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Methionine (Met) and cysteine (Cys) are the only sulfur-containing amino acids, and Cys can be synthesized

through the transsulfuration reaction associated with Met metabolism. Met is metabolized to S-adenosylmethionine

(SAM), which provides either the carbon backbone for polyamines or methyl groups for some other compounds,

including DNA . Meanwhile, Cys comes from extracellular sources or is the product of the transsulfuration reaction

and then becomes the precursor for sulfur-containing components or mediators. These include glutathione (GSH),

taurine, coenzyme A, hydrogen sulfide, iron–sulfur [Fe–S] cluster, and persulfides.

xCT  glutathione peroxidase  glutaredoxin  γ-glutamyl transferase

1. Reductive Detoxification of Peroxides via Glutathione
Peroxidases

The oxidation of glutathione (GSH) occurs by the direct reaction with oxidants, but this is not a very efficient

process. The reduction of peroxides to the corresponding alcohols is effectively catalyzed by glutathione

peroxidases (GPX), which results in GSSG . Whereas certain other proteins, such as catalase and peroxiredoxin,

exhibit peroxidase activities, GPX is a dominant peroxidase family that is made up of eight members in mammals.

Because GPX is constitutively active within cells and requires GSH other than substrate for activity, the supply of

GSH determines the GPX activity. GPX1 to GPX4 possess a selenocysteine (Sec) instead of a Cys in their

catalytic center (Figure 1). Replacing Sec with Cys decreases the catalytic efficiency of this molecule by less than

1%. Whereas Sec-containing wild-type GPX4 is capable of conferring resistance to irreversible overoxidation by

peroxides , excessive hydrogen peroxide inactivates GPX1 by oxidatively converting Sec to dehydroalanine in

human erythrocytes . A diet with selenium deficiency results in a decrease in their activity due to the impaired

synthesis of Sec. Whereas GPX largely functions to reduce hydrogen peroxides by means of the donation of an

electron from GSH, GPX4 reduces phospholipid hydroperoxides to their alcohol forms and, hence, can suppress

ferroptosis . Since ferroptosis is considered to occur under a variety of physiological and pathological

conditions, the suppression of lipid peroxidation by GPX4 has attracted much attention . The genetic ablation of

GPX4 causes embryonic lethality in mice, which can be overcome by vitamin E (α-tocopherol) supplementation ,

whereas this is not the case in mice lacking other GPX genes. Peroxiredoxin (PRDX) is another large family of

proteins with peroxidase activity. PRDX family members mostly exhibit thioredoxin-dependent peroxidase activity,

whereas PRDX6 exceptionally exhibits GSH-dependent peroxidase activity towards lipid peroxides. Thus, the

enzymatic properties of PRDX6 are similar to those of GPX4, but there is essentially no similarity in their structure
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. Since numerous studies have reported on the roles of GPX in neuronal systems, readers are referred to other

review articles for details concerning the reactions and physiological significance of the GPX family . The

decline in the GPX activity increases peroxides, which, in the presence of iron, results in the production of hydroxyl

radicals that cause oxidative DNA damage. Then, cells with DNA damage may undergo tumor development .

Oxidative stress-induced tumorigenesis is a major research subject in itself and is discussed repeatedly, so

researchers will not discuss it further in this research.

Figure 1. GSH-dependent reduction of peroxides by glutathione peroxidase (GPX). Selenocysteine (Sec)

constitutes the catalytic center of GPX1 to GPX4, among GPX family members. The reaction of GPX with

peroxides converts SeH to SeOH in the Sec residue, which transiently leads to glutathionylation. Reaction of

another GSH regenerates SeH and releases GSSG. Excessive hydrogen peroxide converts Sec to

dehydroalanine, leading to permanent inactivation of GPX1. Accumulation of phospholipid hydroperoxides causes

ferroptosis, whereas GPX4 specifically reduces them to the alcohol form, leading to cell survival. LOOH, lipid

hydroperoxide; LOH, lipid alcohol.

2. Rescuing Proteins from Oxidative Modification through
Glutaredoxin

Whereas SH groups can exist in four oxidized states: disulfide, sulfenic acid, sulfinic acid, and sulfonic acid, under

an oxidative environment, the disulfide and sulfenic acid forms can generally be reduced by a biological redox
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system . Cys–SH groups of proteins can form mixed disulfides with their own SH group or with SH groups from

other molecules under oxidizing conditions (Figure 2A). Since GSH is the most abundant thiol, a mixed disulfide

with GSH, called S-glutathionylation, occurs preferentially. This modification either inhibits or activates the enzyme,

depending on the position of the Cys residue within the protein . Approximately 1% of total glutathione is present

as the mixed disulfide form with proteins in the normal liver, and the amount of protein-bound glutathione reaches

20–50% upon an oxidative insult . The glutathione thiyl radial and GSNO form the S-glutathionylation of proteins

in an accelerated manner. S-glutathionylation proceeds preferentially under oxidative conditions, but is not always

harmful, because the formation of a mixed disulfide prevents further oxidation of the SH group . GRX has been

identified as a GSH-dependent reductase of disulfides in ribonucleotide reductase during its catalytic cycle 

and, hence, acts as an alternate electron donor for TRX . Because S-glutathionylation protects Cys–SH groups

in proteins from further oxidation and since they can be reduced back, this post-translational modification is

regarded as a type of protective mechanism for essential SH groups in proteins under oxidative stress . GRX

can reduce proteins with intrinsic disulfide bonds or S-glutathionylated proteins back to the native conformation by

employing GSH, which releases GSSG. Mammals produce two GRXs, GRX1 and GRX2 . Whereas GRX1

resides mainly in the cytoplasm, it can be translocated into the nucleus upon certain stimuli. GRX2 is present in two

forms, namely, a mitochondrial and a nuclear GRX.

Figure 2. Scheme for the conjugation of glutaredoxin (GRX) and GSH. (A) The upper scheme of the reaction

shows the reduction of oxidized proteins, and the lower scheme shows GRX accepting the GSH moiety from
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glutathionylated proteins. When the protein with a disulfide bond reacts with reduced GRX, the protein is reduced

instead and GRX is oxidized. Upon reaction with GSH, one cysteine (Cys) residue of the oxidized GRX becomes

an SH group and that of the other Cys becomes glutathionylated. Reaction of glutathionylated GRX with another

GSH results in fully reduced GRX and GSSG. (B) Xenobiotics and hydrophobic metabolite (X) first undergo

hydroxylation by oxygenases such as cytochrome P450 oxidases (CYP). Then, glutathione S-transferase (GST)

catalyzes GSH conjugation. Resulted glutathione conjugates are exported via multidrug resistance regulator

(MRP). ROS, reactive oxygen species.

Redox regulation by the GSH/GRX system plays a pivotal function in the central nervous system . The

excitatory amino acid L-β-N-oxalylamino-L-alanine (L-BOAA) causes corticospinal neurodegeneration in humans

and the loss of GSH in mice. The mitochondrial electron transfer complex (ETC)-I in the motor cortex is selectively

lost by L-BOAA, but GRX appears to protect ETC-I from degradation . Estrogen may be involved in preserving

higher levels of GRX in certain regions of the central nervous system and, in female mice, protects them against

mitochondrial dysfunction caused by L-BOAA . GRX1 helps to maintain mitochondrial integrity and prevents the

loss in mitochondrial membrane potential caused by L-BOAA . 6-Hydroxydopamine is easily oxidized and results

in the formation of the quinone form, which is a highly reactive species and a powerful neurotoxin . Both the TRX

and the GRX systems directly mediate the reductive detoxification of 6-hydroxydopamine quinone and protect

neurons from dopamine-induced cell death.

GRX1 reportedly regulates the protein levels of DJ-1 in the midbrain of mice . The mitochondrial form of GRX2

as well as TRX1 contributes to neuronal integrity during hypoxia  and protects neuronal cells against 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP)-mediated mitochondrial dysfunction . The downregulation of GRX1

leads to dopaminergic degeneration and PD-relevant motor deficits in mice . Exogenously added cell-permeable

PEP-1-GLRX1 also suppresses the dopaminergic neuronal cell death induced by MPTP . GRX2 may also be

involved in the function of mammalian dopaminergic cells and oligodendrocytes through the biogenesis of [Fe–S]

clusters . Increased levels of GRX1 are associated with the early onset of PD in patients, which suggests that

upregulated GRX1 promotes neuroinflammation and leads to the development of PD . However, other studies

have reported decreased levels of GRX in PD patients . Given the roles of GRX in protein thiol homeostasis, the

upregulation of GRX1 is rather considered to be result of a compensatory reaction against oxidative protein

modification.

The oxidation of F-actin caused by amyloid-β (Aβ) is diminished by GRX1 in Alzheimer’s disease (AD) model mice

. A decrease in GRX1 levels may lead to synaptic dysfunction during AD pathogenesis by directly disrupting the

F-actin architecture in spines. On the contrary, Aβ may also exert neurotoxicity in AD through oxidizing GRX1 or

TRX1 . In familial ALS patients, the aggregation of mutant SOD1 is a proposed cause for the degeneration of

motoneurons. Whereas the overexpression of GRX1 increases the solubility of mutant SOD1 in the cytosol, this

does not alleviate mitochondrial damage in SH-SY5Y cells. However, the overexpression of GRX2 increases the

solubility of mutant SOD1 in mitochondria and preserves mitochondrial function, which results in neuronal cells

being protected from apoptosis . Thus, GRX, with the help of GSH, can prevent the development of major

neurodegenerative diseases such as PD, AD, and ALS.
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3. Glutathione Conjugation in the Detoxification of
Xenobiotics and in the Production of Bioreactive
Compounds

Conjugation with GSH, glucuronate, and sulfate are catalyzed by GST, UDP-glucuronate transferase, and

sulfotransferase, respectively, and constitute three major detoxification systems for xenobiotics and intrinsic

compounds that are highly hydrophobic . Oxygen molecules are usually introduced into hydrophobic

compounds by the action of cytochrome P450 oxidases (CYP) before glutathione conjugation by GST (Figure 2B).

In addition to GSH conjugation, GST also exhibits GSH-dependent peroxidase activity, albeit with much less

efficiency compared to GPX. The mouse has 21 GST genes, and many of these genes are genetically knocked

out, as reported in previous studies . Many polymorphisms are found in GST genes that are likely risk

factors for PD . Whereas glucuronidation and sulfate conjugation are generally thought to have largely beneficial

effects, excessive GSH conjugation may cause redox imbalance and damage cells due to the consumption of

GSH, as is typically observed in the case of livers with an acetaminophen overdose .

On the other hand, GSH is used as a building block or cysteine donor for the synthesis of cysteinyl leukotrienes

(CysLT) that include LTC , LTD , and LTE  (Figure 3A). CysLT is the active component of a slow-reacting

substance that causes anaphylaxis, the contraction of smooth muscle, and an increase in vascular permeability

. CysLT is also an inflammatory lipid mediator that is involved in the pathophysiology of respiratory diseases and

may also be associated with defects in the central nervous system, including cerebral ischemia, epilepsy, and AD

. Regarding the synthetic pathway, 5-lipoxygenase first catalyzes the formation of an arachidonate epoxide, and

GST family members (MGST2, 3, and GSTM4), as well as LTC  synthetase, then catalyze the conjugation of GSH

to the epoxide . After their secretion from cells, GGT1 or GGT5 hydrolytically removes the γ-glutamyl group of

LTC , which results in the formation of LTD . Extracellular peptidases finally catalyze the hydrolytic removal of the

Gly unit from LTD  and this results in the production of LTE . CysLT acts through G protein-coupled receptor

subtypes that are referred to as CysLTR-1 and CysLT-2 and are present on neurons, astrocytes, microglia, and

vascular endothelial cells in the brain . Moreover, proteins, such as G protein-coupled receptor 17 (GPR17), G

protein-coupled receptor 99 (GPR99), and peroxisome proliferator-activated receptor-γ (PPARγ), may also act as

receptors for CysLT. Since CysLT is also involved in inflammatory responses, its excessive production may result in

neuronal tissue damage.
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Figure 3. GSH as a building block for some bioreactive compounds. (A) GSH is conjugated to leukotriene (LT) A

by the catalytic action of LTC  synthetase or some other glutathione S-transferase (GST) isozyme. γ-Glutamyl

transferase (GGT) hydrolytically removes the γ-glutamyl moiety from LTC , which enables access to a peptidase

that removes the glycine (Gly) unit from LTC  and results in LTD  formation. (B) Dopamine is oxidized to

dopaquinone by oxidases such as cytochrome P450 (CYP). After conjugation with GSH, 5-S-cysteinyl dopamine is

produced by the action of similar enzymatic process to those for LTD  synthesis.

4. Glutathione S-Conjugates, and S-Nitrosoglutathione
(GSNO) in Nitric Oxide Signal Transduction

Nitric oxide (NO) that is produced through both enzymatic reactions and non-enzymatic reactions exerts a variety

of beneficial functions, including the relaxation of the vasculature and the modulation of neurotransmission,

whereas the presence of abundant levels may impair the redox balance . Whereas the iron ion, notably ferrous

iron, is the preferred target of NO, SH groups in amino acids and proteins are also reactive and are targets, which

results in the formation of S-nitrosothiol (SNO). Since reactive SH tends to play a primary role in a redox reaction

that includes TRX and the ubiquitin system , and non-protein thiols, including coenzyme A , S-nitrosylation is

a pivotal post-translational modification that is involved in cellular signaling. Excessive nitrosylation of target

proteins may cause dysfunction, aberrant activation of physiological processes, and ultimately cell death. S-

Nitrosylation occurs in many different PD-related proteins, including peroxiredoxin 2, XIAP, and PDI . The
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balance between S-nitrosylation and denitrosylation determines whether SNO acts as a signaling mechanism or

causes nitrosative stress .

GSNO is dominantly produced due to the abundant presence of GSH in cells and may act as the donor for trans-

nitrosylation reactions . GSNO is transported out of cells via MRP . GSNO-reducing activities, which are

intrinsic to formaldehyde dehydrogenase (GSNOR), class III alcohol dehydrogenase (ADH5), and TRX/thioredoxin

reductase, play pivotal roles in moderating GSNO levels . ADH5 appears to be a major GSNO reductase that

acts in an NADH-dependent manner . Whereas carbonyl reductase 1 (CBR1) preferentially reduces GSNO 

, a form of aldehyde reductase AKR1A1 also exerts GSNO reductase activity with the formation of glutathione-

sulfinamide derivatives . A GSNOR deficiency induces the S-nitrosylation of focal adhesion kinase 1 (FAK1),

which results in the enhanced autophosphorylation of FAK1 and tumorigenicity being sustained . Since detailed

information concerning the action of S-nitrosylation is not the focus of this research, readers are directed to recent

review articles that are associated with neurodegenerative diseases .

5. Glutathione Status Associated with Neuronal Diseases

Researchers briefly revisit the relationship between major neurological diseases and GSH status in this research. A

GSH deficiency is associated with various neurological disorders, including neurodegenerative diseases, ischemic

disease, schizophrenia, and tumors . Ferroptosis, which is associated with declined GSH, is assumed

to be involved in neurodegenerative diseases, including AD, PD, and ischemic disease . Because

polyunsaturated fatty acids (PUFA) are rich in the brain and are susceptible to being peroxidized, GPX4 is

predominantly present and protects neurons from ferroptosis. Here researchers  outline three typical types of

neurodegenerative diseases, AD, PD, and ALS, in association with GSH metabolism.

AD is the most common neurodegenerative disease. Aggregation of the Aβ peptide eventually causes AD by

inducing neuronal cell death. The hallmarks of AD include elevated ROS levels and the enhanced production of

lipid peroxidation products, decreases in GSH and GPX4, and the accumulation of iron, which are also hallmarks of

ferroptosis . The administration of desferrioxamine, an iron chelator, to AD patients reportedly leads to a

significant reduction in the rate of decline of daily living skills, suggesting that sustained iron chelation may be

beneficial in slowing the progression of this disease . The administration of α-tocopherol, which suppresses

ferroptosis by inhibiting lipid peroxidation, was also reported to moderate AD in patients . Moreover, treatment

with NAC was reported to prevent cognitive impairment in an AD model mouse that was induced by

intracerebroventricularly administered streptozotocin . The injection of Aβ oligomers into the CA3 hippocampal

region of the rat brain triggers synaptotoxic effects that are represented by abnormal Ca  signals and

mitochondrial dysfunction, whereas feeding NAC for 3-weeks prior to Aβ injections prevented these deleterious

effects . It is therefore considered likely that ferroptosis is related to the onset or exacerbation of AD, and that

the Cys–GSH axis exerts protective action in preventing neuronal cell death. Using Drosophila models, a close

correlation between changes in GSH redox potential with AD disease onset caused by Aβ and progression was

observed .
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Dopamine is a pivotal neurotransmitter, and its deficiency is a cause for PD, which is also a common

neurodegenerative disease, next to AD. Progressive dopaminergic neuronal loss in the substantia nigra pars

compacta is the characteristic pathology of PD patients. Since iron accumulation is associated with PD, ferroptosis

as well as oxidative stress are also considered to be possible causes . Dopamine can be converted into

dopamine-o-quinone in the oxidative pathway, which is efficiently catalyzed by the presence of metal ions such as

iron, copper, and manganese, as well as by the action of ROS-producing enzymes, such as xanthine oxidase,

cytochrome P450, prostaglandin H synthase, and lactoperoxidase . The metabolism of GSH in association with

dopamine is deeply involved in this fatal disease . Several enzymes, including GST family members and

LTC  synthase, catalyze the nucleophilic addition of GSH to dopamine-o-quinone, which results in the formation of

5-S-glutathionyl dopamine (Figure 3B). MRP then appears to export 5-S-glutathionyl dopamine . GGT that is

present on the extracellular surface of astrocytes then catabolizes the removal of the γ-glutamyl group from 5-S-

glutathionyl dopamine . The Gly unit is finally removed by the action of an extracellular peptidase. The resulting

Cys-dopamine is toxic to neurons in the substantia nigra pars compacta and may lead to neuronal death. In

addition to the neuronal toxicity of these compounds, Cys/GSH consumption may impair GPX4 function and

predispose neurons to ferroptosis. Similar processing occurs on glutathione-conjugated acetaminophen, and the

resulting cysteinyl-acetaminophen is reportedly a major contributor to renal toxicity .

Despite the fact that it is much less widespread compared to AD and PD, ALS affects motor neurons in the cerebral

cortex, brainstem and spinal cord and leads the death rate due to respiratory failure within five years. Oxidative cell

damage also appears to be involved in the development of ALS, and, hence, the GSH redox system is considered

to exert a beneficial action . In fact, the modification of the Cys residue in either GSH or in proteins occurs and

may be involved in the pathogenesis of ALS . Whereas the significance of the Cys–GSH axis has been implied,

clinical trials that include the administration of GSH, Cys or procysteine have not been successful. Meanwhile, the

administration of edaravone, a radical scavenger, to rats was reported to alleviate spinal cord injury . Edaravone

is now a licensed radical-scavenging drug for the treatment of ALS as well as strokes . These collective

results suggest that radical scavenging rather than fueling the Cys–GSH axis might be more advantageous in

slowing the progression of ALS.

6. Production of a Variety of γ-Glutamyl Peptides by Means
of γ-Glutamyl–Cysteine Synthetase and γ-Glutamyl
Transferase 

A variety of peptides and amino acids, which may not always be composed of proteinous amino acids, are present

in blood plasma and tissues including the brain (Figure 4). Taurine is synthesized from Cys with cysteine

dioxygenase as the rate-limiting enzyme . Astrocytes predominantly produce taurine, which exerts pleiotropic

actions in the central nervous system . The levels of taurine and 2-hydroxybutyrate, a metabolite of the

transsulfuration pathway, are elevated in plasma and cells from sporadic ALS patients, suggesting that the

pathogenesis of ALS is associated with metabolic stress . Because taurine does not contain a carboxyl group, it

presents largely in the free form and constitutes the second amino acid in dipeptides. γ-Glutamyl taurine (γ-Glu-
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Tau) is produced in the brain, and is reportedly mediated by GGT . In fact, a variety of reactive peptides that

include γ-glutamyl peptides have been reported to be present in the brain. Researchers recently established a

liquid chromatography–mass spectrometry (LC–MS)-based assay method that can provide structural information

on the products of the enzymatic reaction of γ-GCS and GGT. The results indicate that, despite the high K  of

taurine for the γ-GCS reaction, its abundant presence indeed also enables the generation of γ-Glu-Tau by γ-GCS

. The resulting γ-Glu-Tau may interact with excitatory aminoacidergic neurotransmission  and exert

antiepileptic actions , although the nature of its function remains ambiguous . GGT and γ-GCS appear to be

the enzymes that are responsible for the production of various γ-glutamyl peptides, although the amount and

diversity of γ-glutamyl peptides are small in the normal mouse brain compared to the liver and kidney . These

observations imply that the concentrations of Cys are properly maintained in the brain under healthy conditions.

Aberrant syntheses of γ-glutamyl peptides other than GSH by γ-GCS and/or GGT reactions can also be a

predictive marker for the condition of the central nervous system in cases of a Cys/GSH deficiency.

Figure 4. Production, metabolism, and cellular signaling of γ-glutamyl peptides. Due to the diversity of the nervous

system, the metabolic pathways shown in this diagram are only examples of a certain central nervous system and

may not be applicable to all neuronal cells. When Cys is present at sufficient levels, GSH is produced. However,

under a Cys insufficiency, high levels of 2-aminobutryrate (2AB) are synthesized through the transsulfuration

pathway, followed by a transaminase reaction, and it becomes a substrate for γ-GCS, which may lead to the

production of ophthalmate (OPT). When other amino acids, including taurine, are used instead of Cys, a variety of
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γ-glutamyl peptides such as γ-Glu-Tau are produced by γ-GCS reactions inside cells. γ-Glutamyl transferase

(GGT) on astrocytes either hydrolytically removes the γ-glutamyl moiety of extracellular GSH and γ-glutamyl

peptides or transfers their γ-glutamyl moiety to other amino acids (AAs) to generate new γ-glutamyl peptides. The

resultant Cys–Gly dipeptide can be hydrolyzed to its constituent amino acids by the action of a dipeptidase. The

function of the calcium-sensing receptor (CaSR) may be modulated by the binding of these γ-glutamyl peptides.

AAs, any amino acid; DA, dopamine. γ-GCS, γ-glutamyl-cysteine synthetase; GSS, glutathione synthetase; ChaC,

γ-glutamylcyclotransferase; MRP, multidrug resistance regulator; CNDP2, carnosine dipeptidase 2; EAAC1,

excitatory amino acid carrier 1; GPX, glutathione peroxidase; DA, dopamine; Cys-DA, cysteinyl-dopamine; xCT,

cystine transporter.

Attempts to elucidate the roles of γ-glutamyl peptides in the brain have just begun, and available information

concerning them is limited. Researchers therefore discuss this issue using the liver as an example because it is the

most extensively investigated organ. During the production of Cys through the transsulfuration pathway, 2-

oxobutyrate is produced as a result of the CSE-catalyzed cleavage of cystathionine . The resulting 2-

oxobutyrate is converted into 2-aminobutyrate (2AB) by transferring an amino group from Glu via

aminotransferases. Because 2AB is also a preferred substrate for γ-GCS next to Cys, γ-Glu-2AB is produced

under conditions of a Cys insufficiency. Whereas γ-GCS is suppressed by physiological levels of GSH via a

feedback mechanism, the consumption of GSH stimulates γ-GCS activity . When γ-GCS utilizes 2AB as the

acceptor substrate, γ-Glu-2AB is produced and is then converted to γ-Glu-2AB-Gly by the GSS reaction, which is

denoted as ophthalmic acid (OPT) . The production of excess levels of OPT is observed in the mouse liver

under conditions of a Cys deficiency, typically upon an acetaminophen overdose . Starvation of mice causes an

insufficient supply of amino acids, including Cys and Met, which also leads to an increase in OPT production in the

blood plasma . Intriguingly, several types of γ-glutamyl peptides were reported to be elevated in the blood

plasma of patients who are suffering from liver diseases . Since the liver is a central organ for amino acid

metabolism, hepatocytes may suffer oxidative stress and result in the consumption of both GSH and Cys. It is

conceivable that, under these conditions, activation of the transsulfuration pathway produces 2-oxobutyrate along

with Cys. However, Cys is rapidly recruited for GSH synthesis, which consequently stimulates the utilization of 2AB

for the production of OPT. NAC is generally used in the treatment of an acute liver injury caused by an

acetaminophen overdose. For similar reasons, NAC or its lipophilic derivatives increase the levels of cellular Cys

and, consequently, GSH, which then may exert therapeutic effects on neuronal diseases .

Ferroptosis is reportedly suppressed by producing not only GSH but also other γ-glutamyl peptides by γ-GCS .

The anti-ferroptotic effects of the production of γ-glutamyl peptides other than GSH cannot be explained by the

reductive detoxification of lipid peroxides via GPX4. Because the inhibition of γ-glutamyl peptide synthesis elevates

cellular Glu levels, the stimulation of the Glu metabolism appears to be the likely mechanism for executing

ferroptosis under a Cys insufficiency. This notion is consistent with findings that elevations in electrochemical

potential in mitochondria are associated with ferroptosis induced by Cys deprivation . Because actively

proliferating cells are more sensitive to ferroptotic stimuli, the activation of Glu-centered carbon metabolism likely

produces more radical species, which may stimulate lipid peroxidation reactions and consequent ferroptosis .

Meanwhile, the cysteine-sparing effect of taurine has been proposed in hepatocytes , although taurine cannot
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directly compensate for a Cys deficiency. These collective data can also be interpreted to indicate that the

formation of γ-Glu-Tau and other γ-glutamyl peptides by either intracellular γ-GCS or extracellular GGT prevents

the excitatory cytotoxicity caused by excessive levels of Glu.

7. Calcium-Sensing Receptor as a Target of γ-Glutamyl
Peptides

In addition to GSH, many γ-glutamyl peptides have been detected, and the γ-glutamyl moiety of N-terminal amino

acids stabilizes them. The physiological significance of this peptide-specific modification has long been debated.

The pharmacological benefit of supplementation of γ-Glu-Cys has recently been proposed under pathological

conditions, such as strokes , inflammation , ALS , and ischemia/reperfusion injury . The

pharmacological action of γ-Glu-Cys appears to be largely attributable to an increased production of GSH 

. Although the direct donation of an electron from γ-Glu-Cys to GPX1 has been also demonstrated , the

presence of GSS mostly converts γ-Glu-Cys to GSH. Therefore, the use of intrinsic γ-Glu-Cys as the substrate for

GPX1 may occur in limited organs such as the kidney, which uniquely contains four times more γ-Glu-Cys than

GSH .

Extracellular levels pf GSH, GSSG, and mixed disulfides between Cys and GSH (CySSG) can modulate the

function of the G-protein-coupled calcium-sensing receptor (CaSR) . CaSR is systemically expressed,

including in the brain and intestine, and a primary function of CaSR appears to be maintaining extracellular calcium

ion levels within a physiological range, 1.1–1.3 mM, by regulating the secretion of the parathyroid hormone .

CaSR is abundantly expressed in the circumventricular regions and substantially within the hippocampus,

hypothalamus, and striatum. Concerning the roles of CaSR in the neuronal regulation of nutrition, several γ-

glutamyl peptides appear to bind CaSR. The extracellular domain of this protein contains a binding pocket for

GSH-related compounds . The allosteric activation of CaSR by γ-Glu-Cys was reported to suppress

inflammation in colitis model mice . CaSR expressed within the gastrointestinal tract plays roles as a mediator

of “kokumi taste” modulation and is responsible for regulating the release of dietary hormones in response to amino

acids in the intestine .

The roles of CaSR in neurons reportedly include neuronal growth, migration, differentiation, and neurotransmission

. It has been proposed that CaSR has a critical role in the central neuronal system under pathological

conditions, such as ischemia, AD, and in neuroblastomas . The expression of CaSR in inflammatory cells may

extend its roles to neuroinflammation . Since soluble Aβ reportedly binds CaSR and leads to neuronal

inflammation and cell death , GSH or other related peptides may be able to exert protective action in the

neuronal system through modulating the function of CaSR. Some of the γ-glutamyl peptides that are produced

through either the GSH-synthesizing pathway or the GGT-mediated transfer of a γ-glutamyl group may play roles in

calcium homeostasis in the neuronal system via modulating CaSR.
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