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ARTICLE INFO ABSTRACT

Keywords: Mitochondria are central to eukaryotic cell function, driving energy production, intermediary metabolism, and
T}Tiosulfate fulfurtransf-erase (TST) cellular homeostasis. Dysregulation of mitochondrial function often results in oxidative stress, a hallmark of
Mitochondrial dysfunction numerous diseases, underscoring the critical need for maintaining mitochondrial integrity. Among mitochondrial

Oxidative stress

o enzymes, thiosulfate sulfurtransferase (TST) has emerged as a key regulator of sulfur metabolism, redox balance,
Redox signaling

and Fe-S protein maintenance. Beyond its well-known role in cyanide detoxification, TST facilitates hydrogen
sulfide (H2S) metabolism by catalyzing the transfer of sulfur from persulfides (R-SSH) to thiosulfate (520§*),
promoting HyS oxidation and preventing its toxic accumulation. Additionally, TST contributes to the thiol-
dependent antioxidant system by regulating reactive sulfur species and sustaining mitochondrial functionality
through its role in sulfide-driven bioenergetics.

This review highlights the biochemical and therapeutic significance of TST in mitochondrial and cellular
health, emphasizing its protective roles in diseases associated with oxidative stress and mitochondrial
dysfunction. Dysregulation of TST has been implicated in diverse pathologies, including specific metabolic
disorders, neurological diseases, cardiovascular conditions, kidney dysfunction, inflammatory bowel disease, and
cancer. These associations underline TST’s potential as a biomarker and therapeutic target.

Therapeutic strategies to activate the TST pathway are explored, with a focus on sodium thiosulfate (STS),
novel small molecule (Hit 2), and recombinant hTST protein. STS, an FDA-approved compound, has demon-
strated antioxidant and anti-inflammatory effects across multiple preclinical models, mitigating oxidative
damage and improving mitochondrial integrity. A slow-release oral formulation of STS is under development,
offering promise for expanding its clinical applications. Small molecule activators like Hit 2 and hTST protein
have shown efficacy in enhancing mitochondrial respiration and reducing oxidative stress, though both reagents
need further in vitro and in vivo investigations.

Despite promising advancements, TST-based therapies remain underexplored. Future research should focus on
leveraging TST’s interplay with pathways like NRF2 signaling, investigating its broader protective roles in
cellular health, and developing targeted interventions. Enhancing TST activity represents an innovative thera-
peutic approach for addressing mitochondrial dysfunction, oxidative stress, and their associated pathologies,
offering new hope for the treatment of diseases associated with mitochondrial dysfunction.

1. Introduction cellular intermediary metabolism [1]. Secondary to oxidative phos-
phorylation (OXPHOS), mitochondria also play a critical role in amino

With a few exceptions (e.g. erythrocytes), mitochondria are present acid and lipid metabolism, heme and iron-sulfur (Fe-S) cluster biosyn-

in the majority of eukaryotic cells where they act as crucial integrators of thesis, calcium homeostasis and cell death pathways [2-5]. In diseases
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with mitochondrial dysfunction, the dysregulated metabolism leads to
excessive formation of reactive oxygen species (ROS) such as superoxide
(0%7) and hydrogen peroxide (Hz02). Under conditions of impaired
scavenging, ROS accumulation leads to oxidative stress [6]. This exac-
erbates mitochondrial dysfunction, creating a vicious cycle where
mitochondrial impairment leads to further increased ROS production
and aggravated oxidative stress [7]. Protecting the structure and func-
tion of mitochondria is therefore critical to the integrity of cellular ac-
tivity and preservation of organ function.

Mitochondrial diseases (MDs) are a class of hereditary disorders that
are characterized by malfunctioning mitochondria caused by mutations
in either nuclear or mitochondrial DNA (mtDNA) [8]. Common MDs
(distinguished as childhood- or adult-onset MDs) include clinical syn-
dromes such as Leigh syndrome, Alpers—Huttenlocher syndrome (AHS),
Leber hereditary optic neuropathy (LHON) and Kearns-Sayre syndrome
(KSS) [8]. Besides these genetic MDs, there are secondary conditions
where an acquired mitochondrial dysfunction contributes to disease
processes in the absence of a primary genetic mutation. Diseases with
mitochondrial dysfunction are clinically heterogeneous, can occur at
any age and can manifest with a wide range of clinical symptoms [9,10].
Their pathological outcome can impact any organ or tissue, but typically
affects organs that are highly dependent on aerobic metabolism, such as
the central nervous system, skeletal and cardiac muscles, kidneys, liver,
and endocrine systems [8,11].

Among the hundreds of mitochondrial enzymes in existence, thio-
sulfate sulfurtransferase (TST, EC 2.8.1.1; also known as rhodanese), is
particularly highly expressed in organs with high metabolic demand
such as liver, colon, kidney, and brain [12]. The sulfurtransferase (ST)
family comprises a diverse group of enzymes, primarily differentiated by
the presence of single or multiple alpha/beta domains [12-14]. Struc-
turally, TST enzymes exhibit either a single rhodanese domain, such as
human TSTD1 and bacterial GIpE and PspE, or a tandem repeat of
rhodanese domains, as observed in human TST (hTST), Bos taurus
(Rhobov), and Azotobacter vinelandii (RhdA) [12,15]. The 3D structure
of Rhobov (PDB 1BOH) has been well characterized, providing insight
into the structural organization of this family. The three-dimensional
structure of human TST, while not experimentally solved, has recently
been predicted using AlphaFold, and is publicly available under the
identification code AF-Q16762-F1-v4 (https://alphafold.ebi.ac.uk/ent
ry/Q16762). The gene encoding this enzyme is located on chromo-
some 22 (22q12.3), and the protein itself is composed of 297 amino
acids with a molecular weight of 35.6 kDa [14]. A wealth of literature
exists describing the details of the catalytic activity and structural
characteristics of TST [12,16]. We here discuss the biological path-
ways/proteins with known TST-mediated modulation across various
experimental models and diseases, since they offer valuable insight into
their potential therapeutic roles in diseases associated with mitochon-
drial dysfunction, given the widespread pathological phenotypes these
diseases share.

2. Biological role of TST in mitochondrial processes

Mitochondria, often referred to as the “powerhouse of the cell”,
exhibit remarkable plasticity and dynamism, enabling cells to adapt and
respond to various environmental stressors and metabolic demands [1].
Being the location of crucial biochemical processes such as fatty acid
oxidation (FAO), oxidative phosphorylation (OXPHOS), reactive species
production, redox balance etc., it is perhaps not surprising that many
studies into mitochondrial protein functions have been conducted [17,
18]. Mitochondrial TST was initially discovered in 1933 as a cyanide
(CN7) detoxifying enzyme that forms non-toxic thiocyanate (SCN™; also
called rhodanide) by using thiosulfate (SZO%’) as a sulfur donor [19].
Excessive cyanide can be highly toxic by binding to the ferric ion (Fe*)
of complex IV, thereby inhibiting oxidative metabolism and ultimately
causing cell death [20,21]. This enzymatic process forms the basis for
the use of thiosulfate as an antidote to cyanide poisoning.
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3-mercaptopyruvate sulfurtransferase (MPST, EC 2.8.1.2), another
enzyme with known rhodanese activity, is evolutionarily believed to be
closely linked to TST because of its high sequence homology. Both TST
and MPST belong to the rhodanese/Cdc25 phosphatase superfamily
[22]. TST is present in the mitochondria while MPST is localized in both
cytosol and mitochondria of eukaryotic cells [23,24]. Besides cyanide
detoxification, TST is involved in a wealth of additional beneficial roles
across various organs [25]. For the benefit of future pharmaceutical
development of chemical entities capable of activating TST, we sum-
marize key sights from TST signaling and propose various possibilities
that appear to have potential for the treatment of MDs.

2.1. Sulfur metabolism

Sulfur is an essential element for all known forms of life. Eukaryotic
organisms lack the ability to reduced sulfate and thus have to take it up
in the form of sulfur-containing amino acids (from protein). In cells,
sulfur exists in a variety of oxidation states ranging from S~ (sulfide) to
S8+ (sulfate) [26-28]. The stable and labile forms of sulfur together
compromise the sulfur pool [29]. The stable forms include the two
proteinogenic amino acids, L-cysteine (Cys) and L-methionine (Met), and
the labile forms are divided into sulfane sulfur (S°) and acid-labile sulfur
including compounds such as persulfides, polysulfides and thiosulfate
[30]. TST plays a key role in sulfur metabolism by facilitating the
transfer of sulfur atoms between mobile small molecules and cellular
proteins including the interaction with iron-sulfur (Fe-S) proteins,
which will impact other pathways involved in sulfur metabolism, such
as the interaction with hydrogen sulfide (H,S) signaling, antioxidant and
Fe-S proteins [30].

2.1.1. H5S metabolism

TST has been the subject of detailed investigation in the context of
sulfide detoxification. HoS can be released from a labile sulfur pool, and
was firstly identified in 1942 in mammalian tissue homogenates by the
American biochemist Vincent Du Vigeneaud [31]. More recently, the
pioneering work of Abe and Kimura confirmed the role of HyS as a
gaseous neuromodulator and vasorelaxant in conjunction with two
other physiological signaling molecules, i.e. carbon monoxide (CO) and
nitric oxide (NO) [32,33]. In high concentrations, HyS is widely recog-
nized for its toxic effects and has been implicated in fatalities among
agricultural and industrial workers. Its toxicity primarily arises from the
reversible inhibition of cytochrome C oxidase (complex IV), the final
complex in the mitochondrial electron transport chain [34]. Over the
past decade, significant research has been dedicated to elucidating the
biological role of HyS in health and disease and exploring its potential
therapeutic applications [35]. Two essential cytosolic HyS-producing
enzymes are cystathionine-p-synthase (CBS, EC 4.2.1.22) and cys-
tathionine-y-lyase (CSE, EC 4.4.1.1). These enzymes catalyze the pyri-
doxal 5-phosphate-dependent conversion of homocysteine to
cystathionine and cystathionine to cysteine, respectively, resulting in
the production of H,S (and glutathione; see below) [35]. Interestingly,
targeted knock down of CBS/CSE/MPST in mice revealed that CBS, CSE
and MPST are not the major sources of sulfide and eventually persulfide
production. The authors show the involvement of cysteinyl-tRNA syn-
thetase (CARS) as cysteine persulfide synthase (CPERS) in the biosyn-
thesis of persulfides and in sulfur metabolism as opposed to the role of
the three canonical sulfide/persulfide-generating  enzymes
(CBS/CSE/MPST) [36]. Furthermore, mammals harbor the enzyme
MPST (located mainly in mitochondria), which forms a reaction with
cysteine to create HoS in conjunction with cysteine aminotransferase
(CAT) [37]. Accumulating evidence has demonstrated the importance of
TST in HoS metabolism with sulfide quinone oxidoreductase (SQOR) and
persulfide dioxygenase (ETHE1/PDO) to maintain sulfur homeostasis
[38]. Global TST gene silencing in mice displayed an apparently dia-
betogenic phenotype, the circulating sulfide showed a 13-fold and
10-fold elevation in plasma and blood, while thiosulfate, the main
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oxidative metabolite of HsS, showed a 20-fold and a 475-fold increase in
plasma and urine compared to healthy wildtype controls [39-42].
However, in the cerebral cortex Tst/~ mice displayed similar
steady-state levels of HaS and thiosulfate when compared to controls, as
observed in the liver [39,43]. The liver serves as the primary organ for
H,S detoxification. In Tst™/~ mice, MPST protein levels dramatically
dropped in the brain cortex and mitochondria, but despite lower mRNA
for Mpst, protein levels were raised in the liver of Tst™/~ mice, possibly
to compensatorily enhance sulfide elimination [39,43]. Remarkably, the
deletion of TST did not affect the protein expression of CBS and CSE in
murine liver, suggesting that elevated circulating sulfide and thiosulfate
level are a result of impaired sulfide oxidation and reduced thiosulfate
utilization [39]. Although TST also contributes to H,S formation by
using dihydrolipoic acid (DHLA), its primary role is HyS catabolism
[44-46].

2.1.2. A thiol-dependent antioxidant interactome

For decades, an imbalance in the formation of pro-oxidant and
antioxidant species favoring the former has been the classical definition
of ‘oxidative stress’ [47]. A number of experimental observations led to
the redefinition of oxidative stress as a condition linked to changes in
redox signaling and control [48]. This triggered an updated interpreta-
tion of the original concept separating physiological oxidative stress
(known as "oxidative eustress") from excessive and harmful oxidative
stress (known as "oxidative distress"). Glutathione (GSH), a tripeptide
composed of glutamate, cysteine and glycine, serves as one of the most
abundant antioxidants in the cellular defense against oxidative stress.
The reduction of ROS by GSH leads to the formation of glutathione di-
sulfide (GSSG), and a low GSH/GSSG ratio is often used to be indicative
of oxidative stress [49,50]. Human SQOR as well as TST can provide a
sulfane sulfur to GSH, giving rise to the formation of glutathione per-
sulfide (GSSH), a superior antioxidant compared to GSH which can even
reduce thioredoxin (TXN; see below) [51]. Moreover, sulfane sulfurs can
be directly fed into both antioxidant systems by TSTD1 and MPST [16,
46,52]. GSSH can also be converted to thiosulfate (regenerating GSH) by
TST utilizing sulfite [53]. Thus, in mammalian cells TST exhibits
anti-oxidative functions by interacting with both the thioredoxin system
and the GSH system. This notion is consistent with the aberrant GSH and
GSSG content detected in the brain of Tst /™ mice, where GSH was 36 %
lower in Tst™/~ mice, and its oxidized form, GSSG, increased five times.
As a result, the GSH/GSSG ratio declined 7.2 times in Tst/~ mice,
indicating an impaired redox balance due to the absence of TST enzyme
activity. Moreover, in global Tst~/~ mice, GSH metabolism was found to
be significantly reduced in the liver, whereas GSH levels were increased
approximately 2-fold in the plasma for peripheral insulin sensitization
[39,54]. Marutani et al. demonstrated that treating human neuroblas-
toma cells (SH-SY5Y) and murine primary cortical neurons with sodium
thiosulfate, a substrate for TST and a donor of HS, significantly elevated
intracellular thiosulfate levels and moderately increased the concen-
tration of GSH [55].

The thioredoxin (TXN) system, a disulfide reductase system, is
another major antioxidant system in mammalian cells, maintaining a
reducing environment by mediating the transfer of electrons from
reduced nicotinamide adenine dinucleotide phosphate (NADPH) via
TXN reductase to TXN, which subsequently uses highly conserved
vicinal thiol groups to reduce its target proteins [56]. TXN2 is specif-
ically localized in mitochondria, while TXN1 is primarily expressed in
the cytosol; both proteins utilize NADPH as a cofactor for their activity
[57]. TST degrades ROS with the help of TXN in cell-free systems and
suppresses oxidative stress in the liver of animals exposed to radiation
[58-61]. Additionally, TST was reported to be able to regulate thio-
redoxin metabolism, via using TXN as a sulfur-acceptor substrate and
acting as a TXN oxidase, verse vice, TXN2 also reduces propenylsulfur
protein to restore TST activity in a dose- and time-dependent manner
[62-65]. The persulfide moiety (R-S-SH) of the covalently substituted
rhodanese in the sulfurtransferase reaction (and an analogous sulfenic
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acid structure (R-S-OH) when the enzyme functions as a thioredoxin
oxidase) account for these activities [62]. In the brain tissues of Tst™/~
mice, a decreased Txn2 mRNA level was observed, while the Txnl
mRNA level remained steady when compared to healthy control mice
[66]. TXN may also be modulated through H,S-signaling [67-69].
However, the direct link existing between TXN, H,S signaling and TST
activity has not been highlighted before.

2.1.3. Iron-sulfur protein interactions with TST

Iron-sulfur (Fe-S) clusters make up the biggest class of metal-
loproteins in biology and are among the most frequent cofactors used by
nature [70]. Fe-S clusters serve as versatile prosthetic groups in proteins
that perform a range of tasks in living organisms, not only serving as
cofactors in enzyme catalysis, but also assisting in Lewis acid reactions
with mitochondrial aconitase and radical S-adenosylmethionine (SAM)
enzymes [71,72]. Besides, these clusters also regulate gene expression in
response to oxidative stress as well as changes in oxygen and iron levels
[73-75]. Especially within mitochondria, Fe-S centers play vital roles in
both the tricarboxylic acid cycle (TCA) and the electron transport chain
(ETC). Fe-S centers transfer electrons donated by NADH and FADH, in
NADH dehydrogenase (Complex I), succinate dehydrogenase (Complex
II) and cytochrome C - oxidoreductase (Complex III) of the ETC, with
molecular oxygen serving as the final electron acceptor, forming water,
at the level of Complex IV [70]. Unsurprisingly, enzymes containing
Fe-S clusters are particularly susceptible to iron deficiency and oxida-
tive stress [76,77], as the instability and gradual degradation of these
clusters can cause irreversible damage to the enzyme’s protein backbone
[78]. Sulfurtransferases including MPST and TST are also involved in
iron-sulfur protein clusters biogenesis and restoration. TST was reported
to be directly participating in Fe-S cluster reconstitution and repair [79,
80]. TST with endogenous thiosulfate as substrate are key prerequisites
for the reconstitution of enzyme activity of Complex I, Complex II,
NADH-nitrate reductase, and bacterial ferredoxin [79,81-83]. In the
presence of ferric iron (Fe3+), TST and thiosulfate are able to restore the
activity of spinach ferredoxin and Nitrogenase of Klebsiella pneumoniae.
[84,85] Tangiguchi and Kimura et al. also discovered that MPST co-
operates with 3-mercapyruvate and ferrous iron (Fe") to increase ad-
renal ferredoxin activity [86]. In line with the interactive function of
TST, adipose tissue from Ad-Tst mice exhibited a higher protein level for
Complex II and higher Complex II protein level was maintained with
HFD in the Ad-Tst mice. By contrast, Fe-S containing mitochondrial
aconitase (ACO2) and cytosolic ACO1 were similar during TST over-
expression [87]. Those results showed the selective interaction of TST on
different Fe-S proteins.

2.2. Oxygen metabolism

Molecular oxygen (O3) composes 21 % of the earth’s atmosphere,
which has become essential to almost all aerobic life forms for efficient
energy (ATP) supply by mitochondria. In the mitochondrial ETC, oxygen
takes up free electrons in a stepwise fashion while indirectly interacting
with fatty acid oxidation. During this process ROS like O5 and hydroxyl
radical (HO-) as well as the oxidant H,O5 are generated and can leak to
the adjacent cellular environment [88-90]. Regardless of the impor-
tance of the ETC for cellular ATP production, the associated oxygen
metabolites can be toxic. We are equipped with a highly effective system
inasmuch as >95 % of the oxygen we breathe in is converted into H»O,
but a small percentage also forms superoxide anion radicals (03) [91].
In mitochondria, OXPHOS Complexes I and III are the primary genera-
tors of O3; due to its unstable nature, O3 will be swiftly converted by
superoxide dismutase 1 (SOD1) and superoxide dismutase 2 (SOD2) into
hydrogen peroxide (H203) [92,93]. These reactive intermediates can
interact with other organic compounds such as proteins, lipids and
nucleic acids, and lead to oxidative damage and cell death [90]. In
section 2.1.2, we introduced the definition of oxidative distress, which
occurs due to an inadequate antioxidant capacity to excessive ROS. As a
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result of losing TST’s ability to interact with the GSH system, knock-
down of Tst resulted in elevated mitochondrial ROS levels in 3T3-L1
adipocytes following exposure to oxidative stress induced by 1 %
H20; [87]. Besides, ROS-sensitive adiponectin release from 3T3-L1 ad-
ipocytes was reduced by TST activity inhibition with 2-PTS treatment
[87]. On the contrary, ROS production after 3T3-L1 cells were treated
with Na-palmitate or hydrogen peroxide, thiosulfate supplementation
can diminish mitochondrial ROS level, confirming TST’s antioxidative
significance [94]. In the cerebral cortical area of mice with global gene
silencing of TST, the O3 level was 10 % higher in the cortex of Tst ™/~
mice, while tissue H,O5 concentrations being 57 % higher in Tst™/~ mice
compared to C57BL/6J control mice. Upon challenging these mice with
paraquat (PQ, an oxidative stress inducer), Tst/~ mice brain cortexes
displayed a more deteriorated antioxidant system [66]. With treatment
of yohimbine in HFD rats, lipid peroxidation decreased when TST
expression was elevated [95]. The administration of hTST protein, as
well as administration of the substrate of TST (thiosulfate) in zebrafish
effectively mitigated oxidative damage induced by hyperglycemia [25].
Taken together, these results support the importance of TST for ROS
scavenging and maintenance of redox balance.

As an upstream process of OXPHOS, fatty acid oxidation (FAO)
indirectly interacts with oxygen molecules, and TST has been identified
genetically as an obesity-resistance candidate in >60 generations of a
polygenic “lean” mouse model. In a cohort of nearly 700 individuals
from Iceland, an inverse correlation was found between TST mRNA
levels in subcutaneous adipose tissue and body mass index (BMI).
Furthermore, mice with transgenic Tst overexpression in mature adi-
pocytes, showed resistance against HFD-induced obesity. Elevated Tst
mRNA and protein expression in white adipose tissue provided protec-
tion against obesity-related pathologies [75]. These findings provided
evidence of an interaction between TST and lipid metabolism. As further
validation, Tst overexpression in adipocytes was correlated with an in-
crease in the basal mRNA levels of liver carnitine palmitoyltransferase
la (Cptla), which is important in long-chain FAO [87]. Zheng et al.
observed positive associations between TSTD1/Tstdl and pathways
related to cholesterol or lipid metabolism, via the modulation of
high-density lipoprotein (HDL) levels in over 70 transcriptomic datasets
[96]. The following studies showed primary hepatocytes from Tst™/~
mice exhibited an impaired medium-chain FAO stimulated by octanoate
[39]. Thiosulfate augmented succinate metabolism represented by
increased oxygen consumption rates in mitochondria [87].

2.3. Selenium metabolism

The trace element selenium (Se), the presence of which in our diet is
crucial for health, mediates its actions through incorporation (as sele-
nocysteine) into selenoproteins many of which exist in mitochondria.
Twenty-five selenoprotein genes have been identified in the human
genome including thioredoxin reductases (TXNRDs) and GPX4 [97,98].
These enzymes are vital for processes like the GSH-dependent detoxifi-
cation of hydrogen peroxide and the provision of reducing equivalents to
thioredoxin (TRX) and TXNRD system, enhancing cellular antioxidant
defenses. TST plays a critical role in selenium metabolism by binding
selenium in a 1:1 ratio, forming a stable perselenide (R-S-Se’) structure,
as demonstrated in vitro [99]. This activity of TST is crucial for gener-
ating the reactive form of selenium needed to synthesize selenophos-
phate (SePOs), an essential donor for SeCys-tRNA, which is a precursor
for selenocysteine [100]. Consequently, TST indirectly supports the
synthesis of selenoenzymes. TSTD1 has been reported to be able to
donate $,0%~ to TRX, and alternatively TRX could potentially function
as a persulfide donor [64]. On the other hand, the absence of TST
induced the GPX4 protein expression to decrease in mice brain [66].
When excess free selenium accumulates to a toxic level, bovine liver
rhodanese can tightly bind to selenium, although the binding seems to
be ineffective for selenium delivery in vivo [99]. Based on these func-
tions, selenoenzymes and by extension TST could exert antioxidant

Redox Biology 82 (2025) 103595

effects against cellular damage in e.g. inflammation, apoptosis and fer-
roptosis [98,101].

2.4. The reactive species interactome (RSI)

The reactive species interactome (RSI) is a recently defined con-
ceptual framework that aims to integrate the interaction between the
above discussed ROS with reactive nitrogen species (RNS such as NO,
N2Oj3 and peroxynitrite, ONOO ), reactive sulfur species (RSS including
hydrogen sulfide (HjS)-derived reactive persulfide and polysulfide
species), and reactive carbonyl species (RCS such as the ferroptosis-
related marker malondialdehyde, MDA) [102,103]. As the name
‘interactome’ implies, the RSI also includes redox enzymes such as su-
peroxide dismutase (SOD), catalase, myeloperoxidase (MPO), TXN and
GPX, and their downstream biological targets [102]. Importantly, the
RSI is also tightly connected to cellular bioenergetics via its link to
mitochondrial metabolism [103,104]. Given that the RSI extends well
beyond ROS, a recent example includes the dysregulation of the RSI and
OXPHOS remodeling through specific enhancing of complex IV activity
by TST deficiency in the brain cortex [43]. TST deficiency lowered the
RSS H5S and the RNS ONOO ™, while it increased HsS,,, and the ROS O3
and H;0.. In addition, first-line antioxidant defense was affected by TST
loss with specific lowering in SOD activity and GSH, increase in catalase
activity and GSSG. Facing paraquat-mediated oxidative distress, TST
loss further aggravated the antioxidant response through the dysregu-
lation of the RSI in brain cortex [43]. Altogether, TST is involved in the
RSI-mitochondrial axis, positing this protein as a major player in the
emerging field of ‘redox medicine’ related to mitochondrial dysfunction
and pathophysiological processes such as cancer, neurodegeneration
and other mitochondrial diseases.

3. Extra-mitochondrial actions of TST related to NRF2 signaling

While many studies have demonstrated the antioxidant and respi-
ratory functions of TST within mitochondria, there are few reports of
how TST may affect cellular functions outside of this organelle. As the
understanding of our bodily defense system evolves, there is an
increased appreciation that the transcription factor NRF2 (nuclear factor
erythroid 2-related factor 2) is of particular importance as master
regulator that controls the expression of genes associated with antioxi-
dant defense processes including GSH metabolism and mitochondrial
function [105]. NRF2 regulation functions primarily at the protein level.
Most existing research has primarily focused on the electrophile and
redox sensor in Kelch-like ECH-associated protein 1 (KEAP1) and its role
in modulating the NRF2 protein levels in response to metabolic changes
[106].The interaction between KEAP1 and NRF2 is disrupted by elec-
trophilic alteration or oxidation of cysteine thiols in KEAP1, allowing
cells to respond to environmental stress. The ubiquitin E3 ligase activity
of the KEAP1-CUL3 complex declines, and NRF2 is stabilized. The sta-
bilized NRF2 accumulates in the nucleus and activates its target genes,
which leads to an enhancement of antioxidant capacity [107]. Addi-
tionally, numerous studies have linked the TST-related antioxidant
system to NRF2 signaling, mainly due to its transcriptional activation of
GSH-related enzymes, which serves as an early defense against oxidative
stress [108-111]. Furthermore, HoS mediates direct persulfidation of
KEAP1 and thereby contributes to sulfide-mediated NRF2 regulation
[112].

Currently, the interaction between TST and NRF2 has been investi-
gated in two studies. Protein levels of NRF2 appear to be lower and those
of its intracellular inhibitor Keap1 higher in the brain of Tst~/~ mice. As
a consequence of reduced NRF2 protein expression, the ARE genes
including Hmox1, Txn2, Gclc, Gelm and Gr showed significant reduction
in the mRNA levels in the absence of TST [43]. A similar decrease in
NRF2 activation in Tst/~ mice was observed in liver when assessed
through transcription factor binding site (TFBS) enrichment analysis. In
line with the diminished hepatic NRF2 activation, 10 of 47 known
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Fig. 1. A conceptual framework of biological effects of TST in mammalian cells. 1. Sulfur metabolism: Sulfur is essential for redox signaling, H2S formation and
antioxidant defense. TST plays a role in H2S metabolism, working with enzymes such as MPST. TST interacts with the thiol-dependent antioxidant system GSH and
TXN systems, essential for cellular antioxidant defense. TST deficiency causes oxidative stress by disrupting redox balance, increasing ROS and lowering GSH levels.
Additionally, TST supports the function of iron-sulfur (Fe-S) clusters, essential for mitochondrial processes like the electron transport chain (ETC). It helps to protect
and restore Fe-S enzymes under oxidative stress conditions. 2. Oxygen metabolism: oxygen supports ATP production but also generates ROS, potentially damaging
cells. TST interacts to regulate ROS level, maintaining redox balance. Studies indicate TST’s antioxidative role extends to reducing mitochondrial ROS under con-
ditions of oxidative stress. 3. Selenium metabolism: Selenium is crucial for the function of selenoproteins like GPX4 and TXN, which are essential for detoxifying
excessive ROS. TSTD1 has been reported to be able to donate sulfane sulfur from S2032— to TRX, and alternatively TRX could potentially function as a persulfide
donor. 4. Reactive Species Interactome (RSI): The RSI integrates multiple reactive species, including ROS, RNS, RSS, and RCS, with enzymatic cellular antioxidant
and redox pathways and mitochondrial activity. TST plays a significant role in maintaining redox balance. 5. Extra-mitochondrial TST functions and NRF2 signaling:
TST impacts antioxidant responses by possible interaction with KEAP1 protein mediated by H2S, further influencing NRF2, a key regulator of genes that manage
oxidative stress. NRF2 activation enhances antioxidant defenses, linking TST’s roles both within and beyond mitochondria. Abbreviations are listed in Table 1.

NRF2-regulated proteins were reduced in the liver of ND-fed Tst ™/~ mice leads to activation of the NRF2 signaling pathway, demonstrating the
compared with C57BL/6J wildtype mice [39]. While different methods potential of small molecule interactions to therapeutically target this
have been used in these studies, the decreased NRF2 expression and pathway [42,114] (see Fig. 1).
activation supports the notion that TST is important for normal NRF2
signaling. 4. Changes of TST expression in preclinical cell and animal

Due to the complexity of the NRF2 system, the hypotheses related to models
the interaction between TST and NRF2 so far focussed mainly on HaS

signaling. Numerous investigations have demonstrated that one mech- TST has been studied in preclinical models for various diseases,
anism by which HjS directly interacts with the NRF2 pathway is S- revealing its critical role in cellular defense against oxidative stress and
sulfhydration of cysteine-151 residue of Keapl [111]. Furthermore, metabolic dysfunction. The enzyme’s function centers around sulfide
KEAP1 can be S-sulfhydrated by H)S at the cysteine-226 and metabolism, regulation of mitochondrial activity and protection against
cysteine-613 residues, which will inactivate KEAP1, release NRF2, and oxidative stress, which are implicated in a wide range of diseases. In
encourage the production of NRF2-dependent genes [113]. TST serves Tables 2 and 3 we summarize its expression in various models including
as modulator of sulfide metabolism, with circulating sulfide increasing in vivo and in vitro studies.

dramatically in Tst~/~ mice, which might explain the disrupted NRF2 Taken together, these studies position TST as a crucial mediator of
functions in murine brain and liver tissues. However, those assumptions various preclinical disease models, with beneficial effects across a va-
have not yet been evaluated at the molecular level between TST and riety of tissues and cell lines, ranging from adipose, liver, kidney, and
KEAP1 cysteines; therefore, additional in-depth investigations are stomach to brain. The ability of TST to modulate sulfide metabolism,
required to fully understand this molecular interaction. Beyond this interact with key metabolic pathways and exert anti-oxidative effects
mechanism, activation of the TST pathway by, for instance, thiosulfate underscores its significance in both preclinical models and potential
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Table 1
Abbreviations.
ACO1/2 Aconitase
AHS Alpers-Huttenlocher syndrome
BMI Body mass index
CBS Cystathionine beta synthase
CSE Cystathionine gamma lyase
CAT Cysteine aminotransferase
CAP1A Carnitine palmitoyltransferase 1a
CAVD Calcific aortic valve disease
CKD Chronic kidney disease
DHLA Dihydrolipoic acid
ETC Electron transport chain
ETHE1/PDO Persulfide dioxygenase
FAO Fatty acid oxidation
FRDA Friedreich’s ataxia
FADH2 Flavin adenine dinucleotide
GSH Glutathione (reduced form)
GPX Glutathione peroxidase
GSSG Glutathione disulfide (oxidized glutathione)
GSSH Glutathione persulfide
GR Glutathione reductase
GCLC Glutamate cysteine ligase, catalytic subunit
GCLM Glutamate cysteine ligase, modifier subunit
IBD Inflammatory bowel disease
H,S Hydrogen sulfide
HMOX1 Heme Oxygenase 1
HDL High-density lipoprotein
KEAP1 Kelch-like ECH-associated protein 1
KSS Kearns-Sayre syndrome
LHON Leber’s Hereditary Optic Neuropathy
MD Mitochondrial diseases
MDA Malondialdehyde
MPO Myelopeoxidase
MPST 3-mercaptopyruvate sulfurtransferase
NADH Nicotinamide adenine dinucleotide (reduced form)
NADPH Nicotinamide adenine dinucleotide phosphate (reduced form)
NRF2 Nuclear factor erythroid 2-related factor 2
OXPHOS Oxidative phosphorylation
2-PTS 2-Propenyl thiosulfate
ROS Reactive oxygen species
RSS Reactive sulfur species
RSI Reactive species interactome
RCS Reactive carbon species
RNS Reactive nitrogen species
SOD Superoxide dismutase
SQOR Sulfide quinone oxidoreductase
TCA cycle Tricarboxylic acid cycle
TST Thiosulfate sulfurtransferase
TXN Thioredoxin
TXNRD Thioredoxin reductase
VLCAD Very long-chain specific acyl-CoA dehydrogenase

clinical applications for conditions related to those biological processes.

5. TST expression profiles in human diseases with mitochondrial
dysfunction

Publicly available RNA sequencing and proteomic databases,
including the GTEx project and the Human Protein Atlas (HPA) [115,
116], reveal that TST is highly expressed in many organs with high
metabolic activity such as liver, colon, kidney and brain. Recent studies
have uncovered its diverse roles in disease pathology, ranging from
metabolic disorders to obesity, neurological, cardiovascular, colonic
diseases and cancers.

5.1. TST in metabolic health and obesity

Recently, a dramatic increase in obesity and in type 2 diabetes
mellitus (T2DM) has been observed worldwide. TST has attracted sig-
nificant attention for its role in adipose tissue biology and systemic
metabolic regulation. In murine models, elevated TST expression in
adipocytes has been shown to confer protection against obesity and
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Table 2
Changes of TST expression/activity in various pre-clinical disease models in
cells.

Relevant function Cell type Expression/ Disease model ~ Ref.
activity
change

Sulfide Valvular 1 Calcific aortic 155
metabolism interstitial cells valve disease

Sulfide MCF-12A and | Breast cancer 156
metabolism MCEF-7 cell line

Sulfide 6 human leukemia 1 Leukemia 157
metabolism cell lines

Sulfide Normal astrocytes 1 Astrocytoma 158
metabolism; and U373 cell line
antioxidant

Mitochondrial Murine bone 1 Obesity 94
function marrow-derived
regulation; macrophages
antioxidant (BMDMs)

Mitochondrial HK-2 cell line 15 Diabetic 117
function kidney disease
regulation

Sulfide Human colonic 1 Colon cancer 159
metabolism epithelial cell

organoid

1/1: increase/decrease in protein/mRNA expression or enzyme activity when
compared to the normal/healthy/younger condition.

Table 3
Changes of TST expression/activity in various pre-clinical disease models in
animals.

Relevant Tissue/Organ  Expression/ Disease model Ref.
function activity
change
Sulfide Rat kidney l Hypertension and 160
metabolism aging
Sulfide Rat | High fructose diet- 161
metabolism; mesenteric induced injury and
antioxidant adipose tissue aging
Mitochondrial Mouse liver 1 Dysregulation of 162
function and plasma high-density
regulation lipoprotein (HDL)
Antioxidant Mice liver t Low-dose radiation 163
exposure
Sulfide Rat stomach l High fructose diet- 164
metabolism; induced gastric
antioxidant malfunction and
aging
Sulfide Rat liver 1 Hypertension and 165
metabolism aging
Sulfide Rat liver l Obesity 166
metabolism;
antioxidant

1/l}: increase/decrease in protein/mRNA expression or enzyme activity when
compared to the normal/healthy/younger condition.

T2DM [87]. In a cohort of almost 700 people, Morton et al. have
extended these findings by reporting a negative correlation between TST
activity with BMI, obesity and insulin resistance in adipose tissue, and a
positive correlation with insulin receptor substrate 1 (IRS1) and adipo-
nectin [87]. Adiponectin, a hormone with anti-inflammatory and
insulin-sensitizing properties, is a critical mediator of metabolic ho-
meostasis, and its positive association with TST suggests a protective
role of this enzyme for human metabolic health [117,118]. In adipo-
cytes, TST positively correlates with insulin receptor substrate 1 (IRS1)
levels and enhances adiponectin secretion, a key adipokine that pro-
motes insulin sensitivity [87]. Experimental evidence has shown that
treatment with thiosulfate, a substrate for TST, increases adiponectin
secretion from differentiated human adipocytes, further supporting its
role in glucose homeostasis and lipid metabolism (Morton, 2016).
Additionally, unchanged hepatic insulin sensitivity markers and
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Fig. 2. Clinical relevance of TST expression profiles and disease associations.

impaired glucose tolerance were described in Tst™/~ mice [39]. Mech-
anistically, the maintenance of a healthy oxidation status in adipocytes
is crucial to its normal functions [119], thiosulfate administration for
TST activation suppressed the inflammatory response and upregulated
Irs1 mRNA level in 3T3-L1 clonal adipocytes, supported by decreased
Ccl2 and 116 mRNA levels compared to palmitate-induced inflammation
adipocytes [94]. Additionally, TST contributes to redox homeostasis by
modulating reactive sulfur species (RSS) and ROS levels, which play a
crucial role in metabolic health [43]. Along with those observations,
endogenous and exogenous sulfide administration have been reported to
influence hepatic glucose and lipid metabolism [120,1211, in Tst™/~
mice.Increased hepatic gluconeogenesis was also detected in Tst™/~
mice compared with healthy mice [39]. Therefore, TST has been
implicated in metabolic regulation through its effects on redox balance
and sulfide metabolism. Thus, TST is emerging as a key metabolic
regulator with potential applications as a biomarker for metabolic dis-
orders, including obesity and diabetes.

5.2. TST in neurological-related disorders

TST deficiency has been implicated in mitochondrial dysfunction,
notably in Leber’s Hereditary Optic Neuropathy (LHON), a rare neuro-
degenerative disease characterized by severe vision loss [122]. LHON is
primarily caused by mtDNA mutations that affect complex I of the ETC,
resulting in increased production of ROS and consequent mitochondrial
dysfunction [123]. TST functions in detoxifying cyanide and regulating
mitochondrial ROS levels, and its deficiency exacerbates mitochondrial

dysfunction in LHON patients. Evidence of TST deficiency in both liver
and rectal tissues from LHON patients suggests that the enzyme plays a
role in the systemic pathology of the disease [124]. Although conflicting
data exist on the tissue-specificity of TST expression patterns in LHON
patients, the enzyme’s involvement in mitochondrial health remains
significant [123]. Studies have shown reduced expression of both serine
hydroxymethyltransferase and rhodanese in fibroblasts and lympho-
blasts derived from FRDA patients [125].

5.3. TST in cardiovascular and kidney diseases

The functions of TST in mitigating oxidative stress and maintaining
redox homeostasis are increasingly recognized as central to the patho-
genesis of atherosclerosis, which further contributes to ischemic stroke
and chronic kidney disease (CKD) [126,127]. Atherosclerosis is associ-
ated with vascular inflammation mediated by ROS and subsequent
oxidative stress [128]. TST, along with TSTD2 (a TST-like enzyme),
catalyzes sulfur transfer reactions and contributes to the reduction of
antioxidants such as glutathione and thioredoxin, which are essential in
detoxifying ROS and regulating cellular homeostasis. Elevated levels of
TSTD2 autoantibodies have been identified in patients with athero-
sclerosis and CKD, suggesting that the body mounts an immune response
against this sulfurtransferase because of oxidative stress and vascular
damage. The presence of these autoantibodies correlates with known
atherosclerosis risk factors, such as hypertension, smoking, and hyper-
glycemia. These findings imply that TST and its isoforms may be
involved in the progression of vascular endothelial damage caused by
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Table 4
Cytotoxic and cytoprotective effects of STS in cultured cells.
Cell type Disease model Concentration Cellular response elicited by STS Ref.
The human keratinocyte (HaCaT) cell line Atopic dermatitis 2.0 mmol/L Decreased IL-1p and IL-6 mRNA expression; increased 167
MnSOD activity
Isolated PBMCs Hemorrhagic shock in a 25 mg/kg/h for 2 h Increased mitochondrial oxygen consumption; increased 168
porcine model acetyl-CoA flux
B16 and A375 cells Skin cancer STS (0, 0.25, 1,2.5 mM) Reduced cell proliferation, viability, and EMT process; 169
for 24 hor 48 h increased H,S, down-regulated Wnt/p-catenin pathway
Pooled human umbilical vein endothelial cells ~ Vascular occlusive diseases 4 h with 3 mM STS Decreased mitochondrial respiration; increased glycolysis 144

(HUVECs)
HUVEC and human lung microvascular
endothelial cells (HMVEC-L)

Acute lung injury

5-20 mM for 20h

and ATP production
Deceased ROS production; inhibited IKK/NFxB activation 146

Primary human vascular smooth muscle cells  Intimal hyperplasia 3 or 15 mM STS for Impaired proliferation, migration and ECM-secreting 170
(VSMCs) 24h~7days phenotype; inhibited microtube polymerization

Rat renal epithelial (NRK-52E) cell Hypoxia-reoxygenation injury ~ 150 pM STS for 2 h STS pre-treatment alone attenuated cell apoptosis 171

Human neuroblastoma (SH-SY5Y) cell line; Neuronal ischemia 0.25 mmol/L for 24h Increased thiosulfate level and GSH contents; inhibited 55
primary cortical neurons from C57BL/6J reperfusion injury apoptotic pathway via modulating JNK pathway and Erk1/2
mice pathway

Preadipocyte cell line model (3T3-L1) Obesity 50 mM STS Reduced palmitate-induced inflammation; improved insulin 94

tolerance and anti-oxidative damage function

ROS, positioning TST as a potential biomarker and therapeutic target for
the prevention and management of atherosclerosis and CKD [129].

Furthermore, in diabetic kidney disease (DKD), TST deficiency con-
tributes to the disruption of fatty acid oxidation (FAO), a critical process
for energy production in renal tubular cells [117,126]. Decreased TST
expression has been reported in renal tubular cells from patients with
DKD. Specifically, TST downregulation leads to decreased S-sulfhydra-
tion of very long-chain specific acyl-CoA dehydrogenase (VLCAD), an
enzyme essential for mitochondrial FAO. This reduction in S-sulfhy-
dration impairs VLCAD activity, further exacerbating mitochondrial
dysfunction and leading to defective fatty acid metabolism [130].
Conversely, interventions that restore TST activity, such as sodium
thiosulfate treatment or TST overexpression, significantly alleviate renal
tubular injury under high-glucose conditions [130]. These findings un-
derscore the protective role of TST in preventing mitochondrial FAO
dysfunction and its associated tubular damage [130].

Calcific aortic valve disease (CAVD) is the most prevalent form of
valvular heart disease, characterized by systemic endothelial dysfunc-
tion [131] and significant rates of morbidity and mortality [132],
whereby the dysregulation of sulfur metabolism and redox homeostasis
exacerbate the calcification processes. The altered sulfide metabolism in
this disease increased the interest to study HsS-related proteins
including TST. TST was found to be upregulated in calcific human aortic
valves, as a response to calcifying stimuli in CAVD [133]. This finding
consolidated TST’s role in sulfur trafficking within the mitochondria,
which may further promote calcification in aortic valve tissues. Addi-
tionally, the accumulation of ROS in valve tissues, driven by a decline in
TST function, may enhance inflammatory signaling and oxidative
damage, which are known contributors to valvular calcification.

5.4. TST in inflammatory and gastrointestinal diseases

TST, has been shown to decrease in expression with age across
multiple organs, including the colon [134]. In both pediatric and adult
IBD patients, lower expression of HyS-metabolizing enzymes like TST
has been consistently observed in both human and animal models
[135-137]. This reduction may lead to impaired detoxification of HsS,
resulting in elevated levels of the gas in the colon, which destabilizes the
protective mucosal layer and promotes bacterial interactions with
epithelial cells [136]. These interactions increase susceptibility to
inflammation, worsening the disease. Furthermore, lower levels of TST
could hinder the anti-inflammatory and protective effects of HjS,
exacerbating intestinal damage and contributing to the chronic inflam-
mation seen in IBD [137]. Interestingly, mucosal healing is associated
with increased TST expression, suggesting that TST may play a repara-
tive role in the gastrointestinal mucosa [135].

5.5. TST in cancer

TST plays a significant role in cancer biology due to its involvement
in the sulfide metabolism pathway. H,S has been indicated as a regulator
of tumor progression and metastasis in recent years [138], therefore, the
disruption of sulfur metabolism through TST mutations can alter cellular
redox states, leading to oxidative stress and changes in H,S levels.
Emerging evidence suggests that TST dysregulation may contribute to
cancer pathophysiology, particularly through its role in redox homeo-
stasis and sulfur metabolism. In colorectal cancer, TSTD1 expression is
significantly upregulated for sulfide homeostasis in patient tissues [51].
In addition, TSTD1 protein was highly expressed in 68.8 % of breast
cancer patients from Taiwanese and Korean cohorts, and its over-
expression in tumors was significantly correlated with reduced 5-year
survival [139]. This dysregulation of sulfide metabolism may create
an environment favorable for cancer progression, highlighting the
enzyme as a potential target for cancer therapies [140,141].

Fig. 2 illustrates the clinical relevance of thiosulfate sulfurtransferase
(TST) expression profiles across various organ systems and its associa-
tion with specific diseases. In adipose tissue, elevated TST expression is
protective against obesity and type 2 diabetes mellitus (T2DM), showing
positive correlations with metabolic health markers such as insulin re-
ceptor substrate 1 (IRS1) and adiponectin. In the brain, TST deficiency is
linked to neurodegenerative conditions like Leber’s Hereditary Optic
Neuropathy (LHON) and Friedreich’s ataxia (FRDA), where down-
regulated TST disrupts mitochondrial function and redox balance.
Within the heart and kidneys, TST plays a protective role in cardiovas-
cular diseases and chronic kidney disease (CKD) by supporting redox
homeostasis, while in diabetic kidney disease (DKD), its deficiency im-
pairs fatty acid oxidation, contributing to renal damage. In the colon,
decreased TST expression is observed in inflammatory bowel disease
(IBD), potentially reducing H,S detoxification, compromising the
mucosal barrier, and increasing inflammation. In cancer, TST dysregu-
lation affects redox balance and HsS metabolism, potentially promoting
tumor progression and suggesting TST’s role as a biomarker and ther-
apeutic target in oncology.

6. Therapeutic options to activate the TST pathway

After elucidating the beneficial roles of TST in multiple diseases,
activation of the TST pathway, thereby stimulating mitochondrial
function and reducing oxidative stress, could be a novel and exciting
therapeutic option for the prevention or attenuation of disease pro-
cesses. This section summarizes how targeting TST might be useful for
future clinical directions. For activators of TST, the experimental options
currently available in the literature are: sodium thiosulfate, a novel
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Table 5
Effects of STS in animal models.
Animal Indicated Concentration Response Ref.
disease elicited by STS
BALB/C female Atopic 1.28 mg/mL for  Decreased the 172
mice dermartitis 7 days infiltration of
dermal
inflammatory
cells; decreased
ROS and
inflammatory
cytokines
expression
C57BL/6J and Hepatic 0.015 mmol/L, Increased GSH 173
Cystathionine ischemic and 0.15 mmol/L, amount and
y-lyase (CSE) reperfusion (I/ and 1.5 mmol/ mitochondrial
knockout mice R) injury L, reperfusion integrity
of 1 or24h
C57BL/6JRj mice  Vascular 0.50r 1 g/kg/ Increased 144
and LDLR ™/~ occlusive day, 3 reperfusion
mice diseases injections per and muscle
week recovery;
increased HyS
production and
protein
persulfidation
C57BL/6J mice Acute lung Intraperitoneal Attenuated the 146
injury administration pulmonary
of 2 g/kg STSat  vascular
0 and 12h after leakage and
intratracheal lung edema;
LPS decreased IL-6,
IL-1p and TNF«
Wistar rats DOX-induced 300 mg/kg, 3 Improved the 174
cardiotoxicity times per week,  body weight
during cancer ip and
treatment cardiotoxicity;
decreased
oxidative
stress:
increased GSH,
SOD and
decreased lipid
peroxidation
WT, LDLR /"~ Intimal 4g/L(0.5g/ Reduced IH in 170
mice, and hyperplasia Kg/day), WT and
Cse™~ mice (IH) changed 3 LDLR ™/~ mice;
times a week STS fully
rescued CSE ™/~
mice from
increased IH
Sprague-Dawley Hypertension 2 g/kg body Reduced blood 175
(SD) rats with adenine- weight/day for pressure;
induced chronic 2 weeks increased
kidney disease levels of H,S
and thiosulfate
in plasma;
increased NO
bioavailability
C57BL/6J mice Neuronal 10 mg/kg (40 Improved the 55
ischemia umol/kg) 20-day survival
reperfusion rate of mice
injury subjected to
bilateral
common
carotid artery
occlusion
Pdx1 knockdown  Hyperglycemia 10 mM Restored 25
zebrafish induced kidney glomerular
damage enlargement;
reduced
pronephric

neck length in
pdx1
morphants
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Table 5 (continued)

Animal Indicated Concentration Response Ref.
disease elicited by STS
Lewis rats Syngeneic Donor rats were Reduced 171
kidney pre-treated apoptosis
transplantation with 2.4 mg levels in renal
STS/kg for grafts after
30mins; the transplantation

procured renal
grafts were
stored for 24h

small molecule (Hit 2), and hTST protein [25,142-144].

6.1. Potential clinical and present clinical applications of sodium
thiosulfate

Sodium thiosulfate (hereafter referred to as STS or thiosulfate) is an
endogenous sulfur metabolite [145], which possesses antioxidant [146],
anti-inflammatory [94], and antihypertensive properties [147]. It has a
long history of medicinal use in metal and cyanide intoxications and,
more recently, in the prevention of ototoxicity of cisplatin. STS also has
the potential for TST activation and intracellular HoS generation [148,
149], suggesting therapeutic potential beyond its current clinical use
(see Table 5). The activation of TST expression by thiosulfate has been
validated in many studies [94,150,151], and the beneficial effects of STS
for intracellular HyS generation have been summarized elsewhere
[143]. Sodium thiosulfate is a water-soluble, inorganic compound with
no detectable odor, characterized by the chemical formula NayS,03 and
a molecular weight of 158.11 g/mol. S,03™ can be generated endoge-
nously by several other mechanisms including the oxidation of H,S, and
the interaction between sulfite and sulfane Sulfur [152,153]. Thiosulfate
has been traditionally used clinically as an antidote for cyanide
poisoning with the reaction mentioned in Section 2. In recent years, STS
was proposed for further therapeutic uses [154], some of which are
summarized in Tables 4-6.

STS can be safely administered to humans by i.v. administration and
is already a clinically viable molecule approved by the FDA [182].
Although STS can be administered with the drinking water, the acid
environment of the stomach will degrade a significant part of the com-
pound. To ensure long-term treatment an oral formulation has recently
been developed and patented (European Patent Application No.
23701222.4; U.S. patent application No. 18/729,995) which will soon
be tested in human disease conditions. The new formula ensures slow
release and is acid resistant. As an additional feature, it will maintain its
slow-release potential if it breaks down one way or another. We believe
that by activating the TST pathway a protective mechanism will be set in
motion in diseases associated with oxidative stress, mitochondrial
dysfunction and aberrant redox signaling.

6.2. Preclinical studies for specific TST activation

In order to have a more specific and potent activation of TST, there
are two developing strategies as hTST protein and a small molecule (Hit
2: TST activator) [142]. The hTST protein was used as a reagent for TST
activation in Pdx1 knockdown zebrafish to reduce oxidative stress. A
concentration of 1 pg/pL of protein was applied, which resulted in the
restoration of glomerular enlargement and a reduction in pronephric
neck length in pdx1 morphants [25]. Additionally, Hit 2 was used as a
reagent for TST activation in C57BL/6J mice, specifically in isolated
mitochondria from brain tissue. A concentration of 50 pM of Hit 2 was
administered, leading to an increase in maximum uncoupled respiration
and state 3 respiration [142]. The chemical structure of Hit 2 is shown in
Fig. 3.

The calculation of the binding free energy for Hit 2 indicates that the
van der Waals component is the predominant contributor to the total
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Table 6
Clinically used and approved STS in human diseases.
Sodium Targeting mechanism Disease
thiosulfate TST substrate, sulfur donor Acute cyanide poisoning

Antioxidant; reaction with cisplatin
structure

Calcium-chelating agent, binding to
Ca* and increasing its solubility.

Reducing cisplatin-induced hearing
loss in pediatric cancer patients
Calciphylaxis in dialysis patients

Ref.
[154,176]

Effective range
250 mg/mL in an “antidote kit”

Development stage
Clinical use since
the 1930s

At a dose of 20 g per square meter FDA-approved [177,178]
20 g of STS infusion for 4 days; 25 g of STS ~ Off-label drug [16,
was also administered intravenously 179-181]

A

cclp LY

(S,S) hit 2

Iz
I|-
o=
Z

(S,R) hit 2

(R,R) hit 2

(R,S) hit 2

Fig. 3. A: Chemical structure of Hit 2, which contains two stereo-centers (indicated by 2 asterisks). B: While the identity of the first stereo center (left*) can be
thereby be determined, assignment of the second stereocenter (right*) cannot be made from the data from the chiral column alone.

binding energy [142]. Per-residue energy decomposition analysis re-
veals that the binding of Hit 2 to hTST is primarily stabilized by ener-
getically favorable interactions with residues Leu6, Ala9, LeulO, and
Tyr262. The potential activation of hTST by Hit 2 may be attributed to
an enhanced substrate-binding environment within the catalytic site,
characterized by increased accessibility of the binding pocket and
improved stabilization of substrate-derived negative charges by posi-
tively charged residues in the catalytic site. The detailed interaction are
mentioned in a previous study [142]. However, the protein structure
was modeled using the primary sequence from UniProt (Q16762), there
is no accurate structure of hTST protein yet, this compound needs
further validation and investigation on human TST structure for further
studies.

7. Conclusion and directions for drug exploration

The current review highlights TST’s diverse functionality and clin-
ical relevance. Pharmacological research related to TST is a rapidly
advancing field, with the potential to generate numerous therapeutic
opportunities, and besides STS, early-stage drug candidates are now
under investigation (Section 6.2). Additionally, overexpression of TST as
a therapeutic modality might be explored. A transgenic mouse with
selective adipose overexpression of TST has recently been used to
confirm the anti-diabetic phenotype with improved hepatic fat

10

oxidation [87]. Therefore, despite its known protective roles within
mitochondria and possible interaction with NRF2 signaling, the over-
expression and activation of TST have received limited attention as a
potential therapeutic strategy to address diseases associated with
mitochondrial dysfunction.
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