Chemical interaction of H,S with nitric oxide (NO)
could generate several intermediates, including nitrosothiol,
thionitrous acid, nitroxyl, nitrosopersulifide, polysulfides, SULFI/
NO, etc.'*? These intermediates play a number of biological roles.
For example, nitroxyl and SULFI/NO exert positive inotropic
effects. Nitroxyl reduces blood pressure in spontaneously hyper-
tensive rats'>> and attenuates myocardial ischemia-reperfusion
injury.’*® Polysulfides modulate the release of neurotransmit-
ters.">® In addition, H,S may interact with other reactive species
(e.g., oxygen, nitrogen, sulfur and selenium), leading to the
formation of numerous products, contributing mostly to the redox
biology of the cell. H,S also interacts with proteins. For instance,
H,S can undergo sulfhydration reactions with cysteine residues
within proteins, leading to the formation of sulfhydryl modifica-
tions.'*® Moreover, H,S may interact with the metal centers of
target proteins,'>” forming metal-sulfide complexes that regulate
the activity of metal ions. This interaction is particularly significant
in redox reactions. The interactions of sulfur-containing biomole-
cules with other biomolecules and the subsequent generation of
intermediates and products which might be new signal molecules
are becoming a new research field. More and more studies are
conducted to clarify the exact production mechanisms and
biological importance of these hybrid molecules.

DETECTION OF SULFIDE METABOLITES

The methylene blue colorimetric method is the simplest technique
for detecting sulfide metabolite H,S release. It has been applied in
studies to measure H,S production in the human internal
mammary artery'*® and human uterine artery,’*® as well as to
assess H,S levels in the serum of children with Kawasaki
disease.’®® The principle of this method is based on the reaction
of H,S with N,N-dimethyl-p-phenylenediamine solution, resulting
in the formation of methylene blue. The methylene blue
colorimetric assay is simple, uses relatively inexpensive reagents,
has a short detection time, and is suitable for high-throughput
screening. However, this method can only accurately detect H,S
concentrations above 1 uM and is unable to measure H,S levels in
the nmol/L range, with significant variability in the results.'®’ The
sulfur-sensitive electrode method is characterized by a wide
measurement range, as well as good stability and reproduci-
bility.'"®*"°® In recent years, it has been applied to measure H,S
levels in various tissues, including the heart,'®* brain,'®® liver,'®®
and stomach'®” of rats. However, during detection, Ag,S can form
on the electrode surface, leading to decreased sensitivity and
altered performance. In recent years, numerous sensitive, real-time
monitorable, and structurally novel fluorescent probes for H,S
detection have been reported, including probes selectively
reduced by H,S,"*®"7° probes reacting with H,S via nucleophilic
reactions,’””’™'”> and probes using ligand metals to trap H,S.'”%""”
These fluorescent probes have great potential as tools for the
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detection of H,S in biological samples. Gas chromatography (GC)
and high-performance liquid chromatography (HPLC) have been
extensively reported for the determination of endogenous H,S. GC
can be combined with chemiluminescence detection for the
analysis of H,S levels in biological samples. And it can also be
coupled with mass spectrometry (GC-MS) to detect sulfides and
thiosulfates in sample.'””®'7° This method demonstrates high
detection sensitivity; however, the derivatization process may
influence the concentration of original sulfides in the samples.
Additionally, the settings of the instrumental parameters can
impact the results, necessitating a high level of proficiency from
the operators. The basic operation of HPLC involves the rapid
derivatization of sulfides in the sample with an excess of
monobromobimane (MBB) under mild conditions, yielding
sulfide-dibimane. Dibimane is a hydrophobic molecule, and
sulfide-dibimane is more hydrophobic than most physiological
thiols. Based on this property, sulfide-dibimane was separated by
reverse phase-HPLC with gradient elution and analyzed by
fluorescence detector.'® This method exhibits high sensitivity,
low detection limits (0.02 pM), good selectivity, and the ability to
rapidly capture active sulfides without releasing chemically bound
sulfur that may be present in biological matrices. However, the
method still has non-negligible drawbacks, such as expensive
reagents, stringent reaction conditions, and long analysis times.
Despite the various disadvantages of chromatography, this
method is commonly employed in the detection of clinical plasma
samples'®82 (Table 1).

SULFIDE CATABOLISM AND DISEASES

Cardiovascular disease

The surviving heart after myocardial infarction (MI) undergoes
continuous changes with myocardial fibrosis as the main
pathological process.'®*™'8 Early myocardial fibrosis can reduce
expansion of the infarcted area and prevent ventricular rupture;
however, prolonged fibrosis can lead to stiffening of the
ventricular wall, progressive impairment of heart function, and
eventually heart failure.'®® Studies have shown that feeding mice
a high L-methionine diet can induce hyperhomocysteinemia,
increase MI risk, and promote myocardial fibrosis and cardio-
myocyte apoptosis.'®” The underlying mechanism involves the
propensity of Hcy to undergo auto-oxidation, generating reactive
oxygen species (ROS), which can reduce plasma membrane
fluidity and compromise cellular integrity. This results in structural
and functional damage to cells. The SAM/SAH ratio is critical for
the regulation of methylation. In Ml models, SAM concentration
and the SAM/SAH ratio decrease progressively in a time-
dependent manner, offering new insights into the potential
pathophysiological mechanisms underlying myocardial infarc-
tion."®® However, the concentration changes of SAM and SAH are
often measured at specific time points following myocardial
infarction, which may overlook the impact of long-term and
chronic changes on DNA methylation and myocardial repair
processes. Moreover, it remains unclear whether alterations in the
SAM/SAH ratio have a sustained effect on cardiac function and
long-term prognosis. Notably, H,S can mitigate myocardial
fibrosis following MI. In myocardial tissue from MI rat models,
myocardial fibrosis develops, with reduced expression of CSE and
downregulation of endogenous H,S levels. H,S intervention can
inhibit excessive activation of the endoplasmic reticulum stress-
autophagy axis, activate the PI3K/AKT pathway, reduce apoptosis,
and thereby improve myocardial remodeling'®® (Fig. 3). Over-
expression of CSE can similarly inhibit endoplasmic reticulum
stress and activate the PI3K/AKT signaling pathway.'®® The
mitochondria-targeted H,S donor AP39 can restore mitochondrial
H,S homeostasis in MI rats, improve myocardial fibrosis and
cardiac function, inhibit PINK1 expression and mitophagy, and
reduce ROS production and iron accumulation, thereby
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Table 1. Comparisons of commonly used H,S detection approaches
Approaches LOD Biological test sample Advantage Disadvantage
Methylen blue colorimetry'>8-1¢1 1uM Human internal Simple testing process, Low sensitivity,
mammary artery, Human  Cheap reagents, Short Vulnerable to be
uterine artery testing time, interfered
Sulfur-sensitive electrode'®?™%” >100 nM Rat heart, brain, liver, High sensitivity, Real time  Alkaline environment
stomach detection interference, Frequent
instrument calibration
Fluorescence Reduction-based 5.2nM - Huh?7 cells, HelLa cells, High selectivity, Fast Vulnerable to be
probe probes'68-170 0.1 uM nude mice response interfered,
Photochemical labile
Nucleophilic-based 47nM -86nM  COS-7, Hela cells, HepG2  High selectivity, Fast Vulnerable to be
probes'”'"17> cells response, interfered
Commercialization
Metal coordination- 47 nM - NIH/3T3 fibroblast cells, High sensitivity, Well light ~ Slow detection, Poor
based probes'”®'7” 0.5puM Human serum stability reversibility
Chromatography ~ GC'7%'79 0.5 pM biological samples such  High sensitivity, Precise Precise parameter
as plasma, tissue separation of H,S setting, Time-consuming
homogenate process
HpLC'80-182 0.02 pM biological samples such  High sensitivity, Precise Expensive reagent, Harsh
as plasma, tissue and cell  separation of H,S reaction conditions,
culture lysates, or media Long analysis time
GC gas chromatography, HPLC high performance liquid chromatography, LOD limit of detection
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Fig. 3 Sulfide signaling pathway. SAM and Hcy promote the activation of caspases, leading to apoptosis, while H,S exerts an inhibitory effect.
In the ERK1/2 pathway, SAH, Hcy, and H,S demonstrate a promoting role. Both SAM and H,S activate the PI3K/Akt pathway. H,S inhibits RhoA,
B-catenin, and TGF-p/Smad signaling, whereas Hcy promotes f-catenin nuclear translocation but downregulate its protein expression.
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counteracting ferroptosis in cardiomyocytes.””’ GSH plays a

crucial role in counteracting ROS production and ferroptosis.
The key functional component of GSH is the thiol (-SH) group of
cysteine, which allows GSH to be oxidized into glutathione
disulfide (GSSG) to directly neutralize free radicals and peroxides
that accumulate in cells during oxidative stress, thereby exerting
a protective effect in MI'9%"93 (Fig. 4). It is important to note that

Signal Transduction and Targeted Therapy (2025)10:174

although H,S may be involved in myocardial protection through
pathways such as the PI3K/AKT signaling pathway, and mito-
chondrial autophagy, existing studies show inconsistent results
and lack systematic validation. Additionally, many studies focus
primarily on short-term effects, overlooking the long-term impact
of H,S after myocardial infarction and its potential for clinical
translation.
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Fig. 4 Role of sulfur-containing biomolecules in cardiovascular
diseases, liver diseases, brain-related diseases, metabolic disease and
tumors. In cardiovascular diseases, they are implicated in conditions
such as myocardial infarction ischemia-reperfusion, atherosclerosis,
and myocardial hypertrophy. In liver diseases, they are involved in
the pathogenesis of non-alcoholic fatty liver disease, liver fibrosis,
and hepatocellular carcinoma. Sulfur-containing molecules also
contribute to brain-related diseases, including hypoxic-ischemic
brain injury, neurodegenerative diseases like Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD), and
amyotrophic lateral sclerosis (ALS), as well as multiple sclerosis. In
metabolic diseases, they are involved in obesity, diabetes, and
diabetic nephropathy. Furthermore, sulfur-containing biomolecules
have been linked to various cancers, including non-small cell lung
cancer, breast cancer, colon cancer, ovarian cancer, and bladder
cancer. Created with BioRender.com

Myocardial ischemia-reperfusion (I/R) is the restoration of
coronary artery blood flow after a period of coronary artery
occlusion.' Reperfusion has the potential to save ischemic
myocardium. However, the influx of oxygen during reperfusion
prompts reactivation of the aerobic metabolic electron transport
chain, disrupting the dynamic balance between endogenous pro-
oxidant and antioxidant functions.'®>~"®” This leads to a significant
increase in oxidative stress in vivo, which induces a pro-
inflammatory immune cascade response, ultimately resulting in
myocardial cell damage and death.'”®2°° Recent studies have
identified a specific type of oxidative stress termed disulfide stress,
which arises from the abnormal accumulation of intracellular
disulfides, such as cystine. SLC7A11 is a cystine/glutamate
antiporter that transports extracellular cystine into cells, where it
is reduced to cysteine through NADPH consumption. Cysteine
serves as the rate-limiting precursor for GSH synthesis, and GSH is
a critical intracellular antioxidant. In cancer cells overexpressing
SLC7A11 under glucose-deprived (NADPH-reduced) conditions,
abnormal accumulation of cystine or other disulfide molecules can
occur, triggering disulfide stress and leading to cell death. This
novel form of cell death is termed disulfidoptosis.”°' I/R injury can
enhance protein glutathionylation, thereby triggering intracellular
disulfide stress.®* Glutathionylation is the formation of a disulfide
bond between a protein and GSH, serving as a critical redox
regulatory mechanism. Under normal physiological conditions,
glutathionylation protects protein cysteine residues from hyper-
oxidation, thereby preserving their structural integrity and
functional capacity. However, under pathological conditions,
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excessive glutathionylation can reduce the activity of antioxidant
enzymes, weaken cellular antioxidant defenses, and promote
intracellular disulfide stress.’® Following myocardial I/R injury,
persistent glutathionylation triggers disulfide stress, exacerbating
cardiomyocyte damage and ultimately leading to cell death. This
novel form of cell death offers new therapeutic insights for
treating I/R injury.

Additionally, sulfur-containing biomolecules are also involved in
the regulation of I/R injury. Research®®* has shown that Hcy can
activate ERK1/2 pathway (Fig. 3) and oxidative stress in rats
subjected to I/R injury, leading to mitochondrial dysfunction and
subsequent cardiac dysfunction. Furthermore, a methionine-
restricted diet can alleviate myocardial injury induced by I/R; this
dietary intervention increases H,S concentrations in myocardial
tissue and peripheral blood of I/R mice, thereby reducing
cardiomyocyte apoptosis.?®® GYY4137 is a H,S donor.?°® Under
physiological pH and temperature, GYY4137 has the ability to
gradually release small amounts of H,S in water for an extended
period, replicating the release pattern of H,S in the human body.
GYY4137 can protect heart function and reduce the infarct area
after myocardial I/R. GYY4137 can protect heart function and
reduce the infarct area after myocardial I/R,*®” while I/R rats with
CSE knockout experience exacerbated oxidative stress damage.’*®
This suggests that exogenous H,S supplementation or promotion
of endogenous H,S production can exert cardioprotective effects.
Mechanistically, H,S supplementation reduces serum malondial-
dehyde and myeloperoxidase levels after I/R, diminishes super-
oxide anion levels, inhibits myocardial mitogen-activated protein
kinases (MAPK) signaling pathways, and alleviates systemic
oxidative stress. Moreover, it can lower Bax expression, caspase-
3 activity, and apoptosis®®® (Fig. 3). H,S reduced infarction after I/R
by stimulating adenosine monophosphate (AMP)-activated pro-
tein kinase and restoring autophagic flux, which in turn providing
protection against myocardial I/R injury®'® (Fig. 4).

Atherosclerosis involves endothelial dysfunction and vascular
inflammation, leading to lipid accumulation and plaque formation
on arterial walls, ultimately causing rupture and thrombotic
events.?''™?'* A methionine-deficient diet leads to hepatic lipid
accumulation, a well-known risk factor for atherosclerosis.?'®
Decreased SAM levels or increased SAH levels can both promote
the progression of atherosclerosis. SAM supplementation can
inhibit the proliferation and migration of vascular smooth muscle
cells (VSMCs) by reducing inflammatory processes and endoplas-
mic reticulum oxidative stress. It also reduces carotid intima
thickness and prevents endothelial dysfunction by inducing heme
oxygenase-1 expression. In contrast, elevated plasma SAH levels
promote VSMC proliferation and migration via activation of the
oxidative stress-mediated ERK signaling pathway and activate
endothelial cell inflammation through the NF-kB signaling path-
way.2'> SAM/SAH regulate processes related to atherosclerosis
through multiple signaling pathways; however, these pathways
may involve complex cross-talk and feedback mechanisms.
Current studies tend to focus on individual signaling pathways,
often overlooking the interactive effects between these pathways.
High concentrations of Hcy can exacerbate the onset and
progression of atherosclerosis in patients with systemic lupus
erythematosus.?'® Supplementation of H,S has shown improve-
ment in atherosclerosis, while inhibiting CSE activity or having CSE
gene defects can lower endogenous H,S levels and accelerate the
progression of atherosclerosis.?'” Liu?'® designed and synthesized
H,S donors modified with either niacin or clofibrate. All three H,S
donors reduced the expression of apoptosis-related proteins Bax
and caspase-3, exhibited antioxidant effects (significantly
decreased ROS and MDA levels, while increasing SOD expression),
and inhibited inflammatory responses (suppressing foam cell
inflammation, reducing pro-inflammatory cytokine TNF-a, and
increasing anti-inflammatory cytokine IL-10). Further studies
revealed that these H,S donors inhibit the PI3K/Akt/NF-kB
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signaling pathway, thereby improving vascular function and
suppressing atherosclerosis (Fig. 3). Similarly, NaHS, as an H,S
donor, can improve vascular dysfunction, reduce the area of aortic
atherosclerotic lesions and inhibit their progression by inhibiting
the production of vascular superoxide.?'® During the development
of atherosclerosis, not only do plagues change, but the media and
external elastic lamina of arteries continuously expand or contract,
leading to changes in vascular lumen and causing vascular
remodeling. Endogenous H,S protects vascular remodeling by
maintaining the peroxisome proliferator activated receptor delta/
suppressor of cytokine signaling 3 (PPARS/SOCS3) anti-
inflammatory signaling pathway. The lack of endogenous H,S
results in vascular remodeling, thickening of the aortic wall,
collagen deposition, increased phosphorylation of signal transdu-
cer and activator of transcription 3 (STAT3), reduced generation of
aortic PPARS and SOCS3. Therefore, the lack of endogenous H,S
may be a risk factor for atherosclerosis and vascular remodeling®*°
(Fig. 4). Most current studies focus on the short-term effects of H,S
donors, without thoroughly exploring their long-term impact on
atherosclerosis progression, vascular remodeling, and clinical
outcomes. Long-term effects may involve complex adaptive
changes that have not been fully addressed. Additionally, the
influence of different doses and administration methods on H,S
donor efficacy remains underexplored. Varying doses may elicit
distinct biological effects, and either excessive or insufficient
doses could alter therapeutic outcomes or cause side effects.
The initial hypertrophy of the heart is a compensatory response
to a failing heart, increasing contractility and reducing ventricular
wall pressure in response to hemodynamic overload, but
sustained hypertrophy can lead to cardiac dilation, loss of
contractile function, and decreased ejection fraction, ultimately
leading to heart failure.??'2?* Elevated levels of Hcy can promote
cardiac hypertrophy in patients with hypertension, with the
calcium/calmodulin-dependent protein kinase-NFAT signaling
pathway potentially involved in Hcy-induced hypertrophy.?**
H,S is a product generated from Hcy via the transsulfuration
pathway, and its donors can mitigate Hcy-induced cardiomyocyte
hypertrophy.??> The protective role of H,S in pathological
myocardial hypertrophy is increasingly being confirmed. In a
myocardial hypertrophy model established by isoproterenol (ISO)
injection, H,S decreased the expression of cleaved caspase-3 and
NADPH oxidase 4 (NOX4), inhibited cardiac cell apoptosis, and
improved cardiac structure. Furthermore, H,S can maintain
mitochondrial membrane potential, and decrease the production
of ROS within the mitochondria.?® However, this model differs
from human pathology, particularly in long-term pathological
conditions or clinical contexts, where the translational relevance of
animal models is limited. The hypertrophic signaling pathway
activated by myocardial infarction is defective in CSE knockout
mice. However, 2 h after the onset of myocardial infarction, the
treatment of both CSE knockout mice and wild-type mice with the
exogenous H,S donor GYY4137 reduce infarct size, myocardial
hypertrophy, adverse remodeling, and preserve cardiac func-
tion.??” An age-dependent association between 3-MST and cardiac
hypertrophy has been found in mice. Knockout of 3-MST has a
cardiac protective effect in young adult animals (2-3 months old);
however, in older mice (>18 months), 3-MST knockout leads to
reduced antioxidant signaling and subsequent hypertension and
cardiac hypertrophy.>*® In addition, H,S can increase glucose
uptake and the expression of the glucose transporter glucose
transporters type 4 (GLUT4) in hypertrophic cardiomyocytes, while
inhibition of GLUT4 in mice can worsen myocardial hypertro-
phy.??° Notably, the accumulation of SAH in the heart reflects the
concentration of free cytosolic adenosine and serves as a sensitive
indicator of localized myocardial ischemia.®° In adult mice,
knockout of mitochondrial Rieske iron-sulfur protein (RISP) leads
to an increase in SAM, which is necessary for methyltransferase
activity, resulting in proliferative remodeling of the heart with a
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doubling of cardiomglocyte numbers, although cellular hypertro-
phy does not occur®®' (Fig. 4).

Liver disease

NAFLD is widely assumed as the most common chronic liver
disease, and the interaction between lipid metabolism disorders
and the resulting inflammatory response can jointly promote the
occurrence and development of NAFLD.?*2"%** |t has been found
that,? in the livers of NAFLD patients, especially in fibrosis areas,
the expression of CSE protein was significantly downregulated.
The CSE/H,S pathway was also downregulated in high-fat diet
(HFD)-induced NAFLD mice or oleic acid-induced liver cell models.
Feeding CSE knockout mice with HFD increased liver lipid
deposition, fatty acid de novo synthesis pathway activity, liver
insulin resistance, and enhanced hepatic gluconeogenesis, while
treatment with an H,S donor attenuated these phenotypes. The
protective effect of H,S was blocked when farnesoid X receptor
(FXR) was knocked down. Furthermore, CSE/H,S promoted the
persulfidation of FXR at Cys138/141 locations, consequently
boosting its effectiveness in regulating the expression of target
genes associated with lipid-glucose metabolism, inflammation,
and fibrosis, thus alleviating NAFLD. In an HFD-fed SD rat model,
the H,S donor AP39 reduced weight gain, improved HFD-induced
liver pathology, and reduced serum lipid accumulation. AP39 also
exhibited antioxidant effects by reducing ROS and MDA levels,
increasing GSH levels, and superoxide dismutase (SOD) activity. In
addition, AP39 reduced both mRNA and protein levels of HIF-1q,
decreased mitochondrial swelling, and restored changes in
mitochondrial membrane potential.>*® In addition to the com-
monly used HFD models, there are also animal models of
methionine-choline deficient (MCD) diet.?*”"%*° Methionine and
choline play critical roles in hepatic lipid metabolism. When these
nutrients are deficient, they can cause dysregulation of lipid
metabolism, oxidative stress, and inflammatory responses, ulti-
mately leading to hepatic fat accumulation and hepatocyte injury.
Deficiencies in methionine and cystine can induce non-alcoholic
steatohepatitis (NASH), which is characterized primarily by
steatosis, oxidative injury, and inflammation.?*® Prolonged defi-
ciencies in methionine and cystine lead to reduced protein
synthesis and increased oxidative stress. The heightened oxidative
stress in the liver results in mitochondrial damage, which is
considered a trigger for the pathogenesis of NASH. SAM is most
abundant in the liver, and its biosynthesis requires methionine
adenosyltransferase (MAT), with MAT1A expressed in normal
mature liver and MAT2A expressed in extrahepatic tissues,
induced during liver growth and dedifferentiation.?*' In fatty liver
disease, alterations in the methionine cycle leads to reduced
expression of MAT1A and increased expression of MAT2A,
resulting in decreased SAM levels and contributing to the
development of NAFLD.>*?* Plasma methionine levels are sig-
nificantly elevated in MATTA knockout mice, while hepatic SAM
and glutathione levels are notably decreased, with no change in
SAH levels. These mice are more susceptible to liver damage and
more vulnerable to fat accumulation induced by a choline-
deficient diet®*® (Fig. 4). Although the HFD and MCD models are
widely used in NAFLD research, these animal models differ from
the pathological processes observed in human NAFLD. For
instance, the HFD model primarily induces fat accumulation and
insulin resistance, while the MCD model results in more
pronounced hepatic fibrosis. Therefore, these animal models
may not fully recapitulate the complexity of human NAFLD,
limiting the translational relevance of the findings.

Liver fibrosis is a wound healing response following liver
damage (like NAFLD and hepatitis). Liver fibrosis is linked to
oxidative stress, inflammation, and excessive deposition of
extracellular matrix (ECM), and can eventually develop into
cirrhosis.?**2 Serum Hcy levels are positively correlated with
the progression of liver fibrosis, potentially exerting their effects
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through the homocysteinylation of the autophagosome/lysosome
fusion protein Syntaxin 17 (5tx17).2*” Folic acid can protect the
liver from cholestasis and liver fibrosis by reducing serum Hcy
levels and exerting its antioxidant properties.>*® In patients with
liver fibrosis, the expression and activity of H,S-generating
enzymes and plasma H,S levels are significantly lower than in
the healthy group.>*® In a mouse model, H,S can improve liver
damage, lower serum alanine transaminase (ALT) and aspartate
transaminase (AST) levels, reduce lipid deposition, and decrease
liver cell death. Moreover, H,S induces sulfhydrylation of Kelch-like
ECH-associated protein 1 (Keapl) at Cys151, promotes its
association with (NF-E2)-related factor 2 (Nrf2), and increases the
expression of Nrf2-associated antioxidant genes in vivo and
in vitro, thereby improving liver function and reducing liver
fibrosis.?>° S-allyl-cysteine (SAC) is an endogenous donor of H,S,
which can alleviate carbon tetrachloride (CCL4)-induced liver
fibrosis in rats, reduce the mRNA expression of inflammatory and
fibrotic cytokines, and increase antioxidant enzyme activity. SAC
lowered the phosphorylation levels of Smad family member 3
(Smad3) and STAT3, inhibited their binding ability to the
transcription promoter, thereby restraining the transcription of
fibrosis-related genes and causing the expression of antioxidant-
related genes®>' (Figs. 3, 4). The mechanisms of H,S in liver fibrosis
remain incomplete. While it inhibits fibrosis by activating the
Keap1-Nrf2 pathway and downregulating the phosphorylation of
Smad3 and STAT3, the interactions among involved signaling
pathways (such as PI3K/Akt, MAPK, TGF-B, Wnt/B-catenin) and
their roles at different pathological stages have not been
systematically studied. The complexity of these mechanisms limits
the clinical application of H,S in liver fibrosis treatment and
warrants further investigation.

Brain-related diseases

The pathophysiological process of hypoxic-ischemic (HI) brain
injury involves multiple mechanisms, including synaptic injury,*>?
inflammation,”>®> and oxidative stress.** SAM can exacerbate
hypoxic-ischemic injury in cortical cells of rats.>> Hcy can increase
damage in the hippocampus of ischemic-hypoxic models in rats,
which is consistent with the heightened susceptibility of patients
with hyperhomocysteinemia to ischemic events.®>® Increased
cystine uptake and elevated extracellular glutamate levels can
enhance hypoxic neuronal injury in cortical cultures from mice.’
Latest studies have shown that the expression of CBS and H,S
levels in samples from HI patients and animals were significantly
decreased.?*® L-Cys, through its ability to generate H,S, can reduce
early brain injury in HI, improve behavioral deficits, and synaptic
injury. Treatment with L-Cys reduced the accumulation of
CD11b™/CD45™9" cells, the activation of microglia and astrocytes,
and the increase in ROS and MDA within the injured cortex. It is
hypothesized that H,S may be effective in attenuating HI injury by
inhibiting reactive glial responses, synaptic modifications, and the
triggering of autophagic fluxes®*® (Fig. 4). Although L-Cys can
inhibit the excessive activation of microglial cells and astrocytes,
the effects of H,S on immune cell function are complex. Microglial
cells not only play a role in inflammation but also contribute to
neural repair and regeneration. In certain contexts, H,S may
interfere with the normal functioning of microglial cells, poten-
tially impairing their reparative functions.

As a result of cerebral ischemia, cerebral ischemia-reperfusion
injury (CIRIl) is a pathological condition characterized by an
aggravation of damage once blood flow is restored. It plays an
important part in the development and progression of ischemic
brain diseases.?®°"22 The occurrence of CIRI is mainly related to
neuroinflammation, oxygen free radical damage, autophagy, and
calcium overload, ultimately leading to mitochondrial dysfunction,
disruption of the blood-brain barrier (BBB), and neuronal death.
SAM can inhibit blood-brain barrier disruption and promote
neuronal survival following transient cerebral ischemia in
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gerbils.?®3 Elevated levels of Hcy are associated with neurotoxicity
after CIRl. Hcy can enhance autophagy mediated by oxidative
damage, thereby promoting cell death following cerebral
ischemia.?®*?%> In contrast, SAM can reduce oxidative damage in
rat models of cerebral ischemia-reperfusion.?®® Notably, low
concentrations of H,S can exert protective effects in the central
nervous system through multiple mechanisms.?>?%” Studies have
reported that NaHS improves neurofunction in rats after transient
middle cerebral artery occlusion (MCAO) and reperfusion, reduces
the infarct area, and inhibits autophagy activity in the brains of
MCAO rats, suggesting that H,S can alleviate CIRI in rats by
suppressing excessive autophagy activation.?*® In addition, H-S
preconditioning prevents neurological dysfunction, inflammation,
oxidative damage, and cognitive impairment in mice caused by
CIRl, and its protective effect may be achieved through the
induction of heat shock protein 70 (HSP70) expression via the
PI3K/Akt/Nrf2 signaling pathway.”®® It has been found that Ras
Homolog Family Member A (RhoA) and Rho-associated coiled-coil-
containing protein kinase 2 (ROCK2) expression is upregulated in
the hippocampal tissue of CIRI mice. ROCK has a significant
inhibitory effect on cell survival and axon growth, and the
upregulation of ROCK2 is considered a marker of activation of the
RhoA/ROCK pathway in the brain. This regulation can be blocked
by treatment with the exogenous H,S donor NaHS. Subsequent
studies confirmed that H,S derived from CSE can promote the
recovery of neurological function in CIRI mice by inhibiting the
RhoA/ROCK2 signaling pathway and suppressing reactive prolif-
eration of astrocytes®’ (Figs. 3, 4). Although H,S can alleviate CIRI
by inhibiting excessive autophagy, autophagy plays a dual role
within the cell. It is a protective mechanism that, under certain
conditions, promotes cell survival by clearing damaged cellular
components. However, excessive inhibition of autophagy may
lead to the accumulation of cellular debris, which could be
detrimental to neuroprotection. Therefore, the modulation of
autophagy by H,S requires precise regulation in terms of cell type,
injury severity, and dosage to avoid potential adverse effects.

H,S, as a neuromodulator, plays an important role in regulating
neuron health and synaptic structure integrity.?”" In the adult
mouse brain, CBS is ubiquitously expressed, and inhibition or
knockout of CBS affects the proliferation and differentiation of
neural stem cells, which can be blocked by supplementation with
H,S donor.?”? Dysregulation of H,S levels is commonly observed
in neurodegenerative diseases, indicating the potential therapeu-
tic value of H,S in conditions, for instance, Alzheimer's disease
(AD), Parkinson’s disease (PD), Huntington’s Disease (HD) and
amyotrophic lateral sclerosis (ALS) (Fig. 4).

AD is characterized by the aggregation of microtubule-
associated protein Tau and AR peptide, forming neurofibrillary
tangles and amyloid plaques, respectively.?’>~2”> Hyperphosphor-
ylation of Tau protein, a hallmark of AD, reduces its affinity for
microtubules and causes it to aggregate.’°*”” In AD mouse
models, H,S donors can alleviate disease symptoms, improve
spatial and cognitive deficits in mice. Furthermore, H,S prevents
the pathological phosphorylation of Tau by inhibiting the catalytic
activity of glycogen synthase kinase 3 (GSK3), one of the main
kinases responsible for Tau protein phosphorylation, ultimately
exerting neuroprotective effects against AD.>’® Notably, cere-
brospinal fluid levels of SAM and the SAM/SAH ratio, as well as
SAM levels in specific brain regions (cerebral cortical subdivisions,
hippocampus, and putamen), are significantly decreased in
patients with AD compared to controls, likely due to excessive
utilization in polyamine biosynthesis.’® The reduction in SAM
levels may impair metabolic processes and brain function in AD
patients.?*® A randomized controlled trial demonstrated that folic
acid supplementation can increase plasma levels of SAM and the
SAM/SAH ratio in patients with AD, reduce inflammation, and
thereby alleviate AD symptoms.?®' SAM and superoxide dismutase
1 (SOD1) can synergistically counteract the exacerbation of AD-like
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features caused by B-vitamin deficiency, suggesting that the
combination of SAM and SOD1 may serve as a potential
adjunctive therapy for AD. However, current studies may be
limited by small sample sizes and insufficiently accurate dosage
stratification. Further research is needed to explore and validate
these findings in greater depth.

PD is caused by progressive degeneration of dopaminergic cells
in the substantia nigra, which is the second most common
neurodegenerative disease after AD.?®272%% Abnormal protein
handling, excitotoxicity, neuroinflammation, and apoptosis can
all contribute to the development of PD. In a mouse model of PD
caused by the neurotoxin 1-Methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP),%®% inhalation of H,S can prevent MPTP-induced
motor impairments and the degeneration and apoptosis of
tyrosine hydroxylase (TH)-containing neurons. Additionally, H,S
can increase the expression of detoxifying enzymes and
antioxidant proteins in the brain’s substantia nigra, suggesting
that H,S can mitigate PD pathology by upregulating antioxidant
defense mechanisms and suppressing inflammation and cell
apoptosis in the brain. 2%

HD is a progressive neurodegenerative disorder characterized
by motor, cognitive, and psychiatric symptoms. The Huntingtin
gene encodes a protein known as “huntingtin”, but this gene
contains an expanded CAG repeat sequence, leading to the
production of an abnormal protein.?®” The aggregation of mutant
huntingtin protein disrupts numerous cellular processes, including
transcription and translation regulation,?®*®*° amino acid home-
ostasis,*?® antioxidant and stress responses,”®*°? DNA repair, and
autophagy.??>"2°> Among these processes, oxidative stress plays a
crucial role, with H,S exerting antioxidant effects in HD by
activating antioxidant enzymes to limit free radical reactions.?*® In
HD tissues, there is a deficiency in CSE mRNA levels, and cysteine
supplementation has been shown to alleviate abnormalities in HD
mouse models, suggesting its therapeutic potential.?®” Addition-
ally, Hey levels are significantly elevated in HD patients, indicating
that Hcy may contribute to neurodegeneration in HD.?%®

Notably, Hcy levels are also elevated in ALS patients, suggesting
that higher Hcy levels may be associated with the progression of
ALS.?*° ALS is caused by the degeneration of motor neurons,
leading to muscle atrophy, paralysis, and ultimately death.3%
Similar to HD, oxidative stress also plays a significant role in ALS.
SOD1 is located in the mitochondrial outer membrane, inter-
membrane space, and inner membrane. Mutations in SOD1 are
considered oxidative stress-inducing factors in ALS pathogenesis.
H,S has shown therapeutic potential for ALS by inhibiting SOD1
aggregation and countering oxidative modifications.3°' Dietary
supplementation with SAM also impacts SOD1. SAM supplemen-
tation can delay ALS onset in mouse models by 2-3 weeks and
mitigate neurodegenerative characteristics, including preventing
motor neuron loss, reducing gliosis, and inhibiting SOD1
aggregation.®®® SOD1 mutations are considered an oxidative
stress-inducing factor in the pathogenesis of ALS. However, not all
ALS patients harbor SOD1 mutations, and these mutations
account for only a small fraction of ALS cases. Therefore, the
findings from studies on SOD1 mutations may not be general-
izable to all ALS patients.

Multiple sclerosis (MS) is an inflammatory disease of the central
nervous system, affecting motor, sensory, visual, and autonomic
systems.>®*73% Studies have shown that methionine and glu-
tathione levels are decreased in MS patients, both of which may
serve as potential biomarkers for disease prognosis.>°® However,
Hcy is more commonly considered a potential indicator of MS
progression.?”*%® Those abovementioned findings suggest that
sulfur-containing compounds are broadly involved in the patho-
genesis of MS. NaHS, as an H,S donor, has shown potential
therapeutic effects in the progression of MS. Studies indicate
that®®® NaHS reduces the expression of IRAK-1, NF-kB, and brain
levels of IL-17 and IL-1B, thereby improving motor dysfunction in
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MS mice, reducing axonal demyelination, oxidative stress, and
neuroinflammation. The role of H,S has also been validated in MS
patients, as evidenced by the downregulation of 3-MST expression
in peripheral blood mononuclear cells, with 3-MST expression
inversely correlated with several pro-inflammatory cytokines.3'°
Additional evidence suggests that H,S can inhibit the production
of inflammatory mediators by immune cells such as T cells and
macrophages, highlighting its therapeutic potential in MS treat-
ment®>'" (Figs. 3, 4).

Notably, in the cerebellum, the D-Cys pathway predominates
and produces more H,S and protects cerebellar neurons from
oxidative stress more effectively than the L-Cys pathway.'*® It has
been shown,*'? that D-Cys promotes dendritic development in
Purkinje cells. However, the promotion of D-Cys was inhibited by
the administration of a DAO inhibitor, and its effects could be
subsequently restored by treatment with donors of 3-MP and H,S.
These results indicate that D-Cys promotes dendritic development
of primary cultured Purkinje cells through the production of H,S,
which also suggests that this pathway could be a novel
therapeutic direction for cerebellar diseases.

Metabolic disease

H,S-generating enzymes are also present in endocrine glands and
organs?'*3'> Studies indicate that CBS mRNA and protein
expression levels are highest in the pancreas, particularly within
acinar cells.3'® Similarly, 3-MST is highly expressed in tissues such
as the thyroid, parathyroid, adrenal glands, and pancreas.'’
Consequently, H,S plays a significant role in lowering blood
glucose. Plasma H,S levels are notably decreased in patients with
type 2 diabetes, paralleling poor glycemic control*'® (Fig. 4). In
diabetic rat models, fasting blood glucose levels are inversely
correlated with plasma H,S levels and H,S synthesis activity.
Additionally, both plasma H,S levels and H,S synthesis activity are
significantly reduced in diabetic rats.'® Notably, H,S can also
improve left ventricular function, preventing myocardial hyper-
trophy and fibrosis in diabetic rats. Its protective mechanism may
involve the activation of the Nrf2/ARE and PI3K/Akt pathways,
thereby reducing inflammation, oxidative stress, and apoptosis,
which helps mitigate the progression of diabetic cardiomyo-
pathy.3?° Additionally, elevated levels of Hcy are considered a
potent contributor to chronic complications in diabetes3*'
Hyperhomocysteinemia is an independent risk factor for the
development and progression of diabetic retinopathy, whereas
Hcy levels below a specific serum threshold serve as a protective
factor for diabetic retinopathy.3*?> However, it is worth noting that
lower Hcy levels are not necessarily better, as excessively low Hcy
can indicate deficiencies in other substances, such as vitamins. In
the future, it is also essential to monitor changes in other
biomarkers reflected behind low Hcy levels.3** The measurement
of Hey levels may be influenced by various factors, including renal
function, medications, gender, and age. These factors can lead to
fluctuations in Hcy levels, potentially affecting its accuracy as a
predictive marker for diabetic complications.

Diabetic kidney disease (DKD) is a form of chronic kidney
disease caused by diabetes mellitus and is one of the leading
causes of end-stage renal disease.>**32¢ Studies indicate that, as
the disease progresses, SAH levels in red blood cell increase, but
SAM levels and SAM/SAH ratio decrease. SAM deficiency may lead
to methyl deficiency, which is associated with the high incidence
and mortality of DKD patients.>?” Glycine N-methyltransferase
(GNMT), a SAM-dependent enzyme, plays a critical role in methyl
transfer reactions by regulating the cellular SAM/SAH ratio.
Research shows that GNMT expression is significantly down-
regulated in the serum of patients with type 1 diabetes and in the
kidney tissues of DKD mice. GNMT overexpression alleviates renal
inflammation and fibrosis, presenting a new therapeutic target for
DKD.3?® Although GNMT is considered a novel therapeutic target
for DKD, treatment strategies targeting GNMT may need to
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account for individual differences, such as genetic polymorphisms,
disease stage, and comorbidities, all of which could influence
treatment outcomes. Moreover, H,S plays a significant role in
diabetic nephropathy. Increasing H,S levels has been shown to
mitigate renal dysfunction and pathological changes in diabetic
rats. The protective effect of H,S against diabetic nephropathy
may be associated with a reduction in oxidative stress through
enhanced antioxidant activity.>*° SIRT1 is considered an anti-aging
molecule that utilizes the coenzyme NAD™ to deacetylate target
proteins, thereby exerting protective effects in the kidneys by
inhibiting renal cell apoptosis,®*° inflammation®*' and fibrosis,>**
ultimately slowing the progression of DKD. H,S can upregulate
SIRT1 expression, reduce ROS, and inhibit apoptosis, thus
protecting renal cells from further DKD-related damage.>** More-
over, H,S can lower blood pressure in spontaneously hypertensive
diabetic rats, alleviate renal dysfunction, and inhibit the progres-
sion of early DKD.*** Thus, sulfides exhibit a mitigating effect on
diabetes and its complications, offering new insights for the
prevention and treatment of these conditions (Fig. 4).

Obesity is closely associated with type 2 diabetes, and both
conditions represent major global health burdens. The prevalence
of obesity has shown a sharp increase over the past few
years.33>337 Research has shown that plasma total cysteine levels
are positively correlated with obesity, particularly with adipose
tissue mass.>*® In several rodent models, increased dietary
cysteine levels have been associated with increased obesity.**
However, there is also evidence suggesting that cysteine can
reduce appetite in both humans and rodents,**® which contradicts
its role in promoting adiposity. Therefore, a deeper understanding
of the additional mechanisms by which cysteine influences
metabolic control is warranted. In addition to focusing on cysteine
itself, its metabolic product, H,S, is also critical in the context of
obesity. H,S levels are lower in obese individuals. Plasma H,S
shows a negative correlation with obesity, such as waist
circumference and waist-to-hip ratio.>*' However, it is important
to note that H,S has a complex role in both lipogenesis and
lipolysis. H,S promotes the differentiation of preadipocytes into
adipocytes by activating a series of transcription factors, including
peroxisome proliferator-activated receptor gamma (PPAR-y),
CCAAT/enhancer-binding protein alpha (C/EBPa), sterol regulatory
element-binding protein 1 (SREBP1), and carbohydrate response
element-binding protein (ChREBP), thereby increasing triglyceride
accumulation.>*? In comparison to wild-type mice, the knockout
mice for CBS and CSE exhibit signiﬁcantlgl reduced adipose tissue
mass and decreased body weight3**°* The role of H,S in
regulating lipolysis in adipose tissue is contentious. The CSE/H,S
pathway inhibits lipolysis via the protein kinase A-perilipin/
hormone-sensitive lipase pathway while simultaneously reducing
high-fat diet-induced insulin resistance.>**> However, other studies
indicate that H,S can stimulate lipolysis in adipose tissue in a
cAMP-PKA-dependent manner. Upregulation of the CSE/H,S
pathway in adipose tissue may facilitate lipolysis in animals fed
high-fat diets.**® Therefore, the controversial role of H,S
necessitates further exploration to provide stronger evidence for
the perspective that H,S donors or enhancers of H,S signaling
may improve adipose tissue dysfunction in common metabolic
disorders (Fig. 4).

Tumor

Sulfur-containing biomolecules**” are involved in a variety of
processes associated with tumor progression, including angiogen-
esis, tumor growth, cell migration, invasion and metastasis,
epithelial-mesenchymal transition, energy metabolism in mito-
chondria, and chemoresistance.348-35" Sulfur-containing biomole-
cules have recently been well studied in the pathogenesis of
hepatocellular carcinoma (HCC), breast cancer, colon cancer,
lung cancer, pancreatic cancer, ovarian cancer and prostate
cancer (Fig. 4).
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HCC is the most common type of liver cancer and is associated
with changes in cell proliferation, oxidative stress, and inflamma-
tory responses.3>273>* The effects of H,S on HCC are complex and
can promote or inhibit the development of HCC by modulating
different cell signaling pathways. It has been found that,>*® low
concentrations of H,S stimulate the growth of cancer cells.
Treatment with low concentrations of NaHS (10-100 uM) increases
the protein levels of phosphorylated-epidermal growth factor
receptor (p-EGFR), phosphorylated-extracellular signal-regulated
protein kinases (p-ERK), matrix metalloproteinase 2 (MMP-2), and
p-Akt, which could activate the EGFR and its downstream
signaling pathways to promote HCC proliferation and invasion
(Fig. 3). On the other hand, high concentrations of H,S have anti-
tumor effects on cancer cells. Treatment with high concentrations
of NaHS (600-1,000 uM) inhibits the (phosphatase and tensin
homolog) PTEN/Akt signaling pathway, thereby inhibiting angio-
genesis and tumor growth without causing significant systemic
toxicity. However, some studies have shown that*>® extremely low
concentrations of NaHS (1-10uM) can also inhibit HCC cell
migration, proliferation, and division. H,S can upregulate the
expression of LC3-ll and autophagy-related protein Atg5, two
autophagy-related proteins, in HepG2 cells, while significantly
inhibiting the expression of p-PI3K, p-Akt, and mammalian target
of rapamycin (mTOR) proteins in liver cancer cells. This indicates
that extremely low concentrations of H,S can inhibit HCC by
promoting autophagy and suppressing apoptosis. High concen-
trations of H,S also exhibit dual effects.®>” Treatment with 500 uM
NaHS for 24 h enhances cell viability and migration ability, while
reducing the number of apoptotic cells. The levels of p-STAT3 and
STAT3 significantly increase, leading to overexpression of
cyclooxygenase-2 (COX-2) and COX-2 mRNA, indicating that H,S
can decrease cell apoptosis through the STAT3/COX-2 signaling
pathway and promote the progression of HCC. These findings
demonstrate the complexity and environment-dependent role of
the H,S signaling pathway in the occurrence and development of
HCC, and further studies are needed to fully understand the
molecular mechanisms underlying the dual effects of H,S and
develop targeted and efficient anti-cancer therapies. Moreover,
studies have shown that SAM is significantly reduced in HCC,
consequently impacting critical metabolic pathways, including
transmethylation reactions, the methionine cycle, and trans-
sulfuration pathways.3*® The gluconeogenic enzyme phosphoe-
nolpyruvate carboxykinase 1 (PCK1) can promote SAM production.
PCK1 deficiency exacerbates HCC, potentially exerting its tumor-
promoting effects by upregulating the PI3K/AKT signaling path-
way. Furthermore, both in vivo and in vitro supplementation of
SAM has been shown to inhibit the progression of HCC caused by
PCK1 deficiency. This suggests that SAM may act as a bridge
linking PCK1 and PI3K, playing a beneficial role in the progression
of HCC.3*® Importantly, disulfidptosis, as a novel form of cell death,
has significant implications for clinical prognosis in HCC.
Researchers have analyzed patient samples to develop a
disulfidptosis risk score, with higher scores correlating with
increased mortality risk. This finding suggests that novel
biomarkers associated with disulfidptosis could serve as valuable
tools in the clinical diagnosis, prognostic prediction, and
therapeutic targeting of HCC.**® The development of a disulfidp-
tosis risk score, while promising, may oversimplify the complex,
multifactorial nature of HCC. Tumor progression and patient
prognosis depend on various genetic, epigenetic, and microenvir-
onmental factors, many of which may not be fully captured by a
single risk score based solely on disulfidptosis. Therefore, relying
too heavily on this score could lead to an incomplete under-
standing of a patient’s prognosis, potentially overlooking other
important factors.

SAM has also demonstrated similar effects in breast cancer. A
preclinical study indicated that the combination of SAM and
decitabine shows significant potential in the anticancer treatment
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of breast cancer3®’ SAM enhances the levels of autophagy
markers beclin-1 and LC3B-Il in MCF-7 breast cancer cells and
significantly increases the Bax/Bcl-2 ratio, indicating that SAM can
inhibit breast cancer by inducing autophagy and apoptosis in
MCF-7 cells.3®? In contrast to SAM, elevated levels of Hcy are
considered a risk factor for cancer and a potential novel tumor
marker.3®®> Women with high levels of Hcy and cysteine who also
have low folate levels are at an increased risk of developing breast
cancer®* However, factors such as gender, ethnicity, and
individual genetic background may influence the expression and
function of these biomarkers. For example, folate absorption and
metabolism can vary across different populations, which suggests
that relying solely on these biomarkers to assess breast cancer risk
may have limitations and may not be universally applicable to all
populations. H,S plays a dual role in breast cancer. Wu*®® found
that inhibiting endogenous H,S can reduce the vitality, prolifera-
tion, migration, and invasion rate of human breast cancer cells,
induce apoptosis in human breast cancer cells, and decrease the
phosphorylation levels of PI3K, Akt, and mTOR. In an animal model
of human breast cancer xenografts, it was found that inhibiting
H,S can reduce the generation and growth of tumor blood
vessels. This indicates that H,S acts on the PI3K/Akt/mTOR
pathway in human breast cancer cells, and inhibiting the
production of endogenous H,S can reduce cell proliferation and
tumor growth through this signaling pathway. Triple-negative
breast cancer (TNBC) is the most aggressive subtype of breast
cancer, currently lacking targeted therapy.>®°73® Chemotherapy is
the only systemic treatment strategy available for TNBC patients
and has a poor prognosis. TNBC cells are also inhibited from
growing, proliferating, migrating, and invading when treated with
H,S inhibitors. Moreover, it also reduces the protein levels of PI3K,
Akt, mTOR, and Ras, Raf, and p-ERK, indicating that H,S may
regulate human TNBC cells through dual targeting of the PI3K/
Akt/mTOR and Ras/Raf/ERK signaling pathways®®® (Fig. 3). Never-
theless, some studies have also shown that H,S donor can inhibit
tumor invasion and metastasis. During the metastatic process,
matrix metalloproteinases (MMP-2 and MMP-9) play a crucial role
by degrading type IV collagen. Lu*’® investigated the effects of
H,S donor on MMPs and found that H,S donor can inhibit the
viability of TNBC cells, increase apoptosis, and significantly
suppress the mRNA levels, protein expression, and enzymatic
activity of MMP-2/9 during invasion, tumorigenesis, and metas-
tasis by blocking the NF-kB and ERK/MAPK signaling pathways.
Additionally, other studies have shown that H,S donors and their
derivatives can exert strong antitumor effects by inhibiting the
aberrant activation of the B-catenin pathway, thereby reducing
the expression of MMP-9%"" (Fig. 3). The contradictory roles of H,S
suggest that further in-depth research is needed to explore the
potential mechanisms and specific contexts in which H,S exerts its
effects, thereby providing new therapeutic targets for the
treatment of breast cancer patients.

In patients with colon cancer, Hcy levels are similarly elevated,
and Hcy levels correlate with the patients’ IL-6, TNF-a, and folate
levels. This suggests that Hcy may be associated with inflamma-
tion related to colon cancer, potentially involving TNF-a-mediated
pathways.3’2 5-MTHF is a key metabolic product in the folate and
homocysteine metabolism pathways. In colon cancer cells treated
with Hcy, both folate and 5-MTHF can reverse the growth
enhancement induced by Hcy and inhibit the excessive prolifera-
tion of colon cancer cells, thus providing a protective effect.3”>
Epithelial-mesenchymal transition (EMT) is a major pathological
change in colon cancer, representing the process of transition
from a normal (epithelial) state to a transformed (mesenchymal)
state.3”4737% EMT represents a series of complex cellular events,
typically controlled by the Wnt/B-catenin signaling pathway.>””
Epithelial cells thus lose their intercellular adhesion capacity and
acquire mesenchymal properties. This process can also occur in
the opposite direction, known as mesenchymal-epithelial
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transition (MET).3”837° Research has found that,*®° H,S promoted
EMT in human colon cancer HCT116 cells, and inhibiting H,S could
significantly downregulate Wnt3 mRNA levels and p-catenin
protein expression, as well as reduce ATP-citrate lyase (ACLY)
mRNA and protein levels. Reports indicate that ACLY is associated
with the Wnt signaling pathway and is involved in EMT in colon
cancer cell lines.*®' The ACLY promoter is regulated by Sp1 and
Sp3. It has been found that under the action of H,S inhibitors, the
mRNA levels of Sp1 and Sp3 both decrease, with the effect on Sp3
being more pronounced. This suggests that the mechanism by
which H,S maintains EMT is related to the regulation of the Sp3-
ACLY-Wnt-B-catenin pathway. Comparing the gene expression
levels between normal and tumor tissues in colon cancer patients
revealed an upregulation of the TRIP6 gene associated with
disulfide death. The TTPAL gene can prevent TRIP6 from being
degraded by the proteasome and enhance its interaction with
B-catenin. This suggests that the TTPAL-TRIP6-f-catenin axis
present in disulfidptosis can activate the Wnt/B-catenin pathway,
thereby promoting the progression of colon cancer.3®? One study
reported that,>®? treating HCT116 cells with a low concentration
(0.3 mM) of GYY4137 (a slow-release H,S donor) increased the
proliferation rate of HCT116 cells, while enhancing mitochondrial
function and glycolysis, thereby promoting tumor growth. It is
worth noting that overexpression of CBS and supplementation of
exogenous H,S can inhibit the proliferation, colony formation,
migration, and hepatic metastasis of colon cancer cells. CD44 and
SP-1 may be involved in the inhibitory effect of the CBS/H,S on
colon cancer cells.*®* The above findings indicate that the role of
H,S is biphasic, concentration- and time-dependent. Szabo®®
evaluated the impact of different concentrations of H,S donors on
HCT116 proliferation and found that moderate H,S stimulation
can enhance the proliferation of colon cancer cells, while high
concentrations of sustained H,S treatment can reduce the
proliferation activity of tumor cells. Different H,S donors vary in
their rates of H,S release, stability, and metabolism, which can
influence their biological effects in vivo. Additionally, the
selectivity of H,S donors, individual differences among patients,
interactions with other therapeutic modalities, and potential side
effects need to be further investigated in future research. Studies
on the clinical application of H,S should focus more on finding
appropriate treatment doses and safe, effective, and specific small
molecule agonists and inhibitors.

Non-small cell lung cancer (NSCLC) accounts for 85% to 90% of
all lung cancers,® and is a common type of lung cancer, with
lung adenocarcinoma being the most prevalent subtype within
NSCLC.387388 studies have shown that disulfide death is closely
related to the occurrence and progression of lung adenocarci-
noma. Researchers constructed a prognostic risk score based on
disulfidptosis-related genes in lung adenocarcinoma. The high-risk
score group exhibited a higher mortality rate, poorer survival
outcomes, and a less favorable immune microenvironment
compared to the low-risk score group. This suggests that the
genetic features associated with disulfidptosis have various
impacts on the occurrence, proliferation, and metastasis of lung
cancer, and may provide insights for identifying patient prog-
nosis.2® Furthermore, the levels of SAM are elevated in patients
with NSCLC, suggesting its potential as a biomarker for early-stage
NSCLC.3*°® Moreover, compared to normal pulmonary epithelial
cells, NSCLC cells express higher levels of CBS, CSE and 3-MST,
leading to increased production of H,S. H,S can induce migration
and invasion of NSCLC cells, as well as the EMT process.
Additionally, H,S plays a significant role in the growth and
angiogenesis of NSCLC by activating HIF-1a, which may provide
new avenues for targeting H,S in therapeutic strategies.>*' An
important aspect to consider is that H,S may exert its effects
through multiple signaling pathways, which could differ depend-
ing on the tumor type or cellular context. The interactions
between H,S and other factors, such as ROS and NF-kB, and their
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collective impact on the tumor microenvironment, as well as on
tumor cell proliferation, migration, and invasion, still require
further in-depth exploration.

Pancreatic cancer encompasses various types, with pancreatic
adenocarcinoma being the most common, typically associated
with a poor prognosis and a five-year survival rate of only
5%.392739% Recent findings suggest that H,S donor hold potential
in the treatment of pancreatic cancer. Erucin (ERU) can penetrate
the cell membrane of pancreatic adenocarcinoma cells and
release H,S intracellularly. High concentrations of ERU (30-
100 pmol/L) induce apoptosis by reducing the levels of
phosphorylated ERK1/2 and upregulating the expression of
caspase-3 and caspase-7, thereby inhibiting cancer cell prolifera-
tion. This mechanism may be related to the hyperactivation of the
oncogene KRAS, leading to the excessive phosphorylation of the
downstream kinase ERK1/2.3%® Sulforaphane (SFN) also gradually
releases H,S in the biological environment. SFN induces the
production of excessive ROS, which activates the AMPK signaling
pathway, promoting the translocation of Nrf2 and resulting in the
inhibition of pancreatic cancer cell viability. This suggests that H,S
plays a crucial role in suppressing the growth of pancreatic cancer
cells, promoting apoptosis, and modulating the migration and
invasion of pancreatic cancer cells.>*® Moreover, demethylation
treatment can disrupt protein methylation, leading to the
accumulation of SAH while depleting cellular SAM, resulting in
the inhibition of autophagy and apoptosis induced by endoplas-
mic reticulum stress in pancreatic cancer cells. Additionally,
demethylation may cause an imbalance in KRAS signaling,
resulting in partial inactivation of ERK and excessive activation
of the PI3K/AKT-mTORC1 pathway®®’ (Fig. 3). This demethylation
treatment offers a novel therapeutic strategy for patients with
pancreatic adenocarcinoma. It is important to highlight that MAT,
a key enzyme in the generation of SAM, also plays a significant
role in pancreatic cancer. Altered expression of MAT in pancreatic
cancer makes it a potential biomarker for early diagnosis and
prognostic prediction. Dysregulation of MAT is associated with
pathways involved in carcinogenesis, chemotherapy resistance,
and the activation of tumor-associated macrophages. This
suggests that direct and indirect targeting of MAT may represent
a promising therapeutic strategy.>*® Although demethylation and
MAT-targeted strategies offer new perspectives for the treatment
of pancreatic cancer, their clinical translation faces numerous
challenges. Demethylation therapy may lead to cytotoxicity and
various side effects, while optimizing the dosage and treatment
duration for MAT-targeted therapy, improving drug delivery
methods, and addressing potential drug resistance issues require
further investigation. Currently, there is a substantial amount of
preclinical research on demethylation and MAT-targeted thera-
pies, but translating these findings into effective clinical treatment
protocols requires additional clinical validation.

Ovarian cancer (OC) is a common tumor in women, often
associated with poor prognosis*?™*°" Comparative analyses
between OC tissues and normal tissues led to the identification
of 14 differentially expressed genes related to disulfidptosis, which
were used to create a risk signature. Patients in the high-risk group
exhibited lower overall survival rates. The risk assessment tool
established in this study can effectively stratify risk in OC patients,
facilitating personalized treatment and follow-up management for
individuals affected by this disease.*®? Sulfides play an important
role in OC*® CBS is a sulfur-containing amino acid metabolic
enzyme highly expressed in various OC cell lines and plays a
significant role in the occurrence and development of OC. Studies
have shown that silencing CBS notably inhibits OC cell prolifera-
tion and metastasis, and increases sensitivity to cisplatin.
Mechanistically, silencing CBS impairs H,S production, significantly
reduces cellular GSH levels, increases ROS production, activates
the tumor suppressor p53 and inhibits NF-kB activation. This
indicates that downregulation of CBS can alter antioxidant levels,
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trigger apoptotic cascades, and enhance drug sensitivity. In cancer
cells, CBS colocalizes with mitochondrial markers. And silencing
CBS was found to reduce mitochondrial respiration and inhibit
ATP synthesis. OC growth and drug resistance phenotype can be
maintained by CBS by controlling the cellular redox response and
mitochondrial bioenergetics.*®* Furthermore, CBS drives lipid
metabolism dysregulation in OC.*%> Cells were transiently
transfected with CBS siRNA to probe the transcriptional regulation
of sterol regulatory element binding protein (SREBP) (lipid
transcription factor). It was found that all cells showed down-
regulation of gene expression of SREBP1a, SREBP1c, and SREBP2,
as well as their target genes such as ACC1 and FASN, which are
key enzymes in lipid synthesis. Further research revealed that
silencing CBS hinders Sp1 nuclear translocation, thereby affecting
Sp1 binding to the SREBP-1a promoter site. The stability of the Sp1
protein is maintained through the peroxidation function in the
presence of CBS. Therefore, selectively targeting CBS and
modulating abnormal lipid metabolism could offer new thoughts
for the therapy of ovarian cancer. However, the potential impact
of CBS-targeted therapy on normal cells remains unclear. CBS is
involved not only in cancer cells but also in crucial physiological
processes such as sulfur metabolism and antioxidant responses.
Targeting CBS may interfere with these normal functions,
potentially leading to unforeseen side effects. The long-term
safety, dose optimization, and management of side effects
associated with CBS inhibition still require further investigation.
Prostate cancer (PC) is one of the most common cancers in men
and is especially prevalent in older men.**™% |t was shown that
CSE was upregulated in bone metastatic PC cells and in patients
with advanced PC, and the high expression of CSE in patients was
associated with poor survival. Further investigation revealed that
CSE could promote PC cell migration and invasion, and knock-
down of CSE could inhibit cell invasion by suppressing IL-13/NF-
kB-mediated signaling.*®® SAM exhibits antitumor effects in PC
cells by inducing cell cycle arrest in the S phase and inhibiting cell
proliferation. Additionally, SAM increases the ratio of pro-
apoptotic factor Bax to anti-apoptotic factor Bcl-2, as well as the
activity of caspase-3, thereby promoting apoptosis in PC cells. The
therapeutic effects of SAM are associated with the downregulation
of the ERK1/2 and STAT3 signaling pathways, both of which are
involved in the survival, proliferation, migration, and invasion of
cancer cells.*'° EZH2, as an oncogene, is overexpressed in PC and
is associated with poor clinical outcomes in PC patients.*’"#12
Treatment of PC cells with an AHCY inhibitor leads to the
accumulation of SAH and a reduction in levels of Hcy and histone
H3K27 methylation, subsequently decreasing PC cell proliferation.
To some extent, miR-26a induced by AHCY inhibitors can regulate
the expression of EZH2,*'* which may represent a significant
mechanism of action for AHCY inhibitor therapy in prostate
cancer. Although AHCY inhibitors show potential in the treatment
of prostate cancer, the safety and side effects of their long-term
use remain unclear. Inhibition of AHCY may interfere with normal
sulfur metabolism, leading to systemic metabolic disturbances or
adverse effects on other physiological processes. Furthermore,
whether AHCY inhibitors could induce resistance or alter tumor
cell responses to other therapies requires further investigation.

SULFIDE-BASED THERAPEUTICS

H,S donor

The importance of maintaining endogenous H,S homeostasis in
various diseases has sparked interest in exploring pharmacological
approaches to either increase or decrease its levels. Direct
inhalation of H,S gas could offer targeted therapy for pulmonary
diseases; however, this approach carries risks of toxicity and
flammability.*’* Intraperitoneal or intravenous administration of
inorganic H,S donors, such as sodium sulfide and sodium
hydrosulfide,*'*™*'” allows for site-specific delivery. However,
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these compounds have a short half-life, undergo rapid oxidation,
and their H,S release is uncontrolled. Lawesson’s reagent, widely
used as a sulfurizing agent in organic synthesis, can also function
as an H,S donor.*’¥%2% Upon spontaneous hydrolysis in aqueous
solution, it releases H,S. However, similar to other donors, it
presents the challenge of uncontrolled H,S release.**' The rapid
and excessive release of H,S may exert toxic effects on the body.
Therefore, the development of compounds capable of stable and
controlled H,S release has become a key focus of research.

GYY4137 is an organic H,S donor, chemically referred to as N-(4-
hydroxyphenyl)thiourea dioxide.'® It is a relatively stable
compound capable of releasing H,S in a slow and sustained
manner. Compared to traditional H,S salts, GYY4137 has a longer
half-life, allowing for a more controlled release of H,S over time.**
A ADT-OH  (5-(4-hydroxyphenyl)-3H-1,2-dithiocyclopentene-3-
thione) is also capable of stabilizing H,S levels through slow
release.””® Studies have demonstrated that ADT-OH, as a
hydrogen sulfide donor, exerts therapeutic effects in malignant
melanoma®** and breast cancer.*”® Phenol thiosemicarbazone
(AP39) is a mitochondria-targeted H,S donor. AP39 maintains
intracellular H,S homeostasis while enhancing mitochondrial
antioxidant capacity, reducing inflammatory responses, and
protecting cells from apoptosis.’®’ Similar to AP39, hydroxythio-
benzamide (AP123) slowly releases H,S within the mitochondrial
region of cells, thereby reducing mitochondrial oxidative stress
and improving the function of the mitochondrial electron
transport chain.**%%” ATB-346 is a compound formed by
conjugating an H,S donor group with the non-steroidal anti-
inflammatory drug (NSAID) naproxen. Unlike previous H,S donors,
ATB-346 can only release H,S through metabolic processes within
the body, and it is incapable of releasing H,S in non-biological
environments. ATB-346 retains the anti-inflammatory and analge-
sic properties of naproxen by inhibiting cyclooxygenase (COX)
enzyme activity, thereby reducing prostaglandin production and
exerting its anti-inflammatory and analgesic effect.*?® Additionally,
the release of H,S contributes to the protection of the
gastrointestinal mucosa, reducing inflammatory responses and
oxidative stres.*”® Similar to ATB-346, ATB-337 combines an
H,S-releasing moiety with an NSAID molecule to reduce gastro-
intestinal side effects.**® In addition, garlic extracts contain
H,S-releasing compounds, with the most characteristic being
diallyl thiosulfinate. This compound rapidly decomposes in
aqueous solution into various compounds, among which diallg/l
trisulfide (DATS) generates the highest amount of H,S.*3'™%33
However, its limitations include a structure unsuitable for chemical
modification, poor water solubility, and the potential reduction of
its original physiological effects when these compounds are
isolated from garlic.** SG-1002 is a prodrug of H,S that acts solely
through H,S signaling pathways.*** Its unique advantage is its oral
administration, which enhances patient compliance.*** Multiple
clinical studies have already demonstrated its potential
value,”****” indicating that SG-1002 warrants further investigation
in the treatment of H,S-related diseases in the future. Notably, the
strong reducing agent dithiothreitol (DTT) can react with disulfide
bonds in proteins, reducing them to thiol groups.**® This reaction
produces sulfides, which can further react to generate H,S.
However, DTT is primarily used in biochemical experiments,
particularly in the field of protein research.

Current H,S donors show great potential, but they have
limitations. Inorganic donors like sodium sulfide have rapid
oxidation and uncontrolled release, while organic donors such
as GYY4137 offer more stability but still face issues with dose
control and toxicity. Mitochondria-targeted donors like AP39 show
localized effects but lack precise control over H,S release. Prodrugs
like SG-1002 improve oral bioavailability but need further clinical
validation. Compounds like ATB-346 combine H,S release with
anti-inflammatory properties but face challenges in structural
optimization and solubility. Future research should focus on the
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development of H,S donors that allow for more precise,
controlled, and sustained release, minimizing the risks of toxicity
and side effects. Efforts should also be directed toward improving
the pharmacokinetic properties, such as stability and bioavail-
ability, and investigating targeted delivery mechanisms to
enhance therapeutic efficacy while reducing off-target effects.

Studies have found that several marketed drugs can upregulate
intracellular H,S levels (Table 2). Zofenopril is an angiotensin-
converting enzyme inhibitor (ACEl) that has been marketed in
Europe and is widely used for the treatment of primary
hypertension and acute myocardial infarction. Zofenopril allevi-
ates vascular constriction pressure by inhibiting the generation of
angiotensin II, which indirectly induces endothelial cells to release
NO and H,5.*°**! N-acetylcysteine (NAC) is a widely used
medication that has been FDA-approved for the treatment of
acetaminophen overdose and is utilized as a mucolytic agent for
respiratory conditions such as chronic obstructive pulmonary
disease (COPD). The thiol structure of NAC enables it to replenish
glutathione (GSH), which is crucial in antioxidant and detoxifica-
tion processes. Although NAC is not a direct precursor for H,S
generation, it indirectly upregulates H,S levels by modulating
redox status, thereby providing protective effects against oxida-
tive stress.**?™*** Metformin is a biguanide antidiabetic medica-
tion that was initially approved by the FDA in 1995 for the
treatment of type 2 diabetes. It primarily reduces hepatic glucose
production and increases peripheral tissue sensitivity to insulin by
activating the adenosine 5-monophosphate (AMP)-activated
protein kinase (AMPK) pathway. Recent studies have demon-
strated that metformin can also promote the production of H,S by
upregulating the expression of CSE. H,S plays a critical role in
metabolic regulation and exerts significant protective effects on
the cardiovascular system and in inflammation. This mechanism
may partially explain metformin’s role in preventing cardiovas-
cular complications in diabetic patients, as well as its multiple
pharmacological effects beyond metabolic improvement.**>~**
Atorvastatin is one of the most commonly used statins, approved
by the FDA in 1996 for the treatment of hypercholesterolemia and
the prevention of cardiovascular events. It lowers serum low-
density lipoprotein (LDL) levels not only by inhibiting HMG-CoA
reductase but also by enhancing the production of H,S in
endothelial cells, thereby exerting cardiovascular protective
effects.**®4°% Anetholedithiolethione is a sulfur-containing com-
pound that has been shown in preclinical studies to exert
protective effects on the liver and cardiovascular system by
activating endogenous H,S production pathways. Although this
drug has not been widely approved for clinical use, it is utilized in
some countries as an adjunct treatment for liver diseases. It exerts
antioxidant and anti-inflammatory effects through the release of
H,S. Despite its limited clinical application, the mechanism of H,S
release has been demonstrated in several studies.**'™*** These
medications demonstrate significant clinical efficacy within their
respective therapeutic areas, and in some cases, promote the
generation of H,S, providing a novel pharmacological mechanism
for the protection of the cardiovascular system and other organs.
The diversity of these drugs is reflected not only in their
therapeutic uses and mechanisms of action but also in their
routes of administration and widespread global production,
underscoring the biological importance of H,S as a gaseous
signaling molecule and its broad potential in pharmacological
interventions. Current research focuses on the development of
H,S donors, H,S prodrugs, and molecular entities capable of
targeting and regulating endogenous H,S synthesis or metabo-
lism. In the future, scientists will need to further investigate the
safety, dose-dependence, and specific molecular mechanisms of
H,S-related therapies to facilitate their application in clinical
treatment.

While several marketed drugs, including Zofenopril, NAC,
Metformin, Atorvastatin, and Anetholedithiolethione, have shown
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Table 2.

Summary of FDA-approved drugs that can generate H,S

Drug name

Indication

Date of
approval

Main mechanism Company Dosage form

Zofenopril*397441

N-acetylcysteine®*>~444

Metformin®+>=47

Atorvastatin#48-4%0

Anetholedithiolethione
(Sulfarlem)*>1-43

Hypertension

Paracetamol
poisoning

Diabetes

Hyperlipidaemia,
Atherosis

Cholecystitis,
Cholelithiasis

2000

1963

1995

1996

1960s

Contains sulfhydryl
groups, which can be
metabolized to H,S.
Angiotensin converting FDA
enzyme inhibitors(ACEI),

which lower blood

pressure by blocking

angiotensin-converting

enzyme activity and

reducing angiotensin I

production.

Menarini Group Oral

Oral,
intravenous,
inhalant

Cumberland
Pharmaceuticals

A precursor drug for
cysteine, which
produces glutathione
and hydrogen sulfide.
Mucolytic agent.

Modulation of CSE
expression promotes
the production of H,S.
Suppression of
gluconeogenesis and
enhancing insulin
suppression of
endogenous glucose
production.

Modulation of CSE
expression promotes
the production of H,S.

Laboratoires Aron, Oral
Bristol-Myers Squibb

Pfizer Oral

Releaseing sulfide and Laboratoires Oral

Comment

Approved in
European
Union, not yet in

Approved in

promotes the
production of H,S.
Promoting bile

Grimerg

European
countries, not
yet in FDA

secretion.

the ability to upregulate endogenous H,S production, their
limitations remain. These drugs may not directly target H,S
synthesis, but rather modulate its levels indirectly, which could
lead to unpredictable or suboptimal effects. The mechanisms of
H,S release from these drugs merit study. Additionally, the specific
molecular mechanisms underlying their H,S-related actions are
not fully understood, and the safety and efficacy of long-term use
in relation to H,S modulation require further investigation.

Future research should focus on developing more precise H,S-
targeted therapies, optimizing the dose-response relationship, and
exploring the safety profiles of H,S-based treatments. This includes
better understanding the molecular pathways that regulate
endogenous H,S synthesis and the potential risks of chronic
modulation. The development of H,S donors, prodrugs, and
molecules that can specifically target H,S production pathways in
a controlled and tissue-specific manner will be crucial for
advancing clinical applications.

Therapy targeting H,S-producing enzymes
Many natural and synthetic H,S donors also have drawbacks such
as short in vivo metabolic half-life, potential toxicity, and poor
pharmacokinetics.*>**>¢ Similarly, commonly used H.S inhibitors
also lack safety and selectivity, especially in their inability to
specifically inhibit CBS or CSE, causing significant challenges in the
advancement of disease research.'® Hence, an increasing number
of scientists are beginning to focus on discovering specific
agonists or inhibitors of H,S-generating enzymes (CBS, CSE, 3-
MST) based on drug screening technologies (Table 3 and Fig. 5).
Drug screening™®” first requires identification and confirmation
of disease targets. Disease targets can be discovered through
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disease genomics and proteomics, followed by target confirma-
tion through reverse docking, protein structure prediction, and
other methods. The small molecule library used for screening can
be obtained from active components of natural products,
endogenous bioactive substances, existing drugs, or through
tissue chemistry and high-throughput screening. Once these two
parts are prepared, structure-based drug design can be carried
out, which is currently the most common screening method and is
often divided into receptor-based direct methods and ligand-
based indirect methods.**®***° The direct method involves
molecular docking to predict the binding conformation of ligands
and score the rationality and binding affinity of the receptor-
ligand binding mode. Subsequently, visual analysis and structural
inspection are conducted on the highly scored small molecules to
obtain lead compounds. Indirect methods are used to obtain lead
compounds by analyzing the three-dimensional structure and
conformation of the active small molecule to create a pharmaco-
phore model and subsequently searching a small molecule library
for compounds that match the pharmacophore model. Lead
compounds can be optimized through principles such as
bioisosterism, prodrugs, quantitative structure-activity relation-
ships (QSAR), and 3D-QSAR, followed by in silico ADMET
(Absorption, Distribution, Metabolism, Excretion, Toxicity) predic-
tion and physiologically-based pharmacokinetic simulations for
preclinical testing.**°=*%“ Finally, new drugs are obtained through
clinical trials (Fig. 6).

CBS agonists. CBS is a tetrameric enzyme, with each polypeptide

chain containing three domains, each of which contains different
cofactors required for CBS enzyme activity.*> The N-terminal
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Table 3. Summary of studies on small molecule regulators of endogenous H,S producing enzymes
References Research method H,S Screened compounds  Kp 1Cs0 Binding site
Probe
CBS agonist  Kraus et al.*® Calorimetric methods, \ adenosylmethionine  Kp~10nM (a high- \ C-terminal region
functional assays and (SAM) affinity type of of CBS
kinetic modelling sites) Kp ~ 400 nM
(a lower affinity
type of sites)
inhibitor Szabo et al.'*  High-throughput AzMC  benserazide \ 30 uM CBS active site and
discovery polar residues on
the periphery of
the cavity such as
His203, Tyr223 and
Tyr308
inhibitor  Xu et al.**’ High-throughput CPM six compounds fall \ <20pM \
discovery into the category of
flavonoids
CSE  inhibitor Wang et al.””’ Virtual screening \ 1157172 \ 18.51 uM \
inhibitor Wu et al.**° High-throughput DTNB  NSC4056 3.4puM 0.6 uM Arg and Tyr
discovery residues of CSE
active site
agonist  Geng et al.”? Computer molecular  \ norswertianolin (NW) 1.6 +0.33 M \ Leu68 and Asp164
docking technology of CSE
and microscale
thermophoresis
technology
3-MST inhibitor Hanaoka et al.*’’ High-throughput HSip-1  compounds 1-3 and 5 3.0 uM 2~7uM persulfurated €248
discovery all have aromatic ring- (compounds 1) residue of 3-MST
carbonyl-S 0.5 uM
-pyrimidone structure (compounds 3)
inhibitor Vija)/akumar et Molecular docking \ quercetin 3-rutinoside \ 40.95 pM central active site
al 474 and Molecular (Rutin) (promastigote) residue CYS253 of
dynamic simulation 90.09 pM 3-MST
(amastigote)
MST 3-mercaptopyruvate sulfurtransferase, AzMC 7-azido-4-methylcoumarin, CBS cystathionine B-synthase, CPM 7-diethylamino-3-(4-maleimidophenyl)-4-
methylcoumarin, CSE cystathionine y-lyase, DTNB 5,5'-dithiobis (2-nitrobenzoic acid)

region binds heme, potentially playing a role in proper enzyme
folding and assembly®®*; next is the central catalytic core that
contains a PLP molecule forming a Schiff base with Lys119; and
finally, the C-terminal regulatory domain contains a tandem of CBS
domains, which bind the CBS allosteric activator SAM most
likely.*634% In order to study the effect of SAM on the stability and
activity of wild-type CBS and mutant CBS, Krau®®® applied a
combination of calorimetric methods, functional assays, and
kinetic modeling. Research has identified two distinct binding
sites with different binding conformations and properties for SAM
at the CBS regulatory domain. The high-affinity site binds two SAM
molecules per CBS tetramer, possibly contributing to the kinetic
stabilization of the regulatory domain. While the low-affinity site
can accommodate up to four SAM molecules and is associated
with enzyme activation. CBS half-life is nearly three times shorter
under extremely low SAM concentrations, such as during
methionine restriction. Under natural circumstances, SAM first
stabilizes the basic conformation of CBS. With increasing
concentrations of SAM, the CBS regulatory domain undergoes
conformational rearrangement, leading to enzyme activation.
Meanwhile, SAM maintains the activated conformation, which is
essential to enzyme functio.*®® The CBS regulatory domain can
serve as a novel curative target, while SAM and its structural
analogs can serve as original scaffolds for new drugs.

CBS inhibitors. To obtain more efficient and selective CBS
inhibitors, an enzyme activity assay method compatible with
high-throughput screening is needed. Szabo'?® used a commer-
cial AzMc probe to detect H,S generated by CBS and to monitor
CBS activity. Researchers screened 8871 clinically used drugs and
well-annotated pharmacological compounds. AOAA (a small
molecule inhibitor of CBS) was used as a positive control at a
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compound concentration of 30 uM to assess its ability to inhibit
H,S production. The authors identified 30 compounds for further
study, among which hexachlorophene (ICso: 60 uM), tannic acid
(IC50: 40 uM), and benserazide (ICso: 30 uM) showed concentration-
dependent inhibitory effects on CBS. Additionally, benserazide
could inhibit the proliferation of colon cancer cell line HT29 with
high CBS expression, as well as the growth of tumors in nude mice
carrying human colon cancer cell xenografts. Silico docking
(Schrodinger Inc., Small-Molecule Drug Discovery Suite, 2016-1)
revealed that benserazide binds to the active site of CBS (PDB ID:
1JBQ) and reacts with the PLP cofactor to form a reversible but
kinetically stable Schiff base, and its trihydroxybenzyl ring can
form hydrogen bonds with polar residues located in the
peripheral cavity (such as His203, Tyr223, and Tyr308), resulting
in strong inhibition. While benserazide shows potential as an H,S
inhibitor, its clinical applicability remains limited by factors such as
its pharmacokinetic profile and stability in vivo. The effectiveness
of benserazide as a CBS inhibitor in cancer treatment requires
further validation through extensive preclinical and clinical
studies. Additionally, high specificity and selectivity for CBS
inhibition, without off-target effects, must be ensured for
therapeutic use.

Similarly, Xu*®’ also adopted a high-throughput approach to
screen for CBS inhibitors. Through their research, the authors
explored a new method for measuring enzyme activity that was
simple, sensitive, continuous, and not interfered by enzyme assay
buffer. CBS could catalyze the production of methanethiol (CH5SH)
from methylcysteine.**® The enzymatic activity of CBS was then
measured by reacting with the generated CH3;SH using a
commercial fluorescent thiol probe (CPM), which increased the
fluorescence intensity with increasing incubation time. In order to
screen for effective CBS inhibitors, the researchers selected 6491
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Fig. 5 Summary of agonists and inhibitors targeting CBS, CSE and 3-MST. CBS activity can be enhanced by the agonist S-adenosylmethionine
(AdoMet), while its inhibition is mediated by compounds such as Podocarpusflavone A, Sikokianin C, 274"-Di-O-(Z-p-coumaroyl)afzelin,
Agathisflavone, Cupressuflavone, 3'-Hydroxy-Volkensiflavon and Benserazide. CSE activity is stimulated by Norswertianolin (NW) and inhibited
by 1157172 and NSC4056. For 3-MST, inhibition is achieved by Rutin and Compounds 1, 2, 3, and 5

compounds in a natural product library, including compounds
isolated from plants and microorganisms, ensuring a wide range
of chemical diversity and biological activity. The screening was
initially performed at a concentration of 100 uM, and compounds
with >80% CBS inhibition were selected for further study. A
secondary screening was then conducted at a concentration of
50 uM, and 25 compounds displayed inhibition rates exceeding
50%. Half-maximal inhibitory concentration (ICso) values of the
compounds against CBS showed that 11 compounds had ICsq
values below 20 uM. H,S generation experiments were used to
study the selectivity of these 11 compounds, and the results
showed that two compounds exhibited similar inhibitory activities
against CSE and CBS; The three compounds exhibited high
selectivity for CBS, which were >10times higher than CSE; The
remaining six compounds did not inhibit the activity of CSE, even
at high concentrations (ICsq>400 uM). It is worth noting that
these six compounds are all flavonoids, with five of them being
biflavonoids. Further validation of these six compounds showed
that four of them were able to inhibit the proliferation of HT29
human colon cancer cells, but the anti-proliferation mechanisms
of these inhibitors still need to be further elucidated in future
studies.

CSE agonists. Geng®® attempted to search for CSE activator in
natural small molecules to stimulate the production and release of
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endogenous H,S. The main strategy was to use molecular docking
techniques to screen natural small molecules with high affinity to
CSE in the Chinese Natural Product Database (CNPD). The results
showed that norswertianolin (NW) had good affinity with CSE, and
microscale thermophoresis (MST)750 was used to verify the
interaction between NW and CSE (Kp = 1.6 £ 0.33 uM). Meanwhile,
the binding mode of the interaction between NW and CSE
indicated that Leu68 and Asp164 might be important binding sites
for their interaction. To verify the binding site, Niu et al. repeated
the binding assay using the CSE-GFP mutant protein, and the direct
binding between Leu68 mutant protein and NW was weakened,
proving that Leu68 was a critical binding site for NW and CSE
interaction. By detecting the effect of NW on H,S production in
different tissue homogenates, it was found that NW increased H,S
production in the heart, aorta, and kidney. This finding was
validated in in vivo experiments, where the elevation of H,S in heart
and kidney tissues was observed. Additionally, the researchers
established an acute renal I/R injury model and found that NW
significantly increased CSE activity and alleviated renal injury. In
spontaneously hypertensive rats, NW up-regulated CSE expression
in the aorta, increased H,S production, and alleviated hypertension,
vascular remodeling, and inflammation. Therefore, as a newly
discovered small molecule activator of CSE, NW can directly bind to
CSE, thereby enhancing H,S production, and has potential value in
the treatment of renal I/R injury and cardiovascular diseases.
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Signal Transduction and Targeted Therapy (2025)10:174 SPRINGER NATURE

19



Sulfide regulation and catabolism in health and disease
Hou et al.

20

CSE inhibitors. Inspired by the high-throughput screening
method for CBS inhibitors, scientists attempted to use this
method to screen for CSE inhibitors. In order to monitor the
activity of CSE in a high-throughput mode, Wu et al. designed a
method based on tandem-well plate to measure the production
of H,5.%° The designed 192-tandem-well plate was modified
from a traditional 384-well assay plate by connecting the upper
channels between adjacent wells for gas exchange. This device
traps and accurately measures the gas generated in the
enzymatic reaction solution well and the well adjacent to it,
thus eliminating interference from the assay reagents on the
enzyme and its substrate. Through this high-throughput screen-
ing method,*”® 62 compounds with CSE inhibition rates >50%
were initially selected from 11,954 compounds, with 10
compounds having ICs, values <10uM. The most potent
inhibitor was NSC4056, with an ICsy value of 0.6 uM. Subse-
quently, researchers tested the effect of NSC4056 on CBS
activity, and the results displayed that NSC4056 had a higher
inhibitory activity on CSE compared to CBS, with a selectivity of
137-fold higher than CBS. Counter screen assays confirmed the
inhibitory activity of NSC4056 on CSE enzymes, indicating that it
was not simply trapping H,S. It was also discovered that the
inhibitory effect of NSC4056 on CSE could be reversed,
suggesting that this compound may be a noncovalent inhibitor
of CSE. Unlike most current CSE inhibitors, NSC4056 exerts
competitive inhibition on the substrate L-cysteine, rather than
being a competitive inhibitor of PLP. NSC4056 completely
occupies the same binding site as the L-cysteine substrate, with
its two carboxyl groups forming six hydrogen bonds with Arg62,
Tyr114, and Arg119, collectively ensuring the inhibitory effect.
Structure-activity relationship (SAR)*’® is an important method
for guiding the optimization design of lead compounds and its
study results have shown that the carboxyl group and tripod
structure of NSC4056 are essential for inhibiting CSE activity.
Further investigation into the effects of NSC4056 on cells
revealed that it could reduce the endogenous H,S levels in
Raw264.7 cells, with an 1Cs, value of 43.2uM, effectively
alleviating hypotension in hemorrhagic shock rats. The
tandem-well analysis method provides a foundation for the
development of more effective and selective CSE inhibitors, and
the development of new inhibitors offers new insights into the
treatment of related diseases.

Wang'?' studied CSE inhibitors using virtual screening technol-
ogy. The Site Finder module was used to identify the binding
pocket of the CSE protein (PDB ID: 3COG), and the Wash module
was used to prepare the SPECS compound library (200,000
compounds) to investigate the affinity of compounds for the CSE
protein. MOE Dock was used for docking simulations of the
ligands. Initially, high-throughput rigid docking was used to filter
out many inactive small molecules. Subsequently, the selected
20,000 compounds were subjected to flexible docking using force
field refinement to obtain 1000 compounds. These compounds
were then ranked, and the top 100 compounds were selected.
Among them, 1157172 (S: -7.9215) exhibited the highest binding
affinity to the protein. To confirm the inhibitory activity of 1157172
on CSE, the study further examined the effects of 1157172 on H,S
production and CSE protein expression. Western blot results also
demonstrated that 1157172 significantly inhibited CSE protein
expression in MCF7 cells. Therefore, 1157172 efficiently suppressed
the proliferation, migration, and invasion of MCF7 cells. It could be
a potential candidate drug for the treatment of breast cancer and
further exploration needed to understand its anticancer mechan-
isms in vivo. It is important to note that the virtual screening
approach may not fully account for the dynamic nature of protein-
ligand interactions under physiological conditions, which could
lead to discrepancies between in silico predictions and actual
biological activity. Furthermore, although 1157172 demonstrated
inhibitory effects on CSE expression in vitro, its efficacy and safety
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in vivo have not been fully validated, necessitating further
preclinical and clinical studies.

3-MST inhibitors. Hanaok®" used H,S selective fluorescent probe
HSip-1 for high-throughput screening of a large compound library
and discovered effective 3-MST inhibitors. 3-MST utilizes 3-MP as a
substrate to generate H,S through enzymatic reaction. HSip-1 is
then added to the solution as a fluorescent probe to monitor the
production of H,S and evaluate the compound’s activity. The
researchers screened a library containing 174,118 compounds,
testing all compounds at 10 uM concentration. False positives
were eliminated by combining inhibitory activity, resulting in 146
compounds. The dose-dependency (0.25, 1, 3, 10 and 30 uM) of 3-
MST-inhibitory activity of each compound was examined to
determine the 1Cso. Compounds 1-3, 5 showed >80% inhibition of
3-MST activity at 10 uM, and their ICsq values were 2-7 uM. High-
level coupled-cluster calculation (CCSD(T)) combined with a large
aug-cc-pVDZ basis set revealed that compounds 1-3 shared a
similar structural backbone, characterized by an aromatic ring-
carbonyl-S-pyrimidinone structure. Subsequently, the selectivity of
these compounds to 3-MST was examined. Gas chromatography
was used to determine the selectivity of compounds 1-3 and 5
towards two other enzymes, CSE and CBS, which also catalyze the
production of H,S. It was found that compound 3 exhibited almost
no activity against CBS and CSE, indicating its highest selectivity to
3-MST. The X-ray crystal structures of the 3-MST complexes with 1
and 3 revealed that their active pockets were located at the active
site of 3-MST, specifically at the perthiolated cysteine residue.
Persulfur anions of persulfurated cysteine residues and positively
charged carbonyl carbons of pyrimidone moiety of inhibitor have
a substantial long-range electrostatic interaction, according to
theoretical calculations. The pKa value determined for the cysteine
persulfide is 4.34, suggesting that the persulfurated cysteine
residue is present in a negatively charged deprotonated state,
aligning with the robust electrostatic interaction observed in this
investigation. Currently, 3-MST knockout mice have been utilized
in many disease studies,*’? and these mice are also important
tools for investigating the physiological functions of 3-MST. In
future work, extensive in vitro and in vivo studies can be
conducted with the identified selective 3-MST inhibitors, providing
a basis for the treatment of cancer, cardiovascular, and
neurological diseases.'®'

In addition to focusing on mammals, 3-MS*’® also has an
influence in the generation of sulfides in Leishmania. Vijayaku-
mar*’* used molecular docking (the Genetic Optimization for
Ligand Docking (GOLD) software) and molecular dynamic simula-
tions to screen the binding affinity of natural compounds against
L. donovani 3-MST (Ld3MST). Compared to mammalian 3-MST,
Leishmania 3-MST contains an additional 70 amino acids in the
C-terminal domain. Due to the lack of X-ray and nuclear magnetic
resonance structures for Ld3MST, homology model is required.
Using homology model, the Ld3MST protein was docked with
5,284 natural compounds, and the active site and affinity of 3-MP
binding to LdA3MST were used as positive controls. A total of 275
natural compounds were discovered. Among them, the dock score
(55.30) and binding energy score (-10.5 kcal/mol) of quercetin
3-rutinoside (Rutin) were higher than 3-MP, and Rutin forms more
hydrogen bonds with the active site than other compounds.
Subsequently, molecular dynamics simulations were performed
on three systems: Ld3MST, Ld3MST-3-MP, and Ld3MST-Rutin
complex. The trajectories of each system were analyzed and
compared. It was found that the average RMSD value of the
Ld3MST-Rutin complex (~0.35 nm) was lower than that of other
systems, indicating better stability of the Ld3MST-Rutin complex.
At the same time, the radius of gyration (Rg) of the Ld3MST-Rutin
complex converged over time, and the solvent accessible surface
area (SASA, ~44 nm?) remained stable, indicating a compactness
and a more stable binding of the complex. Considering the high
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Table 4. Preclinical and clinical studies based on H,S therapy

Institution Clinical indications Lead drug Comment Stage of Clinical trial registration
development number

Cedars-Sinai Medical Heart failure with preserved ~ SG1002  Polyvalent sulfur Preclinical*®°

Center ejection fraction

Monash University Heart failure Phase %3¢ NCT01989208

University Medical Center Acute coronary syndrome Na,S,03  Inorganic salt Phase 183

Groningen

University of Texas Inflammation, oxidative stress AP39 Mitochondrion-targeted Preclinical*®*

Medical Branch H,S release

Antibe Therapeutics Acute pain ATB-352  Ketoprofen derivative Preclinical*°

Pain, inflammation ATB-346  Naproxen derivative Phase 1192 NCT03291418

City University of New Inflammation Cancer NBS-1120 Aspirin derivative Preclinical*’

York

Gicare Pharma Inc Colonic pain GIC-1001  Trimebutine salt Phase 19° NCT01738425
Phase lla NCT01926444

number of hydrogen bonds and strong binding affinity between
Ld3MST and Rutin, Rutin can be considered a potential inhibitor of
Ld3MST. Furthermore, the activity of Rutin was verified, with 1Cs,
values of 40.95 uM and 90.09 uM for promastigotes and amasti-
gotes, respectively, and no cytotoxicity at a concentration of
819.00 uM. This study suggests that Rutin may be an effective
compound that can be used in combination with other anti-
leishmanial drugs. This study also highlights the use of molecular
docking and molecular dynamics simulations for screening
selective inhibitors of human 3-MST.

Unfortunately, current specific small molecule screening target-
ing DAO is mainly focused on the effect of DAO on the N-methyl-
D-aspartate (NMDA) receptor,*’>™*’” while neglecting the impor-
tant role of DAO in generating H,S, which is also a new direction
for future exploration of H,S targeted therapy.

Clinical trials of H,S

Research has found that patients with heart failure (HF) have lower
circulating levels of H,S, and there is a negative correlation
between H,S levels and the severity of HF.*’® A novel H,S prodrug,
SG1002, can increase plasma H,S levels (Table 4). The prevalence
and incidence of heart failure with preserved ejection fraction
(HFpEF) have been rising, with nearly half of all heart failure
patients globally being classified as this subtype.”’? A preclinical
study indicated that,**® adjunctive treatment with SG1002 can
enhance circulating and tissue levels of H,S, alleviating cardiac
dysfunction in HFpEF and significantly reducing cardiac interstitial
fibrosis. Additionally, Krum**® found that H,S levels were lower in
patients with HF and were negatively correlated with the severity
of HF. A novel H,S precursor, SG1002, was shown to increase
plasma H,S levels. Therefore, Krum conducted a Phase | clinical
trial to evaluate the changes in H,S levels, treatment effectiveness,
and safety of oral SG1002 in both healthy individuals and HF
patients. The results showed that SG1002 reduced the levels of
B-type natriuretic peptide (BNP), a biomarker for cardiac injury, in
the patients’ blood and demonstrated a stable drug level
throughout the trial. Furthermore, SG1002 was safe and well
tolerated in all participants at all doses. These data suggest that
SG1002 is a promising new drug for treating heart failure, but
further investigation is needed in larger-scale clinical studies to
determine its precise role. The Phase | trial of SG1002 primarily
focused on safety and H,S levels, without fully addressing long-
term efficacy and potential side effects. While the drug showed
promise in reducing BNP levels, its impact on overall heart failure
progression and survival remains unclear. Additionally, larger,
more diverse clinical trials are needed to confirm the drug'’s
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effectiveness across different stages of heart failure and in various
patient populations.

Na,S,0s, a clinically approved H,S donor with little side effects,
used for the treatment of cyanide poisoning,*®'*¥? calcific uremic
arteriolopathy, and chemotherapy-induced nephrotoxicity (Table
4). A study was conducted on 18 patients who underwent
coronary angiography due to acute coronary syndrome. The
patients were intravenously administered Na,S,05 in combination
with vasodilators and antihypertensive drugs. No severe adverse
events were observed, with only two patients experiencing
transient hypotension and one patient experiencing mild nausea.
This indicates the safety and tolerability of Na,S,05 in patients
with acute coronary syndrome. However, this study has limitations
like a small sample size and a short-term following up, and the
benefits of Na,S,03 treatment must be further tested in larger
studies.”®® The study on Na,S,0; demonstrated its safety and
tolerability in acute coronary syndrome patients, but its small
sample size limits the generalizability of the results. The short-term
follow-up period also restricts the understanding of long-term
efficacy and potential side effects. Larger, more comprehensive
studies with extended follow-up are necessary to fully evaluate
the therapeutic benefits and risks of Na,S,0; in coronary artery
disease and other cardiovascular conditions.

As previously mentioned, AP39 is a mitochondria-targeted H,S
donor (Table 4). A preclinical study has investigated the effects of
AP39 on endothelial cells under both baseline and oxidative stress
conditions.*®* AP39 has been shown to increase H,S levels within
the mitochondria of endothelial cells. Furthermore, the effects of
AP39 on mitochondrial activity are concentration-dependent; at
low concentrations (30-100 nM), it stimulates mitochondrial
electron transport and cellular bioenergetics, while at higher
concentrations (300nM), it exerts an inhibitory effect on
mitochondria. Under oxidative stress conditions, pre-treatment
with AP39 can attenuate its impact on mitochondrial activity and
prevent mitochondrial DNA damage. Mitochondrial dysfunction
plays a critical role in cardiovascular diseases, inflammatory
disorders, and various critical illnesses, often accompanied by a
disruption in the body's H,S balance.*®>*®” Therefore,
mitochondria-selective H,S donors may offer potential therapeutic
benefits under certain pathophysiological conditions.

The covalent linkage of NSAIDs with H,S releasing moieties has
been shown to significantly reduce gastrointestinal damage and
bleeding while enhancing anti-inflammatory and analgesic
efficacy.*®84%% ATB-352 is a novel H,S-releasing anti-inflammatory
agent (Table 4). A preclinical study has evaluated the potential of
ATB-352 for application in clinical research.*° In a mouse model of
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nociceptive hypersensitivity, ATB-352 demonstrated greater
analgesic efficacy compared to ketorolac. Ketorolac is a highly
effective NSAID but is associated with significant gastrointestinal
toxicity. The analgesic effect of 30mg/kg of ketorolac is
comparable to that of ATB-352 at one-third of the molar
equivalent dose. Although ATB-352 exhibits notable inhibitory
effects on COX, it does not induce gastrointestinal damage.
Anandamide is an endogenous cannabinoid that exerts analgesic
effects by activating CB1 receptors, and it is considered an
analgesic mediator.*”' Pre-treatment with the CB1 antagonist
AM251 can reverse the analgesic effects of ATB-352, but it does
not diminish the analgesic effects of ketorolac. This indicates that
endogenous cannabinoids play a significant role in the analgesic
properties of ATB-352. Additionally, it is noteworthy that ATB-352
does not activate p-opioid receptors even at concentrations as
high as 30 pg/mL. Therefore, this compound may serve as a
promising alternative to opioid analgesics in the treatment of
severe pain, potentially addressing the opioid crisis. ATB-352
shows promising analgesic effects with less gastrointestinal
toxicity compared to ketorolac, but its long-term safety and
human applicability require further clinical evaluation. The exact
mechanisms, particularly the role of cannabinoid signaling, need
more exploration. While it may serve as an opioid alternative,
more comprehensive trials are needed to confirm its efficacy and
safety.

ATB-346 is an H,S-NSAID derived from naproxen (Table 4).
NSAIDs exert their effects primarily by inhibiting COX, but they
often lead to gastrointestinal adverse reactions. In a Phase I
clinical trial conducted by researchers,**> 244 healthy volunteers
were divided into two groups and received either ATB-346 or
naproxen, with upper gastrointestinal ulcers assessed through
endoscopic examination. Both drugs showed similar inhibition
efficiency on COX activity, but the naproxen group experienced
more ulcers, particularly larger ones, compared to the ATB-346
group. The incidence of dyspepsia, abdominal pain, and gastro-
esophageal reflux was lower in the ATB-346 group than in the
naproxen group. Additionally, the plasma H,S levels in the ATB-
346 group were significantly higher than in the naproxen group,
suggesting that H,S may play a role in reducing gastrointestinal
toxicity. Gilroy*®® also conducted a study on ATB-346. They
created an acute skin inflammation model in 23 healthy
volunteers and measured the accumulation of inflammatory cells
and factors within the inflamed skin. ATB-346 was found to have a
strong anti-inflammatory effect, suggesting that H,S release is
involved in the regulation of inflammation. However, similar to
existing clinical studies, this study had a limited number of
participants and lacked subsequent investigations. Nevertheless, it
has provided initial evidence of the tremendous potential of H,S
in clinical therapy, and we look forward to more follow-up clinical
research on H,S in the future.

Furthermore, it is important to mention that NO-releasing
NSAIDs have been shown to be effective in preclinical models of
inflammation with fewer side effects.*****> Consequently,
researchers have developed a novel compound that combines
both NO and H,S gas signaling molecules with the aspirin
molecule, referred to as NOSH-aspirin (NBS-1120)*°® (Table 4). A
preclinical study investigated the gastrointestinal safety, anti-
inflammatory, analgesic, antipyretic, antiplatelet, and tumor-
inhibiting effects of equimolar doses of aspirin and NBS-1120 in
rats.*”” The findings indicated that NBS-1120 exhibited lower
toxicity and superior safety compared to aspirin. Furthermore,
NBS-1120 demonstrated a greater efficacy as a chemopreventive
agent, with its effects on tumor growth inhibition and tumor size
reduction being dose-dependent. At the highest dose of 100 mg/
kg (0.21 mmol/kg), the tumor growth reduction rate was 95%, and
the tumor mass reduction rate was 97%. Although NBS-1120
demonstrates superior safety and efficacy compared to aspirin, its
potential interactions with other drugs or underlying conditions
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have not been fully explored. The tumor inhibition results, while
promising, are based on preclinical models, and their translation
to clinical settings remains uncertain. Furthermore, the long-term
pharmacokinetics and toxicity of NBS-1120 need more rigorous
investigation before widespread clinical use.

In addition to combining with NSAIDs, researchers have
identified that conjugating the H,S-releasing counterion
3-thiocarbamoylbenzoate (3TCB) with trimebutine can enhance
its antispasmodic effect in the gastrointestinal tract. At equimolar
doses, this novel compound, GIC-1001 (trimebutine 3-thiocarba-
moylbenzene-sulphonate), shows rapid onset of action (2 h) and
more effectively mitigates nociceptive responses to colorectal
distension, providing pain relief during colonoscopy (Table 4).
Additionally, GIC-1001 exhibits significant physical stability and
exerts an antihyperalgesic effect through H,S release*® As a
result, GIC-1001 has been selected as a drug development
candidate and has progressed to clinical investigation. In 2012, a
Phase | randomized, double-blind, placebo-controlled, compre-
hensive study was conducted in Canada to evaluate the safety,
tolerability, and pharmacokinetics of single and multiple escalat-
ing oral doses of GIC-1001, as well as the impact of food on the
pharmacokinetics of a single oral dose of GIC-1001 in healthy
subjects.**® The results showed no adverse events related to vital
signs or ECGs with either single or multiple escalating doses. The
pharmacokinetics of GIC-1001 were primarily linear and dose-
proportional. These findings indicate that GIC-1001 is well-
tolerated, with a safety profile comparable to placebo, and that
its safety is consistent under both fed and fasted conditions.
However, variability in food intake posed challenges for pharma-
cokinetic analysis, making it difficult to determine whether GIC-
1001 should be taken on an empty stomach. Given that GIC-1001
is intended for use in colonoscopy, where patients must fast
beforehand, it is recommended that the drug be administered in a
fasted state. Subsequently, a Phase lla study was conducted in
2013 (ClinicalTrials.gov ID: NCT01926444) involving 240 patients.
Eligible patients were randomized in a 1:1:1:2 ratio into one of four
treatment groups: GIC-1001 at doses of 250 mg, 375mg, or
500mg, and a matching placebo group. Patients underwent
unsedated colonoscopy within 3 days of taking the assigned
medication. Results showed that the moderate dose (375 mg) of
GIC-1001 reduced pain by 26.6% compared to placebo. Based on
these findings, GIC-1001 demonstrates promise as a novel colonic
analgesic, warranting further clinical investigation.

CONCLUSION AND PERSPECTIVE

In recent decades, the presence of sulfur-containing amino acid
metabolic pathway in various cells of the human body has been
recognized, with their metabolic products serving as endogenous
bioactive molecules responsible for maintaining health. These
molecules play crucial roles in multiple biological processes,
including anti-inflammatory responses, methylation, antioxidant
defense, membrane stabilization, ion transport, osmoregulation,
protein synthesis, and energy metabolism. Dysregulation of these
sulfur-containing biomolecules can lead to numerous pathological
consequences across different systems. By exploring the meta-
bolic mechanisms, signaling pathways, and potential impacts of
these sulfur-containing biomolecules in various diseases, we lay
the groundwork for understanding their complex biological
functions and clinical applications. Importantly, Hcy has been
widely recognized as an independent risk factor for cardiovascular
diseases. This suggests that future interventions targeting Hcy
metabolism may help prevent related diseases. Research on SAM
has also provided new perspectives for the development of
antidepressant and neuroprotective drugs.’®**°" SAM plays a
crucial role in maintaining brain function and offers significant
insights for the treatment of mood regulation, neuroinflammation,
and neurodegenerative diseases.’*>*°® Additionally, cystine, with
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its antioxidant properties and role in H,S production, positions it
as a potential intervention target for combating oxidative stress,
inflammation, and metabolic disorders. H,S, as an endogenous
gaseous signaling molecule, participates in life activities such as
cell survival, proliferation, differentiation, migration, and death by
regulating energy metabolism, inflammatory response, and
oxidative homeostatic balance, and plays an important biological
effect in physiological and pathophysiological regulation of
multiple systems in the body. Currently, there is a large
controversy in H,S research. H,S is a double-edged sword that
tends to have opposite effects on certain biological processes. For
example, the pro-inflammatory and anti-inflammatory effects of
H,S. H,S activates NF-kB in pancreatic alveolar cells, promoting
inflammation, but inhibit NF-kB in HUVECs, suppressing inflam-
mation. H,S also has a dual role in tumors. H,S can inhibit the
aberrant activation of the f-catenin pathway, which in turn
inhibits TNBC cell viability, as well as enhance mitochondrial
function and glycolysis which in turn promotes colon cancer
growth. However, this also indicates that H,S possesses significant
research potential. Clarifying the mechanisms by which H,S
functions in specific diseases and identifying targeted therapeutic
agents could lay the foundation for future treatment strategies.

In future research exploration, the following aspects are worth
considering: (1) The role of the methionine cycle in disease
prevention and personalized treatment is increasingly recog-
nized. By integrating metabolic biomarkers with genomic and
metabolomic data, personalized intervention strategies can be
developed, particularly for patients with metabolic disorders.
However, the interactions among sulfur-containing biomolecules
and their relationships with other nutrients or pharmaceuticals
remain incompletely understood, limiting research on their
potential synergistic effects. Therefore, future studies should
further explore these interactions and expand research on the
physiological roles of sulfur-containing biomolecules in immune
function and other underexplored systems, especially their role
in modulating immune responses and the reactivation of HIV
latency.*®* (2) Current studies on sulfur-containing biomolecules
mostly focus on rats and mice, lacking clinical evidence. The
effects of H,S could be studied in large animal models, such as
pigs and monkeys, which exhibit similar characteristics to human
diseases, to provide a research foundation for clinical trials. (3) In
clinical practice, the coexistence of multiple chronic diseases
often results in suboptimal treatment outcomes. Therefore,
research should expand to explore the therapeutic effects of
sulfur-containing biomolecules in the context of comorbidities,
leveraging their multi-systemic functions to develop more
effective integrated treatment strategies. Additionally, since
the effects of sulfur-containing biomolecules are highly tissue-
specific, clinical studies should focus on designing methods to
selectively modulate the levels of these molecules in specific
tissues, ensuring targeted local effects while minimizing
potential adverse outcomes in other tissues. (4) Strengthen
research on DAO, as current studies mainly focus on the three
H,S-producing enzymes CBS, CSE, and 3-MST. In fact, DAO plays
a major part in the generation of H,S in the cerebellum and
kidneys. Exploring new mechanisms of H,S through DAO as a
target can provide new insights for the clinical treatment of
cerebellum and kidney-related diseases. (5) When studying
endogenous sulfur-containing biomolecules, pay attention to
their interaction with other endogenous bioactive small mole-
cules, especially as the fourth emerging endogenous gaseous
signal molecule SO,. H,S can oxidize to produce SO,, and both
are generated from L-Cys. Therefore, it is important to consider
the sulfur-containing amino acid metabolic family as a complex
network. Reversing the disrupted sulfur-containing amino acid
metabolic homeostasis in diseases is an important scientific
question for future research.’®’
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