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Glutathione is a remarkably functional molecule with diverse features, which include being an antioxidant, a

regulator of DNA synthesis and repair, a protector of thiol groups in proteins, a stabilizer of cell membranes, and a

detoxifier of xenobiotics. Glutathione exists in two states-oxidized and reduced. Under normal physiological

conditions of cellular homeostasis, glutathione remains primarily in its reduced form.

glutathione  brain  aging

1. Introduction

Glutathione (GSH) is a tripeptide that contains cysteine, glutamic acid, and glycine residues, which are distributed

ubiquitously in every cell . It serves as an endogenous antioxidant that affects many cellular functions. GSH and

several enzymes combine to form the glutathione system, which plays a crucial role in the utilization and regulation

of reactive oxygen and nitrogen species (ROS and RNS, respectively) in organisms. Intracellular levels of GSH are

maintained by direct uptake of exogenous GSH, de novo GSH synthesis, and GSH redox cycling. De novo

synthesis of GSH from cysteine and glutamic acid involves catalysis by glutamate-cysteine ligase (GCL) to form

gamma-glutamyl cysteine (g-GC) and the subsequent addition of glycine to g-GC by glutathione synthase (GS) .

During the process of GSH redox cycling, the enzyme glutathione peroxidase (GPx) oxidizes GSH to glutathione

disulfide (GSSG) during detoxification of hydrogen peroxide (H O ) or other organic hydroperoxides. The oxidized

form, GSSG, can be converted back to GSH by glutathione reductase (GR). Conjugation of GSH by the enzyme

glutathione S-transferase (GST) to xenobiotic compounds yields nontoxic products, thereby effecting their

detoxification .

2. A Pivotal Role for GSH in the Regulation of Homeostasis
and Metabolism in the Nervous System

During the aging process, GSH plays a vital role in neuronal defense against damage caused by oxidants like ROS

and RNS. Various neurodegenerative disorders are characterized by the depletion of cellular GSH, probably due to

its counteracting oxidative stress and calcium ion (Ca ) imbalance . There is marked heterogeneity in the

cellular distribution of GSH in the CNS neurons of adult rats, gerbils, and rabbits. The non-neuronal elements of the

CNS and the peripheral nervous system (PNS), namely the glia, ependyma, and endothelia, exhibit high levels of

GSH not found in the neuronal cell bodies or granule cells. GSTs are also likely to be heterogeneously distributed

in the CNS. For example, astrocytes and oligodendrocytes express µ-GST and n-GST, respectively, while pial,

ependymal, and vascular elements express various quantities of both µ- and n-GST. Alpha-GST is present in both
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neurons and non-neuronal elements of the nervous system. The developing nervous system is exposed to various

xenobiotics through the placental circulation and undergoes a dramatic change in the oxygen environment at birth

. Therefore, the GSH system plays an important role in the regulation of redox homeostasis and protects

newborns against the hyperoxic extrauterine environment.

Mitochondria are an important source of ROS and RNS. Roughly 10 to 20% of GSH is contained in the

mitochondria in neural cells and most other tissues . The mitochondrial compartment contains more GSH than

any other cellular compartment, yet the mitochondria do not contain the enzymes necessary for its biosynthesis .

Instead, mitochondria import GSH from the cytosol effectively using specific GSH transport systems . The exact

system used in each case depends on the substrate and the tissue. For example, the import of GSH into kidney

and liver mitochondria can occur primarily using 2-oxoglutarate (2-OG; SLC25A11) or dicarboxylate (DIC;

SLC25A10) as a carrier, while tricarboxylate (TTC, SLC25A1) serves as a carrier in CNS neurons and astrocytes.

The 2-OG carrier (OGC) mediates the exchange of cytosolic GSH and mitochondrial dicarboxylates, including 2-

OG .

The tripeptide structure of GSH suggest its potential role as a neuroactive molecule. All three of its amino acid

residues can interfere with neuronal signaling through glutamate (Glu) receptors. Loss or improper function of Glu

receptors or alteration of cerebral GSH levels can lead to neuropsychiatric symptoms or neurological abnormalities.

The conformational flexibility of GSH allows for its binding to all classes of Glu receptors via its glutamyl residue

due to its similarity to the natural receptor agonist, L-glutamate. The cysteine residue in GSH has neurotoxic

properties in its free state, although it is not toxic in peptide form. At low concentrations, GSH is neuroprotective,

but at high (millimolar; mM) concentrations, GSH may affect the redox state of glutamate receptors via its free thiol

group. Similar to free glycine, the glycine residue in GSH serves as a co-agonist of the N-methyl-D-aspartate

(NMDA) receptor and as the main inhibitory neurotransmitter in the spinal cord . Alterations in NMDA receptor

function can alter the calcium signaling cascade and affect synaptic plasticity, leading to pathophysiological

changes in the CNS.

The redox potential regulates the activity of the NMDA receptor, which normally fluctuates between fully oxidized

and fully reduced states . Redox homeostasis in the brain is very important, as the consumption of high

levels of oxygen produces many harmful free radicals, including superoxide anions (O ), hydroxyl radicals ( OH),

lipoperoxide radicals (LOO·), nitric oxide radicals (NO ), and nitrogen dioxide radicals (NO ) . As an

antioxidant, the GSH system maintains thiols by the scavenging of free radicals and by reversible thiol-disulfide

exchange reactions. Therefore, it is a putative endogenous redox modulator of the NMDA receptor activity 

.

Mitochondrial GSH serves as a natural antioxidant store. Selective depletion of mitochondrial but not cytoplasmic

GSH from cerebellar granule neurons (CGNs) is associated with enhanced permeability of mitochondrial transition

pores, increased ROS production, and increased cell death. Interestingly, different cell types in the CNS exhibit

varied sensitivity to oxidative stress due to their differing levels of mitochondrial GSH . For example, astrocytes

are more vulnerable to oxidative and nitrosative stress than cells with higher levels of GSH . Although the
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human brain constitutes only 2% of the total body weight, it utilizes 20% of the oxygen consumed by the body.

Neurons support high levels of oxidative phosphorylation, which is expected to generate a large amount of ROS.

Cells that generate such high levels of ROS require an antioxidative defense system to protect cellular structures

from ROS damage . In brain cells, the antioxidant function of GSH plays a key role in their defense against

oxidative stress.

Depletion of this cellular reservoir of GSH leads to the amplification of oxidative and nitrosative cell damage,

hypernitrosylation, increased levels of inflammation, disturbances in intracellular signaling pathways for p53, Janus

kinases (JAK), and nuclear factor-κB (NF-κB); decreased DNA synthesis and cell proliferation; activation of

cytochrome c, inactivation of complex I of the electron transport chain and the apoptotic pathways; blockage of the

methionine cycle; and compromised epigenetic regulation of gene expression. GSH depletion also has deleterious

effects on redox homeostasis of the immune system, molecular pathways involved in oxidative and nitrosative

stresses, control of energy production, and mitochondrial survival in different cell types . GSH imbalance and/or

deficiency in the neurons is involved in the pathogenesis of brain disorders, including AD, amyotrophic lateral

sclerosis (ALS), autism, bipolar disorder, Huntington’s disease (HD), multiple sclerosis (MS), Parkinson’s disease

(PD), and schizophrenia . Many neurological disorders are associated with impaired balance between ROS

generation and activity of the antioxidant system, particularly GSH, as reviewed recently . For example, impaired

GSH metabolism contributes to PD pathogenesis. Abnormal mitochondrial functioning may also play a crucial role

in these diseases .

Congenital GSH synthetase deficiency can cause mental retardation, spastic quadriplegia (also called spastic

tetraparesis; a form of cerebral palsy), cerebellar dysfunction, and γ-glutamyl-cysteine synthetase deficiency, which

can lead to spinocerebral degradation, ataxia, and the absence of lower-limb reflexes . The

concentration of GSH decreases in the substantia nigra, during both ontogenesis and in the degenerating

dopaminergic neurons of PD patients . GSH levels are reduced in the brains of epilepsy patients during

convulsive seizures  and in genetically epileptic (tg/tg) transgenic mice . Furthermore, the depletion of GSH in

adult rats by treatment with buthionine sulfoximine leads to the development of seizures .

Thus, glutathione plays an important role in the onset and progression of neurological disorders and

neurodegenerative diseases, and may serve as a biomarker for diagnostic screening for these disorders.

3. Glutathione Regulates Aging and Neurodegeneration

Biochemical studies of the effects of aging on the antioxidant systems highlighted the existence of age-related

changes in the GSH content of the nervous system. Aging is often associated with impairments in CNS function,

resulting from loss of neurons and leading to diminished cognitive performance. Free radicals, particularly oxygen

radicals, play important roles in age-related changes and in the pathogenesis of several neurodegenerative

diseases. Our defense against oxygen radicals relies on the enzymes of the glutathione/thioredoxin antioxidant

system, which inactivate ROS and NOS, glutathione peroxidase detoxifies peroxides, including H O   and

peroxides that are generated during the oxidation of membrane lipids. The enzymatic oxidation of GSH to the
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disulfide GSSG determines the extent of the reduction in the peroxide levels. To maintain the cellular balance of

GSH and GSSG, GSH can be regenerated from GSSG by glutathione reductase with NADPH as a cofactor .

GSH provides approximately 90% of the non-protein sulfhydryl groups in the cells and maintains the thiol status of

the cellular proteins (Figure 1) .

Figure 1.  Interconnection of GSH metabolic pathways. P-protein; P-Se -protein-selenate anion; ROS-reactive

oxygen species; H O -hydrogen peroxide; R-OOH-hydroperoxide; P-Se-OH-protein-selenenic acid; GSH-

glutathione, P-Se-SG-protein-selenate; NO -reactive nitrogen species; G-S(NO)-S-nitroso-glutathione; G-S -

glutathione-thiolate; GSSG-glutathione disulfide (oxidized glutathione); GS-OH -glutathione sulfenic acid; P-SH-

protein sulfhydryl group; H -proton; P-S -protein-thiolate anion; P-S(NO)-protein-S-nitroso thiol; P-S-SG-protein-S-

glutathione; GRx(TRx)-glutaredoxin (thioredoxin); P-S-OH-protein-sulfenic acid; Srx-sulfiredoxin; ATP-adenosine

triphosphate; 2-Cys Prx-2-cysteine peroxiredoxin; P-SO H-protein-sulfinic acid; P-SO H-protein-sulfonic acid; O -

oxygen; O -superoxide radical; NO -nitric oxide radical; ONOO -peroxynitrite; GS -glutathione radical; e -electron;

Gr-glutathione reductase; GPx-glutathione peroxidase; NADP-nicotinamide adenine dinucleotide; NADPH-

nicotinamide adenine dinucleotide phosphate; H O-water; HO -hydroxyl radical; x-compound with an electrophilic

center that can be conjugated to GSH by glutathione S-transferase; γ-Glu-Cys-x-Gly-γ-glutamate-cysteine-x-
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glycine; γ-Glu-γ-glutamic acid; Cys-x-Gly-cysteine-x-glycine; Gly-glycine; Cys-x-cysteine-x; N-acetyl-cys-x-

mercapturic acid-x.
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