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Abstract

Hydrogen sulfide (H2S) is a gaseous signaling molecule, also known as a gasotransmitter, 

present in nearly all mammalian organs. It plays crucial roles in regulating various physiological 

processes in both the brain and peripheral systems. The body maintains tight control over H2S 

levels, as both excessive and deficient levels can disrupt normal physiological functions and 

lead to disease. H2S has a significant impact on cognitive and motor functions, which are often 

compromised in neurodegenerative disorders. It modulates signaling and metabolism primarily 

by post-translationally modifying reactive cysteine residues on proteins through sulfhydration, 

also known as persulfidation. This chapter reviews the signaling mechanisms regulated by 

H2S in neurodegenerative diseases that significantly affect motor function, specifically focusing 

on Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS), 
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spinocerebellar ataxia (SCA), and Leigh syndrome (LS), as well as other mitochondrial disorders. 

While PD, HD, and SCA are linked to decreased levels of H2S, elevated levels of H2S 

are associated with ALS, DS, and LS. We also explore potential therapeutic applications of 

modulating H2S levels in the brain.
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1 Introduction

Hydrogen sulfide (H2S) is commonly recognized as a foul-smelling gas found in the 

environment, yet it is also produced endogenously at low levels in mammals. Here, it plays 

a crucial role in signaling events that regulate various physiologic processes. The earliest 

recorded studies of this gas, from the 1700s, focused on its environmental toxicity, as its 

biological significance was not known at the time.

One of the earliest contributors to H2S research was the Italian physician Bernardino 

Ramazzini. In his book De Morbis Artificum Diatriba, he attributed eye irritation, 

inflammation, and bacterial infections in sewer workers to what he termed “sewer gas” 

(Ramazzini 1700). Ramazzini noted the gas’s pungent odor from cesspits and hypothesized 

that it also led to the tarnishing of copper coins carried by these workers. Subsequent studies 

confirmed its harmful effects on the ocular system (Lambert et al. 2006). The toxicity of 

this “sewer gas” was further depicted by Victor Hugo in his classic novel Les Miserables, 

where he described the sewers of Paris as “the intestine of the Leviathan.” In 1806, the gas 

in question was identified as H2S (Dupuyturen 1806).

Before this recognition, Carl Wilhelm Scheele had synthesized H2S in the laboratory in 1750 

by demonstrating that it was released when ferrous sulfide reacted with mineral acids. This 

was followed by determination of its chemical composition in 1776 by the French chemist 

Claude Louis Berthollet, who also noted its acidic nature (Mitchell and Davenport 1924). 

Later research revealed that H2S is produced by microbes and mammalian tissues, although 

it was initially considered merely a metabolic waste product (Rizzo 1967; Gayon 1877; 

Clarke 1953; Myers 1920; Shatalin et al. 2011; Mironov et al. 2017).

Much later pioneering work of Rui Wang and associates, in the early 2000s, however, 

suggested important roles in the vascular system (Zhao et al. 2001; Cheng et al. 2004). 

Specifically, H2S was recognized as an endothelial derived relaxation factor (EDRF) with 

important roles in the circulatory system (Zhao et al. 2001; Yang et al. 2008). Similar 

to nitric oxide (NO), generation of H2S from vascular endothelial cells was demonstrated 

to be triggered by muscarinic cholinergic activation, with depletion of the endothelium or 

depletion of CSE shown to abrogate this effect (Yang et al. 2008; Wang 2009; Tang et al. 

2013; Tang et al. 2005; Mustafa et al. 2011). The endogenous production of H2S in the brain 

was first observed in 1989 by Warenycia, while its function in neurotransmission was shown 

later by Kimura and colleagues to play a role in N-methyl D aspartate (NMDA) receptor–
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mediated long-term potentiation (LTP) in the brain (Abe and Kimura 1996; Warenycia et al. 

1989).

It is now well understood that H2S mediates its effects largely through sulfhydration 

or persulfidation, in which –SH groups on reactive cysteine residues of proteins are 

converted to persulfide (-SSH) groups (Filipovic 2015; Mustafa et al. 2009; Sen et al. 

2012). Notably, altered H2S metabolism and sulfhydration have been observed in several 

neurodegenerative conditions. This chapter focuses on the current understanding of H2S 

signaling in neurodegenerative diseases that are highly associated with motor dysfunction: 

(1) Parkinson’s disease (PD), (2) Huntington’s disease (HD), (3) amyotrophic lateral 

sclerosis (ALS), (4) ataxias, and (5) Leigh syndrome (LS), as well as other mitochondrial 

disorders.

1.1 H2S Biosynthesis

Due to the importance of maintaining proper homeostasis of H2S, its production in the 

body is tightly regulated at multiple levels. H2S is generated either directly or indirectly 

from the amino acid cysteine through the reverse trans-sulfuration pathway, with additional 

contributions from various non-enzymatic systems (Paul and Snyder 2012; Paul and Snyder 

2015). Cysteine is a semi-essential amino acid produced within cells that can also be 

obtained from dietary sources via various cellular transporters (Paul et al. 2018).

The primary enzymes responsible for H2S production in the body are cystathionine γ-lyase 

(CSE), cystathionine β-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase (3-MST) 

(Paul and Snyder 2012; Stipanuk 2020; Stipanuk and Beck 1982; Kuo et al. 1983). CSE, 

also known as cystathionase and encoded by the CTH gene on chromosome 1, utilizes 

cysteine or homocysteine as substrates to generate H2S (Paul and Snyder 2012; Filipovic 

et al. 2018). It is the only mammalian biosynthetic enzyme for cysteine, and its depletion 

can be lethal in mice fed a cysteine-deficient diet (Mani et al. 2011; Ishii et al. 2010). 

CBS, encoded by the CBS gene on human chromosome 21, catalyzes the condensation 

of serine and homocysteine to form cystathionine, which CSE then converts to cysteine 

(Paul and Snyder 2012; Paul and Snyder 2015). CBS preferentially generates H2S through a 

combination of homocysteine and cysteine, or homocysteine alone (Kruger 2017; Chen et al. 

2004). Notably, excessively elevated CBS levels have been linked to Down syndrome due to 

an additional copy of the gene (Szabo 2020; Kamoun 2001). 3-MST, also known as tRNA 

thiouridine modification protein, human liver rhodanese 2, and thiosulfate sulfurtransferase 

2, is encoded on human chromosome 22 (Dunham et al. 1999). In the brain, 3-MST is 

present in both neurons and astrocytes (Ishigami et al. 2009; Shibuya et al. 2009), while CSE 

is predominantly localized to neurons and CBS to glial cells (Morikawa et al. 2012; Linden 

et al. 2008; Enokido et al. 2005). Additional sources of H2S synthesis include the acid-labile 

sulfide pool, sulfane sulfur, and microbial flora, as well as non-enzymatic generation of H2S 

via a reaction involving iron and vitamin B6, which also operate in the brain (Ishigami et al. 

2009; Shen et al. 2012, 2013; Singh and Lin 2015; Yang et al. 2019).
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1.2 H2S Catabolism

The pharmacological profile of H2S follows a bell-shaped curve, with lower concentrations 

being protective and higher concentrations being toxic. Low levels of H2S stimulate 

mitochondrial bioenergetics and protect neurons from oxidative stress, while higher 

concentrations of H2S are toxic as they inhibit complex IV (cytochrome c oxidase) of the 

electron transport chain (Paul et al. 2021; Szabo et al. 2014; Modis et al. 2014; Modis et 

al. 2016; Kimura et al. 2010; Sbodio et al. 2019; Tripathi et al. 2023). To prevent toxicity, 

the body balances H2S synthesis and catabolism to maintain homeostatic levels (Paul et al. 

2021). The two primary pathways for H2S degradation are methylation and oxidation, with 

methylation being the minor pathway (Filipovic et al. 2018).

H2S oxidation primarily occurs through the enzyme sulfide:quinone oxidoreductase 

(SQOR), which is part of the sulfide oxidizing unit (SOU) in the mitochondria that 

also includes persulfide dioxygenase (ETHE), sulfite oxidase (SO), and thiosulfate 

sulfurtransferase/rhodanese (TST). This unit connects sulfide catabolism to oxidative 

phosphorylation (Paul et al. 2021; Hildebrandt and Grieshaber 2008). SQOR, located on 

the inner mitochondrial membrane, catalyzes the first step in H2S oxidation, generating 

a persulfide intermediate while releasing electrons transferred to coenzyme Q (CoQ) via 

flavin adenine dinucleotide (FAD) (Jackson et al. 2012; Landry et al. 2021). CoQ relays 

these electrons to the electron transport chain, while the persulfide formed on SQOR can 

be transferred to acceptors like the antioxidant glutathione (GSH) to form GSSH, or sulfite 

(SO3
2) to form thiosulfate (S2O3

2−). GSSH can be subsequently converted into GSH and 

sulfite by persulfide dioxygenase (ETHE)/persulfide dioxygenase (Paul et al. 2021). The 

resulting sulfite can be acted upon by either thiosulfate sulfurtransferase (TST) to produce 

S2O3
2− or by sulfite oxidase (SO) to produce sulfate (SO4

2−).

2 Parkinson’s Disease

2.1 Background of PD

PD is the second most common neurodegenerative disorder, following Alzheimer’s disease. 

It is characterized by classic symptoms of resting tremor, bradykinesia, rigidity, sleep 

disturbance, anxiety, depression, and cognitive decline (Poewe et al. 2017; Aarsland et 

al. 2021). While rarely occurring before the age of 50, the incidence of PD increases 

with age, peaking between 85 and 89 years. PD primarily affects the substantia nigra 

pars compacta and striatum regions of the brain, leading to the selective degeneration 

of dopaminergic neurons. This degeneration results in decreased dopamine levels and 

pathological accumulation of α-synuclein within intraneuronal inclusions, known as Lewy 

bodies (Bloem et al. 2021).

PD can occur both genetically and sporadically, with most cases thought to arise from 

a combination of genetic susceptibility and environmental factors such as exposure to 

pesticides, herbicides, solvents, or heavy metals (Collaborators GBDPsD 2018). Although 

the exact molecular mechanisms underlying PD remain unclear, several processes influenced 

by H2S are implicated in disease progression. These include elevated neuroinflammation, 

mitochondrial dysfunction, redox imbalance, decreased sulfhydration, degeneration of 
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dopaminergic neurons, deposition of α-synuclein, and impaired autophagy (Absalyamova 

et al. 2024; Hou et al. 2020; Liu et al. 2022) (Fig. 1). Furthermore, research has 

shown that cysteine-dopamine conjugates and related metabolites are elevated in the 

postmortem substantia nigra of PD patients, suggesting a decreased abundance of cysteine 

and glutathione that would be expected to contribute to oxidative damage (Spencer et al. 

1998).

2.2 H2S Signaling in PD and Therapeutic Interventions

Numerous preclinical studies using chemical and genetic PD models have demonstrated 

dysregulation of H2S homeostasis. For example, reduced striatal levels of endogenous H2S 

have been observed in the 6-hydroxydopamine (6-OHDA) rat model of PD (Sun et al. 

2023). In this model, administration of sodium hydrosulfide (NaHS), an H2S donor, has 

been shown to reduce oxidative stress and prevent motor dysfunction (Sun et al. 2023). 

Additionally, NaHS alleviates pathology in the rotenone model of PD, where it inhibits 

microglial activation and neuroinflammation in the substantia nigra that occurs in response 

to rotenone-mediated inhibition of mitochondrial complex I (Hu et al. 2010).

Research also indicates that overexpression of CBS using lentiviral constructs provides 

protection against 6-OHDA-induced PD (Yin et al. 2017). In addition, we have previously 

reported decreased sulfhydration in the brains of mice exposed to MPTP, as well in 

postmortem brain samples from PD patients, that is accompanied by excessive nitrosylation, 

a cysteine modification alternatively derived from NO that has detrimental effects on 

neuronal health (Vandiver et al. 2013). We also found decreased sulfhydration and increased 

nitrosylation of the E3-ubiquitin ligase parkin, a protein that clears misfolded proteins, in PD 

patients (Vandiver et al. 2013). Autosomal-recessive mutations in the PARK2 gene, which 

encodes parkin, are the most common cause of inherited PD, while heterozygous mutations 

are implicated in the more prevalent sporadic form (Funayama et al. 2023; Dawson and 

Dawson 2010; Klein and Lohmann 2009; Sun et al. 2006).

In addition to its role in clearing damaged and misfolded protein aggregates, parkin is 

also essential for mitochondrial health (Clark et al. 2006). Modifications to critical cysteine 

residues in parkin influence its activity and, consequently, mitochondrial homeostasis. Our 

findings suggest that sulfhydration enhances parkin’s catalytic activity, while nitrosylation 

reduces it, potentially contributing to the pathological accumulation of misfolded proteins 

in PD, including α-synuclein (Vandiver et al. 2013; Chung et al. 2004). Furthermore, 

sulfhydration supports protective mitophagy, a specialized form of autophagy that eliminates 

damaged or unnecessary mitochondria (Sun et al. 2020; Wang et al. 2008).

Inhaling H2S has also shown neuroprotective effects in models of PD, such as the 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model. Specifically, inhaling H2S at a 

concentration of 40 ppm for 8 h a day over 1 week effectively prevents MPTP-induced 

neurodegeneration and motor deficits (Kida et al. 2011). The neuroprotective effects of H2S 

inhalation are linked to reduced neuroinflammation and increased nuclear factor erythroid 

2-related factor 2 (Nrf2)-mediated signaling in the substantia nigra and striatum (Chen et 

al. 2004). Interestingly, higher ambient levels of H2S in Rotorua, New Zealand, due to its 

geothermal vents, correlate with faster motor response times in the finger tapping component 
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of the motor function rating scale used to monitor PD progression in patients (Cakmak 2017; 

Reed et al. 2014). The reported neuroprotective effects to date of H2S-mediated therapy in 

preclinical models of PD are summarized in Table 1, suggesting that administering H2S or 

boosting its production by stimulating the trans-sulfuration pathway might be beneficial to 

PD patients.

3 Huntington’s Disease

3.1 Background of HD

Huntington’s disease (HD) is a devastating neurodegenerative condition that is inherited 

in an autosomal dominant manner. It primarily affects the corpus striatum of the brain 

and is characterized by involuntary movements (chorea), motor impairments, and a range 

of neuropsychiatric and cognitive impairments (Bates et al. 2015). HD is classified as 

a triplet repeat disorder and is caused by variable expansion of codons that encode a 

polyglutamine tract in the Huntingtin (Htt) gene (The Huntington’s Disease Collaborative 

Research Group 1993). The length of this polyglutamine tract critically influences the age 

of onset and severity of HD, although other genetic modifiers also play a role (Keum 

et al. 2016; Andrew et al. 1993; Pengo and Squitieri 2024; Gusella et al. 2014; Genetic 

Modifiers of Huntington’s Disease C 2015; Wright et al. 2019; Gu et al. 2022; Sawant et al. 

2021). The expansion of polyglutamine repeats leads to the misfolding and aggregation of 

mutant Htt (mHtt) protein, resulting in neurotoxicity through various mechanisms, including 

dysregulation of transcription and translation, defects in nucleocytoplasmic transport, 

mitochondrial dysfunction, neuroinflammation, impaired stress responses, and insufficient 

autophagy, among other aberrations (Gu et al. 2022; Davies et al. 1997; DiFiglia et al. 1997; 

Ament et al. 2018; Banez-Coronel et al. 2015; Grima et al. 2017; Ament et al. 2017; Paul 

and Snyder 2019; Paul 2022; Sbodio et al. 2016; Oh et al. 2022; Ravikumar et al. 2002).

3.2 Disrupted Cysteine and H2S Signaling in HD and Related Therapeutic Interventions

Research by our team and others has shown that cysteine homeostasis is disrupted in HD. 

This includes impaired trafficking of the neuronal cysteine transporter (excitatory amino 

acid transporter 3; EAAT3/EAAC1) and decreased activity of the system Xc− transporter, 

which imports cystine, the oxidized form of cysteine (Paul 2022; Li et al. 2010; Frederick 

et al. 2014). Additionally, the CSE enzyme, responsible for producing cysteine and H2S, 

is transcriptionally depleted in HD due to sequestration of specificity protein 1 (SP1) by 

mHtt (Paul et al. 2014; Paul and Snyder 2014). Consequently, there is an overall cysteine 

deficit in HD striatal cells, which rely on cysteine supplementation in culture media for 

survival (Paul et al. 2014). In healthy wild-type cells, expression of the cth gene (encoding 

CSE) increases during cysteine deprivation, but this does not occur in HD cells due to their 

inability to induce activating transcription factor 4 (ATF4), thereby further exacerbating 

oxidative stress (Sbodio et al. 2016). Interestingly, reduced CSE expression appears to 

correlate to mHtt levels (Li et al. 2016). Beyond these regulatory nodes, dysregulation of 

cysteine metabolism occurs post-transcriptionally in HD cells, with mHtt binding both CSE 

and CBS and inhibiting their catalytic activity (Paul et al. 2022). Thus, cysteine homeostasis 

in HD is affected at multiple levels, leading to redox imbalance (Fig. 2).

Pieper and Paul Page 6

Handb Exp Pharmacol. Author manuscript; available in PMC 2026 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sulfhydration is likewise reduced in HD cells, and supplementation with cysteine or its 

prodrugs has been shown to enhance cell survival (Paul et al. 2014; Zivanovic et al. 

2019). For example, administration of N-acetylcysteine (NAC) and cysteine prevents striatal 

degeneration and mitigates motor deficits and oxidative damage in the R6/2 mouse model 

of HD (Paul et al. 2014). Chronic administration of NAC also delays the onset and 

progression of motor deficits in the R6/1 mouse model of HD and unexpectedly provides an 

antidepressant effect in both R6/1 and wild-type mice as well (Wright et al. 2015). Notably, 

NAC improves the decreased mitochondrial respiratory capacity of striatal cells in R6/1 

mice and reduces markers of oxidative damage in their mitochondria. Additional studies 

have suggested that baseline reductions in cysteine contribute to glutamatergic dysfunction 

and depressive-like behavior in HD, which can be alleviated with NAC treatment (Wright 

et al. 2016). Given that most cysteine and cystine transporters operate as antiporters for 

cysteine/cystine and the excitatory amino acid glutamate, it is not surprising that NAC 

administration can influence glutamatergic transmission. The beneficial effects of NAC 

on behavior have also been observed in some human cases of HD as well (Berk 2015; 

Berk et al. 2013). Additionally, we have shown that small molecule stimulators of the trans-

sulfuration pathway in cell culture models of HD are also protective, identifying another 

neuroprotective strategy (Sbodio et al. 2018).

4 Amyotrophic Lateral Sclerosis

4.1 Background of ALS

ALS, commonly known as Lou Gehrig’s disease, is characterized by degeneration of upper 

motor neurons, which connect the cortex to the brainstem and spinal cord, as well as lower 

motor neurons, which extend from the brainstem and spinal cord to the muscles. This leads 

to progressively worsening symptoms of muscle weakness, cramps, dysarthria, dysphagia, 

and ultimately paralysis (Hardiman et al. 2017). Approximately 50% of ALS patients also 

experience cognitive deficits (Phukan et al. 2012; Elamin et al. 2013).

The disease presents in two major forms: spinal-onset ALS, which typically begins with 

early limb weakness, and bulbar-onset ALS, which is marked by dysarthria and dysphagia. 

About 90% of ALS cases are sporadic, while 10% are currently understood to be inherited 

(Rowland and Shneider 2001). The most frequently implicated genes in familial ALS 

include mutations in chromosome 9 open reading frame 72 (C9orf72), Cu/Zn superoxide 

dismutase (SOD1), transactive response DNA binding protein 43 kDa (TDP-43), fused in 

sarcoma (FUS), and TANK-binding kinase 1 (TBK1) (Neumann et al. 2006; Marangi and 

Traynor 2015; Gurney et al. 1994; DeJesus-Hernandez et al. 2011; Brown and Al-Chalabi 

2017; Rosen et al. 1993).

Multiple physiologic pathways affected by H2S show dysfunction in ALS, and H2S levels 

are most prominently elevated in patients with spinal cord onset as opposed to bulbar 

onset (Davoli et al. 2015). As detailed below, the role of H2S has been most extensively 

characterized in models of SOD1 and C9orf72 ALS. Mutated SOD1 protein accumulates 

in pathological aggregates that are directly toxic to motor neurons (Gurney et al. 1994; 

Rosen et al. 1993), while the C9ORF72 mutation involves expansion of the hexanucleotide 

repeat G4C2 and is responsible for 30–50% of familial ALS in Caucasians, termed C9-ALS 
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patients (Cruts et al. 2013). In normal individuals, the wild-type C9ORF72 gene typically 

contains fewer than 20–25 copies of this repeat, while in C9-ALS patients, this number can 

reach into the thousands (DeJesus-Hernandez et al. 2011). These repeated sequences can 

undergo repeat-associated non-ATG (RAN) translation, producing dipeptide repeat proteins 

(DPRs) such as poly Gly-Ala (GA), Gly-Pro (GP), Gly-Arg (GR), Pro-Ala (PA), and 

Pro-Arg (PR). Among these, poly-GA is expressed at the highest levels in the brains of 

C9-ALS patients and is associated with toxicity resulting from disruptions in several cellular 

processes, including nucleocytoplasmic transport, ER-Golgi vesicular trafficking, synaptic 

function, and proteostasis (Sultana et al. 2024; Jafarinia et al. 2024; Jensen et al. 2020; 

Beckers et al. 2021; Zhang et al. 2015).

4.2 H2S Signaling in ALS

In contrast to the decreased H2S observed in PD and HD, ALS is associated with elevated 

H2S levels, first identified in the cerebrospinal fluid (CSF) of ALS patients and the tissues of 

G93A SOD1 mice (Davoli et al. 2015). The G93A SOD1 mice exhibit increased CBS levels 

in the mitochondria of astrocytes, as well as decreased electron transport chain complex 

IV activity in the brain (Davoli et al. 2015; Kirkinezos et al. 2005). This is consistent 

with previous research linking H2S to the inhibition of electron transport chain complex 

IV. Moreover, G93A SOD1 mice showed remarkably low levels of plasma cysteine, which 

could indicate increased cysteine conversion to H2S (Bame et al. 2014).

These investigators also demonstrated that motor neurons are especially susceptible to 

the toxic effects of H2S (Davoli et al. 2015). A proteomic analysis of primary spinal 

cord cultures treated with NaHS further revealed an upregulation of oxidative stress 

and necroptosis pathways (Greco et al. 2018). Additionally, H2S exposure induced 

morphological changes in astrocytes, decreased ATP production, reduced mitochondrial 

respiration rates, and caused mitochondrial depolarization (De Stefano et al. 2024). 

Correspondingly, when G93ASOD1 mice were treated with the CBS inhibitor amino-

oxyacetic acid, H2S levels in muscle and brain decreased, leading to improved survival 

in female, but not male, mice (Spalloni et al. 2019).

While H2S levels are elevated in G93A SOD1 mice, the relationship between C9ORF72 
expansion and H2S signaling remains less clear. Recent studies have indicated that the 

glycine-alanine dipeptide repeat protein (GA50), elevated in these mice, can bind SQOR, a 

crucial component of the sulfide oxidation pathway that detoxifies sulfide in mitochondria, 

which can accumulate due to H2S production (Fu et al. 2023). The brain and spinal cord 

have lower levels of SQOR, which limits their ability to metabolize sulfide, making them 

more vulnerable to sulfide toxicity. The reaction catalyzed by SQOR is a pivotal first step in 

sulfide oxidation, leading to the formation of persulfide species that are further oxidized to 

sulfite, thiosulfate, and sulfate through subsequent enzymatic reactions involving ETHE1 or 

SDO, TST, and SO, as described in the section on H2S catabolism (Paul et al. 2021).

In human microglial cells, both the expression of GA50 and the depletion of SQOR 

increased the accumulation of reactive oxygen species (ROS), as well as cytoplasmic escape 

of mitochondrial DNA that served to activate the NLRP3 inflammasome (Fig. 3). Notably, 

the compound irisflorentin (IFT) inhibited the interaction between GA50 and SQOR and 
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reduced activation of the NLRP3 inflammasome (Fu et al. 2023). IFT, a traditional Chinese 

medicine that has been used for centuries, is a botanically derived compound isolated from 

the roots of Belamcanda chinensis (L.) DC that possesses anti-inflammatory and anti-tumor 

properties (Zhang et al. 2016).

It is anticipated that SQOR depletion may contribute to higher H2S levels (Landry et al. 

2021; Kanemaru and Ichinose 2024), which aligns with the observation of elevated H2S in 

ALS patients. Thus, treatments aimed at normalizing H2S levels may prove beneficial for 

managing ALS. Future research examining the sulfhydration state and the expression of the 

other H2S biosynthetic enzymes (CSE and 3-MST) could provide further insights into the 

mechanisms involved, as well as the role of H2S in other genetic forms of ALS.

5 Spinocerebellar Ataxia

5.1 Background of SCA

The word “ataxia’ is derived from the Greek words “a,” meaning without, and “taxis,” 

meaning order. Ataxia can present as a primary disorder or as a symptom of various 

conditions. It typically manifests through impaired coordination, balance difficulties, slurred 

speech, abnormally wide gait, difficulty with fine motor tasks, and slowed or involuntary eye 

movements, among other symptoms. The primary cause of ataxia is neurodegeneration in 

the cerebellum, and it can occur as either an inherited or sporadic condition (Klockgether 

and Paulson 2011; Ashizawa et al. 2018). Hereditary ataxias are classified as autosomal 

dominant, autosomal recessive, X-linked, and those involving mitochondrial inheritance 

(Cui et al. 2024). In this section, we discuss the role of H2S signaling in the two forms of 

ataxia in which its dysregulation has been characterized: spinocerebellar ataxia 3 (SCA3) 

and ataxia telangiectasia, representing autosomal dominant and autosomal recessive forms of 

ataxia, respectively.

5.2 Spinocerebellar Ataxia 3 and H2S Signaling

The SCAs are a group of at least 40 different conditions that are inherited in an autosomal 

dominant manner. These include SCAs characterized by polyglutamine (polyQ)-encoding 

CAG repeat expansions, as well as those caused by point mutations (Cui et al. 2024). SCA3, 

also known as Machado-Joseph disease, results from the expansion of a polyQ-encoding 

CAG repeat in exon 10 of the ATXN3 gene (Kawaguchi et al. 1994). In normal individuals, 

the length of the CAG tract in ATXN3 ranges from 13 to 44 repeats, while in affected 

individuals, it ranges from 55 to 90 (de Mattos et al. 2019; Akcimen et al. 2020). Mutant 

ataxin-3 tends to aggregate, forming toxic oligomers and multimers that disrupt genetic 

transcription, induce oxidative stress, impair proteostasis, cause mitochondrial dysfunction, 

and lead to neuroinflammation (Zeng et al. 2018; Matos et al. 2019; Evert et al. 2006; Yu et 

al. 2009; Luo et al. 2023a; Harmuth et al. 2022; Wiatr et al. 2021; Klockgether et al. 2019; 

Scott et al. 2020; Quinet et al. 2024).

Notably, the trans-sulfuration pathway is disrupted in SCA3 (Fig. 4). In these patients, CSE 

levels and sulfhydration are reduced in the pontine tissue, an area where ataxin-3 aggregates 

are particularly concentrated (Snijder et al. 2016).
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Notably, overexpressing CSE restored normal sulfhydration levels, decreased oxidative 

stress, attenuated neuroinflammation, and provided neuroprotection in a Drosophila model 

of SCA3 (Snijder et al. 2016). Additionally, administering sodium thiosulfate (STS), 

an H2S donor, also brought sulfhydration levels back to normal and protected against 

neurodegeneration (Snijder et al. 2016). Therefore, both genetic (increasing CSE expression) 

and pharmacological (administering STS) restoration of normal sulfhydration effectively 

prevented neurodegeneration in the SCA3 flies.

5.3 Ataxia Telangiectasia and H2S Signaling

Ataxia telangiectasia (A-T) is an autosomal recessive disease caused by mutations in 

the ATM gene that cause cerebellar neurodegeneration. The name is derived from ataxia 

(unsteady gait) and dilation of blood vessels (telangiectases) that are visible in the 

conjunctiva of the eyes and facial skin of A-T patients (Savitsky et al. 1995). Other 

features of A-T include immunodeficiency, recurrent sinopulmonary infections, radiation 

sensitivity, premature senescence and aging, chromosomal instability, predisposition to 

cancer development (particularly of lymphoid origin), and immunodeficiency (Rothblum-

Oviatt et al. 2016; Paull and Woolley 2024). Symptoms arise at an early age (1–4 years), and 

patients usually live only until early adulthood.

The ATM gene encodes a 350 kDa protein belonging to the phosphatidylinositol 3-kinase-

related protein kinase family (PIKK) (Savitsky et al. 1995). The ATM protein is activated 

by oxidative stress and double-stranded DNA breaks (DSBs) and plays important roles in 

maintaining redox balance and DNA repair (Ditch and Paull 2012; Lee and Paull 2007; 

Cirotti et al. 2021). In response to DNA damage, the Mre11-Rad50-Nbs1 (MRN) complex 

is recruited to the site of DSBs, followed by autophosphorylation and activation of ATM, 

leading to conversion of inactive ATM dimers to the active monomeric forms to stimulate 

DNA repair (Bakkenist and Kastan 2003; Guo et al. 2010). Cells and animal models lacking 

ATM exhibit elevated oxidative stress, impaired antioxidant stress response, and higher 

accumulation of DNA damage (Guo et al. 2010; Barzilai et al. 2002; Meredith and Dodson 

1987; Kamsler et al. 2001; Quick and Dugan 2001; Fang et al. 2016; McDonald et al. 2011).

Notably, aberrant H2S signaling has been linked to this condition, as A-T patients exhibit 

impaired cysteine and GSH metabolism and also display lower cystine/glutamate exchanger 

subunit xCT, glutathione-S-transferase (GST), glutathione reductase (GR) levels, glutathione 

peroxidase (GPx) activity, and GSH levels in their cerebellar astrocytes (Meredith and 

Dodson 1987; Campbell et al. 2016). Interestingly, levels of both CSE and CBS are higher 

in cells lacking ATM, at both transcriptional and translational levels, and replenishing 

ATM suppresses the expression of both enzymes while also increasing the labile sulfide 

pool (Islam et al. 2022). Additionally, CSE activity has been reported to be higher in 

ATM−/− cells compared to ATM+/+ cells, indicating that ATM is a negative regulator of 

CSE enzymatic activity. The effect of ATM on CSE and CBS appears to be at the post-

translational level and further studies will clarify the exact relationship.
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6 Leigh Syndrome

6.1 Background of LS

LS was first described by Denis Leigh in 1951 in a 7-month-old infant and is the most 

commonly inherited mitochondrial disease affecting children, often leading to mortality 

within the early years of life (Yagensky et al. 2019; Leigh 1951). More than 75 

mutations have been identified as causes of LS, predominantly affecting genes involved 

in mitochondrial bioenergetics (Lake et al. 2016; Chang et al. 2020). A key contributor to 

LS is impaired function of complex IV, a critical component of the mitochondrial electron 

transport chain (DiMauro et al. 1987).

Clinically, LS presents with both neurological and non-neurological symptoms, including 

developmental delays, epilepsy, weakness, hypotonia, feeding difficulties, and ataxia 

(Rahman et al. 1996). Neuropathological features of LS include focal and bilateral lesions in 

the brainstem, basal ganglia, cerebellum, and other regions of the brain. Pathologically, these 

lesions exhibit demyelination, spongiosis, gliosis, necrosis, and capillary proliferation.

6.2 H2S Homeostasis in Leigh Syndrome

Similar to ALS, mutations in SQOR have been linked to LS, causing elevated H2S levels 

and subsequent inhibition of Complex IV in the mitochondrial electron transport chain 

(Friederich et al. 2020). The role of H2S in LS was confirmed in a study using a mouse 

LS model, which involved deficiency of mitochondrial SQOR. This model was developed 

by replacing the normal SQOR gene with a version lacking the sequence encoding the 

N-terminal mitochondrial localization sequence (SQORΔN) (Marutani et al. 2021).

By virtue of lacking mitochondrial SQOR, SQORΔN/ΔN mice recapitulate the clinical 

characteristics of LS, including progressive neurological deficits, brain lesions, and a 

reduced lifespan. These mice also display elevated blood lactate levels, significantly 

decreased complex IV activity, and increased H2S levels in the plasma, brain, liver, and 

muscle (Fig. 5). Since SQOR expression is typically lower in the brain than in peripheral 

tissues, reduced enzyme activity in the brain can have particularly harmful effects (Linden et 

al. 2012).

SQORΔN/ΔN mice also exhibit an upregulation of the integrated stress response (ISR), 

evidenced by increased levels of ATF4 and DNA damage–inducible transcript 3 protein 

(DDIT3), both key proteins in the ISR pathway, along with elevated NADH-reductive stress. 

Treatment with the broad-spectrum antibiotic metronidazole reduced microbiota-produced 

H2S levels, leading to increased survival of the mice. Additionally, maintaining these mice 

on a sulfur-restricted diet decreased systemic H2S levels, alleviated disease symptoms, and 

improved lifespan (Kanemaru et al. 2024).

7 Other Mitochondrial Diseases

Mutations in any of the proteins of the sulfide oxidation unit can elevate H2S. For instance, 

mutations in ETHE1, which encodes ETHE1, causes ethylmalonic encephalopathy (EE). 

EE is an infantile autosomal recessive disorder affecting the brain, gastrointestinal system, 
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and blood vessels (Tiranti et al. 2004; Zafeiriou et al. 2007). In addition to increased 

H2S, accumulation of lactate and ethylmalonic acid occurs as well. In a mouse model of 

ETHE deficiency, increase in thiosulfate levels was found, which reflects increased H2S 

production (Tiranti et al. 2004). Similarly, TST depletion results in high circulating sulfide 

levels alongside increased gluconeogenesis, hypertriglyceridemia, and fatty liver (Carter 

et al. 2021). However, in TST-depleted mice, there were no changes in hepatic sulfide 

levels and these mice were viable, unlike the Ethe−/− mice (Morton et al. 2016). TST 

also generates H2S from thiosulfate by utilizing dihydrolipoic acid (DHLA) and thus is 

involved in both production and detoxification of H2S, although its role inH2S catabolism 

seems to be its predominant function (Villarejo and Westley 1963; Libiad et al. 2015). The 

decreased persulfidation reported in these mice may stem from the elevated oxidative stress 

and suboptimal Nrf2 signaling that oxidizes cysteine residues irreversibly, a feature seen in 

Down syndrome (Luo et al. 2023b; Panagaki et al. 2024). Similarly, SO deficiency caused 

by pathogenic loss-of-function variants or loss of its molybdenum cofactor (Moco) is usually 

lethal (Schwarz 2016; Kaczmarek et al. 2022). Loss of SO will likely lead to decreased 

persulfidation levels and aberrant redox homeostasis.

Deficiency of CoQ, the level at which H2S enters the mitochondrial electron transport chain, 

can also cause perturb sulfide catabolism (Luna-Sanchez et al. 2017; Ziosi et al. 2017), 

while supplementation of CoQ10 has been shown to protect against nephrotic syndrome 

by normalizing the sulfide oxidation pathway (Kleiner et al. 2018). Thus, the beneficial 

effects of CoQ10, which is commonly administered to patients with primary or secondary 

mitochondrial dysfunction, may stem from its role as a cofactor for sulfide:quinone 

oxidoreductase (SQOR) (Luna-Sanchez et al. 2017; Ziosi et al. 2017).

8 Concluding Remarks

Since the discovery and chemical synthesis of H2S three centuries ago, research into 

the endogenous functions of this gasotransmitter has revealed its vital roles in both the 

peripheral and central nervous systems. It is now evident that H2S is involved in nearly every 

biological process. However, both chronic decreases and increases in H2S levels can be 

detrimental to cellular health, highlighting the importance of maintaining a balance between 

its biosynthesis and catabolism.

H2S does not operate in isolation and may interact with other members of the 

gasotransmitter family, such as NO or other endogenous metabolites, and studying 

these interactions may deepen our understanding of signaling processes modulated by 

gasotransmitters (Coletta et al. 2012; Scrivner et al. 2021). Accordingly, an emerging 

focus within the field is the development of innovative therapeutics that utilize hybrid 

molecules (Xu et al. 2023; Dos Reis et al. 2024; Glowacka et al. 2023; Costa et al. 2020). 

For instance, H2S-releasing moieties, such as 5-(4-hydroxyphenyl)-3H-1,2-dithiole-3-thione 

(ADT-OH) and allyldisulfide that are conjugated to L-DOPA methyl ester, have been 

shown to confer protective effects (Lee et al. 2010). These compounds released H2S, 

reduced tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and nitrite from stimulated 

human microglia, astrocytes, THP-1 and U373 cells. Among these hybrids, ACS84 (4-(3-

thioxo-3H-1,2-dithiol-4-yl)-benzoic acid) dissociated into L-DOPA and ADT-OH within 
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1 h after injection into rats, with both metabolites being detected in the brain. ACS84 

ameliorated motor deficits prevented neuronal loss in the substantia nigra and increased 

dopamine levels in the striatum in a rat model of PD (Xie et al. 2013).

Another hybrid molecule developed to counter neurodegeneration, S-memantine, is a 

hybrid of ADT and memantine, a clinically approved NMDA receptor antagonist used in 

the treatment of Alzheimer’s disease (Marutani et al. 2012). Another strategy involved 

conjugation of memantine with isothiocyantes, which release H2S, to generate a compound 

termed memit (Sestito et al. 2019; Martelli et al. 2014). Memit prevented Aβ (Abe and 

Kimura 1996; Chen et al. 2004; Cheng et al. 2004; Clarke 1953; Dunham et al. 1999; 

Dupuyturen 1806; Enokido et al. 2005; Filipovic 2015; Filipovic et al. 2018; Gayon 1877; 

Ishigami et al. 2009; Ishii et al. 2010; Kamoun 2001; Kruger 2017; Kuo et al. 1983; 

Lambert et al. 2006; Linden et al. 2008; Mani et al. 2011; Mironov et al. 2017; Mitchell and 

Davenport 1924; Morikawa et al. 2012; Mustafa et al. 2009, 2011; Myers 1920; Paul et al. 

2018; Paul and Snyder 2012, 2015; Ramazzini 1700; Rizzo 1967; Sen et al. 2012; Shatalin 

et al. 2011; Shen et al. 2012; Shibuya et al. 2009; Stipanuk 2020; Stipanuk and Beck 1982; 

Szabo 2020; Tang et al. 2005, 2013; Wang 2009; Warenycia et al. 1989; Yang et al. 2008; 

Zhao et al. 2001) self-induced aggregation and Aβ oligomer-induced damage in human 

neurons and rat microglia cells (Sestito et al. 2019). Chimeric molecules that combine 

aspirin with H2S and NO-releasing moieties have also been considered for treatment of 

neurodegenerative diseases (Sestito et al. 2019).

In conclusion, the pursuit of compounds or treatments that stimulate H2S production is 

gaining traction. It is crucial to consider the brain penetrance of these molecules when 

developing drugs for neurologic diseases. Furthermore, studying H2S homeostasis in relation 

to aging is of significant importance (Zivanovic et al. 2019), as aging is a substantial risk 

factor for several late-onset neurodegenerative diseases, including PD and HD (Hou et al. 

2019). Understanding the role of H2S in aging may pave the way for new insights and 

therapeutic strategies to combat these debilitating conditions.
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Fig. 1. 
Neuroprotective effects of H2S homeostasis in Parkins on’s disease. Parkinson’s disease 

profoundly affects the substantia nigra of the brain and is disrupts several brain 

functions. The brains of PD patients exhibit heightened neuroinflammation, mitochondrial 

dysfunction, redox imbalance with impaired antioxidant stress responses involving the 

nuclear factor erythroid 2-related factor 2 (Nrf2) signaling cascade, leading to elevated 

reactive oxygen species (ROS) and reactive nitrogen species (RNS) accumulation. Abnormal 

gasotransmitter signaling involving H2S and nitric oxide (NO) is also observed accompanied 

by reduced sulfhydration and increased nitrosylation of cysteine residues. Degeneration of 

dopaminergic neurons follows leading to abnormal dopaminergic neurotransmission. All 

these abnormalities are prevented by administration of H 2S donors
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Fig. 2. 
Disrupted cysteine and H2S homeostasis in Huntington’s disease. In normal cells under 

basal conditions, transcription of CSE is regulated by specificity protein 1 (SP1). CSE 

produces both cysteine and hydrogen sulfide (H2S) which modulate redox balance and 

multiple signaling pathways. Cysteine is also imported through the excitatory amino acid 

transporter 3 (EAAT3/EAAC1). The oxidized form of cysteine, cystine, is taken up by 

the system Xc− transporter. The cystine imported is reduced to cysteine in the reducing 

atmosphere of the cell. In HD cells, SP1 is sequestered by mutant huntingtin (mHtt), 

which prevents transcription and expression of CSE. The activities of the EAAC1 and 

system Xc− transporters are also decreased in HD, leading to reduced uptake of this 

amino acid. Furthermore, mHtt binds to CSE and inhibits its catalytic activity, leading to 

an overall cysteine deficit and attendant oxidative stress though increased accumulation 

of reactive oxygen species (ROS) in the mitochondria and cytosol. During conditions of 

cysteine scarcity, in normal cells, activating transcription factor 4 (ATF4) is induced, which 

regulates expression of CSE to augment cysteine and H2S production. These processes are 

compromised in HD, further elevating oxidative stress
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Fig. 3. 
H2S homeostasis in amyotrophic lateral sclerosis. In ALS caused by the G93ASOD1 

mutation, mtSOD1 aggregates and causes elevated oxidative stress due to increased CBS 

activity that elevates H2S, in turn dangerously inhibiting complex IV of the mitochondrial 

electron transport chain. In ALS caused by an expansion of hexanucleotide repeats in the 

C9ORF72 locus, production of dipeptide repeats such as polyGA peptide increases levels of 

reactive oxygen species (ROS), activates the NLRP3 inflammasome, and increases levels of 

proinflammatory cytokines. Additionally, the polyGA aggregates also bind sulfide-quinone 

oxidoreductase (SQOR) and inhibit its activity, leading to further increase in H2S levels
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Fig. 4. 
Dysregulated H2S signaling in spinocerebellar ataxia 3. Depletion of CSE was observed in 

both human SCA3 and a Drosophila model expressing mutant ataxin 3, leading to elevated 

ROS levels and protein oxidation accompanied by decreased sulfhydration and degeneration 

of cerebellar neurons. In Drosophila, degeneration of the eye was observed. All these 

abnormalities were ameliorated either by overexpression of CSE or by administering the 

slow release H2S donor, sodium thiosulfate (STS)

Pieper and Paul Page 28

Handb Exp Pharmacol. Author manuscript; available in PMC 2026 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Elevated H2S production in Leigh syndrome. Leigh’s disease is an infantile mitochondrial 

disease caused by mutations in genes involved in mitochondrial function. The disease 

is characterized by brain lesions, developmental delay, ataxia, hypotonia, dystonia, 

seizures, and shortened lifespan. Gliosis, oxidative damage, lactate accumulation, and 

neuroinflammation are pathological hallmarks. Cases with loss-of-function mutations in 

sulfide quinone oxidoreductase (SQOR) are associated with the complications of decreased 

catabolism, accumulation of H2S, decreased complex IV activity, and reduced ATP 

production
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Table 1
Therapeutic effects of H2S donors on Parkinson’s disease

PD model Intervention Physiological efficacy References

6-Hydroxydopamine (6-
OHDA), rats

NaHS in conjunction with the 
HDAC inhibitor TSA

NaHS decreased neuronal cell death, increased dopamine 
(DA), tyrosine hydroxylase (TH), and DOPAC levels, 
decreased glial fibrillary acidic protein (GFAP), 
neuroinflammatory cytokines, and HDAC activity

Sun et al. (2023)

6-OHDA, rats NaHS (30 or 100 μmol/kg/d, 
i.p).

Decreased activity of caspase-3 and expression of Bax, 
prevented the decrease of Bcl-2 in substantia nigra, 
promoted autophagy, and prevented the downregulation 
of leptin

Jiang et al. (2022)

6-OHDA, rats NaHS (1.68 or 5.6 mg kg−1) for 
3 weeks

Prevented dopaminergic neuronal loss in the substantia 
nigra and striatum, decreased malondialdehyde (MDA) 
and NADPH oxidase levels and ATP depletion in 
striatum.

Hu et al. (2010)

6-OHDA, rats Overexpression of CBS Increased H2S production in the substantia nigra, 
decreased loss of the nigral DA neurons, 
inhibited 6-OHDA-induced oxidative stress injury, and 
downregulated the expression of α-synuclein

Yin et al. (2017)

Rotenone, rats Entinostat (20 mg/kg), i.p. Administration of entinostat (20 mg/kg) intraperitoneally 
restored H2S levels, DA, DOPAC, and TH levels

Li et al. (2024)

Rotenone, rats NaHS (1.68 mg kg−1) for 3 
day before and 4 weeks after 
rotenone

Ameliorated motor deficits, prevented microglial 
activation in the SN, and accumulation of pro-
inflammatory factors (TNF-α and nitric oxide) in the 
striatum via NF-κB pathway

Hu et al. (2010)

Rotenone, rats NaHS (30–100 μmol/kg/day 
for 7d pre- and post-rotenone 
injection)

Ameliorated depression, enhanced expression of 
synaptic plasticity proteins in the hippocampus, and 
preserved the ultrastructure of synapses

Liu et al. (2024)

1-methyl-4-
phenyl-1,2,3,6-
tetrahydropyridine 
(MPTP)

Inhalation of H2S at 40 ppm for 
8 h/day for a week

Inhibition of MPTP-induced loss of dopaminergic 
neurons, neuroinflammation in substantia nigra and 
striatum, and upregulation of Nrf2 signaling

Kida et al. (2011)

MPTP, mice Air mixed with 80 ppm H2S for 
4 h/day for 5 day

Prevented motor deficits, anxiety, and degeneration of 
TH neurons in the nigrostriatal region

Nagashima et al. 
(2023)
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