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Abstract
Sulfur, like oxygen, belongs to group 16 of the periodic table and exhibits remarkable versatility in both electron donation and acceptance, 
as well as in its wide range of oxidation states. These properties enable sulfur to participate in diverse redox reactions, while also serving as 
a critical component of enzyme active sites and redox sensors. Moreover, sulfur is the only element capable of forming stable linear 
homonuclear chains, a property known as catenation, which gives rise to a rich array of naturally occurring allotropes with complex chemical 
architectures. Recent advances in analytical technologies have uncovered the in vivo existence of supersulfides, molecules containing 
catenated sulfur atoms, whose physiological functions and pathological relevance are now beginning to be elucidated. In this review, we 
highlight the unique chemical features and biological functions of supersulfur species, with a particular focus on their roles in cancer. 
Furthermore, we discuss the therapeutic implications of supersulfur-driven “reductive stress,” a distinct imbalance in redox homeostasis that 
may be exploited for cancer treatment.
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1. Introduction
Recent advances in mass spectrometry-based analytical technologies have revealed supersulfides as a previously unrecognized class 
of bioactive molecules[1-3]. Supersulfides are defined by sulfur-sulfur catenation, in which multiple sulfur atoms are linearly 
connected. This category encompasses metabolites such as cysteine hydropersulfide (CysSSH) and glutathione hydropersulfide 
(GSSH), in which excess sulfur atoms are appended to thiol groups, as well as supersulfidated proteins bearing additional sulfur atoms 
on cysteine residues (Figure 1). Phenomena once attributed to hydrogen sulfide (H2S) signaling are now increasingly recognized as 
functions mediated by supersulfides[4]. In fact, much of what was previously detected as H2S in biological samples is now understood 
to be artifactual decomposition products of supersulfides generated during sample processing. Consequently, the physiological and 
pathological significance of supersulfides has recently attracted considerable attention as a novel dimension of redox biology. In this 
section, we first outline the chemical characteristics and biosynthetic pathways of supersulfides. We then introduce their biological 
functions, with particular emphasis on our recent discovery of the PNPO–PLP regulatory axis as an oxygen-sensing mechanism that 
drives supersulfide production and suppresses inflammation. Finally, we discuss how supersulfides and the KEAP1–NRF2 oxidative 
stress response pathway cooperatively regulate redox balance in cancer progression, and we explore the therapeutic potential of 
targeting supersulfide metabolism and its biosynthetic machinery in NRF2-addicted malignancies.

2. Chemical Properties of Supersulfides
Sulfur, like oxygen, belongs to group 16 of the periodic table, yet its chemical properties are markedly distinct. Most notably, sulfur is 
highly flexible in both donating and accepting electrons, and it can adopt a wide range of oxidation states, from -2 to +6. This 
versatility underlies sulfur’s pivotal role in biological redox reactions. Indeed, sulfur frequently serves as a catalytic center in enzymes 
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or as a sensor molecule that detects shifts in redox states, thereby regulating diverse biological processes. In addition to these redox 
properties, sulfur possesses a unique structural capacity not observed in other elements: the ability to form catenation, or linear and 
cyclic chains of sulfur atoms bonded to each other. Such catenation generates a remarkable structural diversity, which in turn gives 
rise to the wide-ranging chemical properties of sulfur compounds.

Figure 1. Various supersulfides. Supersulfides are molecules that contain catenated sulfur moieties in each molecular structure, e.g., H–Sn–H, R-Sn-H, R-SSn-R’, cyclo-SSn 

(n > 1). They can be either low molecular weight metabolites or proteins.

In living systems, sulfur-containing metabolites can broadly be classified as either organic or inorganic (Figure 1). Organic sulfur 
compounds include sulfur-containing amino acids such as cysteine and methionine and their derivatives, whereas inorganic 
compounds encompass hydrogen sulfide (H2S), sulfite (SO3

2-), and sulfate (SO4
2-). Within proteins, cysteine thiol groups (–SH) are 

known to undergo stepwise oxidation, yielding disulfides (–SS–), sulfenic acids (–SOH), sulfinic acids (–SO2H), and ultimately sulfonic 
acids (–SO3H). Beyond these conventional oxidation products, the advent of advanced mass spectrometry and high-sensitivity 
chemical probes has revealed the in vivo existence of a new class of molecules containing sulfur catenation, collectively termed 
supersulfides[5] (Figure 1). Supersulfides are defined as molecular species containing catenated sulfur atoms within their structures, 
including H-Sn-H, R-Sn-H, R-SSn-R′, and cyclo-SSn species (n > 1)[5]. Among these, H-S-S-H and R-S-SH are classified as persulfides, 
whereas species with longer sulfur chains, such as H-Sn-H and R-Sn-H (n > 2), as well as R-SSn-R′ and cyclic S-Sn (n > 1), are referred to 
as polysulfides. These molecules exhibit chemical properties distinct from classical thiols and disulfides. Representative examples 
include CysSSH, GSSH, and inorganic polysulfides (e.g., HSSH, HSSSH).

Glutathione (GSH) is widely recognized as a major endogenous antioxidant. However, its pKa is approximately 9, meaning that under 
physiological pH (~7), GSH exists predominantly in its protonated form, which limits its nucleophilic reactivity. Consequently, 
conjugation of GSH to electrophilic xenobiotics generally requires enzymatic catalysis, such as that provided by glutathione 
S-transferases (GSTs). In contrast, GSSH exhibits a substantially lower pKa (approximately 6-7), and thus exists largely in the 
deprotonated thiolate form (GSS-) under intracellular conditions[6,7]. This confers GSSH with strong nucleophilic activity, enabling it to 
spontaneously conjugate with electrophilic toxicants without enzymatic assistance. In this sense, GSSH functions as a unique driver 
of non-enzymatic detoxification reactions. Indeed, GSSH has been detected in mouse tissues at physiologically relevant 
concentrations: > 100 μM in the brain, and ~50 μM in other major organs such as the heart and liver. Although these levels represent 
only 1-10% of the abundant millimolar concentrations of GSH, the amount of reactive thiolate species derived from GSSH (GSS-), as 
predicted from its pKa, exceeds that of GS- by 10-100 fold. Thus, despite its lower abundance, GSSH dominates intracellular 
nucleophilic reactivity and functions as a more potent antioxidant and detoxifying factor than GSH itself[1].

3. Biosynthetic Pathways of Supersulfides in Cells
Multiple pathways exist for the intracellular generation of CysSSH, which is a primary supersulfide synthesized in cells (Figure 2). First, 
cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE) can utilize cystine (CysSSCys) as a substrate to produce CysSSH[1]. 
Second, cysteinyl-tRNA synthetase 1 (CARS1) and CARS2 catalyze the conversion of two cysteine molecules (CysSH) into one molecule 
of CysSSH[2]. Both pathways require pyridoxal phosphate (PLP), the active form of vitamin B6, as a cofactor. In addition to these 
enzymatic mechanisms, supersulfides may also be generated through non-enzymatic reactions, such as the oxidation of H2S or its 
interaction with nitric oxide (NO). However, analyses of Cars2-deficient mice strongly suggest that enzyme-dependent pathways 
make the predominant contribution[2,8]. Enzymatically synthesized CysSSH spontaneously reacts with GSH to form GSSH and higher-
order polysulfides such as GSSSH. This non-enzymatic sulfur transfer establishes a cascade that continually expands the intracellular 
supersulfide network (Figure 2).
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Figure 2. Regulation of cysteine hydro persulfide synthesis by NRF2 and PNPO. NRF2 enhances cysteine hydro persulfide production by upregulating xCT, a cystine 

transporter, thereby increasing intracellular cysteine availability. PNPO elevates pyridoxal 5′-phosphate (PLP), an essential coenzyme required for all cysteine hydro 

persulfide-synthesizing enzymes. In addition, NRF2 promotes glutathione biosynthesis through induction of GCLC and GCLM, which in turn facilitates the formation of 

glutathione hydro persulfide as a downstream supersulfide species. Created in BioRender.com. PNPO: pyridoxine phosphate oxidase; PLP: pyridoxal 5′-phosphate; 

CBS: β-synthase; CARS1: cysteinyl-tRNA synthetase 1; CARS2: cysteinyl-tRNA synthetase 2; NRF2: nuclear factor erythroid 2-related factor 2; GCLC: glutamate-cysteine ligase 

catalytic subunit; GCLM: glutamate-cysteine ligase modifier subunit; PNP: pyridoxine 5′-phosphate; CES: cystathionine γ-lyase; PMP: pyridoxamine 5′-phosphate.

The biosynthesis of supersulfides is tightly coupled to the supply of sulfur-containing amino acids such as cystine, cysteine, and 
methionine[9]. Intriguingly, the master transcription factor of the oxidative stress response, NRF2, has been shown to increase 
intracellular levels of supersulfides by transcriptionally activating SLC7A11, the gene encoding the cystine transporter xCT[9]. In 
addition, NRF2 is known to promote GSH synthesis by transcriptionally inducing expressions of γ-glutamylcysteine ligase catalytic 
and regulatory subunits, GCLC and GCLM, respectively. Thus, part of NRF2’s cytoprotective function may be mediated through the 
augmentation of supersulfide production.

Our recent work revealed that cellular oxygen tension dynamically regulates PLP abundance, thereby fine-tuning CysSSH synthesis 
and supersulfide production[10]. In oxygen-rich environments, elevated PLP levels promote CysSSH generation and broaden the 
supersulfide pool. Under such conditions, the potent antioxidant activity of supersulfides mentioned above may endow cells with a 
distinct adaptive advantage. In addition, supersulfides possess mitochondria-activating activity as well. Within mitochondria, CARS2 
catalyzes the synthesis of CysSSH from CysSH. Electrons supplied from the electron transport chain reduce supersulfides, generating 
hydrogen sulfide (H2S) and reduced polysulfides. H₂S and reduced polysulfides are rapidly oxidized by sulfide-quinone oxidoreductase 
(SQOR), transferring electrons to ubiquinone and returning them to the respiratory chain. In this process, H2S is re-oxidized to 
persulfides and polysulfides, enabling the regeneration of supersulfides. Conversely, the oxidative degradation of supersulfides 
involves enzymes such as ethylmalonic encephalopathy protein 1 (ETHE1), thiosulfate sulfurtransferase (TST), and sulfite oxidase 
(SUOX), ultimately yielding oxidized metabolites including thiosulfate, sulfite, and sulfate. These findings highlight that mitochondrial 
sulfur metabolism—encompassing synthesis, conversion, and degradation—is dynamically and stringently regulated[2]. Of note, under 
hypoxic conditions, enhancing SQOR activity in the brain promotes the metabolism of H2S, thereby sustaining mitochondrial 
respiration and conferring resistance to hypoxemia[11].

4. Biological Functions of Supersulfides
Supersulfides exhibit strong antioxidant activity by virtue of their high nucleophilicity, which enables them to efficiently scavenge 
reactive oxygen species. Functional studies of supersulfides, conducted by our group and others, have revealed their critical 
contributions to antioxidant defense and redox-dependent signaling pathways[3,5]. For example, supersulfidation of protein cysteine 
residues has been shown to confer metabolic plasticity. Under endoplasmic reticulum stress, as many as 827 proteins in pancreatic 
β-cells become supersulfidated, resulting in profound reprogramming of glucose metabolism[12]. This process is regulated by 
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ATF4-dependent activation of the cystine transporter xCT, which enhances cystine uptake and increases the pool of supersulfidated 
proteins. Similarly, supersulfidation of the α-subunit of ATP synthase has been reported to enhance enzymatic activity, thereby 
stimulating mitochondrial energy metabolism[13].

The anti-inflammatory functions of supersulfides are also increasingly recognized. Analyses using supersulfide donors have 
demonstrated that supersulfides strongly suppress lipopolysaccharide (LPS)-induced inflammatory responses in macrophages by 
inhibiting Toll-like receptor 4 (TLR4) signaling[14]. Our group further discovered that endogenous supersulfide production exerts 
anti-inflammatory effects in macrophages[15]. Upon LPS stimulation, macrophages upregulate xCT expression and cystine uptake, 
leading to an increase in intracellular supersulfides, which in turn dampens excessive inflammation. Consistently, knockout of xCT in 
mice exacerbates macrophage inflammatory responses, which can be rescued by administration of supersulfide donors.

We also identified a novel oxygen-sensing system, the PNPO–PLP axis, as a key regulator of supersulfide metabolism and 
inflammation[10]. As noted earlier, all enzymes catalyzing de novo supersulfide synthesis are PLP-dependent. PLP is generated from 
pyridoxine and pyridoxamine through the activity of pyridoxine phosphate oxidase (PNPO), a reaction that requires molecular 
oxygen. Under hypoxic conditions, reduced PNPO activity lowers PLP levels, thereby suppressing supersulfide synthesis and other 
PLP-dependent metabolic pathways. We showed that chronic hypoxia decreases PLP in macrophages, leading to diminished 
supersulfide metabolism and delayed resolution of inflammation[10]. Beyond their antioxidant and anti-inflammatory properties, 
supersulfides also exert direct antiviral effects against pathogens such as influenza virus and SARS-CoV-2, thereby contributing to 
host defense[8]. In addition, their anti-inflammatory functions help protect the lung against chronic inflammatory injuries, including 
COPD, pulmonary fibrosis, and aging-associated lung damage[8].

Supersulfides have also been implicated in organ dysfunction. In cardiomyocytes under hypoxic conditions, supersulfides are 
converted into hydrogen sulfide (H2S; HS-), and this catabolic shift has been correlated with cardiac impairment[16]. Interestingly, the 
same group reported that oxidized glutathione (GSSG)—traditionally considered a mere oxidative stress marker without intrinsic 
antioxidant activity—exerts a protective effect against myocardial ischemia by suppressing excessive Drp1-mediated mitochondrial 
fission in cardiomyocytes[17].

5. Redox Imbalance and Acquisition of Antioxidant Capacity in Cancer Malignancy
Tumorigenesis and cancer progression are intimately linked to disruptions in redox balance (Figure 3). To sustain their hallmark rapid 
proliferation, cancer cells exhibit heightened metabolic demands and consequently generate elevated levels of reactive oxygen 
species (ROS). Depending on their abundance, ROS can exert either tumor-promoting or cytotoxic effects. At moderate levels, ROS 
activate multiple oncogenic signaling pathways, including the RAS-MAPK, PI3K-AKT, and IKK-NFκB cascades[18]. During the metastatic 
process, for instance, elevated ROS contributes to the acquisition of invasive phenotypes in KRAS-mutant pancreatic cancer. 
Inhibition of the antioxidant protein TIGAR enhances ROS accumulation, delaying early tumor growth but paradoxically accelerating 
metastatic progression at later stages[19]. Conversely, excessive ROS production is detrimental to cancer cells, necessitating the 
activation of robust antioxidant defense systems to mitigate oxidative damage and maintain redox homeostasis. Two major 
mechanisms exemplify this defense: the KEAP1-NRF2 system and the action of supersulfides[20].

Figure 3. Redox balance in cancer cells and therapeutic strategies. Cancer cell vulnerability frequently arises from disturbances in redox balance. Under conditions of 

oxidative stress, excess oxidants further exacerbate oxidation, driving cells toward ferroptosis. Conversely, in a reductive environment, excess antioxidants intensify reductive 

stress, which can also result in cancer cell death. EMT: epithelial-mesenchymal transition; MitoTEMPO: (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-

oxoethyl)triphenylphosphonium chloride.

While NRF2 is a master transcription factor that orchestrates a broad spectrum of cytoprotective responses and serves as a central 
regulator of oxidative stress defense[21], somatic mutations in KEAP1 or NFE2L2 (encoding NRF2) in cancer cells lead to constitutive 

Ferroptosis Oxid Stress. 2026;2:202511 | https://doi.org/10.70401/fos.2026.0018 Page 4 of 9

https://doi.org/10.70401/fos.2026.0018


NRF2 activation, dramatically enhancing the antioxidant capacity of cancer cells and enabling their survival under conditions of high 
oxidative stress[22]. NRF2-addicted cancers exhibit strong induction of target genes that increase GSH biosynthesis, elevate NADPH 
production, and upregulate detoxifying enzymes and antioxidant proteins, conferring resistance to oxidative stress and 
radiotherapy[23-25]. In addition, sustained NRF2 activation drives malignant traits by altering transcription factor networks and 
remodeling the epigenome, thereby promoting cancer stemness and drug resistance[26-27]. Consequently, constitutive NRF2 activation 
is associated with extremely poor prognosis[28,29].

NRF2 activation also promotes supersulfide synthesis by increasing cystine and cysteine availability through upregulation of xCT[9]. In 
parallel, NRF2 induces expression of the thioredoxin and thioredoxin reductase system, which has been implicated in 
depersulfidation reactions[30]. Thus, supersulfide levels in cancer cells with persistent NRF2 activation are likely determined by the 
dynamic balance between supersulfide production and degradation. Collectively, these observations suggest that sulfur turnover is 
markedly accelerated in NRF2-addicted cancer cells.

Supersulfides are likewise elevated in various cancers, including breast, ovarian, pancreatic, and esophageal cancers, concomitant 
with increased expression of CBS and/or CSE (Table 1)[31-34]. Many earlier studies reported elevated sulfide levels in cancer cells; 
however, a substantial fraction of these observations likely reflects the presence of supersulfide species, owing to limitations in 
sample processing and analytical methodologies available at the time, particularly in the context of colon cancer where CBS and CSE 
expression is markedly upregulated (Table 1)[35-41]. Owing to their strong nucleophilicity, supersulfides efficiently neutralize radical 
species such as lipid radicals generated during hyperactive metabolism, thereby exerting potent antioxidant effects that protect 
cancer cells from oxidative damage[42-44]. Notably, supersulfides safeguard cancer cells against ferroptosis, a form of cell death 
triggered by lipid peroxidation, thus strongly supporting tumor survival and progression. In addition, supersulfides have been 
implicated in the promotion of epithelial-mesenchymal transition (EMT) and metastasis[33]. Supersulfide-generating enzymes also 
contribute to malignant signaling: for example, CBS has been reported to promote supersulfidation of PHD2, suppressing its activity 
and leading to activation of the HIF pathway[45]. It is therefore plausible that part of the HIF activation observed in cancer arises from 
this supersulfide-mediated mechanism.

Table 1. Alterations and functional consequences of sulfide and supersulfides in various cancers.

Cancer type Specific alteration functional consequences Reference

Basal-like breast cancer CBS elevation, protein persulfidation 

increase, GSSH/GSH ratio decrease

Resistance to ferroptosis [31]

Breast cancer CBS elevation, H2S increase Protection from tumoricidal macrophage [35]

Ovariay cancer (clear cell 

carcinoma)

CSE elevation, polysulfide increase Poor overall survival [32]

Ovarian cancer CBS elevation, H2S elevation Promotion of tumor growth, drug resistance acquisition [36]

Metastatic pancreatic 

ductal adenocarcinoma

CBS elevation Enhancement of metastatic dissemination of pancreatic ductal 

adenocarcinoma

[33]

Esophageal cancer CysSSH increase in plasma and exhaled 

breath condensates, homoCysSSH 

increase in plasma

Diagnostic marker for early stage, stage I & II [34]

Colon cancer CBS elevation, H2S increase Stimulation of colon cancer cell proliferation, migration, and 

invasion in vitro.  Tumor xenograft growth, angiogenesis, and 

peritumoral vascular tone

[37]

Colon cancer SQOR, TST, ETHE1 elevation. Production 

of supersulfides

Protection from toxicity of sulfide derived from gut microbiota [38]

Colon cancer H2S elevation Decrease in CD8 T cells/Treg [39]

Colon cancer xCT elevation, H2S elevation Avoidance of ferroptosis and apoptosis [40]

Melanoma CSE, CBS, 3-MST elevation Inhibition of melanoma cell proliferation [41]

GSSH: glutathione hydropersulfide; CysSSH: cysteine hydropersulfide; CBS: β-synthase; CSE: cystathionine γ-lyase; GSH: glutathione; SQOR: sulfide-quinone oxidoreductase; 
TST: thiosulfate sulfurtransferase; ETHE1: Ethylmalonic encephalopathy protein 1 (mitochondrial sulfur dioxygenase); 3-MST: 3-mercaptopyruvate sulfurtransferase.
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6. Therapeutic Targeting of Redox Imbalance in Cancer
Redox imbalance in cancer not only supports malignant progression but also creates context-dependent vulnerabilities that may be 
therapeutically exploited. While many anticancer therapies rely on ROS to induce tumor cell death, excessive antioxidant capacity 
can promote tumor growth and therapeutic resistance. Indeed, dietary supplementation with antioxidants such as N-acetylcysteine 
(NAC) or vitamin E has been shown to accelerate tumor progression and metastasis in multiple mouse cancer models, underscoring 
the complex role of redox balance in cancer biology[46-48].

Importantly, redox states vary substantially among cancer types. In particular, NRF2-activated cancers exhibit a pronounced shift 
toward a highly reduced intracellular environment. Although this enhanced reducing capacity confers robust protection against 
oxidative stress, it can also give rise to reductive stress, a pathological condition characterized by excess reducing equivalents such 
as NADH, NADPH, and low-molecular weight thiols[49]. Reductive stress has been shown to induce protein misfolding and aggregation, 
triggering endoplasmic reticulum stress and impairing cellular functions including neurogenesis and myogenesis[50,51].

In cancer cells, reductive stress may disrupt key metabolic and signaling pathways essential for proliferation and survival[49]. Excess 
NADH can over-reduce the mitochondrial NADH/NAD+ pool, thereby limiting oxidized NAD+ availability and perturbing tricarboxylic 
acid cycle flux, which impairs de novo nucleotide synthesis by limiting aspartate production[52]. Moreover, excessive reducing power 
interferes with redox-dependent signaling and enzymatic reactions, including those regulated by thiol oxidation-reduction cycles. In 
NRF2-addicted cancers, mitochondrial complex I inhibitors have been shown to exacerbate NADH-driven reductive stress, selectively 
inducing cancer cell death[53].

Supersulfides, owing to their strong nucleophilicity and electron-donating capacity, are likely to play a critical role in shaping this 
reductive redox landscape[1,2]. Elevated supersulfide levels can further buffer oxidative stress but may also intensify reductive 
pressure by reinforcing electron-rich states and suppressing lipid radical propagation[42-44]. While increased supersulfide production 
in cancer cells contributes to malignant behavior through its potent antioxidant function[31], it remains an open and important 
question whether such elevation simultaneously creates vulnerabilities to dysfunction arising from an excessively reductive redox 
environment. Notably, given the dual chemical nature of supersulfides, exhibiting both nucleophilic and electrophilic reactivity 
depending on context[54], it is also plausible that supersulfides may function as buffers that mitigate excessively reductive redox 
states.

Therapeutically, these insights suggest that supersulfide-producing cancers may be selectively targeted by strategies that exploit 
disrupted sulfur metabolism. Suppression of supersulfide production or function is expected to facilitate lipid radical accumulation, 
enhance ferroptosis sensitivity, and promote cancer cell death. Consistent with this concept, ferroptosis inducers targeting lipid 
peroxide-detoxifying systems, such as GPX4 inhibitors (RSL3, ML210, DPI) and FSP1 inhibitors (iFSP1, icFSP1), as well as agents that 
inhibit cysteine metabolism (sulfasalazine, erastin, cyst(e)inase), have demonstrated potent anticancer activity[55-59]. Interestingly, in 
the in vivo context, FSP1 inhibition rather than GPX4 inhibition exhibits much better anticancer effects[60,61]. Future therapeutic 
approaches may further benefit from the development of drugs that act selectively under reductive conditions, thereby exploiting a 
unique metabolic liability of reductively stressed cancers.
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