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1. Introduction

Hydrogen sulfide (H2S) is an environmental poisonous gas that
smells like rotten eggs and is toxic to humans at high concentrations
(Smith and Gosselin, 1979). The primary target of acute H2S poisoning
is the brain, although it is also toxic to the respiratory and cardiovas-
cular systems (Rumbeiha et al., 2016). A distinct and incapacitating
feature of H2S poisoning is sudden loss of consciousness and collapse,
known as “knockdown”, which often renders victims unable to escape,
resulting in death (Nogue et al., 2011). More recently, positive effects of
H2S in physiological systems have been identified related to signaling
mechanisms similar to those of nitric oxide (NO) and carbon monoxide
(CO). H2S has been shown to function as a neuromodulator in the brain
that contributes to long-term potentiation (LTP) at physiological con-
centrations (Abe and Kimura, 1996). Furthermore, H2S has been shown
to participate in many physiological and pathophysiological processes
in vitro and in vivo. These findings suggest that maintenance of H2S
homeostasis is critical for overall organismal homeostasis. This is sup-
ported by the fact that the effects of H2S in the human body are closely
related to its concentration. H2S is generally cytoprotective at lower
concentrations (ranging from 100 to 800 nM in human plasma), but
toxic at higher levels (Polhemus et al., 2014). In some brain disorders,
endogenous H2S generation is blunted, and H2S deficiency has been
implicated in the progression of Alzheimer's disease (AD), Parkinson's
disease (PD), Huntington's disease (HD), and traumatic brain injury
(TBI) (Eto et al., 2002; Hu et al., 2010; Paul et al., 2014; Zhang et al.,
2013). H2S supplementation has been shown to confer protective effects
against these disorders in the central nervous system (CNS). Although
the mechanisms of action of H2S have not been fully characterized,
redox regulation has been identified as a critical player in H2S-mediated
neuroprotection and toxicity. In this review, we summarized the sig-
naling pathways and potential therapeutic effects of H2S, and discussed

the oxidative and anti-oxidant mechanisms that underlie the action of
H2S in the brain.

1.1. Synthesis and metabolism of H2S

1.1.1. Synthesis of H2S
Both endogenous and environmental sources contribute to produc-

tion of H2S. Biosynthesis of H2S in mammalian brain tissues primarily
occurs via catalysis of L-cysteine (Cys) alone or Cys with homocysteine
(Hcy) by two pyridoxal-5′-phosphate (PLP)-dependent enzymes, cy-
stathionine β-synthase (CBS) and cystathionine γ-lyase (CSE) (Chen
et al., 2004; Chiku et al., 2009; Singh et al., 2009; Stipanuk and Beck,
1982). Both enzymes are ubiquitously expressed throughout the human
body, and CBS is predominantly expressed in astrocytes (Zhang et al.,
2017). CBS catalyzes a β-replacement reaction where Cys reacts with
Hcy, resulting in production of H2S in the cytoplasm, which is thought
to be the primary source of H2S in the mammalian brain. Although CSE
was first reported in the brain, it mainly contributes to the formation of
H2S in the vascular system. CSE catalyzes the reaction of Cys in the
cytoplasm in a similar manner to CBS, producing H2S and serine (Zhang
and Bian, 2014). H2S can also be generated by cysteine amino-
transferase (CAT) in conjunction with 3-mercaptopyruvate sulfur-
transferase (3MST). 3-mercaptopyruvate (3 MP) can be produced from
Cys and α-ketoglutarate (α-KG) by CAT. Then, 3 MP metabolism by
3MST results in H2S production in the mitochondria. 3MST is mainly
located in the mitochondria of neurons, while CBS and CSE do not
exhibit organelle-specific localization (Mikami et al., 2011; Shibuya
et al., 2013). H2S has also been reported to be produced from D-cysteine
by the enzyme D-amino acid oxidase (DAO), which is localized in
peroxisomes, through the DAO/3MST pathway (Shibuya et al., 2013).
Mitochondria and peroxisomes, which are generally in close proximity
or maintain physical contact, are the key sites that produce H2S through
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mutual interactions with the DAO/3MST cascade. In addition, the
production of H2S can result from glucose, glutathione, elemental
sulfur, and polysulfide (Kolluru et al., 2013; Polhemus and Lefer, 2014).
For example, glucose and phosphogluconate generate H2S through
glycolysis and nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase reactions, respectively (Kolluru et al., 2013; Polhemus and
Lefer, 2014).

1.1.2. Metabolism of H2S
H2S exists in two forms in the body: one-third is H2S gas and two-

thirds is present as hydrosulfide anion at physiological pH (Reiffenstein,
1992). Despite the unclear regulatory processes associated with en-
dogenous H2S metabolism, H2S has been shown to be decomposed by
several enzymatic and non-enzymatic processes to maintain the proper
physiological balance (Kolluru et al., 2013; Stein and Bailey, 2013).
Among these, mitochondrial oxidative modification is an important
contributor to H2S metabolism. This includes metabolism by several
enzymes such as sulfide quinone oxidoreductase (SQR), s-dioxygenase,
and s-transferase, to convert H2S into thiosulfate (S2O3

2−). S2O3
2− can

be further converted to sulfite (SO3
2−), which is catalyzed by thio-

sulfate cyanide sulfurtransferase (TSST). SO3
2− is rapidly oxidized to

sulfate (SO4
2−) by sulfate oxidase. Alternatively, SO3

2− can be con-
verted by rhodanese to S2O3

2−, which is presumably metabolized to
SO4

2− via S2O3
2− reductase (Muller et al., 2004) and SO3

2− oxidase
(Hildebrandt and Grieshaber, 2008). Therefore, SO4

2− is likely the
main end-product of H2S metabolism under physiological conditions.
Another mechanism of H2S metabolism is methylation to methanethiol
and dimethylsulfide by thiol S-methyltransferase in the cytoplasm
(Hildebrandt and Grieshaber, 2008; Kabil and Banerjee, 2010; Stein and
Bailey, 2013). The third pathway of H2S metabolism is through inter-
action between H2S and methemoglobin, which leads to sulfhe-
moglobin, a possible plasma H2S biomarker (Hildebrandt and
Grieshaber, 2008; Kabil and Banerjee, 2010; Stein and Bailey, 2013).
These pathways are believed to be the main metabolic mechanisms of
mammalian H2S. Furthermore, a small amount of H2S is exhaled as a
gas, and the amount is modulated by distinct pharmacological inter-
ventions (Insko et al., 2009) (Fig. 1).

1.2. Physiological function of H2S

H2S is abundant in various tissues and is important in many human
systems. The mechanisms of the physiological functions of H2S have
been widely studied (Fig. 2). Many studies have shown that sulfhy-
dration by H2S (addition of a sulfhydryl (−SH) group to a cysteine
residue, resulting in an -SSH group) is a major mechanism of action.
This modification may result in changes in protein conformation and
activity, contributing to many physiological processes such as LTP, in-
tracellular calcium homeostasis, and pH regulation (Zhang and Bian,
2014). For example, Kimura and colleagues first reported that H2S
acted on N-methyl D-aspartate (NMDA) receptors to augment hippo-
campal LTP in a synaptic model of learning and memory (Abe and
Kimura, 1996). H2S treatment stimulated the activity of adenylyl cy-
clase (AC), resulting in enhanced cAMP generation, phosphorylation of
protein kinase A (PKA), stimulation of the NMDA receptor, and in-
duction of LTP (Chen et al., 2017; Kimura, 2000). NMDA receptor-
mediated LTP can be induced when a disulfide bond is reduced to free
Cys (Aizenman et al., 1989), suggesting an important role of H2S in
NMDA receptor activation via sulfhydration of Cys residues (Kimura,
2013). The involvement of NMDA receptors was also shown in a study
that inhibition of NMDA receptors can block H2S-induced LTP (Paul
and Snyder, 2015). In contrast, other gas transmitters such as NO and
CO promote LTP in an NMDA-independent manner (Hawkins et al.,
1994).

Recent studies have shown that H2S is involved in modulation of
Ca2+ concentrations to maintain homeostasis in microglia (Lee et al.,
2006), astrocytes (Nagai et al., 2004), and neuronal SH-SY5Y cells

(Yong et al., 2010). H2S can open transient receptor potential (TRP)
channels (Nagai et al., 2004; Tsugane et al., 2007) in astrocytes to assist
Ca2+ influx. In addition, H2S triggers the opening of L-type and T-type
Ca2+ channels and activates NMDA receptors, facilitating Ca2+ influx
to regulate neural function through the cAMP/PKA and phospholipase
C (PLC)/protein kinase C (PKC) pathways (Lee et al., 2006; Yong et al.,
2010). Furthermore, H2S triggers release of Ca2+ from intracellular
stores as the endoplasmic reticulum (Nagai et al., 2004).

Due to the inconvenience of using gas in experimental studies (the
biological half-life of H2S is seconds to minutes), H2S salts such as so-
dium hydrosulfide (NaHS), sodium sulfide (Na2S), and GYY-4137 are
often used as H2S donors (Li et al., 2008, 2009; Zhang and Bian, 2014).
Lu et al. showed that NaHS (10–200 μM) led to an intracellular pH
decrease by increasing activity of the Cl−/HCO3

− exchanger while
suppressing the activity of the Na+/H+ exchanger, which prevented
excessive activation of microglia and reduced neuroinflammation (Lu
et al., 2010). Therefore, H2S is capable of regulating intracellular pH in
primary cultured microglia and astrocytes, although the mechanisms
underlying the interactions between H2S with these exchangers are not
clear (Cao et al., 2018b).

1.3. Neurotoxicity of H2S

H2S is toxic gas by-product in many industries such as petroleum,
agriculture, and sewage processing. The acute toxic effects of H2S
poisoning in humans are conjunctivitis, pulmonary edema, apnea,
headache, immediate knockdown, and coma (Rumbeiha et al., 2016).
H2S poisoning can result in death from central nervous dysfunction or
respiratory paralysis at 1000 ppm. Concentrations of H2S ranging from
100 to 1000 ppm cause acute H2S poisoning-induced neurological
deficits including olfactory fatigue, nausea, headache, vomiting, dizzi-
ness, seizures, coma, and sometimes death (Reiffenstein, 1992). In some
cases, a single exposure to H2S may trigger long-term neurological
dysfunction (Kilburn, 2003; Tvedt et al., 1991). Acute H2S-induced
brain lesions have been reported in various brain regions including the
thalamus, cortex, colliculus, and basal ganglia (Schneider et al., 1998;
Snyder et al., 1995). Although the mechanisms have only been partially
characterized (Jiang et al., 2016), H2S-induced neurotoxic effects re-
semble brain injury caused by ischemic hypoxia or addictive drugs
(Doujaiji and Al-Tawfiq, 2010; Rumbeiha et al., 2016; Xiong et al.,
2016, 2017; Yang et al., 2018). It is generally accepted that ischemic
hypoxia and the direct effects of H2S are both triggers of toxic sequelae.
The cellular and molecular mechanisms that link the upstream effects of
hypoxia and H2S with neurotoxicity have been largely attributed to
oxidative stress, glutamate excitotoxicity, and inflammation in the
brain (Kim et al., 2018).

Oxidative stress is the result of an imbalance in pro-oxidant/anti-
oxidant homeostasis, resulting in generation of toxic reactive oxygen
species (ROS) (Mittler, 2002) including superoxide anion (O2

·−), hy-
drogen peroxide (H2O2), and hydroxyl radical (HO%) (Lan et al., 2011;
Liu et al., 2010). Generally, large amounts of O2

·− and H2O2 are pro-
duced as by-products during synthesis of ATP by mitochondrial oxi-
dative phosphorylation. In addition, NADPH oxidases are major con-
tributors to ROS production (Stefanatos and Sanz, 2018). Many
antioxidant enzymes such as superoxide dismutase (SOD), glutathione
peroxidase (GPx) and catalase, and antioxidant cofactors such as glu-
tathione (GSH) and vitamin C contribute to maintenance of redox
balance (Ren et al., 2017). Due to a high metabolic rate, the mamma-
lian brain requires a constant supply of ATP, resulting in greater sen-
sitivity to oxidative stress than other tissues (Wang et al., 2014a). At
submicromolar concentrations, H2S-induced oxidative stress results in
inhibition of cytochrome C oxidase (complex IV) enzymatic activity by
binding to the ferric heme a3 of mitochondria complex IV in a manner
similar to that of cyanide (Chenuel et al., 2015; Haouzi et al., 2015;
Smith et al., 1977). Inhibition of key electron transport chain compo-
nents may lead to reduced ATP production. However, studies of the
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toxicity of cyanide and H2S have shown that ATP levels are unchanged
in rat brain or in vitro. Even so, oxidative stress is likely an important
component of H2S-induced toxicity because mitochondrial damage re-
sulting from complex IV inhibition promotes ROS production and
neuronal apoptosis (Jiang et al., 2016; Kurokawa et al., 2011;
Rumbeiha et al., 2016; Shaul and Seger, 2007; Snyder et al., 1995). The
ROS production was primarily due to the fact that inhibition of complex
IV results in the accumulation of upstream complexes in a reduced form
and thus enhances superoxide formation (Bouillaud and Blachier,
2011). Although complex IV activity was inhibited throughout the
course of H2S treatment, it was decreased only in the inferior colliculus,
thalamus, and cortex of mice, indicating that complex IV inhibition
might be region-specific in the CNS. As such, oxidative stress may not
be the only mechanism of H2S-elicited neurotoxicity and neurodegen-
eration (Anantharam et al., 2017).

Glutamate-induced excitotoxicity and neuroinflammation are also
believed to contribute to H2S-induced toxicity. In an in vitro model of
cerebellar granule neurons (CGN) (Garcia-Bereguiain et al., 2008),
treatment with 250 μM H2S elevated the glutamate concentration in the
extracellular medium. This resulted in activation of NMDA receptors,
thus leading to excessive calcium influx into the neuronal cytosol and
excitotoxic CGN death. This activity was L-type calcium channel and
NMDA receptor dependent, as demonstrated by reduced CGN cell death
resulting from co-treatment with blockers of these calcium channels
(Garcia-Bereguiain et al., 2008). Furthermore, some reports have in-
dicated that H2S induced neuroinflammation through activation of glial
cells and modulation of cytokine production (Rumbeiha et al., 2016).
Evidence for inflammation included increased levels of ionized calcium-
binding adaptor molecule 1 (Iba-1) and glial fibrillary acidic protein
(GFAP), which are markers of microglial and astrocyte activation, in a

mouse model of acute H2S exposure (Anantharam et al., 2017). Fur-
thermore, pro-inflammatory factors such as tumor necrosis factor-alpha
(TNF-α), cytoplasmic FMR1-interacting protein 2 (Cyfip2), and nuclear
hormone receptor and transcriptional repressor family (Nr1d2) were
significantly activated or increased, while the anti-inflammatory pro-
tein macrophage migration inhibition factor (MIF) was downregulated
in the brains of mice after acute H2S exposure (Kim et al., 2018).

Current understanding of H2S-induced neurotoxicity is limited. For
example, the mechanism of H2S-induced neural apoptosis is not well-
understood. However, H2S-induced neurotoxicity is of clinical re-
levance because, in the case of severe poisoning, toxic symptoms persist
even when all free H2S has been eliminated. These observations suggest
that the negative effects of H2S persist long after removal of soluble
H2S, resulting in alterations in brain pathophysiology (Haouzi et al.,
2016). Therefore, further investigations are needed to characterize the
pathways that underlie these effects. A summary of the mechanisms
involved in acute H2S-induced neurotoxicity is presented in Fig. 3.

1.4. Neuroprotection of H2S

Physiological concentration of H2S is an important contributing
factor to cellular homeostasis in the body. Abnormal H2S concentra-
tions are often associated with various pathological states. A variety of
neurological diseases such as AD, PD, TBI, and stroke are closely related
to H2S dysregulation, and exogenous H2S supplementation exerts pro-
tective effects in brain disease models (Eto et al., 2002; Hu et al., 2010;
Paul et al., 2014). The mechanisms that underlie these effects are be-
lieved to relate to anti-oxidant, anti-glutamate, and anti-inflammatory
processes (Sommer et al., 2018) (see Table 1).

Fig. 1. Synthesis and metabolism of H2S. In the cytoplasm, L-cysteine, either alone or with Hcy as substrate, generates H2S through CSE and CBS, respectively. In the
mitochondria, L-cysteine and D-cysteine generate H2S through 3-MST dependent pathway. A small amount of H2S can be produced through glycolysis and oxidation
of phosphogluconate. Metabolism of H2S mainly occurs in mitochondria, where H2S is converted successively to S2O3

−, SO3
2−, and finally SO4

2− via SQR, TSST, and
sulfate oxidase. Furthermore, H2S can be metabolized to methanethiol and dimethylsulfide, form sulfhemoglobin with methemoglobin, and it can be exhaled in small
amounts.
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1.5. The anti-oxidative role of H2S

In a PC12 model of hypoxic injury, H2S prevented decreased cell
viability via regulating ROS-activated MAPK cascades (Lan et al., 2011;
Meng et al., 2011), suggesting a protective role of H2S against oxidative
stress (Wang et al., 2014a). This anti-oxidative effect has been shown in
various models and various pathways, including direct quenching of
ROS production, and modulation of cellular levels of anti-oxidants such
as GSH and nuclear factor erythroid 2-related factor 2 (Nrf2)
(Kobayashi and Yamamoto, 2005; Wang et al., 2014a; Whiteman et al.,
2004).

H2S inhibits ROS production through NADPH-dependent and mi-
tochondrial pathways. H2S may suppress extracellular signal-regulated
kinase (ERK) phosphorylation, resulting in decreased NOX2 expression,
which inhibits NADPH oxidase activity. NOX2, a primary membrane
subunit of NADPH oxidase, can produce excessive amounts of super-
oxide upon activation, resulting in downstream production of ROS (Hu
et al., 2010). While it is unknown whether H2S reacts with NADPH
oxidase in a manner similar to NO, which acts directly on NADPH
oxidase (Clancy et al., 1992), H2S suppresses the formation of mi-
tochondrial ROS through s-sulfhydration of cysteine-59 on p66Shc (an
upstream activator of mitochondrial redox signaling), resulting in in-
hibition of p66Shc translocation into mitochondria where it participates
in ROS production (Xie et al., 2014).

Administration of H2S protects neural cells from oxidative stress
through recovery of GSH levels (Kimura et al., 2010; Tyagi et al., 2009),
which supports the involvement of GSH in H2S-elicited neuroprotec-
tion. GSH is a major scavenger of ROS and lipid peroxides in the brain
at 1–10 mM concentrations. Synthesis of GSH includes two main en-
zymatic steps: 1) Cys reacts with glutamate via glutamate cysteine li-
gase (GCL, formerly γ-GCS) to form γ-glutamyl cysteine, which is the
rate limiting step in glutathione formation, and 2) formation of GSH
from γ-glutamyl cysteine and glycine, which is catalyzed by GSH syn-
thetase (GS) (Lu, 2013). Kimura et al. first reported the protective

effects of H2S in neurons against oxidative stress through increased
levels of substrates of GSH formation, including the cystine/glutamate
antiporter, intracellular cysteine, and γ-glutamyl cysteine (Kimura and
Kimura, 2004; Mikami et al., 2016; Zhang et al., 2017). H2S has no
effect on GS, but it can regulate the production of GSH by increasing the
activity of GCL (Liu et al., 2010). Increased GCL activation may be
mediated through some cell surface receptor activation by H2S (Kimura
and Kimura, 2004). H2S might be more effective in scavenging ROS
through regulating intracellular GSH levels than by directly scavenging
ROS because intracellular concentrations of GSH are much higher than
those of H2S (Furne et al., 2008; Ishigami et al., 2009; Wintner et al.,
2010). Nrf2 regulate genes that encode antioxidant proteins by binding
to antioxidant response elements and triggering downstream gene
transcription to protect cells from oxidative stress insults (Kobayashi
and Yamamoto, 2005). Kelch-like ECH associated protein 1 (Keap1) is a
negative regulator of Nrf2. H2S can protect mammalian cells through s-
sulfhydration of cysteine-151 of Keap1, which subsequently induces
Nrf2 dissociation from Keap1 and nuclear translocation, resulting in
stimulation of Nrf2-targeted gene expression of GCL, leading to in-
creased GSH production (Yang et al., 2013). Furthermore, polysulfide, a
bound sulfur species derived from H2S, reversibly modified Keap1 and
induced Nrf2 translocation into the nucleus, caused acceleration of GSH
synthesis in a model of t-butylhydroperoxide-induced cytotoxicity
(Koike et al., 2013; Kumar and Sandhir, 2018). Nrf2-mediated benefits
were also observed in other studies of H2S-elicited neuroprotection
(Koike et al., 2013; Kumar and Sandhir, 2018).

These findings provide strong evidence for the anti-oxidant effects
of H2S in vivo and in vitro. Given that a common characteristic of neu-
rodegenerative diseases is increased oxidative stress (Yuan et al., 2018),
and that H2S metabolic disorders, generally resulting in decreased
concentrations, occur in these disorders, a number of studies have
suggested that H2S is linked to the pathogenesis of neurodegeneration
(Eto et al., 2002; Hu et al., 2010; Paul et al., 2014). Although previous
studies have not established a causal link between abnormal

Fig. 2. Physiological function of H2S. H2S promotes LTP through the cAMP/PKA pathway or direct action on the NMDA receptor to promote the influx of Ca 2+. In
addition, H2S activates L (T)-type Ca2+ channels through the PLC/PKC pathway and acts on the ER to regulate intracellular Ca2+ homeostasis of. In microglia, H2S
regulates intracellular pH by inhibiting the Na+/H+ exchanger and activating the HCO3

−/Cl− exchanger.
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metabolism of H2S and these disorders, H2S supplementation is a po-
tential therapeutic strategy for treatment of these disorders due to its
anti-oxidative properties, which is evidenced by findings that H2S
prevents ROS accumulation and neuronal death in animal models
(Kimura and Kimura, 2004; Whiteman et al., 2004, 2005).

AD is one of the most common progressive neurodegenerative dis-
eases, and is characterized by clinical symptoms such as cognitive
dysfunction, memory impairment, and personality changes, and bio-
chemical changes such as increased oxidative stress, neuronal in-
flammation, and neuronal apoptosis (Henstridge et al., 2019). It is
characterized by formation of amyloid-β (Aβ) plaques and neurofi-
brillary tangles in the brain (Ballard et al., 2011). H2S levels in the
brains of patients with AD are lower than those of age-matched healthy
individuals (Eto et al., 2002), and plasma H2S levels are negatively
correlated with the severity of AD (Wang et al., 2014a). Tang et al.
reported that NaHS administration protected PC12 cells against Hcy-
mediated cytotoxicity by preventing dissipation of the mitochondrial
membrane potential (MMP) and by reducing intracellular ROS (Tang
et al., 2010, 2011). These results agreed with those in another study
which showed that treatment with spa-water rich in H2S content de-
layed AD progression, potentially through an anti-oxidative pathway,
as evidenced by the finding that malondialdehyde (MDA) concentration
is prominently deceased in the experiment (Giuliani et al., 2013).

The brain of patients with PD is characterized by accumulation of
aggregated α-synuclein and severe pars-compacta nigral cell loss (Lees
et al., 2009; Rajput, 1993). Although the molecular mechanism of PD
pathogenesis is unclear, mitochondrial dysfunction and oxidative stress

are the key processes that lead to dopaminergic neuron death
(Sarukhani et al., 2018). Since elimination of ROS has long been con-
sidered a promising strategy for treatment of PD (Cao et al., 2018b),
several studies have evaluated the effects of H2S supplement in PD
models (Hu et al., 2010; Lu et al., 2012; Xie et al., 2013). Increased H2S
production through CBS overexpression specifically inhibited 6-hydro-
xydopamine (OHDA)-induced oxidative stress, down-regulated α-sy-
nuclein, and decreased the number of apoptotic nigral dopamine neu-
rons in rats (Yin et al., 2017). In rodents, 6-OHDA reduced the levels of
SOD and GPx, and increased the formation of MDA in the damaged
hemisphere. NaHS treatment did not improve the decreased levels of
SOD and GPx resulting from 6-OHDA treatment, but significantly re-
duced the overproduction of MDA in dopaminergic neurons in the
substantia nigra (Sarukhani et al., 2018). In contrast, CO treatment
increased the expression of SOD in a 6-OHDA-induced PD model. These
findings indicated that there might be distinct mechanisms of redox
regulation between H2S and CO. H2S plays a neuroprotective role
through anti-oxidative pathways in PD models, as demonstrated by the
finding that systemic administration of H2S partly ameliorated dopa-
minergic neuronal injury and behavioral symptoms in experimental
study (Yuan et al., 2018). This dopaminergic protective effect has also
been shown in a study of methamphetamine. Methamphetamine is a
widely abused psychostimulant with great neurotoxic potential due to
increased oxidative damage in dopaminergic neurons (Yang et al.,
2018). In an in vivo model of methamphetamine-induced neurotoxicity,
NaHS treatment significantly increased the levels of SOD and GSH, and
reduced MDA levels in the CA1 region of the hippocampus (Ghanbari

Fig. 3. Neurotoxic mechanism of H2S. The toxic mechanism of H2S is mainly related to oxidative stress, excitatory glutamate toxicity, and inflammation. H2S
exposure leads to mitochondrial dysfunction through inhibition of complex IV, producing a large amount of ROS, resulting in neural cell apoptosis. H2S can also
trigger excessive levels of glutamate in the synaptic cleft, thus stimulating the L-type calcium channel and NMDA receptor, which results in calcium overload and cell
death. In addition, H2S promotes neuroinflammation by increasing proinflammatory factors such as TNFα, Nrld2, and Cyfip2, and inhibiting the anti-inflammatory
factor MIF.
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et al., 2018), implying that the observed neuroprotective effects were
partly due to antioxidant activity.

Production of ROS is a major factor in the neuropathology of TBI
and stroke (Arvin et al., 1995; Zhang et al., 2014, 2017). When TBI
occurs, endogenous H2S in the cerebral cortex and hippocampus of
mice was decreased, which paralleled CBS mRNA and protein expres-
sion in the brain (Zhang et al., 2013). While causality between in-
creased ROS and low H2S levels has not been established, H2S treatment
substantially reduced oxidative stress and lesion volume resulting from
TBI (Karimi et al., 2017; Zhang et al., 2013). Some studies have de-
monstrated the benefits of H2S on controlled cortical impact injury in
rats via increased activity of endogenous antioxidant enzymes (SOD
and catalase), and decreased levels of oxidative products (MDA and 8-
iso-prostaglandin F2α (8-iso-PGF2α)) (Jiang et al., 2013). In addition,
H2S supplementation activated the mitochondrial ATP-sensitive po-
tassium (KATP) channel and reduced oxidative stress in a rat model of
TBI (Jiang et al., 2013). KATP channels are widely expressed in ex-
citatory cells and are located in the surface of the plasmalemmal
membrane and the inner mitochondrial membrane (Farkas et al., 2004;
Seino, 1999; Zawar et al., 1999). These channels play an important role
in synaptic transmission by coupling cellular metabolism to electrical
activity within the brain (Sun et al., 2008). Mitochondrial KATP channel
activation can lead to K+ influx, which enhances mitochondrial re-
spiration through mitochondria matrix swelling, which results in faster
electron transport and decreased ROS production (Jezek et al., 2004;
Starkov, 1997). Thus, the anti-oxidant effects of H2S may partially
occur through KATP channel dependent pathways in TBI models. One
study has shown that H2S effectively protected neurons from serious
cerebral damage caused by transient middle cerebral artery occlusion
(Gheibi et al., 2014). H2S can serve as an antioxidant, resulting in
significantly increased SOD activity and reduced MDA content in the
brain of stroke model (Yin et al., 2013). These results suggested the
therapeutic potential of H2S supplementation to improve the patholo-
gical course of TBI and stroke by antagonizing oxidative stress.

In brief, these results demonstrated robust anti-oxidant properties of

H2S, which have shown considerable benefits in brain disease models
(Fig. 4). However, these studies are unsystematic, and they have only
evaluated in vitro or animal models. In particular, no studies have
concluded whether disruption of H2S contributes to the pathogenesis of
these diseases. If H2S is involved with pathogenesis of neurological
diseases, regulation of key enzymes in H2S production would be a po-
tential strategy to prevent the progression of these disorders. Future
studies should focus on characterization of the role of H2S in patho-
genesis of neurological diseases.

1.6. H2S-mediated protection against glutamate toxicity

As the primary excitatory neurotransmitter, glutamate plays a pi-
votal role in synaptic plasticity, neuronal development, and neuronal
modulation in the CNS (Suzuki et al., 2006). Glutamate dysregulation
has been implicated in various brain disorders, particularly neurode-
generative diseases, learning and functional disabilities, and addictive
behaviors (Hertz, 2006). When excessive glutamate accumulates in the
synaptic cleft, neuronal toxicity or neuronal death can occur via re-
ceptor-initiated glutamate excitotoxicity (Choi, 1988) and non-receptor
mediated oxidative glutamate toxicity (Murphy et al., 1989) (Fig. 5).

In general, glutamate is absorbed into cells for reuse or conversion
into glutamine via glutamate transporters (GluTs). Glutamate trans-
porter (GLT)-1 is the main glutamate transporter and GluTs are highly
expressed in astrocytes (Lu et al., 2008; Trotti et al., 1998). Lu and co-
workers first demonstrated that the protective effects of H2S in astro-
cytes were mediated by up-regulation of GLT-1 expression, resulting in
increased glutamate uptake, which was partially mediated by decreased
ROS production in a model of H2O2-induced cell injury (Lu et al., 2008).
In addition, H2S improved the function of GluTs via activation of KATP

channels and increased uptake of extracellular glutamate into astro-
cytes (Sun et al., 2008). These results agreed with studies that neurons
with decreased expression of KATP channels showed enhanced gluta-
mate release (Soundarapandian et al., 2007), and activation of KATP

channels prevented opening of the NMDA receptor channel and Ca2+

Fig. 4. Anti-oxidative stress mechanism of H2S. H2S may suppress ERK phosphorylation to inhibit the activity of NADPH oxidase, reducing downstream production of
ROS. H2S also suppresses the formation of mitochondrial ROS via activation of KATP channels and s-sulfhydration of p66Shc. In addition, H2S protects neural cells
from oxidative stress by increasing SOD, catalase, and Keap1/Nrf2/GCL mediated GSH production.
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influx (Jiang et al., 2013).
NMDA receptors are typically overactivated by synaptic glutamate

accumulation, which can induce Ca2+ influx and endoplasmic re-
ticulum (ER) stress, eventually resulting in excitatory toxicity. Several
studies have shown that H2S inhibits ER stress in mammalian neural
cells. H2S alleviated ER stress through sulfhydration of the Cys residue
of protein tyrosine phosphatase 1B (PTP1B) or by clearing reactive
carbonyl groups during alcohol-mediated neuronal damage (Koike and
Ogasawara, 2016; Krishnan et al., 2011), thus improving brain func-
tion. Furthermore, H2S improved the expression of brain-derived neu-
rotrophic factor (BDNF), a member of the neurotrophin family, in 1-
methyl-4-phenylpyridinium (MPP+)-treated PC12 cells. This effect was
reversed by blocking the BDNF receptor TrkB, implying that this pro-
tection was mediated by BDNF (Xiao et al., 2016).

Oxidative glutamate toxicity, a form of oxidative stress-induced
programmed neural cell death independent of ionotropic glutamate
receptors (Maher and Davis, 1996; Murphy et al., 1989; Tan et al.,
2001), is triggered by high concentrations of glutamate (Maher and
Davis, 1996; Murphy et al., 1989; Tan et al., 2001). Through the cy-
stine/glutamate antiporter, elevated extracellular glutamate inhibits
intracellular transport of cystine, which is the key source of cysteine to
produce GSH within the cell. GSH depletion by over 80% for several
hours may result in an increase in ROS production and massive influx of
Ca2+, resulting in cell death (Tan et al., 2001). Neuro2A cells expres-
sing 3MST and CAT showed significant resistance to oxidative gluta-
mate toxicity via maintenance of GSH levels (Kimura et al., 2010). This
result agreed with the observation that H2S protected neurons through
enhanced GCL activity and up-regulation of cystine transport in
HT22 cells (Kimura and Kimura, 2004), which may explain how H2S
increased GSH production efficiency.

1.7. The anti-inflammatory role of H2S

H2S can exert anti-inflammatory or pro-inflammatory effects de-
pending on concentration. Nontoxic levels of H2S have been shown to
exert anti-inflammatory effects on glial cells (Hu et al., 2007; Lee et al.,

2016), as demonstrated by inhibition of TNF-α, interleukin (IL)-1β,
NADPH oxidase, and inducible nitric oxide synthase (iNOS), and/or
enhancement of arginase-1, IL-4, and IL-10 (Campolo et al., 2013; Cao
et al., 2018a; Seifert and Pennypacker, 2014; Wang et al., 2014a,
2014b; Yin et al., 2013). Regulation of inflammation by H2S consists of
inhibiting inflammatory factors and promoting the release of anti-in-
flammatory factors. However, there are some exceptions. For example,
NF-κB may facilitate apoptosis of neural cells by inducing the expres-
sion of pro-inflammatory cytokines and inducing oxidation (Godinez-
Rubi et al., 2013). H2S inhibits the expression of NF-κB and apoptosis in
ischemia reperfusion injury and AD models (Biermann et al., 2011; Li
et al., 2016). In contrast, NF-κB also promotes the expression of anti-
apoptotic gene products and proteins such as Bcl-2 in the brain
(Mattson and Camandola, 2001). In hepatocytes, H2S sulfhydrates the
p65 subunit of NF-κB at cysteine-38 and promotes NF-κB translocating
into the nucleus, resulting in activation of several anti-apoptotic genes
(Sen et al., 2012). These dual actions of H2S on NF-κB may have been
due to the differences in experimental models or differences in H2S
concentrations. The ability of H2S to differentially regulate NF-κB in
various tissues may suggest complex interactions that result in H2S-
induced anti-apoptotic effects. Whether the anti-inflammatory effects of
H2S are related to its antioxidant effects has not been characterized, but
it is possible that they are linked given the fact that oxidative stress
plays a critical role in the inflammatory processes (Pattison and
Winyard, 2008). In addition, as studies of the anti-inflammatory effects
of H2S have been largely limited to evaluation of inflammatory cytokine
levels, further studies focused on regulation of inflammation are ne-
cessary.

2. Conclusions and perspectives

H2S has attracted increased attention in the past decade. Studies
have shown that H2S exerts antioxidant and neuroprotective effects at
concentrations in the micromolar range, but induces neurotoxic effects
in the millimolar range. The ability of H2S to act as a protective and
toxic mechanism suggests that it plays a role in redox homeostasis

Fig. 5. Anti-glutamate toxicity mechanism of H2S. H2S activates KATP channels to reduce glutamate release, recovers cystine transport, and increases the activity of
GCL, resulting in GSH production and protection of neurons from cell death. H2S alleviates ER stress through pathways involving PTP1B, BDNF, and reactive carbonyl
group. In astrocytes, H2S up-regulates GLT-1 expression and increases glutamate reuptake, which is partly mediated by decreased ROS production and activation of
KATP channels.
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(Kolluru et al., 2013). One of the main goals of developing H2S-based
therapeutics is to improve efficiency and reduce toxic effects. Several
clinical trials have evaluated H2S (e.g., biomarker in asthma, prognostic
factor in shock), but none have focused on neuroprotection. Anti-
oxidant therapies often provide little benefit to patients with AD and
PD, despite having been effective in experimental models (Angelova
and Abramov, 2018). This failure to provide therapeutic benefit is
mostly due to obstacles in delivering antioxidants to neural cells or
maintaining the chemical stability of antioxidants. Recent studies have
suggested that instead of reducing oxidative stress via administration of
antioxidants, enhancing the antioxidant capabilities of the brain may
provide more benefits (Franco et al., 2019). Thus, H2S treatment is a
promising strategy because it can easily diffuse in a transporter-in-
dependent manner in the brain. However, maintenance of H2S levels at
the ideal concentration is a challenge. The dual action of H2S indicates
that H2S concentrations must be tightly regulated. This can be solved by
use of H2S-releasing prodrugs. Woods et al. recently found that an H2S-
releasing agent based on Ruthenium (II), a compound present in living
cells, was able to release H2S through irradiation with red light without
the help of secondary nanoparticle system (Woods et al., 2018). An-
other challenge is determining of H2S concentrations in tissues. Fluor-
escent probes have been developed to address this issue. However,
these small cationic molecular probes cannot be used for in vivo imaging
due to shallow tissue penetration and poor bio-stability (Li et al., 2018).
Recently, Wang and colleagues proposed poly (acrylic acid)-modified
upconversion nanoparticles assembled with cationic near-infrared cy-
anine chromophores as a nanoprobe for monitoring H2S. This nanop-
robe showed excellent properties including good selectivity, high sen-
sitivity, and low cytotoxicity in cells and zebra fish (Wang et al., 2018).
Li et al. also reported a ratiometric upconversion luminescence na-
noprobe with an acid-activated targeting strategy for detecting and
bioimaging of mitochondrial H2S that demonstrated high selectivity
and sensitivity (Li et al., 2018). These innovations suggest that na-
noprobes may be ideal for monitoring cellular H2S levels in mammalian
tissues. We believe that comprehensive understanding of the mechan-
isms of action of H2S and advances in prodrugs and detection methods
will aid in translation to therapeutic strategies for treatment of brain
disorders in humans.
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