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ABSTRACT  
Gasotransmitters play crucial roles in regulating many physiological processes, including cell 
signaling, cellular proliferation, angiogenesis, mitochondrial function, antioxidant production, 
nervous system functions and immune responses. Hydrogen sulfide (H2S) is the most recently 
identified gasotransmitter, which is characterized by its biphasic behavior. At low concentrations, 
H2S promotes cellular bioenergetics, whereas at high concentrations, it can exert cytotoxic effects. 
Cystathionine β-synthetase (CBS), cystathionine-γ-lyase (CSE), 3-mercaptopyruvate sulfurtransferase 
(3-MST), and cysteinyl-tRNA synthetase 2 (CARS2) are pivotal players in H2S biosynthesis in 
mammalian cells and tissues. The focus of this review is the regulation of the various pathways 
involved in H2S metabolism in various forms of cancer. Key enzymes in this process include the 
sulfide oxidation unit (SOU), which includes sulfide:quinone oxidoreductase (SQOR), human 
ethylmalonic encephalopathy protein 1 (hETHE1), rhodanese, sulfite oxidase (SUOX/SO), and 
cytochrome c oxidase (CcO) enzymes. Furthermore, the potential role of H2S methylation 
processes mediated by thiol S-methyltransferase (TMT) and thioether S-methyltransferase (TEMT) is 
outlined in cancer biology, with potential opportunities for targeting them for clinical translation. 
In order to understand the role of H2S in oncogenesis and tumor progression, one must 
appreciate the intricate interplay between H2S-synthesizing and H2S-catabolizing enzymes.
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1. Introduction

Nitric oxide (NO), carbon monoxide (CO), and hydrogen 
sulfide (H2S) are the three small, diffusible, labile gaseous 
molecules known as ‘Gasotransmitters’ [1]. They are endogen-
ously produced inside our body. They orchestrate an array of 
molecular pathways in normal physiological and pathological 
conditions [2].

The introduction of the ‘gasotransmitters concept’ into the 
molecular pathophysiology of several diseases has over-
turned a lot of the conventional perceptions about intracellu-
lar communication. Being a gaseous molecule, this makes the 
concept of storage in vesicular structures impossible and 
therefore must be re-synthesized whenever needed [3]. This 
signifies the importance of the synthesizing machinery of 
those gasotransmitters and their nuanced regulatory system 
[3]. Nonetheless, gasotransmitters instead of binding to extra-
cellular receptors as any other signaling molecule, they can 
easily diffuse between cells to interact with their targets, 
thus highlighting their versatile ability to affect multiple sig-
naling cascades simultaneously [4].

Mammalian Hydrogen sulfide (H2S) generation was first 
detected in liver homogenates by Binkley and de Vigneaud 
in 1942 [5]. Several subsequent studies reported the presence 
of H2S in mammalian cells and tissues, including human 

postmortem brain tissues [6–8]. While H2S is conventionally 
associated with toxic effects, it was later realized that when 
endogenously generated and present at lower concen-
trations, it can also play important physiological regulatory 
roles in the body [6]. It can act as a vasodilator, improving 
blood flow and reducing blood pressure [9]. Additionally, 
H2S can reduce free radical-mediated tissue damage, either 
by directly interacting with free radicals or oxidants or upre-
gulating various antioxidant enzyme systems [10,11]. Sub-
sequent work demonstrated that H2S also regulates 
multiple receptor-mediated mechanisms and cellular signal-
ing cascades [12–17]. Part of the signaling function of gaso-
transmitters (including H2S) is dependent on their chemical 
reactivity with oxygen and metals [4,18–21]. Additionally, 
gasotransmitters, including H2S, can function through 
various second-messenger systems, such as the cyclic guano-
sine monophosphate (cGMP) and cyclic adenosine mono-
phosphate (cAMP) systems, often in a cooperative manner 
[3,14,22]. Moreover, H2S – and closely related species such 
as reactive polysulfides – also affect membrane-bound or 
intracellular proteins by chemically modifying the sulfhydryl 
or thiol groups (-SH) of cysteine amino acids [3,14,23]. In 
this process, the sulfhydryl group (-SH) changes into a per-
sulfide (-SSH) group through a reaction termed sulfhydration 
or persulfidation. This modification, in some cases (but not 
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always) can alter the catalytic activity of the affected protein 
[24,25].

H2S is involved not only in physiological regulation but 
also in many pathophysiological processes [14]. These patho-
physiological processes include various forms of cancer 
[2,15,21,26–28]. H2S, when generated endogenously or 
when added to cancer cells at relatively low concentrations, 
can promote cancer progression by stimulating cancer cell 
growth, facilitating angiogenesis, and promoting resistance 
to chemotherapy (Figure 1) [20,21]. However, H2S, when 
added to cancer cells exogenously at higher concentrations, 
can also have antitumor effects by inducing apoptosis and 
inhibiting cancer cell proliferation by reducing DNA synthesis 
and arresting the cell cycle [16,29,30]. H2S donors were found 
to inhibit the PI3 K/AKT/mTOR, RAS/RAF/MEK/ERK, AKT/GSK- 
3β/β-catenin and EGFR/ERK/MMP-2 signaling pathways 
(Figure 1), which are key signal transduction pathways 
involved in the progression of different malignancies [31– 
34]. H2S donors protect lung cancer cells from nickel- 
induced epithelial–mesenchymal transition (EMT) and 
migration by impeding the TGF-β1/Smad2/Smad3 signaling 
pathway (Figure 1), whose upregulation mediates EMT and 
metastasis at late stages of tumorigenesis [33,35]. Conversely, 
inhibition of H2S-synthesizing enzymes either pharmacologi-
cally or by molecular inhibitors such as microRNAs (miRNAs) 
has been reported to counteract cancer progression and 
decrease cancer hallmarks [4,36–38]. Up to date, there is no 
clinical trial done to evaluate the role of H2S donor or inhibi-
tors in cancer although some of H2S donors such as SG1002 is 
in clinical trial now for its therapeutic impact in heart failure 
patients (NCT01989208). Another H2S donor, GIC-1001, was 
also tested for its safety and bioavailability in healthy volun-
teers (NCT01738425). Interestingly, GIC-1001 was reported 
to be well tolerated, and showed a safety profile that is 
similar to that of placebo. Of note, GYY4137, a slow-releasing 
H2S donor, has been tested in-vivo on mice bearing leukemia 
xenograft and showed significant reduction in tumor growth 
[39]. On the other hand, H2S inhibitors didn’t reach clinical 
trials phase [40], yet despite the potent tumor growth inhi-
bition in orthotopic BC-bearing nude mice [37]. Nevertheless, 
further optimization of pharmacokinetics and target specifi-
city are still needed [40].

It should be stressed that the complex roles and effects of 
H2S in oncology depend on the concentration of H2S to which 
the cells are exposed and, at least in part, on the cell type and 
experimental model used [41,42]. For instance, a recent 
review revealed that tissues in which endogenous H2S 
levels are physiologically high (e.g. the brain and liver) tend 
to downregulate H2S biosynthesis after malignant transform-
ation, while many tissues in which basal endogenous H2S 
levels are lower tend to upregulate various H2S-generating 
enzymes in cancer [28].

One of the substantial processes in which H2S is involved is 
cancer immunosurveillance [43,44]. In recent years, extensive 
research has been carried out to determine the role of H2S not 
only in the tumor microenvironment (TME) but also in immu-
nomodulation in general and in the tumor immune microen-
vironment (TIME) in particular (Figure 1) [43]. Regulators of 
H2S-synthesizing machinery and H2S intracellular levels 
have been reported to modulate the TIME [15–17,21,45]. 
However, similar to its controversial role in tumorigenesis, 
H2S can act as both an immunosuppressive agent and an 
immunostimulatory agent [43,46]. For instance, CBS-derived 

H2S has been shown to exert immunosuppressive effects by 
protecting breast cancer (BC) cells from activated macro-
phage-generated reactive oxygen species (ROS) in macro-
phage-BC cell cocultures [47]. Moreover, in a study by 
Youness and colleagues in which BC cells were cocultured 
with natural killer (NK) cells, a decrease in either CBS- 
derived or CSE-derived H2S led to an increase in NK cell- 
mediated cytotoxity (Figure 1) [15]. On the other hand, treat-
ing melanoma-bearing mice with diallyl trisulfide (DATS), an 
H2S donor, inhibited tumor growth by modulating the TIME 
and increasing the recruitment of CD8+ T cells and dendritic 
cells (DCs) [48]. In addition, DATS treatment impeded the 
activity of myeloid-derived suppressor cells (MDSCs), which 
are involved in the promotion of tumor cell survival and 
immunotherapy resistance in patients with melanoma [48].

Many aspects of the complex role of H2S in cancer have 
been investigated over the last decade. However, although 
the cellular levels of H2S are clearly regulated both at the 
level of its production (i.e. enzymatic biosynthesis) and degra-
dation (enzymatic and nonenzymatic) – less attention has 
been paid to the latter components. The current review, 
after a brief discussion of the regulation of the enzymes 
involved in H2S production, focuses on the present state of 
knowledge regarding the regulation and function of 
enzymes involved in H2S metabolism.

2. H2S-synthesizing enzymes in cancer

H2S is generated through nonenzymatic and enzymatic pro-
cesses [49]. In the presence of reducing equivalents such as 
nicotinamide adenine dinucleotide phosphate (NADPH) and 
nicotinamide adenine dinucleotide (NADH), sulfane sulfur is 
reduced, and H2S is produced [50]. Additionally, persulfides, 
thiosulfate, and polysulfides, which are by products of 
amino acids metabolism that are found in the blood 
stream, can be chemically reduced in the presence of 
NADPH and NADH to H2S, particularly in hypoxic conditions 
[51]. These nonenzymatic processes of H2S synthesis are 
believed to be important in the recycling of biologically avail-
able sulfur. On the other hand, H2S is enzymatically produced 
via cystathionine-β-synthase (CBS), cystathionine-γ-lyase 
(CSE), 3-mercaptopyruvate sulfurtransferase (3-MST) [52] 
and cysteinyl-tRNA synthetase 2 (CARS2). In the following sec-
tions, the exact mechanistic synthesis pathway will be dis-
cussed. Further, the known involvement of these enzymes 
in tumorigenesis will be highlighted in detail.

2.1. Cystathionine β-synthetase (CBS)

In 1969, CBS was identified for the first time by Braunstein and 
colleagues. Later, the CBS gene was found to be located on 
chromosome 21. CBS is a polypeptide with a molecular 
weight of 63 kDa [53,54]. A shorter isozyme (≈48 kDa) was iso-
lated from the liver; this enzyme lacks an allosteric regulatory 
site and has increased catalytic activity [55]. CBS is respon-
sible for H2S production in various tissues, including the 
brain, liver and kidney [49]. Many pathophysiological 
events, including tumorigenesis, have been linked to CBS dys-
regulation [56,57]. Cancerous tissues of the colon [58], pros-
tate [59], ovary [60], kidney [61], and BC [15] have shown 
higher expression levels of CBS than surrounding noncancer-
ous tissues. A recent study showed that as mutations in the 
tumor suppressor genes APC, SMAD4 and TP53, as well as 
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the oncogene KRAS are introduced into human isogenic 
colonic epithelial cell organoids, the organoids assumed 
more proliferative and invasive properties and this was 
associated with a gradual upregulation of CBS at the stages 
of the initial mutations and truncated (i.e. constitutively 
over-activated) CBS as the mutations further accumulated 
[62]. High intra-tumoral levels of CBS have been linked to 
increased tumor growth and metastasis, as well as increased 
resistance to chemotherapy [58]. In contrast, brain tumor 
tissues and liver cancer tissues have been reported to have 
lower CBS expression profiles than corresponding noncancer-
ous tissues [28,63].

2.2. Cystathionine-γ-lyase (CSE)

CSE protein is encoded by the cystathionine-gamma-ligase 
(CTH) gene on the short arm of chromosome 1 (1p31.1) and 
consists of 12 exons [64]. Another 11-exon transcription 
variant that lacks exon 5 has lower activity than the 12- 
exon variant [65]. CSE is a 405-residue polypeptide of 

45 kDa molecular weight. Similar to CBS, the catalytic activity 
of CSE is also PLP-dependent. Besides, CSE depends on the 
amino acid L-cysteine as a precursor for H2S synthesis [64]. 
The role of CSE was first recognized in the cardiovascular 
and respiratory systems [49,66]. Endothelial cells and 
smooth muscle cells in blood vessels both synthesize signifi-
cant amounts of H2S via CSE [67]. CSE is also reported as a sig-
nificant H2S-synthesizing enzyme in the liver, kidney, 
pancreatic islets, and uterus [49].

CSE dysregulation was found to be associated with tumor 
progression. Overexpression of CSE has been reported in 
prostate [68], colon [62,69], liver [70], nasopharyngeal [71], 
skin [72], and breast [15] cancers. Pharmacological inhibition 
of CSE activity has been shown to inhibit the growth and pro-
liferation of cancer cells, indicating its role in cancer develop-
ment [36,37]. Notably, in BC and prostate cancer, metastatic 
lesions have shown greater expression levels of CSE than 
primary tumor lesions, emphasizing the particular association 
between CSE and the metastatic ability of neoplastic cells [68, 
73]. CSE is involved in the synthesis of the potent antioxidant 

Figure 1.  Mechanistic role of H2S in breast cancer (BC) cells. Implication of H2S in BC oncogenesis by controlling oxidative stress, angiogenesis, migration, 
apoptosis, and immunogenicity. 4-HNE: 4-Hydroxynonenal; Akt: Protein kinase B; ERK1/2: extracellular signal-regulated kinase 2; FAK: Focal adhesion kinase; GSH: 
Glutathione; HIFI-a: hypoxia-inducible factor-1 alpha; IFN-y: interferon gamma; JAK: Janus kinase; MDA: Malondialdehyde; MICA: MHC class I polypeptide – related 
sequence A; MMP2/9: matrix metalloproteinase-2/9; mTOR: mammalian target of rapamycin; PI3K: phosphoinositide 3-kinase; SERPINF1: serpin F1; SIRT1: Sirtuin-1; 
STAT3: Signal transducer and activator of transcription 3; TGF-β1: transforming growth factor beta-1; ULBP2: UL16-binding protein 2; VEGF: vascular endothelial 
growth factor.
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glutathione (GSH) [74,75]. Cancer cells with higher gluta-
thione levels are better able to withstand the oxidative stres-
ses associated with cancer progression and thus have a 
survival advantage [76]. Although selective CSE inhibitors 
are not commercially available yet. However, several non- 
coding RNAs have been reported to repress the expression 
of CSE in various solid malignancies such as microRNA-4317 
[15], microRNA-939-5p [17], microRNA-193 [45] and micro-
RNA-548 [45] as previously reviewed in [77].

2.3. 3-Mercaptopyruvate sulfurtransferase (3-MST)

Human 3-MST is another member of the H2S-synthesizing 
enzyme family [78]. It is encoded by the mercaptopyruvate 
sulfurtransferase (MPST) gene on the long arm of chromo-
some 22 in the subtelomeric region q13.1 [79]. The MPST 
gene is 5.6 kbp in length and contains only two exons [80]. 
The substrate of 3-MST is 3-mercaptopyruvate (3-MP), 
which is produced by the cysteine aminotransferase (CAT) 
enzyme from L-cysteine in the presence of α-ketoglutarate 
[49]. While CSE is mainly cytosolic and CBS is mainly cytosolic 
but can also be translocated to the mitochondria, 3-MST is 
present both in the cytosol and in mitochondria at compar-
able levels under physiological conditions [71]. Histologically, 
3-MST is localized to, among other organs, the perivenous 
hepatocytes in the liver, the proximal tubular epithelium of 
the kidney and various cell types in the myocardium [49]. 3- 
MST can also assume a compensatory role in the brain in 
the absence of CBS enzyme [16,78]. 3-MST plays a critical 
role in the maintenance of cellular metabolism and bioener-
getics [81,82]. In recent years, there has been growing interest 
in the role of 3-MST in cancer progression [83]. Several studies 
have shown that 3-MST is upregulated in various types of 
cancers, including colon cancer [36,62], brain gliomas [84], 
lung carcinoma [85], renal cancer [86], oral cancer [87], BC 
[88], and glioblastoma cell lines [89,90]. Although the exact 
mechanisms by which 3-MST promotes cancer progression 
are not fully understood, 3-MST is believed to be involved 
in several key cellular processes [83,90]. For instance, 3-MST 
has been reported to promote cancer cell survival by protect-
ing cells from oxidative stress and by modulating the 
expression of genes involved in cell cycle regulation and 
apoptosis [91,92]. In addition, 3-MST has been linked to the 
regulation of cellular metabolism. A recent study by Santos 
and colleagues in breast cancer demonstrated that 3-MST 
supports cancer cell growth and proliferation by stimulating 
mitochondrial electron transport and ATP production [91].

2.4. Cysteinyl-tRNA synthetase 2 (CARS2)

Cysteinyl-tRNA synthetase 2 (CARS2) is a highly conserved 
enzyme in eukaryotic mitochondria encoded on the CARS2 
gene of the long arm of chromosome 13 at subtelomeric 
region q34 [93]. CARS2 is characterized by its distinctive cat-
alytic domain responsible for the aminoacylation of tRNA 
molecules, and its catalytic activity involves the binding of 
cysteine and ATP, followed by the transfer of activated 
cysteine to the 3’ end of tRNA-(Cys), where it forms cystei-
nyl-tRNA [93]. In addition to its enzymatic function, CARS2 
has been shown to interact with various protein partners 
involved in cellular processes such as mitochondrial biogen-
esis [94], stress response [95], and apoptosis regulation 
[95,96]. These interactions further underscore the 

multifaceted nature of CARS2 and its potential as a thera-
peutic target in cancers such as HCC [97], CRC [98], and 
basal-like breast cancer (BLBC) [99]. While H2S is primarily 
generated by the previously mentioned enzymatic pathways, 
recent studies have identified cysteinyl-tRNA synthetases, 
including CARS2, as alternative sources of H2S, particularly 
under physiological conditions [100]. The mechanism by 
which CARS2-mediated H2S production contributes to 
various aspects of cancer biology, including cell proliferation 
and migration, is poorly understood and requires further 
investigation [101].

3. H2S-catabolizing processes in cancer

3.1. Nonenzymatic H2S catabolism

H2S is catabolized either nonenzymatically or enzymatically 
(Figure 2) [102]. In the circulation, one of the nonenzymatic 
catabolic pathways involves the conversion of H2S to poly-
sulfide and thiosulfate by the heme iron of methemoglobin 
(MetHb), which is an oxidized form of Hb (ferrous is oxidized 
to ferric) that represents 1–3% of total Hb [103]. Furthermore, 
myoglobin and other globin species, such as neuroglobin, 
have been reported to be able to oxidize H2S into polysulfide 
and thiosulfate [104,105]. Likewise, H2S can undergo intra-
cellular autooxidation under both aerobic and anaerobic con-
ditions, leading to the production of polysulfide or 
thiosulfate, respectively, at physiological pH.

3.2. Sulfide oxidation unit (SOU)

Enzymatic H2S catabolism occurs substantially in the mito-
chondria and involves several oxidation pathways [102,106]. 
The sulfide oxidation unit (SOU) is a cluster of mitochondrial 
enzymes that are responsible for H2S metabolism [102,107]. It 
consists of (i) sulfide: quinone oxidoreductase (SQOR); (ii) 
human ethylmalonic encephalopathy protein 1 (hETHE1); 
(iii) rhodanese; and (iv) sulfite oxidase (SUOX). H2S is metab-
olized by SOU and undergoes a series of oxidation steps to 
finally produce thiosulfate and sulfate [102,106]. Thiosulfate 
was previously believed to be an inactive metabolite of H2S, 
but recent work has demonstrated that under various con-
ditions, it can also be reconverted to H2S [102,108].

3.3. Sulfide: quinone oxidoreductase (SQOR)

Sulfide: quinone oxidoreductase (SQOR or SQR) is a mito-
chondrial membrane-bound enzyme encoded on the long 
arm of chromosome 15 with chromosomal location 15q21.1 
[109]. SQOR was found to oxidize H2S in a process that even-
tually led to the generation of persulfide [102,110]. Together, 
the two redox active sites of SQOR are covalently attached to 
FAD and an adjacent pair of cysteine residues bridged by a 
chain of three sulfur atoms [111]. To oxidize H2S, SQOR pro-
duces uncharged sulfane sulfur (S0) with the help of coen-
zyme Q (CoQ), which acts as an electron acceptor that 
subsequently drives the electron transport chain (ETC) in its 
reduced form [102]. Then, SQOR transfers the sulfane sulfur 
to glutathione (GSH) or to any other sulfur acceptor, such 
as sulfite (SO3

2−), cysteine, or homocysteine (Figure 2(B)).
There appears to be a significant correlation between 

SQOR overexpression and cancer progression. In fact, it has 
been described as a ‘respiratory shield against H2S poisoning’ 

4 A. DAWOUD ET AL.



in colorectal cancer (CRC) [112]. Libiad and colleagues 
reported that SQOR is overexpressed in six different CRC 
cell lines compared to human colonic epithelial cells, which 
represent a nonmalignant colon cell line. Additionally, out 
of seven clinical tissues collected from CRC patients, five 
have shown a significant increase in the expression level of 
SQOR at the protein level compared to the tissues collected 
from the normal margin [112].

As the first-step mediator of H2S mitochondrial metab-
olism and later uses H2S as an electron source for the mito-
chondrial electron transport chain, SQOR has been 
hypothesized to be the originator of H2S overexpression in 
oral squamous cell carcinoma (OSCC) [87]. Interestingly, in 
the same study by Ascenção, K., et al., they showed that 
when mutations in APC, SMAD4, TP53, and KRAS were intro-
duced into colonic epithelial cell, a gradual upregulation of 
SQOR in response to the initial mutations, but as the 
mutations further accumulated, SQOR levels became downre-
gulated, and at it was only at these later stages of the colonic 
carcinogenesis process where the organoids contained sig-
nificantly higher levels of H2S than normal colonic epithelial 
cells [62]. This pattern was different from the situation with 
ETHE1 and TST (see below), which remained upregulated in 
the entire set of colonic organoids accumulating sequential 
mutations. Very limited data are available regarding SQOR 
expression in other cancer types [110].

3.4. Human ethylmalonic encephalopathy protein 1 
(hETHE1)

Human ethylmalonic encephalopathy protein 1 (hETHE1) is 
also called sulfur dioxygenase (SDO) and persulfide dioxygen-
ase (PDO) [113]. It is encoded by a gene located on chromo-
some 19’s long arm at 19q13.31. The enzyme is located in the 
mitochondrial matrix [114,115]. hETHE1 catalyzes the syn-
thesis of sulfites (SO3

2−) from persulfide compounds. Since 

glutathione persulfide (GSSH) is a substantial product of 
SQOR under physiological conditions, hETHE1 uses GSSH to 
synthesize sulfite (SO3

2−) and glutathione (GSH) (Figure 2(B)) 
[102,116,117].

Dysregulation of hETHE1 has been demonstrated in 
several pathophysiological conditions. For instance, one of 
the most well-known diseases related to hETHE1 gene 
mutation is ethylmalonic encephalopathy (EE) [118]. It is a 
rare genetic disorder that is inherited in an autosomal reces-
sive pattern. EE is characterized by defects in the brain, 
nerves, peripheral blood vessels, and gastrointestinal tract, 
as well as the presence of necrotic lesions in the deep gray 
matter of the brain, hemorrhagic diarrhea, neurodevelop-
mental delay, petechiae and acrocyanosis [119,120]. These 
symptoms manifest in the first decade of life. hETHE1 was 
found to be upregulated in colorectal cancer [112,118,121]. 
Ozluk and colleagues reported that ETHE1 expression was 
twofold greater in colorectal adenocarcinoma than in 
benign colonic epithelium [118]. Further, Ascenção, K., 
et al., reported gradual upregulation of ETHE1 in colonic epi-
thelial cell organoids upon mutating APC, SMAD4, TP53, and 
KRAS [62].

3.5. Rhodanese

Rhodanese, also called thiosulfate transferase (TST), is the 
third enzyme of the SOU machinery and is encoded on 
chromosome 22 [110]. Rhodanese utilizes sulfite (SO3

2−) as a 
co-substrate, yielding thiosulfate (S2O3

2−), with the second 
sulfur coming from GSSH [51]. Thiosulfate, in turn, can be 
used in H2S anabolism by 3-MST and rhodanese [51,102]. Dys-
regulation of rhodanese has been demonstrated in various 
diseases; however, the functional role of this dysregulation 
has not been elucidated. Low expression levels of rhodanese 
have been found in liver biopsies from patients with Leber’s 
hereditary optic atrophy [122]. No relationship between 

Figure 2.  H2S metabolic pathways. (A). Anabolic pathways of H2S in the cytoplasm and mitochondrial matrix. (B). Enzymatic and nonenzymatic catabolic path-
ways of H2S either through oxidation or methylation, where oxidation occurs in the mitochondria enzymatically or in the blood nonenzymatically. CBS: cystathio-
nine β synthase; CSE: cystathionine γ-lyase; 3MST: 3-mercaptopyruvate sulfurtransferase; CAT: cysteine aminotransferase; SQOR: sulfide quinone oxidoreductase; 
hETHE1: human ethylmalonic encephalopathy protein 1; Rhod: rhodanese; SUOX: sulfite oxidase; TR: thiosulfate reductase; SR: sulfur transferase; III: complex III; IV: 
complex IV; TMT: thiol S-methyltransferase; Hb: hemoglobin; MetHb: methemoglobin.
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rhodanese expression and tumor development has been 
reported. Although rhodanese was found to be overex-
pressed in five out of seven CRC patients, this upregulation 
pattern was not observed in the CRC cell line compared to 
the nonmalignant human colonic epithelial cell line [112]. 
However, a study by Ascenção, K., et al., has reported 
gradual upregulation of rhodanese in organoids of human 
isogenic colonic epithelial cell that had mutations in onco-
gene and tumor suppressor genes [62].

3.6. Sulfite oxidase (SUOX/SO)

Sulfite oxidase (SUOX) is an enzyme encoded on the long 
arm of chromosome 12 at location 12q13.2 [115]. In parallel 
to rhodanese, SUOX exerts its catalytic effect on the cata-
bolic product of hETHE1 [51]. Nonetheless, unlike rhoda-
nese, SUOX catalyzes the synthesis of sulfates (SO4

2−) from 
sulfite (SO3

2−) obtained from hETHE1 (Figure 2(B)) [102]. 
SUOX dysregulation is believed to be a potential contributor 
to various diseases. Isolated sulfite oxidase deficiency 
(ISOD), which is caused by a mutation in the SUOX gene, is 
a life-threatening autosomal recessive inherited metabolic 
disorder [123]. Patients with ISOD have a defect in the con-
version of sulfite (SO3

2−) into sulfate (SO4
2−) in the metabolism 

of sulfur-containing amino acids, leading to an increase in 
sulfite (SO3

2−) levels, which in turn results in neurotoxic 
effects. The onset of SUOX deficiency symptoms usually 
occurs in the early infantile or neonatal period, and long- 
term effective treatment is unavailable [123]. The symptoms 
are characterized by neurological impairment, such as 
therapy-resistant seizures, developmental delay, psychomo-
tor retardation, and microcephaly [123–125]. Moreover, 
alterations in the SUOX expression level are also linked to 
the progression of many malignant tumors. A study per-
formed by Yano and colleagues on 98 patients with 
advanced gastric cancer demonstrated that low expression 
of SUOX could be a prognostic biomarker in gastric 
cancer. Interestingly, patients who had low SUOX expression 
were found to have a poorer prognosis and lower overall 
survival than patients who had high SUOX expression 
[126]. On the other hand, high SUOX expression was 
linked to postoperative recurrence in patients with prostate 
cancer [127]. Kurose and colleagues studied 97 patients who 
underwent radical prostatectomy and reported that patients 
who had SUOX overexpression were more susceptible to 
prostate cancer recurrence after prostatectomy than 
patients with low SUOX expression [127]. Additionally, 
patients with hepatocellular carcinoma and tongue cancer 
showed decreased SUOX expression with disease pro-
gression and infiltration.

3.7. Cytochrome c oxidase (CcO)

A less established route of H2S catabolism is the reaction with 
iron-heme species such as CcO [103,128]. CcO, also known as 
complex IV, is an enzyme located in the inner membrane of 
mitochondria and is involved in the mitochondrial respiratory 
chain [129]. Structurally, CcO is composed of different sub-
units: ≈ 8–11 are nuclear-encoded subunits, and three mito-
chondrial-encoded subunits are assembled from the 
assembled proteins. CcO contains copper and heme groups 
in its active site, making it potentially linked to H2S metab-
olism [130]. At low H2S concentrations, CcO acts as an 

electron donor to the ETC, stimulating ATP production and 
oxygen consumption through the sulfide oxidation 
pathway. This is achieved via the transfer of electrons from 
cytochrome c to oxygen, the terminal electron acceptor, 
which produces water molecules and a proton gradient 
[131]. Despite substantial efforts to understand the crosstalk 
between H2S and CcO, a validated theory describing the 
impact of CcO on H2S is currently lacking [130]. Yong and 
Searcy reported that chicken liver mitochondria consumed 
oxygen at a relatively high rate when supplied with low con-
centrations of H2S, which was coupled with increased ATP 
synthesis [131,132]. However, at high H2S concentrations, 
CcO was inhibited through the binding of H2S to the 
copper center in the active site of CcO [131]. In this context, 
low concentrations of H2S stimulate bioenergetics through 
oxidative phosphorylation, whereas high H2S concentrations 
cause toxic inhibitory effects on the CcO enzyme. Therefore, 
the effect of H2S on CcO is believed to be concentration 
dependent.

CcO deficiency is a genetic disorder that can be life-threa-
tening, as deficient patients frequently do not overpass child-
hood [133]. Symptoms of CcO deficiency manifest after the 
age of 2 years and in mild cases at adolescence and include 
hypertrophic cardiomyopathy, myopathy, hypotonia, ence-
phalomyopathy, Leigh syndrome and lactic acidosis, which 
can cause nausea and irregular heartbeats and can be life 
threatening [133]. Moreover, CcO dysregulation is linked to 
cancer progression. Zhang and colleagues reported that 
CcO expression was upregulated in colorectal carcinoma. 
This overexpression was confirmed at the genomic and pro-
teomic levels. As a result, they suggested that the upregula-
tion of CcO plays a vital role in colorectal carcinogenesis 
[134]. The potential role of the CcO system in the function 
of various cancer cells requires further investigation.

3.8. Thiol S-methyltransferase (TMT)

Along with its catabolism by oxidation, H2S can also be cata-
bolized via methylation pathways [107]. Unlike the oxidation 
pathway, H2S methylation occurs mainly in the cytoplasm 
[135]. Notably, methylation is deemed less of a contributor 
to H2S detoxification than oxidation since it only catabolizes 
small quantities of H2S under physiological conditions 
[136,137]. Thiol S-methyltransferase (TMT) is the main 
enzyme responsible for H2S methylation (Figure 2) [136]. 
This process results in the production of methanethiol 
(CH3SH), dimethyl sulfide, or both in the cytoplasm 
[135,136]. DMS can be further oxidized by rhodanese to thio-
cyanate (SCN⍰) and (SO4

2−)[137]. The potential role of the 
TMT system in cancer requires further investigation.

3.9. Thioether S-methyltransferase (TEMT)

Thioether S-methyltransferase (TEMT) is another methyltrans-
ferase enzyme that acts on various thioethers, leading to the 
generation of their respective sulfonium ions [138]. Upon 
binding to dimethyl sulfide, TEMT is converted to trimethyl-
sulfonium (TMS), which is subsequently excreted in the 
urine [138,139]. Intriguingly, TMS has shown clinical potential 
as a biomarker for the level of endogenous H2S produced. In 
subjects with Down syndrome who overexpress CBS and H2S, 
the urinary levels of TMS are more sensitive to endogenous 
H2S than the traditional biomarker thiosulfate [140]. The 
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potential role of the TEMT system in cancer requires further 
investigation.

4. Implications and expert opinion

Understanding H2S metabolism is promising for future trans-
lational applications. To date, most studies have focused on 
H2S-synthesizing enzymes rather than on H2S-metabolizing 
enzymes, especially in oncological contexts. Nevertheless, 
there are several studies – including a recent study where 
various relevant mutations in the tumor suppressor genes 
APC, SMAD4 and TP53, as well as the oncogene KRAS are intro-
duced into human isogenic colonic epithelial cell organoids 
[62], where the upregulation of various H2S-producing 
enzymes (CBS, CSE, 3-MST) is also associated with an upregu-
lation of various H2S-degrading enzymes (SQOR, ETHE1, rho-
danese), but as the organoids accumulate multiple 
mutations, the expression of SQOR decreases. Interestingly, 
it is only these organoids (where multiple H2S producing 
enzymes are upregulated, but SQOR is downregulated), 
where the ‘ambient’ H2S levels show an increase. These 
data may indicate that there may be an initial, perhaps com-
pensatory upregulation of H2S-degrading enzymes in early 
stages of carcinogenesis/tumor progression, where the 
increased H2S generation may be compensated by increased 
H2S degradation. Interestingly, a similar, perhaps also com-
pensatory upregulation of H2S degrading enzymes is also 
noticeable in Down syndrome models, where CBS and 3- 
MST are upregulated, but this is also accompanied by an 
upregulation of various H2S catabolizing enzymes [141– 
143]. A simultaneous increase in H2S production and H2S 
degradation, however, does not mean that the ‘reactive 
sulfur system’ is not affected: one would expect that under 
such conditions, the cells and tissues accumulate more thio-
sulfate and more polysulfides as well. These species may 
have their own biological effects, for example, increased poly-
sulfides may, in turn, mediate increased protein persulfida-
tion reactions. At the later, most aggressive stage of cancer, 
however, some of the H2S-degradation systems may 
become downregulated. As an example, in the colonic epi-
thelial cell organoid study mentioned above, SQOR (but not 
rhodanese or ETHE1) becomes downregulated. This combi-
nation of processes, in turn, can result in a (further) elevation 
of cellular H2S levels.

Taken together, the evidence reviewed in the current 
article indicates that – in addition to H2S biosynthetic 
enzymes – further attention should be paid to the regulation 
of various H2S degradation systems in various forms of 
cancer, and these two system groups should be integrated 
when formulating mechanistic hypotheses on the role of 
reactive sulfur species in the pathogenesis of various 
forms of cancer. While the regulation of CBS, CSE, 3-MST 
(and to a lesser degree CARS2) in various forms of cancer 
has been studied intensively, the regulation of the various 
H2S degradation pathways remains to be investigated. For 
example, future work should pay more attention to the 
effect of SOU, rhodanese, ETHE1 or CcO dysregulation on 
H2S production in different tumors. Also, correlation 
studies, using various publicly available cancer databases, 
should be conducted to test if correlations exist between 
the regulation of various H2S degradation pathways and 
clinical outcomes in various forms of cancer (such studies, 
with respect to H2S synthesizing enzymes, already exist 

and indicate that in various forms of cancer, e.g. ovarian or 
colon cancer, upregulation of CBS correlates with a poor 
clinical prognosis).

5. Conclusion and future directions

How, then, could the present (and future, accumulating) 
information on H2S degradation pathways and cancer could 
be translated into future clinical/translational concepts? The 
biology of H2S is unique, due to the characteristic bell- 
shaped concentration-response curve of this gasotransmitter, 
whereby cells prefer a certain intermediate concentration of 
H2S, and marked decreases, as well as marked increases 
from this preferred level are both detrimental to cell viabi-
lity/cell survival. This is also true for cancer cells, which upre-
gulate their ambient H2S and polysulfide levels, which serves 
their increased metabolic demands, increased proliferation, 
and tumor angiogenesis. Thus, approaches that decrease 
H2S levels within tumor cells (e.g. via inhibition of H2S biosyn-
thetic enzymes) and approaches that increase H2S levels in 
tumors to higher (cytotoxic) levels (e.g. via additional H2S 
donation) can lead to decreased tumor cell metabolism, sup-
pression of tumor cell proliferation and enhancement of 
tumor cell elimination via cytotoxic/cytostatic agents or the 
immune system. When we apply the same concept to H2S 
degradation enzymes, it can be argued that stimulation/ 
forced overexpression of H2S degradation enzymes may 
also lead to decreased intratumoral H2S levels (possibly 
decreasing tumor cell viability), but also inhibition of H2S 
degradation enzyme activity (which, in turn, may elevate 
H2S levels in the tumor to levels that are supraoptimal, i.e. 
start to become detrimental) may be therapeutically useful. 
Further work remains to be conducted to test these possibi-
lities. One limitation for this research direction is that most 
of the H2S degradation enzymes do not have potent or selec-
tive pharmacological inhibitors, i.e. the currently available 
experimental approaches will have to focus on forced overex-
pression and/or silencing of these enzymes. It should also be 
determined which H2S degradation enzymes are most rel-
evant for which type of tumor since literature didn’t answer 
this explicit question so far. Given the known literature, any 
hypothesis making for specific focus on a particular enzyme 
for future studies, will be biased. Instead, logical experimental 
design to allow better determination of workhorse enzymes 
are more effective. Indeed, more than decade ago, literature 
showed that, CBS not CSE, is responsible for colon cancer pro-
gression [38]. Yet, after including the 3D nature of organoid 
and involving H2S-catabolizing enzymes as well, CSE and 
other key player seemed to be also participating in tumor-
genesis [62]. Therefore, such a question is supremely crucial 
because modulation of multiple enzymes/pathways is trans-
lationally more difficult than targeting a single enzyme/ 
pathway.

Taken together, significant preclinical work remains to be 
conducted in order to understand the role of H2S in oncogen-
esis and tumor progression, and this work must include 
further investigation to better understand the intricate inter-
play between H2S-synthesizing and H2S-catabolizing 
enzymes in various forms of cancer. The ultimate goal of 
these efforts remains the formulation of personalized 
approaches to fight cancer development and progression 
based around the modulation of intratumoral H2S levels.

REDOX REPORT 7



Disclosure statement
No potential conflict of interest was reported by the author(s).

Funding
This work was funded by the Swiss National Science Foundation (SNSF) 
[grant number: SNF IZSTZ0_198887].

Authors’ contributions

Conceptualization: A.D., R.A.Y., C.S. and M.Z.G Writing – orig-
inal draft: A.D., R.A.Y., C.S., K.E., and H.A. Figures preparation: 
A.D., K.E., R.A.Y., H.A.S. and H.N. Writing – review & editing: 
A.D., R.A.Y., H.A., H.A.S., C.S., C.B., R.M.A.K. and M.Z.G. Principal 
investigators of project, funding, and administration: C.S., 
C.B., R.A.Y, R.M.A.K. and M.Z.G.

Availability of data and materials

All data and resources used in the paper have been cited and 
indicated.

References
[1] El Kilany FH, Youness RA, Assal RA, et al. miR-744/eNOS/NO axis: A 

novel target to halt triple negative breast cancer progression. 
Breast Dis. 2021;40(3):161–169. doi:10.3233/BD-200454

[2] Szabo C. Gasotransmitters in cancer: from pathophysiology to 
experimental therapy. Nat Rev Drug Discov. 2016;15(3):185–203. 
doi:10.1038/nrd.2015.1

[3] Mustafa AK, Gadalla MM, Snyder SH. Signaling by gasotransmit-
ters. Sci Signal. 2009;2(68):re2. doi:10.1126/scisignal.268re2

[4] Nafea H, Youness RA, Abou-Aisha K, et al. LncRNA HEIH/miR-939- 
5p interplay modulates triple-negative breast cancer progression 
through NOS2-induced nitric oxide production. J Cell Physiol. 
2021;236(7):5362–5372. doi:10.1002/jcp.30234

[5] Binkley F, Vigneato VD. The formation of cysteine from homocys-
teine and serine by liver tissue of rats. J Biol Chem; 144(2):507–511. 
doi:10.1016/S0021-9258(18)72535-0

[6] Szabo C. A timeline of hydrogen sulfide (H(2)S) research: from 
environmental toxin to biological mediator. Biochem Pharmacol. 
2018;149:5–19. doi:10.1016/j.bcp.2017.09.010

[7] Rizzo AA. The possible role of hydrogen sulfide in human period-
ontal disease. I. Hydrogen sulfide production in periodontal 
pockets. Periodontics. 1967;5(5):233–236.

[8] Goodwin LR, Francom D, Dieken FP, et al. Determination of sulfide 
in brain tissue by gas dialysis/ion chromatography: postmortem 
studies and two case reports. J Anal Toxicol. 1989;13(2):105–109. 
doi:10.1093/jat/13.2.105

[9] Bhatia M. Hydrogen sulfide as a vasodilator. IUBMB Life. 2005;57 
(9):603–606. doi:10.1080/15216540500217875

[10] Yin J, Tu C, Zhao J, et al. Exogenous hydrogen sulfide protects 
against global cerebral ischemia/reperfusion injury via its anti-oxi-
dative, anti-inflammatory and anti-apoptotic effects in rats. Brain 
Res. 2013;1491:188–196. doi:10.1016/j.brainres.2012.10.046

[11] Sivarajah A, Collino M, Yasin M, et al. Anti-apoptotic and anti- 
inflammatory effects of hydrogen sulfide in a rat model of regional 
myocardial I/R. Shock. 2009;31(3):267–274. doi:10.1097/SHK. 
0b013e318180ff89

[12] Cirino G, Vellecco V, Bucci M. Nitric oxide and hydrogen sulfide: the 
gasotransmitter paradigm of the vascular system. Br J Pharmacol. 
2017;174(22):4021–4031. doi:10.1111/bph.13815

[13] Wang R. Shared signaling pathways among gasotransmitters. Proc 
Natl Acad Sci U S A. 2012;109(23):8801–8802. doi:10.1073/pnas. 
1206646109

[14] Cirino G, Szabo C, Papapetropoulos A. Physiological roles of hydro-
gen sulfide in mammalian cells, tissues, and organs. Physiol Rev. 
2023;103(1):31–276. doi:10.1152/physrev.00028.2021

[15] Youness RA, Gad AZ, Sanber K, et al. Targeting hydrogen sulphide 
signaling in breast cancer. J Adv Res. 2021;27:177–190. doi:10. 
1016/j.jare.2020.07.006

[16] Fahmy SA, Dawoud A, Zeinelabdeen YA, et al. Molecular engines, 
therapeutic targets, and challenges in pediatric brain tumors: A 
special emphasis on hydrogen sulfide and RNA-based nano-deliv-
ery. Cancers (Basel), 2022;14(21):5244. doi:10.3390/ 
cancers14215244

[17] Nafea H, Youness RA, Dawoud A, et al. Dual targeting of H(2)S 
synthesizing enzymes; cystathionine β-synthase and cystathionine 
γ-lyase by miR-939-5p effectively curbs triple negative breast 
cancer. Heliyon. 2023;9(10):e21063. doi:10.1016/j.heliyon.2023. 
e21063

[18] Kerwin, JF, Jr, Lancaster JR, Jr, Feldman PL, Nitric oxide: a new para-
digm for second messengers. J Med Chem, 1995;38(22):4343– 
4362. doi:10.1021/jm00022a001

[19] Youness RA, Hafez HM, Khallaf E, et al. The long noncoding RNA 
sONE represses triple-negative breast cancer aggressiveness 
through inducing the expression of miR-34a, miR-15a, miR-16, 
and let-7a. J Cell Physiol. 2019;234(11):20286–20297. doi:10. 
1002/jcp.28629

[20] Youness RA, Ashraf Habashy D, Khater N, et al. Role of hydrogen 
sulfide in oncological and Non-oncological disorders and Its regu-
lation by Non-coding RNAs: A comprehensive review. Noncoding 
RNA. 2024;10(1):7.

[21] Youness RA, Assal RA, Abdel Motaal A, et al. A novel role of sONE/ 
NOS3/NO signaling cascade in mediating hydrogen sulphide bilat-
eral effects on triple negative breast cancer progression. Nitric 
Oxide. 2018;80:12–23. doi:10.1016/j.niox.2018.07.004

[22] Szabo C. Hydrogen sulfide, an enhancer of vascular nitric oxide sig-
naling: mechanisms and implications. Am J Physiol Cell Physiol. 
2017;312(1):C3–C15. doi:10.1152/ajpcell.00282.2016

[23] Paul BD, Snyder SH. H2s: A novel gasotransmitter that signals by 
sulfhydration. Trends Biochem Sci. 2015;40(11):687–700. doi:10. 
1016/j.tibs.2015.08.007

[24] Mustafa AK, Gadalla MM, Sen N, et al. H2s signals through protein 
S-sulfhydration. Sci Signal. 2009;2(96):ra72. doi:10.1126/scisignal. 
2000464

[25] Vignane T, Filipovic MR. Emerging chemical biology of protein per-
sulfidation. Antioxid Redox Signal. 2023;39(1-3):19–39. doi:10. 
1089/ars.2023.0352

[26] Wu D, Si W, Wang M, et al. Hydrogen sulfide in cancer: friend or 
foe? Nitric Oxide. 2015;50:38–45. doi:10.1016/j.niox.2015.08.004

[27] Hellmich MR, Coletta C, Chao C, et al. The therapeutic potential of 
cystathionine β-synthetase/hydrogen sulfide inhibition in cancer. 
Antioxid Redox Signal. 2015;22(5):424–448. doi:10.1089/ars.2014. 
5933

[28] Ascenção K, Szabo C. Emerging roles of cystathionine β-synthase 
in various forms of cancer. Redox Biol. 2022;53:102331. doi:10. 
1016/j.redox.2022.102331

[29] Kashfi K. Anti-cancer activity of new designer hydrogen sulfide- 
donating hybrids. Antioxid Redox Signal. 2014;20(5):831–846. 
doi:10.1089/ars.2013.5308

[30] Ngowi EE, Afzal A, Sarfraz M, et al. Role of hydrogen sulfide donors 
in cancer development and progression. Int J Biol Sci. 2021;17 
(1):73–88. doi:10.7150/ijbs.47850

[31] Dong Q, Yang B, Han J-G, et al. A novel hydrogen sulfide-releasing 
donor, HA-ADT, suppresses the growth of human breast cancer 
cells through inhibiting the PI3 K/AKT/mTOR and Ras/Raf/MEK/ 
ERK signaling pathways. Cancer Lett. 2019;455:60–72. doi:10. 
1016/j.canlet.2019.04.031

[32] Xiao Q, Ying J, Qiao Z, et al. Exogenous hydrogen sulfide inhibits 
human melanoma cell development via suppression of the PI3K/ 
AKT/ mTOR pathway. J Dermatol Sci. 2020;98(1):26–34. doi:10. 
1016/j.jdermsci.2020.02.004

[33] Duan SF, Zhang M-M, Dong Q, et al. A water-soluble hydrogen 
sulfide donor suppresses the growth of hepatocellular carcinoma 
via inhibiting the AKT/GSK-3beta/beta-catenin and TGF-beta/ 
Smad2/3 signaling pathways. J Oncol. 2023;2023:8456852.

[34] Wu D, Li M, Tian W, et al. Hydrogen sulfide acts as a double-edged 
sword in human hepatocellular carcinoma cells through EGFR/ 
ERK/MMP-2 and PTEN/AKT signaling pathways. Sci Rep. 2017;7 
(1):5134. doi:10.1038/s41598-017-05457-z

[35] Ye M, Yu M, Yang D, et al. Exogenous hydrogen sulfide donor 
NaHS alleviates nickel-induced epithelial-mesenchymal transition 

8 A. DAWOUD ET AL.

https://doi.org/10.3233/BD-200454
https://doi.org/10.1038/nrd.2015.1
https://doi.org/10.1126/scisignal.268re2
https://doi.org/10.1002/jcp.30234
https://doi.org/10.1016/S0021-9258(18)72535-0
https://doi.org/10.1016/j.bcp.2017.09.010
https://doi.org/10.1093/jat/13.2.105
https://doi.org/10.1080/15216540500217875
https://doi.org/10.1016/j.brainres.2012.10.046
https://doi.org/10.1097/SHK.0b013e318180ff89
https://doi.org/10.1097/SHK.0b013e318180ff89
https://doi.org/10.1111/bph.13815
https://doi.org/10.1073/pnas.1206646109
https://doi.org/10.1073/pnas.1206646109
https://doi.org/10.1152/physrev.00028.2021
https://doi.org/10.1016/j.jare.2020.07.006
https://doi.org/10.1016/j.jare.2020.07.006
https://doi.org/10.3390/cancers14215244
https://doi.org/10.3390/cancers14215244
https://doi.org/10.1016/j.heliyon.2023.e21063
https://doi.org/10.1016/j.heliyon.2023.e21063
https://doi.org/10.1021/jm00022a001
https://doi.org/10.1002/jcp.28629
https://doi.org/10.1002/jcp.28629
https://doi.org/10.1016/j.niox.2018.07.004
https://doi.org/10.1152/ajpcell.00282.2016
https://doi.org/10.1016/j.tibs.2015.08.007
https://doi.org/10.1016/j.tibs.2015.08.007
https://doi.org/10.1126/scisignal.2000464
https://doi.org/10.1126/scisignal.2000464
https://doi.org/10.1089/ars.2023.0352
https://doi.org/10.1089/ars.2023.0352
https://doi.org/10.1016/j.niox.2015.08.004
https://doi.org/10.1089/ars.2014.5933
https://doi.org/10.1089/ars.2014.5933
https://doi.org/10.1016/j.redox.2022.102331
https://doi.org/10.1016/j.redox.2022.102331
https://doi.org/10.1089/ars.2013.5308
https://doi.org/10.7150/ijbs.47850
https://doi.org/10.1016/j.canlet.2019.04.031
https://doi.org/10.1016/j.canlet.2019.04.031
https://doi.org/10.1016/j.jdermsci.2020.02.004
https://doi.org/10.1016/j.jdermsci.2020.02.004
https://doi.org/10.1038/s41598-017-05457-z


and the migration of A549 cells by regulating TGF-beta1/Smad2/ 
Smad3 signaling. Ecotoxicol Environ Saf. 2020;195:110464. 
doi:10.1016/j.ecoenv.2020.110464

[36] Oláh G, Módis K, Törö G, et al. Role of endogenous and exogenous 
nitric oxide, carbon monoxide and hydrogen sulfide in HCT116 
colon cancer cell proliferation. Biochem Pharmacol. 
2018;149:186–204. doi:10.1016/j.bcp.2017.10.011

[37] Khan NH, Wang D, Wang W, et al. Pharmacological inhibition of 
endogenous hydrogen sulfide attenuates breast cancer pro-
gression. Molecules. 2022;27(13):4049.

[38] Szabo C, Coletta C, Chao C, et al. Tumor-derived hydrogen sulfide, 
produced by cystathionine-β-synthase, stimulates bioenergetics, 
cell proliferation, and angiogenesis in colon cancer. Proc Natl 
Acad Sci U S A. 2013;110(30):12474–9. doi:10.1073/pnas. 
1306241110

[39] Lee ZW, Zhou J, Chen C-S, et al. The slow-releasing hydrogen 
sulfide donor, GYY4137, exhibits novel anti-cancer effects in 
vitro and in vivo. PLoS One. 2011;6(6):e21077. doi:10.1371/ 
journal.pone.0021077

[40] Li M, Liu Y, Deng Y, et al. Therapeutic potential of endogenous 
hydrogen sulfide inhibition in breast cancer (review). Oncol Rep. 
2021;45(5):68.

[41] Ma Y, Yan Z, Deng X, et al. Anticancer effect of exogenous hydro-
gen sulfide in cisplatin-resistant A549/DDP cells. Oncol Rep. 
2018;39(6):2969–2977.

[42] Shen Y, Guo W, Wang Z, et al. Protective effects of hydrogen 
sulfide in hypoxic human umbilical vein endothelial cells: a poss-
ible mitochondria-dependent pathway. Int J Mol Sci. 2013;14 
(7):13093–13108. doi:10.3390/ijms140713093

[43] Dilek N, Papapetropoulos A, Toliver-Kinsky T, et al. Hydrogen 
sulfide: An endogenous regulator of the immune system. 
Pharmacol Res. 2020;161:105119. doi:10.1016/j.phrs.2020.105119

[44] Rose P, Zhu YZ, Moore PK. Hydrogen sulfide and the immune 
system. Adv Exp Med Biol. 2021;1315:99–128. doi:10.1007/978- 
981-16-0991-6_5

[45] Dawoud A, Youness RA, Nafea H, et al. Pan-inhibition of the three 
H(2)S synthesizing enzymes restrains tumor progression and 
immunosuppression in breast cancer. Cancer Cell Int. 2024;24 
(1):136. doi:10.1186/s12935-024-03317-1

[46] Shackelford RE, Mohammad IZ, Meram AT, et al. Molecular func-
tions of hydrogen sulfide in cancer. Pathophysiology. 2021;28 
(3):437–456. doi:10.3390/pathophysiology28030028

[47] Sen S, Kawahara B, Gupta D, et al. Role of cystathionine beta- 
synthase in human breast cancer. Free Radic Biol Med. 
2015;86:228–238. doi:10.1016/j.freeradbiomed.2015.05.024

[48] De Cicco P, Ercolano G, Rubino V, et al. Modulation of the functions 
of myeloid-derived suppressor cells: a new strategy of hydrogen 
sulfide anti-cancer effects. Br J Pharmacol. 2020;177(4):884–897. 
doi:10.1111/bph.14824

[49] Cao X, Ding L, Xie Z-z, et al. A review of hydrogen sulfide synthesis, 
metabolism, and measurement: Is modulation of hydrogen sulfide 
a novel therapeutic for cancer? Antioxid Redox Signal. 2019;31 
(1):1–38. doi:10.1089/ars.2017.7058

[50] Searcy DG, Lee SH. Sulfur reduction by human erythrocytes. J Exp 
Zool. 1998;282(3):310–322. doi.org/10.1002(SICI)1097-010X 
(19981015):AID-JEZ4>3.0.CO;2-P

[51] Olson KR, DeLeon ER, Gao Y, et al. Thiosulfate: a readily accessible 
source of hydrogen sulfide in oxygen sensing. Am J Physiol Regul 
Integr Comp Physiol. 2013;305(6):R592–R603. doi:10.1152/ajpregu. 
00421.2012

[52] Khattak S, Rauf MA, Khan NH, et al. Hydrogen sulfide biology and 
Its role in cancer. Molecules, 2022;27(11). doi:10.3390/ 
molecules27113389

[53] Kraus JP, Oliveriusová J, Sokolová J, et al. The human cystathionine 
beta-synthase (CBS) gene: complete sequence, alternative spli-
cing, and polymorphisms. Genomics. 1998;52(3):312–324. doi:10. 
1006/geno.1998.5437

[54] Chasse JF, Paly E, Paris D, et al. Genomic organization of the 
human cystathionine beta-synthase gene: evidence for various 
cDNAs. Biochem Biophys Res Commun. 1995;211(3):826–832. 
doi:10.1006/bbrc.1995.1886

[55] Skovby F, Kraus JP, Rosenberg LE. Biosynthesis and 
proteolytic activation of cystathionine beta-synthase in rat liver. 
J Biol Chem. 1984;259(1):588–593. doi:10.1016/S0021-9258 
(17)43702-1

[56] Hellmich MR, Chao C, Módis K, et al. Efficacy of novel aminooxya-
cetic acid prodrugs in colon cancer models: towards clinical trans-
lation of the cystathionine beta-synthase inhibition concept. 
Biomolecules, 2021;11(8):1073. doi:10.3390/biom11081073

[57] Ascencao K, Szabo C. Emerging roles of cystathionine beta- 
synthase in various forms of cancer. Redox Biol. 2022;53:102331. 
doi:10.1016/j.redox.2022.102331

[58] Szabo C, Coletta C, Chao C, et al. Tumor-derived hydrogen sulfide, 
produced by cystathionine-beta-synthase, stimulates bioener-
getics, cell proliferation, and angiogenesis in colon cancer. Proc 
Natl Acad Sci U S A. 2013;110(30):12474–9. doi:10.1073/pnas. 
1306241110

[59] Guo H, Gai J-W, Wang Y, et al. Characterization of hydrogen sulfide 
and its synthases, cystathionine beta-synthase and cystathionine 
gamma-lyase, in human prostatic tissue and cells. Urology. 
2012;79(2):483 e1-5.

[60] Bhattacharyya S, Saha S, Giri K, et al. Cystathionine beta-synthase 
(CBS) contributes to advanced ovarian cancer progression and 
drug resistance. PLoS One. 2013;8(11):e79167. doi:10.1371/ 
journal.pone.0079167

[61] Shackelford RE, Abdulsattar J, Wei EX, et al. Increased nicotinamide 
phosphoribosyltransferase and cystathionine-beta-synthase in 
renal oncocytomas, renal urothelial carcinoma, and renal clear 
cell carcinoma. Anticancer Res. 2017;37(7):3423–3427.

[62] Ascenção K, Dilek N, Zuhra K, et al. Sequential accumulation of 
‘driver’ pathway mutations induces the upregulation of hydro-
gen-sulfide-producing enzymes in human colonic epithelial cell 
organoids. Antioxidants (Basel). 2022;11(9):1823.

[63] Kim J, Hong SJ, Park JH, et al. Expression of cystathionine beta- 
synthase is downregulated in hepatocellular carcinoma and 
associated with poor prognosis. Oncol Rep. 2009;21(6):1449–1454.

[64] Renga B. Hydrogen sulfide generation in mammals: the molecular 
biology of cystathionine-beta- synthase (CBS) and cystathionine- 
gamma-lyase (CSE). Inflamm Allergy Drug Targets. 2011;10 
(2):85–91. doi:10.2174/187152811794776286

[65] Lu Y, O’Dowd BF, Orrego H, et al. Cloning and nucleotide sequence 
of human liver cDNA encoding for cystathionine gamma-lyase. 
Biochem Biophys Res Commun. 1992;189(2):749–758. doi:10. 
1016/0006-291X(92)92265-Y

[66] Yang G, Wu L, Jiang B, et al. H2s as a physiologic vasorelaxant: 
hypertension in mice with deletion of cystathionine gamma-lyase. 
Science. 2008;322(5901):587–590. doi:10.1126/science.1162667

[67] Szabó C. Hydrogen sulphide and its therapeutic potential. Nat Rev 
Drug Discov. 2007;6(11):917–935. doi:10.1038/nrd2425

[68] Wang Y, Huang J, Chen W, et al. Dysregulation of cystathionine 
gamma-lyase promotes prostate cancer progression and metasta-
sis. EMBO Rep. 2019;20(10):e45986. doi:10.15252/embr.201845986

[69] Fan K, Li N, Qi J, et al. Wnt/beta-catenin signaling induces the tran-
scription of cystathionine-gamma-lyase, a stimulator of tumor in 
colon cancer. Cell Signal. 2014;26(12):2801–2808. doi:10.1016/j. 
cellsig.2014.08.023

[70] Pan Y, Ye S, Yuan D, et al. Hydrogen sulfide (H2S)/cystathionine 
gamma-lyase (CSE) pathway contributes to the proliferation of 
hepatoma cells. Mutat Res, 2014;763–764:10–18.

[71] Zhang Q, Gao Y, Zhang Y, et al. Cystathionine gamma-lyase med-
iates cell proliferation, migration, and invasion of nasopharyngeal 
carcinoma. Oncogene. 2022;41(49):5238–5252. doi:10.1038/ 
s41388-022-02512-6

[72] Panza E, De Cicco P, Armogida C, et al. Role of the cystathionine 
gamma lyase/hydrogen sulfide pathway in human melanoma pro-
gression. Pigment Cell Melanoma Res. 2015;28(1):61–72. doi:10. 
1111/pcmr.12312

[73] Wang L, et al. Cystathionine-gamma-lyase promotes the metasta-
sis of breast cancer via the VEGF signaling pathway. Int J Oncol. 
2019;55(2):473–487.

[74] Low Y-L, Huang S, Wang T, et al. The cystathionine gamma-lyase/ 
hydrogen sulfide system maintains cellular glutathione status. 
Biochem J, 2014;460(3):425–435.doi: 10.1042/BJ20131434

[75] Chen L, Li X, Liu L, et al. Erastin sensitizes glioblastoma cells to 
temozolomide by restraining xCT and cystathionine-gamma- 
lyase function. Oncol Rep. 2015;33(3):1465–1474. doi:10.3892/or. 
2015.3712

[76] Traverso N, Ricciarelli R, Nitti M, et al. Role of glutathione in cancer 
progression and chemoresistance. Oxid Med Cell Longev. 
2013;2013: 972913.

REDOX REPORT 9

https://doi.org/10.1016/j.ecoenv.2020.110464
https://doi.org/10.1016/j.bcp.2017.10.011
https://doi.org/10.1073/pnas.1306241110
https://doi.org/10.1073/pnas.1306241110
https://doi.org/10.1371/journal.pone.0021077
https://doi.org/10.1371/journal.pone.0021077
https://doi.org/10.3390/ijms140713093
https://doi.org/10.1016/j.phrs.2020.105119
https://doi.org/10.1007/978-981-16-0991-6_5
https://doi.org/10.1007/978-981-16-0991-6_5
https://doi.org/10.1186/s12935-024-03317-1
https://doi.org/10.3390/pathophysiology28030028
https://doi.org/10.1016/j.freeradbiomed.2015.05.024
https://doi.org/10.1111/bph.14824
https://doi.org/10.1089/ars.2017.7058
https://doi.org/10.1002/(SICI)1097-010X(19981015):AID-JEZ4%3E3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-010X(19981015):AID-JEZ4%3E3.0.CO;2-P
https://doi.org/10.1152/ajpregu.00421.2012
https://doi.org/10.1152/ajpregu.00421.2012
https://doi.org/10.3390/molecules27113389
https://doi.org/10.3390/molecules27113389
https://doi.org/10.1006/geno.1998.5437
https://doi.org/10.1006/geno.1998.5437
https://doi.org/10.1006/bbrc.1995.1886
https://doi.org/10.1016/S0021-9258(17)43702-1
https://doi.org/10.1016/S0021-9258(17)43702-1
https://doi.org/10.3390/biom11081073
https://doi.org/10.1016/j.redox.2022.102331
https://doi.org/10.1073/pnas.1306241110
https://doi.org/10.1073/pnas.1306241110
https://doi.org/10.1371/journal.pone.0079167
https://doi.org/10.1371/journal.pone.0079167
https://doi.org/10.2174/187152811794776286
https://doi.org/10.1016/0006-291X(92)92265-Y
https://doi.org/10.1016/0006-291X(92)92265-Y
https://doi.org/10.1126/science.1162667
https://doi.org/10.1038/nrd2425
https://doi.org/10.15252/embr.201845986
https://doi.org/10.1016/j.cellsig.2014.08.023
https://doi.org/10.1016/j.cellsig.2014.08.023
https://doi.org/10.1038/s41388-022-02512-6
https://doi.org/10.1038/s41388-022-02512-6
https://doi.org/10.1111/pcmr.12312
https://doi.org/10.1111/pcmr.12312
https://doi.org/10.1042/BJ20131434
https://doi.org/10.3892/or.2015.3712
https://doi.org/10.3892/or.2015.3712


[77] Youness RA, Habashy DA, Khater N, et al. Role of hydrogen sulfide 
in oncological and Non-oncological disorders and Its regulation by 
Non-coding RNAs: A comprehensive review. Noncoding RNA. 
2024;10(1):7. doi:10.3390/ncrna10010007

[78] Shibuya N, Tanaka M, Yoshida M, et al. 3-Mercaptopyruvate sulfur-
transferase produces hydrogen sulfide and bound sulfane sulfur in 
the brain. Antioxid Redox Signal. 2009;11(4):703–714. doi:10.1089/ 
ars.2008.2253

[79] Sawaya A, Menezes, RG. Hydrogen Sulfide Toxicity, in StatPearls. 
Treasure Island (FL).2023.

[80] Nagahara N, Ito T, Minami M. Mercaptopyruvate sulfurtransferase 
as a defense against cyanide toxication: molecular properties and 
mode of detoxification. Histol Histopathol. 1999;14(4):1277–1286.

[81] Coletta C, Módis K, Szczesny B, et al. Regulation of vascular tone, 
angiogenesis and cellular bioenergetics by the 3-mercaptopyru-
vate sulfurtransferase/H2S pathway: functional impairment by 
hyperglycemia and restoration by DL-alpha-lipoic acid. Mol Med. 
2015;21(1):1–14. doi:10.2119/molmed.2015.00035

[82] Módis K, Coletta C, Erdélyi K, et al. Intramitochondrial hydrogen 
sulfide production by 3-mercaptopyruvate sulfurtransferase main-
tains mitochondrial electron flow and supports cellular bioener-
getics. Faseb j. 2013;27(2):601–611. doi:10.1096/fj.12-216507

[83] Augsburger F, Szabo C. Potential role of the 3-mercaptopyruvate 
sulfurtransferase (3-MST)-hydrogen sulfide (H(2)S) pathway in 
cancer cells. Pharmacol Res. 2020;154:104083. doi:10.1016/j.phrs. 
2018.11.034

[84] Wróbel M, Czubak J, Bronowicka-Adamska P, et al. Is development 
of high-grade gliomas sulfur-dependent? Molecules. 2014;19 
(12):21350–21362. doi:10.3390/molecules191221350

[85] Szczesny B, Marcatti M, Zatarain JR, et al. Inhibition of hydrogen 
sulfide biosynthesis sensitizes lung adenocarcinoma to che-
motherapeutic drugs by inhibiting mitochondrial DNA repair 
and suppressing cellular bioenergetics. Sci Rep. 2016;6:36125. 
doi:10.1038/srep36125

[86] Sogutdelen E, Pacoli K, Juriasingani S, et al. Patterns of expression 
of H(2)S-producing enzyme in human renal cell carcinoma speci-
mens: potential avenue for future therapeutics. In Vivo. 2020;34 
(5):2775–2781. doi:10.21873/invivo.12102

[87] Meram AT, Chen J, Patel S, et al. Hydrogen sulfide Is increased in 
oral squamous cell carcinoma compared to adjacent benign oral 
mucosae. Anticancer Res. 2018;38(7):3843–3852. doi:10.21873/ 
anticanres.12668

[88] Dawoud A, Youness RA, Nafea H, et al. 26P 3MST: A potential work-
horse in H2S signaling trimmed by microRNA-548 in breast cancer. 
ESMO Open, 2023;8(1):100992. doi:10.1016/j.esmoop.2023.100992

[89] Saurty-Seerunghen MS, Daubon T, Bellenger L, et al. Glioblastoma 
cell motility depends on enhanced oxidative stress coupled with 
mobilization of a sulfurtransferase. Cell Death Dis. 2022;13 
(10):913. doi:10.1038/s41419-022-05358-8

[90] Rao SP, Dobariya P, Bellamkonda H ,et al. Role of 3-mercaptopyr-
uvate sulfurtransferase (3-MST) in physiology and disease. 
Antioxidants (Basel). 2023;12(3):603.

[91] Santos SS, Rodrigues LOCP, Martins V, et al. Role of cystathionine 
beta-synthase and 3-mercaptopyruvate sulfurtransferase in the 
regulation of proliferation, migration, and bioenergetics of 
murine breast cancer cells. Antioxidants (Basel). 2023;12(3):647

[92] Ascencao K, Lheimeur B, Szabo C. Regulation of CyR61 expression 
and release by 3-mercaptopyruvate sulfurtransferase in colon 
cancer cells. Redox Biol. 2022;56:102466. doi:10.1016/j.redox. 
2022.102466

[93] Hallmann K, Zsurka G, Moskau-Hartmann S, et al. A homozygous 
splice-site mutation in CARS2 is associated with progressive myo-
clonic epilepsy. Neurology. 2014;83(23):2183–2187. doi:10.1212/ 
WNL.0000000000001055

[94] Akaike T, Ida T, Wei F-Y, et al. Cysteinyl-tRNA synthetase governs 
cysteine polysulfidation and mitochondrial bioenergetics. Nat 
Commun. 2017;8(1):1177. doi:10.1038/s41467-017-01311-y

[95] Hayano M, Yang WS, Corn CK, et al. Loss of cysteinyl-tRNA synthe-
tase (CARS) induces the transsulfuration pathway and inhibits fer-
roptosis induced by cystine deprivation. Cell Death Differ. 2016;23 
(2):270–278. doi:10.1038/cdd.2015.93

[96] Matsunaga T, Sano H, Takita K, et al. Supersulphides provide 
airway protection in viral and chronic lung diseases. Nat 
Commun. 2023;14(1):4476. doi:10.1038/s41467-023-40182-4

[97] Jin Y, Huang X, Wang Z, et al. Aminoacyl-tRNA synthetase-based 
prognosis model and exploration of potential mechanisms in 
hepatocellular carcinoma. J Clin Transl Hepatol. 2023;11(4):877– 
888.

[98] Chen Z, Mei K, Xiao Y, et al. Prognostic assessment of oxidative 
stress-related genes in colorectal cancer and New insights into 
tumor immunity. Oxid Med Cell Longev. 2022;2022: 2518340.

[99] Erdélyi K, Ditrói T, Johansson HJ, et al. Reprogrammed transsul-
furation promotes basal-like breast tumor progression via realign-
ing cellular cysteine persulfidation. Proc Natl Acad Sci USA, 
2021;118(45). doi:10.1073/pnas.2100050118

[100] Giuffrè A, Tomé CS, Fernandes DGF, et al. Hydrogen sulfide metab-
olism and signaling in the tumor microenvironment. Adv Exp Med 
Biol. 2020;1219:335–353. doi:10.1007/978-3-030-34025-4_17

[101] Zainol Abidin QH, Ida T, Morita M, et al. Synthesis of sulfides and 
persulfides Is Not impeded by disruption of three canonical 
enzymes in sulfur metabolism. Antioxidants (Basel). 2023;12 
(4):868.

[102] Marutani E, Ichinose F. Emerging pharmacological tools to control 
hydrogen sulfide signaling in critical illness. Intensive Care Med 
Exp. 2020;8(1):5. doi:10.1186/s40635-020-0296-4

[103] Giuffrè A, Tomé CS, Fernandes DGF, et al. Sulfide oxidation by a 
noncanonical pathway in red blood cells generates thiosulfate 
and polysulfides. J Biol Chem. 2015;290(13):8310–8320. doi:10. 
1074/jbc.M115.639831

[104] Bostelaar T, Vitvitsky V, Kumutima J, et al. Hydrogen sulfide oxi-
dation by myoglobin. J Am Chem Soc. 2016;138(27):8476–8488. 
doi:10.1021/jacs.6b03456

[105] Watanabe K, Suzuki T, Kitagishi H, et al. Reaction between a hae-
moglobin model compound and hydrosulphide in aqueous sol-
ution. Chem Commun (Camb). 2015;51(19):4059–4061. doi:10. 
1039/C5CC00057B

[106] Kimura H. Hydrogen sulfide and polysulfides as biological 
mediators. Molecules. 2014;19(10):16146–16157. doi:10.3390/ 
molecules191016146

[107] Roubenne L, Marthan R, Le Grand B, et al. Hydrogen sulfide metab-
olism and pulmonary hypertension. Cells, 2021:10(6):1477. doi:10. 
3390/cells10061477

[108] Zhang MY, Dugbartey GJ, Juriasingani S, et al. Hydrogen sulfide 
metabolite, sodium thiosulfate: clinical applications and under-
lying molecular mechanisms. Int J Mol Sci. 2021;22(12):6452.

[109] Butler MG, Hossain WA, Cowen N, et al. Chromosomal microarray 
study in Prader-Willi Syndrome. Int J Mol Sci, 2023;24(2):1220. 
doi:10.3390/ijms24021220

[110] Bonifácio VDB, Pereira SA, Serpa J, et al. Cysteine metabolic circui-
tries: druggable targets in cancer. Br J Cancer. 2021;124(5):862– 
879. doi:10.1038/s41416-020-01156-1

[111] Brito JA, Sousa FL, Stelter M, et al. Structural and functional 
insights into sulfide:quinone oxidoreductase. Biochemistry. 
2009;48(24):5613–5622. doi:10.1021/bi9003827

[112] Libiad M, Vitvitsky V, Bostelaar T, et al. Hydrogen sulfide perturbs 
mitochondrial bioenergetics and triggers metabolic reprogram-
ming in colon cells. J Biol Chem. 2019;294(32):12077–12090. 
doi:10.1074/jbc.RA119.009442

[113] Rühl P, Haas P, Seipel D, et al. Persulfide dioxygenase from acid-
ithiobacillus caldus: variable roles of cysteine residues and hydro-
gen bond networks of the active site. Front Microbiol. 2018;9:1610. 
doi:10.3389/fmicb.2018.01610

[114] Jung M, Kasamatsu S, Matsunaga T, et al. Protein polysulfidation- 
dependent persulfide dioxygenase activity of ethylmalonic ence-
phalopathy protein 1. Biochem Biophys Res Commun. 2016;480 
(2):180–186.

[115] Pettinati I, Brem J, McDonough MA, et al. Crystal structure of 
human persulfide dioxygenase: structural basis of ethylmalonic 
encephalopathy. Hum Mol Genet. 2015;24(9):2458–2469. doi:10. 
1093/hmg/ddv007

[116] Kabil O, Motl N, Strack M, et al. Mechanism-based inhibition of 
human persulfide dioxygenase by gamma-glutamyl-homocystei-
nyl-glycine. J Biol Chem. 2018;293(32):12429–12439. doi:10.1074/ 
jbc.RA118.004096

[117] Kabil O, Banerjee R. Characterization of patient mutations in 
human persulfide dioxygenase (ETHE1) involved in H2S catabo-
lism. J Biol Chem. 2012;287(53):44561–7. doi:10.1074/jbc.M112. 
407411

10 A. DAWOUD ET AL.

https://doi.org/10.3390/ncrna10010007
https://doi.org/10.1089/ars.2008.2253
https://doi.org/10.1089/ars.2008.2253
https://doi.org/10.2119/molmed.2015.00035
https://doi.org/10.1096/fj.12-216507
https://doi.org/10.1016/j.phrs.2018.11.034
https://doi.org/10.1016/j.phrs.2018.11.034
https://doi.org/10.3390/molecules191221350
https://doi.org/10.1038/srep36125
https://doi.org/10.21873/invivo.12102
https://doi.org/10.21873/anticanres.12668
https://doi.org/10.21873/anticanres.12668
https://doi.org/10.1016/j.esmoop.2023.100992
https://doi.org/10.1038/s41419-022-05358-8
https://doi.org/10.1016/j.redox.2022.102466
https://doi.org/10.1016/j.redox.2022.102466
https://doi.org/10.1212/WNL.0000000000001055
https://doi.org/10.1212/WNL.0000000000001055
https://doi.org/10.1038/s41467-017-01311-y
https://doi.org/10.1038/cdd.2015.93
https://doi.org/10.1038/s41467-023-40182-4
https://doi.org/10.1073/pnas.2100050118
https://doi.org/10.1007/978-3-030-34025-4_17
https://doi.org/10.1186/s40635-020-0296-4
https://doi.org/10.1074/jbc.M115.639831
https://doi.org/10.1074/jbc.M115.639831
https://doi.org/10.1021/jacs.6b03456
https://doi.org/10.1039/C5CC00057B
https://doi.org/10.1039/C5CC00057B
https://doi.org/10.3390/molecules191016146
https://doi.org/10.3390/molecules191016146
https://doi.org/10.3390/cells10061477
https://doi.org/10.3390/cells10061477
https://doi.org/10.3390/ijms24021220
https://doi.org/10.1038/s41416-020-01156-1
https://doi.org/10.1021/bi9003827
https://doi.org/10.1074/jbc.RA119.009442
https://doi.org/10.3389/fmicb.2018.01610
https://doi.org/10.1093/hmg/ddv007
https://doi.org/10.1093/hmg/ddv007
https://doi.org/10.1074/jbc.RA118.004096
https://doi.org/10.1074/jbc.RA118.004096
https://doi.org/10.1074/jbc.M112.407411
https://doi.org/10.1074/jbc.M112.407411


[118] Ozluk E, Coppola D, Mohammad IZ, et al. Ethylmalonic encephalo-
pathy 1 protein Is increased in colorectal adenocarcinoma. 
Anticancer Res. 2021;41(10):4719–4723. doi:10.21873/anticanres. 
15286

[119] Di Meo I, Fagiolari G, Prelle A, et al. Chronic exposure to sulfide 
causes accelerated degradation of cytochrome c oxidase in ethyl-
malonic encephalopathy. Antioxid Redox Signal. 2011;15(2):353– 
362. doi:10.1089/ars.2010.3520

[120] Ersoy M, Tiranti V, Zeviani M. Ethylmalonic encephalopathy: clini-
cal course and therapy response in an uncommon mild case 
with a severe ETHE1 mutation. Mol Genet Metab Rep. 
2020;25:100641. doi:10.1016/j.ymgmr.2020.100641

[121] Witherspoon M, Sandu D, Lu C, et al. ETHE1 overexpression pro-
motes SIRT1 and PGC1alpha mediated aerobic glycolysis, oxi-
dative phosphorylation, mitochondrial biogenesis and colorectal 
cancer. Oncotarget. 2019;10(40):4004–4017. doi:10.18632/ 
oncotarget.26958

[122] Cagianut B, Schnebli HP, Rhyner K, et al. Decreased thiosulfate 
sulfur transferase (rhodanese) in leber’s hereditary optic atrophy. 
Klin Wochenschr. 1984;62(18):850–854. doi:10.1007/BF01712000

[123] Claerhout H, Witters P, Régal L, et al. Isolated sulfite oxidase 
deficiency. J Inherit Metab Dis. 2018;41(1):101–108. doi:10.1007/ 
s10545-017-0089-4

[124] Shih VE, Abroms IF, Johnson JL, et al. Sulfite oxidase deficiency. 
biochemical and clinical investigations of a hereditary metabolic 
disorder in sulfur metabolism. N Engl J Med. 1977;297(19):1022– 
1028. doi:10.1056/NEJM197711102971902

[125] Relinque B, Bardallo L, Granero M, et al. Isolated sulfite oxidase 
deficiency. J Neonatal Perinatal Med. 2015. doi:10.3233/NPM- 
15814029. Epub ahead of print.

[126] Yano Y, Akiba J, Naito Y, et al. Sulfite oxidase Is a novel prognostic 
biomarker of advanced gastric cancer. In Vivo. 2021;35(1):229–237. 
doi:10.21873/invivo.12251

[127] Kurose H, Naito Y, Akiba J, et al. High sulfite oxidase expression 
could predict postoperative biochemical recurrence in patients 
with prostate cancer. Med Mol Morphol. 2019;52(3):164–172. 
doi:10.1007/s00795-018-00214-1

[128] Nicholls P, Kim JK. Sulphide as an inhibitor and electron donor for 
the cytochrome c oxidase system. Can J Biochem. 1982;60(6):613– 
623. doi:10.1139/o82-076

[129] Watson SA, McStay GP. Functions of cytochrome c oxidase assem-
bly factors. Int J Mol Sci. 2020;21(19):7254. doi:10.3390/ 
ijms21197254

[130] Carter RN, Morton NM. Cysteine and hydrogen sulphide in the 
regulation of metabolism: insights from genetics and pharma-
cology. J Pathol. 2016;238(2):321–332. doi:10.1002/path.4659

[131] Paul BD, Snyder SH, Kashfi K. Effects of hydrogen sulfide on mito-
chondrial function and cellular bioenergetics. Redox Biol. 
2021;38:101772. doi:10.1016/j.redox.2020.101772

[132] Yong R, Searcy DG. Sulfide oxidation coupled to ATP synthesis in 
chicken liver mitochondria. Comp Biochem Physiol B Biochem 
Mol Biol. 2001;129(1):129–137. doi:10.1016/S1096-4959 
(01)00309-8

[133] Bohm M, Pronicka E, Karczmarewicz E, et al. Retrospective, multi-
centric study of 180 children with cytochrome C oxidase 
deficiency. Pediatr Res. 2006;59(1):21–26. doi:10.1203/01.pdr. 
0000190572.68191.13

[134] Zhang K, Chen Y, Huang X, et al. Expression and clinical signifi-
cance of cytochrome c oxidase subunit IV in colorectal cancer 
patients. Arch Med Sci. 2016;12(1):68–77. doi:10.5114/aoms.2016. 
57581

[135] Mantle D, Yang G. Hydrogen sulfide and metal interaction: the 
pathophysiological implications. Mol Cell Biochem. 2022;477 
(9):2235–2248. doi:10.1007/s11010-022-04443-y

[136] Pietri R, Roman-Morales E, Lopez-Garriga J. Hydrogen sulfide and 
hemeproteins: knowledge and mysteries. Antioxid Redox Signal. 
2011;15(2):393–404. doi:10.1089/ars.2010.3698

[137] Maldonato BJ, Russell DA, Totah RA. Human METTL7B is an alkyl 
thiol methyltransferase that metabolizes hydrogen sulfide and 
captopril. Sci Rep. 2021;11(1):4857. doi:10.1038/s41598-021- 
84218-5

[138] Lajin B, Francesconi KA. The hydrogen sulfide metabolite tri-
methylsulfonium is found in human urine. Sci Rep. 2016;6:27038. 
doi:10.1038/srep27038

[139] Russell DA, Chau MK, Shi Y, et al. METTL7A (TMT1A) and METTL7B 
(TMT1B) Are responsible for alkyl S-thiol methyl transferase activity 
in liver. Drug Metab Dispos. 2023;51(8):1024–1034. doi:10.1124/ 
dmd.123.001268

[140] Antonaros F, Obermayer-Pietsch B, Ramacieri G, et al. First clinical 
evidence that trimethylsulfonium can serve as a biomarker for the 
production of the signaling molecule hydrogen sulfide. Clin Chim 
Acta. 2024;554:117780. doi:10.1016/j.cca.2024.117780

[141] Antonaros F, Obermayer-Pietsch B, Ramacieri G, et al. 
Overproduction of hydrogen sulfide, generated by 
cystathionine β-synthase, disrupts brain wave patterns and con-
tributes to neurobehavioral dysfunction in a rat model of down 
syndrome. Redox Biol. 2022;51:102233. doi:10.1016/j.redox.2022. 
102233

[142] Pecze L, Randi EB, Nieminen AI, et al. Role of the cystathionine β- 
synthase / H(2)S pathway in the development of cellular metabolic 
dysfunction and pseudohypoxia in down syndrome. Redox Biol, 
2022;55:102416. doi:10.1016/j.redox.2022.102416

[143] Panagaki T, Janickova L, Petrovic D, et al. Neurobehavioral 
dysfunction in a mouse model of down syndrome: 
upregulation of cystathionine β-synthase, H(2)S 
overproduction, altered protein persulfidation, synaptic dysfunc-
tion, endoplasmic reticulum stress, and autophagy. Geroscience. 
2024.

REDOX REPORT 11

https://doi.org/10.21873/anticanres.15286
https://doi.org/10.21873/anticanres.15286
https://doi.org/10.1089/ars.2010.3520
https://doi.org/10.1016/j.ymgmr.2020.100641
https://doi.org/10.18632/oncotarget.26958
https://doi.org/10.18632/oncotarget.26958
https://doi.org/10.1007/BF01712000
https://doi.org/10.1007/s10545-017-0089-4
https://doi.org/10.1007/s10545-017-0089-4
https://doi.org/10.1056/NEJM197711102971902
https://doi.org/10.3233/NPM-15814029
https://doi.org/10.3233/NPM-15814029
https://doi.org/10.21873/invivo.12251
https://doi.org/10.1007/s00795-018-00214-1
https://doi.org/10.1139/o82-076
https://doi.org/10.3390/ijms21197254
https://doi.org/10.3390/ijms21197254
https://doi.org/10.1002/path.4659
https://doi.org/10.1016/j.redox.2020.101772
https://doi.org/10.1016/S1096-4959(01)00309-8
https://doi.org/10.1016/S1096-4959(01)00309-8
https://doi.org/10.1203/01.pdr.0000190572.68191.13
https://doi.org/10.1203/01.pdr.0000190572.68191.13
https://doi.org/10.5114/aoms.2016.57581
https://doi.org/10.5114/aoms.2016.57581
https://doi.org/10.1007/s11010-022-04443-y
https://doi.org/10.1089/ars.2010.3698
https://doi.org/10.1038/s41598-021-84218-5
https://doi.org/10.1038/s41598-021-84218-5
https://doi.org/10.1038/srep27038
https://doi.org/10.1124/dmd.123.001268
https://doi.org/10.1124/dmd.123.001268
https://doi.org/10.1016/j.cca.2024.117780
https://doi.org/10.1016/j.redox.2022.102233
https://doi.org/10.1016/j.redox.2022.102233
https://doi.org/10.1016/j.redox.2022.102416

	Abstract
	1. Introduction
	2. H2S-synthesizing enzymes in cancer
	2.1. Cystathionine β-synthetase (CBS)
	2.2. Cystathionine-γ-lyase (CSE)
	2.3. 3-Mercaptopyruvate sulfurtransferase (3-MST)
	2.4. Cysteinyl-tRNA synthetase 2 (CARS2)

	3. H2S-catabolizing processes in cancer
	3.1. Nonenzymatic H2S catabolism
	3.2. Sulfide oxidation unit (SOU)
	3.3. Sulfide: quinone oxidoreductase (SQOR)
	3.4. Human ethylmalonic encephalopathy protein 1 (hETHE1)
	3.5. Rhodanese
	3.6. Sulfite oxidase (SUOX/SO)
	3.7. Cytochrome c oxidase (CcO)
	3.8. Thiol S-methyltransferase (TMT)
	3.9. Thioether S-methyltransferase (TEMT)

	4. Implications and expert opinion
	5. Conclusion and future directions
	Disclosure statement
	Authors’ contributions
	Availability of data and materials
	References

