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Gaseous hydrogen sulfide (H,S) can function as a signal-
ing molecule similar to nitric oxide or carbon monoxide
under physiological conditions, ultimately exerting anti-
inflammatory, anti-apoptotic, and antioxidant activities.
Many studies have investigated the role of H,S in a va-
riety of biological contexts, and both endogenous H,S
and H,S donors have been leveraged as tools for fun-
damental biomedical research, and it has been suggest-
ed that they may provide value for the design of novel
therapeutic strategies in the years to come. Ferroptotic
cell death is a distinct programmed cell death resulting
from excessive lipid peroxidation in an iron-dependent
manner, and is characterized by high levels of iron ac-
cumulation, reactive oxygen species (ROS) production,
and peroxidation of cellular lipids. Several recent studies
have revealed a close relationship between ferroproteins
and their precursors, H,S, and the enzymes that produce
them. This review summarizes the current information
pertaining to the relationship between ferroptosis and
H,S, with a particular focus on the underlying mecha-
nisms and biological applications of this knowledge.
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INTRODUCTION

Hydrogen sulfide (H,S) is a gas that can serve as a sign-
aling intermediary and that, in mammals, it is produced by
several enzymes including cystathionine B-synthase (CBS),
cystathionine y-lyase (CSE), and 3-mercaptopyruvate sul-
fur-transferase (3-MST) (Wang, 2012). Many recent stud-

ies have sought to elucidate the biological roles of H,S
and have demonstrated that its endogenous production
is related to processes ranging from vasodilation, micro-
bial antibiotic resistance, oxidative stress, and mitochon-
drial function to inflammatory activity, neuroprotection,
and endoplasmic reticulum stress (Kozich ez 4k, 2019).
H,S functions as a reductant at physiological concentra-
tions, providing protection against inflammation, oxidative
stress, and apoptotic cell death (Kimura ez 4/, 2010). In
plasma, endogenously derived H,S levels are negatively
correlated with oxidative stress and aging (Hine e/ al,
2015). In addition, owing to the essential roles of H,S in
various physiological and pathological processes, its practi-
cal applications have been explored. For example, a novel
fluorescent probe, Rho-HS, was developed to detect H,S
and can be used for biological imaging (Guo e al., 2022).
Furthermore, a surface-filled H,S-releasing silk fibroin
(SF) hydrogel was developed to achleve small-dose local
administration and avoid volatile and toxic side effects
(Chen e al, 2022). These investigations shed light on the
potential clinical application of H,S. The production and
functionality of H,S have been identified as promising tar-
gets for the treatment of a range of conditions owing to
its significant role in regulating cell death and interactions
with the cell death pathway.

Multiple cell death pathways contribute to the occur-
rence and progression of vatious diseases, and H,S plays
a vital role in regulating or suppressing cell death, includ-
ing necroptosis, pyroptosis, and apoptosis (Rodkin ez @/,
2023) (Table 1). For instance, H,S upregulates the ex-
pression of Bel-2 and P62 (Chen et al., 2022; Guo e/ al.,
2014) or downregulates NF-xB to reduce apoptosis in
organ ischemia/repetfusion (Kuo e al., 2013; Weirather
et al., 2014). Moreover, H,S can reduce the expression of
caspase-1 to exert an anti-pyroptosis effect on bone-de-
rived macrophages and aortic endothelium (Castelblanco
et al., 2018; Xi et al., 2016).

Ferroptosis is a subtype of regulated cell death (RCD)
with features distinct from those of necrosis, autophagy, or
apoptosis (Hadian & Stockwell, 2020; Jiang ez al., 2021). 1t
often results from iron-dependent accumulation of toxic
concentrations of lipid peroxides within cells (Rodkin ez aZ,
2023; Stockwell ez al, 2017), characterized by the produc-
tion of high levels of lipid peroxides, accumulation of iron,
and downregulation of glutathione peroxidase 4 (GPX4)
(Fuhrmann & Briine, 2022; Mahoney-Sanchez e al, 2021).
These characteristics offer markers that can be used to spe-
cifically detect RCD (Hadian & Stockwell, 2020). Fetrop-
totic cells exhibit a rounded, small morphology with inter-
cellular separation, an intact crenulated plasma membrane,
and the absence of nuclear condensation. Mitochondria in
these cells often have ruptured outer membranes, increased
membrane density, and shrunken or absent cristac (Liang
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Table 1. Mechanisms of H,S on different cell death in disease models.

Cell death

Character

Disease model

Mechanism

Reference

Necroptosis

Following the activation of the tu-
mor necrosis receptor (TNFR1) by
TNFa

Diabetic cardiomyopathy

Alleviated myocardial
oxidative stress, ne-
croptosis and NLRP3

(Gong et al., 2022)

Diabetic vascular compli-
cations.

p38 MAPK signaling
pathway

(Lin et al., 2021)

Atherosclerosis

Attenuated the incre-
ased RIP3 expression

(Lin et al., 2018)

Pyroptosis A type of cell death culminating Ischemia-reperfusion (I/R)-  Inhibited the NLRP3/  (Ni et al., 2021)
in the loss of plasma membrane -induced acute kidney Caspase-1 axis
integrity and induced by activation injury (AKI)
of so-called inflammasome sensors. : X
These include the Nod-like receptor ~ Chronic obstructive pul- Targeted the TLR4/ (L. Wang et al.,
(NLR) family, the DNA receptor Ab- monary disease (COPD) NF-kB pathway 2022)
;err\itnlr:e!é/!eeletlg:)ma 2 (AIM2) and the Nephrotoxicity caused by ~ Upregulation of PI3K/  (Hu et al., 2023)

Y P U exposure. AKT/mTOR pathway
Apoptosis The release of cytochrome ¢ from Asthma Reduced the airway (Mendes et al.,

mitochondria, regulated by a balance
between proapoptotic and antiapop-
totic proteins of the BCL-2 family,
initiator caspases (caspase-8, -9 and
-10) and effector caspases (caspase-3,
-6 and -7).

inflammatory infiltrate

2019)

Lipopolysaccharide (LPS)-
-induced memory impair-
ment (M)

Decreased c-Jun and
caspase-3 levels

(Kshirsagar et al.,
2021)

Myocardial reconstruction

Blocked ER stress-au-
tophagy axis

(Li et al., 2020)

Experimental glaucoma
model

Suppressed Bax,
caspase-3 and p53
activations

(Erisgin et al.,
2019)

Methotrexate (MTX) hepa-
totoxicity

Modulated IL-6/STAT3
pathway

(Fouad et al., 2020)

et al., 2019). Many diseases have been linked to ferroptosis,
including osteoporosis and cancer, and this form of RCD
also atises in the context of reproductive system functional-
ity and organ damage (Proneth & Conrad, 2019; Stockwell
et al., 2020). Ferroptosis is also associated With the efficacy
of a range of therapeutic modalities, such as chemotherapy,
radiotherapy, and immune checkpoint blockade treatments
(Lei ez al, 2020). Several studies have reported the anti-fer-
roptosis effects of H,S in diseases such as cardiovascular
disease (Wang ez al, 2023; Wu et al., 2023), air inflamma-
tion (Zhang et al, 2020), intracerebral hemorrhage (Zhang
et al., 2020) and acute lung injury (ALIL) (Li ez al, 2022). For
instance, H,S reduces ferroptosis by regulatmg the Nrf2-
PPAR- femunophagy signaling pathway in PM-induced em-
physema (Wang ez al, 2022). It also protects DOX-induced
cardiotoxicity from fetroptosis by targeting the OPA3-
NFS1 axis (Wang e/ al, 2023). Overall, its functional path-
ways are diverse and complex.

This review provides a summary of the role of H,S
metabolism in mammals and the signaling pathways as-
sociated with H,S-mediated ferroptosis.

ENDOGENOUS MAMMALIAN H,S PRODUCTION

In mammals, H,S is generated via enzymatic and
nonenzymatic mechanisms (Fig. 1). Both CSE and CBS
are cytosolic pyridoxal 5-phosphate (PLP)-dependent,
whereas 3-MST is a mitochondrial enzyme that functions
independently of PLP (Cao e al., 2019).

CBS is formed by tetramerization subunit proteins of
63 kDa in size and generates H,S viz the catalytic pro-
cessing of L-homocysteine and L-cysteine, yielding H,S
and L-cystathionine through a mechanism compara-
ble to its role as a component in the trans-sulfuration
pathway. When L-cysteine is present, CBS mediates a
B-replacement reaction to generate H,S, while produc-

ing L-serine. An up to 23-fold higher rate of H,S gen-
eration was observed when l-homocysteine was available
compared to when only L-cysteine was available. CBS is
thought to be the main producer of H,S in the central
nervous system (CNS) and is expressed throughout the
brain, with the highest levels of expression in the cer-
ebral cortex, cerebellum, and hippocampus (Zuhra ef al,
2020). CBS expression is also detectable in lymphocytes
and organs, such as the liver, kidneys, pancreatic islets,
uterus, and placenta (Kaneko ef afl, 2006; Patel e al,
2009).

Similar to CBS, CSE catalyzes the processing of ho-
mocysteine (Hey) to produce H,S, a-ketobutyrate, and
ammonia, in addition to catalyzing the processing of
L-cysteine to yield H,S, along with ammonia and pyru-
vate. When L-cysteine and Hcy are present at physi-
ological levels, CSE catalyzes the a- and B-climination of
L-cysteine to generate approximately 70% H.,S, whereas
the o,y-elimination of Hcy catalyzed by this enzyme gen-
erates only 29% of the total H,S. However, when Hcy
levels are elevated to concentrations similar to those ob-
served in the context of hyperhomocysteinemia (HHcy),
such o,y-elimination generates approximately 90% CSE-
derived H,S, indicating that relative Hey and L-cysteine
concentrations within mammalian cells are pivotal deter-
minants of the primary substrate utilized by this enzyme
(Chiku ez al., 2009).

Mitochondrially localized 3-MST is an H,S-generating
enzyme that was most recently discovered. Following the
initial cysteine aminotransferase (CAT)-mediated conver-
sion of L-cysteine to 3-mercaptopyruvate (3MP), 3-MST
transfers sulfur atoms from 3MP to 3-MST, resulting in
persulfide generation. When a reductant such as thiore-
doxin is present, H,S is released from the persulfide (Na-
gahara e al., 1998). Regulation of CAT activity ultimately
shapes the ability of 3-MST to generate H,S. CAT inhib-



Vol. 70

Hydrogen sulfide and ferroptosis 737

Enzymatic mechanisms

L-cysteine

NH,

Homocysteine

|

| CAT

|

|

: 3-Mercaptopyruvate
|

: 3-MST

|

|

| L-cysteine ————ry

| CBS L-serine
: H,0

: NH,

| Pyruvte
|

|

: L-cysteine

|

|

|

|

|

|

Figure 1. Endogenous generation mechanism of H,S in cells.
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The enzymatic and nonenzymatic generation pathway was presented in the above figure, in which the enzyme CBS, CSE and 3-MST
play pivotal role in producing H,S in enzymatic generation pathway, with L-cysteine being the main substrate. CAT, Cysteine aminotrans-
ferase; CBS, Cyststhionine -synthase; CSE, Cyststhionine y-lyase; GSH, glutathione; GSSG, glutathione disulfide; 3-MST, 3-mercaptopyru-

vate sulfurtransferase.

itors, such as aspartate, largely suppress the biosynthesis
of H,S and can therefore be leveraged as tools for phar-
macological studies to explore the functional importance
of H,S generated by this enzyme (Shibuya e a/., 2009).

Some endogenous H,S is also generated via the non-
enzymatic chemical reduction of sulfane sulfur through
the action of the ubiquitous cellular electron donor nico-
tinamide adenine dinucleotide (NADH), its reduced state
nicotinamide adenine dinucleotide phosphate (NADPH),
or other reductive equivalents (Searcy & Lee, 1998). Un-
der these conditions, the reduction of reactive sulfur
species present in polysulfides, persulfides, and thiosul-
fate can give rise to a range of metabolites, including
H,S (Olson ef al., 2013).

ENDOGENOUS H,S AND FERROPTOSIS

In mammalian cells, the transsulfuration pathway pro-
duces H,S as a byproduct of Hcy and cysteine process-
ing by CSE, CBS, and 3-MST. The functional Xc-system
subunit xCT (SLC7A11) is responsible for the import
of cystine into cells, where it is converted into cysteine,
which functions as the rate-limiting substrate necessary
for the biosynthesis of glutathione (GSH) (Liu e al,
2020; Stockwell ef al, 2017). GSH functions as a sub-
strate for GPX4, which mitigates ferroptosis by reducing
membrane phospholipid hydroperoxides to produce lipid
alcohols. When xCT expression or activity is suppressed,
immunotherapy- or radiotherapy-induced ferroptosis
is enhanced (Lang e/ al, 2019). The commonly utilized
xCT inhibitor erastin (Era) can also activate ferropto-
sis, although long-term treatment with Era may contrib-
ute to enhanced cellular resistance to ferroptotic death.
Moreover, Era treatment for extended periods has been
shown to improve CBS and CSE expression, indepen-
dently regulating ferroptosis (Liu e/ al, 2020). Disrupt-
ing xCT activity increases both CSE and CBS expression
yet significantly reduces endogenous H,S production.
The supplemental addition of the H,S donor GYY4137
[GYY, morpholin-4-ium-4-methoxyphenyl (morpholino)

phosphinodithioate] reversed the loss of resistance to
5-fluorouracil (5-FU), which emerges upon the inhibition
of xCT, highlighting the functional importance of H,S
as a mediator of xCT-associated chemoresistance activity
(Chen et al, 2021). Interestingly, supplementation with
H,S increased the protein levels of xCT without influ-
encing its mRNA expression, suggesting that H,S has a
post-transcriptional regulatory effect on xCT. The H,S
axis maintains xCT stability through persulfidation of
OTUBI1 at cysteine 91 (Chen ez al, 2021). Correspond-
ingly, xCT and the trans-sulfuration pathway have been
identified as key ferroptotic regulators in cancer cells,
functioning primarily by producing cysteine as a precur-
sor for the production of the critical antioxidant glu-
tathione (GSH). When cells are treated with both Era
and AOAA, which inhibit CBS, the levels of GSH pre-
sent within cells are markedly reduced, thus contributing
to higher rates of ferroptosis associated with increased
PTGS2 expression at the mRNA level and higher lev-
els of MDA, which is a lipid peroxidation end-product
(Marrocco et al., 2017).

Hcy is an amino acid that contains sulfur and is im-
portant for methionine metabolism, gene methylation,
phospholipid biosynthesis, neurotransmission, and nucle-
ic acid biosynthesis (Shen ez a/, 2020). Given its essential
role as a mediator of Hcy transsulfuration, inhibition of
CBS increases the concentration of Hey in hepatocellular
carcinoma cells, triggering ferroptosis (Wang ez al., 2018).
Patients with excessively high levels of methionine, vita-
min B12, or folic acid deficiencies can have high serum
Hcy concentrations in the form of HHcy. This condi-
tion, in turn, contributes to the development of abnor-
mal bone metabolism and mitochondrial dysfunction
through oxidative stress and modification of collagen
cross-linking (Levasseur, 2009). Hcy may contribute to
more severe oxidative stress in nucleus pulposus cells
and aggravate the induction of ferroptosis, resulting in
increased lipid peroxidation, ROS production, and re-
duced GPX4 expression. Fer-1 is a ferroptosis inhibitor
that protects nucleus pulposus cells from degeneration
(Zhang et al., 2020). It also reduced Hcy-induced injury
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in ovarian granulosa cells in a dose-dependent manner
(Shi ez al., 2022). Vascular smooth muscle cells (VSMCs)
may become dysfunctional due to high hydrostatic pres-
sure (HHP) levels. HHP exposure induces ferroptosis in
VSMC, accompanied by high levels of ROS production,
lipid peroxidation, iron accumulation, downregulation of
CSE/H2S, and suppression of GSH producton (Jin e
al., 2022).

The transcription factor nuclear factor erythroid 2-re-
lated factor 2 (Nrf2) is a vital mediator of ferroptosis
induction, and H,S has repeatedly been shown to ac-
tivate antioxidant activity mediated by Nrf2 in respira-
tory diseases, including rhinitis, sinusitis, conjunctivitis,
acute lung injury (ALI), chronic obstructive pulmonary
disease (COPD), and asthma (Han e 4/, 2011; Khattak
et al., 2021). Wang et al. demonstrated that H,S was ca-
pable of inhibiting ferroptosis and ferritinophagy, while
this activity was impaired in mice or cells lacking Nrf2
expression, and on the other hand, the anti-ferroptosis
capability of H,S was enhanced when Nrf2 was over-
expressed because the ability of H,S to protect against
injury is regulated by Nrf2 activation and PPAR-y sign-
aling (Y. Wang e al., 2022). These results showed that
the upstream of the whole protective pathway is Nrf2
because the activation of PPAR-y and the inhibitory ef-
fects of H,S on ferritinophagy and ferroptosis were sig-
nificantly restricted when Nrf2 was knocked out, both in
vivo and in vitro.

The deubiquitinating enzyme OTUB1 stabilizes pro-
teins through specific mechanisms (Wiener ef al., 2012),
and OTUB1 overexpression stabilizes xCT in oncogenic
settings, thereby interfering with the ability of xCT to
regulate ferroptotic pathways (Koppula e a/, 2021; Yasu-
hara ez al., 1997). Endogenous H,S production is closely
linked to interactions between xCT and OTUBI1, with
H,S stabilizing xCT' iz the persulfidation of cysteine 91
of OTUBI1 (Chen e al., 2021).

H,S DONORS AND FERROPTOSIS

Inorganic sulfurized salts, including NaHS and sodium
sulfide (Na,S), are among the earliest known H,S donors
and are commonly used as H,S equivalents in research.
Currently, multiple H,S donors have been applied in var-
ious disease models and achieved remarkable effect via
different signal pathways (Table 2).

C2C12 cells treated with exogenously administered
NaHS could remediate abnormal redox conditions in-
duced in response to RSL3 through the upregulation of
GPX1 and GPX4, thereby normalizing lipid metabolism
and mitochondrial function while also increasing acetyl-

CoA levels. NaHS also inhibits the expression and acety-
lation of ALOX12, thus protecting C2C12 cells from fer-
roptosis via the CSE/H,S signalling pathway (Wang, Yu,
et al., 2021). Increased GSH content and GPX4 activity
took place in response to NaHS treatment. Decreases in
ROS, lipid ROS, and MDA levels have been reported
in both BV2 cells and in the prefrontal cortex (PFC) of
diabetic mice administered with NaHS. Mechanistically,
these effects were found to be mediated by the increased
expression of SLC7A11 protein in these BV2 cells or
in the PFC, indicating that NaHS may act in an antide-
pressant-like manner 2 the upregulation of SLC7AT11.
NaHS can also improve PFC cysteine levels in a murine
model of type 1 diabetes, resulting in upregulation of
GPX4 (Wang, Wang, e/ al, 2021), indicating that NaHS
may exert its protective effect by upregulating the pro-
tein expression of SLC7A11 and cysteine levels.

In plants, bacteria, and some fungi, H,S is converted
to cysteine through sulfur assimilation. In contrast, stud-
ies have also found that the addition of Na,S as a do-
nor of H,S could promote the generation of cysteine in
mammalian cells in the presence of cystine. Since H,S
exists as HS- in a neutral solution, disulfide compounds
such as cystine can react with HS in the culture medium
as well as in the cell. This study demonstrated that af-
ter the addition of Na,S solution to the culture medium,
HS- was transiently generated and disappeared immedi-
ately through the reaction between HS and cystine to
form cysteine persulfide and polysulfides (see Fig. 10 in
Koike ez al., 2017). A significant increase in cystine con-
centration was observed after treatment with Na,S. The
mechanism by which Na,S protects SH-SY5Y cells from
MG cytotoxicity is 2 the activation of Nrf2, but not
HS itself. However, this mechanism has not been veri-
fied in ferroptosis, and further investigation is needed to
elucidate its molecular mechanism.

The slow-acting H,S donor GYY4137 can release this
gas for several hours (Chen e al, 2016). Ferroptosis is
an important component of sepsis-associated ALI, and
GYY4137 has been reported to protect against ALI by
alleviating oxidative stress through the removal of ROS.
GYY4137 also markedly suppressed COX-2 and NOX1
expression while increasing sepsis-induced GPX4 and
SLC7A11 expression, thereby inhibiting the occurrence
of ferroptosis in sepsis-induced ALI (Ii ez al, 2022).

H,S AND IRON METABOLISM

The metabolism of iron is integral to the induction
and progression of ferroptotic pathways, whereas H,S
has a complex relationship with iron metabolism. Iron is

Table 2. Summarization of current H2S donors application in different disease models.

Disease model H2S donor  Mechanism Reference
Myocardial fibrosis AP39 PINK1/Parkin pathway (Yang et al., 2023)
. Upregulated the VSMC GSH content and cystathionine -

Hypertension NaHS gamma-lyase (CSE)/hydrogen sulfide (H25) (Ruxi Jin et al., 2022)
Intracerebral hemorrhage (ICH) NaHS Improved GPX4 and SLC7A11 via the CBS/H2S system (Y. Yu et al., 2023)
Retinal degenerative diseases. NaHS SQQE\I/(V_a?/nd p62-dependent non-canonical NRF2-KEAP1 (M. Yu et al., 2023)

- . Inhibited the phosphorylation of BECN1 and increased
Sepsis-induced cardiomyopathy (SIC) ~ NaHS expression levels of SLC7A11 and GPX4 (Cao et al., 2022)
Beryllium disease NaHS ggscreased the accumulation of Fe2+and lipid peroxi- (Liu et al, 2023)
Sepsis-induced acute lung injury (ALI)  GYY4137 Stimulated autophagy by blocking mTOR signaling (Jianhua Li et al., 2022)
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involved in H,S production #ia non-enzymatic processes.
Meanwhile, the uptake, transport, and accumulation of
iron is regulated by H,S. The interactions between H,S
and iron shape the cellular homeostasis of H,S and de-
fine the relevant signaling crosstalk.

In addition to the enzymatic mechanisms mentioned
above, non-enzymatic H,S in eukaryotes may come from
a cysteine reaction with iron and vitamin B6 or from
the reduction of elemental sulfur (Kolluru es a/, 2013;
Yang et al, 2019). Nucleophilic attack by vitamin B6
on cysteine forms a cysteine-aldimine, which reacts with
free or heme-bound iron to yield a quinonoid containing
cysteine. Subsequently, iron ions remove the thiol group
from H,S, and the resulting de-sulfureted aldimine is hy-
drolyzed to produce vitamin B6, ammonia, and pyruvate.

Free iron (Fe?!)is taken up by the cell through ion
channels or transporters, such as L-type Ca?>" channels
on cellular membranes. H,S is also an endogenous gase-
ous ATP-sensitive K+ (IKATP) channel opener that in-
duces vasodilation (Arif e af, 2022). H,S and iron may
interact to suppress L-type Ca?" channels via S-sulfhydra-
tion, as shown in mouse pancreatic B-cells (Tang e al,
2013). The influx of iron into cells through L-type Ca®*
channels has been demonstrated in cardiomyocytes (Arif
et al., 2022). The inhibition of these processes by H,S
decreases the amount of iron entering the cell. Ferropor-
tin 1 (Fpnl) and transferrin receptor 1 (TfR1) are essen-
tial regulators of iron homeostasis in most cells. Injecting
NaHS 77 vivo significantly increases serum iron levels and
transferrin saturation while significantly downregulating
TfR1 and Fpnl at the protein level (Zhang ez al, 2019).
Under the influence of ferric ions, cysteine catalyzes the
generation of H,S through a protective mechanism that
mitigates excessive iron concentrations by reacting with
iron and generating acid-labile iron sulfide, such that ex-
cessive iron cannot cause further oxidative stress (Tang
et al., 2023; Yang et al., 2019).

Recently, it was found that CBS is essential for iron
homeostasis, and the hepatic, splenic, cardiac, and serum
iron levels in CBS-deficient mice are clevated together
with oxidative stress-related marker levels; mice homozy-
gous for the knockout of CBS failed to survive for more
than 4 weeks (Zhou ez al, 2018). Moreover, hepcidin can
accelerate the degradation of Fpnl by interacting with it,
thereby reducing intracellular iron release into the sys-
temic circulation. Upregulation of hepcidin in both the
liver and systemic circulation has been reported to lead
to decreased Nrf2 expression. Elevated hepcidin levels
resulted in a marked decrease in Fpnl expression and
exacerbated iron retention, causing severe liver damage.
An adenoviral vector was used to restore CBS expres-
sion, and this attempt was able to reverse the damaged
phenotypes (Zhou ¢f al., 2018). Inflammatory cytokines
such as IL.-6 promote the upregulation of hepcidin via
JAK-STAT3 signaling through interactions with activin
B and the SMAD1/5/8 pathway. In contrast, H,S sup-
presses the upregulation of hepcidin vz JAK-STAT sign-
aling via the suppression of STAT3 phosphorylation,
thereby reducing IL-6 production (Zhang e/ al, 2019).
Similar findings were also reported by Xin and others
who demonstrated that H,S promoted the expression of
SIRT1, stabilizing SIRT1-STAT3 interactions to reduce
the acetylation of STAT3, thereby decreasing hepcidin
levels (Xin e al, 2016). Collectively, these results indi-
cate that H,S reduces hepcidin levels by acting upstream
of STAT3, which provides an opportunity for further
investigation. A better understanding of the mechanism
underlying the regulation of STAT3 »ia H,S may shed
light on its clinical potential.

H,S AND LIPID PEROXIDATION

Lipid peroxidation is a hallmark of ferroptosis, which
results from the generation of excessive levels of ROS
due to increased intracellular iron concentrations, togeth-
er with the simultaneous depletion of GSH. The anti-
oxidant enzyme GPX4 is responsible for lipid peroxide
neutralization and can utilize GSH as a cofactor to pre-
serve membrane fluidity, thus shielding the membrane
against peroxidation-related damage (Su ¢ al, 2019).
Inhibition of GPX4 contributes to high levels of ROS
production, and its overexpression can conversely reduce
ROS generation and prevent ferroptosis induction. Iron
metabolism-related ROS generation is a major cause of
lipid peroxidation, given that iron is required for numer-
ous physiological processes, and excessive iron levels
ultimately disrupt normal cellular function through the
resultant oxidative damage, contributing to cell death (Su
et al., 2019).

H,S has been reported to exhibit concentration-de-
pendent pro- or antioxidant activities, such that plasma
lipid peroxidation is suppressed and enhanced by low
(10 uM) and high (1000 uM) concentrations of NaHS
(Sun ef al, 2012). Sun and others found that the use of
NaHS to pretreat neonatal rat cardiomyocytes resulted
in the generation of lower concentrations of ROS dur-
ing hypoxia/reoxygenation, and that H,S supptessed the
activity of mitochondrial complex IV while simultane-
ously enhancing superoxide dismutase activity (Sun et
al., 2012). In vivo, Wu and others reported that 50 umol/
kg NaHS per day for 16 weeks with a high-fat diet pre-
vented the increase in diet-induced lipid oxidation (Wu
et al., 2009), suggesting that NaHS has protective effects
against lipid oxidation. H,S is traditionally known for its
toxic effects on living organisms. Current studies are still
focused on cell and animal experiments, and relevant
data and safety for clinical use are needed.

Hcy has been suggested to increase the severity of
oxidative stress owing to the generation of free radicals
through the autooxidation of excessive Hcy concentra-
tions (Malinowska ez al, 2012). Yan et al. further re-
ported that H,S protected against HHcy-induced cellular
injury through its antioxidant activity, leading to a 55.8%
decrease in the overproduction of O** induced by Hcy
(Yan et al, 2006). Chang et al. found that the admin-
istration of H,S decreased total plasma Hcy concentra-
tion and lipid peroxidation. CBS- and CSE-knocked out
mice exhibit lower GSH levels and are more susceptible
to oxidative stress, further confirming the link between
stress and endogenous H,S (Chang e/ al., 2008).

Lipid metabolism is closely related to the conversion
of carbohydrates into fat. The cytoplasmic hydrolysis of
lipids is the first step in metabolism, resulting in the pro-
duction of glycerol and fatty acids. The two compounds
are then glycolyzed and B-oxidated, and H,S regulates
glycolysis and fatty acid metabolism through protein S-
sulfhydration (Cheung & Lau, 2018). Activated glycolysis
and the pentose phosphate pathway can increase anti-
oxidant activity (D’Alessandro et al., 2014). Exposure of
clonal HepG2 hepatocyte cells to NaHS (=10-100 pM)
reduced glucose consumption and glycogen levels
(Zhang et al., 2013). In addition, the CSE/ H,S pathway
has recently been shown to play a key role in the regu-
lation of glucose synthesis through pyruvate carboxylase
S-sulfhydration in gluconeogenesis (Ju ez al, 2015).

Further details regarding the association between H,S
and ferroptotic activity are shown in Fig. 2. The interac-
tion pathway between H,S and ferroptosis is shown in
Fig. 3.
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Figure 2. The effect of H2S on ferroptosis.

Cystine is imported by the Xc-system and converted into cysteine, which in turn serves as a GSH precursor. GSH is a GPX4 substrate.
Both cysteine and Hcy are also substrates for the production of H,S, and the H,S equivalent NaHS can increase GSH levels and GPX4
activity while suppressing the activity of the lipoxygenase ALOX12, thus remediating dysregulated lipid metabolism. Overly high Fe2+
concentrations can contribute to ROS generation via the Fenton reaction, whereas HHcy can drive enhanced ROS production and aber-
rant mitochondrial functionality. HHP promoted ROS generation by suppressing CSE/H2S expression and reducing GSH generation. TfR1
and FPN are important regulators of cellular iron homeostasis and NaHS can suppress their downregulation at the protein level. Hepcidin
interacts with Fpn1 to facilitate its degradation, whereas H,S reduces hepcidin expression via JAK-STAT signaling. The deubiquitinase
OTUB1 is capable of stabilizing the xCT Xc-system subunit via cysteine 91 persulfidation. The xCT inhibitor Era, when used to treat cells
for an extended period of time, upregulates CBS expression and enhances the resistance of cells to ferroptosis. In contrast, the CBS in-
hibitor AOAA, when administered together with Era, downregulated cellular GSH levels and enhanced ferroptotic death.

H,S AND FERROPTOSIS-ASSOCIATED MicroRNAs

MicroRNAs (miRNAs) are short RNAs of ~22 nu-
cleotides in length that lack coding ability and function
by supptessing translaton and/or promoting the deg-
radation of complementary target mRNAs. Inhibiting
miR-30b-5p expression reportedly results in FPN1 and
SLC7A11 upregulation in trophoblasts, while the upregu-
lation of this mRNA under hypoxic conditions leads to
the downregulation of these two genes, causing troph-
oblast ferroptosis (Zhang et al, 2020). Members of the

miR-30 family have also been confirmed to target CSE
expression, thereby directly regulating the generation of
H,S (Shen e al, 2015). By targeting GPX4, miR-15a
can control ferroptotic induction in colorectal cancer
cells, whereas overexpression of miR-15a suppresses
GPX4 expression iz vitro and in vivo, resulting in elevated
ROS generation, intracellular Fe?* accumulation, and in-
creased MDA levels (Liu ¢ al, 2022). Fan et al. found
that miR-15a overexpression resulted in elevated GPX4
protein levels, with a concomitant decrease in ferroptotic
induction associated with fewer severe myocardial inju-

Table 3. An overview of H,S and ferroptosis-associated proteins and miRNAs

Protein or miRNA  Relation with H,S Relation with ferroptosis Disease involved

Nrf2 Enhances the anti-ferritinophagy and anti-

-ferroptotic effects of H,S COPD

Anti-ferroptotic

H,S maintains the stability of xCT through

OTUB1 persulfidation of OTUBT at cysteine 91 Stabilizes xCT Colorectal cancer
NaHS inhibits the downregulation of TfR1 .
TfR1 protein expression in vivo Regulates cellular iron balance LPS
NaHS inhibits the downregulation of Fpn1 .
FPN1 protein expression in vivo Regulates cellular iron balance LPS
Hepcidin H,S reduces hepcidin expression ?lgﬁe%lerates the degradation of Anemia of inflammation
- - Myocardial ischemia/reperfu-
MiR-30b-5p Regulates H,S production Downregulates SLC7A11 and FPN1 sion injury
. . Positively regulates ferroptosis via :
MiR-15a H,S upregulates miR-15a directly targeting GPX4 Broiler thymus
MiR-194 Decreasing H,S can downregulate miR-194 Activates the Nrf2/HO-1 signaling Cerebral injuries.

pathway
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Figure 3. The pathway of H2S interacting with ferroptosis.
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NaHS is a donor of H,S, and once entered cells, it regulates ferroptosis-associated proteins to exert protective effect. First, it can be con-
verted into cystine, increasing the content of GSH and upregulating the activity of GPX4, resulting in reduced ferroptosis via antioxidant
effect. At the same, it maintains the stability of xCT through persulfidation of OTUB1 at cysteine 91. Second, it inhibits ferroptosis and
ferritinophagy via upregulating Nrf2. It reduces the expression of hepcidin via the JAK-STAT pathway, preventing the downregulation of
FPN1. Thirdly, NaHS itself upregulates the expression of FPN1 and TfR1 with or without inflammation, further regulating the metabolism

balance of iron in vivo.

ries (Fan ez al, 2021). Exposure to H,S also results in
miR-15a upregulation (Xueyuan e a/, 2021). Additional
evidence suggests that miR-194 can mitigate the severity
of ischemia-reperfusion injury through the inhibition of
Bachl and introduction of signaling vz the Ntf2 /HO-1
pathway. Therefore, miR-194 inhibition reversed these
effects by reducing HO-1 and Nrf2 protein levels (Li ez
al., 2021). Reduction in H,S production reduces miR-194
expression and drives the deposition and realignment of
collagen under diabetic conditions to attenuate fibrosis
and renovascular constriction (John e al, 2017). The
proteins and miRNAs associated with ferroptosis are
summarized in Table 3.

CLINICAL POTENTIAL APPLICATION

In cancer, the clearance of H,S and the regulation of
the enzymes involved in its pathways are essential for
cancer therapy. A biocompatible fusiform iron oxide-
hydroxide nano-spindles nano system (FeOOH NSs)
was designed, which could be applied to magnetic reso-
nance imaging (MRI) to monitor ferroptosis. It can ef-
ficiently scavenge endogenous H,S by a reduction reac-
tion to inhibit the growth of CT26 colon cancer cells
(PMID:32789963). The biosafety of this nano-system has
been verified in animal models for three months, indi-

cating its potential clinical translation. In addition, zinc
oxide-coated virus-like silica nanoparticles (VZnO) were
also tested to establish an H,S-responding nano-system
to scavenge H,S to alleviate ferroptosis in colorectal can-
cer (Pan e al, 2021). Additionally, fluorescent probes
that can be used for selective detection of hydrogen
sulfide have been developed to explore the biological
and pathological effects of H,S during ferroptosis (Di
et al., 2021; Guo et al., 2022). The two-photon fluores-
cent probe (PSP) exhibited excellent photostability and
two-photon imaging performance, and elevated levels
of H,S were observed during ferroptosis in tumors (Di
et al., 2021). Needless to say, these tools will enable a
more extensive expansion of H,S-related technologies
and knowledge for broad therapeutic applications in the
near future.

FUTURE DIRECTIONS

In recent decades, a broad range of physiological
functions of H,S have been gradually recognized. Accu-
mulating evidence has indicated that H,S plays a role in
various types of cell death. However, it is still not clear
whether the suppression of cell death occurs simultane-
ously across cell death or is more potent toward one
type of cell death than the others. As a relatively new
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area, the interactive mechanisms between H,S and fer-
roptosis need to be further explored, and the implica-
tions of H,S and ferroptosis interactions in various dis-
eases, such as chronic organ fibrosis, diabetes-associated
diseases, stroke, and other degenerative diseases, have
not been studied. More experiments are needed to de-
velop a safety profile and treatment regimens for H,S in
various disease models and human subjects. Currently,
the time and dosage of H,S in animal experiments are
being investigated, but the results are inconsistent (Wang
et al., 2022; Zhang et al., 2023). In addition, newly devel-
oped nanoparticles or fluorescent probes have not been
applied in clinical trials and require further validation
and biosafety tests. Minimizing H,S-induced toxicities re-
mains a challenge and H,S associated biomarkers need
to be identified for the better clinical use of H,S.

CONCLUSION

In summary, H,S functions as a key gastronomist
closely tied to ferroptosis with the substrates, enzymes,
and donors involved in the production of H.,S, all of
which are related to ferroptosis. The metabolism of iron,
process of lipid peroxidation, and inactivation of antioxi-
dation systems all participate in the process of ferrop-
tosis. H,S can also regulate the uptake, transport, and
accumulation of iron, and reduce lipid oxidation by en-
hancing superoxide dismutase activity and regulating glu-
cose production. miRNAs are involved in nearly every
biological process, and several miRNAs have been found
to be involved in both H,S metabolism and ferroptosis.
As the interplay between H,S and ferroptosis has only
been explored in recent years, much work remains to be
done to adequately understand the relationship between
them. For example, additional research exploring the
production, storage, and release of H,S is needed, as are
efforts to understand how H,S affects mammals 7z vivo
under a range of settings and how it shapes the process
of ferroptosis.
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