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Reactive Sulfur Species in Biology and Medicine

Vinayak S. Khodade * and John P. Toscano *

Department of Chemistry, Johns Hopkins University, Baltimore, MD 21218, USA
* Correspondence: vkhodad1@jhu.edu (V.S.K.); jtoscano@jhu.edu (J.P.T.)

Hydrogen sulfide (H2S) has emerged as a third small-molecule bioactive signaling
agent, along with nitric oxide (NO) and carbon monoxide (CO). It regulates diverse physio-
logical processes such as cell differentiation, development, and immune responses. H2S
is produced mainly by cystathionine-β-synthase (CBS), cystathionine-γ-lyase (CSE), and
3-mercapto-sulfurtransferase (3-MST) in mammals. Despite being highly toxic at elevated
concentrations, emerging evidence highlights a distinct cytoprotective role of endogenously
produced H2S, and intensive studies have focused on its potential as a therapeutic agent
for cardiovascular, inflammatory, infectious, and neuropathological diseases. Furthermore,
emerging evidence shows that many biological effects initially ascribed to H2S may instead
be due to other reactive sulfur species (RSS), including hydropersulfides (RSSH) and other
higher-order polysulfur species (RSSnH, RSSnR, HSnH, n > 1). Importantly, these RSS are
highly prevalent in biological systems. RSS have intriguing biochemical properties, such
as the ability to modify protein cysteine residues and efficiently scavenge reactive oxygen
species and electrophiles. Moreover, RSS donors have begun to demonstrate therapeutic
potential in treating a range of maladies, including cancer, neurological disorders, and
cardiovascular disease. Nonetheless, the chemistry of RSS is complicated due to their
reactive nature, and their accurate measurement in biological systems remains a challenge.
This Special Issue focuses on studies that highlight recent advances in H2S/RSS chemical
biology, including six original research articles and five reviews aimed at exploring the
therapeutic applications of H2S/RSS donors, understanding the molecular mechanisms and
physiological roles of RSS, and methods that measure the concentration and distribution of
RSS in biological systems.

Paul and Pieper summarize the latest discoveries regarding the neuroprotective func-
tion of H2S in Alzheimer’s disease (AD) and traumatic brain injury (TBI) [1]. Initially, they
delve into H2S biosynthesis in the brain, followed by an exploration of its role in these
major neuropsychiatric conditions characterized by cognitive impairment. The authors
review the existing literature that underscores the significance of adequate H2S signaling
in modulating neuronal health and reveal how deficiencies in this signaling molecule
contribute to the pathology of AD and TBI. They also highlight the mechanism of the
underlying physiological effects of H2S through the persulfidation of cysteine residues
on target proteins. The authors underscore the potential of H2S donors as therapeutic
agents in alleviating symptoms associated with AD, TBI, and analogous neurodegenerative
disorders characterized by compromised H2S signaling pathways.

H2S also plays a pivotal role in the cardiovascular system, exerting profound influence
over vasodilation and blood pressure regulation. Lukesh and Hu present a comprehen-
sive review that delves into H2S donors with promising cardioprotective effects against
myocardial ischemia-reperfusion (MI/R) injury and chemotherapy-induced cardiotoxicity,
a frequent and often lethal complication of chemotherapy [2]. They provide a system-
atic categorization of donors based on mechanisms triggering H2S release, encompassing
hydrolysis, pH, thiol, enzyme, and ROS. A detailed explanation of the H2S-releasing mech-
anism for each donor is provided, along with an overview of their therapeutic effects across
various models of MI/R injury. The potential benefits of H2S and H2S-conjugated codrugs
in mitigating anthracycline-induced cardiotoxicity are also discussed.

Antioxidants 2023, 12, 1759. https://doi.org/10.3390/antiox12091759 https://www.mdpi.com/journal/antioxidants
1



Antioxidants 2023, 12, 1759

Recent research has indicated the potential benefits of H2S in alleviating hypertension.
In this context, Hsu and colleagues present their study that investigates the protective
effects of sodium thiosulfate (STS) in a rat model of hypertension induced by maternal
chronic kidney disease (CKD) [3]. Thiosulfate, a member of the sulfane sulfur family, is
known to undergo enzymatic reduction to generate H2S. The researchers induced CKD
in rats by exposing them to a diet enriched with 0.5% adenine for three weeks prior to
mating. Subsequently, pregnant rats received sodium thiosulfate (2 g/kg/day) during
both gestation and lactation. The study demonstrated that administering STS effectively
counteracted the development of hypertension in the offspring. Employing HPLC–mass
spectrometry, the investigators observed significant increases in the plasma H2S concentra-
tions and renal tissue levels of the 3MST protein in the CKD offspring. The authors suggest
that the positive effects of STS treatment can be attributed, at least in part, to enhancements
in the signaling pathways of H2S and NO. Furthermore, the researchers delved into the
impact of STS on the composition of gut microbiota. A particularly intriguing finding
was that maternal CKD led to a reduction in the population of the Enterococcus genus,
coupled with an elevation in the abundance of Erysipelatoclostridium and Dorea genera.
Conversely, administering maternal rats with STS resulted in higher proportions of the
Dorea, Streptococcus, and Anaerotruncus genera. Importantly, the favorable impact of STS on
offspring hypertension correlated with an increase in beneficial microbial species. Thus,
this study underscores the potential efficacy of early-life STS intervention in mitigating
hypertension among offspring born to mothers with CKD.

H2S-releasing compounds have also emerged as potential therapeutics for various
types of cancers. Ianaro, Ercolano, and co-workers examine the effects of erucin (ERU), a
compound derived from the dietary source, on human melanoma cell lines [4]. ERU was
found to exert a significant inhibitory effect on human melanoma cell lines. Notably, ERU
was shown to induce apoptosis in A375 melanoma cells. Expanding on ERU’s proapoptotic
attributes, the researchers delved into its effect on cadherins and transcription factors
central to the epithelial-to-mesenchymal transition (EMT) process, a critical event in cancer
progression. They demonstrated that ERU significantly enhances the expression of the
epithelial protein E-CAD while reducing the expression of the mesenchymal protein N-
CAD. Beyond its effects on apoptosis and cell cycle regulation, ERU exhibited remarkable
inhibition of A375 melanoma cell migration, invasiveness, and clonogenic potential. In-
triguingly, ERU also demonstrated the ability to diminish melanin levels and downregulate
genes associated with melanogenesis, hinting at its potential to interfere with melanoma-
specific pathways. An intriguing facet of ERU’s mechanism was its capacity to attenuate
the generation of intracellular ROS in A375 cells.

Beyond its presence in mammals, H2S is also produced by bacteria. Recent stud-
ies have demonstrated its pivotal role in bacterial physiology, particularly in bacterial
responses toward host-induced stressors like ROS and antibiotics during infections. Re-
cent studies, however, suggest that the physiological benefits of H2S are likely attributed
to its downstream sulfur derivatives, i.e., RSS. Brito, Giedroc, and co-workers present
their investigation of H2S/RSS homeostasis in the microbial pathogen Enterococcus faecalis,
probing the pathophysiological response of elevated H2S levels [5]. Employing proteomic
analysis, they demonstrated a notable increase in the cellular abundance of enzymes re-
liant on coenzyme A (CoA) and acyl-CoA. They also examined protein persulfidation,
revealing that approximately 13% of the proteome undergoes persulfidation and is sig-
nificantly augmented by exogenous sulfide introduction. Prominent among the proteins
persulfidated were CstR, a sensor for RSS, and CoAPR, an enzyme intricately associated
with the reduction of coenzyme A persulfide (CoASSH). Furthermore, they demonstrated
the impact of exogenous sulfide on the speciation of fatty acid composition and cellular
acetyl-CoA concentrations. Collectively, these insights augment our understanding of
the intricate interplay encompassing H2S/RSS signaling, protein persulfidation, and the
metabolic pathways governed by coenzyme A and acyl-CoA in Enterococcus faecalis.
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The molecular mechanisms underlying the physiological effects of H2S are complex
and remain an active area of research. Markel and colleagues present a review that delves
into the molecular and cellular mechanisms of H2S within mammalian systems [6]. In
their exploration of potential direct targets, the authors focus on H2S interactions with
reactive oxygen/nitrogen species, which is critical in redox signaling. Furthermore, H2S
interaction with hemeproteins and its role in modulating metal ions containing complexes
are highlighted. The post-translational modification of cysteine residue in proteins via oxi-
dized derivative of H2S, i.e., persulfidation, is emphasized. The H2S-mediated significant
impact on cell structure and many cellular functions, such as tight junctions, autophagy,
apoptosis, vesicle trafficking, cell signaling, epigenetics, and inflammasomes is discussed.
Importantly, the authors also indicate that several biological effects initially ascribed to H2S
might instead be attributed to other RSS. In recent years, RSS has remained an active area
of research with a focus on their biosynthetic pathways and physiological functions.

Recently, Akaike and colleagues have revealed that cysteinyl-tRNA synthetase (CARS)
functions as a cysteine hydropersulfide synthase (CPERS), which is primarily responsible
for generating RSSH in biological systems. However, some researchers have proposed
that H2S-producing enzymes 3-MST, CBS, and CSE also contribute to RSSH production.
To determine hydropersulfide biosynthesis, Tsutsui, Akaike, and co-workers conducted
research to elucidate the relative contributions of these enzymes to cysteine hydropersulfide
biosynthesis [7]. They initiated their investigation by creating 3-MST knockout mice, which
surprisingly exhibited no statistically significant differences in RSSH production when
compared to wild-type mice. Then, they generated triple-knockout mice lacking the CBS,
CSE, and 3-MST genes by crossbreeding them with single-knockout mice of each of these
enzymes. Using LC–MS/MS analysis, they quantified levels of CysSSH and GSSH in
various tissues and plasma from both the triple-knockout and control mice. Remarkably,
the absence of CBS, CSE, and 3-MST genes did not appear to hinder RSSH synthesis. The
researchers also turned their attention to CARS2-deficient heterozygous mice (Cars2+/−)
mice and found significantly reduced levels of CysSSH, GSSH, and related compounds in
liver and lung tissues of these mice compared to their wild-type counterparts, pointing to
the reliance on CARS2 for the synthesis of RSSH and sulfide derivatives in mouse tissues.
Western blot assays conducted on tissues from Cars2+/− mice indicated unchanged protein
expression levels of 3-MST, CBS, and CSE between wild-type and CARS2-deficient mice,
suggesting the absence of compensatory upregulation in the expression of these canonical
enzymes. Thus, this study highlights the critical role of CARS as the primary enzyme
responsible for biosynthesizing RSSH. The findings provide substantial evidence regarding
the relative involvement of various enzymes in RSSH production, clarifying the complex
landscape of sulfur metabolism in biological systems.

In the last decade, RSS donors have been tested for their therapeutic potential across a
spectrum of disorders, including cancer, neurological disorders, and cardiovascular disease.
Ichinose and co-workers present a study examining the potential neuroprotective effects
of glutathione trisulfide (GSSSG) within a murine model of paclitaxel-induced peripheral
neuropathy (PIPN) [8]. These researchers showed that oral administration of GSSSG at
50 mg/kg/day over 28 days effectively mitigates the mechanical allodynia induced by
PIPN. Through liquid chromatography coupled with tandem mass spectrometry analysis,
the study demonstrated the presence of 34S-labeled GSSSG within the lumbar dorsal
root ganglia (DRG) and lumbar spinal cord for two hours following oral administration.
Additionally, the researchers showcased several pivotal outcomes in paclitaxel-treated mice
following GSSSG administration. These included the upregulation of antioxidant gene
expression in the lumbar DRG, the preservation of unmyelinated axons, and the attenuation
of sciatic nerve mitochondria degeneration. Moreover, GSSSG effectively counteracted
paclitaxel-induced superoxide generation, mitigated the loss of axonal mitochondria, and
attenuated axonal degeneration in primary neurons derived from both the cortex and
DRG. These collective findings strongly suggest that the oral administration of GSSSG
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effectively counters PIPN by safeguarding peripheral sensory nerve axons and maintaining
the structural integrity of mitochondria.

Within the domain of redox biology, biological sulfane sulfur (S0) species, including
RSSH, RSSnSR, H2Sn, n ≥ 2, and protein-bound elemental sulfur (S8), have emerged as piv-
otal RSS. Despite their important roles in redox signaling, the exploration of sulfane sulfur
species remains difficult, given their inherent instability and low concentrations in biologi-
cal systems. Xian and co-workers present a review article that delves into organelle-targeted
fluorescent probes for sulfane sulfur species [9]. The scope of the review encompasses a
variety of probes designed for distinct organelles, including mitochondria, endoplasmic
reticulum, and lysosomes. The strategies employed to direct these probes to specific cel-
lular locales are thoroughly examined. An overview of organelle-targeted sulfane sulfur
probes is presented, encompassing their underlying mechanisms, capacity for colocaliza-
tion, sensitivities, and efficacy in detecting endogenous and exogenous sulfane sulfur under
physiological circumstances. The authors highlight a predominant focus on mitochondria
among the organelle-targeted probes, with relatively limited attention directed toward
lysosomes and the endoplasmic reticulum. The authors further identify a significant gap
in the availability of sulfane sulfur probes for additional organelles, such as the Golgi
apparatus and nucleus, thereby proposing directions for future research.

Beyond the modification of cysteine residues on proteins through interactions with
sulfane sulfur species, ROS also mediate the oxidative post-translational modifications
of cysteines that are pivotal in cell signaling. Notably, ROS-mediated cell signaling is
particularly prominent within mitochondria, given that ROS constitute natural byproducts
of cellular respiration. While various sites of cysteine oxidation on mitochondrial proteins
have been identified, a notable interest in identifying uncharacterized redox-sensitive cys-
teines persists. In a contribution by Weerapana and colleagues, an approach combining
mitochondrial enrichment with redox proteomic methodologies was employed to identify
the cysteines sensitive to redox alterations by ROS [10]. They utilized an isotopic tandem
orthogonal proteolysis-activity-based protein profiling (isoTOP-ABPP) platform for the in-
direct identification of oxidation sites by tracking the loss of cysteine reactivity. Additionally,
the oxidative isotopically coded affinity tag (OxICAT) platform was employed to moni-
tor reversible cysteine oxidation through differential labeling. Within the isoTOP-ABPP
framework, mitochondrial cysteines were systematically evaluated for their responsiveness
to hydrogen peroxide exposure. The outcomes revealed a set of approximately 700 mi-
tochondrial cysteines exhibiting varying degrees of susceptibility to peroxide-triggered
oxidation. These cysteines were effectively classified into categories of low, moderate, and
high sensitivity, revealing distinct patterns of reactivity. Furthermore, the study explored
the spatial distribution of redox-sensitive cysteines within crucial mitochondrial pathways.
Particularly, the tricarboxylic acid (TCA) cycle and proteins involved in mitochondrial
transcription and translation were noted for harboring noteworthy concentrations of highly
redox sensitive cysteines.

Emerging evidence suggests that reactive species generated from the metabolism of
oxygen, NO, and H2S have the potential to interact with each other. This interaction, in turn,
has the capacity to influence shared biological targets. These complex interplays are termed
the “reactive species interactome”. Cortese-Krott presents a review article that examines the
reactive species interactome, specifically focusing on its relevance to the intricate landscape
of redox biology in red blood cells (RBCs) [11]. The review investigates multiple facets,
including the generation and detoxification of reactive species, their interactions, and
their ultimate molecular targets. It is also noted that future research endeavors should be
directed towards unraveling how modulation of the reactive species interactome intricately
regulates the biology, physiology, and systemic repercussions of RBCs.

In summary, this Special Issue compiles original research articles as well as review
articles that collectively illuminate the rich significance of H2S and RSS within biological
systems. These reports serve not only as a testament to the current state of research, but
also as a catalyst for the further exploration of important, unanswered questions.
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Abstract: Hydrogen sulfide (H2S) and related reactive sulfur species are implicated in chronic
kidney disease (CKD) and hypertension. Offspring born to CKD-afflicted mothers could develop
hypertension coinciding with disrupted H2S and nitric oxide (NO) signaling pathways as well as
gut microbiota. Thiosulfate, a precursor of H2S and an antioxidant, has shown anti-hypertensive
effects. This study aimed to investigate the protective effects of sodium thiosulfate (STS) in a rat
model of maternal CKD-induced hypertension. Before mating, CKD was induced through feeding
0.5% adenine chow for 3 weeks. Mother rats were given a vehicle or STS at a dosage of 2 g/kg/day
in drinking water throughout gestation and lactation. Perinatal STS treatment protected 12-week-old
offspring from maternal CKD-primed hypertension. The beneficial effects of STS could partially
be explained by the enhancement of both H2S and NO signaling pathways and alterations in gut
microbiota. Not only increasing beneficial microbes but maternal STS treatment also mediates several
hypertension-associated intestinal bacteria. In conclusion, perinatal treatment with STS improves
maternal CKD-primed offspring hypertension, suggesting that early-life RSS-targeting interventions
have potential preventive and therapeutic benefits, awaiting future translational research.

Keywords: thiosulfate; hydrogen sulfide; asymmetric dimethylarginine; gut microbiota; hyperten-
sion; chronic kidney disease; developmental origins of health and disease (DOHaD)

1. Introduction

Reactive sulfur species (RSS) have emerged as important molecules in redox regulation
and have significant roles in health and disease [1,2]. Various biochemical forms of RSS
are closely linked biochemically, including hydrogen sulfide (H2S), iron–sulfur clusters,
sulfane sulfur, etc. [3].

The production of H2S can occur via three pathways—enzymatic, non-enzymatic,
and bacterial origins. H2S is synthesized from L-cysteine via three enzymes, which are
cystathionine γ-lyase (CSE), cystathionine β-synthase (CBS), and 3-mercaptopyruvate
sulfurtransferase (3MST) [4]. H2S can also be produced in the gastrointestinal tract by
sulfate- reducing bacteria (SRB), which use reduced compounds as a source of energy,
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reducing sulfate to H2S [5]. Additionally, non-enzymatic H2S production occurs through
sulfane sulfur.

Thiosulfate, belonging to the sulfane sulfur family, is a major oxidation product of
H2S. On the other hand, thiosulfate can be reduced to recreate H2S. Thiosulfate has been
clinically used in the form of sodium thiosulfate (STS). Its indications include calciphylaxis,
carbon monoxide toxicity, acute cyanide poisoning, and cisplatin toxicities [4]. In addition
to being an H2S donor, STS has antioxidant and anti-inflammatory properties. Accordingly,
STS has become a potential treatment candidate for several diseases [6].

An estimated 10% of people have chronic kidney disease (CKD) [7]. As CKD can
originate in early life through so-called renal programming [8], a superior strategy to
improve kidney health worldwide is to avert, not just treat, kidney disease. CKD is reported
to influence up to 3–4% of women of reproductive age [9]. Maternal CKD is intimately
tied to adverse outcomes of pregnancy and the health of the offspring [10]. Previously,
we observed that adult rats born from dams with CKD develop hypertension, which
perinatal L-cysteine supplementation prevented [11]. The beneficial actions of cysteine are
accompanied by a restoration of H2S signaling, a reduction of oxidative stress, and the
alteration of gut microbiota composition [11].

As an H2S donor as well as an antioxidant, STS treatment has revealed benefits against
kidney disease and hypertension in several animal models [12–14]. Given this background,
we hypothesize that STS treatment during gestation and lactation can prevent offspring
hypertension induced by maternal CKD. The protective mechanisms of maternal STS
treatment were also evaluated.

2. Materials and Methods

2.1. Animal Experiments

All animal experiments were conducted with approval from the Institutional Animal
Ethics Committee at our hospital (Permit #2020110202); the procedures were consistent with
the recommendations of the Care and Use of Laboratory Animals of the National Institutes
of Health and following Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines. Timed-pregnant Sprague Dawley (SD) rats were obtained from BioLASCO
Taiwan Co. Ltd. (Taipei, Taiwan) for breeding. Upon arrival at our AAALAC-accredited
animal facility, rats were housed individually in cages provided with standard laboratory
chow and tap water ad libitum.

We used an established model of maternal CKD consisting of feeding with chow
containing 0.5% adenine protein to the dam for three weeks before gestation as previously
described [15]. At 11 weeks old, female rats were mated. The day of copulatory plug
detection was designated as gestational day 0. We randomly divided the dams into one of
four treatments (n = 3 per group): a normal diet (ND), a diet containing 0.5% adenine (CKD),
a normal diet with STS (NDST), and a diet containing 0.5% adenine with STS (CKDST). STS
was orally administered in drinking water at a dosage of 2 g/kg/day during gestation and
lactation. The dosage and route chosen rely on previous studies in rats [13,14]. Following
parturition, litters from each dam were culled to eight pups to maintain consistency in pup
growth. As males are more likely to be hypertensive than females [16], only male offspring
were included in the experiment.

BP was determined using the CODA rat tail-cuff system (Kent Scientific Corporation,
Torrington, CT, USA) in offspring over time at ages ranging from 3 to 12 weeks. To ensure
accuracy and reproducibility, the rats were acclimated to restraint and tail-cuff inflation
for one week before the measurement. For each rat, five measurements were recorded
at each time point. Three stable consecutive measures were taken and averaged [14]. A
total of 32 rats (n = 8 per group) were sacrificed at 12 weeks of age. Before sacrifice, fresh
fecal samples were collected in the morning and stored at −80 ◦C. Rats were anesthetized
using an intraperitoneal injection of xylazine (10 mg/kg) and ketamine (50 mg/kg), then
euthanized with an intraperitoneal overdose of pentobarbital. Kidneys were removed,
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and the cortex and inner medulla were then dissected and snap-frozen in liquid nitrogen.
Kidney samples were stored at −80 ◦C. Blood samples were collected using heparin tubes.

2.2. NO Parameters

Several biochemical parameters of the NO pathway were determined via Agilent
1100 HPLC (Santa Clara, CA, USA) with the OPA-3MPA derivatization reagent [14]. Plasma
concentrations of L-arginine and symmetric and asymmetric dimethylarginine (SDMA and
ADMA, inhibitors of NO synthase) were analyzed in duplicate. The L-arginine-to-ADMA
ratio was calculated to denote NO bioavailability [17].

2.3. Plasma H2S and Thiosulfate

We used a validated method using HPLC–Mass Spectrometry to measure H2S and
thiosulfate, as described previously [11]. The HPLC system (Agilent Technologies 1290) was
coupled to an Agilent 6470 Triple Quadrupole LC/MS and an electrospray ionization source.
The solvent system consisted of water and acetonitrile with 0.1% formic acid and an eluent
flow rate of 300 μL/min was used. We measured thiosulfate derivative pentafluorobenzyl
(PFB)-S2O3H and H2S derivative sulfide dibimane (SDB). Phenyl 4-hydroxybenzoate (PHB)
was utilized as an internal standard. Selected reaction monitoring mode was utilized
to detect target compounds with a targeted m/z 212.99 → 93, m/z 415 → 223, and m/z
292.99 → 81, for PHB, SDB, and PFB-S2O3H, respectively. The intra-assay variability for
H2S and thiosulfate was 4% and 6%, respectively.

2.4. H2S-Producing Enzymes

Western blotting was performed according to our earlier report [18]. Renal cortex
tissues were homogenized, and equal amounts of protein were loaded into each well
(200 μg per gel well). After transferring from gel to membrane, Ponceau S staining (PonS,
Sigma-Aldrich, Darmstadt, Germany) was applied as a total protein normalization method
to detect all sample proteins. Antibodies used to detect H2S-producing enzymes are
listed in Table 1. Quantitative integrated optical density (IOD) analysis of the Western
blot densitometry band was performed through Quantity One Analysis software version
4.6.3 (Bio-Rad, Hercules, CA, USA). The relative protein abundance was presented as the
IOD/PonS to correct protein loading variations.

Table 1. List of antibodies used for Western blot.

Antigen Clonality Source Dilution

CSE Polyclonal rabbit Proteintech Group 1:1000
CBS Monoclonal mouse Abnova Corporation 1:1000

3MST Monoclonal rabbit Novus Biologicals 1:500
CSE = cystathionine γ-lyase; CBS = cystathionine β-synthase; 3MST = 3-mercaptopyruvate sulfurtransferase.

2.5. 16S rRNA Gene Sequencing and Analysis

As we described previously, metagenomic DNA was isolated from frozen fecal sam-
ples. V1–V9 full-length 16S gene sequencing and analysis were performed at the Biotools
Co., Ltd. (New Taipei City, Taiwan) [18]. PCR amplification was performed with barcoded
16S gene-specific primers for multiplexed SMRTbell library (PacBio, Menlo Park, CA, USA)
preparation and sequencing procedure. The QIIME2 was applied to analyze data from
high-throughput 16S rRNA sequencing [19]. From the amplicon sequence variant (ASV)
sequences, a phylogenetic tree was formed via FastTree (QIIME2).

Sequencing analysis included alpha and beta diversity analysis and different taxa
analysis. As alpha diversity indices, Faith’s phylogenetic diversity (PD) index and Shannon
index were utilized to determine the microbiota richness and evenness. Beta diversity
analysis was conducted based on principal coordinate analysis (PCoA) with unweighted
UniFrac distance and Analysis of Similarities (ANOSIM) for comparison of the differences
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in bacterial composition between groups. Linear discriminant analysis effect size (LEfSe)
difference analysis was applied to find differentially abundant taxa [20].

2.6. Statistics

Quantitative data are presented as means ± the standard error of the mean (SEM).
Statistical analyses were conducted with one-way ANOVA. A p-value less than 0.05 was
considered statistically significant, and Tukey’s post hoc test was applied if the p-value was
less than 0.05. OIIME2 was performed to generate phylogenetic beta diversity, and further
to perform PCoA using the R program based on unweighted Unifrac distance. LEfSe used
the two-tailed nonparametric Kruskal–Wallis test to evaluate the significance of differences
in ASVs in 2 groups. A set of pairwise tests among 2 groups was performed using the un-
paired Wilcoxon test. Finally, linear discriminant analysis (LDA) was performed to estimate
the effect size of each differentially abundant taxa. For stringency, the gut microbiotas were
considered significantly different if their differences had a p-value < 0.05 and an LDA score
(log10) > 4. Statistical analysis was carried out using SPSS (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Offspring Outcomes

We observed no difference in offspring in terms of mortality, sex ratio, or litter size
between the four treatments. The offspring born to dams treated with the adenine diet
or STS weighed significantly less than their control counterparts (Figure 1A). A similar
pattern was observed for kidney weight (Figure 1B). However, the kidney weight to body
weight ratio was lowest in the ND group compared to others (Figure 1C). The plasma
concentration of creatinine was comparable between the four groups (Figure 1D). Systolic
blood pressure (SBP) in offspring, measured via the tail-cuff method at different ages, is
presented in Figure 1E. Maternal CKD elicited a rise in SBP during 8–12 weeks of age, which
maternal STS treatment prevented. Collectively, these findings indicated that maternal
CKD induced hypertension, renal hypertrophy, and low body weights in adult progeny.
Maternal STS administration similarly caused renal hypertrophy and low body weights in
normal control offspring but prevented maternal CKD-induced offspring hypertension.

Figure 1. Offspring (A) body weight, (B) kidney weight, (C) body-weight-to-kidney-weight ratio,
(D) plasma creatinine (Cr) level, and (E) systolic blood pressure. N = 8/group. Different letters above
the column show significant differences between groups.
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3.2. H2S Pathway

To determine the influence of maternal CKD and STS administration on the H2S path-
way, we determined plasma concentrations of H2S and thiosulfate and protein abundance
of H2S-producing enzymes in the offspring’s kidneys (Figure 2).

Figure 2. Plasma concentrations of (A) H2S and (B) thiosulfate, and renal protein abundance of H2S-
producing enzymes. (C) Representative Western blot protein bands demonstrate immunoreactivity
to CBS (61 kDa), CSE (45 kDa), and 3MST (52 kDa). Renal cortical protein abundance of (D) CBS,
(E) CSE, and (F) 3MST was calculated. N = 8/group. Different letters above the column show
significant differences between groups. CBS = cystathionine β-synthase; CSE = cystathionine γ-lyase;
3MST = 3-mercaptopyruvate sulfurtransferase.

Male offspring in the CKD group exhibited plasma H2S concentration lower than con-
trols at 12 weeks of age (Figure 2A), while plasma thiosulfate concentration was comparable
among the four groups (Figure 2B). No differences were observed for renal protein levels
of H2S-producing enzymes CBS and CSE among the four groups (Figure 2C). Nevertheless,
exposure to maternal CKD diminished renal 3MST protein abundance, which was averted
via maternal STS treatment (Figure 2F). Altogether, these observations reveal that the pro-
tective actions of STS treatment are relevant to increases in plasma H2S concentrations and
the 3MST protein amount in the kidneys.

3.3. NO Pathway

As summarized in Figure 3, no differences in NO-related parameters were observed
in terms of L-arginine and SDMA. Maternal CKD programming substantially increased
plasma ADMA concentrations in adult offspring (Figure 3B). Additionally, maternal CKD
reduced the L-arginine-to-ADMA ratio (AAR) in the CKD group (Figure 3D), which was
prevented by means of maternal STS treatment. This observation, together with the fact
that AAR represents NO bioavailability [17], suggests that STS protects adult offspring
from hypertension and is possibly related to the restoration of NO.
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Figure 3. Plasma concentrations of nitric oxide (NO) parameters include (A) L-arginine, (B) asym-
metric dimethylarginine (ADMA), (C) symmetric dimethylarginine (SDMA), and (D) L-arginine-to-
ADMA ratio (AAR). N = 8/group. Different letters above the column show significant differences
between groups.

3.4. Gut Microbiota Composition

Alpha diversity analysis was performed utilizing Faith’s PD index (Figure 4A) and the
Shannon index (Figure 4B) to determine the species richness and evenness. Alpha diversity
revealed that maternal CKD and STS have a negligible effect on each group. Beta diversity
analysis (Figure 4C) was carried out utilizing PCoA plots to illustrate the phylogenetic
distance of the bacterial communities of the fecal samples. The beta diversity analysis
revealed that four groups had distinct clustering. However, the ND group samples were
further apart. Additionally, ANOSIM revealed that the four groups differ greatly from each
other (All p < 0.01).

Consistent with prior animal studies [11,18], the major phyla are Firmicutes and Bac-
teroidetes, with subsequent Deferribacteres and Actinobacteria. The Firmicutes/Bacteroidetes
(F/B) ratio was considered a microbial marker for hypertension [21]. Our data revealed the
F/B ratio did not differ among the four groups (Figure 4D). At the genus level, the top ten
dominant genera were comparable among the four groups (Figure 4E).

Figure 4. Cont.
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Figure 4. Box plots of (A) Faith’s phylogenetic diversity (PD) index and (B) Shannon index show
alpha diversity in the gut microbiota of the four groups. (C) Principal coordinate analysis (PCoA)
plots of beta diversity. Each data point represents one sample, and each color represents each group.
(D) Variability in the Firmicutes/Bacteroidetes ratio in the gut microbiota. Each circle represents the
data of a single sample. (E) 16s rRNA gene sequencing analysis of gut microbiota composition at the
genus level.

Maternal CKD caused a decrease in genus Enterococcus and increases in genera of
Erysipelatoclostridium and Dorea vs. the ND group (Figure 5A–C). Conversely, maternal
CKD-induced reduction in genus Dorea was restored after STS treatment (Figure 5D).
Compared with the CKD group, the abundance of genera Streptococcus and Anaerotruncus
was higher in the CKDST group (Figure 5E,F).

Figure 5. Composition of gut microbiota demonstrating different communities at the genus level. Rel-
ative abundance of (A) Enterococcus, (B) Erysipelatoclostridium, (C) Dorea, (D) Dorea, (E) Streptococcus,
and (F) Anaerotruncus. * p < 0.05. ** p < 0.01.

To analyze the reasons for the protective effects of STS treatment and explore in more
detail the gut microbiota component, we next illustrate the significant changes between
the CKD and CKDST groups at the species level. We found that compared with the CKD
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group, Akkermansia muciniphila (Figure 6A), Blautia schinkii (Figure 6B), and Ruminococcus
champanellensis (Figure 6C) were significantly increased in the CKDST group.

Figure 6. Composition of gut microbiota revealing different communities at the species level. Relative
abundance of (A) Akkermansia muciniphila, (B) Blautia schinkii, and (C) Ruminococcus champanellensis.
* p < 0.05.

LEfSe analysis was undertaken to further discover the differentially abundant taxa
between groups (Figure 7). The CKD group exhibited a significant rise in the proportion
of the genus Parabacteroides. STS treatment caused an increase in the genera Eubacterium,
Oscillibacter, Lactobacillus, and Turicibacter. Additionally, LEfSe analysis identified the
proportion of the genus Alistipes was augmented in the CKDST group.

Figure 7. Linear discriminant analysis effect size (LEfSe) to identify the differentially abundant taxa
between groups. It mainly shows the significantly different taxa with the linear discriminant analysis
(LDA) score > 4. The color of the horizontal bar denotes the respective group.

4. Discussion

Our findings demonstrate that (i) maternal STS treatment prevented adult offspring
from exhibiting hypertension induced by maternal CKD; (ii) treatment with STS during
pregnancy and lactation restores maternal CKD-induced reduction of renal 3MST protein
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levels and plasma H2S concentration; (iii) the benefits of STS for offspring hypertension are
connected to increased NO bioavailability; (iv) maternal treatment with STS alters micro-
biota beta diversity and composition in adult progeny; (v) maternal CKD reduced genus
Enterococcus and increased genera of Erysipelatoclostridium and Dorea, while maternal STS
treatment increased genus Dorea, Streptococcus, and Anaerotruncus; and (vi) the beneficial
effect of STS against offspring hypertension coincided with increases of beneficial microbes
such as Akkermansia muciniphila, Blautia schinkii, and Ruminococcus champanellensis. The
protective effects and putative mechanisms are presented in Figure 8.

Figure 8. Schematic illustration of protective effects of sodium thiosulfate (STS) treatment and puta-
tive mechanisms underlying maternal chronic kidney disease (CKD)-induced offspring hypertension.

In support of prior research indicating that maternal illness results in long-term
adverse offspring outcomes [8–10], we found that adult progeny born from CKD mothers
developed hypertension, renal hypertrophy, and low body weight. That treatment with
STS throughout gestation and lactation was able to improve offspring hypertension in a
maternal CKD model is a novel finding. There was, however, no differential impact on body
weight and the kidney-weight-to-body-weight ratio between the CKD and CKDST groups.

Though the anti-hypertensive effect of STS has been reported in CKD [13], our report
goes beyond prior research and reveals maternal treatment with STS enables the prevention
of offspring hypertension induced by maternal CKD. In most former studies, STS has been
delivered via i.p. or i.v. administration. The novel observation that oral administration of
STS exerts anti-hypertensive actions in the maternal CKD model offers opportunities for
translation into clinical practice.

Considering STS is a precursor of H2S [6], our observations are in line with prior work
that supports the role played by H2S in the development of hypertension [22]. Importantly,
H2S-related interventions, such as H2S donors and precursors of H2S, have shown pre-
ventive and therapeutic potential for adult diseases of developmental origins [23]. In the
present study, the use of STS was ceased after weaning. Therefore, its actions are only due
to reprogramming instead of direct effects.

The beneficial actions of STS against maternal CKD-primed offspring hypertension
might be associated with plasma H2S concentrations and increased renal 3MST protein
abundance. Although oral administration of STS can directly increase urinary excretion of
thiosulfate and sulfate [13], our results go beyond prior research showing that the use of
STS in early life can have long-term effects on offspring’s H2S-generating system to increase
H2S bioavailability later in life.

The BP-lowering effect of maternal STS treatment on adult offspring was achieved in
the face of an increase in NO bioavailability. H2S is a physiological vasorelaxant through
an enhancement of NO signaling [22]. This notion is supported by our data presenting
that the beneficial action of STS was accompanied by decreased ADMA levels and in-
creased AAR, a NO bioavailability index. Given that H2S has been proposed to exert an
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anti-oxidative effect against oxidative stress [1], and that impaired ADMA/NO pathway
mediates oxidative stress implicating in hypertension [24], how the crosstalk between H2S
and NO in the control of offspring’s BP is reprogrammed through STS treatment deserves
further clarification.

Another advantageous action of STS could be changes in gut microbiota composition.
According to the available human and animal studies [25–28], genera Streptococcus, Entero-
coccus, Anaerotruncus, Alistipes, and Eubacterium were depleted, while genera Parabacteroides,
Dorea, and Erysipelatoclostridium were enriched in hypertension.

Consistent with previous reports, maternal CKD-induced offspring hypertension
coincides with a high abundance of the genera Parabacteroides, Dorea, and Erysipelatoclostrid-
ium, and a low abundance of Enterococcus. Conversely, maternal STS treatment enriched
several genera that are reported as negatively associated with BP, including Streptococcus,
Anaerotruncus, and Alistipes. Importantly, maternal STS treatment increased the abundance
of several beneficial microbes with potential probiotic properties, including Akkermansia
muciniphia [29], Blautia schinkii [30], and Ruminococcus champanellensis [31]. Of note is that
several studies have highlighted the positive role of Akkermansia muciniphila in improving
hypertension [29]. To further understand the impact of STS on programmed hypertension,
further research should be investigated to truly explore its actions on beneficial microbes
and their interactions with BP regulation.

Moreover, we determined microbial taxa involved in sulfur metabolism. Our data
indicated that all SRBs (e.g., Desulfovibrio or Desulfobacter) were not noticeable in both
STS-treated groups. In the gut, several species with sulfite reductase can also partici-
pate in H2S production, including E coli, Klebsiella, Bacillus, Corynebacterium, Salmonella,
Rhodococcus, etc. [32]. We observed that STS has a neglectable effect on the abundance
of sulfite-reducing microbes. Therefore, it is not known whether the protective role of
STS is connected to intestinal microbe-derived H2S and alterations of sulfite- or sulfate-
reducing microorganisms.

In addition to gut microbiota dysbiosis, oxidative stress and inflammation also con-
tribute to the pathogenesis of CKD and have been identified as molecular mechanisms for
H2S effects [4,33]. Using the maternal CKD model, our previous study showed perinatal
resveratrol therapy prevented offspring hypertension and is connected to the reduction
of oxidative stress and an altered gut microbiome and microbe-derived metabolites [34].
Resveratrol, a natural polyphenol, exhibits antioxidant and anti-inflammatory properties.
Considering the beneficial effect of STS in the present study, whether the application of nu-
traceuticals with anti-inflammatory or antioxidant properties could provide renoprotection
and thereby avert maternal CKD-induced hypertension deserves to be investigated further.

Short-chain fatty acids (SCFAs) are the main microbiota-derived metabolites [35]. As
we mentioned earlier, the beneficial effects of perinatal resveratrol therapy also contributed
to the mediation of SCFA and their receptors [34]. Another study indicated that maternal
CKD-induced offspring hypertension can be averted through the perinatal use of propi-
onate, one of the predominant SCFAs [36]. Accordingly, targeting microbial metabolite
SCFAs might also be an interesting mechanism to explore. Future studies should assess
microbial metabolites and evaluate their connections with the protective actions of STS
against maternal CKD-induced hypertension.

Our study has a few limitations. Firstly, we did not assess the impact of STS treatment
on sex differences, since only male progeny was used in the present study. Another
limitation is that the microbiome data do not provide information on whether or not
oral administration of STS during pregnancy and lactation could alter gut microbiota
in mothers or neonate offspring. Whether STS treatment could regulate gut microbiota-
derived fecal H2S connected to offspring hypertension awaits further clarification. Thirdly,
we analyzed renal outcomes and gut microbiota in adult offspring at the time hypertension
appeared, but not in dams. Our previous research indicated that adenine-fed mother rats
displayed renal dysfunction, glomerular and tubulointerstitial damage, hypertension, and
placental abnormalities [15]. Considering STS treatment has shown benefits against kidney
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disease and hypertension [12–14], additional research is needed to clarify whether STS
treatment could also improve renal outcomes for mother rats. Whether STS treatment
during pregnancy and lactation might alter the gut microbiota in both dams and offspring,
and whether maternal alterations in renal outcomes and gut microbiota are connected with
offspring outcomes, both require further evaluation. As several inflammatory mediators,
such as NF-κB, NLRP3, and mitogen-activated protein kinase (MAPK) signaling pathways,
were all activated in CKD and could represent a potential target for STS [37,38], studying
these mechanisms might also be an interesting alternative target to explore. Lastly, the
findings presented in our study are valuable for revealing that STS has beneficial effects on
offspring programmed by maternal CKD but are limited to testing in this model. Further
studies are needed in other animal models of CKD and humans before STS can be translated
into clinical practice. Considering the significant progress that has been made over the
last decade in RSS-related drugs [39–41], the reprogramming effects of other RSS-based
interventions on maternal CKD-primed hypertension also deserve further attention.

5. Conclusions

To conclude, our results suggest that oral administration of STS during gestation and
lactation improved offspring hypertension induced by maternal CKD via augmentation
of both the H2S and NO pathways and changes in gut microbiota composition. As such,
early-life intervention strategies specifically targeting the H2S signaling pathway could be
considered for preventing hypertension in progeny born from mothers with CKD.
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Abstract: The mitochondrion is the primary energy generator of a cell and is a central player in
cellular redox regulation. Mitochondrial reactive oxygen species (mtROS) are the natural byproducts
of cellular respiration that are critical for the redox signaling events that regulate a cell’s metabolism.
These redox signaling pathways primarily rely on the reversible oxidation of the cysteine residues on
mitochondrial proteins. Several key sites of this cysteine oxidation on mitochondrial proteins have
been identified and shown to modulate downstream signaling pathways. To further our understand-
ing of mitochondrial cysteine oxidation and to identify uncharacterized redox-sensitive cysteines,
we coupled mitochondrial enrichment with redox proteomics. Briefly, differential centrifugation
methods were used to enrich for mitochondria. These purified mitochondria were subjected to both
exogenous and endogenous ROS treatments and analyzed by two redox proteomics methods. A
competitive cysteine-reactive profiling strategy, termed isoTOP-ABPP, enabled the ranking of the cys-
teines by their redox sensitivity, due to a loss of reactivity induced by cysteine oxidation. A modified
OxICAT method enabled a quantification of the percentage of reversible cysteine oxidation. Initially,
we assessed the cysteine oxidation upon treatment with a range of exogenous hydrogen peroxide
concentrations, which allowed us to differentiate the mitochondrial cysteines by their susceptibility to
oxidation. We then analyzed the cysteine oxidation upon inducing reactive oxygen species generation
via the inhibition of the electron transport chain. Together, these methods identified the mitochondrial
cysteines that were sensitive to endogenous and exogenous ROS, including several previously known
redox-regulated cysteines and uncharacterized cysteines on diverse mitochondrial proteins.

Keywords: mitochondria; cysteine; ROS; oxidation; mass spectrometry; isoTOP-ABPP; OxICAT

1. Introduction

Mitochondria are the sites of essential cellular metabolic pathways, including the tri-
carboxylic acid (TCA) cycle and the electron transport chain (ETC). Mitochondria comprise
distinct membranes, where the outer (OMM) and inner (IMM) mitochondrial membranes
envelop the intermembrane space (IMS) [1]. The IMS is critical for the import and folding
of mitochondrial proteins, as well as for apoptotic signaling [2–5]. The innermost compart-
ment, the matrix, hosts the bioenergetic machinery essential for ATP production [6].

In addition to the central role of mitochondria in cellular metabolism, mitochondria are
well-characterized hubs of redox signaling. As one of the primary sites of reactive oxygen
species (ROS) production in the cell [7], mitochondria balance the ROS production and
metabolism to maintain cellular redox homeostasis. ROS production in the mitochondria
results from incomplete electron transfer during aerobic respiration, forming superoxide,
and ultimately, a variety of different ROS, including hydrogen peroxide [8]. These ROS can
regulate the diverse metabolic and signaling pathways in the mitochondria through cysteine
oxidation events. In the presence of ROS, cysteines undergo reversible and irreversible
oxidative post-translational modifications (oxPTMs) [9] that transiently affect the protein
structure, catalytic activity, complex formation, localization, and degradation [10–14]. There
are several characterized sites of cysteine oxidation that affect the mitochondrial protein
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function [15], including C385 on aconitase (ACO2), which regulates the TCA cycle [16,17],
C39 on ND3 subunit of complex I (MT-ND3), which tunes the ETC electron flux [18,19],
and C253 on uncoupling protein 1 (UCP1), which disrupts the IMM proton gradient [20,21].
These oxidation events underscore the importance of cysteine oxidation in regulating the
metabolic flux as a feedback mechanism for maintaining cell homeostasis.

High levels of mtROS are associated with a variety of pathologies, including can-
cer [22], diabetes [23,24], neurodegeneration [25], and cardiac disease [26]. Therefore,
identifying redox-sensitive cysteines within the mitochondria can provide insight into the
redox-regulated metabolic and signaling pathways implicated in disease pathogenesis. Re-
dox proteomics approaches facilitate the identification of redox-sensitive cysteines within a
complex proteome. One challenge in performing redox proteomic studies on mitochondrial
proteins is the low abundance of these proteins relative to the highly abundant cytosolic
and nuclear proteins. Mitochondrial proteins account for only 6% of the human pro-
teome [27,28]; therefore, proteomic analyses of whole-cell lysates result in poor coverage of
the mitochondrial proteome. The enrichment of mitochondrial proteins through organelle
fractionation [29], targeted probes [30–35], proximity labeling (BioID [36,37], APEX [38–40],
and small molecules [41]) significantly improves this mitochondrial protein coverage.

Coupling these mitochondrial enrichment methods with redox proteomic workflows
can facilitate the identification of redox-sensitive cysteines within the mitochondria. Several
redox proteomic strategies exist that either directly or indirectly monitor cysteine oxidation.
Reactive cysteine profiling, using the isotopic tandem orthogonal proteolysis-activity-based
protein profiling (isoTOP-ABPP) platform, indirectly identifies redox-sensitive cysteines
by monitoring the oxidation-induced losses in cysteine reactivity. Briefly, isoTOP-ABPP
applies a thiol-reactive iodoacetamide-alkyne (IA) probe to monitor the decreases in the
cysteine reactivity resulting from oxPTMs. In previous work, isoTOP-ABPP has been used
to map the sites of cysteine nitrosation within mitochondrial proteins upon mitochondrial
enrichment via differential centrifugation [42]. An alternative redox proteomic approach
is the use of oxidative isotopically coded affinity tags (OxICAT [43]), which applies the
differential isotopic tagging of reduced and oxidized cysteines to determine the percentage
of oxidation. Variations of the OxICAT method have been applied to monitor the cysteine
oxidation in the mammalian endoplasmic reticulum [44], yeast [45], bacteria [43], and
drosophila [46]. Lastly, mitochondria-targeted probes for sulfinic and sulfenic acids have
identified these specific oxidation events within mitochondrial proteins [30–35].

Here, we combine differential centrifugation to isolate the mitochondria with the
isoTOP-ABPP and OxICAT redox proteomic strategies, in order to study the oxidation of
mitochondrial cysteines. Specifically, we rank mitochondrial cysteines by their suscepti-
bility to oxidation with hydrogen peroxide and identify the oxidation events that occur
upon the inhibition of the ETC using antimycin A (AMA). The redox-sensitive cysteines
we identify comprise well-characterized sites of mitochondrial redox regulation, as well as
proteins and pathways that have yet to be fully evaluated for their redox sensitivity.

2. Materials and Methods

2.1. Biological and Chemical Materials

All the reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
Fisher Scientific (Waltham, MA, USA), unless otherwise indicated. All the antibodies (Anti-
GAPDH (14C10), Anti-ATPIF1 (D6P1Q), Anti-Histone-H3 (D1H2), Anti-CALR (D3E6),
and Anti-DYKDDDK (FLAG)) were purchased from Cell Signaling Technology (Danvers,
MA, USA). IA-light (IA-L) and IA-heavy (IA-H) were synthesized in-house according to
Abo, M. et al. [47]

2.2. Mammalian Cell Culture

HEK293T cells were maintained at 37 ◦C under an atmosphere of 5% CO2 in a DMEM
medium (Corning, Corning, NY, USA) supplemented with 10% FBS (Biotechne, Minneapo-
lis, MN, USA) and 1% Anti-Anti (Gibco, Waltham, MA, USA).
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2.3. Isolation of Mitochondria

HEK293T pellets were washed 3 times with a mitochondrial isolation buffer (10 mM
Tris-MOPS, 1 mM EDTA/Tris, 200 mM Sucrose, pH 7.4, IBC). Crude and pure mitochon-
dria (Mito-C and Mito-P) were obtained following the general protocol of differential
centrifugation and isopycnic separation by Frezza, C. et al. [29] and Bak, D. et al. [42].

2.4. Western Blot Analysis of GAPDH, CALR, Histone H3 and ATPIF1

A Western blot analysis was performed on 25 μg of whole cell (WC), cytosolic (Cyto),
crude mitochondrial (Mito-C) and pure mitochondrial (Mito-P) lysates using rabbit anti-
GAPDH (1:1000, TBST and 5% bovine serum albumin (BSA)), rabbit anti-Histone H3 (1:1000,
TBST and 5% milk)), rabbit anti-CALR (1:1000, TBST and 5% milk)), or rabbit anti-ATPIF1
(1:1000, TBST and 5% bovine serum albumin (BSA)) primary antibodies, followed by an
anti-rabbit IgG HRP conjugate (1:2000).

2.5. Treatment of HEK293T Cells with Antimycin A

Confluent HEK293T cells were incubated with either 100 μM of Antimycin A in DMSO
or an equivalent volume of DMSO for a total of 1 h at 37 ◦C.

2.6. Mass Spectrometry Sample Preparation
2.6.1. isoTOP-ABPP Analysis

The analysis using isoTOP-ABPP was performed according to Weerapana, E. et al. [48],
Bak, D. et al. [42], and Abo, M. et al. [47]. For the hydrogen peroxide treatments, 0.5 mg of
isolated Mito-P lysates in 500 μL were pretreated in the dark with 1 μL of 100× stocks of
hydrogen peroxide or water on ice, for 20 min prior to the IA labeling. For the Antimycin
A studies, the IA labeling was performed on 0.5 mg of intact Mito-P fractions prior to lysis.

2.6.2. OxICAT Studies and Cysteine Oxidation Analysis

The OxICAT studies were performed with 4 mg of isolated Mito-P using the protocol
described in Bechtel, T. et al. [44].

2.7. Tandem MS Analysis

An MS analysis was performed on a Thermo Fisher LTQ Orbitrap Discovery mass
spectrometer coupled with an Agilent 1200 series HPLC, as previously described [48].

2.8. LC/LC-MS/MS Data Processing

The MS/MS data were analyzed using the SEQUEST algorithm, filtered using DTASe-
lect 2.0 [49,50], and the light:heavy ratios were obtained using CIMAGE [48], as previously
described [48]. A dynamic modification of the cysteine for the IA-L (306.14806 m/z) and
IA-H (312.16819 m/z) adducts was included.

2.8.1. MS Data Analysis: isoTOP-ABPP for Peroxide Treatment

Two replicates of each peroxide concentration (1, 2.5, 5, and 10 mM of H2O2) were
analyzed. The average ratios were calculated for the peptides with ratios present in both
replicates, and values exhibiting > 2-fold changes and coefficients of variation of >50%
were removed. The data were filtered via mitochondrial localization through a comparison
with the Uniprot [51] and MitoCarta3.0 [52] databases.

2.8.2. MS Data Analysis: isoTOP-ABPP for AMA Treatment

Three replicates were analyzed. L:H Ratios were required to be in 2 out of 3 of the
replicates. The average ratios of a >2-fold change were filtered by a coefficient of variation
cut-off of 50%. Only peptides from the mitochondria-annotated proteins were included.
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2.8.3. MS Data Analysis: OxICAT

Three replicates were analyzed to obtain the L:H and H:L ratios. The data were filtered
to include only the mitochondrial proteins and peptides that appeared in two out of the
three replicates. The L:H and H:L ratios were converted to % oxidation values by using
the equations: 1 − (L:H/(L:H + 1)) or H:L/(H:L + 1). The average % oxidation values
were determined for each peptide and those with a standard deviation of mean of >30%
were removed.

2.9. Statistical Analysis of Overrepresented GO Biological Processes Using Panther

Protein ID lists from the whole cell cysteine reactivity data from Weerapana, E. et al. [48]
and the Mito-P cysteine reactivity data from the 1 mM peroxide studies were analyzed
using Panther 16.0 overrepresentation tests (http:/pantherdb.org (accessed on 21 May
2021)) [53].

3. Results

3.1. Differential Centrifugation to Increase Coverage of Mitochondrial Cysteines

To enrich the intact mitochondria, we adapted the established methods of differential
centrifugation [29,42] to fractionate the HEK293T cell lysates to generate a crude mito-
chondrial sample (Mito-C) (Figure S1A). The Mito-C fraction was further purified with an
isopycnic percoll gradient to produce a pure mitochondrial sample (Mito-P), with mini-
mal cytosolic and nuclear contamination (Figure S1B). An analysis by Western blot using
antibodies against the nuclear (histone H3), ER (calreticulin), cytosolic (GAPDH), and mito-
chondrial (ATPIF1) proteins demonstrated the successful enrichment of the mitochondrial
proteins and a loss of the nuclear and cytosolic proteins in the Mito-C and Mito-P fractions.
The ER marker, calreticulin, was still present in the Mito-P sample, likely due to the inability
of differential centrifugation to disrupt ER–mitochondrial contact sites.

The enrichment of the mitochondrial proteins in the Mito-P fraction was further
confirmed by enriching and identifying the reactive cysteines using mass spectrometry
(MS) [50]. Briefly, the Mito-P lysates were treated with an iodoacetamide-alkyne (IA) probe
to covalently modify their reactive cysteines. The IA-modified proteins were conjugated to
a chemically cleavable biotin linker (Figure S2B) using a copper (I)-catalyzed azide-alkyne
cycloaddition (CuAAC). Biotinylated proteins were enriched on streptavidin beads, sub-
jected to on-bead trypsin digestion, and there was a subsequent release of the IA-modified
peptides using a sodium dithionite treatment. The resulting IA-modified peptides were
analyzed with tandem liquid chromatography–mass spectrometry (LC/LC-MS/MS). The
mitochondrial cysteine coverage in the Mito-P sample was determined to be similar to
that in previous fractionation reports [42], with a total of 1563 cysteines identified from
the 481 proteins that were identified to localize to the mitochondria by Uniprot [51] and
MitoCarta2.0 [54] (Table S1). Previously reported reactive cysteine profiling studies on
unfractionated whole-cell lysates [48] have identified 278 cysteines from 172 mitochon-
drial proteins. Therefore, mitochondrial isolation resulted in a ~three-fold increase in the
mitochondrial proteins and ~five-fold increase in the mitochondrial peptides identified
(Figure S1D). Additionally, 57% of the spectral counts in the Mito-P sample originated from
the mitochondrial proteins, compared to 11% in the whole-cell sample (Figure S1C). A gene
ontology (GO) analysis of the Mito-P sample revealed a robust enrichment for common
mitochondrial processes such as mitochondrial protein translation, mitochondrial gene
expression, and the TCA cycle, none of which were enriched in the whole-cell sample
(Tables S2 and S3, Figure S1E). Together, our data confirm differential centrifugation to be a
valuable method for mitochondrial proteome enrichment.

3.2. Monitoring the Redox Sensitivity of Mitochondrial Cysteines

Upon confirming this mitochondrial enrichment, we applied the isoTOP-ABPP platform to
rank the mitochondrial cysteines by their sensitivity to hydrogen peroxide (Figure 1A) [47,48].
IsoTOP-ABPP compared the cysteine reactivity across two biological samples through the
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application of isotopically labeled IA probes, IA-L (light), and IA-H (heavy) (Figure S2A).
The Mito-P fractions were treated with 1, 2.5, 5, and 10 mM of hydrogen peroxide for 20 min.
These peroxide-treated samples were then labeled with IA-H, and a corresponding un-
treated control sample was labeled with IA-L. The peroxide-treated and untreated samples
were mixed together prior to the streptavidin enrichment, trypsin digestion, and sodium
dithionite elution. The resulting peptide mixtures were analyzed using LC/LC-MS/MS.
For every cysteine-containing peptide that was identified, the relative IA-labeling in the
untreated controls versus the peroxide-treated experimental samples could be determined
by the light:heavy (L:H) ratios. An L:H ratio of >1 corresponded to a decrease in the
cysteine reactivity upon the peroxide treatment, and was indicative of cysteine oxidation.
An L:H ratio equivalent to 1 indicated an unchanged cysteine reactivity upon the peroxide
treatment. Importantly, the use of this isoTOP-ABPP analysis allowed for a determination
of the extent of oxidation, whereby the higher the L:H ratio value, the greater the stoichiom-
etry of the oxidation. The peroxide concentrations used were supraphysiological, but were
selected such that minimal oxidation was observed at the lowest concentration (1 mM) and
a high-stoichiometry oxidation for a subset of cysteines was present at the highest peroxide
concentration (10 mM). Importantly, we ensured that, at the highest (10 mM) concentration
of peroxide, we did not see the complete oxidation of all the cysteines, indicating that we
were not completely overwhelming the oxidation capacity of the system.

The isoTOP-ABPP analysis identified ~700 mitochondrial cysteines (Tables S4–S7)
with robust L:H ratios in each of the peroxide treatments. As expected, increasing median
L:H ratios were observed with increasing peroxide concentrations (Figure 1B), indicating
proteome-wide decreases in cysteine reactivity. For example, a 1 mM peroxide treatment
led to very minor changes in cysteine reactivity (a median L:H ratio of 1.1). In contrast,
the 10 mM peroxide treatments displayed pronounced decreases in cysteine reactivity (a
median L:H ratio of 2.3). The treatments of 2.5 mM and 5 mM peroxide gave median L:H
ratios of 1.3 and 1.7, respectively.

Importantly, the effect of the peroxide was not uniform across the identified cysteines,
allowing us to group the cysteines within groupings of a low, moderate, and high sen-
sitivity to the peroxide treatments. A subset of cysteines displayed no change in their
cysteine reactivity (L:H ratios ~1), regardless of the peroxide concentration, indicating a
resistance to oxidation with hydrogen peroxide. These cysteines included C536 on succi-
nate dehydrogenase A (SDHA) (Figure 1C). The cysteines that were oxidation-sensitive
displayed variations in their concentration dependence, underscoring the unique redox
susceptibilities of each individual cysteine. Some cysteines, such as C348 on Mitofusin 2
(MFN2), displayed steep linear decreases in their reactivity, indicating a high susceptibility
to oxidation. MFN2 is an OMM protein central to mitochondrial network remodeling and
inter-organelle contact (Figure 1C). MFN2 dysfunction has been implicated in mitophagy,
unfolded protein responses, and the metabolic dysregulation characteristics of neurode-
generation, cardiomyopathy, and cancer [55]. C348 has not been previously identified to
be redox-sensitive, but C684 is known to form an intermolecular disulfide with a cysteine
on MFN1 to promote mitochondrial fusion [56]. Notably, C348 on MFN2 is located prior
to an HR1 (heptad-repeating coiled-coil) domain analogous to the positioning of C684
and the HR2 domain, thereby supporting a potential redox function for C348, similar to
C684 [57]. The cysteines that displayed a moderate peroxide sensitivity included C126
on the matrix-residing GrpE protein homolog 2 (GRPEL2) and C590 on mitochondrial
aspartate tRNA ligase (DARS2) (Figure 1C). The trends in the cysteine redox sensitivity
were further visualized with extracted ion chromatograms for each IA-L- and IA-H-labeled
peptide (Figure 1D). Together, these concentration-dependent analyses enabled the ranking
of the mitochondrial cysteines by their sensitivity to peroxide-mediated oxidation.
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Figure 1. Analysis of mitochondrial cysteine reactivity in the presence of peroxide. (A) Workflow
for evaluating peroxide-dependent changes in cysteine reactivity in isolated mitochondrial lysates
using isoTOP-ABPP. Cysteines from control or peroxide-treated Mito-P lysates are labeled with
IA-L or IA-H, respectively. Cleavable biotin-azide tags are then appended followed by enrichment
of labeled cysteine-containing proteins on streptavidin resin, trypsin digestion, and isolation of
labeled cysteine-containing peptides for quantitative MS analysis to identify and quantify cysteine
reactivity changes due to oxidation by peroxide. (B) Violin plot displaying median L:H ratios for all
identified cysteines with increasing concentrations of peroxide (1 mM, 2.5 mM, 5 mM, and 10 mM
H2O2). (C) Plotted average L:H ratios (log2L:H) of mitochondrial cysteines with increasing peroxide
treatments. (D) Representative extracted ion chromatograms of cysteines from (C) alkylated by IA-L
(red) or IA-H (blue) in the control and peroxide-treated samples, respectively.

3.3. Cysteine-Reactivity Changes of Known Redox-Sensitive Proteins

We focused on the dataset for the Mito-P lysates that were exposed to 10 mM of the
peroxide (Figure 2A, Table S7), where the largest extent of cysteine oxidation was observed.
Of the 785 cysteines that generated robust L:H ratios, 454 (58%) revealed at least a two-fold
decrease in their reactivity, including 65 (8%) cysteines that displayed a higher than five-
fold decrease. Within these highly peroxide-sensitive cysteines were well-characterized
sites of oxidation, including C385 on aconitase 2 (ACO2) (an L:H ratio of 13.3) and C395 on
2-oxoglutarate dehydrogenase (OGDH) (an L:H ratio of 17.3) (Figure 2B). The oxidation of
ACO2 and OGDH is known to inhibit protein function and attenuate the TCA cycle [17,58].
Interestingly, OGDH catalyzes the rate-limiting step of the TCA cycle and is the highest
generator of mtROS outside of the ETC. OGDH is also known to be self-regulated through
cysteine modifications such as glutathionylation [59,60]. The precise site(s) of cysteine
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oxidation that result in OGDH inhibition remain uncharacterized, however, C395 on OGDH
has been previously shown to undergo S-nitrosation in a biotin-switch study on cardiac
mitochondria [60].

 

Figure 2. Evaluation of cysteine reactivity changes under 10 mM peroxide treatment using IsoTOP-
ABPP. (A) L:H ratio plot (log2L:H) of mitochondrial cysteines identified by isoTOP-ABPP upon
10 mM peroxide treatment. Previously characterized redox-sensitive proteins are annotated in
red. (B) Inset highlights cysteine-containing peptides with the highest L:H ratios and previously
characterized redox-sensitive proteins are in red. (C) Representative extracted ion chromatograms
for cysteines identified from GRPEL2. Blue traces are from the untreated control and red traces
are from the peroxide-treated sample. (D) Average L:H ratios for cysteines identified on proteins
belonging to mitochondrial bioenergetic pathways including the citric acid cycle (blue), urea cycle
(red), and electron transport chain (green) in the 10 mM peroxide isoTOP-ABPP dataset. High
peroxide sensitivity (L:H ratio of 5) is denoted by a gray line.

Our data confirm that cysteines within a single protein can display widely divergent
redox sensitivities. For instance, we identified three cysteines on GRPEL2 with varying
redox sensitivities (Figure 2C). In the presence of the peroxide, the reactivity of C110 was
preserved (an L:H ratio of 1.1), while C87 and C127 displayed L:H ratios of 6.1 and 3.7,
respectively. The most redox-sensitive cysteine, C87, is known to facilitate a GRPEL2 dimer
formation that protects against proteolysis during oxidative stress [61]. The identification of
well-characterized sites of cysteine oxidation serves to validate the ability of our platform
to accurately report on the redox sensitivities of mitochondrial cysteines.
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3.4. Levels of Cysteine Oxidation within Key Mitochondrial Pathways

The most well-characterized redox-sensitive cysteines are known to reside within
known ROS-regulated pathways [15]. Therefore, we sought to explore if the highly redox-
sensitive cysteines that we identified were concentrated within specific mitochondrial
processes or pathways. The cysteines identified from the 10 mM peroxide dataset were
binned into 12 well-established biochemical classifications: the TCA cycle, innate immunity,
transport, the urea cycle, fatty acid oxidation, redox regulation, Fe-S biogenesis, apoptosis,
tRNA-ligases, mitochondrial (mt) ribosomal subunits, ETC, and mitochondrial transcrip-
tion and translation (Figures 2D and S4). We observed that the redox-sensitive cysteines
were distributed across these pathways and processes, but that some pathways had an
increased number of highly redox-sensitive cysteines (>five-fold decrease in reactivity).
Within the known redox-regulated metabolic pathways, the TCA cycle contained four
proteins with highly redox-sensitive cysteines. These included the characterized redox-
sensitive C385 on ACO2 and C395 on OGDH, which were mentioned previously, as well
as poorly characterized cysteines on isocitrate dehydrogenase, IDH3A, and succinyl-CoA
ligase, SUCLA2. Several subunits of the ETC (NDUFA10 and NDUFS1) also contained
cysteines with a high redox sensitivity. Interestingly, the proteins involved in mitochon-
drial transcription and translation contained a high abundance of these redox-sensitive
cysteines, including subunits of the mitochondrial ribosome, mRNA-processing enzymes,
and DNA polymerase subunits. In support of this observation, the recent literature in-
dicates that mtROS can regulate mitochondrial ribosome and aminoacyl tRNA complex
formation [45,62]. Together, our data identify the highly redox-sensitive cysteines within
the pathways that are known to be redox-regulated.

3.5. Inhibition of the Electron Transport Chain Induces ROS Generation and Cysteine Oxidation

The hydrogen peroxide treatments were geared toward enabling the ranking of the
mitochondrial cysteines by their relative susceptibility to oxidation. The concentrations of
peroxide that were used were supraphysiological, so as to push the levels of oxidation to
a high stoichiometry that would differentiate the cysteines with high, medium, and low
sensitivities to oxidation. The highly redox-sensitive cysteines that we identified correlated
with the cysteines that were previously shown to be oxidized within (patho)physiological
systems, suggesting that a high redox susceptibility in vitro can be predictive of in vivo
sensitivity. To further evaluate this cysteine oxidation under physiological ROS conditions,
we applied isoTOP-ABPP to assess the changes in cysteine reactivity and oxidation upon
the inhibition of complex III with Antimycin A (AMA) (Figure 3A) [63], in order to release
mtROS into the matrix and IMS.

To investigate the cysteine oxidation upon ETC inhibition, the cells were incubated
with either AMA or DMSO (control) for 1 h prior to the fractionation and Mito-P isolation.
The intact Mito-P fractions from the AMA-treated cells were labeled with IA-H, while the
Mito-P from the control cells was labeled with IA-L. After lysis, the isoTOP-ABPP workflow
was followed as previously described (Figure S3). The AMA-induced oxidation of a cysteine
resulted in an increased L:H ratio. The resulting MS analysis provided robust L:H ratios
for 828 cysteines on 432 mitochondrial proteins (Table S8). The proteome-wide impact of
AMA on the cysteine reactivity was much less severe than that with an exogenous 10 mM
peroxide treatment, generating a median L:H ratio of 1.4 compared to 2.3 for the peroxide.

The majority of the cysteines displayed L:H ratios of ~1 and were not affected by
AMA. However, a small subset of 31 cysteines displayed >two-fold decreases in their
reactivity, signifying increased oxidation upon the AMA treatment. Interestingly, C146 on
Mitochondrial Ribosomal Protein L39 (MRPL39) exhibited the highest L:H value of 19.1
in the AMA-treated dataset. Based on the available structural data, C146 on MRPL39 is
located proximal to C275 and could potentially form a disulfide bond under oxidative
stress. Although MRPL39 has not been shown to be redox-regulated, proximal cysteines
on adjacent MRPs have been identified to form disulfide bonds [64]. Furthermore, in
yeast OxICAT studies [45], numerous proteins involved in mitochondrial translation have
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demonstrated high oxidation in the presence of peroxide, including MRPL32, indicating
the potential for the MRP family, in general, to be regulated by mtROS [45,65].

 

Figure 3. Cysteine reactivity and oxidation profiling under ETC inhibition. (A) Depiction of ETC
inhibition of complex III by Antimycin A (AMA). Electron leakage and superoxide production
occurs in both the mitochondrial matrix and IMS. (B) L:H ratio plot (log2L:H) of mitochondrial
cysteine-containing peptides identified in isoTOP-ABPP analysis of Mito-P from AMA-treated cells.
(C) OxICAT workflow in isolated mitochondria from DMSO-treated cells (control) or AMA-treated
cells. Workflow includes differential alkylation of reduced and oxidized cysteine thiols with IA-L or
IA-H followed by incorporation of cleavable biotin-azide tag for labeled cysteine-containing protein
enrichment, trypsin digestion, and labeled cysteine-containing peptide isolation. L:H ratios directly
correspond to percent oxidation values of cysteines. (D) Percent oxidation values for DMSO-treated
mitochondria (control). UniProt annotation of cysteine residues that are disulfide linked (blue), metal
binding (red) and s-palmitoylation (green). Percent oxidation is directly calculated from L:H and H:L
ratios. (E) Percent oxidation values for DMSO- and AMA-treated mitochondria.
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The correlation of the peroxide and AMA datasets identified cysteines that displayed
decreases in their reactivity under both conditions. For instance, C331 on NLR Family
Member X1 (NLRX1) displayed an average L:H ratio of 14.3 with 10 mM peroxide and
2.4 with AMA. NLRX1 is involved in antiviral signaling and injury prevention via the
potentiation of ROS-driven immune activation [66]. NLRX1 is also known to negatively
regulate the mitochondrial anti-viral signaling protein (MAVS), which is a redox-regulated
protein that undergoes ROS-dependent oligomerization. Despite the implication of NLRX1
in ROS-dependent pathways, there has been no report of NLRX1 cysteines being the target
of oxidation. Our studies identify C331 as a potential site of oxidation on NLRX1.

3.6. Monitoring Mitochondrial Cysteine Oxidation with OxICAT

Cysteine reactivity changes, as measured by isoTOP-ABPP, provide an indirect mea-
sure of cysteine oxidation through the observed decreases in the cysteine reactivity. A more
direct method for analyzing this cysteine oxidation is through OxICAT [39], which uses
the differential isotopic tagging of reduced and oxidized cysteines to directly monitor the
cysteine oxidation within a single sample. Briefly, the proteins were denatured and the
free thiols were alkylated with IA-L, followed by a reduction in the reversibly oxidized
thiols and a subsequent labeling with IA-H (Figure 3C). Upon MS analysis, the resulting
L:H ratios could be converted into % oxidation values to report on the stoichiometry of
the oxidation for each identified cysteine. The Mito-P isolated from the AMA- or DMSO
(control)-treated whole cells were subjected to OxICAT analyses.

In the control cells (Figure 3D, Table S9), a small subset of cysteines (8%) were found to
be over 50% oxidized and included several annotated disulfide-linked and metal-binding
cysteines. The disulfide-linked cysteines included C50 on mitochondrial import inner
membrane translocase subunit TIMM13, which was 95% oxidized. This cysteine lies within
a Cx3C motif and is predicted to participate in an intramolecular disulfide bond with C65.
Additionally, the active site C80 on dihydrolipoamide dehydrogenase (DLD) was found
to be highly oxidized (95%). This cysteine is known to form a redox-active disulfide bond
with C85. Lastly, several disulfide-linked cysteines, C30, C54, and C65, on cytochrome C
oxidase subunit 6B1 (COX6B1), were identified, and each were 95% oxidized.

AMA treatment results in an observable increase in the oxidation for several cysteines
(Figure 3E, Table S9). The cysteines that displayed increased oxidation upon AMA treatment
included the peroxidatic cysteine, C100, on peroxiredoxin 5, PRDX5, with a 58% oxidation
in the control sample compared to a 94% oxidation in the AMA-treated sample. PRDX5 is
an antioxidant enzyme critical in the regulation of peroxide levels and protection of the
cell from irreversible oxidative damage under high levels of oxidative stress [67]. C100 is
known to become sulfenylated and form a redox-active disulfide bond with C204 [68,69].
Interestingly, the resolving cysteine of PRDX5, C204, was identified to have a 92% oxidation
in both the control and AMA-treated samples. Lastly, C110 on NADH dehydrogenase 1
alpha subcomplex subunit (NDUFA8), a complex I subunit, displayed increased oxidation
upon the AMA treatment (95% oxidized) compared to the control treatment (70% oxidized).
This cysteine is a part of the four CX9C motifs on NDUFA8 that undergo a disulfide
exchange, which is dependent on the redox conditions of the IMS [70,71]. The identification
of the known sites of cysteine oxidation supports the use of mitochondrial fractionation and
OxICAT to directly monitor these sites upon the induction of endogenous oxidative stress.

4. Discussion

Mitochondria are intricate organelles central to a variety of cellular functions, including
aerobic respiration. Many mitochondrial processes can be regulated by an ROS-mediated
oxidation of the key mitochondrial cysteines. Although several sites of cysteine oxidation
on mitochondrial proteins and the functional consequences of this oxidation have been
identified, there is a continued interest in globally assessing the redox sensitivity of these
mitochondrial cysteines. Identifying new sites of cysteine oxidation in mitochondria can
unearth uncharacterized redox-regulated proteins and pathways.
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Here, we describe the use of mitochondrial enrichment by differential centrifugation
coupled with redox proteomic platforms, such as isoTOP-ABPP and OxICAT, to identify
redox-sensitive cysteines under exogenous and endogenous ROS treatments. The differen-
tial centrifugation afforded Mito-P fractions that were analyzed using mass spectrometry
and confirmed to be highly enriched in mitochondrial proteins, relative to the whole-cell
samples. These Mito-P fractions were then subjected to exogenous hydrogen peroxide treat-
ments and analyzed using isoTOP-ABPP. The hydrogen peroxide concentrations used were
supraphysiological, but were chosen to differentiate the cysteines with a high sensitivity
to oxidation (highly oxidized at the lowest peroxide concentration used) from those with
moderate and low sensitivities to oxidation. Our data enabled the rank ordering of the
mitochondrial cysteines by their sensitivity to oxidation and identified the mitochondrial
pathways that were enriched in highly redox-sensitive cysteines. Importantly, many of
the cysteines identified within the high redox sensitivity category had been previously
reported to be oxidized under physiologically relevant levels of oxidative stress.

We then treated cells with the ETC inhibitor Antimycin and applied isoTOP-ABPP
and OxICAT to identify the cysteines that were oxidized upon the induction of endogenous
reactive oxygen species. The isoTOP-ABPP platform is an indirect method that identifies
sites of oxidation through a loss of cysteine reactivity, whereas OxICAT more directly
monitors reversible cysteine oxidation events through differential cysteine labeling. These
two methods are complementary to each other and differ in their cysteine coverage and the
types of oxPTMs that are detectable. Their key differences include the fact that OxICAT
will only identify reversible oxidation events (i.e., sulfenic acids and disulfides), whereas
isoTOP-ABPP can identify both reversible and irreversible sites of oxidation. Additionally,
fully oxidized cysteines, such as those engaged in stable disulfide linkages, can only be
identified via an OxICAT analysis, as cysteines that are 100% oxidized are not captured
by an isoTOP-ABPP analysis. Lastly, isoTOP-ABPP applies low (100 uM) concentrations
of a cysteine-reactive probe to fully folded proteins, resulting in the labeling of only
highly reactive cysteines. In contrast, OxICAT applies high (10 mM) concentrations of
a cysteine-alkylating agent to fully denatured proteomes, resulting in the labeling of all
cysteines, regardless of their reactivity. For these reasons, the cysteines identified by
these two methods do not show a complete overlap (Figure S5) and provide access to
different subsets of cysteines. The use of both platforms provides a broader snapshot of
the cysteine oxidation events that occur in the mitochondria upon the induction of reactive
oxygen species. As with the exogenous peroxide treatment, many of the cysteines that were
identified to be oxidized in the isoTOP-ABPP and OxICAT analyses of the antimycin-treated
mitochondria were previously reported as sites of cysteine oxidation.

5. Conclusions

In summary, we combine isoTOP-ABPP and oxICAT redox proteomic methods, to-
gether with mitochondrial isolation, to provide a snapshot of the cysteine oxidation events
that accompany both exogenous and endogenous ROS exposure. Our combined datasets
identify many previously characterized sites of oxidation, but also unearth unannotated
sites of oxidation on proteins that could potentially regulate diverse mitochondrial pro-
cesses under oxidative stress. This work sets the foundation for a more extensive ex-
ploration of mitochondrial cysteine oxidation. The use of more stringent mitochondrial
fractionation methods, as well as an improved MS sensitivity, will likely serve to improve
mitochondrial cysteine coverage.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox12050992/s1, Figure S1: Evaluation of mitochondrial isolation
by differential centrifugation; Figure S2: Probe structures used for MS experiments; Figure S3:
Workflow for quantifying redox-dependent changes in cysteine reactivity in isolated mitochondria
using IsoTOP-ABPP; Figure S4: L:H ratios plotted from isoTOP-ABPP analysis of 10 mM peroxide
treated Mito-P samples; Figure S5: Overlap between isoTOP-ABPP analysis and OxICAT analysis for
all identified cysteines; Table S1: Annotated list of mitochondrial peptides identified in the Mito-P
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sample; Table S2: Gene ontology (GO) analysis for enrichment of biological processes for proteins
identified in whole cell sample; Table S3: Gene ontology (GO) analysis for enrichment of biological
processes for proteins identified in whole cell sample; Table S4: Filtered list of L:H ratio values
obtained for isoTOP-ABPP analysis of all mitochondrial cysteines identified in Mito-P lysates treated
with 1 mM H2O2; Table S5: Filtered list of L:H ratio values obtained for isoTOP-ABPP analysis of all
mitochondrial cysteines identified in Mito-P lysates treated with 2.5 mM H2O2; Table S6: Filtered list
of L:H ratio values obtained for isoTOP-ABPP analysis of all mitochondrial cysteines identified in
Mito-P lysates treated with 5 mM H2O2; Table S7: Filtered list of L:H ratio values obtained for isoTOP-
ABPP analysis of all mitochondrial cysteines identified in Mito-P lysates treated with 10 mM H2O2;
Table S8: Filtered list of L:H ratio values obtained from IsoTOP-ABPP analysis of all mitochondrial
cysteines identified in Mito-P isolated from whole cells treated with Antimycin A (AMA) or DMSO
for 1 h; Table S9: Filtered list of L:H ratios and % oxidation values calculated for mitochondrial
cysteines identified in OxICAT analysis of Mito-P isolated from whole cells treated with Antimycin A
(AMA) or DMSO for 1 h.
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Abstract: Reactive sulfur species, or persulfides and polysulfides, such as cysteine hydropersulfide
and glutathione persulfide, are endogenously produced in abundance in both prokaryotes and
eukaryotes, including mammals. Various forms of reactive persulfides occur in both low-molecular-
weight and protein-bound thiols. The chemical properties and great supply of these molecular
species suggest a pivotal role for reactive persulfides/polysulfides in different cellular regulatory
processes (e.g., energy metabolism and redox signaling). We demonstrated earlier that cysteinyl-tRNA
synthetase (CARS) is a new cysteine persulfide synthase (CPERS) and is responsible for the in vivo
production of most reactive persulfides (polysulfides). Some researchers continue to suggest that
3-mercaptopyruvate sulfurtransferase (3-MST), cystathionine β-synthase (CBS), and cystathionine
γ-lyase (CSE) may also produce hydrogen sulfide and persulfides that may be generated during
the transfer of sulfur from 3-mercaptopyruvate to the cysteine residues of 3-MST or direct synthesis
from cysteine by CBS/CSE, respectively. We thus used integrated sulfur metabolome analysis,
which we recently developed, with 3-MST knockout (KO) mice and CBS/CSE/3-MST triple-KO
mice, to elucidate the possible contribution of 3-MST, CBS, and CSE to the production of reactive
persulfides in vivo. We therefore quantified various sulfide metabolites in organs derived from these
mutant mice and their wild-type littermates via this sulfur metabolome, which clearly revealed
no significant difference between mutant mice and wild-type mice in terms of reactive persulfide
production. This result indicates that 3-MST, CBS, and CSE are not major sources of endogenous
reactive persulfide production; rather, CARS/CPERS is the principal enzyme that is actually involved
in and even primarily responsible for the biosynthesis of reactive persulfides and polysulfides in vivo
in mammals.

Keywords: cystathionine β-synthase; cystathionine γ-lyase; cysteine persulfide synthase; cysteinyl-tRNA
synthetases; 3-mercaptopyruvate sulfurtransferase; reactive persulfides/polysulfides

1. Introduction

Sulfides and persulfides/polysulfides (RSSnH, RSSnR, HSSnH, CysSSnH) are abundant
endogenously produced metabolites in cells and tissues of mammals and humans [1–4].

Antioxidants 2023, 12, 868. https://doi.org/10.3390/antiox12040868 https://www.mdpi.com/journal/antioxidants
37



Antioxidants 2023, 12, 868

Because of excess sulfurs on thiol moieties, persulfides possess strong antioxidant prop-
erties, which make persulfides superior metabolites compared with thiols. Furthermore,
persulfides can manifest dual reactivity properties so that their deprotonated (RSS–) and
protonated (RSSH) forms act as nucleophiles and electrophiles, respectively [5–8]. These
unique properties make persulfides versatile reactive metabolites in biological signaling
mechanisms, which were previously assigned to sulfides or hydrogen sulfide (H2S) [9].
Increasing evidence indicates that persulfides play a significant role in cellular regulatory
processes and are hypothesized to be as important as other reactive species (e.g., reactive
oxygen species and reactive nitrogen species) [7,10–13].

Persulfides have important roles in various biological phenomena. For example,
they were involved in cellular senescence pathways via their reduction/oxidation (redox)
modification of 8-nitro-cGMP electrophilic signals [9,14]. Because of strong antioxidant
properties, persulfides reportedly acted as excellent scavengers of electrophiles from exoge-
nous sources, such as heavy metals (e.g., methylmercury), and from endogenous sources,
such as oxidative/electrophilic stress [5,14–18]. Persulfidation of protein cysteine (CysSH)
residues was also an important mechanism in regulating antioxidant responses and reduc-
ing processes, such as modification of the Keap1 protein in the Nrf2-Keap1 system and
reduction of oxidized proteins, such as those in the thioredoxin (TRX) and peroxiredoxin
systems [8,19,20]. Persulfides were recently hypothesized to be involved in electron cycles
in the electron transport chain during mitochondrial energy metabolism [1,21,22]. Neverthe-
less, the primary biosynthesizer of persulfides at the cellular level is still being investigated,
with various findings [1,2,7]. Despite these multiple findings, cysteine persulfide (CysSSH)
is believed to be pivotal in the formation of persulfides/polysulfides.

The canonical pathway of sulfide and CysSSH production involves two CysSH synthe-
sis/transsulfuration pathway enzymes—cystathionine β-synthase (CBS) and cystathionine
γ-lyase (CSE)—and one CysSH metabolism pathway enzyme: 3-mercaptopyruvate sulfur-
transferase (3-MST) [2,23,24]. Previously in our laboratory, we found that cysteinyl-tRNA
synthetases (CARSs) involved in the synthesis of persulfides and mitochondrial CARS
(CARS2) were responsible for the activity of cysteine persulfide synthases (CPERS) in
producing CysSSH in mitochondria [1]. With regard to persulfide levels, we also discov-
ered that HEK293T cells that had their expression of CBS and CSE silenced showed no
significant reduction in CysSSH metabolites, whereas CysSSH reduction was substantial
in the CARS2 knockout (KO) cell line [1]. We also determined that persulfide synthesis
via the CBS/CSE pathway was inefficient because of the high Km value of the reaction
under normal physiological conditions [1,2]. Our previous results confirmed a significant
reduction in persulfide synthesis in CARS2-KO cells but not in CBS and CSE knockdown
cells, so these findings raise doubts about the importance of canonical sulfide-producing
enzymes, such as CBS, CSE, and to some extent 3-MST, during persulfide synthesis. To
assess the contribution of CBS, CSE, and 3-MST in persulfide production compared with
the importance of CARS2, we generated triple-KO mice for CBS, CSE, and 3-MST and
CARS2-deficient heterozygous mice (Cars2+/−), and we quantitatively analyzed persulfide
levels in various tissues of these KO and CARS2-deficient mice.

2. Materials and Methods

2.1. Materials

β-(4-Hydroxyphenyl)ethyl iodoacetamide (HPE-IAM) was obtained from Chem-
Impex (Wood Dale, IL, USA). Monobromobimane (Br-bimane) was obtained from Merck
(Darmstadt, Germany). Liquid chromatography chemicals were obtained from FUJIFILM
Wako Pure Chemical (Osaka, Japan). A Taq polymerase kit was obtained from Takara Bio
(Shiga, Japan). A sequencing kit was obtained from Thermo Fisher Scientific (Waltham, MA,
USA). For Western blotting, we used the ECL Prime Western Blotting Detection Reagent
from GE Healthcare (Chicago, IL, USA), as well as antibodies such as anti-GAPDH (sc-
25778) and anti-3-MST (sc-376168) obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA); anti-CBS (3E1) obtained from Abnova (Taipei, Taiwan); anti-CARS2 provided by
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Prof. Hideshi Ihara (Osaka Prefecture University); and anti-CSE provided by Prof. Yoshito
Kumagai (University of Tsukuba).

2.2. Animals

All experimental procedures were conducted according to the Regulations for Animal
Experiments and Related Activities at Tohoku University, reviewed by the Institutional
Laboratory Animal Care and Use Committee of Tohoku University, and approved by the
President of Tohoku University. For the generation of 3-MST KO mice, we inserted a
gene trap vector into the first intron of the mouse 3-MST gene in mouse embryonic stem
cell lines and generated chimera mice according to the standard protocol [25]. Single-
heterozygous CBS mice (Cbs+/−) [26], CSE mice (Cth+/−) [27], and 3-MST mice (Mpst+/−)
were mated with each other to produce triple-heterozygous CBS/CSE/3-MST mice. The
triple-heterozygous mice were then intercrossed, and CBS/CSE/3-MST triple-KO mice
were generated (Figure 1A). Due to the lethality in KO CBS mice, triple-heterozygous
KO mice were crossed with human CBS transgenic (Tg-hCBS) mice before the generation
of triple-KO mice to avoid lethality in immature mice. The expression of human CBS in
Tg-hCBS mice can be activated by supplying zinc water. Therefore, to ensure survivability
of the mice to adulthood, zinc water was supplied and then stopped 2 weeks before the
experiment [28]. Single CSE KO mice used in Figure S2 are a different strain from the CSE
KO mice used to create the triple KO mice [29].

Figure 1. Generation of CBS/CSE/3-MST triple-KO mice. (A) CBS/CSE/3-MST triple-KO mice were
generated by cross-breeding with single-KO CBS, CSE, and 3-MST mice. The triple-KO mice contained
Tg-hCBS to prevent lethality in CBS KO mice. hCBS cDNA was conjugated to the metallothionein
promoter controlled by zinc. Control mice had only Tg-hCBS along with wild-type (WT) CBS, CSE,
and 3-MST. (B) Western blotting of CBS, CSE, 3-MST, and CARS2, obtained from the brains of control
and 3-MST KO mice. (C) Western blotting of CBS, CSE, 3-MST, and CARS2, obtained from the brains
of control and triple-KO mice. GAPDH was used as the internal control. The arrows and boxes
outlined with dashed lines indicate the primary bands at the expected molecular weights.
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CARS2-deficient heterozygous mice (Cars2+/−) were from previously generated CARS2-
deficient mice [1]. The genetic modifications of the mice were confirmed by using polymerase
chain reaction (PCR) and direct sequencing. Briefly, genomic samples from mice were
amplified by using the Taq polymerase PCR kit, with the PCR reaction as follows: initial
denaturation at 94 ◦C for 1 min, followed by 95 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for
30 s for 35 cycles. Primers (0.4 μM) specific for the target genes were used. Resultant
PCR fragments were processed via gel electrophoresis in 2% agar for confirmation and
compared against known DNA size markers. Table S1 provides all primers used for the
different genotypes.

2.3. Knockdown of CBS and CSE

For knockdown of CBS and CSE expression, we used small interfering RNAs: CBS,
CBSHSS101428 (Invitrogen, Waltham, MA, USA), and CSE, CTHHSS102447 (Invitrogen,
Waltham, MA, USA). We performed small interfering RNA transfection using Lipofectamine
RNAiMAX (Invitrogen, Waltham, MA, USA) according to the manufacturer’s instructions.

2.4. Measurement of Persulfides and Derivative Metabolites by Means of Br-Bimane Labeling

Liquid chromatography-electrospray ionization–tandem mass spectrometry (LC-ESI–
MS/MS) combined with Br-bimane trapping was used to measure sulfur metabolites
produced, according to our previous studies [2]. Metabolites from mouse tissue were
extracted using a 5 mM Br-bimane with 100% methanol and then homogenized. Lysates
were harvested and incubated at 37 ◦C for 15 min. After centrifugation, aliquots of the
supernatants were diluted 10–100 times with distilled water containing known amounts of
isotope-labeled internal standards. We used an Agilent 6430 Triple Quadrupole LC/MS
(Agilent Technologies, Santa Clara, CA, USA) to perform LC-electrospray ionization–
MS/MS. The ionization was achieved by using electrospray in the positive mode, and
polysulfide derivatives were identified and quantified by means of multiple reaction
monitoring. The MRM parameters and HPLC conditions for LC–MS/MS analysis using
Br-bimane followed our report [2].

2.5. Measurement of Persulfides and Derivative Metabolites by Means of HPE-IAM Labeling

LC-ESI–MS/MS combined with HPE-IAM trapping was used to measure sulfur
metabolites produced, according to our previous studies [1,30–32]. Metabolites were
extracted using a solution containing 5 mM HPE-IAM with 70% methanol and then ho-
mogenized. Lysates were harvested and incubated at 37 ◦C for 20 min and then cen-
trifuged at 15,000× g. After centrifugation, aliquots of the lysate supernatants were diluted
20–50 times with 0.1% formic acid containing known amounts of isotope-labeled internal
standard (50–200 nM). Sulfide metabolites in each sample were quantified using the Nexera
UHPLC system (Shimadzu, Kyoto, Japan) and LCMS-8060 (Shimadzu, Kyoto, Japan) LC-
ESI–MS/MS. Samples were injected and separated by means of the YMC-Triart C18 column
(50 × 2.0 mm inner diameter), eluted with a methanol mobile phase through a linear
gradient (0–90%) for 15 min in the presence of 0.1% formic acid at a flow rate of 0.2 mL/min
at 40 ◦C. CysSH, CysSSH, glutathione (GSH), glutathione persulfide (GSSH), glutathione
disulfide (GSSG), homocysteine (homoCysSH), homocysteine persulfide (homoCysSSH),
cystine, hydrogen sulfide anion (HS–), hydrogen disulfide anion (HSS–), and thiosulfate
(HS2O3

–) were identified and quantified by multiple reaction monitoring (MRM) on the
basis of their specific parameters (Table S2), as previously performed [1,2,31].

2.6. Statistical Analysis

Data are means ± s.d. of at least three independent experiments unless otherwise
specified. We analyzed comparisons among multiple groups of mice or cell lines with a
one-way ANOVA with Tukey’s test, whereas we used Student’s t-test for comparisons of
continuous variables. We set p-values of less than 0.05 as significant. We used GraphPad
Prism 9 (GraphPad Software) for statistical analysis.
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3. Results

3.1. 3-MST Mice Demonstrated No Reduced CysSSH and GSSH

To determine the importance of canonical enzymes in persulfide synthesis, we used
sulfur metabolome analysis to study 3-MST KO mice. We first generated 3-MST KO mice
by inserting a gene trap vector into an intron in mouse 3-MST; we confirmed the absence of
3-MST protein expression using Western blotting (Figure 1A,B). The expression of CBS, CSE,
and CARS2 was unchanged in 3-MST KO mice compared with wild-type mice. (Figure 1B).
We therefore quantified CysSSH, GSSH, and other persulfides and their derivatives in
liver, lung, and brain tissues and plasma from 3-MST KO mice using LC–MS/MS. We
found no significant differences in the synthesis of CysSSH, GSSH, and other persulfides
in all the samples that we examined (Figure 2). Although very few results showed some
discrepancies, such as the increased level of CysSSH in the liver and the decreased level
of HSS– in the plasma, the outcome of this experiment demonstrated that the synthesis
of persulfides, including CysSSH, GSSH, and persulfide derivatives, does not depend on
3-MST activity. Section 4 provides a plausible explanation of these discrepancies.

Figure 2. Sulfur metabolome analysis in 3-MST KO mice. Endogenous production of CysSSH, GSSH,
and related compounds was identified by means of HPE-IAM labeling with LC–MS/MS analysis of
the liver (A), lung (B), brain (C), and plasma (D) obtained from 8- to 10-week-old WT and 3-MST KO
mice. Data are means ± s.d. n = 11 (WT) and 15 (3-MST KO). * p < 0.05; ** p < 0.01, as determined by
Student’s t-test.

3.2. Triple-KO Mice Showed No Reduced CysSSH and GSSH

To ascertain the importance of canonical enzymes in persulfide synthesis, single-KO
CBS, CSE, and 3-MST mice were crossed to generate triple-heterozygous mice. These triple-
heterozygous mice were then crossed to obtain triple-KO mice. CBS KO mice die within
5 weeks after birth [26]; therefore, Tg-hCBS mice containing a zinc-inducible metalloth-
ionein promoter that is activated by zinc were crossed with triple-heterozygous mice before
the generation of triple-KO mice to avoid lethality in immature mice (Figure 1A) [28]. To
ensure comparable results, both control mice and triple-KO mice had the Tg-hCBS expres-
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sion cassette inserted, and CBS expression was controlled by supplying water containing
zinc (Figure 1A). As Figure 1C shows, tissues of triple-KO mice manifested no expression
of CBS, CSE, and 3-MST proteins when water without zinc was provided for 2 weeks.

To investigate persulfide synthesis in triple-KO mice, we used LC–MS/MS analysis
to measure CysSSH and GSSH in various tissues from triple-KO and control mice. We
also measured persulfides and their derivatives in plasma, the presence of which is an
indicator of global physiology metabolites. Triple-KO mice demonstrated no significant
differences when compared with control mice in terms of CysSSH synthesis in liver, lung,
brain, and plasma tissues (Figure 3). The GSH level significantly decreased in livers of
triple-KO mice (Figure 3A) but remained similar in lungs (Figure 3B), brains (Figure 3C),
and plasma (Figure 3D) from both control and triple-KO mice. The GSSH level significantly
increased in lungs (Figure 3B) and plasma (Figure 3D) of triple-KO mice compared with
control mice, which were similar in liver (Figure 3A) and brain (Figure 3C) tissues. The
discrepancies between these tissue GSSH metabolite levels may be due to various reasons,
such as oxidative stress conditions caused by the generation of triple-KO mice and different
gene expression levels of sulfide-metabolizing enzymes in the specific tissues; Section 4
addresses these issues. Nevertheless, our findings indicated that deletion of CBS, CSE, and
3-MST genes in mice did not affect persulfide synthesis. These results indicate that CARS2
functionally complements the three enzymes in the triple-KO mice.

Figure 3. Sulfur metabolome analysis in triple-KO mice. Endogenous production of CysSSH, GSSH,
and related compounds was identified by means of HPE-IAM labeling with LC–MS/MS analysis of
the liver (A), lung (B), brain (C), and plasma (D) obtained from control and triple-KO mice. Mice were
males, 14–16 weeks old. Data are means ± s.d. n = 3 (WT) and 10 (triple-KO). * p < 0.05; ** p < 0.01;
*** p < 0.001, as determined by Student’s t-test.

3.3. Triple-KO Mice Manifested Impaired CysSH Production and Aberrant Sulfide Metabolism

To determine the effects of KO genes in triple-KO mice, we also measured metabolites
that are involved in the metabolic pathways for these genes. Since CBS and CSE are a
part of the CysSH metabolic pathway [2,33,34], we measured CysSH using LC–MS/MS
analysis. We found significantly reduced CysSH metabolite levels in lung tissues (Figure 3B)
and plasma (Figure 3D) of triple-KO mice. We expected this finding because disruption
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of CBS and CSE enzymes reportedly prevented CysSH synthesis (Figure S2) [1,2]. To
continue our investigation, we measured homoCysSH, which is an intermediate metabolite
in the CysSH synthesis pathway via CBS and CSE, by means of LC–MS/MS analysis in
triple-KO mice. We detected significantly elevated levels of homoCysSH in triple-KO
mice. We found significantly increased homoCysSSH levels in lung (Figure 3B) and brain
(Figure 3C) tissues, as well as in plasma, but not in liver (Figure 3A) tissues of triple-
KO mice. Accumulations of homoCysSH may increase the chance of polysulfidation of
homoCysSH, which would result in the formation of homoCysSSH [2,5,7,15,35]. Thus, our
results for CysSH, homoCysSH, and homoCysSSH were related to the effects of CBS and
CSE KO in triple-KO mice.

With regard to 3-MST in triple-KO mice, we utilized LC–MS/MS analysis to measure
sulfide metabolites and their derivatives (HS–, HSS–, and thiosulfate). Levels of thiosulfate
significantly decreased in liver and lung tissues (Figure 3A,B) but significantly increased
in plasma (Figure 3D). The decrease in thiosulfate in lung tissues may be explained by
a possible chemical reaction for thiosulfate to transfer its sulfur residue to homoCysSH
and GSH to form their persulfide derivatives. This mechanism, in turn, may increase the
production of homoCysSSH and GSSH in both lung tissues and plasma (Figure 3B,D).
However, the thiosulfate level of brain and plasma was similar to or significantly higher
than that in each control tissue, respectively, which indicates that sulfurtransferase activity
was sustained by some potent sulfide biosynthesis pathways occurring in vivo even though
all three genes were deleted. While it is possible that thiosulfate is derived via oxidative
degradation of various hydropersulfides/polysulfides, a rhodanese family enzyme, named
thiosulfate sulfurtransferase (TST), may possess sulfur transfer activity to generate thiosul-
fate similar to that of other canonical enzymes. Therefore, the varied levels of thiosulfate
in our triple-KO mice may be because of compensatory activity of TST, as described in
the Section 4.

3.4. CysSSH Synthesis Was Disrupted in Cars2+/− Mice

To clarify the importance of canonical enzymes in the persulfide synthesis pathway, we
investigated another known persulfide synthesis pathway. We previously identified CARSs
as serving as the principal CysSSH synthases in vivo [1]. Here, we used CARS2-deficient
mice to highlight the importance of CARS2 in persulfide synthesis. Since deletion of the
Cars2 gene in mice proved to be embryonic lethal [1], we used previously generated Cars2
heterozygous mice (Cars2+/–) in this study. Cars2+/– mice had a 1-bp insertion in exon 3 of
the Cars2 gene, which led to impaired CARS2 protein and persulfide synthesis in Cars2+/−
mice. Western blot assay results using tissues from Cars2+/- mice showed no change in
protein expression level of 3-MST, CBS, and CSE between wild-type and Cars2-deficient
mice [1]. This result indicates that there is no complementary increase in expression of the
three canonical enzymes, at least under regular laboratory housing conditions. Since CARS2
protein uses CysSH as a substrate to synthesize CysSSH [1], and CysSH is subsequently
utilized for the synthesis of other persulfides, we used LC–MS/MS analysis to measure
CysSH and CysSSH in liver and lung tissues of Cars2+/− mice. Levels of CysSH were not
significantly different in both wild-type (WT) and Cars2+/− mice, but CysSSH synthesis
was significantly reduced to 56% and 55% in liver and lung tissues, respectively, in Cars2+/−
mice (Figure 4). This finding was similar to results found in our previous experiment,
in which the in vitro model using CARS2-KO HEK293T cells showed reduced CysSSH
synthesis but no effects on the synthesis of CysSH [1] (Figure S1). Thus, reduced CysSSH
synthesis here in Cars2+/− mice highlighted the CARS2 enzyme as the most important
physiological CPERS.
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Figure 4. Sulfur metabolome analysis in Cars2+/− mice. Endogenous levels of sulfur metabolites
were identified as those of HPE-IAM adducts by using LC–MS/MS analysis of liver (A) and lung
(B) tissues of 10- to 16-week-old WT and Cars2+/− mice. Data are means + s.d. n = 3. * p < 0.05;
** p < 0.01, determined by Student’s t-test.

3.5. Persulfides and Their Derivatives Are Reduced in Cars2+/− Mice

We also used LC–MS/MS analysis to measure the production of persulfides such as
GSSH and various sulfide metabolites, including HS–, HSS–, and thiosulfate in Cars2+/−
mice. Measurement showed that levels of CysSSH, GSSH, and other derivative compounds
were significantly reduced in the liver and lung tissues of Cars2+/− mice compared with
those of WT mice. We observed reductions of 56% and 55% of CysSSH, and 30% and 52% of
GSSH, respectively, in the liver and lung tissues of Cars2+/− mice, as well as reductions in
other sulfide derivatives (Figure 4). However, levels of CysSH and GSH, precursors for the
synthesis of each persulfide, showed no significant differences in Cars2+/− mice compared
with WT mice (Figure 4A,B). These results indicate that the synthesis of persulfides, such
as CysSSH, GSSH, and the sulfide derivatives (HS–, HSS–, and thiosulfate), depends on
CARS2 in mouse tissues.

The present study shows that the canonical sulfide-producing enzymes—CBS, CSE,
and 3-MST—are not essential for the synthesis of both sulfides and persulfides. Although
CBS and CSE produce CysSSH by using cystine as substrate, our current study demon-
strates that cysteinyl-tRNA synthetase (CARS) plays a major role in the synthesis of CysSSH
in vivo.

4. Discussion

Our present study demonstrates that the absence of canonical H2S-producing enzymes—
CBS, CSE, and 3-MST—does not affect either sulfide or persulfide synthesis (Figure 5). To
the best of our knowledge, this report presents the first in vivo study of the role of canonical
H2S-producing enzymes (CBS, CSE, and 3-MST) in the biosynthesis of persulfides using a
mouse model in which all three genes were deleted. Until now, endogenous persulfides
were thought to be produced via H2S oxidation resulting from CBS, CSE, and 3-MST [2,24]
enzymatic activities. In contrast to this earlier interpretation, significant reductions in
persulfide metabolites were not observed for the triple-KO mice in this study. We previously
showed, however, a significant decrease in CysSSH in CARS2-deficient mice [1], which
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we consistently observed in our current study. This finding thus supports CARS2 as the
primary CPERS expressed in vivo.

Figure 5. Canonical and true pathways for persulfide biosynthesis. The canonical pathway for
persulfide production is composed of sulfurtransferase enzymes (e.g., CBS and CSE; bule boxes).
CARS mediates the true and major pathway that mediates persulfide biosynthesis (red box). 3-MST,
CBS/CSE may not be involved solely in the sulfide production (black box).

However, another finding that we obtained from our study is that CBS, CSE, and
3-MST regulated levels of metabolites related to persulfide metabolism in mouse tissues.
In particular, CysSH, homoCysSH, and homoCysSSH levels were heavily affected by
disruptions in CBS and CSE. CBS and CSE enzymes are involved in the synthesis of CysSH,
with homoCysSH being the intermediate metabolite in the pathway of CysSH synthesis
from methionine. Deletion of CBS and CSE genes increased homoCysSH and reduced
CysSH levels in vivo, which was confirmed in our previous study with HEK293T cells [1]
and in reports by others [26,28]. Although CBS and CSE may contribute to the synthesis of
H2S under physiological conditions, their substantial contributions depend on the activity
levels of this enzyme expressed in different cells and tissues as well as under various
cellular metabolic conditions [1,2,9,36–39]. For example, these canonical enzymes and
Cars2 are known to be highly expressed in cancer tissues such as human Basal-like breast
cancers and colorectal cancer tissues [40,41]. In the breast cancer tissues where CBS and
CSE are highly expressed, CBS and CSE play important roles in sulfur metabolism and
tumorigenesis [40]. Additionally, H2S production by CSE reportedly increased under
the oxidative conditions of hyperhomocysteinemia [36,38,39]. We found that, with the
increased homoCysSH conditions in triple-KO mice, significantly higher accumulations
of homocystine and homoCysSSH occurred in the tissues of triple-KO mice than those
of WT mice (Figure 3). One plausible explanation for the homoCysSSH increase is the

45



Antioxidants 2023, 12, 868

possible involvement of putative persulfide synthases yet to be identified, which may use
homoCysSH as a substrate to generate homoCysSSH. In any case, our triple-KO mice study,
showing increased homoCysSSH in lung and brain tissues, indicates that CBS and CSE are,
at the very least, not the primary regulators of endogenous persulfide production in vivo.

The accumulation of homoCysSH and homoCysSSH in triple-KO mice caused aberrant
sulfur metabolism, which may explain the differences in the amounts of GSH, GSSH,
and thiosulfate (HS2O3

–) in various tissues of these mice. In addition, the amino acid
sequence of 3-MST had high homology with that of TST, with a conserved sulfurtransferase
protein activity domain [42]. The gene structures of 3-MST and TST are close to each
other, within 2 kb, so a bidirectional gene pair suggests that 3-MST and TST share a
common enhancer/promoter region. Also, increased TST expression was noted in 3-MST
KO mice [23]. This finding may indicate that both 3-MST and TST work in complementary
ways in sulfur metabolism, as was observed for 3-MST KO mice for the triple-KO condition
that we used here. In a recent report, it has been revealed that the 3-MST protein functions
as a protein persulfidase, with the cytoplasmic form of CARS, known as CARS1, also
expected to primarily operate in a similar capacity. Considering the potential for these
canonical enzymes to collaborate as protein persulfidases [43]. Further research should be
conducted to explore this possibility. Thus, studying the relationship between 3-MST, TST,
and CARS in terms of sulfide metabolism and protein persulfidase would be interesting for
future investigations.

CysSSH was previously reported to be formed in an active center of a cysteine residue
as an intermediate species during a sulfur transfer reaction catalyzed by 3-MST [24]. Ac-
cording to this potential catalytic scheme, CysSSH formed in 3-MST may then react with
GSH to produce GSSH. In contrast, other studies [1,2,35] suggested that the synthesis of
CysSSH via CBS and CSE mostly occurs under pathophysiological conditions such as
oxidative stress. However, we found here that persulfide biosynthesis, at least as observed
in triple-KO mice, is not likely to depend on CBS, CSE, and 3-MST (Figure 5).

The discrepancy between results of our study and those of others may be due to
the different techniques used to measure sulfide and persulfides. For example, monobro-
mobimane (MBB) and N-ethylmaleimide (NEM) are commonly utilized as polysulfide
probes during high performance LC and LC–MS/MS measurement of persulfides [1,31].
MBB and NEM are harsh electrophiles that may participate in shifting the hydrolysis
equilibrium by a nucleophilic attack on a sulfur residue of polysulfides, which would lead
to polysulfide decomposition and result in artefactual sulfide determinations [1,6,30–32].
Such a technical flaw may be prevented by means of the polysulfide-stabilizing activity
conferred by N-iodoacetyl l-tyrosine methyl ester (TME-IAM) and HPE-IAM [30–32]. In
our study, therefore, we used HPE-IAM as a highly reliable reagent for sulfide/persulfide
measurement via LC–MS/MS-based sulfur metabolome analysis, which allowed us to
perform extremely accurate, quantitative, and reproducible measurements, as compared
with the much less precise and classical approach via MBB and NEM derivatization.

5. Conclusions

Our current study exploited the novel and elegantly integrated animal model of
CBS/CSE/3-MST triple-KO mice, which was, in fact, an efficient tool for investigating
the sulfur metabolome, and it demonstrated that all three genes are not vital for CysSSH
biosynthesis in vivo under physiological conditions. We also confirmed the primary role of
CBS and CSE genes in the CysSH biosynthesis pathway rather than persulfide production.
This study may also clarify the predominant role of CARS2/CPERS in the biosynthesis
of persulfides and in sulfur metabolism as opposed to the role of three other canonical
sulfide/persulfide-generating enzymes—CBS/CSE/3-MST. Moreover, our study may sug-
gest a new study area of sulfur-based redox biology and medicine, in which reactive
sulfur species and persulfides are potential therapeutic targets in various diseases that are
associated with impaired endogenous persulfide production.
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Abstract: Melanoma is the most dangerous form of skin cancer and is characterized by chemotherapy
resistance and recurrence despite the new promising therapeutic approaches. In the last years,
erucin (ERU), the major isothiocyanate present in Eruca sativa, commonly known as rocket salads,
has demonstrated great efficacy as an anticancer agent in different in vitro and in vivo models.
More recently, the chemopreventive effects of ERU have been associated with its property of being
a H2S donor in human pancreatic adenocarcinoma. Here, we investigated the effects of ERU in
modulating proliferation and inducing human melanoma cell death by using multiple in vitro
approaches. ERU significantly reduced the proliferation of different human melanoma cell lines. A
flow cytometry analysis with annexin V/PI demonstrated that ERU was able to induce apoptosis
and cell cycle arrest in A375 melanoma cells. The proapoptotic effect of ERU was associated with the
modulation of the epithelial-to-mesenchymal transition (EMT)-related cadherins and transcription
factors. Moreover, ERU thwarted the migration, invasiveness and clonogenic abilities of A375
melanoma cells. These effects were associated with melanogenesis impairment and mitochondrial
fitness modulation. Therefore, we demonstrated that ERU plays an important role in inhibiting
the progression of melanoma and could represent a novel add-on therapy for the treatment of
human melanoma.

Keywords: hydrogen sulfide; melanoma; erucin; nutraceuticals; cancer therapy

1. Introduction

Recognized as the most dangerous and fatal form of skin cancers, the incidence of
melanoma is swiftly increasing in the entire world, and it mostly affects people with
a median age of 57 years and with a fair phototype [1,2]. Melanoma is characterized
by the dysfunctional proliferation of melanocytes, cells located in the basal layer of the
epidermis which produce the melanin pigment, which are essential for skin protection from
solar radiation. Excessive exposure to ultraviolet rays following sunbathing or tanning
represents the major risk factor of melanoma [3]. Indeed, UVA and UVB rays cause
DNA damage in skin cells which leads to specific mutations that, when accumulated
or are in excess, may not be sheltered by DNA repair systems [4]. This triggers the
development of genetic alterations, such as the tumor suppressor gene TP53 mutation,
the CDK inhibitor gene CDKN2A mutation or the activating BRAFV600E mutation [5,6].
The latter is not typically a UV-induced mutation although a potential sunlight-mediated
origin has been described [7,8]. The BRAFV600E mutation is harbored by more than 50%
of melanoma patients, inducing uncontrolled cancer cell proliferation, migration and
metastasis development [9]. In fact, BRAF inhibitors as well as the most recently approved
anti-PDL1 and anti-CTLA-4 monoclonal antibodies represent the first line treatment for
melanoma cancer patients. Nevertheless, an important percentage of patients become
nonresponsive to these treatments, developing tumor resistance and exacerbation [10].
Therefore, there is an increasing interest in finding and characterizing new promising
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agents that can be proposed as novel therapeutic approaches for the treatment of melanoma
in order to overcome tumor resistance and recurrence. In this context, the use of diet-
derived phytochemicals has been proposed as an adjuvant therapeutic approach for cancer
treatment. Different diet-derived compounds, such as resveratrol, curcumin, apigenin and
capsaicin demonstrated potent bioactivities, showing anti-inflammatory, antibiotic and
antitumoral effects [11]. In the last few years, plant and food research has been focused
on cruciferous-vegetable-derived compounds. In particular, cruciferous vegetables, which
include rocket salads, broccoli and cabbage, are rich in isothiocyanates, which are the
hydrolysis products of glucosinolate. Importantly, isothiocyanates have been proposed as
promising chemopreventive agents for modulating cancer development and progression
as demonstrated by multiple in vitro and in vivo approaches [12,13]. 4-(methylthio) butyl
isothiocyanate, commonly referred to as erucin (ERU), is the major component derived
from rocket salad leaves and was demonstrated to affect the proliferation of different cancer
cell lines through different mechanisms of action, such as apoptosis, autophagy, cell cycle
arrest and antioxidant effects [14–17]. Importantly, Citi et al. recently demonstrated that the
antiproliferative and proapoptotic effects of ERU in human pancreatic carcinoma cells are
ascribed to the ability of ERU to release hydrogen sulfide (H2S) [18,19]. Likewise, our own
group, and others, showed that the H2S pathway participates in melanoma progression
and demonstrated that exogenous H2S, by means of H2S-releasing molecules, represents a
promising therapeutic approach for the management of metastatic melanoma [20–25]. In
this study, we characterized the therapeutic potential of ERU in human melanoma for the
first time by evaluating its ability to modulate the proliferation, migration, ROS production
and mitochondrial activity of human melanoma cells in vitro.

2. Materials and Methods

2.1. Reagents and Cell Culture

The human melanoma cells lines A375 were bought from Sigma–Aldrich (Milan, Italy).
WM1862, WM983A and WM983B cell lines were purchased from Rockland (Limerick, Ire-
land). Human keratinocytes (HaCaT) were purchased from Lonza (Basel, Switzerland)). All
cell lines were cultured in RPMI 1640 medium with GlutaMAXTM and were supplemented
with 10% heat-inactivated fetal calf serum, 2 mmol/L L-glutamine, 100 U/mL penicillin,
100 μg/mL streptomycin and 10 mM HEPES buffer (all from Gibco; New York, NY, USA).
Cells were grown at 37 ◦C in a humidified incubator under 5% CO2. All cell lines used
in this study were characterized by the cell bank where they were purchased. ERU was
purchased from Cayman Chemicals (Michigan, CA, USA).

2.2. Proliferation Assay

Cell proliferation was measured with the 3-[4,5-dimethyltiazol2yl]-2,5 diphenyl tetra-
zolium bromide (MTT) assay. Different human melanoma cell lines (A375, WM1862,
WM983A and WM983B) and normal keratinocytes (HaCaT) were seeded on 96-well plates
(3 × 103/well) and were treated with different concentrations of ERU (5, 10, 20, 40 and
80 μM) for 48 h before adding 25 μL of MTT (Sigma, Milan, Italy) (5 mg/mL in saline).
Thereafter, cells were incubated for 3 h at 37 ◦C and were then lysed in order to solubilize
the dark blue crystals with a solution containing 50% (vol/vol) N,Ndimethylformamide and
20% (wt/vol) sodium dodecylsulfate with an adjusted pH of 4.5. The OD of each well was
obtained by measuring the absorbance at 620 nm using Multiskan GO microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Flow Cytometry Analysis

To assess cell proliferation, A375 cells were incubated with 5 μM carboxyfluorescein
succinimidyl ester (CFSE, Thermo Fisher Scientific, Waltham, MA, USA) for 20 min and
were either directly analyzed or grown for 48 h in the presence of 30 μM ERU before
analyzing fluorescence intensity through flow cytometry.
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Ki67 expression was evaluated through intracellular staining performed after fixa-
tion and permeabilization with Intracellular Fixation & Permeabilization Kit (eBioscience,
Thermo Fisher Scientific Waltham, MA, USA) using APC antihuman Ki67 antibodies
(REA183, Miltenyi, 2:50).

For live vs. dead status, 48 h ERU-treated A375 cells (30 μM) were labeled with the
Zombie Green Fixable Viability Kit (BioLegend, San Diego, CA, USA) and washed as
instructed by the manufacturer’s instructions.

Apoptosis assay was performed by using the Annexin V-FITC Kit (BD Pharmingen,
San Diego, CA, USA) according to the manufacturer’s instructions. Briefly, A375 cells were
seeded on a 6-well plate (3 × 105 cells/well) and were allowed to attach overnight. The day
after, cells were treated with 30 μM ERU and were incubated for 48 h. Subsequently, cells
were collected and stained for 10 min with FITC-conjugated annexin V. Then, the samples
were washed and stained with propidium iodide before flow cytometry analysis.

Cell cycle analysis was performed using Cell Cycle Assay Solution Deep Red Kit
(Dojindo, Kumamoto, Japan). The 24 h ERU-treated A375 cells (30 μM) were incubated with
Cell Cycle Assay Solution (5 μL) in PBS for 15 min at 37 ◦C before flow cytometry analysis.

For E-CAD and N-CAD expression, 24 h ERU-treated A375 cells (30 μM) were incu-
bated with the following antibodies: APC-Cy7 antihuman CD324 (E-CAD) (67A4, Biole-
gend, 1:50) and Alexa-Fluor 700 antihuman CD325 (N-CAD) (8C11, Biolegend, 2:50). Cells
were stained with FACS buffer for 20 min at room temperature.

For ROS production and mitochondrial activity, 48 h ERU-treated A375 cells (1 μM)
were stained with H2DCFDHA (D399 Thermo Fisher Waltham, MA, USA), MitoTracker
Green (M7514 Thermo Fisher Waltham, MA, USA) and MitoTracker Deep Red (M22426,
Thermo Fisher Waltham, MA, USA) as previously described [26].

Samples were acquired on BriCyte E6 flow cytometer (Mindray Medical Italy S.r.l.,
Milan, Italy), and data were analyzed using FlowJo software (TreeStar V.10; Carrboro, NC,
USA). All the histograms were edited with modal option.

2.4. Caspase 3/9 Activity Assay

Activation of Caspase 3 and 9 in ERU-treated A375 cells (30 μM for 48 h) were deter-
mined with Caspase 3 and 9 Activity Colorimetric Assay Kits according to the manufac-
turer’s instructions (Houston, Texas, 77079, USA).

2.5. RNA Extraction and Quantitative Real-Time PCR (qPCR)

Total RNA was isolated from A375 melanoma cells treated or not treated with 1 μM or
30 μM ERU for 6 h using the TRIZOL reagent (Invitrogen, Thermo Fisher Scientific Waltham,
MA, USA ) as previously described. RNA was quantified with Nanodrop and considered
DNA- and protein-free if the ratio of readings at 260/280 nm was ≥1.7. Isolated mRNA
was reverse-transcribed by iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad,
Milan, Italy). qPCR was carried out in the Bio-Rad CFX384 real-time PCR detection system
(Bio-Rad, Milan, Italy) with the following primers:

BCL-2 (Gene ID: 596)
5′-GGTGGGGTCATGTGTGTGG-3′;
5′-CGGTTCAGGTACTCAGTCATCC-3′
XIAP (Gene ID: 331)
5′-TATCAGACACCATATACCCGAGG-3′;
5′-TGGGGTTAGGTGAGCATAGTC-3′
CCNB1(Gene ID: 891)
5′-GACCTGTGTCAGGCTTTCTCTG-3′;
5′- GGTATTTTGGTCTGACTGCTTGC-3′
CDK1(Gene ID: 983)
5′-GGAAACCAGGAAGCCTAGCATC-3′;
5′-GGATGATTCAGTGCCATTTTGCC-3′
CDC25C (Gene ID: 995)
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5′-TCTACGGAACTCTTCTCATCCAC-3′;
5′-TCCAGGA CAGGTTTAACATTTT-3′
SNAIL (Gene ID: 6615)
5′-ACTGCAACAAGGAATACCTCAG-3′;
5′-GCACTGGTACTTCTT GACATCTG-3′
SLUg (Gene ID: 6591)
5′-CGAACTGGACACACATACAGTG-3′;
5′-CTGAGGATCTCTGGTTGTGGT-3′
ZEB-1 (Gene ID: 6935)
5′-TTACACCTTTGCATACAGAACCC-3′;
5′-TTTACGAT TACACCCAGACTGC-3′
TWIST (Gene ID: 7291)
5′-GTCCGCAGTCTTACGAGGAG-3′;
5′-GCTTGAGGGTCTGAATCTTGCT-3′
GCLC (Gene ID: 2729)
5′GTTGGGGTTTGTCCTCTCCC-3′;
5′-GGGGTGACGAGGTGGAGTA-3′
GCLM (Gene ID: 2730)
5′-AGGAGCTTCGGGACTGTATCC-3′;
5′-GGGACATGGTGCATTCCAAAA-3′
HMOX-1(Gene ID: 3162)
5′-GCCGTGTAGATATGGTACAAGGA-3′;
5′-AAGCCGAGAATGCTGAGTTCA-3′
MITF (Gene ID:4286)
5′-TGGTTTTCCCACGAGCTATTTT-3′;
5′-GCACAGAG TCAATTTCCTGGT-3′
TYR (Gene ID: 7299)
5′-GCAAAGCATACCATCAGCTCA-3′;
5′-GCAGTGCATCCATTGACACAT-3′

The housekeeping gene ribosomal protein S16 (RPS16) was used as an internal control
to normalize the Ct values using the 2−ΔCt formula.

2.6. Migration Assay

A375 cells were plated in 12-well plates (2 × 105 cells/well) and were allowed to grow
at confluence. Subsequently, a wound was created in the monolayer using a 200 μL pipette
tip, and microscope photos were taken to mark the initial condition (time 0). Cells were
treated with 1 μM ERU, and, after 24 and 48 h scratches were photographed. ImageJ’s MRI
Wound Healing Tool (MRI Redmine) was used to calculate the area of the cell-free gap.

2.7. Clonogenic Assay

A375 cells were plated in a 6-well plate (1 × 103 cells/well) and were treated with 1 μM
ERU for 48 h. Next, fresh medium without ERU was changed every 2 days. After 14 days,
colonies were formed, and the cells were washed with PBS, fixed with 4% paraformalde-
hyde and stained with 0.5% crystal violet. Colonies were manually counted, and images
were acquired using a digital camera.

2.8. Invasion Assay

Boyden chambers with polycarbonate filters with a nominal pore size of 8 μm (Mil-
lipore, USA) were coated on the upper side with Matrigel (Becton Dickinson Labware,
USA). The chambers were placed in a 24-well plate, and A375 cells (2.5 × 105 cells/mL)
were plated in the upper chamber in the presence or absence of ERU (1 μM) in serum-free
RPMI. At the end of the 16 h of incubation, the medium was removed, and the filters were
fixed with 4% formaldehyde for 2 min, and, subsequently, the cells were permeabilized
with 100% methanol for 20 min. The methanol was removed, and the chambers were
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stained with Giemsa for 15 min and then washed with PBS. The filters were removed,
and the nonmigrating cells on the top of the filter were peeled off with the use of a cotton
swab. Then, the filters were placed on a slide and were examined under a microscope.
Cell invasion was determined by counting the number of cells stained on each filter in at
least 4–5 randomly selected fields. The resulting data were presented as the average of the
invaded cells ± SEM/microscopic field of three independent experiments.

2.9. Measurement of Melanin Content

A375 cells (3 × 105/well) were plated in a 6-well plate and treated with 1 μM ERU for
72 h. Thereafter, cell pellet was dissolved in NaOH 1N, and it was incubated for 90 min at
37 ◦C then centrifuged for 10 min at 10,000× g. The optical density (OD) of supernatant
was measured at 450 nm using Multiskan GO microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA).

2.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software version 9 (San
Diego, CA, USA). For comparison of two groups, a t test was used, and, for compari-
son of multiple groups ANOVA test was used. The data were shown as mean ± SEM. A
p value < 0.05 was considered statistically significant and was labeled with *; p values < 0.01,
0.001 or 0.0001 were labeled with **, *** or ****, respectively.

3. Results

3.1. ERU Affected the Proliferation Rate of Human Melanoma Cell Lines

First, we assessed the antiproliferative effects of ERU on different human melanoma
cell lines that featured the BRAFV600E mutation. WM1862, WM983A, WM983B and A375
human melanoma cells were treated with an increasing concentration of ERU (0, 5, 10, 20,
40 and 80 μM) for 48 h prior to the evaluation of cell proliferation with an MTT analysis.
As shown in Figure 1A, ERU significantly reduced the proliferation of all the melanoma
cell lines that were tested. In particular, 80 μM ERU reduced the cell viability by about
50% in the WM983A and WM1862 cells (p < 0.0001 compared with the untreated cells)
and by more than 70% in the A375 and WM983B cells (p < 0.0001 compared with the
untreated cells). Conversely, a reduction of about 20% was observed for our negative
control, which was represented by human keratinocytes (HaCaT) (p < 0.01 compared with
the untreated cells). In fact, an IC50 analysis (Figure 1B) showed a value higher than 100 μM
for the HaCaT cells, whilst, for the melanoma cancer cells, it was between 30 and 60 μM,
suggesting that the antiproliferative effect of ERU at lower concentrations was specific to
the cancer cell. Given that the MTT assay measures the cytotoxic effect by assessing the
mitochondrial dehydrogenase activity, we decided to directly evaluate the antiproliferative
effect of ERU by performing the carboxyfluorescein succinimidyl ester (CFSE) assay on
the A375 melanoma cell lines that showed the lower IC50 values and displayed a more
aggressive phenotype compared to the other melanoma cell lines that were tested [27].
As shown in Figure 1C,D, the CFSE fluorescence intensity was strongly reduced in the
control cells at 48 h compared to the control cells at t0, confirming the high proliferation
rate of the A375 melanoma cell line. Importantly, the CFSE fluorescence intensity was
significantly higher in the ERU-treated cells compared to the control cells at 48 h, indicating
that ERU reduced the proliferation rate of the A375 melanoma cells. To corroborate our
findings, we evaluated the expression of Ki67, one of the key markers involved in cancer
cell proliferation [28]. As shown in Figure 1E,F, the treatment with 30 μM ERU significantly
reduced the expression levels of Ki67 as observed through the flow cytometry analysis.
These results demonstrated that ERU at lower concentrations inhibited the proliferation
rate of the human melanoma cells without affecting the proliferation rate of the healthy
control cells.
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Figure 1. ERU affected the proliferation rate of human melanoma cell lines. (A) Antiproliferative
effect of ERU (0–80 μM) was assessed with MTT assay in A375, WM1862, WM983A and WM983B
melanoma cells and in normal human keratinocytes (HaCaT) at 48 h. (B) IC50 values for ERU-treated
A375, WM1862, WM983A and WM983B melanoma cells and for HaCaT cells. (C) Representative
example of flow cytometry analysis of CFSE staining in A375 cells after staining (grey histogram)
and after 48 h of treatment (green histogram) or no treatment (black histogram) with 30 μM ERU.
(D) CFSE quantification in terms of mean fluorescence intensity (MFI). (E) Representative example
of flow cytometry analysis of A375-derived Ki67 upon treatment (green dot plot) or no treatment
(black dot plot) with 30 μM ERU. (F) Frequency of Ki67 in A375 cells after treatment (green bar)
or no treatment (black bar) with 30 μM ERU. Data were shown as mean ± SEM of at least three
independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 vs. A375 CTRL).

3.2. ERU Induced Apoptosis and the Cell Cycle Arrest of Human Melanoma Cells

Next, we decided to evaluate whether the antiproliferative effect of ERU was due to
the induction of cell death by apoptosis and/or necrosis. First, we assessed the live vs.
dead status of the ERU-treated A375 melanoma cells using the fluorescent dye Zombie
Green. As shown in Figure 2A,B, the ERU treatment for 48 h significantly induced cell
death in the A375 melanoma cells compared to the control. Next, to define whether
the A375 dead status was associated with apoptosis and/or necrosis, we performed an
annexin V and PI double staining analysis (Figure 2C). A FACS analysis showed that
ERU significantly induced the apoptosis of the A375 cells, confirming that cell death was
mediated by apoptosis (Figure 2D). To support this finding, we monitored the activation of
caspase 9 and 3, which are the key players in the upstream and downstream regulation
of apoptotic signal transduction [29]. As expected, the 48 h treatment with 30 μM ERU
significantly induced the activation of both caspase 9 and 3 (Figure 2E). In addition, we also
assessed the expression of two antiapoptotic genes, the X-chromosome-linked inhibitor of
the apoptosis protein (XIAP) and B-cell lymphoma gene 2 (Bcl-2). A qPCR analysis showed
that ERU markedly decreased the expression of both antiapoptotic genes (Figure 2F) in the
A375 human melanoma cells. Furthermore, we also performed a cell cycle assay to evaluate
the cell cycle distribution of the A375 cells after a 24 h treatment with ERU (Figure 2G).
The ERU treatment significantly increased the percentage of the A375 cells in the G2/M
phase and reduced the percentage of the A375 cells in the G1 and S phases compared to
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the control (Figure 2H). To confirm this result, we also analyzed the expression of CCNB1,
CDK1 and CDC25C, the most important cell cycle regulatory proteins involved in the
regulation of G2/M progression [30]. As shown in Figure 2I, the mRNA levels of CCNB1,
CDK1 and CDC25C were significantly decreased in the ERU-treated A375 cells compared
to the control. These results demonstrated that ERU exerted a proapoptotic effect in the
melanoma cells and induced their cell cycle arrest in the G2/M phase.

Figure 2. ERU induced apoptosis and cell cycle arrest of human melanoma cells. (A) Representative
example of flow cytometry analysis of Zombie Green staining in A375 cells upon 48 h of treatment or
no treatment with 30 μM ERU. (B) Frequency of dead cells after treatment (green bar) or no treatment
(black bar) for 48 h with 30 μM ERU. (C) Representative example of annexin V/propidium iodide
(PI) staining after 48 h of treatment or no treatment with 30 μM ERU. (D) Frequency of apoptotic cells
after treatment (green bar) or no treatment (black bar) for 48 h with 30 μM ERU. (E) Activation of
caspase 9 and 3 in A375 cells upon 48 h of treatment (green bar) or no treatment (black bar) with
30 μM ERU. (F) Expression of BCL2 and XIAP assessed with qPCR in A375 cells upon 6 h of treatment
(green bar) or no treatment (black bar) with 30 μM ERU. (G) Representative example of cell cycle
distribution in A375 cells upon 24 h of treatment or no treatment with 30 ERU. (H) Frequency of A375
cells in G0/G1, S and G2/M cell cycle distributions after treatment (green bar) or no treatment (black
bar) for 24 h with 30 μM ERU. (I) Expression of CCNB1, CDK1 and CDC25C assessed with qPCR in
A375 cells upon 6 h of treatment (green bar) or no treatment (black bar) with 30 μM ERU. Data were
shown as mean ± SEM of at least three independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001
and **** p < 0.0001 vs. A375 CTRL).

3.3. ERU Modulated the Expression of Cadherins in Human Melanoma Cells

Apoptosis and the cell cycle are complex mechanisms that are finely tuned by dif-
ferent pathways. Among these, cadherins are key players involved in the phenomenon
of the epithelial-to-mesenchymal transition (EMT) that favor cancer cell proliferation and
invasion. In particular, the loss of E-cadherin (E-CAD) from cancer cells is associated
with apoptosis inhibition, whilst the increase of N-cadherin (N-CAD) promotes cancer
cell growth. Moreover, it has been also demonstrated that both N-CAD and E-CAD are
associated with apoptosis given their ability to increase proapoptotic genes [31] or to in-
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teract with death receptors [32], respectively. Thus, we evaluated whether the expression
of both E-CAD and N-CAD was modulated in the ERU-treated A375 melanoma cells. As
shown in Figure 3A–C, ERU promoted the expression of the epithelial protein E-CAD and
reduced the expression of the mesenchymal protein N-CAD after the 24 h treatment of
A375 melanoma cells. Moreover, we analyzed the expression of transcription factors associ-
ated with the EMT and apoptosis resistance (e.g., SNAIL, SLUG, ZEB1 and TWIST) [33].
A qPCR analysis demonstrated that ERU significantly reduced the expression of all the
transcription factors tested in the A375 melanoma cells (Figure 3D). These data further
demonstrated that the proapoptotic effect of ERU was associated with the modulation of
the EMT-related cadherins.

Figure 3. ERU modulated the expression of cadherins in human melanoma cells. (A,B) Representative
example of flow cytometry analysis of A375-derived E-CAD and N-CAD upon treatment (green
dot plot) or no treatment (black dot plot) with 30 μM ERU. (C) Frequency of Ki67 in A375 cells
after treatment (green bar) or no treatment (black bar) with 30 μM ERU. (D) Expression of SNAIL1,
SLUG, ZEB-1 and TWIST assessed with qPCR in A375 cells upon 6 h of treatment (green bar) or no
treatment (black bar) with 30 μM ERU. Data were shown as mean ± SEM of at least three independent
experiments (* p < 0.05, *** p < 0.001 and **** p < 0.0001 vs. A375 CTRL).

3.4. ERU at Low Concentrations Impaired Melanoma Cell Migration and Invasiveness

In line with the findings about cadherins, we decided to evaluate whether ERU at low
concentrations below the IC50 value was able to affect the migration and invasion of the
A375 melanoma cells. Thus, we decided to use the concentration of 1 μM which showed no
cytotoxic effect on the A375 melanoma cells. First, we performed a migration assay on the
A375 melanoma cells treated with 1 μM ERU. As shown in Figure 4A,B, ERU significantly
reduced the migration of the A375 melanoma cells at both 24 and 48 h. Likewise, the
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colony formation assay confirmed that ERU reduced the number of the A375 colonies
compared to the control (Figure 4C,D). In addition, the invasion assay demonstrated that
ERU significantly reduced the invasiveness of the A375 melanoma cells (Figure 4E,F).
Melanin production by cancer cells was reported to promote melanoma progression and
metastasis development by affecting the different molecular mechanisms including the
EMT [34]. Therefore, we hypothesized that ERU could modulate melanin production in
the A375 cells. To address this point, we evaluated the melanin content in the ERU-treated
A375 cells. As shown in Figure 4G, we found that ERU significantly reduced the melanin
content in the A375 melanoma cells. To corroborate this finding, we evaluated the mRNA
expression level of the microphthalmia-associated transcription factor (MITF) and the
tyrosinase enzyme (TYR), the two most important genes involved in melanin synthesis and
in melanoma development [35], with a qPCR analysis. As expected, 1 μM ERU significantly
reduced the expression levels of both the MITF and TYR (Figure 4H). Taken together, our
data suggested that ERU thwarted the migratory and invasive capacity of the melanoma
cells by modulating their melanin production.

Figure 4. ERU at low concentrations impaired melanoma cell migration and invasiveness. (A) Repre-
sentative example of wound healing assay of A375 cells after incubation with 1 μM ERU for 24 and
48 h (scale bar: 250 μm). (B) Quantification of the healed wound area at 24 and 48 h. (C,D) Represen-
tative example (C) and quantification (D) of clonogenic assays of A375 cells after incubation with
1 μM ERU. (E) Representative example of invasion assay of A375 cells after incubation with 1 μM
ERU (scale bar: 200 μm). (F) Average number of invasive cells per field. (G) Melanin content in A375
melanoma cells upon treatment (green dot plot) or no treatment (black dot plot) with 1 μM ERU.
(H) Expression of MITF and TYR assessed with qPCR in A375 cells upon 6 h of treatment (green
bar) or no treatment (black bar) with 1 μM ERU. Data were shown as mean ± SEM of at least three
independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. A375 CTRL).

3.5. ERU Inhibited ROS Production in Melanoma Cells by Limiting Their Mitochondrial Function

It has been described that the presence of melanin inside melanoma cells triggers the
production of important levels of reactive oxygen/nitrogen species (ROS/RNS), promoting
melanoma progression [36]. To further dissect the mechanism underlying the antimigratory
effects on the A375 cells, we evaluated the ability of ERU to modulate ROS production in
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the melanoma cells. Interestingly, the treatment for 48 h with ERU (1 μM) significantly
suppressed ROS formation as demonstrated by the reduced fluorescence intensity of
the DCF probe (Figure 5A). Next, we measured the mitochondrial mass and membrane
potential of the ERU-treated A375 cells given the key role of the mitochondria in ROS
production [37]. As shown in Figure 5B,C, both the Mitotracker Green and Deep Red dyes’
uptakes were significantly decreased in the ERU-treated A375 cells, suggesting a reduced
mitochondrial mass and mitochondrial membrane potential. To corroborate our data, we
assessed the effect of ERU on the expression of different antioxidant enzymes such as GCLC
and GCLM, the catalytic and modulatory subunits involved in the synthesis of glutathione,
respectively, as well as the heme oxygenase-1 enzyme (HMOX-1). As expected, a qPCR
analysis showed a significant increase in GCLC, GCLM and HMOX-1 after treatment of
the A375 cells with 1uM ERU (Figure 5D). These findings indicated that the antimigratory
effects of ERU correlated with a decline in the mitochondrial function, which, in turn,
impaired ROS production and cellular fitness in the melanoma cancer cells.

Figure 5. ERU inhibited ROS production in melanoma cells by limiting their mitochondrial function.
(A–F) Representative examples of flow cytometry analysis of DCF-DHA. (A) MitoTracker Green
(C) and MitoTracker Deep Red staining (E) in A375 cells that were untreated (black histograms) and
those that underwent ERU treatment (green histograms) for 48 h with their respective quantification
in terms of mean fluorescence intensity (MFI) (B,D,F). (G) Expression of GCLC, GCLM and HMOX
assessed with qPCR analysis in A375 melanoma cells that were treated (green bar) or not treated (black
bar) with 1 μM ERU. Data were shown as mean ± SEM of at least three independent experiments
(* p < 0.05, ** p < 0.01 and **** p < 0.0001 vs. A375 CTRL).

4. Discussion

Natural products are emerging as promising tools in cancer therapy given their mul-
titarget activity and their ability to modulate the tumor microenvironment. In particular,
diet-derived compounds, such as coffee; tea; pomegranate; extra virgin olive oil; and
brassicaceae vegetables, which include broccoli, brussels sprouts and rocket salads, have
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been widely demonstrated to prevent cancer development [11,38]. In fact, it has been
reported that melanoma and nonmelanoma skin cancers’ low incidence in Mediterranean
populations might be associated with the intake of the vegetables, fish and fruit that con-
stitute the traditional Mediterranean diet [39,40]. This is mainly due to the presence of
different dietary antioxidant compounds, such as carotenoids, vitamins, polyphenols and
isothiocyanates. Importantly, different data also suggested that these compounds may
improve the efficacy of classic chemotherapeutics by exerting a synergistic effect on the
one hand and by restraining chemoresistance on the other hand [41,42]. Particularly, the
anticancer effects of isothiocyanates have been ascribed to their ability to release H2S [19,43].
In fact, H2S-releasing agents have been proposed as a promising therapeutic approach for
the treatment of different types of cancer [44–47]. Likewise, ERU, the major isothiocyanate
present in rocked salads with H2S-releasing properties [48–53], demonstrated its anticancer
activity in different tumor cell lines in vitro and in tumor-bearing mice in vivo [18,54–56].
In this study, we characterized the anticancer properties of ERU in human melanoma by
using multiple in vitro approaches. We observed that ERU inhibited the proliferation of
the different human melanoma cell lines in a time-dependent manner as has also been
reported in pancreatic cancer cells [18]. Moreover, similarly to other diet-derived com-
pounds [57–59], ERU modulated the expression of the proliferation marker Ki67 that has
been proposed as a prognostic biomarker in cutaneous melanoma [60]. Our own group,
and others, demonstrated that both natural and synthetic H2S donors induce apoptosis in
melanoma cells [20–22,24,25]. Likewise, we demonstrated that the antiproliferative effect
of ERU was coupled with its ability to induce apoptosis in the A375 melanoma cells. In
fact, we observed the activation of both caspase 3 and 9 and the downregulation of the
proapoptotic genes BCL-2 and XIAP after 48 h of treatment with ERU. Moreover, ERU was
able to induce cell cycle arrest in the G2/M phase as previously demonstrated in pancreatic
and breast cancer cells [14,18]. E-CAD and N-CAD represented the two major proteins
involved in the EMT phenomenon and was reported to orchestrate apoptosis [32,61]. ERU
significantly increased the expression of the epithelial protein E-CAD, whilst it reduced
the expression of the mesenchymal protein N-CAD. Melanoma progression and metastasis
development were associated with the ability of melanoma cells to acquire aggressive
properties, such as motility and invasion [62].

In fact, multiple diet-derived compounds were demonstrated to prevent tumor pro-
gression by modulating these parameters in different cancer cells [63–66]. In our study, we
found that ERU at low concentrations below the IC50 value (1 μM) significantly reduced
the migration, invasion and clonogenic potential of the A375 melanoma cells, which were
parameters that reflected their ability to generate metastases in vivo. Emerging evidence
demonstrated that the melanin secreted from the melanoma cells supported their progres-
sion and metastasis development, suppressing the immune response and promoting tumor
angiogenesis [34,67]. Our results showed that ERU exerted an essential role in modulating
the melanogenesis in the melanoma cells by inhibiting the melanin content and suppressing
the expression of the MITF and TYR, which are the key factors that promote melanin syn-
thesis [35,68]. Melanoma-cell-produced melanin also contributes to oxidative stress, which
in turn promotes melanoma initiation and progression [69,70]. In our study, ERU reduced
intracellular ROS generation in the A375 cells by modulating their mitochondrial activity.
Moreover, ERU increased the expression of antioxidant target genes, such as GCLC, GCLM
and HMOX-1, suggesting that the modulation of ROS production and the impairment of
mitochondrial activity in the melanoma cells were among the contributing factors, which
supported the antitumor activity of ERU.

5. Conclusions

This work widely characterized the anticancer properties of ERU in human melanoma
in vitro. In fact, we demonstrated that, in the human melanoma cells, ERU (i) inhibited cell
proliferation, (ii) induced apoptosis and cell cycle arrest and (iii) reduced the expression of
cadherins and their related transcription factors. Moreover, a low concentration of ERU
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thwarted cell migration and invasion. This effect was associated with reduced levels of
melanin and melanogenesis-associated genes. This is an important feature in melanoma
progression since melanin production has been associated with the EMT and oxidative
stress. Thus, ERU could represent a new promising diet-derived compound with anticancer
properties, which are ascribed to its ability to release H2S. However, translational in vivo
studies are required to gain further insight into the antitumoral effects of ERU using murine
models of cutaneous and metastatic melanoma.
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Abstract: Peripheral neuropathy is a dose-limiting side effect of chemotherapy with paclitaxel.
Paclitaxel-induced peripheral neuropathy (PIPN) is typically characterized by a predominantly
sensory neuropathy presenting with allodynia, hyperalgesia and spontaneous pain. Oxidative mito-
chondrial damage in peripheral sensory neurons is implicated in the pathogenesis of PIPN. Reactive
sulfur species, including persulfides (RSSH) and polysulfides (RSnH), are strong nucleophilic and
electrophilic compounds that exert antioxidant effects and protect mitochondria. Here, we examined
the potential neuroprotective effects of glutathione trisulfide (GSSSG) in a mouse model of PIPN.
Intraperitoneal administration of paclitaxel at 4 mg/kg/day for 4 days induced mechanical allodynia
and thermal hyperalgesia in mice. Oral administration of GSSSG at 50 mg/kg/day for 28 days
ameliorated mechanical allodynia, but not thermal hyperalgesia. Two hours after oral administration,
34S-labeled GSSSG was detected in lumber dorsal root ganglia (DRG) and in the lumber spinal cord.
In mice treated with paclitaxel, GSSSG upregulated expression of genes encoding antioxidant proteins
in lumber DRG, prevented loss of unmyelinated axons and inhibited degeneration of mitochondria
in the sciatic nerve. In cultured primary neurons from cortex and DRG, GSSSG mitigated paclitaxel-
induced superoxide production, loss of axonal mitochondria, and axonal degeneration. These results
indicate that oral administration of GSSSG mitigates PIPN by preventing axonal degeneration and
mitochondria damage in peripheral sensory nerves. The findings suggest that administration of
GSSSG may be an approach to the treatment or prevention of PIPN and other peripheral neuropathies.

Keywords: paclitaxel-induced peripheral neuropathy; glutathione trisulfide; persulfide; persulfidation

1. Introduction

In 2018, approximately 9.8 million cancer patients were treated with chemotherapy;
the number of patients requiring cancer chemotherapy is expected to reach 15 million/year
in 2040 [1]. Paclitaxel (PTX) is one of the most commonly used chemotherapeutic agents
and is part of regimens to treat breast, ovarian, and prostate cancers. Paclitaxel-induced
peripheral neuropathy (PIPN) is a dose-limiting side effect of paclitaxel, affecting 30% to
70% of treated patients [2]. PIPN manifests as allodynia, hyperalgesia and spontaneous pain,
predominantly involving feet and hands [3]; PIPN generally develops during chemotherapy
and often persists after cessation of paclitaxel [4]. PIPN worsens the quality of life of
cancer survivors and can be severe enough to require discontinuation of chemotherapy.
Unfortunately, other chemotherapeutic agents, including cisplatin and vincristine, can
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also cause peripheral neuropathy (termed “chemotherapy-induced peripheral neuropathy”
(CIPN)). These chemotherapies may produce symptoms that are similar to those seen in
patients with PIPN and are thought to act via similar pathogenetic mechanisms [5]. Because
of the growing number of cancer survivors worldwide [1], the medico-economic impact of
CIPN has increased significantly. Currently, there are few treatment options available for
treating CIPNs, including PIPN.

While the precise pathogenesis of PIPN is unknown, the disease is thought to target
peripheral sensory neuronal axons [6–8], which would explain why the longer axons of the
hands and feet are predominantly affected. Impairment of Aβ fibers leads to mechanical
allodynia, while hyperalgesia arises from damaged myelinated Aδ and unmyelinated C
fibers [9]. The mechanism of action of paclitaxel as a chemotherapeutic agent is inhibition
of cancer cell proliferation by stabilizing microtubule polymers, which need to disassemble
during mitosis. In addition to this anti-tumor effect, paclitaxel causes mitochondrial
dysfunction, which manifests as mitochondrial swelling [10], decreased mitochondrial
membrane potential [11,12], increased levels of reactive oxygen species (ROS) [13], and
impaired oxidative phosphorylation in peripheral neurons [14]. These off-target effects of
paclitaxel have been implicated in the pathogenesis of PIPN. Nonetheless, no therapies
have been developed to date that protect mitochondria in peripheral nerve sensory axons.

Reactive sulfur species, including persulfides and polysulfides, contain reactive sulfur
that oxidizes or reduces other molecules. In particular, sulfane sulfur (S0) atom has strong
nucleophilicity that promotes persulfidation of protein thiols (cysteine residue). Thiol
persulfidation competes with ROS-mediated thiol oxidation, thereby protecting proteins
from irreversible oxidation. Endogenous persulfides, such as glutathione persulfide (GSSH)
and cysteine persulfide (CysSSH), exert potent antioxidant effects, playing a key role in
maintaining intracellular redox balance [15]. Nonetheless, the possible role of systemic
administration of polysulfides to protect peripheral sensory neurons from paclitaxel injury
by increasing local concentrations of reactive sulfur has not yet been examined. This study
was designed to address this knowledge gap by examining the effects of a systemically
administered stable formulation of glutathione trisulfide (GSSSG), an endogenous polysul-
fide, in a mouse model of PIPN. The structure of GSSSG contains a sulfane sulfur (Figure 1,
arrow), and GSSSG is in equilibrium with GSSH as shown in the following equation [16].

GSSSG + GSH ↔ GSSH + GSSG (1)

We hypothesized that systemic administration of GSSSG would increase the local
concentration of reactive sulfur species in peripheral sensory nerves and ameliorate PIPN
by protecting sensory nerve mitochondria. This study also examined whether GSSSG can
attenuate PIPN without reducing the anti-tumor effects of paclitaxel.

 
Figure 1. Structural formula of glutathione trisulfide (GSSSG). Purified GSSSG is white, odorless
solid powder at 20 ◦C. Molecular weight is 644.7. It contains one sulfane sulfur (arrow).
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2. Materials and Methods

2.1. Animals

All animal protocols were approved by the Massachusetts General Hospital Insti-
tutional Animal Care and Use Committee (protocol No. 2020N000126). Animals were
cared for in accordance with the guidelines established by the NIH and the International
Association for the Study of Pain [17]. Male C57BL/6J mice (6–7 weeks old) were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA). The mice were housed in a 12-h shift
light-control environment from 7 a.m. to 7 p.m. with ad libitum access to food and water in
our animal facility until the time of experiments.

2.2. Drugs and Animal Models

Paclitaxel (Sigma-Aldrich, St. Louis, MO, USA) was dissolved with ethanol and cre-
mophor (1:1) and diluted with normal saline (1:4). Peripheral neuropathy was induced in
mice by intraperitoneal (i.p.) administration of 4 mg/kg paclitaxel every other day for a
total of 4 injections (cumulative dose of 16 mg/kg), according to a previously described
protocol [18]. A stable, crystallized form of GSSSG was produced and provided by Kyowa
Hakko Bio CO., Ltd. (Tokyo, Japan). GSSSG was pulverized and mixed in 0.5% methylcellu-
lose. To evaluate the therapeutic effects of GSSSG in a model of PIPN, mice were randomly
divided into three groups of 6. Mice were treated with: (1) paclitaxel alone; (2) paclitaxel
and GSSSG; (3) or vehicle alone (control). Mice in groups 1 and 2 received paclitaxel as
described above, while mice in the control group received the same volume of vehicle.
The first dose of GSSSG was given within 1 h after the first PTX injection. Treatment was
administered as oral gavage for 28 days with GSSSG at 50 mg/kg/day (group 2) or 0.5%
methylcellulose (groups 1 and 3). The dose of GSSSG was determined based on pilot
studies. To determine the effect of GSSSG on the development of PIPN, behavioral tests
to assess allodynia and hyperalgesia were conducted on all mice on days −1 (baseline),
7, 14, 21, and 28 after paclitaxel administration. Behavioral tests were performed by an
investigator who was blinded to the treatment groups, as described in the next section.

To determine the tissue distribution of orally administered GSSSG, 34S-labelled GSSSG
was administered by gavage to each of four mice. 34S-labelled GSSSG was synthesized and
provided by Kyowa Hakko Bio Co., Ltd. (Tokyo, Japan). Two hours after a single dose
of 34S-GSSSG, DRG, lumber spinal cord, brain, liver, and plasma were obtained and snap
frozen for later analysis.

2.3. Behavior Testing
2.3.1. Measurement of Mechanical Allodynia—Von Frey Filament Test

To assess allodynia, mechanical withdrawal thresholds were measured by the manual
von Frey filament test. Before testing, mice were habituated for 3–4 days and acclimated
in the test apparatus (a plastic cage on a wire mesh floor) for 30 min for 3 consecutive
days. An investigator who was blinded to treatment group stimulated the mid-plantar
surface of their hind paws with von Frey filaments (Ugo Basile, Gemonio, Italy) in the
range from 0.04 g force (g) to 2.0 g. Filaments were applied with constant speed until they
bent. Behavioral responses, withdrawal and licking of their paws, were considered reactive.
The stimulation of the same size filament was repeated up to 2 times if the mouse did not
react. Mice were initially tested with a 0.6 g filament and subsequent filament size was
determined based the response. A smaller filament was used after a positive response
and a larger filament was used after a negative response. Filaments were applied up to a
total of 9 times. The 50% threshold of a paw withdrawal response was calculated using
the Up-down Reader (an open-source program, ver. 2.0) [19] based on the up and down
method [20]. This behavior test was conducted weekly for 4 weeks.

2.3.2. Measurement of Thermal Hyperalgesia—Hot Plate Test

To assess thermal hyperalgesia, the heat threshold was determined by the hot plate
test [21]. Mice were placed on the hot plate (Hot/Cold Plate NG, Ugo Basile, Gemonio,
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Italy) warmed to 52 ◦C. Response latency was the time required to exhibit nociceptive
behavior, including hind paw withdrawal or licking, stamping, and jumping. The test was
repeated 2 times after 5 min interval by a blinded examiner, and the average time was
calculated. For each test, the ratio of change from baseline was determined, based on the
difference in the latency response time from the baseline divided by the baseline time. This
test was conducted weekly for 4 weeks.

2.4. Immunohistochemistry Staining of Intraepidermal Nerve Fibers

The density of intraepidermal nerve fibers (fibers/mm) in the hind paws was cal-
culated to evaluate peripheral nerve fiber damage by paclitaxel. Mice were deeply anes-
thetized with Isoflurane (4%) and euthanized by exsanguination on week 1 or week 4 after
paclitaxel treatment. Mice were perfused with cold 4% paraformaldehyde in PBS through
the left ventricle. Skin from the hind paws was harvested and fixed in 4% paraformalde-
hyde overnight, then cryoprotected in 20% sucrose solution at 4 ◦C until they sank and then
in 30% sucrose solution overnight at 4 ◦C. Tissue blocks were then submerged in optimal
cutting temperature medium, frozen at −80 ◦C, and sectioned using a cryostat (25 μm
thickness). The sections were then incubated with 0.3% hydrogen peroxide for 10 min
and with blocking solution (5% donkey serum; Sigma-Aldrich, St. Louis, MO, USA, 0.3%
Triton-114) for one-hour. Sections were then incubated overnight at 4 ◦C with anti-protein
gene product (PGP) 9.5 antibody (1:100, rabbit, Abcam, Cambridge, UK) and anti-collagen
IV antibody (1:400, goat, SouthernBiotech, AL, USA). Sections were subsequently incubated
with secondary antibodies (1:300, donkey anti-rabbit, Abcam, Cambridge, UK; donkey anti-
goat, Abcam) for one-hour at room temperature and covered with fluoroshield mounting
medium with DAPI (Sigma-Aldrich, St. Louis, MO, USA). Ten images per mouse (6 mice
per group) were taken by fluorescence microscopy (Nikon Eclipse 80i, Nikon Instruments,
Inc., Melville, NY, USA), and four of the ten images were randomly selected. The den-
sity (fibers/mm basement membrane) was calculated as the number of intraepidermal
nerve fiber divided by the length of basement membrane, in accordance with published
guidelines [22].

2.5. Histological Evaluation of Sciatic Nerves
2.5.1. Toluidine Blue Staining

Four weeks after paclitaxel treatment, sciatic nerves were evaluated by toluidine
blue staining as described previously [23]. Briefly, mice were deeply anesthetized and
placed in a prone position to facilitate exposure of the sciatic nerves. Sciatic nerves were
covered with Trump’s fixative (Quimigen, Madrid, Spain) for 10 min. Subsequently, nerves
were harvested and fixed in the same fixative for one week changing fixative every other
day. Samples were immersed in 2% osmium tetroxide (TGI, Dallas, TX, USA) for 2 h and
embedded in Resin-Epoxy medium (Sigma-Aldrich, St. Louis, MO, USA) overnight at 60 ◦C
by following the protocol provided by the manufacturer. The embedded nerve block was
sectioned at 1 μm by an ultramicrotome (Reichert-Jung, Ultracut E, Vienna, Austria) and
stained in 1% toluidine blue (Sigma-Aldrich, St. Louis, MO, USA). Two images per mouse
(6 mice per group) were taken by light microscopy (Nikon Eclipse 80i, Nikon Instruments,
Inc., Melville, NY, USA) and analyzed by ImageJ. Thickness of myelin was evaluated using
the G-ratio, which compares the size of the inner radius and outer radius. G-ratio was
calculated using GRatio for ImageJ, an ImageJ (ver. 1.53, NIH, Bethesda, MD, USA) plugin
available online (http://gratio.efil.de/ (accessed on 1 April 2021)) that converts inner and
outer perimeter of myelin to the radius. Counting the number of axons and measuring the
size of each axon was performed by an examiner who was blinded to the treatment of mice.

2.5.2. Transmission Electron Microscopy

To evaluate unmyelinated axons and mitochondria, we examined sciatic nerve axons
by transmission electron microscopy. Resin-embedded nerve blocks were sectioned at
50 nm using an ultramicrotome. Sections were examined with an FEI Morgagni transmis-
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sion electron microscope (FEI, Lausanne, Switzerland). Low (×2200) and high (×11,000)
magnification of images were captured with an AMT 2K charge-coupled device camera
(Advanced Microscopy Techniques, Woburn, MA, USA). Unmyelinated axons were quan-
tified using 9 low magnified images per group (3 mice per group). The percentage of
unmyelinated axons was calculated by dividing unmyelinated axons by the total number
of axons. The cross-sectional area of mitochondria (μm2) in unmyelinated axons was
quantified in 18 to 20 high magnified images per group (3 mice per group). In total, 80 to
100 mitochondrion per group were evaluated. Quantification was conducted by a blinded
examiner, and the images were evaluated by a pathologist (A.S.-R.) who was also blinded
to the identity of samples.

2.6. Real-Time Quantitative Polymerase Chain Reaction (qPCR)

Paclitaxel alone- and paclitaxel and GSSSG-induced changes in gene expression in
lumber dorsal root ganglions (DRG) were examined using real-time qPCR after a single
administration of paclitaxel with or without GSSSG. We simultaneously administered
16 mg/kg paclitaxel by i.p. injection and 50 mg/kg GSSSG by oral gavage and deter-
mined the level of mRNA 2 h later. Lumbar DRG were isolated from mice as described
previously [24]. DRG were immersed in “RNA later” (Invitrogen, Waltham, MA, USA)
at 4 ◦C overnight. After retrieval from RNA later, samples were stored at −80 ◦C. DRGs
were homogenized in TRIzol reagent (Thermo Scientific Scientific, Waltham, MA, USA)
and mixed with chloroform. After centrifugation at 14,000× g at 4 ◦C for 15 min, the
transparent top layer was transferred to a new tube. The samples were mixed with 400 μL
of isopropanol and incubated at −20 ◦C for 20 min. After centrifugation at 14,000× g at
4 ◦C for 15 min, the pellets were collected, mixed with 70% ethanol, and centrifuged at
14,000× g at 4 ◦C for 10 min. The pellets were dried for 10 min and incubated with 50 μL
of nuclease-free water. Complementary DNA was synthesized using the cDNA Reverse
Transcription Kit (Applied Biosystems, Waltham, MA, USA) and quantitative PCR was
performed using SYBR green (Applied Biosystems, Waltham, MA, USA). Primers are listed
in Appendix A Table A1. Relative quantification of gene expression was performed via
2−ΔΔCT method.

2.7. Mass Spectrometry to Detect GSSSG Administered by Oral Gavage

We used liquid chromatography with tandem mass spectrometry (LC-MS/MS) to
determine whether GSSSG, administered via oral gavage, reaches the peripheral nervous
system. Fifty mg/kg of 34S-labeled GSSSG (in which the middle sulfur, that is a sulfane sul-
fur, was replaced to 34S; G-32S-34S-32S-G) was orally administered to mice. Two hours after
administration, plasma and tissue from liver, brain, lumbar spinal cord, and lumbar DRG
(L1 to L6) were collected and immediately frozen at −80 ◦C. Tissues were homogenized
with 5 mM β-(4-hydroxyphenyl)ethyl iodoacetamide (HPE-IAM) (Santa Cruz, Dallas, TX,
USA) and incubated for 20 min at 37 ◦C to promote the HPE-IAM reaction, which stabilizes
persulfide residues [25]. Proteins were removed by centrifugation at 15,000×g for 10 min at
4 ◦C, and total protein concentration was measured by BCA assay. The supernatant was
diluted by 0.1% formic acid for LC-MS/MS analysis. The amount of 34S-labeled GSSSG was
quantified in selective reaction monitoring (SRM) with precursor ion (647.14 m/z), product
ion (389.1 m/z), and HCD (21 v) and normalized by protein concentration. The ratio of 34S-
labeled reactive sulfur species to endogenous (32S) reactive sulfur species (GSSH, CysSSH,
and CysSSSCys) was calculated from their peak areas, measured by Dionex UltiMate 3000
RS UPLC-Orbitrap Exploris 480 mass spectrometer (Thermo Scientific Scientific, Waltham,
MA, USA). In brief, samples were subjected to the UPLC system with a Hypersil Gold C-18
(100 × 2.1 mm, 3.0 μm, Thermo Fisher Scientific) column and components were eluted
using a linear methanol gradient of the mobile phase (0–90%, 15 min) in the presence of
0.1% formic acid at a flow rate of 0.2 mL/min at 40 degrees. The raw data were obtained
by Compound Discoverer software 3.3 (Thermo Scientific Scientific, Waltham, MA, USA).
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The molecular weight of reactive sulfur species combined with HPE-IAM were reported in
previous studies [26,27].

2.8. In Vitro Studies
2.8.1. Primary DRG Neuron Isolation and Histological Evaluation

Primary DRG neurons were prepared from 8 to 10-week old mice as described pre-
viously [28]. Briefly, lumber DRG (L1 to L6) were isolated from mice and incubated with
Dispase-II Solution (Sigma-Aldrich, St. Louis, MO, USA) and collagenase type II (Wor-
thington, Columbus, OH, USA) for 70 min and with 0.25% trypsin for 5 min. DRG were
triturated using a frame polished glass pipet, and neurons were seeded on a 12-well plate
with 15 mm coverslip. Cells were incubated in Neurobasal A-medium with 2% B27 sup-
plement (Gibco, Waltham, MA, USA), 1% penicillin/streptomycin, 1% Glutamax (Gibco,
Waltham, MA, USA), and nerve growth factor (Sigma Aldrich, St. Louis, MO, USA) for
24 h. Cells were then exposed to 100 nM of paclitaxel, with or without GSSSG (500 nM),
for one-hour and with MitoTracker (50 nM) (Invitrogen, Waltham, MA, USA) for 30 min.
After fixing in 4% paraformaldehyde for 10 min at room temperature, cells were immersed
in 0.2% Triton X-100 in PBS for 7 min and washed with PBS. Cells were then incubated
with anti-NF200 antibody (1:400, mouse, Sigma-Aldrich, St. Louis, MO, USA) overnight at
4 ◦C and with the secondary antibody (1:1000, donkey anti-mouse, Abcam, Cambridge,
UK) for one-hour at room temperature. After being covered with fluoroshield mounting
medium with DAPI (Sigma-Aldrich, St. Louis, MO, USA), 9–10 cells per group (3 mice per
group) were imaged using confocal microscopy (ZEISS LSM 800, Carl Zeiss, Thornwood,
NY, USA) with a 63× oil immersion objectives lens with 1024 × 1024 pixels image size.

2.8.2. Primary Cortical Neuron Isolation and ROS Assay

Primary cortical neurons were prepared from mice on embryonic day 15, as described
previously [29]. In brief, each embryo’s cortex was isolated in Hanks’ balanced salt so-
lution and centrifuged at 176× g (1000 rpm) for 3 min. After aspirating the solution,
cells were incubated with 0.25% trypsin for 15 min and cells were seeded at a density of
20,000 cells/well in a 96-well plate coated with the poly-D-lysine (Gibco, Waltham, MA,
USA). Cells were incubated in Neurobasal medium (Gibco, Waltham, MA, USA) with
2% B27 supplement (Gibco, Waltham, MA, USA), 1% penicillin/streptomycin, and 1%
Glutamax (Gibco, Waltham, MA, USA) until day 11, when they were used in experiments.

To examine whether GSSSG reduces ROS generated by paclitaxel, we conducted a
dihydroethidium (DHE) assay (Abcam, Cambridge, UK) that is sensitive to superoxide.
The experiment was performed according to the protocol provided by the manufacturer.
Briefly, primary cortical neurons were incubated in DHE reagent with or without 10 and
30 μM of GSSSG for 30 min. Cells were subsequent treated with paclitaxel (100 nM) for
one-hour. Fluorescence of DHE was measured at 490 nm of excitation and 585 nm of
emission wavelength.

2.9. Cancer Cell Line and Viability Assay

To examine whether administration of GSSSG affects anti-tumor effects of paclitaxel,
we conducted experiments using the human breast cancer cell line MDA-MB-231 (HTB-26,
ATCC). Cells were cultured in medium consisting of 90% RPMI1640 (Corning, Corning, NY,
USA), 10% FBS, and 1% penicillin/streptomycin. After being seeded into a 96-well plate
at the density of 20,000 cells/well and cultured overnight, cells were exposed to different
concentrations of paclitaxel (0.125 μM, 0.25 μM, 0.5 μM, 1 μM, and 2 μM) and incubated for
24 h. Cell viability was evaluated using the LDH Cytotoxicity Detection Kit (Roche, Basel,
Switzerland). Cells were washed with PBS and incubated with 100 μL of 1% Triton X-100
at 37 ◦C for 30 min. After mixing with assay enzyme for 30 min at 25 ◦C, absorbance was
measured at wavelength 492 nm to determine cell viability. The half-maximal inhibitory
concentration (IC50) of paclitaxel was determined. Using the IC50 of paclitaxel, we de-
termined the effect of GSSSG on the anti-tumor effect of paclitaxel using the trypan blue
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exclusion assay. MDA-MB-231 cells were seeded at 5.6 × 10,000 cells/well in a 6-well plate
and incubated overnight. The cells were treated with paclitaxel (at the IC50 concentration),
with or without GSSSG (10 μM) for 24 h. After suspension using 0.25% trypsin, cells
were treated with 0.04% trypan blue and the percentage of cells that retained the ability to
exclude blue dye was determined. Five wells were evaluated per group.

2.10. Statistical Analysis

Sample sizes for behavior tests were chosen based on a previous study [30]. All values
are expressed as mean ± standard deviation (SD). Behavior test results were analyzed in the
mixed effect model because the behavior was measured repeatedly five times in each animal,
and individual differences at baseline were confirmed in the preliminary study. Bonferroni
correction was applied to correct for multiple comparisons in the mixed effect model.
Parametric data were analyzed by one-way analysis of variance (ANOVA) with Dunnett’s
multiple comparisons test. Non-parametric data were analyzed by Kruskal–Wallis test
with Dunn’s multiple comparisons test. DRG morphology was analyzed by two-way
repeated measures ANOVA with Dunnett’s multiple comparisons test. Anti-tumor effect of
paclitaxel with GSSSG was analyzed by equivalence test using two one-sided t-tests. The
margin of equivalence was defined as 10% difference in cell count. Probability (p) value less
than 0.05 was considered significant. Statistical analyses were performed using GraphPad
Prism 9.1 (GraphPad Software Inc., La Jolla, CA, USA).

3. Results

3.1. GSSSG Prevented Paclitaxel-Induced Mechanical Allodynia

Male adult mice were treated with 4 mg/kg paclitaxel i.p. on days 0, 2, 4, and 6.
Starting on day 7 and continuing through week 4, paclitaxel-treated mice demonstrated
mechanical allodynia as assessed using von Frey testing of the hind paw (Figure 2A closed
circles, p = 0.0014). Paclitaxel also induced thermal hyperalgesia as measured using the
hot plate test (Figure 2B, closed circles, p < 0.0001). Oral administration of GSSSG at
50 mg/kg/day mitigated mechanical allodynia over the experimental period (Figure 2A,
black squares, p = 0.003). In contrast, thermal hyperalgesia was not altered by GSSSG
administration (Figure 2B, black squares).

Figure 2. GSSSG prevented mechanical allodynia evoked by paclitaxel-induced peripheral neuropa-
thy. (A) Mechanical withdrawal threshold by the von Frey test for 4 weeks after paclitaxel treatment
with or without co-treatment of GSSSG. 50 mg/kg of GSSSG prevented mechanical allodynia over
the experimental period. (B) Relative change of response time compared to the baseline in hot plate
test for 4 weeks. PTX induced thermal hyperalgesia. Data are analyzed by mixed effect model
and adjusted by Bonferroni correction. Data are shown as the mean ± SD, n = 6 mice per group.
PTX, paclitaxel.
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3.2. GSSSG Prevented Loss of Intraepidermal Nerve Fibers Induced by Paclitaxel

We evaluated degeneration of unmyelinated nerve endings by determining the density
of intraepidermal nerve fibers, which is a widely used indicator of peripheral neuropathy.
The density of the intraepidermal nerve fibers in the planter surface skin of hind paws
of mice was calculated as the number of intraepidermal nerve fibers (Figure 3A, yellow
arrowheads) divided by the length of epidermal basement membrane (Figure 3A, white
dashed line). Paclitaxel decreased the density of intraepidermal nerve fibers at 4 weeks, but
not at 1 week, after starting paclitaxel (Figure 3B,C). Daily oral administration of 50 mg/kg
GSSSG prevented paclitaxel-induced loss of intraepidermal nerve fibers at 4 weeks after
starting paclitaxel (p = 0.0024).

Figure 3. (A) Representative immunofluorescence images of intraepidermal nerve fibers (stained
by PGP9.5, shown by yellow arrowheads) and basement membrane (stained by Collagen IV, white
dashed lines) in hind paw at 1 week and 4 weeks after paclitaxel treatment. Quantification of
unmyelinated fiber density calculated by dividing number of intraepidermal nerve fibers by basement
membrane at 1 week (B) and at 4 weeks (C). Data were analyzed by one-way ANOVA with Dunnett’s
multiple comparisons test. Individual data (black dots) are shown with mean ± SD, n = 6 mice per
group. PTX, paclitaxel; G, GSSSG.

3.3. GSSSG Prevented the Paclitaxel-Induced Loss of Unmyelinated Axons in the Sciatic Nerve

To evaluate the impact of paclitaxel on myelinated and unmyelinated axons, we
counted the number of axons in the sciatic nerve at 4 weeks after starting paclitaxel.
The number of myelinated axons was similar between control, paclitaxel, and paclitaxel
with GSSSG groups (Figure 4A,B). The thickness of myelin, calculated using the G-ratio
(a ratio of the inner and outer radius), was not affected by paclitaxel either without or
with GSSSG (Figure 4C,D). We also examined transmission electron microscopy images
(low magnification, ×2200) to determine the number of unmyelinated axons in the sciatic
nerve. Unmyelinated (Figure 5A, arrows) and myelinated axons (Figure 5A, arrowheads)
were counted and divided by a total number of axons. Paclitaxel tended to decrease
unmyelinated axons compared to control mice (p = 0.0695) and showed disruption of
architecture in the nerve fascicle (Figure 5A, double arrow), indicating axonal degeneration.
Compared to mice that received paclitaxel alone, mice that received paclitaxel and GSSSG
had a larger ratio of unmyelinated axons in the sciatic nerve (Figure 5A,B, p = 0.0153).
These results suggest that GSSSG prevents axonal loss of unmyelinated neurons after
paclitaxel treatment.
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Figure 4. Neither PTX nor GSSSG changed number of myelinated axons. (A) Representative
microscopic images of sciatic nerve at 4 weeks after PTX treatment stained with toluidine blue.
(B) Quantification of total myelinated neurons axons in sciatic nerve. (C) Representative high magni-
fication images of myelinated neurons axons to measure thickness of myelin. The thickness of myelin
was calculated by GRatio software, an ImageJ plugin in ten neurons per image randomly selected
by cross marks generated by GRatio. (D) Quantification of G-ratios. Neither PTX nor GSSSG did
not change thickness of myelin. Data were analyzed by one-way ANOVA with Dunnett’s multiple
comparisons test. Individual data (black dots) are shown with mean ± SD, n = 6 mice per group.
PTX, paclitaxel; G, GSSSG.

3.4. GSSSG Prevented Mitochondrial Swelling in Unmyelinated Sciatic Nerve Axons

To explore the mechanisms by which paclitaxel induces degeneration of unmyelinated
axons, we examined mitochondrial morphology in unmyelinated sciatic nerve axons
4 weeks after starting paclitaxel. Mitochondria appeared to be larger and swollen in the
unmyelinated axons of paclitaxel-treated mice (Figure 6A, arrowheads) compared to control
mice and mice treated with paclitaxel and GSSSG. The cross-sectional area of mitochondria
in unmyelinated axons in paclitaxel-treated mice was significantly larger than those in
control mice (Figure 6B, p < 0.0001) and mice treated with paclitaxel and GSSSG (Figure 6B,
p = 0.001). These results suggest that the beneficial effects of GSSSG on paclitaxel-induced
axonal degeneration are mediated by protection of mitochondrial integrity.
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Figure 5. GSSSG prevented loss of unmyelinated axons in sciatic nerve. (A) Representative transmis-
sion electron microscopy images of sciatic nerve at 4 weeks. Images in the second row are magnified
images of the area indicated by yellow frames in the first row image of respective column. Number
of unmyelinated axons (yellow arrows) and myelinated axons (yellow arrowheads) were counted.
(B) Ratio of the number of unmyelinated axons of the total number of axons in sciatic nerve at 4 weeks.
Data were analyzed by one-way ANOVA with Tukey’s multiple comparisons test. Individual data
(black dots) are shown with mean ± SD, n = 3 mice per group. PTX, paclitaxel. G, GSSSG.

Figure 6. GSSSG prevented degeneration of mitochondria. (A) Representative transmission electron
microscopy images of sciatic nerve at 4 weeks after paclitaxel treatment. Images in the second row
are magnified images of the area indicated by yellow frames in the first row image of respective
column. Asterisks show Schwann cell, arrows indicate mitochondria and arrowheads indicate
swollen mitochondria. (B) Quantification of mitochondria area in unmyelinated neuron. The median
area of mitochondria in control, paclitaxel, and paclitaxel with GSSSG were 0.036 μm2, 0.057 μm2,
and 0.041 μm2, respectively. Red bars indicate median values of each group. Data were analyzed
by Kruskal–Wallis test with Dunn’s multiple comparisons test. Four high (×11,000) magnification
images from each mouse were examined. n = 3 mice per group. PTX, paclitaxel; G, GSSSG.
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3.5. 34S-Labeled GSSSG Was Detected in DRG, Spinal Cord, Brain, and Liver after
Oral Administration

To study the pharmacokinetics of orally administrated GSSSG, we used 34S-labelled
GSSSG to determine the distribution of GSSSG and its metabolites in central and peripheral
nervous systems. Lumber DRG, lumber spinal cord, brain, liver, and plasma were harvested
2 h after oral administration of 34S-labelled GSSSG at 50 mg/kg, and the levels of 34S-
labelled GSSSG in each tissue were determined by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). While endogenous GSSSG was not detected, the average
concentration of administrated 34S-labelled GSSSG was 415, 518, 142, and 158 pmol/mg
protein in lumber DRG, lumber spinal cord, brain, and liver, respectively (Figure 7A).
The plasma level of GSSSG was 58 pmol/mL. We also determined the ratio of exogenous
(containing 34S) to endogenous (containing 32S) reactive sulfur species: GSSH, CysSSH, and
CysSSSCys, in these 4 tissues (Figure 7B–D, respectively). The concentration of 34S-labelled
GSSH, CysSSH, and CysSSSCys was more than 10-fold higher than the endogenous levels
of GSSH, CysSSH, and CysSSSCys in all four tissues. These observations indicate that
orally administered GSSSG was absorbed from the gastrointestinal tract, entered the central
and peripheral nervous systems and was partially metabolized to other reactive sulfur
species.

Figure 7. 34S-labeled GSSSG and related polysulfides were detected in peripheral tissues 2 h after
oral administration of 34S-labeled GSSSG. Quantification of GSSSG and reactive sulfur species by
LC-MS/MS. (A) 34S-labeled GSSSG concentration in 4 tissues that were obtained 2 h after oral
administration. Relative ratio of 34S-laveled reactive sulfur species to endogenous reactive sulfur
species (32S-) were calculated. The ratios of 34S-laveled to endogenous glutathione persulfide (GSSH)
(B), cysteine persulfide (CysSSH) (C), cysteine trisulfide (CysSSSCys) (D) in lumber DRG, lumber
spinal cord, brain, and liver were reported. Individual data (black dots) are shown with mean ± SD,
n = 4 per group; DRG, dorsal root ganglion; LSC, lumber spinal cord.

3.6. GSSSG Prevented Paclitaxel-Induced Axonal Degeneration and Fragmentation of
Mitochondria in Cultured Primary DRG Neurons

The effects of GSSSG on axonal integrity were examined in cultured murine primary
DRG neurons treated with paclitaxel. Neurons that were incubated with paclitaxel (100 nM)
for one-hour showed bulbed axonal endings compared to untreated neurons (Figure 8A
arrowheads). The number and morphology of neurons (length, and branching of neurites),
were assessed using the Sholl analysis, using ImageJ [31]. The Sholl analysis plugin draws
equally spaced circles from the soma and counts the number of intersections between
neurites and circles to quantify neuronal morphology (Figure 8B). Incubation with paclitaxel
for one-hour inhibited the elongation of axons while co-administration of GSSSG restored
axonal elongation (Figure 8A,C). The number of neurites greater than 160 μm from the
soma in paclitaxel and GSSSG treated cells was significantly larger than the number in
neurites treated with paclitaxel alone (p < 0.05). Incubation with paclitaxel also decreased
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the ratio of the total mitochondria length to axonal length and the number of mitochondria
in axons, which are signs of increased mitochondrial fragmentation (Figure 9A). GSSSG
prevented the paclitaxel-induced decrease in the ratio of mitochondrial to axonal length
(Figure 9B, p < 0.0001) and the number of mitochondria (Figure 9C, p = 0.0017). These
results suggest that the beneficial effects of GSSSG on PIPN are mediated by prevention of
axonal degeneration via preservation of mitochondrial integrity in peripheral neural axons.

Figure 8. GSSSG prevented axon degeneration in primary DRG neurons. (A) Representative im-
munofluorescence images of primary DRG neurons stained by NF200. Neurons were cultured for
24 h and incubated by paclitaxel with or without GSSSG for one hour. (B) Sholl circles of cultured
neuron. The interval between Sholl circles is 10 μm. (C) Analysis of neuronal intersections with Sholl
circles. Data were analyzed by repeated ANOVA with Dunnett’s multiple comparisons test. p values
are shown to indicate the comparison between paclitaxel and paclitaxel + GSSSG. Data are shown as
the mean ± SD, n = 3 mice per group, 9–10 neurons per group. PTX, paclitaxel.

3.7. GSSSG Attenuated Paclitaxel-Induced Increase of Superoxide Levels in Primary
Cortical Neurons

To consider the possibility that GSSSG protects axons via an antioxidant effect [15], we
examined the change in intracellular ROS in primary cortical neurons. After incubating
primary cortical neurons with paclitaxel (100 nM) for one-hour, intracellular levels of
superoxide were measured using the Dihydroethidium (DHE). The levels of superoxide
increased after incubation with paclitaxel (Figure 10, p = 0.01, paclitaxel vs. control). Co-
incubation with GSSSG (10 μM) prevented the paclitaxel-induced increase in intracellular
superoxide (p = 0.0114, paclitaxel vs. paclitaxel + GSSSG). These results suggest that GSSSG
attenuates ROS production induced by paclitaxel.
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Figure 9. GSSSG protected mitochondria in axon of primary DRG neurons. (A) Representative
images of neural axons stained by NF200 with axonal mitochondria stained by MitoTracker. Images
in the second row are magnified images of the area indicated by yellow frames in the first row image
of respective column. The number and length of mitochondria (yellow arrowheads) in axon was
measured manually. (B) Ratio of the total mitochondria length to the total axonal length and (C) The
number of MitoTracker puncta per 100 μm of axon. Data were analyzed by one-way ANOVA with
Dunnett’s multiple comparison. Individual data (black dots) are shown with mean ± SD, n = 3 mice
per group, 8 images per group, and 450–790 mitochondria per group. PTX, paclitaxel; G, GSSSG.

3.8. GSSSG Upregulated Antioxidant Signaling in DRG

To further characterize the effects of GSSSG on PIPN, we used real-time qPCR to mea-
sure the levels of mRNA encoding antioxidant proteins in lumber DRG, 2 h after a single
paclitaxel injection (16 mg/kg) with or without 50 mg/kg GSSSG. Treatment with either pa-
clitaxel or paclitaxel and GSSSG increased Nrf2 mRNA levels (Figure 11A, p = 0.0008 control
vs. paclitaxel, p < 0.0001 control vs. paclitaxel and GSSSG). The levels of mRNAs encoding
enzymes that are downstream of Nrf2, including Heme Oxygenase 1 (HO1, Figure 11B),
NAD(P)H Quinone Dehydrogenase 1 (NQO1, Figure 11C) and Glutamate-Cysteine Ligase
Catalytic Subunit (GCLC, Figure 11D), were increased only in mice that received paclitaxel
and GSSSG (p = 0.0127, 0.0024 and 0.0038, respectively, control vs. paclitaxel and GSSSG).
These results suggest that GSSSG enhances Nrf2-dependent antioxidant signaling in DRG
after paclitaxel treatment.
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Figure 10. GSSSG treatment blocked increase of superoxide. Relative fluorescence change of Dihy-
droethidium (DHE) 30 min incubation of GSSSG and 60 min after paclitaxel exposure. Data were
analyzed by one-way ANOVA with Dunnett’s multiple comparisons test. Individual data (black dots)
are shown with mean ± SD, n = 8 per group. PTX, paclitaxel; G, GSSSG.

Figure 11. GSSSG upregulated antioxidant signaling in DRG. Relative gene expression of Nrf2 (A),
HO1 (B), NQO1 (C), and GCLC (D) in DRG tissue at 2 h after single 16 mg/kg paclitaxel with or
without 50 mg/kg GSSSG treatment. Data were analyzed by one-way ANOVA with Dunnett’s
multiple comparisons test. Data are shown as the mean ± SD, n = 8 mice per group. PTX, paclitaxel;
G, GSSSG; Nrf2, Nuclear factor-erythroid factor 2-related factor 2; HO1, Heme Oxygenase 1; NQO1,
NAD(P)H Quinone Dehydrogenase 1; GCLC, Glutamate-Cysteine Ligase Catalytic Subunit.

3.9. GSSSG Did Not Affect the Anti-Tumor Effects of Paclitaxel in a Human Breast Cancer
Cell Line

Because several studies showed that enhanced antioxidant effects contribute to the
resistance of cancer cells to chemotherapy [32,33], we assessed whether GSSSG affects
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the anti-tumor effect of paclitaxel. We examined the in vitro effect of paclitaxel on MDA-
MB-231 human breast cancer cell viability. After incubation with paclitaxel for 24 h, the
viability of MDA-MB-231 cells was assessed using the LDH Cytotoxicity Detection assay
(Figure 12A). The IC50 of paclitaxel for MDA-MB-231 cells was 1.66 μM. Based on these
results, we applied paclitaxel (2 μM) and GSSSG (10 μM) to MDA-MB-231 cells for 24 h
to determine whether co-administration of GSSSG alters the cytotoxic effects of paclitaxel
on MDA-MB-231 cells. After 24 h of incubation with paclitaxel alone or paclitaxel with
GSSSG, the percentage of viable MDA-MB-231 cells (compared to untreated cells) was
44.9% and 48.3%, respectively, (Figure 12B). The statistical test did not show a difference
more than defined 10% margin (mean difference: 0.034, 90% confidence interval: −0.280 to
0.357). These results demonstrate that GSSSG does not inhibit that ability of paclitaxel to
kill MDA-MB-231 cells.

Figure 12. Co-administration of GSSSG did not inhibit anti-tumor effect of paclitaxel. (A) Cell
viability of human breast cancer cell line, MDA-MB-231 measured by LDH assay at 24 h after PTX
with/without 10 μM of GSSSG. (B) Relative viable numbers of MDA-MB-231 cells 24 h after 2 μM of
PTX with/without 10 μM of GSSSG. Data were analyzed by two one-sided t-tests. The margin of
equivalence was defined as 10% difference in cell count. Data are shown as the mean ± SD, n = 5 per
group; LDH, lactate dehydrogenase, PTX, paclitaxel; G, GSSSG.

4. Discussion

The current study revealed that GSSSG, a polysulfide, has the potential to mitigate
paclitaxel-induced peripheral neuropathy by protecting mitochondria in the axons of
peripheral neurons. This conclusion is based on the following results: (1) daily oral admin-
istration of GSSSG attenuated mechanical allodynia in the hind paw of mice treated with
paclitaxel; (2) orally administered GSSSG was absorbed and increased reactive sulfur levels
in lumbar DRG and spinal cord (both regions which contain the primary sensory neurons
that innervate the hind paw); (3) GSSSG inhibited axonal degeneration and prevented
mitochondrial swelling in paclitaxel treated mice treated and maintained the number of
axonal mitochondria in paclitaxel-exposed cultured primary DRG neurons; and (4) GSSSG
attenuated the increase in superoxide levels in primary cortical neurons incubated with
paclitaxel. Taken together, these results suggest GSSSG ameliorates PIPN. The beneficial
effects of GSSSG were associated with protection of mitochondrial integrity in peripheral
nervous system axons.

In the current study, we observed that oral administration of GSSSG at 50 mg/kg/day
for 4 weeks ameliorated paclitaxel-induced mechanical allodynia and 34S-labeled GSSSG
was detected in lumber DRG and lumber spinal cord 2 h after single oral administra-
tion. The results show that GSSSG is well absorbed from the gastrointestinal tract and
readily taken up by central and peripheral nervous tissues [34]. We also observed that
the concentrations of related polysulfides and persulfides containing 34S were more than
10-fold greater than those of respective endogenous polysulfides and persulfides 2 h after
34S-labeled GSSSG administration. These observations suggest that GSSSG is in dynamic
equilibrium with other reactive sulfur species. To the best of our knowledge, this is the
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first study demonstrating an association between neuroprotective effects and increased
levels of polysulfides in the peripheral nervous system after systemic administration of a
polysulfide donor.

Impairment of mitochondria and increased oxidative stress play crucial roles in
PIPN [35]. Mitochondria are a main source of cellular ROS but are also important tar-
gets of ROS. Normal mitochondria release low levels of ROS, as small amounts of electrons
leak from complex I, III, and IV of the electron transport chain (ETC) and bind with molecu-
lar oxygen to produce superoxide. When electron transport is impaired, more electrons leak
from ETC complexes to produce more ROS. Increased ROS production by dysfunctional
mitochondria further impairs mitochondrial function, eventually leading to collapse of the
mitochondrial membrane potential. Defective mitochondria are degraded and replaced by
quality control mechanisms, such as mitophagy. Because neurons predominantly rely on
oxidative phosphorylation in mitochondria to produce ATP, mitochondrial dysfunction
causes degeneration of neuronal axons [36].

Reactive sulfur species are thought to protect mitochondria through several mecha-
nisms: (1) supporting bioenergetics [37]; (2) scavenging ROS [15]; (3) activating superoxide
dismutase (SOD) [38]; (4) preventing fission of mitochondria by inhibiting Drp1 activ-
ity [37]; and (5) upregulating the Nrf2/Keap1 pathway by persulfidation of Keap1 [39].
In the current study, administration of GSSSG attenuated paclitaxel-induced ROS produc-
tion and prevented swelling and loss of mitochondria in peripheral neural axons. These
observations suggest that GSSSG has anti-oxidative effects and that GSSSG may support
bioenergetics. Our results in primary DRG neurons suggest that GSSSG prevents not only
mitochondria fragmentation (or fission) induced by paclitaxel, but also loss of mitochon-
dria in neural axons. As reported previously, redox balance and glutathione oxidation
in neural axons partly regulate mitochondrial transportation from cell body to axon [40],
and loss of axonal mitochondria results in axonal degeneration [41] and neuropathy [42].
Our observations support that GSSSG attenuates PIPN via protecting mitochondria by
regulating redox balance in peripheral neurons. Interestingly, paclitaxel, without or with
GSSSG, upregulated Nrf2 a master regulator of cellular homeostasis, redox balance, and
inflammation [43], suggesting that paclitaxel triggers an antioxidant defense mechanism.
However, we observed that GSSSG with paclitaxel, but not paclitaxel alone, upregulated
expression of HO1, NQO1 and GCLC, which are the downstream genes of Nrf2. One
possible reason why GSSSG upregulates genes that are downstream of Nrf2 is that GSSSG
induces persulfidation of Keap1, a Nrf2 binding protein. Persulfidation of Keap1 promotes
activation of Nrf2, thereby upregulating the downstream genes and exerting an antioxida-
tive effect [39]. In addition to the Nrf2 pathway, GSSSG may exert protective effects on
peripheral neurons via multiple antioxidant mechanisms.

We recognize several limitations in our current study. First, there is a discrepancy that
GSSSG mitigates only mechanical allodynia (a sign of Aβ fiber impairment) but not thermal
hyperalgesia (a sign of altered Aδ and C fiber function) whereas it protects unmyelinated
fibers (C fibers). This discrepancy was also reported in previous studies [44,45]. While
several mechanisms have been proposed to explain the discrepancy between mechanical
allodynia and thermal hyperalgesia, one conceivable mechanism is phenotypic switch in
which, following injury (in this case chemotherapeutic-induced), Aβ function is altered
leading to mechanical allodynia via central secretion of pro-nociceptive compounds [46].
Second, in this study, we used LC-MS/MS to demonstrate that GSSSG is absorbed and
distributed in the DRG. However, we did not measure levels of reactive sulfur species,
GSH, and cysteine after administration of paclitaxel and/or GSSSG. Dynamic changes in
the levels of reactive sulfur species and intracellular thiols in peripheral neurons under
paclitaxel-induced oxidative stress remain to be determined. Third, all mice in the current
study were male. Although previous studies showed that mechanical allodynia induced
by paclitaxel was not affected by gender [47], this was not confirmed in the present study.
Lastly, we used qPCR to measure the levels of mRNA encoding proteins involved in the
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anti-oxidative response. The small size of murine lumbar DRG made it difficult to measure
the level of proteins in this pathway.

5. Conclusions

In conclusion, the current study showed that oral administration of GSSSG ame-
liorated paclitaxel-induced mechanical allodynia in a mouse model of PIPN. After oral
administration, GSSSG reached DRG and prevented impairment of mitochondria and
axonal degeneration in peripheral neurons. We also found that GSSSG upregulated Nrf2-
dependent antioxidant signaling pathway in vivo and diminished ROS levels in vitro.
Because impairment of mitochondria is a common feature of diverse forms of periph-
eral neuropathy [42], these results imply potential therapeutic effects of GSSSG, not only
for CIPN, but also for other forms of peripheral neuropathy caused by mitochondrial
dysfunction, such as diabetic neuropathy.
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Appendix A

Table A1. List of primer sequences for quantitative polymerase chain reaction.

Gene Sequence

Nrf2 Forward 5′-TCCTCAGCAGAACAGGAACAG-3′
Reverse 5′-CCTCCAAAGGATGTCAATCAA-3′

HO1 Forward 5′-AAGCCGAGAATGCTGAGTTC-3′
Reverse 5′-GCCGTGTAGATATGGTACAAGGA-3′

NQO1 Forward 5′-AGGATGGGAGGTACTCGAATC-3′
Reverse 5′-AGGCGTCCTTCCTTATATGCTA-3′

GCLC Forward 5′-GGACAAACCCCAACCATCC-3′
Reverse 5′-GTTGAACTCAGACATCGTTCCTC-3′

18S Forward 5′-CGGCTACCACATCCAAGGAA-3′
Reverse 5′-GCTGGAATTACCGCGGCT-3′

Abbreviations: GCLC, Glutamate-Cysteine Ligase Catalytic Subunit; HO1, Heme Oxygenase 1; NOQ1, NAD(P)H
Quinone Dehydrogenase 1; Nrf2, Nuclear factor-erythroid factor 2-related factor 2.
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Abstract: Hydrogen sulfide (H2S) is implicated as a cytoprotective agent that bacteria employ in
response to host-induced stressors, such as oxidative stress and antibiotics. The physiological benefits
often attributed to H2S, however, are likely a result of downstream, more oxidized forms of sulfur,
collectively termed reactive sulfur species (RSS) and including the organic persulfide (RSSH). Here,
we investigated the metabolic response of the commensal gut microorganism Enterococcus faecalis
to exogenous Na2S as a proxy for H2S/RSS toxicity. We found that exogenous sulfide increases
protein abundance for enzymes responsible for the biosynthesis of coenzyme A (CoA). Proteome
S-sulfuration (persulfidation), a posttranslational modification implicated in H2S signal transduction,
is also widespread in this organism and is significantly elevated by exogenous sulfide in CstR, the
RSS sensor, coenzyme A persulfide (CoASSH) reductase (CoAPR) and enzymes associated with de
novo fatty acid biosynthesis and acetyl-CoA synthesis. Exogenous sulfide significantly impacts the
speciation of fatty acids as well as cellular concentrations of acetyl-CoA, suggesting that protein
persulfidation may impact flux through these pathways. Indeed, CoASSH is an inhibitor of E. faecalis
phosphotransacetylase (Pta), suggesting that an important metabolic consequence of increased levels
of H2S/RSS may be over-persulfidation of this key metabolite, which, in turn, inhibits CoA and
acyl-CoA-utilizing enzymes. Our 2.05 Å crystallographic structure of CoA-bound CoAPR provides
new structural insights into CoASSH clearance in E. faecalis.

Keywords: hydrogen sulfide toxicity; reactive sulfur species; persulfide; persulfidation profiling;
coenzyme A persulfide; X-ray structure; fatty acids

1. Introduction

Recent studies based on seminal work [1] suggest that H2S may be a clinically rele-
vant bacterial adaptive response to host-derived oxidative stress and antibiotics during
infections [2–7]. These cytoprotective properties attributed to H2S may well be the result
of downstream, more oxidized sulfur species, collectively termed reactive sulfur species
(RSS) [8]. One of these RSS is the organic persulfide (RSSH), which has enhanced nu-
cleophilicity compared to its thiol counterpart and readily reacts with infection-relevant
oxidants and β-lactam antibiotics [8–11]. Although much of the work on RSS has focused
on mammalian systems [8], RSS biogenesis has been shown to be present in a number of
bacteria [7,12–14].

The beneficial impact of H2S and RSS can only be accessed when the negative impact
of sulfide poisoning [15] and over-persulfidation of the thiol metabolome and proteome
can be limited [7,16] in a process we call H2S/RSS homeostasis. Maintaining H2S/RSS
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homeostasis may be particularly important in the sulfide-rich environment of the gastroin-
testinal tract, where H2S has been documented to be physiologically beneficial [17–19] and
linked to several gut-derived human diseases at elevated concentrations [20–22]. Sulfide
has been estimated to range from ~0.2 to 2.4 mM in this niche derived from both host-
and microbially-derived sulfate reduction [23]. Furthermore, a recent study suggested that
taurine, an organosulfonate produced by the host during infections, enables the host to
resist colonization by pathogens by increasing endogenous H2S production from taurine
by resident microbiota [24]. This suggests that organisms, both commensals and pathogens,
that inhabit this niche must evolve ways to sense and detoxify H2S and consequential
downstream oxidized sulfur species [25].

All bacteria encode RSS-sensing transcriptional regulators that control the expres-
sion of genes that encode enzymes that are known or projected to be involved in the
biogenesis and clearance of H2S/RSS [25]. Previously, we identified and characterized
the cst-like operon in the human pathogen and commensal member of the gut microbiota
Enterococcus faecalis [12]. This operon is transcriptionally regulated by the RSS-sensing tran-
scriptional repressor CstR [26–28]. The cst-like operon consists of two sulfurtransferases,
RhdA and RhdB, which possess thiosulfate sulfurtransferase (TST) activity; however, their
in-cell sulfur donors and acceptors are not yet known. Additionally, CstR regulates coaP,
which encodes the coenzyme A (CoA) persulfide (CoASSH) reductase (CoAPR), which
reduces CoASSH to the free thiol and H2S [12]. The biogenesis of H2S by CoAPR combined
with its specificity toward CoASSH over other low molecular weight (LMW) persulfides
implies that RSS, specifically CoASSH, confers a greater physiological impact relative to
H2S in this organism. The fate of CoAPR-generated H2S is not known, nor is the mechanism
by which E. faecalis generates LMW persulfides, although these species are readily detected
and quantitated in soluble cell lysates [12].

Here, we sought to investigate the physiological response of E. faecalis to conditions
of sulfide mis-regulation by adding exogenous Na2S as a probe of a pathophysiological
response to elevated H2S. A proteomic analysis revealed an increased cellular abundance
of CoA- and acyl-CoA requiring enzymes, including CoAPR, with the latter anticipated on
the basis of regulation by CstR [12]. Protein S-sulfuration (persulfidation) profiling reveals
that ≈13% of the proteome is persulfidated and identifies potential regulatory targets of
H2S/RSS signaling, including enzymes involved in de novo fatty acid biosynthesis and the
acetyl-CoA-producing enzyme phosphotransacetylase (Pta). As anticipated, both CstR and
CoAPR are heavily persulfidated in cells consistent with their proposed mechanisms of
action [12,27,28]. In addition, the spectrum of fatty acids changes significantly following
the addition of exogenous sulfide; this is coupled with a significant increase in cellular
acetyl-CoA, the major cellular fate of which is fatty acid biosynthesis. We demonstrate
that CoASSH is a potent inhibitor of E. faecalis Pta, which suggests that CoASSH poisoning
of CoA- and acyl-CoA-requiring enzymes [29] may underscore the metabolic burden
of H2S toxicity in this organism. Finally, our crystallographic structure and molecular
dynamics simulations of CoA-bound E. faecalis CoAPR provide new mechanistic insights
into CoASSH clearance.

2. Materials and Methods

2.1. Growth of Enterococcus faecalis

Unless otherwise noted, all cultures were grown microaerophilically, defined here
as static cultures in sealed culture tubes at 37 ◦C with minimal head-space. E. faecalis
strain OG1RF (wild-type, WT) was grown overnight in tryptic soy broth (TSB) medium,
supplemented with 0.25% (w/v) glucose. Overnight cultures were diluted into fresh medium
at an OD600 ≈ 0.007 and grown until ≈0.1 as a preculture. Precultures were then diluted
into fresh medium to an OD600 of ≈0.007 and grown until OD600 ≈ 0.2, at which time cells
were treated as described for each experiment below.
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2.2. Proteomic Analysis of Wild Type E. faecalis before and after the Addition of Exogenous Na2S

Quadruplicate 15 mL cultures of wild type E. faecalis were collected by centrifugation
for untreated cells or treated with 0.2 mM Na2S for 30 min followed by centrifugation.
All cells were washed with ice-cold PBS and stored at −80 ◦C. Pellets were thawed on
ice and resuspended in 600 μL lysis buffer (25 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM
tris(2-carboxyethyl) phosphine hydrochloride (TCEP), EDTA-free protease-inhibitor cock-
tail [1:500] dilution). Resuspended cells were transferred to Lysing matrix B tubes and
lysed in a bead beater with a rate of 6 m/s for 45 s, three times, with 5 min cooling on ice in
between runs. Samples were centrifuged at 13,200 rpm for 15 min at 4 ◦C. The supernatant
was transferred to a new 1.5 mL tube and the protein concentration was quantified by a
Bradford assay using a standard protocol. A total of 25 μg of protein was dried down in a
SpeedVacTM concentrator (Thermo Fisher Scientific, Waltham, MA, USA) and resuspended
in 8 M urea in 100 mM ammonium bicarbonate. To these solutions, 5 mM TCEP and
50 mM iodoacetamide was added for 45 min at room temperature to reduce and alkylate
cysteine residues. Proteins were then precipitated by 20% (v/v) trichloroacetic acid and
allowed to sit at −20 ◦C for 1 h. Samples were then centrifuged at 15,000 rpm for 20 min
at 4 ◦C, with the supernatant removed. Pellets were washed with cold methanol and
centrifuged at 15,000 rpm for 20 min at 4 ◦C twice. Samples were dried in a SpeedVacTM

concentrator, resuspended in 10 μL 8 M urea in 100 mM ammonium bicarbonate, diluted
to 1 M urea with 100 mM ammonium bicarbonate, and digested overnight at 37 ◦C, with
the addition of 1:100 (w/w) ratio of trypsin. Peptides were desalted by a C18 Omix Tip
(Agilent Technologies, Santa Clara, CA, USA) by a standard protocol and analyzed as
described below.

2.3. Enrichment and Identification of S-Sulfurated Proteins in E. faecalis

This analysis was carried out essentially as previously described [7,30]. Wild-type
E. faecalis was grown in 300 mL cultures as described above, and the experiment was
performed in biological triplicate. At OD600 ≈ 0.2, cultures were collected by centrifugation
for untreated cells or treated with 0.2 mM Na2S for 30 min followed by centrifugation.
All cells were washed with ice-cold PBS three times and stored at −80 ◦C. Pellets were
treated as previously described [7,30]. Samples were subjected to an LC MS/MS analysis
as described below. Three biological replicates were used as treated (WT + Na2S) and
untreated (WT) samples. Sigma ratios (σR) were calculated for each protein using total
area for cysteine peptides [30]. The fold change of S-sulfurated peptides (WT + Na2S/WT)
were normalized to the protein abundance from data acquired in the proteomic analysis
described above. S-sulfurated peptides only detected in one condition (WT or WT + Na2S)
or proteins not identified in our no-enrichment proteomic analysis were assigned peaks
areas equal to the lowest detected peptide or protein to eliminate division by zero during
normalization [30].

2.4. LC-MS/MS Analysis of Proteome and S-Sulfurated Proteins

An LC-MS/MS analysis was carried out in the Laboratory of Biological Mass Spectrom-
etry at Indiana University as previously described [30]. The resulting data were searched
against the E. faecalis TX4248 database (Uniprot UP000004846, 3273 entries) in Proteome
Discoverer 2.1. Carbamidomethylation (CAM) of cysteine residues was set as a fixed
modification. Protein N-terminal acetylation, oxidation of methionine, protein N-terminal
methionine loss, protein N-terminal methionine loss and acetylation, and pyroglutamine
formation were introduced as variable modifications. A total of three variable modifications
were allowed. Trypsin digestion specificity with two missed cleavage was allowed. The
mass tolerance for precursor and fragment ions was set to 10 ppm and 0.6 Da, respectively.
The peptide peak area was quantified for MS1 ions and utilized to estimate fold-change in
this label-free quantitation method.
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2.5. Extraction and Measurement of Cellular Fatty Acids

Cell pellets from 14 mL cultures grown in biological triplicate as described above
were resuspended in 1 mL methanolic NaOH [15% (w/v) NaOH in 50% (v/v) methanol]
transferred to a glass, screw cap culture tube, vortexed for 5–10 s and saponified at 100 ◦C
for 30 min. A total of 15 μg of pentadecanoic acid was added as an internal standard
followed by fatty acid esterification, achieved by the addition of 2 mL of 3.25 N HCl in
46% (68%) (v/v) methanol at 80 ◦C for 10 min followed by extraction into 1.25 mL of
1:1 (v/v) methyl-tert-butyl ether in hexane for 10 min on a rotor (Barnstead Thermolyne
Labquake Shaker, American Laboratory Trading, East Lyme, CT, USA). The aqueous phase
was removed, and the organic phase was washed with 3 mL 1.2% (w/v) NaOH for 5 min
on a rotor. The organic phase was promptly removed and stored until analysis. Samples
were analyzed by GC-MS, by injecting 2 μL onto an SLB-5 MS 30 m × 0.25 mm × 0.25 um
column. A sample run consisted of 35 ◦C (2 min) to 250 ◦C at 10 ◦C/min, then to 320 ◦C
(3 min) at 20 ◦C/min. Fatty acids were identified based on the retention time of authentic
standards. The MS was operated in single ion mode (SIM) using ions at 74 and 55 m/z.
Chromatograms were extracted using these m/z and integrated, and peak areas were used
to determine the relative abundance of each fatty acid. Fatty acids were designated in
X:Y form, where X is the total number of carbon atoms, and Y is the number of double
bonds, and each is presented as a fractional abundance of total fatty acids determined by
the fraction of each fatty acid (peak area) to total fatty acids (sum of all peak areas).

2.6. Quantitation of Acetyl-CoA

Wild-type E. faecalis strain OG1RF was grown as described above in 100 mL cul-
tures, and quantitation was performed using modifications of procedures described pre-
viously [31]. At an OD600 of 0.2, 2 mL of culture was centrifuged for 5 min, with the
supernatant discarded and used to determine protein concentration. The remaining cell
culture was quenched by the addition of a 3:2 (v/v) glycerol saline solution (−20 ◦C) to a
ratio of 1:4 (v/v). Quenched cultures were placed at −20 ◦C for 5 min before centrifuging
at 7100× g for 30 min at −11 ◦C. The supernatant was discarded, and the pellets were
combined; washed with 2 mL of a 1:1 (v/v) glycerol saline solution (−20 ◦C); centrifuged
for 20 min at −11 ◦C, with the supernatant discarded, and washed once more. Pellets
were resuspended in 1 mL of 15% (v/v) methanol (cold) and transferred into a fresh
1.5 mL centrifuge tube and centrifuged at 10,000× g for 15 min at −11 ◦C, discarding
the supernatant.

Cells were lysed by resuspending the pellet in 1.5 mL of 60% (v/v) cold methanol
(−20 ◦C) and freeze-thawed in liquid nitrogen, followed by placement on ice. The process
was repeated 5 times, and the cell debris was pelleted by centrifugation at a maximum
speed for 15 min at −11 ◦C, and the supernatant was transferred to a new tube. The pellet
was washed with 500 μL of 60% (v/v) methanol and centrifuged, and the supernatant
was combined with that from the first centrifugation. The solutions were then dried
down in a Speedvac concentrator and resuspended in 150 μL of LC-MS grade water
and filtered through a 0.22 μm spin filter. A total of 10 μL was injected onto an Agilent
AdvanceBio peptide C18 column (2.1 × 150 mm, 2.7 μm) equipped to an Aquity UPLC
system coupled to a Waters G2S mass spectrometer. Acetyl-CoA was eluted using an
acetonitrile-based gradient, slightly modified from that previously described (Solvent A:
0% (v/v) acetonitrile, 50 mM ammonium acetate; Solvent B: 100% (v/v) acetonitrile) at a
flow rate of 250 μL/min [32]. A 15-min gradient was as follows: 0–1 min, 3% B; 1–7 min,
3–25% B; 7–8 min, 25–40% B; 8–11 min, 40% B; 11–15 min, 3% B. Quantitation was achieved
via external calibration using the authentic acetyl-CoA standard (Sigma, St. Louis, MO,
USA) and MassLynx software (version 4.2, Waters Corporation, Milford, MA, USA). The
analysis was performed in biological triplicate.
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2.7. Cloning and Purification of Recombinant Ef Pta

Ef Pta was cloned into the pHis parallel expression plasmid using the Nco1 and SalI
restriction sites, and the resulting plasmid was transformed into E. coli BL21 (DE3), cultured
in LB medium at 37 ◦C until the OD600 reached 0.6–0.8, induced with 1 mM IPTG and
expressed at 16–20 ◦C for 16 h. Cells were harvested by centrifugation and stored at −80 ◦C.
The cell pellet was resuspended in a lysis buffer containing 25 mM Tris-HCl, 500 mM NaCl,
2 mM TCEP, 10% (v/v) glycerol and pH 8.0 and lysed by sonication. The cell lysate was
clarified by centrifugation, and 70% (w/v) ammonium sulfate was added to salt out Ef
Pta. The ammonium sulfate pellet was resuspended in the lysis buffer and was loaded
on a HisTrap HP Ni-NTA column (Cytiva), which was pre-equilibrated with lysis buffer.
The column was washed with lysis buffer followed by elution with an imidazole gradient
from 0 to 500 mM. Fractions containing Ef Pta were combined, concentrated and further
purified by size exclusion chromatography (Superdex G200 16/60 column, Cytiva) in a
lysis buffer. Final fractions containing Pta with a purity of >95% estimated by SDS-PAGE
were combined and stored with 10% (v/v) glycerol at −80 ◦C until use.

2.8. Enzyme Assays of Ef Pta Activity

Ef Pta is a reversible enzyme that can utilize either acetyl-CoA and inorganic phosphate
or CoA and acetyl-phosphate as substrates, and both the forward and reverse reactions
were assayed. Ef Pta was buffer-exchanged into fully degassed 25 mM Tris-HCl and 40 mM
KCl at pH 8.0 in an anaerobic chamber. The acetyl-CoA-utilizing, CoA-forming reaction
was measured using DTNB to derivatize the CoA thiol, and the TNB anion released was
quantified by UV-Vis at 412 nm (ε = 14,150 M−1 cm−1), as described previously [33]. The
150 μL reactions contained 50 nM Ef Pta, 5 mM KH2PO4, acetyl-CoA ranging from 10 μM
to 5 mM and 500 μM DTNB, buffered by 25 mM Tris-HCl and 40 mM KCl at pH 8.0, at
room temperature in an anaerobic chamber. The reactions were initiated with the addition
of the enzyme and incubated for 2 min, at which time the absorption at 412 nm was
measured. To measure the reverse reaction, the 150 μL reactions contained 50 nM Ef
Pta, 5 mM acetylphosphate and CoA ranging from 10 μM to 5 mM, buffered by 25 mM
Tris-HCl and 40 mM KCl at pH 8.0 at room temperature in an anaerobic chamber. The
reactions were initiated by the addition of the enzyme and incubated for 30 s, and the
production of acetyl-CoA was monitored via formation of the thioester bond at 233 nm
(ε = 4400 M−1 cm−1) [33,34].

To measure the production of acetyl-CoA, 50 μL reactions were prepared as described
above. These reactions contained 20 or 150 μM of CoASSH from an in situ preparation [12]
which contained Na2S, CoA disulfide, CoA and CoASSH. This was compared to reactions
containing 20 or 150 μM CoA in the absence or presence of Na2S or CoA disulfide added
at a concentration equal to that present in the in situ CoASSH preparation. The reactions
were initiated with the addition of Ef Pta, incubated at room temperature for 30 s and
quenched by addition of 150 μL 2 mM HPE-IAM in acetonitrile (1.5 mM final concentration).
Samples were placed at −20 ◦C for 2 h to precipitate the protein and centrifuged at 4 ◦C
for 20 min, and the supernatant was transferred to a clean 1.5 mL tube and dried down
in a SpeedVac concentrator. Pellets were resuspended in 50 μL of HPLC grade water and
then diluted at 1:20–1:100 in HPLC grade water and analyzed by LC-MS as described
above. The concentration of acetyl-CoA was quantified by a series of authentic standards
as described above.

2.9. Statistical Rationale and Bioinformatics Analysis

Proteins detected in fewer than two biological replicates were excluded from a statis-
tical analysis of proteomic data, completed using an unpaired, two-tailed Student t-test
with Welch’s correction. Functional information for the selected proteins were gathered
from the National Center for Biotechnology Information (NCBI; https://www.ncbi.nlm.
nih.gov/, accessed on 3 September 2019), BioCyc (https://biocyc.org/web-services.shtml,
accessed on 3 September 2019) and Kyoto Encyclopedia of Genes and Genomes (KEGG;
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https://www.genome.jp/kegg/pathway.html, accessed on 3 September 2019) databases.
Metabolism pathway information for the selected proteins was obtained from KEGG,
and pathway analysis of S-sulfurated proteins was performed using the KEGG pathway
mapper (https://www.genome.jp/kegg/mapper.html, accessed on 3 September 2019). A
motif analysis of S-sulfuration sites was performed using pLogo (http://plogo.uconn.edu,
accessed on 3 September 2019) [35]. For each modified cysteine, a 21-amino-acid sequence
containing the S-sulfurated cysteine, with 10 amino acids flanking sequences on either
side of the Cys, was selected. A background data set was constructed similarly using
all cysteines identified in the reference genome for E. faecalis OG1RF (GenBank accession
no. NZ_CP025020.1).

2.10. Cloning and Purification of Recombinant EfCoAPR

Gene expression and protein production were performed as previously described [12]
with slight modifications. In brief, the coaP gene from E. faecalis strain OG1RF was fused
with a hexahistidine tag and cloned into the pHIS parallel expression plasmid. The expres-
sion plasmid was transformed into E. coli BL21(DE3) and cultured in LB medium at 37 ◦C.
Ef CoAPR expression was induced with 1 mM of IPTG for 16 h at 37 ◦C. After cell lysis by
sonication, DNA removal, protein precipitation by ammonium sulfate and resuspension,
His-tagged Ef CoAPR was purified by Ni-NTA affinity chromatography followed by size
exclusion chromatography on a Superdex G200 HiLoad 16/600 (Cytiva, Marlborough, MA,
USA) column using 20 mM MES at pH 6.0, 30 mM NaCl and 5% (v/v) glycerol buffer. Pure
Ef CoAPR fractions were pooled, concentrated to ≈23 mg mL−1 using an Amicon Ultra
30 MWCO (Millipore, Burlington, MA, USA) by repeated concentration steps at 3500× g
using an Eppendorf 5804R centrifuge and stored at −80 ◦C for further experiments.

2.11. X-ray Crystallography

Prior to crystallization experiments, Ef CoAPR was quickly thawed in a water bath at
42 ◦C and subjected to ultracentrifugation for 1 h at 217,200× g (Optima TL-100, TLA-100.3
fixed-angle rotor, Beckman Coulter). Initial crystallization screening was performed using
a Mosquito LCP (SPT Labtech, Cambridge, UK) liquid dispenser robot and commercially
available screens, e.g., JCSG +, BCS Screen, PACT Premier and Shot Gun, (Molecular
Dimensions, Rotherham, UK) at protein concentrations ranging from 8–23 mg mL−1 us-
ing the vapor diffusion sitting-drop method. Poorly diffracting (8–10 Å) initial crystal
hits from these screens were optimized using a cross-seeding approach as previously
described [36] and the Seed Bead Steel Kit (Hampton Research, Aliso Viejo, CA, USA)
following the manufacturer’s instructions. Crystals appeared in several conditions, and
a scale-up experiment was performed using a gradient of 18–22% (v/v) PEG 3350, 0.1 M
Bis-Tris propane pH 6.4–6.6 and 0.2 M NaI or NaF. Native crystals were grown under
20% (v/v) PEG 3350, 0.1 M Bis-Tris propane buffer at pH 6.50 and 0.2 M sodium iodide;
cryo-protected and sent to the European Synchrotron Radiation Facility (ESRF, Grenoble,
France) [37] for data collection. Diffraction data were indexed, integrated and scaled within
the autoPROC data processing pipeline [38,39], and data quality was assessed with the
phenix.xtriage tool within the PHENIX suite of programs [39,40], with the structure solved
by molecular replacement (MR) with PHASER [41] as implemented in PHENIX, using
one chain (monomer) of the X-ray structure of CoADR-RHD from Bacillus anthracis (PDB
3ICS) [42] as the search model, devoid of any cofactors, solvent molecules and other lig-
ands. Iterative model building and refinement were carried out in a cyclic manner with
phenix.refine [43], BUSTER-TNT and COOT [44], until a complete model was built and
refinement convergence achieved. The Ef CoAPR model was validated with MolProbity [45]
within PHENIX with the atomic coordinates and structure factors deposited in the Protein
Data Bank (http://wwpdb.org/, accessed on 3 September 2019) under accession code 8A56.
Structural illustrations were rendered using PyMOL (Version 2.4.1, Schrödinger, LLC., New
York, NY, USA) and COOT [43].
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2.12. Molecular Dynamics (MD) Simulations

Simulations were carried out on Ef CoAPR with both cysteine residues unmodified
and bound coenzyme A in its reduced state (CoASH) using GROMACS 2020.3 [46]. To
build this system, we used atomic coordinates from the structure above (PDB 8A56) with
all crystallographic water molecules in place and FAD coordinates as defined in the struc-
ture. Since only the PAP moiety of CoA could be resolved in the experimental electron
density, we placed CoASH into the structure by superimposition with CoADR-RHD from
Bacillus anthracis (PDB 3ICS) [42]. The atomic coordinates for the E474-Q479 loop from
the B subunit were placed and refined using MODELLER [47]. The force field parame-
ters were developed on the basis of the CHARMM General Force Field (CGenFF) [48].
The atom types and initial parameters were determined using the CGenFF webserver
https://cgenff.paramchem.org, accessed on 3 September 2019) [48,49]. Parameters for FAD
and CoASH were obtained from an electronic structure calculation using Gaussian03 at
the HF/6–31G* level basis set, followed by a derivation of partial atomic charges using the
RESP procedure [50]. The complex was placed into a truncated octahedral box of TIP3P
water molecules, defining a distance of 15 Å between the border of the box and the closest
atom of the solute. This gave us a total of 157,813 atoms in the system, with 46,933 water
molecules and 1089 protein residues. The system was neutralized with Na+ ions, and Na+

and Cl− ions were added to 0.15 M ionic strength.
Geometric optimization was performed with an energy minimization step of 5000 cycles

with a 1000 kJ mol−1 nm−1 force constant applied over all atoms, excluding water molecules.
Afterwards, the temperature was increased from 0 to 10 K using a Berendsen thermostat [51]
with a coupling constant of 0.05 ps, in a 10 ps constant volume MD with a 0.1 fs time step,
and a harmonic restraint potential of 1000 kJ mol−1 nm−1 applied over all protein residues
and ligands. Thereafter, the temperature was increased from 10 to 300 K using a Berendsen
thermostat (coupling constant of 0.05 ps), in a 200 ps constant volume MD with a 0.5 fs
time step, applying a force constant of 1000 kJ mol−1 nm−1 to the protein backbone atoms
and ligands. After the samples had been heated, the density was equilibrated with a
200 ps MD simulation at constant temperature (300 K) using V-rescale as a thermostat [52]
and pressure with a time step of 1 ps (NTP ensemble), while applying a force constant
of 1000 kJ mol−1 nm−1 to heavy atoms on the protomers and ligands. Additionally,
another 10 ns MD of NTP ensemble was performed, with positional restraints on Cα atoms
and the ligands. For production MD, 1400 ns simulations in the NTP ensemble were
conducted, with a time step of 2 fs, under periodic boundary conditions [53] using the
LINCS algorithm [54] to constrain all bonds. Long-range electrostatic interactions were
handled with PME [55], setting a cutoff distance of 12 Å. All molecular visualizations and
drawings were performed with the Visual Molecular Dynamics program [56].

3. Results

3.1. Global Proteomics Profiling of Wild-Type E. faecalis before and after Addition of
Exogenous Na2S

To elucidate the global response of the proteome to exogenous sulfide, we employed
a label-free “bottom-up” proteomics analysis on soluble lysates to estimate the change in
cellular abundance of specific proteins (Supplemental Table S1). In total, 1115 proteins
were detected at least twice in four replicates, with 50 proteins observed only in the wild-
type (WT) + Na2S cells and 24 observed only in WT untreated cells (Figure 1A). Fifty-two
proteins (4.9%) detectable in both WT and WT + Na2S cells exhibited a significant change in
cellular abundance, defined here as >2-fold change and p < 0.001, which includes the cst-like
operon encoded enzyme CoAPR (Figure 1B). Strikingly, CoAPR is detected in untreated
cells and is among the 25% least-abundant proteins that are detected; this suggests that the
RSS-sensing transcriptional repressor of the cst-like operon CstR “senses” endogenous RSS
prior to further induction by the exogenous sulfide (Figure 1C). The presence of CoAPR
in unstressed WT cells is also consistent with the low endogenous level of coenzyme A
persulfide (CoASSH) in this organism, as CoAPR specifically reduces CoASSH to the free
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thiol and H2S [12]. After addition of Na2S, CoAPR rises to the top 20% most abundant
proteins detected consistent with the regulatory model of CstR (Figure 1D) [12,27].

Figure 1. LC-MS/MS proteomics analysis of wild-type E. faecalis. Protein profiles of untreated (WT)
vs. 0.2 mM Na2S-treated (WT + Na2S) E. faecalis cells from four biological replicates. (A) Venn diagram
of proteins detected at least twice in four biological replicates, with volcano plot for proteins detected
at least two times in four biological replicates. The significance threshold was set at p < 0.001 and
fold-change in protein abundance at >2, as enclosed in the red dashed-line box. Circles corresponding
to proteins within this significance threshold are shaded according to the annotated function in
panel B. (B) Expanded view of proteins within a significance threshold, shaded according to the
annotated function, with select proteins annotated with the protein name or locus tag (OG1RF_xxxxx).
Histogram plot of the distribution of normalized abundance for all proteins detected in the (C) WT
and (D) WT+ 0.2 mM Na2S strains. The top-most 50% abundant proteins are indicated with a red
dashed line, with the bars shaded blue. The red star (*) indicates the cellular abundance of CoAPR.

In addition to CoAPR, two transcriptional regulators, Rex (OG1RF_12010) and VicR
(OG1RF_10965); several uncharacterized proteins and proteins involved in translation,
including nine tRNA synthetases, were also increased in the proteome after addition of
exogenous Na2S (Figure 1B). Rex is NADH-regulated, contributes to NAD +/NADH home-
ostasis and impacts H2O2 detoxification in E. faecalis [57], while VicR is the soluble response
regulator of the VicRK two-component membrane sensor kinase, the kinase activity of
which is modulated by extracellular glutathione and dithiothreitol, a model reductant [58].
The concomitant increase in catalase (OG1RF_11314) and decrease the cellular abundance
of FeoA, a known Rex target [57] (Supplemental Table S1), collectively suggests an overall
change in the cellular redox potential with exogenous sulfide. Of additional interest is the
increase in the cell abundance of dephospho-CoA kinase (DPCK) and two thioesterases
(OG1RF_11875, OG1RF_11277) of unknown substrate specificity that catalyzed the hydrol-
ysis of a thioester bond. DPCK catalyzed the final step in the de novo biosynthesis of CoA,
which might suggest increased production of CoA under these conditions; this finding is
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consistent with the ≈1.5-fold increase in CoA 30 min post-addition of exogenous sulfide
found in previous work [12]. In addition, an uncharacterized multidomain sulfurtrans-
ferase (STR, OG1RF_10483), lipoate-protein ligase (LplA, OG1RF_12105) and a candidate
cysteine desulfurase (IscS, OG1RF_10258) involved in Fe-S cluster biogenesis were also
significantly increased after addition of exogenous Na2S. Two of these enzymes are known
or projected to be involved in persulfide transfer (STR, IscS), while LplA lipoates enzymes
that couple acyl-transfer from acetyl-CoA in large multienzyme dehydrogenases [59].

3.2. Proteome Persulfidation in E. faecalis

To explore H2S/RSS signaling in E. faecalis further, we utilized our previously devel-
oped enrichment-reduction strategy [7,30] to profile proteome persulfidation in wild-type
E. faecalis in the absence or presence of exogenous Na2S. The extent to which a Cys residue is
persulfidated after the addition of exogenous Na2S vs. prior is reflected in the parameter σR.
A σR value of 1.0 corresponds to peptides that are not persulfidated prior to the addition of
Na2S (24 proteins), and a σR value approaching 0 indicates peptides that are only persulfi-
dated in the absence of exogenous sulfide (13 proteins). We identified 356 proteins (≈13% of
the proteome) as persulfidated, and the majority of these proteins (90%) were persulfidated
in both untreated and Na2S-treated cells (Supplemental Figure S1A, Supplemental Table S2).
This is consistent with previous studies of S. aureus [7] and A. baumannii [13] and suggests
that the proteome acts as a reservoir of bioactive sulfane sulfur. These proteins map to
many cellular processes, including fatty acid biosynthesis (FAS), amino acid biosynthesis,
pyrimidine metabolism and central carbon metabolism. Efforts to identify a consensus
sequence associated with sites of protein persulfidation in E. faecalis generally failed, even
when we restricted our analysis to peptides with high σR (Supplemental Figure S2).

A consistent challenge in profiling proteome persulfidation, as well as many other
cysteine thiol redox modifications [60], is the ability to distinguish persulfidated cysteines
that are regulatory from those that are persulfidated collaterally on solvent-accessible or
highly reactive cysteines. Since σR analysis alone does not consider changes in protein
abundance, we measured the change in protein abundance using a label-free method
(Figure 1, Supplemental Table S1) and used this change to normalize the change in persul-
fidation. We found that the vast majority of proteins with σR values greater than or less
than one standard deviation from the mean (σR = 0.52) were found in the “wings” of the
normalized abundance plot, a finding consistent with an identical analysis in A. baumannii
(Supplemental Figure S1B) [13]. A better way to express these data is to compare the change
in the persulfidation status of a particular peptide to its change in abundance in a log–log
plot (Figure 2) [30]. Here, we predicted that a persulfidated peptide with a significant
increase in persulfidation status coupled with relatively small change in protein abundance
may be strong candidate regulatory protein targets (Figure 2).

Figure 2. Changes in protein persulfidation relative to changes in protein abundance in E. faecalis
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before and after the addition of exogenous sulfide. (A) Log–log plot of the change in protein
persulfidation (WT + Na2S/WT) vs. change in protein abundance (WT + Na2S/WT). Each circle
represents a single protein identified as persulfidated, colored according to the significance threshold
in the legend. The red dashed boxes include proteins whose persulfidation status and/or normalized
abundance was detectable in both WT and WT + Na2S samples. Proteins outside these boxes were
not detectable in one or more conditions and utilized a peak area one order of magnitude lower than
the lowest detectable protein to calculate persulfidation or abundance changes. (B) Expanded view of
proteins of which their persulfidation status increased after the addition of exogenous sulfide, with
select proteins annotated with the protein name or locus tag (OG1RF_xxxxx).

An evaluation of protein thiols for which we have total persulfidation and abundance
data, i.e., detectable and persulfidated in both conditions, revealed that a majority did not
have a statistically significant change in persulfidation status or fractional abundance. This
supports the idea that the proteome functions as a sink for sulfane sulfur that is not greatly
impacted by the addition of a high dose of exogenous Na2S to cells [7,13]. Those proteins
that are more likely to represent regulatory targets via persulfidation are those that are only
identified as persulfidated under conditions of Na2S treatment, the majority of which may
exhibit only small statistically significant changes in cell abundance (Figure 2B). A striking
exception to this was CoAPR, which exhibited a large increase in protein abundance after
the addition of Na2S due to the transcriptional derepression by CstR [12] with only the
cysteine derived from the C-terminal rhodanese domain (C508) identified as persulfidated
in Na2S-treated cells (Supplemental Table S2).

Other persulfidated proteins of note in this analysis included phosphotransacetylase
(Pta), which catalyzed the reversible interconversion of acetyl-CoA and acetyl phosphate,
and cysteines in enzymes involved in type II fatty acid biosynthesis (FAS), including AccA,
AccC and FabN (Figure 2B; Supplemental Figure S3) [61,62]. AccA and AccC are part of
a four-enzyme acetyl-CoA carboxylase (ACCase) complex, which defines the initial and
committed step of FAS, carboxylating acetyl-CoA to make malonyl-CoA prior to linkage to
the acyl-carrier protein (ACP) [62,63]. FabN is a bifunctional enzyme, possessing both 3-
hydroxydecanoyl-ACP dehydratase activity, to create trans-2-decanoyl-ACP, and isomerase
activity, converting trans-2-decenoyl-ACP to cis-3-decanoyl-ACP [64]. FabN is functionally
analogous to, although structurally distinct from, FabA in E. coli, which defines a major
point of regulation of the ratio of unsaturated to saturated fatty acids [61]. As such, Ef
mutants lacking FabN exhibited unsaturated fatty acid auxotrophy, which could be partly
rescued by supplementation by oleic acid (18:1) [65], revealing that Ef FabN is critically
important in the biosynthesis of longer chain, unsaturated fatty acids [64]. Additionally,
two other enzymes involved in FAS, including AccB (C119) of the ACCase complex and the
primary β-ketoacyl-ACP synthase II, FabF (C262), were also persulfidated (Supplemental
Figure S3, Supplemental Table S2). If persulfidation is regulatory for any of these enzymes,
sulfide stress may impact the cellular concentrations of acyl-CoA species or the cellular
composition of membrane-derived fatty acids.

3.3. Exogenous Na2S Impacts Cellular Composition of Fatty Acids

To investigate the impact of exogenous sulfide on fatty acids and fatty acid biosyn-
thesis, we extracted fatty acids from bacterial cultures before and after addition of Na2S
and quantified them as methyl esters by GC-MS [66]. This analysis revealed that 14:0, 16:0,
18:0 and 18:1 fatty acids dominated the profile, with a statistically significant increase in the
relative abundance of 14:0 and 16:0 fatty acids following the addition of Na2S (Figure 3A).
We noted a corresponding decrease in the major unsaturated fatty acid species, 18:1 (cis
and trans isomers were not resolved here), with little change in 16:1 species, and an accom-
panying decrease in the relative abundance of shorter chain saturated fatty acids (≤12:0),
the latter of which was anticipated as a result of their elongation to longer chain saturated
fatty acids (Figure 3A,B). In addition, the ratio of total saturated to unsaturated fatty acids
increased over time in cells treated with exogenous sulfide relative to untreated WT cells
(Figure 3C). When we compared the relative abundance of each fatty acid between WT and
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WT + Na2S, we found that shorter chain fatty acids up to 14:0 followed the same trend,
while longer fatty acids (>14:0) showed significant differences between the two conditions
(Supplemental Figure S4). Together, these changes contribute to the observed difference in
the ratio of total saturated to unsaturated fatty acids.

 
Figure 3. Fatty acid profiling in WT E. faecalis. Changes in the relative abundance for (A) saturated
and (B) unsaturated fatty acids after the addition of exogenous Na2S to cell cultures. (C) The ratio
of total saturated to unsaturated fatty acids for Na2S treated cells vs. untreated wild-type cells.
Values represent the means ± S.D. derived from the results of biological triplicate experiments, with
statistical significance established using a paired t-test relative to the endogenous, time 0 (*** p ≤ 0.001,
** p ≤ 0.01, * p ≤ 0.05).

3.4. Exogenous Na2S Impacts Acetyl-CoA via Enzyme Inhibition of Phosphotransacetylase (Pta)
by CoASSH

Our fatty acid profiling results revealed a significant impact on the relative abundance
of saturated vs. unsaturated fatty acids, consistent with regulatory inhibition of FabN
activity (Figure 3 and Supplemental Figure S4). Persulfidation of three of the four subunits
of ACCase motivated us to investigate a potential impact on acyl-CoA species under these
conditions, since in E. faecalis, acetyl-CoA and malonyl-CoA are the predominant acyl-CoA
species that are required for FAS (Supplemental Figure S3). Malonyl-CoA was found
to be below our level of detection in both untreated and Na2S-treated cells. In striking
contrast, acetyl-CoA exhibited a nearly 20-fold increase 60 min post-addition of exogenous
Na2S (Figure 4A) in wild-type cells. This accumulation of acetyl-CoA was ≈12-fold higher
than that quantitated from control WT cells grown for 60 min without addition of Na2S
(Figure 4A). This increase in acetyl-CoA may have originated from increased activity
of acetyl-CoA producing enzymes, e.g., pyruvate dehydrogenase (PDH), acetate kinase
(AckA) and Pta (Figure 4B), or decreased activity of the acetyl-CoA carboxylase (ACCase)
complex [61,62].

97



Antioxidants 2022, 11, 1607

Figure 4. Acetyl-CoA accumulation via enzyme inhibition by CoASSH. (A) Quantitation of acetyl-
CoA in WT cells treated with or without exogenous Na2S. Values represent the means ± S.D. derived
from results of n = 5 replicates, with statistical significance established using a paired t-test to
wild-type untreated cells (** p ≤ 0.01, * p ≤ 0.05). (B) Metabolic pathways for the biosynthesis of
acetyl-CoA in E. faecalis. (C) Ribbon representation of an AlphaFold2 [67,68] model of Ef Pta. The
cleft between domain I (wheat) and domain II (blue) defines the active site (red box), where R319
provided electrostatic stabilization to the nucleotide end of bound CoASH (magenta, from PDB 6IOX),
S318 hydrogen-bonds to the terminal thiol and D325 is the catalytic base [69]. C182, with the sulfur
atom shown as a yellow sphere, is extensively persulfidated in cells. (D) Impact of CoASSH on the
yield of acetyl-CoA by Ef Pta. (E) Protein S-sulfuration via CoASSH poisoning. Binding of CoASSH
to an acyl-CoA or CoA-utilizing enzyme, E, which has a nearby Cys that participates in persulfide
transfer from CoASSH results in the release of the free thiol and a S-sulfurated enzyme.

We chose E. faecalis Pta to investigate the extent to which the observed accumulation
of acetyl-CoA could be traced to the combined activities of AckA and Pta, since Pta was
identified as extensively persulfidated only under conditions of exogenous Na2S treatment
(Figure 2). The site of persulfidation in this enzyme, C182, is located on a loop in the
CoA/acetyl-CoA binding pocket, as defined by a Methanosarcina thermophila Pta-CoA co-
crystal structure [69]. Persulfidation at this location could have a regulatory impact on
enzyme activity (Figure 4C). We purified E. faecalis Pta and characterized both the forward
(acetyl-phosphate-forming) and reverse (acetyl-CoA-forming) reactions, which collectively
showed that recombinant Ef Pta is a functional enzyme, with kinetic parameters comparable
to those reported for other Pta enzymes in the literature (Supplemental Figure S5) [33,70,71].

We next investigated the extent to which in situ-prepared CoASSH could function
as an inhibitor of Pta activity. The yield of acetyl-CoA was measured by HPLC from
reactions containing Pta; acetyl-phosphate and either its natural substrate, CoASH, or a
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CoASSH-containing mixture [12], which included equimolar CoASH and excess Na2S and
CoA disulfide. Control reactions were also performed, which included CoASH and either
Na2S or CoA disulfide at concentrations equivalent to those present in the in situ CoASSH
mixture. At low concentrations of substrate (CoASH; 20 μM), the yield of acetyl-CoA
was similar among reactions containing only CoA and CoASSH and in control reactions
(Figure 4D). At high concentrations of the substrate (150 μM, above the Km; see Supple-
mental Figure S5B), however, there was little detectable production of acetyl-CoA in the
presence of the CoASSH mixture. This inhibition of activity was due to CoASSH specifi-
cally, since there was no negative impact on product formation from the control reactions
containing excess Na2S and CoA disulfide (Figure 4D). We did not investigate if Pta was
persulfidated by CoASSH under these conditions, but it proved difficult to persulfidate
Pta with various other sulfur donors, e.g., inorganic polysulfide, in vitro using standard
methods (data not shown) [7]. These findings with Pta are consistent with a CoASSH
“poisoning” model proposed previously (Figure 4E), where CoASSH functions as substrate
mimic that forms long-lived complexes with CoA- and short-chain acyl-CoA-requiring
enzymes [29,72]. If a nearby thiol is present, this may result in persulfide transfer and
subsequent inhibition of enzyme activity.

3.5. Crystallographic Structure of Ligand-Bound EfCoAPR

In order to better understand the molecular basis of cellular resistance to CoASSH
poisoning described above and likely mediated by CoAPR in E. faecalis (Figure 5A) [12],
we determined the crystallographic structure of the enzyme as isolated from E. coli to
a 2.05 Å resolution by molecular replacement using BaCoADR-RHD [42] as the search
model (Figure 5B; see Supplemental Table S3 for structure statistics). The asymmetric
unit is composed of two molecules of Ef CoAPR in a tightly packed dimeric arrangement,
consistent with a homodimer assembly state [42] and containing two FAD molecules and
two molecules of 3′-phosphate-adenosine-5′-diphosphate (PAP) (Figure 5C), with the latter
found in a region where CoA is expected to bind [42] (Supplemental Figure S6A). While
inspection of the electron density revealed that the PAP moiety of CoA was well-ordered,
the remainder of the CoA molecule could not be placed in our structure, which suggests
considerable flexibility in the pantothenate portion of the ligand [42] (see below). The
modelled PAP moiety was ~13.3 Å away from FAD riboflavin moiety, which was fully
modelled and refined.

Figure 5. X-ray crystallographic analysis of E. faecalis CoAPR. (A) Reaction catalyzed by CoAPR; FAD
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and pyridine nucleotide cofactors are not shown. (B) Ribbon diagram of the CoAPR homodimer,
with one subunit shaded light blue (CDR domain)/blue (sulfurtransferase domain) and the other
subunit shaded salmon (CDR domain)/red (sulfurtransferase domain). FAD, PAP and the two
catalytically required Cys residues (C42, C508) are shown in stick. Loop, residues E474-Q479.
(C) Chemical structure of coenzyme A with the PAP subdomain indicated. (D) Two views of the
surface representation of the CoAPR dimer, illustrating the surface accessibility of the C508 thiol from
the diphosphate moiety of PAP (lower panel) and looking through the cartoon representation of the
sulfurtransferase domain to see the tunnel that extends along the protomer interface from the PAP to
C42 and the flavin.

Each subunit is composed of two functional domains (Figure 5B). The N-terminal
CoA disulfide reductase (CDR) domain consists of residues 1–446 and harbors the first
catalytically active thiol, C42, while the C-terminal sulfurtransferase (rhodanese) domain
is composed of residues 447–544 and contains the second catalytically required cysteine,
C508 [12], which is persulfidated in cells (Figure 2). The dimer interface is extensive
(3600 Å2) and is largely stabilized by hydrophilic residues, contributed primarily by the
CDR domains, with the FAD bound such that its ATP portion is close to the “bottom” of
each protomer, with the isoalloxazine ring in van der Waals contact with the Sγ of C42.
The two sulfurtransferase domains of CoAPR are on the periphery of the dimer, effectively
wedged between the two reductase domains. The 3′-phosphoadenosyl moiety of the PAP
portion of the bound CoA forms an extensive part of this interface, deeply buried in the
sulfurtransferase domain 10.7 Å from C508, wedged between the α1 helix of the opposite
protomer, the terminal helix of the reductase domain of the same protomer and the core
helix of the rhodanese domain (residues 512–525), which is immediately C-terminal to C508
(Figure 5B). C42 and C508′ make their closest approach from opposite protomers, but they
are 26.6 Å apart.

The Ef CoAPR structure is similar to other FAD-dependent pyridine nucleotide-
disulfide oxidoreductases, including those classified as CDRs, NADH (per)oxidases, NAD-
dependent persulfide reductases (Npsr) [73,74] and Bacillus anthracis CoADR-RHD (BaCoADR-
RHD, 3ICS) [42]. In striking contrast to Ef CoAPR, the entire CoA molecule is visible in these
three structures, with the CoA sulfur atom in close proximity to the flavin isoalloxazine
ring of the opposite protomer [42,74,75]. The high structural similarity between Ef CoAPR
and BaCoADR-RHD models revealed nearly perfect superposition of the PAP moiety of
CoA and FAD cofactors (Supplemental Figure S6A). The main structural differences be-
tween these models are found in two loop regions, in particular, the E474-Q479 loop in
the rhodanese domain, which is disordered in Ef CoAPR but α-helical in BaCDR-RHD
(Figure 5B). This 474-Q479 loop appears to form a physical barrier that may gate direct
access of C508 to the active site cavity. A tunnel ≈25 Å in length connects the aperture of
the solvent-exposed catalytic C508 and the CoA cavity located in the rhodanese domain
to the C42 and FAD binding groove, located in the CDR domain of the opposite protomer
(Figure 5D and Supplemental Figure S6B). This tunnel may well be an essential feature of
turnover, as it connects the FAD and CoA binding pockets to the solvent (see below).

3.6. Molecular Dynamics Simulations

To obtain additional insights into the dynamics of this complex [42], we carried out
molecular dynamics simulations of our FAD- and CoASH-bound structure after building
the remainder of CoASH into this model (Figure 6A). Two replica simulations of 1.4 μs
each were performed, and in both runs, the pantothenate moiety of the CoA molecule
corresponding to the same binding site (protomer B) left the vicinity of C42 (Figure 6A)
and moved towards C508′ in the rhodanese domain of the other protomer (Figure 6B;
Supplemental Video S1). In striking contrast, the pantothenate arm of the CoA bound to
the adjacent protomer (protomer A) remained close to C42, routinely reaching distances
below ≈3.5 Å (Supplementary Figure S7A). This suggests that each subunit might stabilize
the CoA molecule in either an “extended” (Figure 6A) or “bent” (Figure 6B) conformation,
a finding that might imply an “alternating active sites” model of catalysis, in which one
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subunit turns over while the other rests. The per-residue root mean-square fluctuation
(RMSF) calculated over these simulations showed that the rhodanese domain presents
distinct fluctuations between protomers (Supplemental Figure S7C), consistent with a
concerted movement that may link CoASSH formation, folding of the E474-Q479 loop
and significant dynamics associated with the rhodanese region (Supplemental Figure S7C).
The relative position PAP moiety from CoA is stable along the MD trajectory, and only
the pantothenate arm changes its position (Figure 6A,B and Supplemental Figure S8);
furthermore, we found that the “arm” makes two slightly different approaches to C508 on
opposite sides of the R513 side chain, with a minimum S-S distance of ≈6.5 Å (Figure 6C,D).
The persulfidation of C508 may then bring these two reactive groups in sufficiently close
proximity to perform the persulfide transfer.

 
Figure 6. Representative snapshots of stable conformations of CoA relative to C508, obtained from
1.4 μs MD simulations. (A) Starting “extended” CoA conformation, protomer B; (B) representative
“bent” CoA conformation, protomer B. The dimer backbone is depicted in the ribbon, with the CDR
domain of one protomer colored based on a secondary structure and the rhodanese domain from the
adjacent subunit shaded silver. All residues are depicted with sticks. The position of the pantothenate
arm is slightly different in replica 1 (C) vs. replica 2 (D). approaching C508 from opposite sides of the
R513 side chain (shown in sphere and stick).

These MD simulations provide significant support for the “swinging pantothenate
arm” hypothesis [57], where the tightly bound CoA attacks a persulfide on C508, bringing
CoASSH back to the reductase active site; the CoASSH is then attacked by the C42 with the
release of the H2S and formation of mixed disulfide, which is subsequently reduced by the
flavin, which itself is reduced by a more weakly bound NAD(P)H [74]. Significant levels
of C508 persulfidation in cells on par with those of candidate persulfidation targets Pta
and FabN (Figure 2), coupled with no observable C42 persulfidation, are fully consistent
with this mechanistic model. Whether or not the CoASH product is released was unclear
from our structure and simulations. Given the extensive contacts in what might be a
“closed” conformation (Figure 5B,D), the release of CoASH would seem to require access
to a transiently “open” form that would disrupt the extensive interdomain interface into
which PAP is wedged (Figure 5D). If CoASH is not released with each turnover, this would
require high specificity in the initial persulfide transfer from CoASSH to the C-terminal
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sulfurtransferase domain; indeed, this domain possesses weak thiosulfate sulfurtransferase
activity, suggesting that some other thiol persulfide, e.g., CoASSH, might be a better
substrate for this persulfide transferase activity [12].

4. Discussion

The gastrointestinal tract is host to hundreds of microorganisms that have developed a
symbiotic relationship with host epithelial cells in this niche based, in part, on the reduction
of sulfur-containing molecules, e.g., sulfate, thiosulfate and tetrathionate, and the oxidation
of H2S. Perturbation of this symbiotic relationship results in gastrointestinal disease [20–22]
due to increased H2S or other sulfur species, e.g., tetrathionate, which provide a growth
advantage to some pathogens in this niche [76]. E. faecalis encodes a CydAB, the alternate
oxidase that is far less susceptible to H2S-mediated inhibition [77–79], which may allow
this organism to respire under normal and infection-relevant H2S concentrations in the
gut; indeed, the cell abundance of CydD, an assembly factor for CydAB biogenesis, in-
creases under these conditions (Supplemental Table S1). In addition, E. faecalis CstR, which
regulates the cst-like operon, may provide a growth advantage in this niche by lowering
ambient persulfidation [28], but this is currently unknown. Here, we employed exogenous
sulfide to investigate the proteomic response of E. faecalis to sulfide mis-regulation and
profile protein persulfidation to determine potential targets of H2S/RSS modification in
this organism.

Our proteomic analysis revealed that ≈5% of the proteome that was detected under our
conditions exhibited a significant change in normalized fractional abundance in response to
exogenous sulfide. In fact, the cst-like operon-encoded protein CoAPR [12] was detectable in
a soluble lysate in WT untreated cells, which may explain the significantly low endogenous
concentrations of CoASSH compared to other low-molecular-weight persulfides (Figure 1).
CoAPR then became one of the top 20% most abundant proteins detectable post-addition
of Na2S. This strongly suggests that E. faecalis protects the integrity of the CoA pool by
preventing over-persulfidation of this important metabolite, with CoAPR being a significant
component of this adaptive response. Consistent with this idea, we observed a significant
increase in the cell abundance of DPCK, which is required for the biosynthesis of CoA,
and two uncharacterized thioesterases, which may be deployed to hydrolyze an acyl-CoA
substrate(s) to release CoA to meet cellular needs under these conditions (Figure 1B).

We found that ~13% of the proteome in E. faecalis harbored persulfidated cysteines, and
the extent to which persulfidation changed relative to protein abundance was significant for
only a handful of proteins (Figure 2). Proteins for which persulfidation status changed sig-
nificantly relative to changes in protein abundance included CoAPR and its transcriptional
regulator, CstR, as anticipated [12]. CstR is a di-thiol-containing transcriptional repressor,
and our persulfidation profiling revealed that both cysteines, C31 and C62, in E. faecalis CstR
were persulfidated in the cell, consistent with the capture of either a reaction intermediate
or the product of the reaction of H2S on a trisulfide bridge (C31-S-S-S-C62′), resulting in
a persulfide adduct on each Cys residue [28]. Of the two cysteines in CoAPR, only the
C-terminal rhodanese domain cysteine (C508) was persulfidated in vivo, consistent with a
role in persulfide transfer in a “swinging pantothenate arm” reaction mechanism proposed
by others [42,75] and for which we provided significant support from MD simulations
(Figure 6). Indeed, the two active sites in CoAPR were separated by ≈27 Å across protomers
(Figure 5B), and both are required by turnover and full product formation [12]; since the
two active sites are spanned end-to-end by the CoA molecule, this solves the problem
of getting these two active sites close enough to perform direct persulfide shuttling to
create the anticipated mixed disulfide with C42 close to the flavin [12] (Figures 5 and 6).
Additional work will be required to understand the specificity of persulfidation of C508,
CoA product release (if any), the metabolic fate of the so-generated H2S and the extent to
which the rhodanese domains pack against the reductase dimer core in the absence of CoA,
i.e., adopts an “open” conformation.
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Several enzymes involved in the biosynthesis of fatty acids and acyl-CoA species
exhibit significant changes in the abundance-normalized persulfidation status, including
AccA, AccC, FabN and Pta (Figure 2). Persulfidation of these proteins may function as a
regulatory switch via modification of a cysteine thiol, which impacts enzyme structure or
turnover. Indeed, fatty acid profiling revealed significant changes in the relative abundance
of fatty acids in response to exogenous sulfide, both in length and degree of saturation
(Figure 3 and Supplemental Figure S4). These differences were largely derived from a
significant increase in the most abundant fatty acid, 16:0, and a decrease in one longer (18:0)
and three unsaturated (16:1cis, 16:1trans and 18:1) fatty acids. Since the primary role of fatty
acids is to form the phospholipid bilayer, these changes could induce significant alterations
in the composition and physical properties of the cell membrane [80–82]. These changes in
lipid composition may well be due to a negative regulatory effect of persulfidation of C21
in FabN, the deletion of which is known to impact the biosynthesis of unsaturated fatty
acids [65]. Although there is no structure of Ef FabN, an AlphaFold2 model [67,68] revealed
a “hot-dog” fold reminiscent of FabZ hexamers from H. pylori [83] and P. aeruginosa [84]
and revealed that C21 is located in the α1-β loop, which is highly conserved in FabZs, close
to the hot-dog (α3) helix, near the active site glutamate residue and the trimer interface, in
this trimer of dimers architecture (Supplemental Figure S9A) [85]. Small displacements of
the the α3 helix are known to impact enzyme specificity [85]; alternatively, persulfidation
of C21 may lead to disassembly of the FabN hexamer to dimers and/or influence the way
in which holo-ACP engages the hexamer [86].

The high levels of persulfidation of C50 in the biotin carboxylase (BC; AccC) subunit,
which is conserved in the E. coli enzyme, may also be functionally important, since C50
forms a hydrogen bond at the interface with the biotin carboxylase carrier protein (BCCP;
AccB) subunit of the heterooctameric E. coli BC4•BCCP4 biotin carboxylase complex [87,88].
Persulfidation, here, may destabilize the quaternary structure of the BC complex, thus
inhibiting ACCase activity at this committed step of FAS. In addition, the AccA and AccD
subunits form a heterotetrameric α2β2 carboxyltransferase enzyme [89], and C114, which
is highly persulfidated in H2S-treated cells, is located in the acetyl-CoA binding cleft,
very close to the thiol/thioester end of the bound substrate (Supplemental Figure S9B).
The extent to which these modifications are regulatory in vitro is not yet known, but the
accumulation of cellular acetyl-CoA (Figure 4) and high cellular abundance of downstream
FabH, which supplies acetoacetyl-CoA in the initiation of FAS (Supplemental Figure S3),
may be reporting on reduced flux at early stages of FAS in Na2S-stressed cells.

Membrane composition is known to impact antimicrobial activity [90] in bacteria,
and in E. faecalis, the incorporation of exogenous fatty acids has been shown to provide
protection from membrane damaging agents, including antibiotics [66,91]. The loss of
FabN specifically leads to a relative increase in saturated fatty acids incorporated into
phospholipids [65]. This is known to decrease membrane fluidity and results in an increase
in the resistance to antibiotics including daptomycin [92]. In addition, FabN mutants also
appear to elicit a decreased inflammatory response during infections, and these features
may be broadly immunoprotective [65]. Protein lipidation, primarily palmitoylation,
requires palmitic acid (16:0). Although its role in bacteria is not fully understood, some
studies have suggested that bacterial palmitoylation is associated with infections, activates
toxins and “hijacks” host enzymes to modify their proteins [93–96]. These data suggest
that E. faecalis may be capable of leveraging infection-relevant H2S/RSS to remodel the
membrane in a way that is broadly protective against host stressors.

Finally, our finding of a significant accumulation of the major acyl-CoA species in
E. faecalis, acetyl-CoA (Figure 4A), beyond FAS, may suggest that other enzymes that
utilize or produce acetyl-CoA may well be subject to inhibition by CoASSH. Here, we
demonstrated that CoASSH inhibits the acetyl-CoA-forming reaction by E. faecalis Pta,
which suggests that the reverse reaction (acetyl-CoA utilizing) would also be inhibited
(Figure 4D). These data with Pta, coupled with an analysis of AccAD carboxytransferase, are
consistent with the hypothesis that CoASSH effectively poisons CoA- or acyl-CoA-requiring
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enzymes by binding as a substrate or product mimic, like that previously reported for
human butyryl-CoA dehydrogenase [29]. CoASSH poisoning may result in persulfidation
of a thiol in or near the active site, supported by the identification of several CoA and
acyl-CoA requiring enzymes as extensively persulfidated in cells (Figure 4E), including
Pta and AccAD (Supplemental Figure S9). This model requires that a cysteine residue be
proximate to the persulfide “end” of a bound CoASSH and participate in sulfur transfer
from CoASSH to generate CoA and a persulfidated enzyme. Although more support for
this model is required, we suggest that an important metabolic impact in E. faecalis in
response to exogenous sulfide is that of over-persulfidation of the CoA pool. In E. faecalis,
CstR-regulated CoAPR (Figure 5) likely functions to maintain the integrity of the CoA
pool, while in S. aureus, CstR-regulated enzymes collaborate in some way to minimize
endogenous CoASSH to a level less than 1–2% of the total pool, depending on sulfur source.
While, at first glance, this may seem like a modest impact (in E. faecalis, ambient levels of
CoASSH are ≤10% that of S. aureus, at ≤0.1%) [12], if much of the CoA is bound to enzymes
in cells, this would place a highly reactive hydropersulfide group within or in close physical
proximity to the active sites of CoA- and short-chain acyl-CoA-requiring enzymes. The
extent to which CoASSH poisoning in E. faecalis and other bacteria is operative remains to
be determined.

5. Conclusions

In this work, we leveraged a global map of proteome persulfidation in E. faecalis to
identify and discuss strong candidate regulatory persulfidation sites in enzymes associated
with acyl-transfer reactions and fatty acid biosynthesis. H2S/RSS mis-regulation induced
significant perturbations in the fatty acid composition of the cell membrane and an increase
of cellular acetyl-CoA, both consistent with a CoASSH poisoning model of primary acyl-
CoA-dependent processes. The enzyme responsible for clearing toxic CoASSH in E. faecalis
is CoA persulfide reductase (CoAPR), the structure and molecular dynamics analysis
of which revealed a catalytic mechanism that is consistent with its persulfidation status
in cells.
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Abstract: The gaseous signaling molecule hydrogen sulfide (H2S) critically modulates a plethora
of physiological processes across evolutionary boundaries. These include responses to stress and
other neuromodulatory effects that are typically dysregulated in aging, disease, and injury. H2S has
a particularly prominent role in modulating neuronal health and survival under both normal and
pathologic conditions. Although toxic and even fatal at very high concentrations, emerging evidence
has also revealed a pronounced neuroprotective role for lower doses of endogenously generated or
exogenously administered H2S. Unlike traditional neurotransmitters, H2S is a gas and, therefore, is
unable to be stored in vesicles for targeted delivery. Instead, it exerts its physiologic effects through
the persulfidation/sulfhydration of target proteins on reactive cysteine residues. Here, we review
the latest discoveries on the neuroprotective roles of H2S in Alzheimer’s disease (AD) and traumatic
brain injury, which is one the greatest risk factors for AD.

Keywords: transsulfuration; cysteine; hydrogen sulfide; Alzheimer’s disease; Huntington’s disease;
traumatic brain injury; mitochondria; neuroprotection; learning and memory; dementia

1. Introduction

The mere mention of hydrogen sulfide (H2S) conjures up images of rotten eggs and
sewers. H2S is a colorless, but not odorless, gas with the smell of rotten eggs and potent
toxicity at high concentrations. In 1713, the Italian physician Bernardino Ramazzini first
described H2S toxicity when he reported eye inflammation in workers who cleaned “privies
and cesspits” (Ramazzini B. De Morbis Artificum Diatriba. Mutinae (Modena). Antonii
Capponi, 1700 [1]). It was later discovered that H2S can be produced by both bacteria
and eukaryotes and that the transsulfuration pathway mediates the interconversion of
homocysteine and cysteine via the intermediate cystathionine [2,3]. This was followed by
further biochemical characterization of the mammalian enzymes involved in H2S synthesis
by several independent research groups [4–7].
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Traditionally studied in readily accessible peripheral organs such as the liver, investi-
gation of H2S in the brain gained momentum when Warenycia and colleagues observed
that the inhalation of H2S by rats increased brain sulfides in direct proportion to the dose
of gas inhaled and also mortality [8]. These investigators further revealed the presence of
endogenous sulfides in normal brains without the inhalation of H2S, suggesting for the
first time a normal physiologic role for H2S in the brain. Additionally, around that same
time, elevated sulfide levels were observed in the brain of two fatal cases of H2S poisoning,
further generating recognition and interest in the role of H2S in the brain [9]. Taken together,
the detection of sulfides in the brain spurred detailed studies that ultimately forged a new
field of research into this ancient signaling molecule [10].

Initial studies on H2S predominantly revolved around its toxic effects in mammals [11–13],
most notably with respect to mitochondrial bioenergetics [14,15]. Indeed, at high concentra-
tions, H2S inhibits cytochrome c oxidase and uncouples oxidative phosphorylation, which
decreases adenosine triphosphate( ATP) production [16,17]. At lower concentrations, how-
ever, H2S exerts stimulatory and protective effects on mitochondria [18–20]. For example,
H2S stimulates mitochondrial bioenergetics in multiple ways, including enhancing mito-
chondrial biogenesis and promoting mitophagy of damaged mitochondria [18]. Depending
on the method and condition used, H2S levels can range anywhere from nanomolar levels
to micromolar levels, with physiologic levels of H2S in the nanomolar range (reviewed
in [21]). There is a dire need for specific and sensitive probes that can be utilized to detect
and measure H2S in vivo. Diminished H2S production has been observed in several neu-
rodegenerative diseases, including Huntington’s disease (HD), Parkinson’s disease (PD),
and Alzheimer’s disease (AD). On the other hand, elevated H2S is also deleterious. For in-
stance, the triplicated gene for cystathionine β-synthase (CBS) on chromosome 21 in Down
syndrome increases H2S levels throughout the body, which suppresses complex IV of the
mitochondrial electron transport chain [22–24]. This article focuses on the neuroprotective
roles of H2S in vivo in the brain and its protective efficacy in both AD and traumatic brain
injury (TBI), one of the leading risks factors for AD [25].

2. Biosynthesis of H2S in the Brain

H2S is generated in vivo in the brain by three enzymes: cystathionine γ-lyase (CSE),
CBS, and 3-mercaptopyruvate sulfur transferase (3-MST) through a coordinated and highly
regulated process known as the transsulfuration pathway [7,26–29] (Figure 1). Notably,
the expression of the biosynthetic enzymes for H2S is spatially compartmentalized. Specif-
ically, CSE is exclusively localized to neurons, CBS is expressed in Bergmann glia and
astrocytes [30,31], and 3-MST has also been localized to neurons [32]. All three enzymes
utilize cysteine directly or indirectly to produce H2S. 3-MST acts on 3-mercaptopyruvate
(3-MP) produced by cysteine aminotransferase (CAT) to produce H2S. In the absence of
CAT, 3-MST cannot produce H2S unless 3-MP is present. Apart from these pathways, H2S
can also be generated from the acid labile pool, iron–sulfur protein clusters, and the sulfane
sulfur pool in the presence of endogenous reductants [33,34]. Higher levels of bound sulfur
are found in the brain, with free H2S being maintained at low levels under basal conditions.
H2S is also released from bound sulfur in homogenates of neurons and astrocytes under
alkaline conditions, akin to what occurs in vivo when high extracellular concentrations of
K+ ions are released by neuronal excitation [34]. The significance of the spatial compartmen-
talization of CSE, 3-MST, and CBS in the brain is not clear, and these enzymes may have
cell-type-specific roles that are yet to be identified. It is increasingly evident that astrocytes
have important signaling roles, ranging from immune signaling, synaptic plasticity, and
metabolic functions to providing a support system for neurons [35–37]. The role of CBS in
these processes is yet to be elucidated. Additionally, of the three H2S-generating enzymes,
CSE is highly inducible, whereas CBS is constitutively expressed [27]. CBS can be regulated
at the post-translational level by S-adenosyl methionine (SAM), an allosteric modulator [38].
Levels of SAM are decreased in the cerebrospinal fluid and brain tissue of AD patients,
which could lead to a decrease in H2S levels [39,40].
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Figure 1. The transsulfuration and transmethylation pathways. Transsulfuration involves trans-
fer of sulfur from homocysteine to cysteine. Homocysteine is generated from dietary methionine
via S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH). SAH is converted to ho-
mocysteine by S-adenosylhomocysteine hydrolase (SAHH). Homocysteine is then used either for
generation of H2S via the transulfuration pathway or moved into the transmethylation pathway to
generate methionine. With respect to the transulfuration pathway, cystathionine β-synthase (CBS)
converts homocysteine to H2S or condenses homocysteine with serine to form cystathionine, which
is then converted to cysteine by cystathionine γ-lyase (CSE). Cysteine is directly utilized by CSE to
form H2S or alternatively converted to 3-mercaptopyruvate by cysteine aminotyransferase (CAT).
3-mercaptopyruvate sulfurtransferase (3-MST) then converts 3-MST to H2S. Cysteine can also be
utilized to produce glutathione (GSH) by the sequential actions of glutamyl cysteine ligase (GCL)
and GSH synthase (GS). The other pathway for homocysteine involves the regeneration of methio-
nine via the transmethylation pathway. Methylation of homocysteine may occur either through a
folate-independent or dependent pathway. In the folate-dependent pathway shown here, the vitamin
B12-dependent enzyme methionine synthase (MS) converts homocysteine to methionine and tetrahy-
drofolate (THF), utilizing 5-methyltetrahydrofolate (5-MTHF) as the methyl donor. Next, serine
hydroxymethyltransferase (SHMT) converts THF to 5,10-methylenetetrahydrofolate (5,10-MTHF),
utilizing serine and vitamin B6. 5,10-MTHF is reduced to 5-MTHF by 5,10-methylenetetrahydrofolate
reductase (MTHFR), remethylating another molecule of homocysteine in the process [29].

3. H2S Signaling in Cognitive Functions

One of the earliest studies on the neuromodulator action of H2S in the central ner-
vous system, conducted by Kimura and associates in 1996, showed that H2S acted on
N-methyl D-aspartate (NMDA) receptors to modulate long-term potentiation and neu-
rotransmission [10]. The same group also reported that H2S diminished oxidative stress
in neurons [41], which was later attributed to the restoration of glutathione (GSH) levels
and the stabilization of the mitochondria [42]. Oxidative stress plays a central role in
pathogenesis of several neurodegenerative diseases, and thus restoring dysregulated H2S
metabolism in these conditions was proposed to be beneficial [43]. However, it is important
to note that H2S exhibits a bell-shaped dose response curve, with lower concentrations
being generally beneficial and higher doses being toxic. The importance of this equilibrium
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is underscored by the tight regulation of endogenous H2S synthesis. Here, we review the
current understanding of the role of H2S in two major forms of neuropsychiatric disease
characterized by cognitive impairment: AD and TBI.

3.1. Alzheimer’s Disease

Alzheimer’s disease (AD), a multifactorial neurodegenerative condition characterized
by the progressive loss of cognitive function and memory, is the leading worldwide cause of
dementia [44,45]. Indeed, approximately 6.5 million Americans aged 65 and older are living
with Alzheimer’s dementia today [46]. The neuropathological hallmarks of Alzheimer’s
disease classically include the deposition of neurofibrillary tangles and paired helical
fragments comprising the microtubule associated protein tau as well as the accumulation
of plaques composed of Aβ peptides [47,48]. However, several lines of evidence also
reveal that cognitively normal individuals often have deposits of amyloid plaques, and
efforts to treat AD through addressing these two major forms of pathology have not yet
succeeded [49,50]. The utility and safety of amyloid-based approaches has also recently
been called into question by the Alves et al., whose meta-analysis of the published literature
has shown that these therapeutic approaches may compromise long-term brain health by
accelerating brain atrophy [51].

Notably, several studies have shown that the suboptimal or excessive levels of metabo-
lites or cofactors of the transsulfuration pathway are also linked to dementia and cognitive
deficits, pointing towards another possible therapeutic target for AD (Figure 1). For exam-
ple, as described below, hyperhomocysteinemia has been linked to dementia.

3.1.1. Hyperhomocysteinemia and Its Causes

Homocysteine is formed from S-adenosyl homocysteine by S-adenosylhomocysteine
hydrolase (SAHH), and hyperhomocysteinemia has been established as an independent
risk factor for dementia and cardiovascular diseases. Homocysteine is utilized as a substrate
for both CSE and CBS to produce H2S. While CBS utilizes a combination of cysteine and
homocysteine to produce H2S, CSE utilizes homocysteine alone to generate the gasotrans-
mitter [52,53]. A subset of patients displaying homocysteinemia exhibited diminished CBS
activity and substantial cardiovascular disability [54]. Thus, both elevated homocysteine
levels and decreased H2S levels mediated vascular complications observed in subjects with
impaired CBS activity [55]. Several studies have also shown that levels of homocysteine
correlated with the severity of AD [56,57], and increased serum homocysteine was gener-
ally observed by the time people reached their nineties [58–61]. Elevated homocysteine
levels additionally occur in TBI, one of the greatest risk factors for AD. Homocysteine can
elicit toxicity in multiple ways, including the aberrant processing of the amyloid precur-
sor protein (APP), overactivation of the NMDA receptor, DNA damage, and oxidative
stress [29].

As described above, homocysteine resides at the intersection of the transsulfuration
and transmethylation pathways, where it is either converted to cysteine via cystathion-
ine or remethylated to methionine (Figure 1). Hyperhomocysteinemia may arise due to
several reasons, including decreased expression or activity of the enzymes methylenete-
trahydrofolate reductase (MTHFR), methionine synthase (MS), CBS, or CSE. MTHFR acts
on 5,10-methylenetetrahydrofolate to produce 5-methyltetrahydrofolate, the methyl donor
for remethylation of homocysteine to form methionine by MS. Notably, mutations in the
MTHFR gene, which decrease the activity of the protein, have been linked to AD [62]. Along
similar lines, mutations in the CTH gene are also associated with AD [63,64]. Decreased
levels of folate, vitamin B12 (a cofactor for MS), or S-adenosyl methionine (SAM) also lead to
hyperhomocysteinemia. SAM is a methyl donor generated from S-adenosylhomocysteine
(SAH), which also serves as a cofactor for CBS activity [38]. SAM levels are decreased in
AD, which may compromise the levels of cystathionine formed from homocysteine by
CBS as well as H2S production because CBS utilizes homocysteine along with cysteine to
produce H2S [39,40,53]. The administration of SAM to the APP/Presenilin-1 (PS1) mouse
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model of AD and to cultured astrocytes conferred cellular protection and stimulated the
transsulfuration pathway [65]. Similarly, in both an Aβ intrahippocampal injection rat
model and cultured SH-SY5Y cells, SAM enhanced GSH levels and prevented inflammatory
changes and oxidative stress [66].

3.1.2. Cysteine and GSH Metabolism

GSH, a tripeptide of glycine, glutamate, and cysteine, is one of the most abundant
antioxidants in cells and tissues [67]. Among its many roles, GSH serves as a cofactor
for several enzymes, modulates redox balance in cells, and provides a reservoir for gluta-
matergic neurotransmission [68]. The availability of cysteine is the rate limiting step for
the synthesis of GSH, and, therefore, any alterations in cysteine may compromise GSH
metabolism and elevate oxidative stress [69]. Aging, the biggest risk factor for developing
AD, has also been associated with declining cysteine levels, and, as such, it has been des-
ignated as a “cysteine deficiency syndrome” [70]. Dysregulated cysteine metabolism has
been observed in AD as well [71,72]. Cysteine levels are also regulated by the activity of
its transporters, which exhibit suboptimal activity in several models of AD. Furthermore,
soluble Aβ oligomers inhibit both basal and insulin-like growth factor-1 (IGF-1)-stimulated
cysteine uptake through the neuronal cysteine transporter, the excitatory amino acid trans-
porter 3 (EAAT3/EAAC1) [73]. Another study reported an increase in detergent-insoluble
EAAC1 in the hippocampus of AD patients compared to normal subjects [74].

Along with declining cysteine levels, GSH is also significantly diminished in mouse
models of AD prior to amyloid-β deposition, with the magnitude of the decrease in GSH
correlating exponentially with the magnitude of increased intraneuronal Aβ accumula-
tion [75]. Decreased GSH and antioxidant enzymes have also been linked to disease
progression in AD [76]. While one meta-analysis of studies of postmortem tissues from
subjects with mild cognitive impairment (MCI) and AD did not detect significant changes
in GSH [77], it is important to note that the postmortem preservation of metabolites is noto-
riously variable. By contrast, recent magnetic resonance spectroscopy (MRS) studies have
revealed significant depletion of brain GSH in MCI and AD, including the highly affected
hippocampal brain region [78–81]. GSH depletion may also compromise the activity of
GSH-requiring enzymes, such as glyoxalase 1 and 2 (GLO1 and 2), which are dysregulated
in AD [82]. GLO1 and GLO2 are a part of the glyoxalase system that prevents glycation
reactions mediated by alpha-ketoaldehydes such as methylglyoxal and glyoxal [83].

3.1.3. H2S and AD

Although disrupted H2S balance in AD was reported several decades ago, the molecu-
lar mechanisms are only beginning to be understood [29]. Diminished brain H2S levels in
AD were first observed in 2002 and correlated to decreased CBS activity [84]. Decreased H2S
was also observed in the plasma of AD patients and correlated with severity of disease [85].
The same study also observed an increase in homocysteine levels. Diminished H2S that
correlated with brain energy levels in the APP/PS1 mouse model of AD was additionally
demonstrated using a fluorescent probe that simultaneously measured ATP [86]. In ad-
dition, decreased CSE levels have been observed in different models of AD, as described
below [72,87].

Initial studies investigating the neuroprotective role of H2S in AD involved the ad-
ministration of H2S donors, which exerted protective effects in several AD models. In a rat
model involving the hippocampal injection of Aβ1-40, for example, the fast release H2S
donor sodium hydrosulfide (NaHS) prevented neuroinflammation by suppressing the in-
crease in cytokines, such as Tumor necrosis factor alpha (TNF-α), interleukin 1-beta (IL-1β),
IL-6, and pro-inflammatory cyclooxygenase-2 (COX-2) [88]. NaHS also prevented amyloid-
β-induced toxicity in microglial cultures, reduced inflammation, preserved mitochondrial
function [89], and prevented Aβ-induced toxicity in PC12 cells [90,91]. Furthermore, NaHS
prevented spatial memory impairment and neuroinflammation in an amyloid-based rat
model of AD [92]. A separate study utilizing NaHS and Tabiano’s spa-water (rich in sulfur
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compounds) ameliorated behavioral deficits in three experimental models of AD [93]. H2S
donors were also tested in a C. elegans model of AD and shown to reduce Aβ aggregation,
increase levels of acetylcholine, and reduce oxidative stress [94]. Another study reported
that dietary methionine restriction in APP/PS1 mice ameliorated neurodegeneration, im-
proved cognition, and increased H2S production [95]. Several studies have also reported
on the beneficial effects of natural products or plant-based foods that are rich sources
of H2S, including garlic [96]. In 2007, for example, it was demonstrated that the garlic-
derived compounds diallyl sulfide (DAS), diallyl disulfide (DADS), and diallyl trisulfide
(DATS) all release H2S, with diallyl trisulfide (DATS) showing the greatest activity [97,98].
S-allylcysteine (SAC), another garlic compound, also increases H2S by increasing expres-
sion of CSE [99,100]. After these findings, garlic extracts and their endogenous sulfur
containing compounds were tested and found to be efficacious in models of AD [101–106].
A summary of beneficial effects of H2S in models of AD is shown below in Table 1.

Table 1. Neuroprotective effects of hydrogen sulfide.

H2S Donor/
Boosting Agent

System Effect Ref.

NaHS β (Aβ 25-35)-treated PC12 cells
Prevented β (Aβ 25-35)-induced cytotoxicity and
apoptosis by reducing the loss of MMP and
attenuating the increase in intracellular ROS.

[90]

NaHS PC12 cells Decreased beta secretase-1 (BACE-1) levels and
Aβ1-42 release. Increased phosphorylation of Akt. [91]

NaHS Aβ1-40-induced toxicity in BV-2
microglial cells

Attenuated Aβ1-40-induced lactate dehydrogenase
(LDH) release and expression of growth arrest DNA
damage (GADD 153). Inhibited release of nitric oxide,
induction of inducible nitric oxide synthase (iNOS),
and expression of tumor necrosis factor α (TNF-α) and
cyclooxygenase 2 (COX-2).

[89]

NaHS Rat Amyloid β (Aβ 1-40)-injection
model

Ameliorated learning and memory deficits.
Suppressed Aβ(1-40)-induced apoptosis in the
hippocampal CA1 region. Diminished hippocampal
inflammation, astrogliosis, and microgliosis.

[92]

NaHS APP/PS1 mouse model of AD

Improved spatial memory. Decreased expression of
BACE1, PS1, and amyloidogenic C99 fragment.
Increased expression of ADAM17 and
nonamyloidogenic C83 fragment.

[107]

NaHS APP/PS1 mouse model of AD

Increased hippocampal H2S levels, intracellular ATP,
and mitochondrial COX IV activity. Improved
hippocampus-dependent contextual fear memory and
novel object recognition. Decreased Aβ accumulation
in mitochondria.

[108]

NaHS APP/PS1 mouse model of AD Inhibited γ-secretase activity and decreases
mitochondrial Aβ production in neurons. [109]

NaHS Rat amyloid β (Aβ

25-35)-injection model

Prevented neuronal loss, apoptosis, and activation of
pro-caspase-3. Decreased expression of
phosphodiesterase 5 (PDE-5) in the hippocampus.
Upregulated expression of peroxisome
proliferator-activated receptor (PPAR)-α and PPAR-γ.
Prevented Aβ 25-35)-decrease in IκB-α degradation
and increase in nuclear factor-κB (NF-κB) p65
phosphorylation levels.

[110]
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Table 1. Cont.

H2S Donor/
Boosting Agent

System Effect Ref.

NaHS
Primary hippocampal neuronal
culture from C57/BL6 mice at
P0-P1

Reduced Aβ-induced apoptosis. Decreased release of
cytochrome C into the cytosol and caspase-3 activity.
Decreased translocation of the phosphatase and tensin
homologs deleted on chromosome 10 (PTEN) from the
cytosol to the mitochondria. Increased p-AKT/AKT
levels in PI3K-dependent manner.

[111]

NaHS APP/PS1 mouse model of AD

Mitigated cognitive deficits. Decreased the number of
senile plaques, Aβ1-40 and Aβ1-42 levels, neuronal
loss, beta-amyloid precursor (APP), and BACE1.
Increased CBS and 3MST. Augmented antioxidant
effects through induction of nuclear factor
erythroid-2-related factor 2 (Nrf2), heme
oxygenase-1(HO-1), and glutathione S-transferase
(GST).

[112]

Memit
(Derived from memantine
by replacing the free
amine group with an
isothiocyanate moiety)

Aβ oligomers-induced damage in
human neurons and rat

Decreased Aβ(1-42)-induced aggregation and Aβ

oligomer-induced damage in human neurons and rat
microglial cells. Increased neuroprotective autophagy.

[113]

H2S releasing peptide
conjugates C. elegans Reduced Aβ1–42 amyloid deposits and ROS.

Increased acetylcholine levels. [94]

Sulfanagen APP/PS1 mouse model of AD Stimulated 3-MST and prevented neuropathology. [114]

Methionine restriction APP/PS1 mouse model of AD

Decreased Aβ accumulation. Improved cognitive
function. Restored synapse ultrastructure. Alleviated
mitochondrial dysfunction by enhancing
mitochondrial biogenesis in male mice. Balanced the
redox status and activated cystathionine-β-synthase
(CBS)/ H2S pathway.

[95]

Naringin Rat Amyloid β (Aβ)-injection
model

Improved spatial memory. Increased H2S
production. [115]

NaHS LPS-induced AD-like cognitive
deficits in Wistar albino rats

Reduced inflammation. Decreased oxidative stress,
apoptosis, and histopathological alterations. [116]

NaHS in combination with
the NMDA-receptor
antagonist, MK801

Homocysteine (intracerebral
injection)-induced AD-like
neurodegeneration

Ameliorated BBB disruption, impaired cerebral blood
flow (CBF), and diminished synaptic function. [117]

NaHS
Mouse primary hippocampal
neurons (E16–18), 3xTg-AD
mouse model of AD

Reduced neuronal death in Aβ1-42 treated primary
hippocampal neuronal culture and increased neurite
length. Increased plasma H2S and decreased
anxiety-like behavior and cognitive deficits in
3xTg-AD mice. Reduced amyloid deposits and
hyperphosphorylation of Tau. Decreased
inflammatory responses, oxidative stress, and gliosis
in 3×Tg-AD mice.

[118]

NaHS, sulfurous water 3xTg-AD mouse model of AD

Prevented learning and memory deficits. Reduced size
of amyloid β plaques. Decreased activity of c-jun
N-terminal kinases, extracellular signal-regulated
kinases, and p38.

[119]

NaHS,
Tabiano’s spa-water

Rat Aβ1–40 injection model of
AD, Streptozotocin-induced AD,
3xTg-AD mouse model of AD

Improved learning and memory deficits in all three
models. Decreased amyloid deposits in the rat models
of AD. The spa-water decreased oxidative and
nitrosative stress, MAPK activation, inflammation,
and apoptosis in 3xTg-AD mice.

[93]

Na-GYY4137 3xTg-AD mouse model of AD

Improved motor and cognitive function in 3xTg-AD
mice. Increased overall sulfhydration. Inhibited Tau
phosphorylation by sulfhydrating glycogen synthase
kinase (GSK3β) and inhibiting its activity.

[72]
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Persulfidation, AD, and Aging

One of the modes by which H2S signals is through post-translational modification,
termed sulfhydration or persulfidation, which both refer to the same chemical reaction in
which the thiol group of cysteine is converted to an –SSH or persulfide group [52,120,121].
Here, H2S cannot directly modify an –SH group, and the main mechanisms by which
persulfides are generated are by reactions of H2S with oxidized cysteines or disulfides
or by reactions of cysteine residues with sulfide radicals, polysulfides, and other persul-
fides [121,122]. Persulfidation is a reversible modification regulated by the endogenous
thioredoxin/thioredoxin reductase system [123–125]. Notably, persulfidation and H2S
signaling are compromised in several age-related neurodegenerative diseases, including
AD, HD, PD, and spinocerebellar ataxia (SCA) [126–129].

Although there are numerous studies on the beneficial effects of H2S in AD, analysis
of persulfidation (the major mode by which the gaseous molecule signals) in AD is scarce.
More recently, the status of persulfidation has been studied directly in AD (Figure 2). For
example, overall persulfidation is decreased in mouse models of AD as well as postmortem
samples from human AD subjects [72]. Notably, persulfidation of Glycogen synthase
kinase-3β (GSK-3β), the major kinase that phosphorylates Tau, is decreased in AD. Admin-
istration of Na-GYY4137 to the 3xTg-AD model of AD rectified the persulfidation deficits
and prevented motor and cognitive decline [29,72]. Suboptimal persulfidation was also
observed in the APP/PS1 mouse model of AD, where decreased expression of CSE was
observed, in addition to the human hippocampal and cortex samples [87]. This study also
demonstrated a role for the autophagy-related activating factor 6 (ATF6) in expression of
CSE. Stereotaxic injection of lentiviral particles encoding CTH into the ventricular system
of the brain rescued spatial memory deficits in Atf6 CKO/APP/PS1 mice. The transport of
ATF6 from the endoplasmic reticulum to the Golgi apparatus under ER stress is mediated
by the Soluble NSF attachment protein (αSNAP)/ SNAP receptor (SNARE) pathway. Per-
sulfidation of αSNAP is also decreased in ATF6 knockout mice, which may indicate a role
in AD.

 

Figure 2. Disruption of H2S signaling in Alzheimer’s disease (AD). During normal conditions,
glycogen synthase kinase-3β (GSK-3β) is sulfhydrated, which inhibits its catalytic activity and
prevents hyper-phosphorylation of Tau (Top panel). In AD, decreased CSE activity leads to lower
sulfhydration of GSK-3β, which leads to elevated phosphorylation of Tau.
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Lastly, aging is the biggest risk factor for developing AD, and diminished persulfi-
dation is also ubiquitously observed across evolutionary boundaries during aging. Im-
portantly, several of the proteins whose persulfidation levels are altered may modulate
AD pathology and disease progression [122,130]. A systematic analysis of these targets is
warranted to elucidate the links between persulfidation and AD. For instance, MTHFR, a
key enzyme regulating intracellular homocysteine metabolism, is normally persulfidated,
and decreased persulfidation of MTHFR promotes hyperhomocysteinemia, a risk factor for
AD [131].

3.2. Traumatic Brain Injury
TBI and H2S

Traumatic brain injury (TBI) is one of the most prevalent forms of neurodegenerative
disease, and typically entails chronic and progressive neuropsychiatric impairment even
after a single injury. This pathologic process is poorly understood, and, to date, there
are no protective treatments for patients. It is well-established that there is considerable
overlap in pathology between TBI and AD [25], and H2S is involved in various biological
functions after TBI, including the response to oxidative stress in the brain. Due to the
brain’s voracious need for the constant generation of ATP, which generates free radicals as
a by-product, and the brain’s abundance of metal ions and phospholipids that generate
additional oxidative products, the brain, even under normal circumstances, is constantly
exposed to high levels of oxidative stress. This vulnerability is further exacerbated by
TBI because of an increased energy requirement for self-repair processes after injury that
ultimately leads to an inability to maintain mitochondrial membrane potential, resulting in
complete energy failure and cell death. Early results in cellular models indicated protective
efficacy of H2S in this scenario. For example, H2S generated by mitochondrial 3-MST
directly reduced the generation of ROS and protected PC12 cells from apoptosis after severe
oxidative stress [132]. In cultured neurons, H2S promoted the neuronal production of GSH
and the scavenging of oxygen free radicals, hydrogen peroxide, and lipid peroxides [42,133].
Thus, whether changes in brain H2S might be involved in the pathophysiology of TBI,
and whether supplemental H2S might be neuroprotective in TBI, became an active area
of investigation.

There is now substantial evidence in animal models that TBI decreases brain levels
of H2S and that exogenous supplementation of H2S protects the brain after injury. In
2013, Zhang et al. observed that subjecting mice to the weight drop model of TBI acutely
decreased levels of hippocampal and cortical CBS mRNA and protein, and this correlated
with decreased levels of H2S [134]. They additionally demonstrated that pretreatment
with the H2S donor NaHS partially reduced lesion volume after injury [134]. That same
year, Jiang et al. showed the protective efficacy of NaHS in an additional model of TBI
induced by controlled cortical impact (CCI) in rats [135]. Specifically, CCI acutely decreased
brain H2S, and the preservation of brain H2S with NaHS treatment beginning before
injury blocked brain edema, blood–brain barrier (BBB) impairment, and the acquisition
of motor deficits. They also reported that NaHS-treated rats showed reduced TBI lesion
volume and were protected from TBI-induced decreases in brain superoxide dismutase
and choline acetyltransferase activity, as well as TBI-induced increases in the oxidative
products 8-iso-prostaglandin F2 alpha and malondialdehyde, up to 72 h after injury [135].

These results were further bolstered when Zhang et al. extended their work in the
weight drop model of TBI the following year, showing that NaHS pretreatment prevented
cerebral edema and cognitive impairment in the Morris water maze after TBI, as well as
cleavage of caspase-3, decreased Bcl-2, and elevated neuronal apoptosis [136]. Preserved
cognition in the Morris water maze by NaHS pretreatment in rats exposed to CCI was also
independently established by the Hajisoltani laboratory [137], and Xu et al. additionally
demonstrated that NaHS-mediated modulation of the PI3K/Akt/mTOR signaling pathway
after TBI in mice was associated with BBB protection, the inhibition of neuronal apopto-
sis, remyelination of axons, and preservation of mitochondrial function [138]. Evidence
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for protective efficacy of H2S in the CCI model of TBI was also demonstrated by Cam-
polo et al., who showed that the administration of 2-(6-methoxynapthalen-2-yl)-propionic
acid 4-thiocarbamoyl-phenyl ester (ATB-346), a H2S-releasing derivative of naproxen, at-
tenuated TBI-induced brain edema, neuronal cell death, and motor impairment, while
naproxen (which does not release H2S) had no protective efficacy [139]. ATB-346 was
also associated with significantly decreased expression of inducible nitric oxide synthase
(iNOS), cyclooxygenase 2 (COX-2), tumor necrosis factor alpha (TNFα), and interleukin
1-beta (IL-1β), as well as normalized levels of glial-derived neurotrophic factor (GDNF)
and nerve growth factor (NGF), and increased levels of vascular endothelial growth factor
(VEGF), after TBI [139]. While all of these changes would be considered likely beneficial
to brain health in the setting of TBI, it is unclear whether any of these occur as a direct
result of H2S action or if this simply reflects the profile of a healthier brain by virtue of
other upstream effects of H2S. Interestingly, Zhang et al. have shown that increased ex-
pression of 3-MST in neurons occurs predominantly in those neurons that survive after
TBI [140], implicating a regulated and direct protective role of endogenous H2S after TBI.
More recently, H2S-mediated protection in TBI in rats has been linked to the modulation of
glutamate-mediated oxidative stress via the p53/glutaminase2 pathway [141]. In addition,
the Centurion laboratory recently reported that subchronic treatment with NaHS protected
rats from hemodynamic and sympathetic nervous system impairments after TBI and also
restored CSE and CBS expression in the brain [142]. It has also been demonstrated that sub-
chronic NaHS after TBI in rats prevents hypertension, vascular impairment, and oxidative
stress [143]. In conclusion, there are a myriad of central and peripheral beneficial effects of
H2S on TBI outcomes, although the precise mechanisms by which these protective effects
occur are currently unknown (Figure 3).

 

Figure 3. Neuroprotective effects of H2S in traumatic brain injury (TBI). TBI impacts several physio-
logical processes that lead to motor and cognitive deficits. TBI causes increases in reactive oxygen
and nitrogen species (ROS and RNS), leading to oxidative and nitrosative stress and mitochon-
drial dysfunction. TBI also elicits glutamate-induced neurotoxicity and inflammation and causes a
leaky blood–brain barrier. All of these processes influence each other and ultimately culminate in
neurodegeneration.

4. Dysregulation of Iron Homeostasis in AD, TBI and Intersection with H2S Signaling

Iron is a transition metal with important roles in the brain, ranging from being a com-
ponent of iron–sulfur cluster proteins and heme proteins to participating in DNA synthesis
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and neurotransmitter metabolism. However, the dysregulation of iron homeostasis can be
deleterious, as ferrous iron (Fe2+) reacts with H2O2 and produces •OH and HO2 to oxidize
lipids, proteins, and DNA [43]. Additionally, superoxide radicals (O2

•−) produced by mito-
chondria during respiration reduce Fe3+ to Fe2+ by the Haber–Weiss reaction [144]. The
accumulation of iron in the brain is a common feature of aging, several neurodegenerative
diseases, and TBI and is known to drive neuronal loss [145–149]. Specifically, disrupted
iron metabolism and its aberrant redox cycling trigger ferroptosis, an iron-dependent cell
death pathway that elicits lipid peroxidation and damage to cellular components in several
neurodegenerative diseases, including AD [150–153]. Ferroptosis was described over a
decade ago as a distinct form of cell death linked to aging, neurodegeneration, immune
system dysfunction, and cancer [151,154]. It is well-established that ferroptosis is intimately
linked to depletion of cysteine, a component of GSH in cells, and several studies have
shown that cysteine/cystine deprivation can elicit this form of cell death. As cysteine serves
as the substrate for generation of H2S, the involvement of this gasotransmitter in ferroptosis
has been explored. To date, H2S donors have been shown to alleviate damage caused by
ferroptosis in various contexts by activating cytoprotective signaling pathways [155–157].
The effect of H2S on ferroptosis in the brain in the context of injury and neurodegeneration
is yet to be systematically studied and could inform the development of novel therapeutics.

5. Therapeutic Opportunities

Although significant advances in the elucidation of signaling mediated by H2S have
been made, clinical translation has yet to follow. While there is abundant evidence of the
neuroprotective efficacy of H2S donors in rodents, Drosophila, and worm models, examples
of translation to human disease are scarce. However, some H2S-donating hybrid drugs
have made it into clinical trials, including a phase 2B study that demonstrated a reduction
in gastrointestinal toxicity of the hybrid H2S-releasing analgesic/anti-inflammatory drug
ATB-346, as compared to the non-steroidal anti-inflammatory drug (NSAID) naproxen that
produces a similar inhibition of the inflammatory cyclooxygenase-2 (COX2) molecule. [158].
The safety and side-effects of these compounds are still being evaluated. Harnessing
H2S donors can prove challenging, as the timing and dose of the donors likely requires
optimization. For example, numerous reports have demonstrated a biphasic dose–response
curve for H2S, with higher doses being toxic. An alternate approach involves the use of
natural H2S donors such as garlic extracts, which are rich in sulfur compounds that release
H2S and may be beneficial in cardiovascular disorders [97,98]. The use of such donors might
also be considered in ameliorating symptoms of AD, TBI, and other neurodegenerative
disorders involving diminished H2S signaling. The opposite may be true of diseases
involving elevated H2S, such as Down syndrome, in which the trisomy of chromosome 21
leads to excess H2S production due to an extra copy of CBS [23,24]. Thus, depending on
the paucity or excess of H2S, appropriate treatment strategies will need to be developed.

6. Conclusions

AD is a complex, multifactorial disease, with most cases arising sporadically. The
susceptibility factors for developing AD are several, with aging and TBI being major risk
factors. There are several commonalities between AD and TBI, including dysregulated
gasotransmitter signaling. Accumulating evidence shows that deficiencies in the gaseous
signaling molecule H2S can drive pathology in AD and TBI and that the augmentation of
H2S levels affords therapeutic benefits in these conditions. Stimulating H2S production
or restoring the homeostasis of the various metabolites of the transsulfuration and trans-
methylation pathway that contribute to cysteine, GSH, or H2S production may be beneficial
for these or other related forms of neurodegenerative disease. H2S is a gaseous molecule
and cannot be stored in vesicles, unlike conventional neurotransmitters, but elicits effects
through sulfhydration, which can be used as a marker for its action. Accurate measurement
of the various forms and metabolites H2S would further deepen our knowledge pertaining
to the physiological relevance of this gaseous messenger molecule.
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Abbreviations

3-MST 3-mercaptopyruvate sulfurtransferase
AD Alzheimer’s disease
APP Amyloid precursor protein
ATB346 2-(6-methoxynapthalen-2-yl)-propionic acid 4-thiocarbamoyl-phenyl ester
ATF6 Activating factor 6
BBB Blood–brain barrier
CAT Cysteine aminotransferase
CBF Cerebral blood flow
CBS Cystathionine β-synthase
CSE Cystathionine γ-lyase
CCI Controlled cortical impact
COX-2 Cyclo-oxygenase-2
DADS Diallyl disulfide
DATS Diallyl trisulfide
EAAT3/EAAC1 Excitatory amino acid transporter 3
GDNF Glial-derived neurotrophic factor
GLO-1,2 Glyoxalase 1,2
GSH Glutathione
GSK-3β Glycogen synthase kinase-3β
HD Huntington’s disease
iNOS Inducible nitric oxide synthase
MCI Mild cognitive impairment
MRS Magnetic resonance spectroscopy
MTHFR Methylenetetrahydrofolate reductase
NGF Nerve growth factor
Nrf2 Nuclear factor erythroid-2-related factor 2
PD Parkinson’s disease
PDE5 Phosphodiesterase 5
PS1 Presenilin-1
ROS Reactive Oxygen Species
RNS Reactive Nitrogen Species
SAC S-allyl cysteine
SAHH S-adenosylhomocysteine hydrolase
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SAM S-adenosyl methionine
SCA Spinocerebellar ataxia
α-SNAP α-soluble NSF attachment protein
SNARE Soluble NSF attachment protein receptor
TNF-α Tumor necrosis factor alpha
VEGF Vascular endothelial growth factor
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Abstract: Hydrogen sulfide (H2S) is an endogenous signaling molecule that greatly influences several
important (patho)physiological processes related to cardiovascular health and disease, including
vasodilation, angiogenesis, inflammation, and cellular redox homeostasis. Consequently, H2S sup-
plementation is an emerging area of interest, especially for the treatment of cardiovascular-related
diseases. To fully unlock the medicinal properties of hydrogen sulfide, however, the development
and refinement of H2S releasing compounds (or donors) are required to augment its bioavailability
and to better mimic its natural enzymatic production. Categorizing donors by the biological stimu-
lus that triggers their H2S release, this review highlights the fundamental chemistry and releasing
mechanisms of a range of H2S donors that have exhibited promising protective effects in models
of myocardial ischemia-reperfusion (MI/R) injury and cancer chemotherapy-induced cardiotoxic-
ity, specifically. Thus, in addition to serving as important investigative tools that further advance
our knowledge and understanding of H2S chemical biology, the compounds highlighted in this
review have the potential to serve as vital therapeutic agents for the treatment (or prevention) of
various cardiomyopathies.

Keywords: hydrogen sulfide; H2S donors; cardioprotection; MI/R injury; chemotherapy-induced
cardiotoxicity; H2S codrugs

1. Introduction

Hydrogen sulfide (H2S) is a malodorous, toxic, and flammable gas that was once
disregarded as a mere environmental and industrial pollutant [1–3]. Landmark studies near
the turn of the 20th century [4–6], however, revealed that H2S is also a biologically active
gas that is expressed in mammalian systems, primarily via the enzymatic metabolism of
cysteine and homocysteine [7]. From these reports, a paradigm shift ensued, and today H2S
is regarded as the third gasotransmitter, alongside nitric oxide (NO) and carbon monoxide
(CO) [8–11].

H2S is soluble in water (~80 mM at 37 ◦C [12]) and exhibits weak acidity that gives
rise to an equilibrium between its diprotic (H2S) and hydrosulfide (HS−) forms in an
aqueous environment. With a pKa1 of 6.98 [12], its HS− form dominates at physiological
pH and begets its high reactivity and strong nucleophilic character under biologically
relevant conditions.

In its diprotic form, its lipophilicity, low molecular weight, and gaseous nature enable
H2S to easily traverse the lipid bilayer, allowing it to act on intracellular targets that
mediate numerous physiological and pathophysiological processes within the human
body [13–16]. Its proven ability to reduce oxidative stress and inflammation [17–19], induce
vasodilation [6], and promote angiogenesis [20] underscores the positive influence of H2S
on the cardiovascular system, specifically. Not surprisingly, small molecule donors that
improve the exogenous delivery and bioavailability of H2S are currently being investigated
with great enthusiasm as potential cardioprotective agents [21].
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This review will summarize the structure, reactivity, and mode of delivery for H2S
donors that have displayed promising cardioprotective effects in myocardial ischemia-
reperfusion (MI/R) injury and cancer chemotherapeutic-induced cardiotoxicity models,
in particular. Thus, the compounds reported on herein not only represent important
investigative tools for probing the chemical biology of hydrogen sulfide but may also serve
to unlock its vast therapeutic potential for the treatment of cardiovascular-related diseases.

2. H2S Biosynthesis and Metabolism

In mammals, both enzymatic and nonenzymatic pathways are involved in H2S biosyn-
thesis, with the former being the principal route towards its formation. The use of enzymes
provides strict spatiotemporal control over the production of H2S, resulting in concentra-
tion variances in specific tissues and cellular compartments, and in response to certain
physiological and pathophysiological events. The three enzymes primarily responsible for
H2S biosynthesis are cystathionine β-synthase (CBS) [22], cystathionine γ-lyase (CSE) [23],
and 3-mercaptopyruvate sulfurtransferase (3-MST) [24].

CBS and CSE are ubiquitous enzymes of the transsulfuration pathway that facilitate the
conversion of homocysteine to cysteine via the intermediate cystathionine (Figure 1) [25,26].
Both are pyridoxal 5′-phosphate (PLP)-dependent enzymes that are primarily located in
the cytosol and generate H2S via the direct desulfhydration of cysteine and homocysteine.
In addition to being primarily responsible for H2S biosynthesis in the brain and central
nervous system, CBS is amply expressed in the ileum, kidneys, liver, and uterus [5,27,28].
CSE, on the other hand, exhibits low expression levels in the central nervous system but is
the principal H2S-producing enzyme of the cardiovascular system [29].

Figure 1. Enzymatic and nonenzymatic production of H2S in mammalian systems. PLP: pyridoxal
5′-phosphate; CBS: cystathionine β-synthase; CSE: cystathionine γ-lyase; CAT: cysteine amino-
transferase; 3-MST: 3-mercaptopyruvate sulfurtransferase; NADPH: nicotinamide adenine dinu-
cleotide phosphate.

Unlike CBS and CSE, 3-MST is a PLP-independent enzyme that is chiefly expressed in
mitochondria and produces H2S from the indirect desulfhydration of cysteine [30]. As de-
picted in Figure 1, in this pathway, cysteine must first be transformed into 3-mercaptopyruvate
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(3MP) via the enzyme cysteine aminotransferase (CAT). Then, using 3MP as a substrate,
3-MST transfers a sulfur atom onto itself forming a hydropersulfide (3-MST-SSH). In the
presence of reductants, 3MST-SSH is reduced, releasing H2S in the process.

In addition to the enzymatic routes outlined above, nonenzymatic pathways also
contribute to the endogenous production of H2S in mammals. In general, sulfane sulfur
and other reactive sulfur species (RSS), including hydropersulfides (RSSH), polysulfides
(RSSnR), and thiosulfate (S2O3

2−), serve as effective H2S precursors in the presence of
glutathione and other reductants (Figure 1) [31–33]. To this end, processes that increase the
production of nicotinamide adenine dinucleotide phosphate (NADPH), which facilitates
the recycling of oxidized glutathione back to its reduced form, have been shown to enhance
this nonenzymatic pathway and promote H2S biosynthesis [8].

While less is known about the metabolism and removal of H2S from mammalian
systems, the primary pathways are believed to involve mitochondrial oxidation [34,35],
cytosolic methylation [36], hemoglobin and metalloprotein binding [37], expiration via the
lungs [38], and its storage in proteins as bound sulfane sulfur [39]. The majority of H2S is
ultimately excreted via the kidneys in the form of sulfate (SO4

2−) [40]. This oxidation of
H2S occurs in mitochondria and is facilitated by the enzymes sulfide quinone reductase
(SQR) and rhodanese. This metabolic process also accentuates the biological activity of
H2S and its ability to stimulate oxidative phosphorylation and ATP production through
its donation of electrons to the mitochondrial electron transport chain through SQR and
mitochondrial complex II [41,42].

3. H2S Bioactivity and Its Attenuation of Myocardial Ischemia-Reperfusion Injury

In addition to serving as a mitochondrial protectant and stimulator of mitochondrial
bioenergetics, endogenous H2S has been shown to play a key role in several other phys-
iological and pathophysiological processes [14–16,43–47]. The cardiovascular system, in
particular, appears to be positively influenced by H2S given its involvement in vasodilation
and blood pressure regulation [6,48]; its antioxidative [19], anti-inflammatory [17,49], and
cytoprotective properties [50,51]; and its ability to promote angiogenesis [20]. Additionally,
recent evidence suggests that the co-release of H2S (via the transsulfuration pathway) and
adenosine (via the methionine cycle) may protect the myocardium from injury [52,53].
For these reasons it is theorized that the exogenous delivery of H2S may hold therapeutic
value for the prevention and treatment of various cardiovascular-related diseases [54,55],
including myocardial ischemia-reperfusion (MI/R) injury [56–62] (Figure 2).

 

Figure 2. Molecular mechanisms that underscore the cardioprotective effects of H2S, including its
ability to combat MI/R injury.
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Myocardial ischemia occurs when blood flow to the heart is restricted due to the
buildup of plaque in a coronary artery. If left unchecked, this may lead to myocardial
infarction, or heart attack, which is the leading cause of death worldwide [63,64]. To repair
myocardial structural damage and prevent ischemic progression, reperfusion therapy is
typically employed. This rapid return of blood to ischemic tissue, however, often leads to
(MI/R) injury caused by inflammation and oxidative damage [65,66]. Increased levels of
reactive oxygen species (ROS), coupled with an overwhelmed antioxidant defense, play
a major role in reperfusion injury and can exacerbate cardiac damage that occurs during
ischemia [67].

Intracellular calcium overload, a hallmark of reperfusion injury, stimulates the translo-
cation of CSE from the cytosol to mitochondria, which elevates the production of H2S
within that subcellular space [68]. This innate response of the human body is produced in
an effort to preserve mitochondrial function and protect the myocardium from oxidative
damage, highlighting the potential for therapeutic intervention with H2S delivery. In-
deed, recent studies have highlighted the protective effects of exogenous hydrogen sulfide
during MI/R. One of the earliest examples in vitro was a study conducted by Johansen
and co-workers [69]. Using an isolated perfused heart assay with rats, preconditioning
with 1 μM NaHS (an H2S equivalent in buffer) 10 min prior to coronary occlusion and
up until 10 min post reperfusion, they observed a 20% reduction in infarct size. Pretreat-
ment with Glibenclamide (KATP blocker) nullified the effect of exogenous H2S, which
supports its involvement in KATP channel opening as a primary mechanism of alleviation.
Later studies have shown that H2S promotes the persulfidation (protein-SSH) of Cys43
of the KATP protein, resulting in channel opening, an influx of K+, and vascular smooth
muscle relaxation.

Additionally, sulfide salts have been used to demonstrate the protective effects of
H2S against MI/R injury in vivo. In an early study by Sivarajah et al. [70], mice were
exposed to 25 min of regional myocardial ischemia and 2 h of subsequent reperfusion.
When NaHS (3 mg/kg) was delivered 15 min prior to ischemia, a 26% reduction in infarct
size was reported in comparison to the vehicle control. Subsequently, Elrod and co-workers
investigated the impact of exogenous H2S being delivered at the time of reperfusion rather
than prior to the ischemic event [71]. In their study, mice were subjected to 30 min of
left coronary artery ischemia followed by a 24 h period of reperfusion in the presence
of Na2S (50 μg/kg). Remarkably, they observed a 72% reduction in infarct size under
these conditions.

While sulfide salts, such as NaHS and Na2S, serve as convenient H2S precursors, their
addition to buffered solutions results in a rapid surge in H2S concentration, followed by a
swift decline due to the instability and transient nature of hydrogen sulfide [72]. Moreover,
these characteristics poorly mimic the slow and steady enzymatic production of H2S, which
often leads to adverse side effects when sulfide salts are employed. For these reasons, small
molecule donors designed to release H2S in a controlled fashion, and under biologically
relevant conditions, have been sought to harness the medicinal properties of H2S [73–77].

In the ensuing section, we will highlight examples of small molecule donors that
better mimic the natural biosynthesis of H2S and exhibit promising cardioprotective effects,
especially against myocardial ischemia-reperfusion injury.

4. H2S Donors That Protect against Myocardial Ischemia-Reperfusion Injury

Hydrogen sulfide donors with success at protecting against MI/R injury are high-
lighted in Table 1 and arranged by their mechanism for H2S release. In this section, the H2S
releasing mechanism of each donor will be detailed, and their resulting therapeutic effects
in various MI/R injury models will be summarized.
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Table 1. Synthetic H2S donors with documented protective effects against MI/R injury.

H2S Donor Release Mechanism Preclinical Studies

Hydrolysis-Triggered In vivo rat and diabetic
mice models of MI/R injury

 
Hydrolysis-Triggered Rat isolated perfused heart model

of MI/R injury

pH-Triggered
H9c2 cardiomyocyte model
of H/R injury and in vivo

murine model of MI/R injury

N

Thiol-Triggered In vivo murine model
of MI/R injury

Thiol-Triggered In vivo murine model
of MI/R injury

 
Thiol-Triggered In vivo murine model

of MI/R injury

 
Thiol-Triggered Mouse isolated perfused heart

model of MI/R injury

 
Thiol-Triggered

Rat isolated perfused heart model
and in vivo murine model of

MI/R Injury

 
Thiol-Triggered In vivo rabbit model

of MI/R injury

 

Enzyme-Triggered in vivo murine model
of MI/R injury

 

ROS-Triggered
H9c2 cardiomyocyte model
of H/R injury and in vivo

murine model of MI/R injury

4.1. Hydrolysis-Triggered Donors

Morpholin-4-ium 4-methoxyphenyl (morpholino) phosphinodithioate (GYY4137) is
the first and most-researched H2S donor ever developed [78,79]. It was accessed by treating
Lawesson’s reagent with morpholine to impart high water solubility (~30 mg/mL at pH 7.4),
which facilitates its use in biological studies. The proposed H2S releasing mechanism for
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GYY4137 is depicted in Figure 3. From detailed mechanistic work carried out by Alexander
and co-workers [80], a two-step hydrolysis was put forth, which ultimately yields an
arylphosphonate and 2 equiv of H2S. The second hydrolysis step, however, was deemed
to be too slow to be responsible for any of its observed biological activity, suggesting that
GYY4137 primarily undergoes a single hydrolytic P–S bond cleavage event in water to
release 1 equiv of H2S.

 
Figure 3. Hydrolysis-triggered H2S release from GYY4137.

In stark contrast to sulfide salts, GYY4137 is recognized for its ability to provide the
slow and continuous release of H2S for up to a week after its introduction to water. In its
first reported study, GYY4137 was shown to relax rat aortic rings due to its activation of
vascular smooth muscle KATP channels [78]. Moreover, unlike sulfide salts whose effects
were brief, GYY4137 was found to be a far more potent vasorelaxant, presumably due
to its sustained release of H2S and extended interaction with aortic rings. Perhaps not
surprisingly, GYY4137 has also exhibited protective effects against MI/R injury [81–83].
Beyond its activation of vascular smooth muscle KATP channels [78,84], additional mecha-
nisms have been invoked which include the ability of GYY4137 to attenuate oxidative stress
and apoptosis through increased Bcl-2 expression and its activation of the Nrf2 signaling
pathway [81,82].

Aside from GYY4137, 1,2-dithiole-3-thiones (DTTs) represent another important H2S
donating scaffold that operates via chemical hydrolysis (Figure 4) [85]. Although detailed
mechanistic studies have yet to be carried out, conventional wisdom suggests that, in
water, DTTs are converted into their corresponding 1,2-dithiole-3-one structure with the
concurrent liberation of H2S.

 
Figure 4. Hydrolysis-triggered H2S release from DTTs.

ADT and ADT-OH are the most common among this donor class, and their biological
properties have been assessed in numerous disease models [86–91]. Perhaps most notably,
several interesting H2S donor hybrids have been obtained by coupling ADT-OH through its
phenol onto other therapeutically useful drugs [92], yielding compounds such as MADTOH
and ACS14 (Figure 5).
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Figure 5. Chemical structures of DTTs and donor hybrids with protective effects against MI/R injury.

Impressive drug synergism was observed with MADTOH, a monastrol-H2S-releasing
hybrid, as increased inhibitory effects against L-type calcium channels were observed with
this compound in comparison to both monastrol and ADT-OH alone [93]. L-type calcium
channel blockers hold promise as an effective therapy for several cardiovascular disorders,
including myocardial ischemia [94]. Thus, hybrid molecules, such as MADTOH, may be
especially advantageous in treating MI/R injury and warrant further studies.

Along those lines, ACS14 is an H2S-releasing, nonsteroidal anti-inflammatory hybrid
that combines aspirin and donor ADT-OH. Originally reported on in 2009 [95], ACS14
was first developed in an effort to reduce the gastric toxicity of aspirin by combatting
redox imbalance through its release of H2S and subsequent increase in heme oxygenase-1
expression. Since this initial report, the cardioprotective effects of ACS14 have also been
highlighted in later studies, including its ability to reduce MI/R injury in buthionine
sulfoximine-treated rats [96,97].

Similarly, AP39 is an ADT-OH conjugate with impressive therapeutic effects in cardio-
vascular disease models (Figure 5) [98,99]. By combining ADT-OH with a triphenylphos-
phonium moiety through an ester linkage, AP39 effectively targets mitochondria, which
significantly improves its potency. This was first established in a study aimed at assessing
its effects on mitochondrial bioenergetics, which noted that only nanomolar concentrations
of AP39 were required to observe stimulatory effects whereas micromolar doses of other
H2S donors are typically required to evoke similar results. The selective delivery of H2S to
mitochondria may also heighten its cardioprotective qualities. Indeed, later studies have
showcased the ability of AP39 to protect myocardium from ischemia-reperfusion injury by
significantly attenuating mitochondrial ROS production and through its stabilization of
mitochondrial membrane potentials [100–102].
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4.2. pH-Triggered Donors

JK donors are a class of pH-triggered, H2S-releasing compounds developed by Xian
and co-workers [103]. By appending different amino acids, a series of phosphorothioate-
based donors were accessed that undergo an intramolecular cyclization reaction that
liberates H2S with high efficiency in weakly acidic (pH 5–6) environments (Figure 6). This
pathway, however, appears to be inoperable under neutral to slightly basic conditions
(pH 7–8), which provides greater spatiotemporal control over their delivery of hydrogen
sulfide. These observations are likely to stem from the fact that under weakly acidic
conditions, the phosphorothiol moiety is protonated and functions as a good leaving group,
while the carboxylate component still resides in its deprotonated, nucleophilic form.

Figure 6. pH-triggered H2S release from JK donors.

Since numerous pathological conditions are known to lead to a reduction in pH
(inflammation, cancer, and cardiovascular disorders), JK donors have the potential to
selectively deliver H2S under conditions in which a therapeutic benefit is likely to arise.
In their original study, the authors successfully demonstrated that both JK-1 and JK-2
(Figure 7) could provide significant cardioprotection in both cellular and in vivo murine
models of MI/R injury [103].

Figure 7. JK donors with established cardioprotective effects in MI/R injury models.

It is worth noting that additional donors of this type have been prepared by further
modifying the amino acid substituent. Phosphorothioate 18 (Figure 7), for example, was
recently accessed and found to protect H9c2 cardiomyocytes from hypoxia-reoxygenation
(H/R) injury [104]. In addition, JK-1 was shown to exhibit low toxicity and good pharma-
cokinetic properties, accentuating the fact that further structure–activity relationship (SAR)
studies and additional therapeutic and preclinical profiling within this series is likely to
be advantageous.

4.3. Thiol-Triggered Donors

H2S donors selectively responsive to biologically abundant thiols, such as cysteine
and glutathione, have also exhibited promising cardioprotective effects. Figure 8 outlines
specific compounds within this series that have displayed promising protective effects in
MI/R injury models.
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Figure 8. Thiol-triggered donors with established cardioprotective effects in H/R and MI/R in-
jury models.

Among the first to be examined were a series of N-mercapto-based donors (NSHDs)
developed by Zhao et al. (Figure 8) [105]. These compounds were shown to be stable in
buffer and require the presence of cysteine to effectively deliver H2S in aqueous media.
Specifically, within this donor class, NSHD-1, NSHD-2, and NSHD-6 demonstrated cyto-
protective effects against H2O2-induced damage in H9c2 cardiomyocytes. Furthermore,
NSHD-1 and NSHD-2 also exhibited potent cardioprotective effects in a murine model of
MI/R injury.

Additionally, acyl perthiols, allyl thioesters, and perthiocarbamates are responsive to
cellular thiols and have established cardioprotective effects in H9c2 cardiomyocytes and
other MI/R injury models as a result of their H2S release. In the case of acyl perthiols,
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compounds 8a and 8l demonstrated notable reductions in infarct size relative to vehicle-
treated mice in a murine MI/R injury model [58]. Moreover, a significant reduction in
circulating cardiac troponin I was observed in both 8a- and 8l-treated mice, which supports
the involvement of an H2S-related mechanism in their cardioprotection. Within the allyl
thioester series, 5e was shown to be the most potent donor in cardiomyocyte (H9c2) models
of oxidative damage [106]. It also displayed protective qualities in an in vivo mouse
model, reducing infarct size and cardiomyocyte apoptosis. Similarly, perthiocarbamate 7b
showcased impressive cardioprotective effects in a Langendorff model of MI/R [107].

Although very electrophilic, isothiocyanates are another class of thiol-activated donors
with promising cardioprotective characteristics. In Langendorff-perfused rat hearts, 4CPI
was shown to improve post-ischemic recovery through its attenuation of oxidative stress
and activation of mitoKATP channels [108]. Through an extensive SAR study, 3-pyridyl-
isothiocynante was identified as another potent donor within this series, exhibiting max-
imum myocardial protection in an in vivo rat model for acute myocardial infarction at a
dose of just 20 μg/kg and from its activation of mitoKATP channels [109].

Arylthioamides are the final donor class that we will touch upon within this section.
What makes arylthioamides distinct from the donors mentioned above is that their release
of H2S is extremely slow and inefficient, even with the addition of nucleophilic thiols [110].
Moreover, the release of H2S from this scaffold proceeds through an unidentified mechanis-
tic pathway. Nevertheless, two hybrid adenine-containing donors, arylthioamide 4 and 11,
appear to show synergistic cardioprotective effects by activating the PKG/PLN pathway in
ischemic myocardium [111].

Pathways for thiol-triggered release of H2S have been explored with these donors.
Plausible mechanisms put forth by the authors, based on detailed mechanistic studies, the
identification of reaction intermediates, and established organic reactivity, are presented below.

As depicted in Figure 9, NSHDs initially undergo a nucleophilic acyl substitution with
cysteine to form a thioester and an N-mercapto (N-SH) species. Although this first step
is reversible, the ensuing thioester undergoes a rapid S-to-N-acyl transfer that essentially
renders this step irreversible. In the presence of excess cysteine, the N-mercapto species is
transformed into a primary amide, forming cysteine persulfide in the process. Cysteine
persulfide then reacts further with cysteine to generate cystine and free H2S. From a
detailed SAR analysis, it was discovered that both electronic and steric effects at R1 (but
not R2) influence the rate of H2S release [105]. In general, NSHDs with smaller electron-
withdrawing substituents at this position exhibited faster kinetics.

 

Figure 9. Thiol-triggered H2S release from NSHDs.
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H2S can be released from acyl perthiols through an initial thioester exchange reaction
that liberates a persulfide [58] (Figure 10). The ensuing hydropersulfide can then undergo
an additional thiol exchange reaction to form a disulfide while generating H2S.

Figure 10. Thiol-triggered H2S release from acyl perthiols.

Similarly, allyl thioesters liberate H2S by undergoing an initial thioester exchange reac-
tion to generate an allylic thiol, which then oxidizes to form a diallyl disulfide (Figure 11).
Diallyl disulfides are known H2S donors that are likely to operate through a hydropersul-
fide intermediate [112–118].

 

Figure 11. Thiol-triggered H2S release from allyl thioesters.

Within this series of donors, perthiocarbamates are unique in their ability to generate
H2S from two distinct pathways: hydropersulfide formation and carbonyl sulfide (COS)
liberation [107]. As outlined in Figure 12, the COS delivery pathway is initiated by a
thiol–disulfide exchange reaction that yields an unstable carbamic thioacid that quickly
decomposes and gives rise to COS. In the presence of the ubiquitous enzyme carbonic
anhydrase (CA), COS is quickly transformed into H2S [119]. Alternatively, perthiocar-
bamates can liberate H2S from a hydropersulfide intermediate that is generated from an
intramolecular cyclization reaction that bypasses the need for a specific stimulus to trigger
the event.

The mechanism of H2S liberation from isothiocyanates has been carefully investigated
by Lin and co-workers [120]. As delineated in Figure 13, they propose that the reaction
commences with the nucleophilic attack by cysteine to form a dithiocarbamate. This
intermediate then undergoes an intramolecular cyclization that forms a 5-membered ring
and assists in the elimination of H2S.

4.4. Enzyme-Triggered Donors

Hydrogen sulfide donors that are selectively responsive to specific enzymes have also
been developed. Those that have displayed promising protective effects in MI/R injury
models are featured below.
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Figure 12. Thiol-triggered H2S release from perthiocarbamates.

 
Figure 13. Thiol-triggered H2S release from isothiocyanates.

Esterase enzymes are omnipresent in human cells and, as their name implies, catalyze
the hydrolysis of esters [121]. Not surprisingly, H2S liberation from a donor that is initiated
by esterase-catalyzed hydrolysis is a common approach [122–127]. In general, the molecular
framework is designed in such a way that upon ester hydrolysis, the resultant alcohol
undergoes a self-immolative step that results in the eventual release of H2S. Donor P2
(Figure 14) illustrates this approach, as an unstable hydroxymethyl persulfide is unveiled
after esterase-catalyzed hydrolysis [128]. This intermediate quickly decomposes to generate
acetaldehyde and a hydropersulfide, which serves as an effective H2S precursor under
biological conditions. Donor P2 was used in a murine model of MI/R injury and displayed
promising protective effects with a bell-shaped therapeutic profile.

 
Figure 14. Esterase-triggered H2S release from P2, a donor with cardioprotective effects in MI/R
injury models.

Donors selectively responsive to the enzyme β-galactosidase have also displayed
favorable cardioprotective effects. The NO-H2S donor hybrid depicted in Figure 15 is an
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example of such a design [129]. In the presence of β-galactosidase, the glycosidic bonds
in the molecule are cleaved, producing an unstable intermediate that further unravels to
liberate H2S (via COS hydrolysis) and nitric oxide (NO). To underline its cardioprotective
effects, this hybrid prodrug was used in a rat model of heart failure. In general, it was
shown that administration of the NO-H2S donor hybrid noticeably improved cardiac
function post myocardial infarction, and especially in comparison to NO or H2S treatment
alone, highlighting the effectiveness of a hybrid approach.

Figure 15. β-galactosidase-triggered H2S release from an NO-H2S donor hybrid, a compound with
cardioprotective effects in MI/R injury models.

4.5. ROS-Triggered Donors

H2S donors selectively responsive to elevated levels of ROS have been shown to
be especially advantageous at combatting oxidative stress-related diseases [130–134], in-
cluding MI/R injury. Within the structural framework of these donors, an O- or S-alkyl
thiocarbamate is often linked to an aryl boronate ester, which serves as an ROS-responsive
trigger [135–137]. In the presence of ROS (especially hydrogen peroxide or peroxyni-
trite), the aryl boronate ester is quickly oxidized to an unstable phenol that undergoes
a 1,6-elimination to provide H2S through carbonic anhydrase catalyzed COS hydrolysis
(Figure 16).

An advantage of donors that proceed through the COS/H2S pathway is their concur-
rent release of an aryl amine (or aryl alcohol) which affords an easy opportunity to access
self-reporting donors that can track their H2S delivery via fluorescence spectroscopy and
other imaging techniques [134,138–140]. HSD-B and HSD-R (Figure 17) serve as examples
of this, due to there being a latent fluorescent reporter embedded within their O-alkyl
thiocarbamate framework. Moreover, these compounds were rationally designed to target
mitochondria, thanks to their lipophilicity and cationic charge, which are likely to con-
tribute to their pronounced cardioprotective effects that have been observed in H/R injury
models [139,140]. HSD-B, for example, was shown to provide protection in a H9c2 cellular
model of H/R injury, while HSD-R exhibited anti-apoptotic (inhibition of pro-apoptotic
genes, including Bid, Apaf-1, and P53), anti-inflammatory, and pro-angiogenic effects in a
rat MI/R injury model.
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Figure 16. General mechanism for H2S release from ROS-triggered, O-alkyl thiocarbamate-
based donors.

Figure 17. ROS-triggered donors with cardioprotective effects in H/R and MI/R injury models.

5. Chemotherapy-Induced Cardiotoxicity

Chemotherapy-induced cardiotoxicity is a serious complication that affects the long-
term survival of cancer patients and often manifests itself several years to several decades af-
ter the completion of treatment [141,142]. By convention, chemotherapy-induced cardiotoxi-
city is sorted into two distinct categories: type I, which is more severe, dose-dependent, and
triggered by anthracycline-based drugs [143–145], and type II, which is less severe, believed
to be reversible upon the cessation of treatment, and associated with cisplatin, alkylating
agents, antimetabolites, and other non-anthracycline-based chemotherapeutics [146].

Anthracyclines, such as doxorubicin (DOX) and daunorubicin, are among the most
effective anticancer agents in clinical use [147]. Their planar anthraquinone tetracyclic
structure allows them to insert between DNA base pairs and interfere with the enzyme
topoisomerase II, which, in turn, prevents the DNA unwinding and replication that ulti-
mately induces apoptosis in proliferating cancer cells [148]. However, the same chemical
features that give rise to DNA intercalation also predispose anthracyclines to redox cycling
that generates superfluous levels of ROS within a cellular environment and, specifically, in
mitochondria [149,150]. With increased mitochondrial density and a relatively deficient
antioxidant defense system in place, cardiomyocytes are especially susceptible to oxidative
injury [151,152]. Therefore, while other mechanisms may be in play, the uncontrolled pro-
duction of ROS is believed to be primarily responsible for the dose-dependent, irreversible
heart damage that is observed with anthracycline-based chemotherapeutics [153–155].

Given the significance of anthracyclines in the fight against cancer, it comes as no
surprise that new therapeutic strategies are being extensively explored in an effort to
diminish their cardiotoxic side effects. To this end, it has been suggested that the co-
administration of H2S—with its impressive antioxidative, anti-inflammatory, and anti-
apoptotic effects—may offer an effective solution [156]. This hypothesis was first explored
by Su and co-workers in 2009, using a DOX-treated rat model [157]. Employing NaHS as
an H2S donor, the attenuation of DOX-induced mitochondrial injury was in fact observed,
along with significant improvements in overall cardiac function. Subsequent investigations
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have corroborated these initial findings, and the beneficial effects of H2S are now well-
established for combatting chemotherapy-induced cardiotoxicity of both type 1 and type 2
through various mechanisms (Figure 18) [158–162].

 
Figure 18. Protective mechanisms of H2S against chemotherapy-induced cardiotoxicity.

While the co-administration of H2S appears to be a promising approach for reducing
the cardiotoxic profile of drug molecules, efforts to improve absorption and target delivery
have led to the emergence of a new codrug design in which a known H2S-donating moiety
is directly linked to a chemotherapeutic agent of interest. This strategy is akin to the
ABT-OH donor hybrids discussed earlier (Section 4.1) and has proven to be especially
beneficial for mitigating DOX-induced cardiotoxicity, in particular. Therefore, given their
obvious translational potential and clever chemical design, these hybrid DOX molecules
are detailed below.

6. H2S Conjugated Codrugs That Combat Anthracycline-Induced Cardiotoxicity

Chegaev and co-workers were the first to synthesize and assess a series of H2S-
releasing, DOX hybrid codrugs (termed H2S-DOXOs) [163]. To accomplish this, they
appended known H2S-donating motifs via an ester bond at C-14 of DOX. As seen in
Figure 19, the affixed H2S-donating moieties included DTT derivative (H2S-DOXOs 10–13),
allyl sulfide (H2S-DOXO 14), allyl disulfide (H2S-DOXO 15), and an aryl thioamide (H2S-
DOXO 16).

After verifying H2S liberation from H2S-DOXOs in cell culture media, an LDH assay
was used to assess their cytotoxic effects in H9c2 cardiomyocytes in culture. Compared to
DOX, H2S-DOXOs 10–14 were found to be significantly less cytotoxic, and the addition of
the H2S scavenger hydroxocobalamin confirmed that their release of hydrogen sulfide was
responsible for their reduced cardiotoxicity.

Perhaps most notably, however, H2S-DOXOs 10 and 11 simultaneously displayed
impressive anticancer activity in human osteosarcoma cells (U-20S), even compared to the
parent drug. Follow-up studies with H2S-DOXO 10 indicated that the increased potency
is likely to stem from their disruption of drug efflux by Pgp [164], which increases their
cellular concentration. Thus, the appendage of an H2S donor to DOX appears to impart
several distinct advantages, including improved functional activity against multidrug-
resistant cancers in addition to a reduced cardiotoxic profile.

Since this initial study, H2S-DOXO 10 (or Sdox) has undergone additional preclinical
studies (Table 2) [165–167]. In a DOX-resistant prostate cancer mouse model, treatment
with Sdox led to significantly reduced tumor volumes and improved safety. Conversely,
DOX-treated mice exhibited reduced body weight and cardiotoxicity, which was assessed
by measuring troponin plasma levels and left-ventricular-wall thickness.
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Figure 19. H2S-donating, doxorubicin hybrid codrugs with protective effects against anthracycline-
induced cardiotoxicity.

Table 2. H2S-releasing hybrid codrugs with protective effects against anthracycline-induced cardiotoxicity.

H2S Hybrid Release Mechanism Preclinical Studies

 

Hydrolysis-Triggered

H9c2 cardiomyocytes,
U-2OS osteosarcoma cells,

DU-145 prostate cancer cells, and
in vivo DOX-resistant mouse models

 

ROS-Triggered H9c2 cardiomyocytes and
4T1 breast cancer cells
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In a similar fashion, Hu et al. recently reported on an H2S-releasing, DOX hybrid
codrug (c1, Figure 20) [168]. However, unlike H2S-DOXOs, c1 is a prodrug that only
liberates active DOX and H2S under conditions of oxidative stress.

 

Figure 20. ROS-triggered H2S release from c1, an ROS-responsive DOX hybrid prodrug with reduced
cardiotoxicity in rat cardiomyocytes in culture.

Elevated levels of ROS are found in most cancers for a variety of reasons [169]. Conse-
quently, ROS-inducible anticancer prodrugs have emerged as a promising design strategy
for improving the therapeutic index of anticancer chemotherapeutic agents [170–173]. Thus,
the design of c1 represents a novel strategy that imparts both tumor-selective activation
and H2S delivery in combination to further reduce the cardiotoxic side effects of DOX.

As highlighted in Figure 20, c1 utilizes an aryl boronate ester as an H2O2-selective
trigger. Upon its oxidation by peroxide, the ensuing phenol undergoes a 1,6-elimination
that releases both H2S (by way of COS hydrolysis) and DOX. The authors confirmed this
mechanism through LCMS studies and verified the selective release of both DOX and H2S
in response to H2O2.

The toxicity of c1 was assessed in rat cardiomyocytes in culture (Table 2). Using
this model, c1 exhibited reduced cardiotoxicity compared to that of DOX. By enlisting
an H2O2-activated DOX prodrug as a control, which provided CO2 release rather than
COS, it was concluded that the protective effects of c1 are likely to stem from its co-release
of H2S. Cells treated with c1 also evinced significantly higher Nrf2 activation and heme
oxygenase-1 expression compared to controls, providing a likely mechanism of cellular
protection [174–177].

Notably, c1 also appeared to maintain the antitumor effects of DOX in a 4T1 mouse
breast-cancer cell line. Therefore, while further preclinical profiling—especially in vivo—is
required, the selective tumor activation and H2S liberation provided by c1 offer further
promising options for overcoming DOX-derived cardiotoxicity in the clinic.
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7. Conclusions

Once regarded as merely a toxic and foul-smelling gas, H2S has more recently been
recognized as a key signaling molecule and important endogenous mediator of numerous
physiological and pathophysiological processes within mammalian systems. Its positive
influence on the cardiovascular system, in particular, is rooted in its involvement in va-
sodilation (activation of KATP channels and the PI3K/Akt signaling pathway) [178–181],
as well as its anti-inflammatory (inhibition of the p38 MAPK/NF-κB pathway) [182,183],
antioxidative (activation of the Nrf2 signaling pathway) [59,168,184], and anti-apoptotic
(suppression of pro-apoptotic genes Bid, Apaf-1, and p53) [140] properties, which have
been extensively reviewed elsewhere in the literature [54,55,116,185].

Exogenous supplementation with H2S has been shown to vastly improve outcomes in
various in vitro and in vivo cardiovascular disease models. In this review, its effectiveness
at combating MI/R injury and chemotherapy-induced cardiotoxicity was explored, along
with the fundamental chemistry and H2S releasing mechanism of the donor molecules that
were utilized in these studies. The continued development and refinement of H2S-releasing
compounds is critical to unlocking the translational therapeutic potential of hydrogen
sulfide, by augmenting its delivery and bioavailability while better mimicking its natural
and prolonged enzymatic production. Thus, the compounds reported on herein not only
represent important investigative tools for probing the chemical biology of hydrogen sulfide
but may also one day serve as important therapeutic agents for the treatment of MI/R
injury and anthracycline-induced cardiotoxicity.
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Abstract: Sulfane sulfurs, which include hydropersulfides (RSSH), hydrogen polysulfides (H2Sn,
n > 1), and polysulfides (RSnR, n > 2), play important roles in cellular redox biology and are closely
linked to hydrogen sulfide (H2S) signaling. While most studies on sulfane sulfur detection have
focused on sulfane sulfurs in the whole cell, increasing the recognition of the effects of reactive sulfur
species on the functions of various subcellular organelles has emerged. This has driven a need for
organelle-targeted detection methods. However, the detection of sulfane sulfurs, particularly of RSSH
and H2Sn, in biological systems is still a challenge due to their low endogenous concentrations and
instabilities. In this review, we summarize the development and design of organelle-targeted fluores-
cent sulfane sulfur probes, examine their organelle-targeting strategies and choices of fluorophores
(e.g., ratiometric, near-infrared, etc.), and discuss their mechanisms and ability to detect endogenous
and exogenous sulfane sulfur species. We also present the advantages and limitations of the probes
and propose directions for future work on this topic.

Keywords: sulfane sulfur; fluorescent probe; organelle; chemistry

1. Introduction

Biological sulfane sulfurs (S0), including hydropersulfides (RSSH), polysulfides
(RSSnSR), hydrogen polysulfides (H2Sn, n ≥ 2), and protein-bound elemental sulfurs
(S8), have become increasingly recognized as important reactive sulfur species (RSS)
with distinct functions in redox biology that are closely linked to hydrogen sulfide (H2S)
signaling [1]. Sulfane sulfurs are sulfur atoms with six valence electrons and no charge
that are covalently bonded to other sulfur atoms. Significantly, sulfane sulfurs have been
discovered to influence various physiological and pathological processes, including activat-
ing the transient receptor potential ankyrin 1 (TRPA1) channel, relaxing vascular smooth
muscles, mediating neurotransmission, and regulating inflammation [2–5]. Yet, due to their
instabilities, sulfane sulfurs such as RSSH and H2Sn are understudied despite their active
involvement in redox signaling. Considering the importance of sulfane sulfurs in biological
systems, the development of detection methods for these species is important to better
understand their biological mechanisms of action and potential therapeutic applications.

Some of the most popular detection methods for sulfane sulfurs or other biologically
important analytes are fluorescence spectroscopy and fluorescence microscopy [6–15].
These methods involve the usage of fluorescent probes, which are important tools in
the study of biological systems because they allow researchers to visualize and track
specific molecules or processes within cells and tissues. By emitting light when excited
by a specific wavelength of light, fluorescent probes allow scientists to detect and even
quantify the presence of specific molecules in real time [13–15]. Thus, fluorescent probes
can answer fundamental questions regarding the production and mechanisms of action for
sulfane sulfurs in biological samples, making these probes essential for medical diagnosis,
treatment, and basic biomedical research.
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Most reported fluorescent probes and studies for sulfane sulfur detection examine
cellular sulfane sulfur levels rather than those in subcellular microenvironments. Yet,
organelles are specialized subunits within cells that perform specific functions that are
essential for the overall health and survival of the cell. In events of stress or malfunction,
disease can result. For example, the mitochondria are involved in many critical processes,
including the regulation of cell signaling and differentiation, cell death pathways, and the
cell cycle [16]. Mitochondrial oxidative damage has been found to contribute to a wide
range of human disorders, including ischemia-reperfusion injury and aging-associated
dysfunction [17]. While studies have found that H2S offers cardioprotective effects by
preserving mitochondrial function, sulfane sulfurs are less well-studied. It has been re-
ported, however, that the majority of bound sulfane sulfurs in cells are in the mitochondria,
suggesting the importance of this organelle in maintaining cardiovascular homeostasis [18].
It is also known that the mitochondrial enzyme sulfide quinone oxidoreductase (SQOR)
rapidly converts H2S into sulfane sulfurs (persulfides and polysulfides) which are then
stored in the mitochondria until they are released in response to physiological signals [19].
Considering that this organelle has been found to play key roles in diseases and sulfane
sulfurs have been found as actual signaling species in a range of biological activities previ-
ously attributed to H2S, an accurate, sensitive, and real-time method for detecting sulfane
sulfurs in the mitochondria is essential to understand their mechanisms.

Other subcellular organelles also have specific functions that contribute to the opera-
tion of a cell and can result in disease in the event of dysfunction. For example, lysosomes
are single-layered membrane organelles that are responsible for cellular waste digestion and
contain acidic environments and hydrolases. RSS plays a role in the regulation of lysosomal
activity and membrane permeability, thus affecting many biological processes [20]. The
rough endoplasmic reticulum (ER) is responsible for protein synthesis, while the smooth ER
is primarily involved in calcium signaling, lipid synthesis, and carbohydrate metabolism.
ER stress and protein misfolding have been associated with diseases, including myocardial
ischemia-reperfusion (MI/R) injury, cardiomyopathy, heart failure, hypertension, and dia-
betes [21–24]. The Golgi apparatus processes, packages, and transports proteins and lipids.
The lysosomes, ER, and Golgi apparatus have connected functions as part of a secretory
pathway with the cell membrane; therefore, the subcellular targeting of sulfane sulfurs in
these organelles using fluorescent probes is critical for better understanding the physiologi-
cal and pathological impacts of sulfane sulfurs on various diseases. This greater knowledge
may even have potential implications for clinical diagnosis and improved therapeutics.

Due to the rising interest in organelles, sulfane sulfurs, and the role of sulfane sulfurs
in maintaining intracellular redox homeostasis, developments in organelle-targeted fluores-
cent probes for sulfane sulfurs have been made in recent years. In this article, we reviewed
the popular strategies for organelle-targeted probe design and discussed the reported
organelle-targeted fluorescent probes for sulfane sulfurs along with their properties and
potential limitations. A summary of these molecules is shown in Figure 1.

158



Antioxidants 2023, 12, 590

Figure 1. A summary of reported organelle-targeted fluorescent probes for sulfane sulfurs.

2. Mitochondria-Targeting Probes

Mitochondria are the major source of reactive oxygen species (ROS). During mitochon-
drial respiration, nearly 0.1–4% of oxygen is reduced to the superoxide ion (O2

•−) due to
electron leakage from the respiratory chain. This species is then transformed into other
ROSs via enzymatic or non-enzymatic pathways [25]. Meanwhile, endogenously produced
H2S is oxidized in the presence of mitochondrial ROS to form sulfane sulfurs, which can
also be formed directly via enzymes such as 3MST. Thus, to better understand redox home-
ostasis, monitoring sulfane sulfurs via fluorescence imaging is useful. Mitochondria possess
a unique double-layered membrane structure with a negative membrane potential (as high
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as −180 mV) [26]. Hence, in most cases, mitochondria-targeted probes possess at least one
lipophilic cation [27]. Non-cationic probes can be functionalized by attaching triphenyl
phosphonium [20] or pyridinium [28–30] as the anchor. However, functionalized cationic
dyes are also known to target other organelles [31–35]. Based on colocalization experiments
with commercially available mitochondria-targeting dyes, some non-cationic dyes have
been reported to selectively target the mitochondria due to their unique structures [36].
Here, we summarize the reported cationic and non-cationic mitochondria-targeted probes
for sulfane sulfur detection.

In 2015, Chen and coworkers developed a reaction-based near-infrared (NIR) fluo-
rescent probe (Mito-ss) for the detection of mitochondrial hydrogen polysulfides (H2Sn,
n > 1) [37]. Mito-ss consists of (i) a NIR dye based on the azo-BODIPY chromophore,
(ii) a lipophilic triphenyl phosphonium group, and (iii) an H2Sn-reactive nitrofluoroben-
zoate moiety (Scheme 1a). They chose a NIR fluorophore because NIR lights possess certain
advantages, including deep tissue penetration, low cytotoxicity, and minimum background
noise. Nitrofluorobenzoate is a commonly used functional group for the design of H2Sn
sensors [38]. Nitrofluorobenzoate bears two electrophilic sites. H2Sn first reacts with it via
nucleophilic aromatic substitution (SNAr) to replace the F atom and form a persulfide (-SSH)
intermediate, which then undergoes a spontaneous intramolecular cyclization with the
ester group to uncage the fluorophore. Due to its electron with-drawing nature, nitrofluo-
robenzoate quenches the fluorescence of the azo-BODIPY chromophore via a donor-excited
photoinduced electron transfer (d-PET) process. As such, Mito-ss is a reaction-based
‘turn-on’ sensor for H2Sn. Mito-ss reacts rapidly (~30 s) with H2Sn and exhibits a 24-fold
fluorescence increase at an emission of 730 nm. The probe was examined with various ROS,
reactive nitrogen species (RNS), and other RSS and demonstrated no fluorescence turn-on.
Biothiols such as glutathione (GSH), cysteine (Cys), N-acetyl-L-cysteine, etc., could react
with Mito-ss. However, as the reaction stopped at the SNAr step, no fluorescence was
observed. The limit of detection (LOD) for Mito-ss was calculated to be 25 nM. The probe
was used for the real-time detection of exogenous and endogenous H2Sn using six different
cell lines. Mito-ss was also found to be suitable for the in vivo detection of exogenously
injected H2Sn in BALB/c mice.

Using the same nitrofluorobenzoate reaction site, Han et al. developed a ratiometric
fluorescent probe, Mito-NRT-HP, for the detection of mitochondrial H2Sn in 2019 [39].
The structure of Mito-NRT-HP is similar to Mito-ss, though with a two-photon respon-
sive naphthalimide fluorophore instead of a single-photon responsive fluorophore. The
naphthalimide fluorophore has the advantage of easily tunable photophysical properties
by blocking and/or unblocking the internal charge transfer (ICT) process. It is highly
photostable, resistant to pH interference, and possesses a large two-photon absorption
cross-section. Importantly, 1,8-naphthalimide can be easily functionalized by simple syn-
thetic tailoring [40]. The main advantages of two-photon excitation over single-photon
excitation include deep tissue penetration, lesser damage, poor scattering, etc. In the case
of two-photon excitation, a femto second pulsed laser is used, and the molecule can be
excited only at the focal point of the laser. Three-dimensional imaging can be obtained [41].
Upon titrating with different concentrations of Na2S2, it was found that Mito-NRT-HP gave
ratiometric responses with a changing fluorescence color from blue to green. When the
solution of Mito-NRT-HP was treated with H2Sn, the initial emission maximum at 478 nm
decreased gradually, with a concomitant peak increase at 546 nm. The detection limit was
10 nM which suggests that Mito-NRT-HP could have the relevant sensitivity needed for
the quantitative detection of H2Sn under physiological conditions. The two-photon absorp-
tion cross-section values (δ) of Mito-NRT-HP and its fluorophore Mito-NRT (Scheme 1b)
were recorded in a buffer using a pulsed laser, and fluorescein was used as the reference
molecule. Their δ values were measured over a range of wavelengths starting from 750 nm
to 825 nm. The highest δ was 290 GM [1 GM (Goeppert-Mayer) = 10−50 cm4 s photon−1]
for Mito-NRT-HP and ~190 GM for Mito-NRT at 810 nm. Mito-NRT-HP was found to
exhibit good cell permeability and weak cytotoxicity, which was suitable for the ratiometric
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imaging of endogenous H2S2 in cells. Mito-NRT-HP was colocalized with MitoTracker Red
(MTR) and LysoTracker Red (LTR), and the colocalization coefficients were found to be
0.94 and 0.42, respectively, indicating that Mito-NRT-HP was specifically localized in the
mitochondria. Using two-photon microscopy, images of the tissue slices from mice with
lipopolysaccharide (LPS)-induced acute organ injury were taken and compared with the
control tissues. The enhanced fluorescence in the former case was observed. In 2021, Han
et al. reported a similar probe for the detection of mitochondrial H2Sn during H2O2-induced
redox imbalance [42]. The structure of this probe (Mito-RHP) only differed from Mito-NRT-
HP in the linker between naphthalimide and the triphenylphosphonium unit. Upon the
addition of Na2S2 to the solution of Mito-RHP, the initial emission spectra of Mito-RHP
at 485 nm gradually decreased, and a continuous increase in the new peak to 550 nm was
observed, along with a change in fluorescence color from blue to yellowish green. In this
case, the Stokes shift was 109 nm, which was higher than that of Mito-NRT-HP. The detec-
tion limit was calculated to be 20 nM. Other properties, such as photostability, solubility,
permeability, and cytotoxicity, were similar. However, the mitochondria-targeting ability
of the new probe (overlap coefficient = 0.836) was not as good as that of Mito-NRT-HP
(overlap coefficient = 0.94). The in vivo imaging of exogenous H2Sn (using Na2S2) was
performed in zebrafish using Mito-RHP.

Scheme 1. Structures and reactions of probes (a) Mito-ss, (b) Mito-NRT-HP, (c) HCy-FN, and
(d) HCy-Mito.

An interesting single-component multi analyte responsive NIR fluorescent probe was
reported by Chen and coworkers in 2015 for the detection of the superoxide ion (O2

•−)
and H2Sn to understand redox homeostasis in the mitochondria [43]. Both O2

•− and H2Sn
are short-lived reactive species, and their concentrations change quickly. To solve this
problem, they developed a cyanine-based NIR probe, HCy-FN. This probe consists of two
different reaction sites: one for the abstraction of hydrogen to detect O2

•− and the other
for the detection of H2Sn using nitrofluorobenzoate (Scheme 1c). Both sensing steps were
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monitored by two different channels. Upon reacting with O2
•−, HCy-FN was oxidized to

Cy-FN, and this transformation was monitored by an increase in the emission intensity
from channel 1 at 794 nm (λex = 750 nm). Next, the nitrofluorobenzoate part of Cy-FN
reacted with H2Sn to result in a decrease in the emission intensity of channel 1 followed
by an increase in the emission intensity in channel 2 at 625 nm (λex = 535 nm) due to the
formation of Keto-Cy. They examined different ROS with HCy-FN and found that only
O2

•− was able to oxidize the probe. Similarly, the reactivity of other RSS towards Cy-FN
was also evaluated, and no changes in emission spectra were noted. HCy-FN was used for
the detection of exogenous and endogenous H2Sn with the macrophage cell line RAW264.7
to monitor both sensing steps by dual channel emission. It was found that the Pearson
correlation coefficient (Rr) of Cy-FN and mitochondria-localizing Rhodamine 123 was 0.98,
confirming that Cy-FN was localized in the mitochondria. Moreover, HCy-FN could detect
endogenously produced O2

•−/H2Sn in BALB/c mice. This work represents an interesting
way to detect O2

•−/H2Sn in the biological system. However, the claim that the probe is
capable of monitoring mitochondrial O2

•−/H2Sn may not be accurate. The authors only
provided the Rr value for the intermediate compound Cy-FN and not for the actual probe.
The structure of HCy-FN suggests that it may not be a suitable candidate to target the
mitochondria because of the lack of a lipophilic cationic moiety.

In 2016, Chen and coworkers developed a probe (HCy-Mito) for the selective detection
of superoxide anion (O2

•−) and H2Sn in the mitochondria [44]. The reaction sites for
O2

•− and H2Sn were the reduced cyanine dye (similar to HCy-FN) and m-nitrophenyl
ether (Scheme 1d). In the presence of O2

•−, Hcy-Mito was oxidized to form a cyanine
derivative, and the reduced nature of H2Sn converted the nitro group to -NH2, which
terminated the d-PET process and resulted in an increase in emission intensity to 780 nm.
The detection limits for O2

•− and H2Sn by HCy-Mito were found to be 0.1 μM and 0.2 μM,
respectively. In vitro experiments with RAW264.7 cells by HCy-Mito suggest that it could
image exogenous and endogenous O2

•−/H2Sn and localize specifically in the mitochondria
(Rr = 0.93). This probe was further utilized for the in vivo detection of O2

•− (generated
from phorbol myristate acetate (PMA) and H2Sn (via injected Na2S4) in BALB/c mice.

In 2019, Meng et al., used a different reaction site based on the 2-(acylthio)benzoate
for the design of a mitochondria-targeted probe for H2Sn [45]. This template utilized
both the nucleophilic and electrophilic nature of H2Sn for its recognition (Scheme 2a) [46].
Briefly, the thioester exchange between the H2Sn and 2-(acylthio)benzoate produced a
thiophenol derivative, which, in turn, reacted with H2Sn to form an -SSH intermediate.
This intermediate underwent an intramolecular cyclization to release the fluorophore. This
template was attached to a red-emitting fluorophore to develop the probe, HQO-PSP. HQO-
PSP itself was non-fluorescent but, upon sensing H2Sn, exhibited a fluorescence turn-on
(86-fold) at an emission of 633 nm due to the formation of the keto derivative HQO. The
probe was found to be relatively fast (7 min) and highly selective to H2Sn, with a detection
limit of 95.2 nM. In vitro studies with A549 cells revealed that HQO-PSP could specifically
localize within the mitochondria (Rr = 0.98) and selectively image exogenously added H2Sn
in the live cells.

In the same year, Choi et al. reported that the ratiometric probe SPS-M1 for mitochon-
drial H2Sn detection was based on a two-photon excitable naphthalene fluorophore [47].
The reaction site was the same as that of HQO-PSP except for an additional self-immolating
carbamate linker (Scheme 2b). The probe exhibited a blue fluorescence (λem = 429 nm) but
produced the deprotected yellow fluorescent dye M1 (λem = 506 nm) upon sensing H2Sn.
Interestingly, the two-photon absorption (TPA) cross-section (δ) of SPS-M1 and M1 was
found to be 11 and 108 GM, respectively, at 750 nm. The large TPA cross-section resulted
from the strong ICT process in M1. SPS-M1 was found to be suitable for the quantification
of H2Sn in live cells, and the in vitro detection limit was 1 μM. The two-photon microscopic
imaging with SPS-M1 for endogenous H2Sn using the wild-type and Parkinson’s disease
(PD) model neurons and brain tissues of mice revealed that H2Sn concentrations were
higher in the PD model.
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Scheme 2. Structures and reactions of probes (a) HQO-PSP, (b) SPS-M1, and (c) H1.

Another interesting approach for the spatiotemporal detection of mitochondrial H2Sn
was reported by Han et al. in 2018 [48]. Probe H1 consisted of a fluorescein dye attached
to a triphenylphosphonium group and a nitrobenzyl photoactivable protecting group
(Scheme 2c). Upon irradiation with UV light (365 nm), the nitrobenzyl part produced an
aldehyde derivative, which served as the H2Sn recognition site. H2Sn attacks the aldehyde
group to form a persulfide intermediate, which then should undergo cyclization to liberate
the fluorophore and generate a side product (4-hydroxybenzo[d][1,2]dithiin-1(4H)-one).
H1 showed a turn-on of fluorescence at 525 nm only when it was irradiated with UV
light along with H2S2 in the solutions. The detection limit was calculated to be 150 nM.
The targeting ability of H1 was confirmed by counterstaining with MitoTracker Green
(MTG) (Rr = 0.72). Although this photo-triggered probe was interesting, the authors did not
provide experimental support for the proposed detection mechanism. This aldehyde-based
intermediate may also possess some problems as 2-formyl carboxylate is a well-known
H2S recognition site [49,50], and the aldehyde group has a high reactivity towards free
cysteine [51–53].

In addition to specific probes for H2Sn, general probes for sulfane sulfurs in the
mitochondria have also been reported. Chen and coworkers reported the sulfane sulfur-
responsive probe Mito-SH based on the azo-BODIPY fluorophore with a sulfane sulfur
reaction site-thiosalicylate (Scheme 3a) in 2018 [54]. The sensing mechanism was based on
the nucleophilicity of the thiol group toward the electrophilic sulfane sulfurs [55,56]. Upon
reacting with sulfane sulfurs, the probe formed an -SSH intermediate, which immediately
underwent an intermolecular cyclization to release the fluorophore. Mito-SH was found
to be highly selective, highly responsive (100 s), and free from pH interference (range
pH 4–7.8). It exhibited a 10-fold enhancement in the emission intensity upon sensing
sulfane sulfurs in the NIR region (723 nm). The detection limit was 73 nM. Mito-SH
exhibited mitochondria-specific localization as verified by a colocalization experiment with
MTG (Rr = 0.91). In vitro imaging of exogenous (with Na2S4 as the source) and endogenous
(generated from CSE) sulfane sulfurs were performed with this probe using SH-SY5Y cells.
This was then further utilized for imaging sulfane sulfur changes caused by acute ischemia
in mice. The same group reported a different approach in 2018, utilizing the reactivity of
the selenol (-SeH) group towards sulfane sulfurs [57]. The probe Mito-SeH is the same as
Mito-SH except for the replacement of -SH by -SeH. Due to the difference in the pKa value
of SeH (pKa 5.9) vs. SH (pKa 6.5), the former was found to be more reactive towards sulfane
sulfurs. Mito-SeH ratiometrically reacted with sulfane sulfurs and exhibited fluorescence
when turned on at 720 nm with a detection limit of 3.1 nM. In vitro experimentation using
smooth muscle cells (SMCs) revealed that this probe could sense both exogenous (using
Na2S4, thiophosphates, or 3H-1, 2-dithiole-3-thione as the source of sulfane sulfurs) and
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endogenous sulfane sulfurs (using LPS to induce cystathionine γ-lyase (CSE) production).
Mito-SeH was utilized for the in vivo detection of sulfane sulfurs in the acute ischemia of
mice, and it was concluded that sulfane sulfurs exhibited cytoprotective effects against
hypoxia. While this selenol-based probe showed interesting activities, its stability could be
a problem as -SeH groups are known to be highly sensitive to oxidation under air.

Scheme 3. Structures and reactions of probes (a) Mito-SH/Mito-SeH and (b) HQO-SSH.

In 2018, Meng et al. reported an ‘off-on’ fluorescent probe HQO-SSH for the detection
of protein persulfidation. This probe appeared to also target mitochondria (presumably
due to the cationic nature of the cyanine dye) [58]. The authors claimed that this probe
was selected by screening a library of compounds to identify a suitable functional group to
specifically react with persulfides. However, it is unclear what compounds were screened.
It was suggested that persulfides could remove the acryloyl group and release the cyanine
dye while other species, such as H2S, biothiols, ROS, etc., could not. Persulfidated papain
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as models to validate
the probe. Upon sensing persulfides, it exhibited a turn-on of fluorescence at ~635 nm.
The probe was used for the imaging of mitochondrial protein persulfide changes in A549
and BEAS-2B lung cells (persulfidation induced by propargylglycine and Na2S), as well
as in sulfur mustard-induced lung injury tissues. However, those studies did not rule out
the possibility of the probe turn-on by non-protein persulfides, such as small molecule
persulfides or other sulfane sulfur species.

3. Lysosome-Targeted Probes

Lysosomes are membrane-bound organelles with acidic pH values which could reach
as low as 4.5–4.7 [59]. A popular method to target these vesicles involves exploiting
their low pH by incorporating a moiety (normally lipophilic amines) that can become
easily protonated on a fluorescent sensor upon entering the lysosome. [60] The resulting
compound is membrane impermeable and can then accumulate in the acidic lysosomal
matrix. However, it must be noted that not all lysosome-targeted fluorescent probes contain
a pH-sensing moiety [61–63].

One of the first lysosome-targeted fluorescent probes for sulfane sulfur detection was
reported by Ren et al. in 2019 [64]. They utilized diethylamine to direct the probe to the lyso-
somes. The previously reported imidazo [1,5-α] pyridine derivative NIPY-OH fluorophore
was chosen for its large Stokes shift (215 nm) due to its excited-state intramolecular proton
transfer (ESIPT) process [65]. This property decreases the issues of self-quenching and auto-
fluorescence, which can impact probe performance. The popular 2-fluoro-5-nitrobenzoic
ester moiety was selected as the analyte recognition site. The combination of these three
groups resulted in the probe NIPY-NF (Scheme 4). Due to photoinduced electron transfer
(PET), the probe itself was non-fluorescent. UV-vis and fluorescence analyses determined
that NIPY-NF, after responding to H2S2, had an excitation wavelength of 340 nm, an emis-
sion of 520 nm, a detection limit of 84 nM, and a quick response time (<6 min). It was
also observed that NIPY-NF was applied to A549 cells with low cytotoxicity. Bioimaging
studies in this cell line determined that the probe could exogenously detect H2Sn in the
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cells after treatment with Na2S2 as well as after LPS stimulation to increase endogenous
levels of H2Sn. The probe’s ability to localize in the lysosomes was confirmed through a
colocalization study with the probe and LysoTracker Green.

Scheme 4. Structures of lysosome-targeted probes.

The same lysosome targeting and H2Sn detection strategies were employed by Xiang
et al. in 2021 to develop a ratiometric fluorescent probe, TCFPB-H2Sn, with aggregation-
induced emission (AIE) characteristics for in vitro and in vivo applications [66]. The bene-
fits of sensors with AIE include the ability to overcome aggregation-induced quenching
(ACQ) issues (i.e., decreased fluorescence, autofluorescence in vivo, etc.) that are com-
mon to ratiometric probes. This probe employed a tricyanofuranyl imino-salicylaldehyde
(TCFIS) as the fluorophore with the incorporation of the 2-fluoro-5-nitrobenzoate to allow
for an ICT. Weak ICT effects were expected due to the ester group’s weaker electron-
donating ability compared to that of the phenol. While the probe itself was expected to be
somewhat fluorescent due to π-conjugation in the chain despite the addition of the 2-fluoro-
5-nitrobenzoate, the presence of H2Sn was expected to yield strong ICT effects and lead to
an enhanced fluorescence based on DFT calculations. The AIE characteristic, mechanism
of the probe, and ICT occurrence (ex: 575 nm; em: 619 nm increase after Na2S4 addition;
em: 751 nm decrease after Na2S4 addition) were verified. Further analyses determined the
limit of detection (43 nM) along with a fast reaction time (2 min) and the specificity of the
probe for H2Sn. The intensity of the ratio for the fluorescence signal (I619/I751) decreased at
lower pHs (3–5) relative to those at pHs 5–10. Considering the weakly acidic environment
of the lysosome, this had the potential to affect probe efficacy. The authors also determined
TCFPB-H2Sn’s applicability in biological systems. It was found that the probe had low
cytotoxicity (5–25 μM) in HeLa cells, and TCFIS could localize in the lysosomes though
with some fluorescence in other areas of the cell (Rr ~0.87217). Significantly, the probe was
capable of the real-time imaging of H2Sn in mice models of acute ulcerative colitis.

Though the 2-fluoro-5-nitrobenzoate-based probes demonstrated good selectivity, the
high reactivity of the fluorobenzene had the potential to cause the probes to be consumed
in the presence of biothiols. In 2020, Liang et al. reported PP-PS (2-(1-phenylimidazo[1,5-
α]pyridin-3-yl)phenyl-2-(benzoylthio)benzoate): [67] a turn-on probe using a previously re-
ported fluorophore PP-OH [68] and a known 2-(acylthio)benzoate reaction site for H2Sn [46].
The fluorophore could likely be protonated due to its increased stability from aromaticity,
thus promoting its aggregation in acidic environments such as the lysosome. The quan-
tum yield of PP-PS was found to be 0.0132 (weak fluorescence signal), which increased to
0.12549 (em: 478 nm, ex: 300 nm) upon the addition of Na2S2. Fluorescence analyses deter-
mined the limit of detection (1 nM) and a 1 min response time. The probe was found to have
low cytotoxicity in A549, MCF-7, and U87 cancer cells, and the fluorescence cell imaging
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of H2Sn was successful in these cell lines. The probe was also applied in xenograft mouse
tumor tissues and LPS-induced inflammation in excised mouse tissues. Colocalization
studies using LPS-treated A549 cells, PP-PS, and LysoRed confirmed the presence of the
dye in the lysosomes (Rr = 0.79192).

In 2020, Han et al. utilized 4-(2-aminoethyl)-morpholine to prepare Lyso-NRT-HP:
a lysosomal-targeted ratiometric two-photon fluorescent probe for H2Sn [69]. Their design
also included a 1,8-naphthalimide based fluorophore and a 2-fluoro-5-nitrobenzoyl group
to serve as the H2Sn receptor. The former is known for its effective ICT fluorescence
and photophysical properties, such as photostability and large Stokes shift, and has been
successfully used in the design of other ratiometric two-photon H2Sn probes [70]. The
latter allows the probe to specifically react with H2Sn to release the fluorophore Lyso-NRT
with a fluorescence emission of 548 nm in contrast to the 472 nm emission of Lyso-NRT-HP.
Similarly, the absorption band of the probe was 384 nm, while Lyso-NRT’s was 432 nm.
The two-photon (TP) induced fluorescence property of Lyso-NRT-HP was confirmed by
determining the TPA cross sections of the probe itself and its product after it reacted with
Na2S2 (δ = 324 GM). Analyses of the probe determined its selectivity towards H2Sn over
other biologically relevant RSS, including stability, quick turn-on (5 min), and limit of
detection (10 nM). Lyso-NRT-HP was then applied in HeLa cells and demonstrated its
ability to image H2Sn. A co-localization study was also carried out to determine whether
the probe could be lysosome targeting. HeLa cells were treated with either the probe,
LysoTracker Red DND-99, or both, and it was determined that Lyso-NRT could be observed
in the lysosomes. Imaging studies were also performed on fresh kidney slices. A similar
design was used by Tian et al. in 2022 with a 4-hydroxy-1,8-naphthalimide fluorophore,
2-chloro-5-nitrobenzoate group as the H2Sn recognition site, and the same morpholine
moiety [71]. This probe was applied in HeLa cells for H2Sn detection.

4. ER-Targeted Probes

The redox state of the ER was dominated by RSS as the main location for protein
disulfide bond formation [72]. Hence, targeting the ER for sulfane sulfur is important to un-
derstand the sulfane sulfur dynamics of living systems. Normally, the phenyl sulfonamide
moiety is used as the ER-targeting unit because it can bind to cyclooxagenase (COX), which
is abundant in the ER membrane [60]. To date, only two probes have been reported for
containing imaging sulfane sulfurs within the ER [72,73]. However, neither of the probes is
linked to any specific ER-targeting units. Based on colocalization experiments, they were
found to be selectively localized within the ER. The first probe, MB-Sn, was reported in
2018 by Das et al. and was found to detect H2Sn in the ER (Scheme 5a) [73]. This probe
consisted of the well-known thiosalicylate recognition site for H2Sn and a BODIPY-based
fluorophore. Upon sensing H2Sn, MB-Sn exhibited a turn-on at an emission of 584 nm
due to the formation of MB-OH with a detection limit of 26 nM. In vitro studies with MB-
Sn using RAW264.7 cells confirmed its ability to sense LPS-induced endogenous sulfane
sulfurs and exogenous Na2S2. The colocalization study of MB-Sn with ER-Tracker Green
confirmed its ability to target the ER (Rr = 0.944).

 
Scheme 5. Structures and reactions of probes (a) MB-Sn and (b) ER-H2S2.
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Zhou et al. utilized the stronger reducing power of H2S2 compared to H2S towards the
nitro group and developed a naphthalimide-based probe, ER-H2S2, in 2019 (Scheme 5b) [72].
Due to the presence of -NO2 in the probe, the fluorescence of the probe was masked. ER-
H2S2 exhibited an enhanced fluorescence at 540 nm with a large Stokes shift of 105 nm
in the presence of Na2S2. The observed fluorescence could be attributed to the reduction
from -NO2 to -NH2, which then participated in the ICT process. The detection limit was
26 nM. The selectivity of ER-H2S2 was checked against different ROS, RNS, and RSS,
including H2S, and all yielded little to no fluorescence. It should be noted that very similar
nitro-containing naphthalimide-based probes have been reported to sense H2S [74,75].
Thus, these results may appear controversial. It was reported that lipophilic compounds
such as alkyl chain-appended naphthalimides tended to accumulate in the lipid-dense ER
region. The ER-targeting ability of ER-H2S2 was confirmed by a tracking experiment with
ER-Tracker Red (Rr = 0.92). This probe was used to detect exogenous H2S2 in zebrafish.

5. H2S2-Triggered Drug Delivery

Considering the increasingly recognized role of sulfane sulfurs in maintaining cellular
redox homeostasis and the recently developed approaches that can specifically sense these
analytes in biological systems, it may be possible to utilize elevated sulfane sulfur levels
as markers for disease diagnostics and targeted drug delivery. For example, Kim et al.
developed a theranostic agent (TA1) in 2021 that could selectively sense H2Sn while simul-
taneously releasing an anti-inflammatory drug (Scheme 6) because H2Sn is an inflammatory
site biomarker that can be stored in the mitochondria [76]. TA1 consists of an H2Sn recog-
nition site (2-(acylthio)benzoate), a two-photon responsive rhodol fluorophore-appended
triphenylphosphonium unit (Rhodol-TPP), the anti-inflammatory cyclooxygenase enzyme
(COX) inhibitor (indomethacin), and a self-immolating linker. Upon reacting with H2Sn,
TA1 released both the fluorophore and drug. This step was monitored by the increase in
TA1’s fluorescence intensity at 542 nm, which provided real-time information about the
release of indomethacin. In H2Sn overexpressed models, TA1 suppressed both the COX-2
level in live cells and the prostaglandin E2 (PGE2) level in blood serum. Thus, TA1 may
be considered an inflammation site-selective theranostic agent for precise diagnosis and
anti-inflammatory therapy.

Scheme 6. The structure and mechanism of TA1.

6. Conclusions

The development of fluorescent spectroscopy and fluorescent microscopy technologies
over the years has enabled advancement in the understanding of various biochemical pro-
cesses that occur in biological systems. For example, cellular sulfane sulfurs have received
increasing recognition as an important class of RSS that play key roles in multiple physiolog-
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ical and pathological processes [2–5]. Yet, despite the generally acknowledged functional
importance of subcellular organelles to the health of the overall cell, organelle-targeted fluo-
rescent probes for sulfane sulfur detection are underexplored. Major challenges include the
inherent instabilities of RSSH and H2Sn, the difficulties of specifically targeting individual
organelles, and the sensitivities required to detect sulfane sulfurs at the subcellular level
with the expectation that various organelles have different levels of endogenous sulfane
sulfurs. In this review, we summarized the sulfane sulfur sensing mechanisms of reported
organelle-targeted sensors, their targeting abilities as demonstrated through colocalization
studies (based on the calculated Pearson correlation coefficient), sensitivities (by the limit
of detection), applicability towards sensing endogenous and exogenous sulfane sulfurs
under physiological conditions, and their advantages/disadvantages for the chosen fluo-
rophores. While most of the reported (yet admittedly limited) organelle-targeted sulfane
sulfur sensors were designed to target the mitochondria, only a few were synthesized to
target the lysosomes and ER. Most of the reported sensors were rationally designed, but
some sensors lacked organelle-targeting anchors. As such, the accumulation of these sen-
sors and fluorophores in their desired organelles may possibly be attributed to their unique
structural characteristics rather than their targeting ability. Increased development of more
diverse and selective organelle-targeting groups that can couple to fluorescent sensors
would greatly enhance knowledge in the field. Additionally, to the best of our knowledge,
organelle-targeted sulfane sulfur probes for other organelles (i.e., Golgi apparatus, nucleus,
etc.) have yet to be developed and provide a potential direction for future work.

Other concerns with some of the probes mentioned in this review involve their sulfane
sulfur reaction sites because they have been used for the detection of other analytes, such
as H2S. This raises issues regarding the specificity of the sensors for sulfane sulfurs. The
sensing mechanisms of some probes were also not reported. As such, areas of exploration
for future work include the discovery of novel and more specific reactions for sulfane sulfur.
Through the development and improvement of chemical tools to detect sulfane sulfurs in
subcellular organelles, we expect to gain an increased understanding of the role sulfane
sulfurs play in the biological system. This may, in turn, lead to the advancement of highly
valuable sulfane sulfur-based theranostics. In summary, we expect to see more interesting
works from this field in the near future.
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Abstract: Hydrogen sulfide has been recently identified as the third biological gasotransmitter, along
with the more well studied nitric oxide (NO) and carbon monoxide (CO). Intensive studies on its
potential as a therapeutic agent for cardiovascular, inflammatory, infectious and neuropathological
diseases have been undertaken. Here we review the possible direct targets of H2S in mammals. H2S
directly interacts with reactive oxygen/nitrogen species and is involved in redox signaling. H2S also
reacts with hemeproteins and modulates metal-containing complexes. Once being oxidized, H2S
can persulfidate proteins by adding -SSH to the amino acid cysteine. These direct modifications by
H2S have significant impact on cell structure and many cellular functions, such as tight junctions, au-
tophagy, apoptosis, vesicle trafficking, cell signaling, epigenetics and inflammasomes. Therefore, we
conclude that H2S is involved in many important cellular and physiological processes. Compounds
that donate H2S to biological systems can be developed as therapeutics for different diseases.

Keywords: gasotransmitter; persulfidation; reactive sulfur species; reactive species interactome

1. Introduction

Hydrogen sulfide (H2S) was first discovered as a toxic gas and an environmental
pollutant three centuries ago [1–3]. Exposure to high concentrations of H2S for a long
periods of time causes neurological, cardiovascular and pulmonary symptoms, which
may eventually lead to death. However, it has also been noted that at low concentrations
(<100 ppm), H2S triggers minimal clinical impairment [2]. Recently, a plethora of work
has identified H2S as the third gasotransmitter, in addition to the two more heavily stud-
ied ones: nitric oxide (NO) and carbon monoxide (CO) [4,5]. Several enzymes, such as
cystathionine-β-synthase (CBS), cystathionine-γ-lyase (CTH, also known as CSE) and 3-
mercapto-sulfurtransferase (MPST, also known as 3-MST) were identified in mammals that
directly or indirectly metabolize L-cysteine and produce endogenous H2S. H2S is mostly
synthesized by these H2S synthases in the cytosol. However, hypoxia and other stressors
can trigger translocation of these H2S synthases into mitochondria to generate H2S, where
the Cys concentration is three-fold higher than that of the cytosol [6]. The discovery of
these endogenous H2S synthases further confirms that H2S exists inside mammals and
likely plays important physiological functions, such as cell differentiation, development,
cardioprotection, vasodilation and immune responses [1].

In addition to endogenous H2S, exogenous sources from the consumption of natural
H2S-producing compounds, such as those present in vegetables, or the administration
of synthetic H2S donors can achieve similar physiological effects [7]. Currently, studies
are ongoing toward the development of H2S donors as therapeutic drugs for various
diseases [8–11]. Among them, sulfide salts (Na2S and NaHS) are considered fast H2S
donors. Once dissolved in aqueous solution, sulfide salts release large amounts of H2S
within a few seconds, which does not resemble the physiological condition [12,13]. Many
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slow-releasing H2S donors have been developed [8,9]. GYY4137 (Figure 1) has become the
most widely used slow-releasing H2S donor in research, because it is commercially available
and simple to handle [9]. H2S is slowly released by hydrolysis when GYY4137 is dissolved
in a neutral aqueous solution [14]. GYY4137 was originally described as an accelerant
to harden natural rubber. In 2008, GYY4137 was re-discovered as a slow-releasing H2S
compound that can maintain low blood pressure by causing vasodilation and suppressing
hypertension two weeks after in vivo injection in rats [12].

Figure 1. Chemical structure of GYY4137.

H2S has been the topic of numerous review articles due to its promising therapeutic
potential for many different diseases. H2S donors can be divided into two major groups:
(1) naturally occurring donors from food, such as diallyl disulfide (DADS) from garlic
and oinons; (2) synthetic donors. Synthetic donors can be further divided into two sub-
groups: fast-releasing donors, such as Na2S and NaHS, and slow-releasing donors, such
as GYY4137. Based on disease scenarios, different delivery approaches can be utilized to
apply H2S donors-of-choice to patients to reach optimal results. The readers may refer
to a few recent reviews on the different types of H2S donors and their potential clinical
applications [8–11,15]. To write this review, we performed a literature search on recent
publications related to H2S donors and the molecular and cellular responses after the
treatment of H2S donors in in vitro and in vivo disease models. We will first discuss the
direct targets of H2S and then examine the different cellular functions impacted by H2S
donors. Our review will help understand the possible mechanisms of how H2S donors
regulate different cellular pathways and functions to exert their therapeutical effects.

2. The Direct Target of H2S

H2S is a small molecule with reducing capacity. The small size makes it possible for
H2S to penetrate through cell membrane. The reducing capacity of H2S enables it to interact
with many different molecules [1]. H2S exists in three forms (Figure 2): the disprotonated
(H2S), monoanion (HS−) and dianion (S2−) forms. All three forms are collectively referred
to as hydrogen sulfide [16]. Because the pKa1 is ~6.8 and pKa2 is > 12 at 37 ◦C, hydrogen
sulfide most likely exists as HS− at physiological condition (pH ~5–7.8, 37 ◦C). H2S as
gas can easily diffuse across membranes, but HS− may only be transported by anion
channels [17].

Figure 2. Three forms of H2S are underlined.

2.1. Targeting ROS/RNS and Forming Reactive Species Interactome (RSI)

The concept of reactive oxygen species (ROS) and reactive nitrogen species (RNS)
has been widely explored. ROS include many derivatives of oxygen produced in the
normal physiological process, such as hydrogen peroxide (H2O2) and superoxide (O2

–).
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At a low steady-state level, ROS contributes to many normal cellular processes, including
cell proliferation, differentiation and migration. However, too many ROS cause oxidative
stress and result in inflammation, apoptosis and tumor growth [18]. Similarly, nitric oxide
reacts with superoxide (O2

–) and forms different derivatives called reactive nitrogen species
(RNS), such as peroxynitrite (ONOO−). RNS production in macrophages and neutrophils
is important for their anti-microbial function in eliminating pathogens, but overproduction
of RNS can be harmful and result in tissue damage [19].

H2S, as a reducing agent, also reacts with ROS and RNS and participate in redox
signaling. For example, H2S can directly interact with peroxynitrite (ONOO–) and produce
·HSO and ·NO [6,16]. It is suggested that H2S may be oxidized either in the mitochondria
or via metal-catalyzed H2S oxidation [6,16].

Although H2S can directly interact with ROS and act as an ROS scavenger, this
is probably a very minor role of H2S in most living cells [20,21]. The more important
function of H2S in removing ROS is to regulate the expression of ROS scavengers, such as
superoxide dismutase (SOD). H2S binds to SOD and enhances the rate of superoxide anion
scavenging [22].

H2S can also suppress ROS indirectly by preserving antioxidants. There are many
antioxidants that can counterbalance ROS, such as cellular reduced glutathione (GSH),
GSH/GSSG ratio and thioredoxin (Trx-1). These cellular non-enzymatic antioxidants in
H2S-treated cells can be maintained for long periods to counteract ROS, even though H2S
no longer exists in the cultured media. Furthermore, H2S can reduce cystine to cysteine
and facilitate GSH synthesis, indirectly suppressing ROS activity [21].

In fact, it is believed that H2S forms reactive sulfur species (RSS) that played a critical
role in redox signaling when the earth had more sulfur than oxygen in the atmosphere
about a billion years ago [6,23]. RSS, together with ROS and RNS, form reactive species
interactome (RSI), mediating complex signaling pathways in cells. The RSI is robust and
flexible, allowing efficient sensing and adaptation to environmental changes to enhance
fitness and resilience [23].

2.2. Binding to HEME Proteins

H2S can directly interact with the amino acid histidine in heme-containing proteins,
such as hemoglobin, and form sulfheme complexes in many invertebrates living in sulfide-
rich environments [24]. In vertebrates, sulfide-ferric heme complexes may provide the
storage, transport and detoxification of H2S [25,26]. H2S directly binds to the ferric heme
structure in Cytochrome c oxidase (CcO), the last enzyme in the respiratory electron
transport chain in mitochondria, and modifies its activity [27]. At low concentration
(1:1 stoichiometry), H2S acts as a substrate to CcO without inhibiting its activity. At mod-
erate to high concentration (1:2–3 stoichiometry), H2S inhibits CcO, resulting in the well-
known toxicity of H2S [26]. Amino acids at the distal site in hemeproteins are important
in stabilizing H2S-ferric binding. For example, in ferrous myeloperoxidase, a common
distal arginine may stabilize the binding of sulfide [25]. In vertebrates, H2S also binds to
oxygenated hemoglobin and myoglobin, which forms sulfhemoglobin and sulfmyoglobin.
These sulfheme protein complexes are essential to H2S degradation in vivo [24]. Although
H2S binding to hemeproteins is expected to be essential to many biological functions, little
is known regarding the sulfide-heme binding mechanisms. The physiologic functions of
sulfide-hemeprotein complexes still need to be further addressed [24,25].

2.3. Persulfidation

One type of post-translational modification of proteins is persulfidation (S-sulfhydration).
This occurs by adding a sulfur molecule, usually from oxidized H2S, to an existing thiol
(-SH) group of a cysteine residue [28,29]. Protein persulfidation can either stabilize and
enhance its activity or inhibit its function [16]. Gao et al. developed a proteomics approach
to quantitatively measure S-sulfhydrated cysteines. They found that elevated H2S promoted
the persulfidation of metabolic enzymes and stimulated glycolytic flux in pancreatic β cells
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experiencing endoplasmic reticulum (ER) stress [30]. NaHS treatment persulfidated the
Kir6.1 subunit of the KATP channel at Cys43 and enhanced the binding of Kir6.1 to the
signaling molecule PIP2, leading to KATP channel activation [31]. H2S also persulfidated
and inactivated phosphatase PTP1B, playing an important role during the response to ER
stress [32]. Protein disulfide isomerase (PDI) is a key enzyme of protein folding in the ER.
Jiang et al. showed that NaHS and GYY4137 treatments enhanced PDI activity, which was
inhibited by mutating four cysteines in potential sulfhydrated sites of PDI [33].

Endothelial nitric oxide synthase (eNOS) is one of the three isoforms of NOS enzymes
which synthesizes nitric oxide in endothelial cells. eNOS exists in either monomer or dimer
formats. The dimeric eNOS is considered to be the active form [34]. NaHS treatment
enhanced the persulfidation of eNOS at Cys443 and stabilized eNOS dimers, resulting in
enhanced eNOS activity [35]. Nrf2 (Nuclear factor-erythroid factor 2-related factor 2) is
an important transcriptional factor that regulates the expression of antioxidant proteins.
Kelch-like ECH associating protein 1 (Keap1) binds to Nrf2 and acts as a negative regulator
of Nrf2 [36]. NaHS treatment caused persulfidation in Keap1 at cysteine-151, resulting
in Nrf2 dissociation from Keap1. Dissociated Nrf2 then translocated to the nucleus and
enhanced the mRNA expression of Nrf2-targeted downstream genes [37]. P66Shc, an
upstream activator of mitochondrial redox signaling, was persulfidated at Cysteine-59
when treated with NaHS. This attenuated the function of p66Shc and resulted in diminished
mitochondrial ROS production [38].

2.4. NO/CO Feedback Loop

These three gasotransmitters, NO, CO and H2S, also directly and indirectly interact
with each other to regulate the signaling pathways. For example, H2S can persulfidate
eNOS and facilitate NO production, as mentioned above in 2.3 [35]. Heme oxygenase-1
(HO-1) and HO-2, endogenous CO synthases, are Nrf2 downstream targeting genes. H2S
can persulfidate Keap1 Cys151 and activate the Keap1/Nrf2 system, as mentioned in
2.3 [39]. On the other hand, both NO and CO can bind to the heme sites of H2S synthase,
CBS, and modify its function in vivo, impacting H2S homeostasis [40]. As mentioned
in 2.1, NO and H2S can directly bind to each other, resulting in GSNO, HSNO/ONS.
Therefore, adding exogenous H2S will affect the redox states of the cells and modify NO
and CO signaling.

In conclusion, H2S can directly bind to small molecules and macromolecules to deliver
its physiological function in vivo.

3. H2S Regulates Different Cellular Processes and Functions

H2S has the capacity to directly target many important signaling molecules and
functional proteins. As a result, it plays a key role in many cellular processes and functions.
Recent works have suggested that H2S donors can modify many cellular processes and
exert therapeutic effects.

3.1. Cell Signaling Pathways
3.1.1. PI3K/Akt Signaling Pathway

Many investigations have shown that H2S can activate the PI3K/Akt signaling path-
way, which is highly conserved and tightly regulated among almost all cells and tissues.
Phosphoinositide 3-kinase (PI3K) is activated by extracellular stimuli through membrane-
bound receptors, such as receptor tyrosine kinase (RTK), which is a G-protein-coupled
receptor (GPCR). Activated PI3K phosphorylates the 3′ hydroxyl of the inositol head group
of phosphoinositides PIP2 and produces the lipid second messenger PIP3 [41]. Akt, also
called protein kinase B (PKB), is an important serine/threonine kinase. Akt can be activated
in a PI3K-dependent and independent manner. As the downstream mediator of PI3K,
the lipid products (PI3, 4P2 and PIP3) of PI3K directly bind to the pleckstrin homology
(PH) domain of Akt to activate this serine/threonine kinase. Akt activity can also be
regulated by other proteins. For example, Akt can be activated by PIP3-dependent protein
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kinase 1 (PDK1) phosphorylating T308 of Akt. Phosphatases, such as PP2A and PHLPP,
can dephosphorylate Akt at T308 and S473, to inactivate Akt. PTEN also suppresses Akt
activity by dephosphorylating the lipid second messenger PIP3 [42]. Activated Akt can
directly phosphorylate many downstream targets, including transcription factors, protein
kinases, cell cycle regulators, etc. The Forkhead box O 1 (FOXO1) transcription factor is one
of the well-studied targets of Akt. FOXO1 is considered a repressor of adipogenesis and
insulin stimulated genes. Once phosphorylated by Akt, FOXO1 binds to 14-3-3 family of
phospho-binding proteins and is transported from the nucleus to the cytosol. By removing
FOXO1 from the nucleus, Akt activates adipogenesis gene expression [42] (Figure 3).

Figure 3. The PI3K/Akt signaling pathway. H2S donors (GYY4137 and NaHS) increase Akt activation,
as shown in red font, arrow and lines [43–50]. Created with BioRender.com.

High glucose in diabetic mice and cell culture is associated with increased levels of
PHLPP-1 and reduced p-Akt. GYY4137 pre-treatment prevented change in the expression
of PHLPP-1 and p-Akt [43]. In a myocardial ischemia/reperfusion rat model, GYY4137
treatment protected the heart and increased p-Akt. This effect was abrogated by co-
treating with PI3K inhibitor LY294002. These results suggested that GYY4137 exerted
cardioprotective effects by activating the PI3K/Akt signaling pathway [44]. In an ipsilateral
epididymis injury rat model, GYY4137 alleviated sperm damage and epididymis injury by
the activation of the PI3K/Akt pathway [45].

In a liver ischemia/reperfusion (I/R) injury rat model, GYY4137 and/or NaHS treat-
ment elevated the plasma levels of H2S, upregulated miR-21 and resulted in activation of
the Akt pathway. Blocking miR-21 prevented the protection from NaHS by inactivating the
Akt pathway, suggesting that miR-21 was important in mediating the protective effects of
H2S in I/R-induced liver injury [46].

In an aortic cross-clamping rat model that induces acute lung injury, GYY4137 in-
creased p-Akt and the downstream factors GSK3β and S6K and attenuated the increase of
Angiopoietin-2 (Ang2, promotes cell death and disrupting vascularization) in lung tissue,
caused by aortic cross-clamping [47].

Homocysteine (HHcy) treatment induces apoptosis (more details in Section 3.4) and
matrix remodeling in mesangial cells. HHcy inactivates Akt and therefore activates the
downstream FOXO1, resulting in the induction of apoptosis and the synthesis of excessive
ECM protein. However, GYY4137 prevented the dephosphorylation of Akt and increased
the nuclear translocation of FOXO1 in HHcy-treated cells, indicating that H2S regulates the
Akt/FOXO1 pathway [48].
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In a rat stomach culture model, GYY4137 increased phosphorylation of Akt and
suppressed the secretion of the hunger hormone Ghrelin [49]. In apolipoprotein E KO
mice, GYY4137 activated the PI3K/Akt pathway and reduced TLR4 expression, which was
critical in preventing atherosclerotic plaque formation [50].

3.1.2. NF-κB and MAPK Signaling Pathways

Besides the PI3K/Akt signaling pathway, NF-κB and MAPK pathways are also shown
to be impacted by H2S treatment. Nuclear Factor-κB (NF-κB) is a family of inducible
transcription factors that regulates a myriad of genes involved in inflammatory and immune
responses. There are five main members in the NF-κB family: NF-κB1 (also named p50),
NF-κB2 (also named p52), RelA (also named p65), RelB and c-Rel. In normal conditions,
NF-κB are inactive and suppressed by a family of inhibitory proteins, such as IκB. Upon
stimulation, a multi-subunit IκB kinase (IKK) complex is formed. IKK phosphorylates and
degrades IkB proteins trigger the activation of NF-κB proteins [51,52] (Figure 4).

 

Figure 4. NF-κB signaling pathway. H2S donors (GYY4137 and NaHS) suppress the upregulation of
phospho-IκB, as shown in red, and LPS-induced inflammation [53,54]. Created with BioRender.com.

Cisplatin is a chemotherapy agent which can cause extensive nephrotoxicity. In
cisplatin-treated renal tubular cells, H2S donors (NaHS and GYY4137) persulfidated STAT3
and IKKβ, resulting in the suppression of an NF-κB-mediated inflammatory cascade,
which could potentially ameliorate renal damage caused by chemotherapy [53]. In murine
macrophage RAW264.7 cells, LPS treatment increased the p-IκB and nuclear translocation
of p65. The addition of GYY4137 suppressed the upregulation and therefore inhibited the
LPS-induced activation of RAW264.7 cells [54].

The mitogen-activated protein kinase (MAPK) cascades are a chain of conserved
proteins that communicate extracellular stimuli from the cell surface all the way to the DNA
in the nucleus, resulting in cell proliferation, differentiation, motility and apoptosis [55].
There are three MAPKs: ERK, JNK and p38. Upon activation, these MAPKs are activated by
their upstream kinases, MAP4K, MAP3K and MAPKK. Activated MAPKs phosphorylate
their downstream substrates, mostly transcription factors, such as c-Myc, c-Jun, CREB,
etc. [55,56] (Figure 5). Cisplatin induces the phosphorylation of ERK, JNK and p38 MAPKs,
causing cell apoptosis. H2S donors NaHS and GYY4137 attenuated cisplatin-induced
cell death by suppressing MAPK activation caused by cisplatin treatment. Cisplatin also
suppressed H2S synthase CSE and CBS. The overexpression of CSE provided resistance
to cisplatin-induced cell death. H2S donors also inhibited cisplatin-induced NADPH
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oxidase activation and p47phox phosphorylation, possibly by inducing the persulfidation
of p47phox [57]. However, in the absence of mitogens like cisplatin, H2S donors themselves
may act as mitogens and activate MAPK pathways. In a cell line that secretes glucagonlike
peptide-1 (GLP-1), H2S donors NaHS and GYY4137 activated p38 MAPK and stimulated
GLP-1 secretion [58]. In cultured mouse neurons, GYY4137 activated ERK but not p38 or
JNK, resulting in the upregulation of acid-sensing ion channels (ASICs) [59].

Figure 5. MAPK signaling pathway. H2S donors (NaHS and GYY4137) regulate MAPK activation, as
shown in red [57–59]. Created with BioRender.com.

3.2. Tight Junctions

Tight junctions are special structures in epithelia and endothelia that form barriers
to separate different compartments. Tight junctions comprise transmembrane proteins
(MARVEL-domain proteins, Claudins, E-cadherin, etc.) and a complex protein network
in the cytosol called junctional plaque components (ZO1, ZO2, ZO3 and some other
adaptor signaling proteins) that connect the transmembrane proteins to the cytoskeleton
(microtubules and actin filaments). Tight junctions in epithelia and endothelia determine
the body intactness. Mutations in tight junction proteins or tight junction disruption by
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microbial infections are linked to many diseases [60]. H2S slow-releasing donor GYY4137
treatment was shown to preserve the barrier function in tight junctions in mouse models of
endotoxemia and sepsis [61,62]. Sodium deoxycholate (SDC), a bile acid salt, interrupted
the tight junctions and increased phosphorylation of myosin light chain kinase (MLCK)
and myosin light chain (MLC) in Caco-2 cells. The addition of GYY4137 to cultured Caco-2
cells suppressed the phosphorylation of MLCK and MLC induced by SDC. Mice that
received SDC by oral gavage developed colitis. The intraperitoneal injection of GYY4137 in
SDC-treated mice also preserved the integrity of the intestine and alleviated the colitis [63].
Zhao et al. demonstrated that GYY4137 treatment reduced intestinal permeability and
upregulated tight junctions in a Dextran sulfate sodium (DSS)-induced mouse colitis
model [64]. It is so far unknown what the direct targets of H2S are in enhancing tight
junctions and preserving intestinal integrity.

3.3. Autophagy

When mammalian cells are under stress, such as infection, nutrient deprivation and
hypoxia, they will start an adaptive process called autophagy to guarantee nutrients for
vital cellular functions [65]. Autophagy is also essential in removing harmful cytosolic
materials to prevent diseases such as neurodegeneration and cancer [65]. The process of
autophagy typically starts with the recruitment of autophagy-related proteins (ATGs) to a
specific subcellular location and the formation of a phagophore, a cup-shaped membrane
structure. The phagophore keeps elongating and encircles cytosolic material to form a round
double-membrane vesicle called autophagosome. Autophagosomes eventually fuse with
lysosomes to form autolysosomes where the engulfed cytosolic material and autophagic
body are degraded and recycled. In addition to ATGs, there are many other proteins
participating in the process of autophagy, such as the serine/threonine protein kinase
ULK1, ubiquitin, LC3s, etc. These autophagic proteins are highly regulated. Autophagy
has been proven to be essential to cellular homeostasis by extensive research in recent years.
Disorders in autophagy are linked to diseases such asneurodegeneration, immunological
diseases and cancer, as well as aging [65].

In human umbilical vein endothelial cells (HUVECs), GYY4137 treatment enhanced
autophagic flux by increasing LC3BII expression, exerting cytoprotective function. This
process was shown to be dependent on Sirt1/FoxO1 pathway [66]. In an experimental peri-
odontitis model, GYY4137 prevented excessive inflammation by inducing autophagy [67].
In a streptozotocin-induced diabetic model, NaHS treatment activated the AMPK/mTOR
pathway and increased the levels of ATGs. Increased autophagic ultrastructures and LC3-
I/LC3-II conversion were also observed in the NaHS-treated group, further confirming
that H2S activated autophagy [68].

3.4. Apoptosis

Apoptosis is the process of programmed cell death, which can be induced either
through intrinsic or extrinsic pathways. The release of Cytochrome c from mitochondria
often intrinsically triggers the process of apoptosis, including the formation of apoptosomes
and caspase 3 activation. BCL-2 family proteins are a group of conserved proteins that
share Bcl-2 homology domains and are well known as the regulators of apoptosis. Some
BCL-2 family proteins, such as BIM, BID, PUMA, BAX and BAK1, are pro-apoptotic, while
others, such as BCL-2, BCL-Xl, BCL-W, BCL-2-A1 and MCL1, are anti-apoptotic. The
expression and function of BCL-2 family proteins can be regulated by Cyclin-dependent
kinases (CDKs) and p53. Apoptosis can also be induced by cell membrane proteins called
death receptors, including Fas, TNFR1, TNFR2 and TRAIL receptors. Upon binding to
their ligands, death receptors are activated, triggering the recruitment of adaptor proteins
FADD and the caspase cascade. The activation of caspases leads to the cleavage of BID,
the activation of pro-apoptotic BCL-2 family proteins and the release of Cytochrome c
from mitochondria [69]. Many groups have demonstrated that H2S protects cells against
apoptosis and/or promotes autophagy, as discussed in Section 3.3. Li et al. showed
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that GYY4137 treatment in cardiomyocytes attenuated high glucose-induced apoptosis
by decreasing caspase-3 activity and pro-apoptotic BAX and increasing anti-apoptotic
BCL-2. The effect was probably mediated via the inhibiting STAT3/HIF-1α pathway [70].
Cardiomyocyte HL-1 cells preconditioned with GYY4137 were protected from nutrient
deprivation-induced apoptosis. Furthermore, GYY4137 pretreatment reduced the level of
cleaved caspase-3 and preserved ATP in isolated rat heart [71]. In a pathological infertility
rat model, as mentioned in Section 3.1, GYY4137 treatment increased the level of antioxidant
superoxide dismutase (SOD), the phosphorylation of PI3K p85 and Akt. The treatment also
suppressed the pro-apoptotic marker active caspase-3 and Bax, resulting in the alleviation
of sperm damage [45]. In a neuropathic pain mouse model, pretreatment with GYY4137 and
diallyl disulfide (DADS) improved the antiallodynic effects of opiate agonists morphine
and UFP-512. GYY4137 and DADS treatment also suppressed the increased pro-apoptotic
Bax expression in the medial septum of mice with neuropathic pain [72].

Type 2 diabetes is an independent risk factor for a failed lung transplant. Jiang et al.
showed that GYY4137 treatment in a lung I/R/type 2 diabetic rat model suppressed lung
cell apoptosis by using TUNEL staining. Their data suggested that GYY4137 treatment
rescued SIRT1 expression, lung function, oxidative damage and inflammation. GYY4137′s
effectiveness was likely from the activation of SIRT1 signaling pathways, as the SIRT1
inhibitor, EX527, was shown to abolish all these effects [73].

Dexamethasone (Dex), a glucocorticoid that treats inflammation, was found to induce
osteoporosis (loss of bone mass). At the same time, Dex suppressed serum H2S and H2S-
generating enzymes in the bone marrow in vivo. In Dex-treated rats, GYY4137 alleviated
osteoporosis by rescuing cell proliferation and the expression of signature proteins (i.e.,
Runx2, alkaline phosphatase) in osteoblasts, cells specialized in bone matrix synthesis and
mineralization. GYY4137 also suppressed Dex-induced apoptosis by increasing the ratio of
Bcl-2/Bax in osteoblasts [74].

The high level of plasma homocysteine is common in patients with chronic kidney
diseases and the integrity of mesangial cells is essential to the function of kidney. Homo-
cysteine induces apoptosis in cultured mouse mesangial cells. The addition of GYY4137
to the homocysteine-treated mesangial cells prevented apoptosis with reduced cleaved-
Caspase 3. GYY4137 also blocked Akt/FOXO1 activation, ROS production, matrix protein
induction and mitochondrial dysfunction [48]. In a diabetic cardiomyopathy rat model,
GYY4137 also suppressed high-glucose-induced oxidative stress and apoptosis. How-
ever, in this model, GYY4137 induced FOXO1 phosphorylation [75], which is consistent
with the previous discussion in Section 3.1.1, indicating that H2S donors promote the
PI3K/Akt/FOXO1 pathway.

GYY4137 treatment prevented mitochondria-mediated apoptosis in both cultured
cells and mice deficient in H2S-generating enzymes. Further experiments suggested that
mitochondrial protein ATP synthase ATP5A1 could be persulfidated by H2S. When Cys244
in ATP5A1 was mutated into serine (C244S), GYY4137 no longer prevented mitochondria-
mediated apoptosis, suggesting that persulfidation by H2S is a possible mechanism in
regulating mitochondria function and cytoprotection [76]. Osteoarthritis is characterized
by cartilage erosion. Chondrocytes, the only cell type present and essential to cartilage de-
velopment, goes through apoptosis when under oxidative stress. Treatment with GYY4137
ameliorated chemical-induced ROS production and apoptosis in chondrocytes. GYY4137
also suppressed stress-induced mTOR and P70S6K activation in chondrocytes. GYY4137-
treated chondrocytes showed an increased LC3II/LC3I ratio, implying GYY4137 also
promoted autophagy in these cells [77].

3.5. Vesicle Trafficking: Exocytosis/Endocytosis/Pinocytosis

Vesicle trafficking is essential to the function of all live mammalian cells. Molecules
are transported in between specific membrane-enclosed compartments inside the cell as
well as between a cell and its environment to maintain the functional organization of cells.
Vesicle trafficking can be divided into many different processes based on the direction of
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trafficking (endocytosis, exocytosis, transcytosis) as well as cargo specificity (pinocytosis,
phagocytosis, clathrin-dependent and -independent endocytosis, COP-mediated vesicle
transport, etc.) [78]. Here we will focus on three types of vesicle trafficking: exocytosis,
endocytosis and pinocytosis.

Exocytosis is the process through which intracellular vesicles fuse with the plasma
membrane and release their cargo to the extracellular environment. In excitable cells,
such as neurons and endocrine cells, this process is highly regulated and the cells can
release large amounts of neurotransmitters or hormones within milliseconds after being
triggered [78]. In pancreatic β cells, glucose stimulation can trigger the influx of ions, a
second messenger, and results in a signaling cascade leading to exocytosis and the release of
insulin [79]. Chromaffin cells are neuroendocrine cells found mostly in the adrenal glands
in mammals. Exogenous H2S can regulate intracellular calcium in chromaffin cells, and
therefore, facilitate exocytosis and the release of the neurotransmitter catecholamines [80].

Endocytosis is the process that a wide range of cargo molecules can be transported
from outside to the inside of the cells. Clathrin is a protein that coats vesicles and forms
complexes with other adaptor/signal proteins to transport vesicles to specific compart-
ments [81]. Endocytosis can be divided into well-studied clathrin-dependent endocytosis
and less-studied clathrin-independent endocytosis. Clathrin-independent endocytosis
utilizes cholesterol-rich membrane domains called lipid rafts and contains scaffold protein
caveolins [82]. Pinocytosis, “cell drinking”, is a type of endocytosis that uptakes liquid
content, such as lipid droplets. The size of vesicles in pinocytosis is very small and clear
compared to those in other endocytosis [83]. NaHS treatment inhibited Na+/K+-ATPase
activity by enhancing Na+/K+-ATPase endocytosis in rat renal tubular epithelial cells [84].
Further studies found that H2S directly bound and activated EGFR by persulfidation at
Cys797 (human) or Cys798 (rat), triggering its downstream Gab1/PI3K/Akt pathway and
enhanced endocytosis. An intravenous injection of NaHS increased water and sodium
excretion in the rat kidney, suggesting H2S can be developed as therapeutics for diseases
related to renal sodium homeostasis dysfunction [84]. In a different study, inhibiting
H2S synthesis enhanced and NaHS treatment inhibited CXCR2 endocytosis in mouse
neutrophils in a K(ATP)(+) channel-dependent mechanism [85].

3.6. Epigenetics

Epigenetics is a process that alters gene activity but does not change the DNA sequence,
including but not limited to DNA methylation, chromatin modification and noncoding
RNAs. Epigenetics can be regulated by genetic, developmental and environmental fac-
tors [86]. SIRT1 is a deacetylase and can deacetylate histones and modify chromatin
structures [87]. Previous work has shown that H2S can increase SIRT1 expression. Fur-
thermore, H2S can persulfidate SIRT1 and stabilize it. Therefore, H2S can enhance SIRT1
activity and promote deacetylation to regulate the expression of inflammatory proteins [88].
In HUVECs, H2S treatment enhanced the deacetylase activity of SIRT1, which induced the
deacetylation of FOXO1 and the nucleus translocation of FOXO1 [66].

MicroRNAs are small single-stranded noncoding RNAs (~22 nucleotides) that function
as post-transcriptional regulators of gene expression. Hundreds of different miRNAs have
been discovered in humans and many of them are conserved in other mammals [89]. As
mentioned in Section 3.1, H2S donor treatment elevated the plasma levels of H2S, enhanced
microRNA-21 (miR-21) expression and activated the Akt pathway in a rat liver I/R model.
Anti-miR-21 annulled the protective effects of H2S donor and inactivated the Akt pathway
in the same model [46]. miR-129 was downregulated in a chronic kidney disease mouse
model. The treatment of GYY4137 ameliorated the disease and rescued miR-129 expression
in this model [90]. In a diabetic mouse model, there were decreased H2S in plasma,
reduction in miR-194, collagen deposition and fibrosis in the diabetic kidney. GYY4137
treatment rescued plasma miR-194 expression and mitigated renal disease symptoms [91].
In cardiomyocytes, Na2S-treamtent upregulated miR-133a expression, which inhibited
cardiomyocytes hypertrophy [92].
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3.7. NLRP3 Inflammasome

Upon sensing pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs) in the cytoplasm, proteins, such as the nucleotide-binding
oligomerization domain (NOD) and leucine rich repeat (LRR)-containing receptors (NLRs),
will form a multimeric protein complex with adaptor molecule ASC and the cysteine
protease procaspase-1. Besides NOD and LRR domains, NLRs also contain pyrin domains
which can bind to the pyrin domains of adaptor protein ASC. ASC has two domains: an
N-terminal pyrin domain and a carboxy-terminal caspase recruitment domain (CARD),
connecting NLRs to procaspase-1. Multiple NLRs, ASCs and procaspase-1s bind together
and form a speck-like structure to induce the self-cleavage of procaspase-1, producing the
active form caspase-1. Caspase-1 can cleave many precursors of proinflammatory cytokines,
such as interleukin-1β, IL-18 and Gasdermin-D, triggering inflammation and pyroptosis
(a form of cell death triggered by inflammatory signals) [93,94]. NLRP3 inflammasomes
are the most studied PAPMs/ DAMPs sensing NLRs. Mutations in NLRP3 have been
associated with autoinflammatory disorders [93,94].

Monosodium urate (MSU) crystals, the factor contributing to gout arthritis, activate the
NLRP3 inflammasomes. Using mouse models and in vitro cell culture, researchers observed
increased inflammation after treatment with MSU crystals, which resulted in a deficiency of
CSE. The addition of GYY4137-ameliorated caspase-1 activity, ASC oligomerization, IL-1β
secretion and inflammation, suggests that H2S inhibits NLRP3 inflammasome activity [95].

GYY4137 treatment suppressed NLRP3 expression both in vivo and in vitro using
a diabetes-accelerated atherosclerosis model. Furthermore, GYY4137 treatment reduced
plaque formation in vivo and ICAM1/VCAM1 levels in vitro [96]. In a mouse sepsis model,
GYY4137 treatment reduced NLRP3 and caspase-1, and alleviated lung injury [97]. In a
sepsis mouse model, GYY4137 treatment attenuated sepsis-induced cardiac dysfunction in
WT but not Nlrp3 KO mice, suggesting that GYY4137 inhibited the inflammasome pathway.
In fact, GYY4137 suppressed NLRP3 inflammasome activities in macrophages and reduced
the infiltration of macrophages in septic heart tissue [98].

3.8. Ion Channels

There are protein complexes on the cell surface and in the intracellular membrane that
form pores to allow ions (Na, K, Ca, Cl, etc.) to be transported. These complexes are called
ion channels. Some ion channels are gated by voltages while others are voltage-insensitive
and gated by other mediators [56]. H2S has been shown to regulate and modify ATP-
sensitive potassium (KATP) channels and calcium channels. The KATP channel has eight
subunits: four pore-forming Kir6.X subunits (either Kir6.1 or Kir6.2) and four regulatory
sulfonylurea receptor (SUR) subunits. Kir6.X contains a highly conserved sequence that
allows permeating K+ ion. It also has binding sites for ATP and phosphatidylinositol
4,5-bisphosphate (PIP2), which inhibits and activates KATP channel, respectively. SUR
subunits contain nucleotide-binding sites, which also regulate the opening/closure of
KATP channels [99]. KATP channels are common to many cell types but mostly studied
in cardiomyocytes and pancreatic β-cells regulating metabolism [99]. Calcium channels
are important to the function of the brain, heart and muscle. There are many different
isoforms of calcium channels which perform multiple physiological functions [100]. H2S
donors NaHS and GYY4137 persulfidated Kv2.1, a subunit in voltage-gated K (+) channels
and inhibited its function in rat neurons [101]. In rat atria, treatment with NaHS or Na2S
augmented stretch-induced atrial natriuretic peptide (ANP) secretion and this effect was
blocked by pretreatment with a KATP channel inhibitor, suggesting that H2S stimulates
ANP secretion via the KATP channel [102]. In a mouse paclitaxel-induced neuropathic
pain model, GYY4137 treatment demonstrated anti-hyperalgesic activity and co-treatment
with a KATP channel inhibitor blocked this anti-hyperalgesic activity [103]. In cultured
carotid body, a cluster of chemoreceptor cells from bilateral sensory organs in the peripheral
nervous system, NaHS treatment triggered transient calcium influx, which depended on
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the calcium in the culture media, suggesting that H2S regulates calcium channels in carotid
bodies [104].

4. Conclusions

Our current knowledge suggests that H2S can directly persulfidate proteins and
metabolites, and likely influence the NO/CO feedback loop. H2S modifies the metal-
binding complex in hemeproteins to regulate their functions. It can also directly modulate
ROS/RNS and affect redox signaling. These direct effects may impact cellular functions,
such as regulating tight junctions, autophagy/apoptosis, signaling pathways, epigenetics
and ion channels, resulting in physiological changes, such as vasodilation, cardioprotection,
cell differentiation, etc. (Figure 6). However, more work is needed to precisely identify the
working mechanisms of H2S as a gasotransmitter in mammals. For instance, methods for
the precise measurement of H2S concentration in different tissues are still lacking [1,105].
Although a useful tool in studying H2S function, GYY4137 has a few drawbacks. For exam-
ple, GYY4137 releases byproducts other than H2S after hydrolysis, which may contribute to
the observed physiological function in vivo and in vitro [9]. So far, no H2S donor has been
approved in clinical trials. This is partly due to the lack of a reliable method measuring free
H2S in human samples, resulting in difficulties in studying the pharmacokinetics of H2S
donors [106]. Nonetheless, H2S functioning as a neuromodulator was only first reported
in the 1990s [5] and as a gasotransmitter in 2001 [107]. With promising data from animal
disease models and more research emerges, H2S donors have great potential as future
therapeutic agents for many cardiovascular, neurological and inflammatory diseases.

 

Figure 6. Illustration of the direct targets of H2S and the downstream cellular/physiological impacts.
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Abstract: Beyond their established role as oxygen carriers, red blood cells have recently been found
to contribute to systemic NO and sulfide metabolism and act as potent circulating antioxidant cells.
Emerging evidence indicates that reactive species derived from the metabolism of O2, NO, and H2S
can interact with each other, potentially influencing common biological targets. These interactions
have been encompassed in the concept of the reactive species interactome. This review explores the
potential application of the concept of reactive species interactome to understand the redox physiology of
RBCs. It specifically examines how reactive species are generated and detoxified, their interactions with
each other, and their targets. Hemoglobin is a key player in the reactive species interactome within RBCs,
given its abundance and fundamental role in O2/CO2 exchange, NO transport/metabolism, and
sulfur species binding/production. Future research should focus on understanding how modulation
of the reactive species interactome may regulate RBC biology, physiology, and their systemic effects.

Keywords: red blood cells; reactive species interactome; nitric oxide; sulfide; antioxidant enzymes;
oxidative stress; hemoglobin

1. Introduction

Oxidative stress was originally defined by Helmut Sies as “an imbalance between antiox-
idants and oxidants in favor of the oxidant, which can potentially lead to molecular damage” [1].
Excessive production of oxidants and/or consumption of antioxidant systems disrupt cellu-
lar redox control and signaling [2,3]. He also introduced the term “reactive oxygen species”
(ROS) to describe oxidants derived from the metabolic utilization of oxygen, including free
oxygen radicals (•OH), superoxide radical anion (•O2

−), and hydrogen peroxide (H2O2).
Intracellular antioxidant systems responsible for scavenging and removal of ROS

comprise molecules that act as redox couples and/or cofactors of enzymes (including the
“inevitable” glutathione [4], as well as antioxidant enzymes, like glutathione peroxidase,
catalase, and superoxide dismutase. The concept of cellular redox balance/disbalance was
described by using the image of a traditional scale consisting of two plates suspended at
equal distances from a fulcrum. Antioxidants were depicted on one plate, and oxidants (or
ROS) were depicted on the other plate. In a weighing balance, the weighing plates level
off only when a static equilibrium between the two plates is achieved, i.e., only when the
masses on the two plates are equal.

According to this conceptual model, under resting conditions, the cellular redox state
is maintained when the oxidant production is balanced by the intracellular antioxidant
response. If the levels of oxidants exceed those of antioxidants, as a result of higher
ROS levels or lower antioxidant production [1], there will be damage to the cell. ROS
have been shown to react with other endogenously produced free radicals and reactive
species containing nitrogen (reactive nitrogen species, RNS) and sulfur (reactive sulfur
species, RSN), which have also been proven to be potent oxidants and disturb normal
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redox homeostasis [5]. In earlier studies, the presence of enhanced oxidative stress or
ROS/RNS/RSS levels was associated with diseases such as diabetes, inflammation, and
mitochondrial dysfunction [1].

The study of redox biology and its conceptualization has evolved considerably since
then. It was proven that ROS are not the only reactive species responsible for oxidative
damage. The free radical nitric oxide (NO) was demonstrated to be produced endogenously
in cells by a nitric oxide synthase (NOS) and act as a signaling molecule and a neurotrans-
mitter. Also, H2O2 was found to have important signaling functions under physiological
conditions and be produced under highly controlled conditions by NADPH oxidases. In
recent years, sulfide has been shown to be produced endogenously in mammalian cells
and tissues and shows fundamental biological and physiological effects, resembling the
effects of NO in some cases. Here, the term “sulfide” is used for simplicity to indicate the
mixture of all sulfide species found in equilibrium among themselves at biological pH.,
i.e., H2S (g), H2S (aq), HS−, and S2−. In water at pH 7.4, H2S (aq) is rapidly equilibrated
into HS− (>70%) and S2−. Therefore, the main biologically relevant sulfide species in cells
are H2S (aq) and HS− (>70%). The IUPAC nomenclature of these species is as follows:
H2S, sulfane or hydrogen sulfide; HS−, sulfanide or hydrogen(sulfide)(-1); S2−, sulfide(-2)
or sulfanediide.

It is also clear that these radicals and oxidants are highly compartmentalized, undergo
chemical reactions and complex interactions among them, and may affect common bio-
logical targets. In other words, in a biological environment, molecules derived from the
metabolism of O2, NO, and H2S may interact with each other and should be considered
components of the same system. Therefore, we introduced the term reactive species inter-
actome [5]. The reactive species interactome is defined as an “oxidation-reduction system
consisting of chemical interactions between reactive sulfur species (RSS), reactive nitrogen
species (RNS), and ROS with their thiol targets”.

Red blood cells (RBCs) are simple, short-lived, anucleated cells present in almost all
vertebrates, whose main function is the transport of oxygen (O2) and carbon dioxide (CO2)
along the vascular system of vertebrates. For many years, scientists have thought that
the sole function of RBCs was to deliver O2 to body tissues. However, there is growing
evidence that these cells may be involved in complex systemic redox regulation [6]. RBCs
have a very complex and poorly understood reactive species interactome.

The presence of high concentrations of hemoglobin and its oxidized form, methe-
moglobin, is one of the main sources of ROS in RBCs. RBCs are particularly rich in
antioxidants and detoxifying enzymes and transport high millimolar concentrations of
glutathione [6,7] and glutathione persulfide (GS(S)nSG) [8].

In addition, RBCs are exposed to endothelial-derived nitric oxide (NO) and its metabo-
lites, such as nitrite (NO2

−), nitrate (NO3
−), and nitrosospecies (RXNO) [9]. (RXNO

indicates low-molecular-weight molecules where a “nitroso group” is bound to a cys-
teine (nitrosothiols) or an amino group (nitrosamine) [9].) RBCs have been shown to
transport NO metabolites and NO bound to hemoglobin as nitrosylhemoglobin and
s-nitrosohemoglobin. RBCs also produce NO under hypoxic conditions and release “NO
bioactivity”, i.e., they are able to induce vasodilatation in ex vivo bioassays. In addition,
RBCs express an endothelial nitric oxide synthase (eNOS) [10]. Therefore, RBCs play a
central role in the systemic regulation of NO [6].

Additionally, RBCs participate in sulfide metabolism. RBCs were shown to scavenge
sulfide, transport RSS, and express a 3-mercapto sulfotransferase (3-MST) and thus poten-
tially contribute to the endogenous enzymatic production of sulfide and its metabolites as
well [11]. The potential chemical, biochemical, and pharmacological interactions of sulfide
with NO in RBCs (or “cross-talk”, as defined in the literature) and their reactions with
hemoglobin have also been proposed [5,11–15].

Erythroid cells and reticulocytes (and therefore probably also RBCs) contain high
levels of heme oxygenase 1, which catalyzes the degradation of oxidized hemoglobin
and thereby also produces carbon monoxide (CO) [16]. The interaction of CO with other
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reactive species in RBCs (or in other compartments) has not yet been investigated in detail.
In general, the role of the reactive species interactome in the regulation of RBC physiology and
pathophysiology remains unclear. This review summarizes recent evidence on the reactive
species interactome in RBCs and how it may affect the cardiovascular system. Specifically,
we will introduce the concept of the reactive species interactome as it applies to RBCs, how
oxidants are produced in RBCs and how they are detoxified, the role of RBCs in systemic
NO and sulfide metabolism, and their cross-talk.

2. Role of RBCs in Systemic Redox Regulation—Oxidant Generation and
Antioxidant Systems

RBCs contain complex redox systems that are indispensable for the preservation
of cellular integrity, the control of cellular metabolism, and the modulation of cellular
shape and flexibility [6]. Predominantly, the generation of ROS in RBCs arises from the
autoxidation of oxyhemoglobin. This process transitions the iron from its typical ferrous
state (Fe2+) to a ferric state (Fe3+), resulting in the formation of methemoglobin (metHb)
and superoxide anion radical (O2

•−). This shift greatly diminishes the oxygen affinity
of the prosthetic group of hemoglobin and is followed by protein degradation. Given
the substantial concentration of hemoglobin within RBCs (32 to 36 g/dL), this reaction
significantly contributes to ROS formation. However, Hb-Fe3+ can be reverted back to Hb-
Fe2+ via cytochrome b5 reductase, using NADH as an electron donor [6]. Iron can also be
released from metHb during its degradation, and—if not scavenged by ferritin [17]—it is a
potent generator of ROS, mainly by reactions involving O2

•− radicals or H2O2, culminating
in the production of highly reactive hydroxyl radicals and hydroxyl anions. Interestingly,
both Hb-Fe2+ (oxy/deoxyHb) and Hb-Fe3+ can react with hydrogen peroxide (H2O2). This
reaction forms ferryl hemoglobin (Hb-Fe4+=O), which is a highly oxidizing species that
generates secondary radicals and ultimately liberates free iron. For a detailed discussion of
these reactions, please refer to older but excellent reviews [18,19]. RBCs are also recognized
for their ability to produce NO under both normoxic and hypoxic conditions [20]. NO
may also react with O2

•− to produce peroxynitrite, but its formation in RBCs has not
been studied.

Hence, it is essential for RBCs to possess robust antioxidant systems, both enzymatic
and nonenzymatic, which can neutralize these reactive species and sustain their intracellular
levels to a minimum. These systems can be divided into three categories.The first category
consists of antioxidant molecules and redox pairs, including reduced/oxidized glutathione
(GSH), ascorbate/dehydroascorbate, and α-tocopherol [6]. GSH, a linear tripeptide, can
occur in the reduced form (GSH) or in the oxidized form (GSSG, a dimer of two GSH
molecules). The ratio of GSH/GSSG in RBCs is utilized to estimate the redox state of an
organism; typically, reduced GSH constitutes 90–95% of the total GSH [4,5,21,22]. Ascorbate,
also referred to as vitamin C, serves as a crucial antioxidant in RBCs. The redox pair
ascorbate/dehydroascorbate plays a vital role in sustaining redox homeostasis within
RBCs by reducing metHb and oxidants that diffuse into the cell membrane [23]. Vitamin
E, or α-tocopherol, is another significant antioxidant within RBCs. It is found within the
membranes of RBCs due to its lipophilic properties [24].The second category consists of
redox equivalents, such as NADH and NADPH, which play a crucial role by providing
reducing equivalents for enzymes catalyzing redox reactions. They are reduced during
glycolysis and the pentose phosphate pathway. The deficiency of glucose or malfunction
of pentose phosphate pathways can severely impact the membrane integrity and redox
homeostasis of RBCs [25–28].

The third category involves enzymatic antioxidant systems that are crucial for the
survival and proper functioning of RBCs [29]. A series of detoxifying enzymes is found
in RBCs, including catalase, peroxiredoxin 2, glutathione peroxidase, and glutaredoxin.
For instance, catalase and glutathione peroxidase catalyze the conversion of H2O2 into
water [30]. Peroxiredoxin and thioredoxin (which is needed to recycle peroxiredoxin)
detoxify mainly lipid peroxides in the membrane [31], and play a fundamental role in
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RBC redox homeostasis in vivo [32]. Glutaredoxins are responsible for keeping thiols in
a reduced state; they were isolated from RBCs almost 30 years ago, but their role is still
elusive [33,34].

The key function of the enzymatic and nonenzymatic redox antioxidant systems found
in RBCs is to keep hemoglobin in a reduced form, thereby preserving its ability to bind
oxygen. By limiting the generation of metHb, these systems reduce ROS generation and
protect the cellular membrane lipids, proteins, channels, and metabolic enzymes from
oxidative stress.

Furthermore, an additional fourth category of multifunctional or “moonlighting”
enzymes participate in the overall redox homeostasis by coordinating and fine-tuning
antioxidant response, iron homeostasis, and energy metabolism. In RBCs, these include
the glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which forms a membrane
“metabolome” complex at the N-terminus of Band3/anion exchange 1 (AE-1) together
with glycolytic enzymes and cytoskeletal proteins, and can migrate into the cytoplasmic
compartment in dependency of the pO2 [35,36]. Under oxidative stress conditions and
during RBC storage (for example, in transfusion units), the oxidation of Cys152 and His179
in the catalytic pocket of GAPDH alters its metabolic function and leads to a metabolic
switching from glycolysis towards the pentose phosphate pathway [37].

Deficiencies in these antioxidant systems can lead to cellular damage and dysfunction
derived from the oxidation of redox switches found in cytoskeletal proteins (like spectrin,
ankyrin, protein 4.2, and actin), leading to a loss of membrane integrity, altered RBC
deformability, and hemolysis [38]. Genetic mutations of these proteins are linked with
severe conditions like hemolytic anemia [6]. Moreover, these modifications also occur
during RBC storage and are defined as a “storage lesion” [26]. Very elegant proteomics and
metabolomics studies carried out in recent years have revealed how pO2, protein–protein
interactions, redox state, and metabolic control are intimately intertwined and modulate the
redox physiology of RBC [37,39]. In addition, these studies may also provide new ways to
prevent the “storage lesion” and prolong the therapeutic applicability of transfusion units,
which is of fundamental importance in the therapy of different forms of severe anemia and
blood loss in the clinic.

3. Role of RBCs in Systemic NO Metabolism

RBCs play a pivotal role in regulating the systemic availability and bioactivity of NO
by scavenging, binding, and metabolizing NO and its metabolites [20]. In this way, RBCs are
an important contributor to the concentrations of other NO metabolites in plasma, including
nitrate, nitrite, nitrosothiols (RSNO), and nitrosamines (RNNO). The NO metabolites also
show bioactivity as they can release NO (via enzymatic and nonenzymatic reactions) and
cause vasodilation, and thereby can affect the cardiovascular system [40–44]. There is also
evidence that nitrite may have signaling effects on its own by modulating the activity of
downstream targets, including protein kinase A [45,46].

RBCs may regulate the pool of circulating NO metabolites via various mechanisms,
mainly involving reactions with hemoglobin or eNOS-derived NO formation [20,47]. Oxy-
hemoglobin (oxyHb) captures eNOS-derived NO from the vascular endothelium under
normoxic conditions in a rapid reaction that leads to the formation of nitrate, thus limiting
and fine-tuning the bioactivity of endothelial NO. Under hypoxic conditions, deoxyhe-
moglobin can also react with NO, forming nitrosyl hemoglobin (HbNO), which is more
stable under these conditions. HbNO has been proposed as an indicator of NO bioavail-
ability in RBCs [48]. HbNO was also indicated as being an intermediate for the formation
of S-nitroso hemoglobin, which, in turn, initiates a cascade of transnitrosation reactions
transferring the nitroso group from one cysteine to the next and mediates hypoxic vasodila-
tion [49–51]. In ex vivo experiments, the nitrosation of the membrane protein spectrin aids
in preserving RBC deformability under oxidative stress [52]. Deoxyhemoglobin reduces
nitrite to NO under hypoxic conditions [53–55]. This nitrite reductase activity of deoxy-
hemoglobin was shown to induce NO-dependent vasodilation under hypoxic conditions,
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thus offering more evidence that RBCs indeed partake in the vasodilation of vessels and do
not merely serve as NO sinks.

RBCs also express an active eNOS, which is, therefore, another source of NO produc-
tion and is active under normoxic conditions [10]. There is compelling in vivo evidence that
endogenous NO production by eNOS in RBCs affects both circulating NO metabolites and
blood pressure [56,57]. Chimera mice obtained from the transplantation of bone marrow
from eNOS KO into irradiated WT mice showed decreased circulating NO metabolites and
elevated systolic blood pressure and mean arterial pressure [56]. Recently, we generated
a mouse model lacking eNOS in RBCs obtained by crossing eNOSflox/flox mice with mice
expressing a Cre recombinase under the control of the hemoglobin beta chain promoter
(HbbCrepos mice) [57]. These mice showed hypertension and increased systemic vascular
resistance, accompanied by decreased HbNO levels in RBCs, decreased nitrite/nitrate,
and hypertension.

We also generated mice carrying eNOS in RBCs only and lacking eNOS in all other
tissues (RBC eNOS KI mice), which we obtained by crossing mice carrying a duplicated
and inverted exon 2 (conditional eNOS KO mice) and two pairs of loxP sequences with
the HbbCre mice; in the presence of the Cre recombinase, the exon 2 is “flipped”, and
eNOS expression is restored. The reactivation of eNOS expression in RBCs rescued the
hypertension phenotype and the levels of HbNO in RBCs. These data demonstrate that
RBCs play a fundamental role in blood pressure regulation and NO metabolism.

4. Role of RBCs in Systemic Sulfide and Persulfide Metabolism

The role of sulfide metabolism in the canonical and noncanonical functions of RBC
and/or their dysfunction has never been investigated specifically. However, independent
studies have shown that RBCs can scavenge, transport, metabolize, and release sulfide and
its metabolites (including thiosulfate, persulfates, and polysulfides) [11]. Therefore, RBCs
are likely to play a central role in overall sulfide physiology and pharmacology, similar to
their role in NO metabolism.

RBCs rapidly uptake and scavenge high concentrations of sulfide both ex vivo and
in vivo [11]. It is very likely that RBCs may contribute in this way to prevent its toxic
accumulation in the bloodstream, as proposed already at the beginning of the last cen-
tury [58–61].

At physiological pH, sulfide primarily exists as an anion HS−, and to a lesser extent, as
dissolved H2S. In RBCs, sulfide can permeate cell membranes, entering RBCs via the anion
exchange protein Band3/AE1, which catalyzes a net acid flux exchanging HCO3

− [59].
Interestingly, HCO3

− has a lower affinity for Band3/AE-1 as compared to HS−. This
explains why, in buffered suspensions, RBCs rapidly take up H2S/HS− [59,62]. As a
consequence, the uptake of sulfide by RBCs may modulate the pH of the cells and their
supernatants. If these effects are also present in vivo, sulfide intake in RBCs may potentially
modulate the overall homeostasis of pH in the body.

Under physiological conditions, oxyhemoglobin does not undergo a reaction with
sulfide. At very high concentrations, millimolar amounts of sulfide react with oxyhe-
moglobin to form a stable green compound sulfhemoglobin [63–67]; the reaction requires
the presence of oxidative agents and is slower. Intriguingly, sulfhemoglobin is not formed
under physiologically relevant conditions, and its production is solely witnessed in RBCs
in vivo subsequent to the administration of oxidizing pharmaceuticals (like phenacetin)
together with sulfur-containing compounds, like hydroxylamine sulfate, sulfur dioxide,
and others [11].

Notably, methemoglobin forms a reversible metHb-SH− complex with sulfide at
more physiologically relevant concentrations, a finding first documented by Kellin in
1933 [68] and later reproduced by others [69,70]. The metHb-SH− adduct was shown to
slowly decompose to yield inorganic polysulfides, HS2O3

−, and does not react further in
the presence of millimolar concentrations of low-molecular-weight thiols, like Cys and
GSH [12,69,71].
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Recent investigations carried out in intact RBCs have shown that sulfide reacts with
metHb to form a metHb-SH− intermediate and produces polysulfide and thiosulfate [12].
Interestingly, the sulfide reactivity with metHb varies in intact cells compared to cell-free so-
lutions. In cell-free hemoglobin solutions, the metHb-SH− complex is fairly stable. Instead,
in intact cells, the rapid decomposition of the metHb-SH− complex leads to the forma-
tion of deoxyhemoglobin and, in the presence of oxygen, oxyhemoglobin (deoxy/oxyHb).
Thus, according to these experiments, treating RBCs with sulfide leads to the reduction
of methemoglobin to deoxy/oxyHb. Clearly, there must be cellular mechanisms within
RBCs that facilitate metHb-SH− reduction since this occurs in intact cells only and not in
hemoglobin solutions.

In vivo, metHb is ubiquitously present in high concentrations within healthy RBC
(ranging from 100 to 300 μM), comprising 1–3% of the total hemoglobin concentration.
Therefore, metHb is a highly efficacious sulfide scavenger in vivo. As mentioned in the
second chapter of this review, the conversion of metHb (which has a low affinity for oxygen)
into deoxy/oxyHb (which is the oxygen-binding form) is carried out by a cytochrome C
reductase, and it is key for the physiological function of RBCs. The data discussed here
show that the same reaction occurs when RBCs are treated with sulfide. Accordingly,
sulfide has been shown to reduce heme-containing proteins of mammalian and inverte-
brate origin [72]. Thus, it is tempting to speculate that in this way, endogenous sulfide
may help maintain hemoglobin in an oxygen-binding state. This hypothesis needs to be
verified experimentally.

Interestingly, RBCs also express 3-mercaptopyruvate sulfotransferase (3-MST,
EC 2.8.1.2) [73], which may catalyze the formation of sulfur species and sulfide inside
the cells [69,74–79]. 3-MST metabolizes molecules containing sulfane sulfur, i.e., a sulfur
atom bound to another sulfur atom (RS-(S)n-R′). High 3-MST activity has been mea-
sured in RBCs, the liver, kidneys, and adrenal cortex [75–77]. Its endogenous substrate is
3-mercaptopyruvate (3-MP), which is generated from l-cysteine and α-ketoglutarate by a
cysteine aminotransferase. The main function of 3-MST is to transfer the sulfur atom of
3-MP to acceptors like cyanide, sulfite, and sulfinate, producing soluble compounds for
detoxification. This process involves two steps: the formation of MST-bound persulfide and
H2S. 3-MST also uses HS2O3

- as a substrate to produce sulfite and enzyme-bound sulfane
sulfur. Patients with 3-mercapto lactate-cysteine disulfiduria and iron deficiency anemia
show higher activity as compared to other patient cohorts and healthy individuals [75,76].
However, the role of 3-MST in erythropoiesis, RBCs physiology, and pathophysiology
is unknown.

Besides 3-MST, RBCs contain high concentrations of several other enzymatic systems,
like the glutathione system and antioxidant enzymes, which are potentially involved in
sulfide/polysulfide metabolism [80–82].

There is evidence that RBCs might also participate in the biochemical and biological
interaction and “cross-talk” between NO and sulfide [11]. We have shown that NO-induced
methemoglobin (metHb) formation can be reversed by sulfide, which reconverts metHb
back to deoxy/oxyhemoglobin, effectively restoring the oxygen-carrying capacity [12].
Moreover, we found that sulfide treatment via continuous Na2S infusion increased nitrosyl-
Hb levels in RBCs in rats, indicating that sulfide boosts the formation of nitrosyl-Hb
(considered by some as a vasodilator) [14]. These findings point to an in vivo cross-talk
between NO and H2S in RBCs, which may occur via the formation of hybrid S/N molecules.
The role and effects of this NO/H2S cross-talk and its interaction with hemoglobin and
antioxidant enzymes on RBC physiology and function remain unknown and warrant
further investigation.

5. Summary and Perspective

This article discusses how the concept of the reactive species interactome pertains to
the complex redox biology and physiology of RBCs. At the center of the reactive species
interactome in RBC is hemoglobin and its different redox forms, i.e., the reduced form
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(oxy/deoxyHb) and the oxidized form (metHb). The degradation of metHb (which con-
stitutes 1–3% of all forms) is the main source of the production of superoxide and other
oxidants. This is efficiently and potently neutralized by a battery of antioxidant systems.
Moreover, oxy/deoxyHb are also involved in NO metabolism, as oxyHb scavenges NO,
and deoxyHb reacts with NO (forming HbNO) and produces NO from nitrite. An intracel-
lular source of NO in RBCs is eNOS, which may participate in the formation of NO adducts
of hemoglobin, like HbNO. RBCs, therefore, strongly contribute to the systemic regulation
of NO metabolism and bioactivity. In addition, metHb is involved in sulfide scavenging
and metabolism. Sulfide forms a stable adduct with metHb, which is then reduced—in
intact cells only—into deoxy/oxyHb. 3-MST is also a potential source of sulfide/persulfide
in RBCs, but its role is still elusive. The exact role that the reactive species interactome
plays in the regulation of RBC physiology and pathophysiology remains an open question
that needs further investigation.
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