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ABSTRACT

Glutathione (GSH) is the main thiol antioxidant involved in redox balance, detoxification, immune regulation, and mitochondrial
function. Disturbances in GSH metabolism contribute to cancer, neurodegeneration, cardiometabolic, and hepatic/renal diseases.
Mechanisms such as ferroptosis, mitochondrial transport, and S-glutathionylation highlight translational relevance of GSH
metabolism. Analytical challenges in methodology are present with liquid chromatography/mass spectroscopy as the gold standard
but limited by accessibility. Future priorities include randomized trials and in vivo imaging, which may pave the way for glutathione-
centered personalized medicine. In this review, we have included biosynthesis and metabolism of GSH as well as its biochemical roles
related to nutrition, health, and disease. Finally, we have discussed measurement methods and future therapeutic approaches based

on GSH metabolism.
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1. INTRODUCTION

This review was prepared using the PubMed, Web of Science,
Scopus, and TR Dizin databases, which were searched with
the keywords “glutathione,” “redox,” “clinical biochemistry,”
“ferroptosis,” and “analytical methods.” We have included studies
published between 1980 and 2025 in English or Turkish, and
recent publications within the last five years took precedence.

Glutathione (GSH) is the most important thiol-based antioxidant
that maintains cellular redox homeostasis. This tripeptide
(y-glutamyl-cysteinyl-glycine) was discovered by Hopkins in
1921. It has functions against reactive oxygen species (ROS)
and participates in a wide variety of biological activities such
as detoxification mechanisms, immune response regulation,
mitochondrial energy metabolism, and cellular signaling
pathway control [1, 2]. Free GSH exists in high concentrations
within cells (1-10 mM), making it a central molecule that acts
as a “redox buffer” across several organelles including the

cytoplasm, nucleus, endoplasmic reticulum, and mitochondria
[3]. The oxidized form of GSH is glutathione disulfide (GSSG)
(Figure 1). GSH/GSSG ratio is one of the most reliable
indicators of cellular redox balance, and its disruption may
lead to oxidative stress which contributes to the pathogenesis
of various degenerative diseases and the aging process [4]. GSH
is essential against oxidative stress, and has regulatory roles in
maintaining immune cell function, epigenetic mechanisms and
signaling pathways [5, 6]. Abnormal GSH metabolism seems to
be important in the development of complex diseases such as
cardiovascular diseases, neurodegenerative diseases, metabolic
syndrome and cancer [7-11]. In this review, we have included
biosynthesis and metabolism of GSH as well as its biochemical
roles related to nutrition, health and disease. Finally, we have
discussed measurement methods and future therapeutic
approaches based on GSH metabolism.
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Figure 1. Structures of glutathione (GSH) and oxidized glutathione
(GSSG)

A. Structure and Biosynthesis

Glutathione is a tripeptide with a gamma peptide linkage between
the carboxyl group of the glutamate side chain and cysteine [1].
The carboxyl group of the cysteine residue is attached by normal
peptide linkage to glycine. The presence of the y-glutamyl bond
protects GSH from proteolytic enzymes and makes it stable.
Cellular concentrations of free GSH are 1-10 mM and it is
essential for keeping redox balance in both the cytoplasm and
mitochondria [3]. GSH is present in different cellular organelles
where it has vital activities. The highest concentration of GSH is in
the cytosol and needed for redox homeostasis. Mitochondria have
specific carrier systems to transport GSH across their membranes.
Here GSH serves as a critical defense line for cell survival by
neutralizing ROS generated during energy metabolism [12, 13].
GSH is maintained through enzymatic systems that act as redox
buffers during protein folding and disulfide bond formation [14,
15]. The indirect protective effect of GSH against oxidative DNA
damage is part of the overall cellular antioxidant defense network.

Glutathione biosynthesis is a two-step adenosine triphosphate
(ATP)-dependent process (Figure 2). The enzymes involved
are: (1) y-glutamylcysteine ligase (GCL), also known as
y-glutamylcysteine synthetase, and (2) glutathione synthetase
(GS). The first reaction is the condensation of glutamate and
cysteine to form y-glutamylcysteine and represents the rate-
limiting step of GSH biosynthesis. The enzyme consists of a
catalytic subunit and a modulatory subunit; the latter increases
substrate affinity and facilitates the response to redox stress
[6]. Glutathione synthetase completes the synthesis by adding
glycine to y-glutamylcysteine. Both steps are ATP-dependent,
and biosynthesis of GSH 1is regulated by the intracellular
level of cysteine. Sulfur-containing amino acids from the diet
(methionine and cysteine) are important in this regard. There
are various ways of controlling GSH biosynthesis: substrate
availability, signaling pathways, epigenetic mechanisms, and
the nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent redox flux. Oxidative stress activates the Nrf2-Keap1

axis increasing GCL and GS expression, while mTOR-
ATF4 signaling provides adaptive responses during nutrient
deprivation [8, 11, 16-21]. N-acetylcysteine (NAC), a-lipoic acid,
and cysteine connect biosynthesis with metabolic pathways and
have an important effect on intracellular GSH pools. Epigenetic
modifications further control the transcription of GCL and GS
[22]. This upregulation leads to therapy resistance with GCL
inhibitors in cancer [11]. Genetic polymorphisms in GCL also
define the interindividual redox response. Sustained biosynthesis
requires an uninterrupted supply of NADPH. Even minute
variations in cystine availability can markedly change GSH
flux. Cells must distribute NADPH among GSH, thioredoxin,
fatty acid synthesis, and other processes which make GSH flux
regulation essential for both survival and adaptation [17, 23, 24].
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Figure 2. Enzymatic synthesis of glutathione

B. Mitochondrial Glutathione (mGSH)

Mitochondria use more than ninety percent of the oxygen utilized
in a cell and are the main source of ROS. In this context, nGSH
is important as an antioxidant because it helps to detoxify ROS,
remove lipid peroxides, and protect cardiolipin. Further, it has a
role in the release of cytochrome ¢, Bcl-2 family proteins, calcium
homeostasis, and the mitochondrial permeability transition
pore (mPTP), making it crucial for pathways like ferroptosis
and apoptosis, as well as survival [13, 16, 25-28]. Mitochondrial
GSH is not synthesized de novo but imported from the cytosol
via inner membrane carriers, mainly the dicarboxylate carrier
(DIC, SLC25A10), tricarboxylate carrier (TTC, SLC25A11),
and SLC25A39 [29]. DIC mediates transport with succinate/
malate, especially in liver and kidney. TTC couples GSH flux with
isocitrate/malate to link energy metabolism and redox balance.
Recent work identifies SLC25A39 as critical for mGSH uptake and
redox maintenance [30]. Genetic or pharmacological inhibition
of these carriers leads to mGSH depletion, lipid peroxide
accumulation, ferroptosis-like death, and mPTP opening. Tissues
with high metabolic activity, such as the liver and neurons, are
particularly dependent on these systems [13, 29, 30].

C. Glutathione Dependent Enzymes

Glutathione forms the backbone of thiol-based antioxidant defense
in the cell and operates through two main axes: (i) peroxide-
reducing networks (particularly the glutathione peroxidase [GPX]
and peroxiredoxin/thioredoxin [PRDX/TRX] systems), and
(ii) reversible post-translational modifications such as protein
S-glutathionylation. GPX family acts on a broad spectrum
of substrates, including membrane-embedded phospholipid
peroxides, whereas the PRDX/TRX system fine-tunes hydrogen
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peroxide (H,0,) signaling. Functional “crosstalk” exists between
these two networks, allowing coordinated regulation of redox
balance. A recent review emphasizes that the GPX and PRDX/TRX
axes act synergistically in both the detoxification of H,0, and the
regulation of redox signaling [31]. In mammals, a family of eight
glutathione peroxidases (GPX1-GPX8) has been identified. Most
of these enzymes are selenoproteins that reduce hydrogen peroxide
and lipid hydroperoxides using GSH as an electron donor. The
functional overview of GPXs is as follows: GPX1 (the widespread
cytosolic form; primary defense in cardiovascular and metabolic
tissues), GPX2 (predominantly expressed in the gastrointestinal
barrier), GPX3 (soluble in plasma, involved in systemic defense),
and GPX4 (directly reduces phospholipid hydroperoxides). The
unique feature of GPX4 is its ability to target membrane-embedded
phospholipid peroxides, making it the only enzyme that halts
the chain reaction of lipid peroxidation, thereby suppressing
ferroptosis. Consequently, GPX4 loss results in increased lipid
peroxidation followed by ferroptosis. This process may represent
a “critical biological threshold” in cancer and neurodegeneration
biology. Cystine uptake via SLC7A1l and subsequent GSH
synthesis are prerequisites for GPX4 activity, while NADPH is
necessary to sustain the cycle for GSSG to GSH reduction by
glutathione reductase (GR) and cystine to cysteine reduction.
Pharmacological inhibition of GPX4 can enhance chemotherapy
sensitivity in certain tumor types. However, excessive inhibition of
GPX4 might damage T-cell performance and antitumor reactions.
Recent reviews and experimental studies describe ferroptosis
as a “double-edged sword” that must be seen in the interaction
between the tumor microenvironment and immunity [32, 33].
Glutathione S-transferases (GSTs) catalyze the conjugation of
electrophiles with GSH, playing key roles in detoxification and
drug metabolism. Genetic polymorphisms of these enzymes
contribute to interindividual differences in metabolic reactions and
drug responses. For example, the GSTT1 “null” genotype has been
associated with increased susceptibility to head and neck cancers
[34]. GR reduces oxidized glutathione (GSSG) to its reduced form
(GSH) using NADPH. Therefore, NADPH flux is directly linked
to its activity. This reaction is one of the fundamental mechanisms
required to maintain cellular redox balance [35, 36]. Glutathione-
dependent formaldehyde dehydrogenase, also known as ADH5
or GSNOR (S-nitrosoglutathione reductase), plays a role in
controlling nitrosative stress by metabolizing GSNO, thereby
lowering intracellular S-nitrosothiol (SNO) levels. Dysfunction or
reduced expression of ADH5/GSNOR can result in S-nitrosothiol
accumulation, excessive protein S-nitrosylation, and subsequent
cellular dysfunction [37]. S-glutathionylation is a reversible post-
translational modification in which thiol groups (-SH) of proteins
are covalently modified by GSH. This modification acts as a
protective barrier during oxidative stress by preventing irreversible
oxidation of reactive thiols, while also playing a regulatory role in
signaling. Transcription factors that are components of signaling
pathways like NF-xB, p53, and STAT3 and metabolic enzymes
such as GAPDH together with ion channels can be subjected to
functional and activity changes via S-glutathionylation. The cycle
between S-glutathionylation and de-glutathionylation is controlled
by enzymes such as GSTm and glutaredoxins (GRX, particularly
GRX1 and GRX2) [5, 31]. Accumulation of S-glutathionylation in

excess under chronic oxidative stress may lead to the disruption of
redox signaling networks, encourage mitochondrial dysfunction
and activate cell death pathways like ferroptosis and apoptosis. It
has been pointed out that S-glutathionylation acts both as a switch
for enzyme activities and as a buffer/protective mechanism which
protects proteins from oxidative damage [9, 38]. A study conducted
on GSH-dependent formaldehyde dehydrogenase showed that
the Cys174 residue of ADH5 becomes glutathionylated to reduce
GSNOR activity thereby impairing cellular defense against
nitrosative stress [39]. Additionally, the deficiency of ADH5 has
been related to the buildup of S-nitrosoglutathione, resulting in
inflammatory responses that are not properly regulated as well as
cellular dysfunction [37, 40].

D. Ferroptosis and Glutathione

Ferroptosis is a regulated form of cell death that is morphologically
and biochemically distinct from apoptosis and is triggered
by iron-dependent lipid peroxidation of polyunsaturated
phospholipid membranes, leading to membrane damage [29,
41]. The main suppressor of ferroptosis is GPX4, which is the
only enzyme that can reduce phospholipid hydroperoxides and
thus stop lipid peroxidation. GPX4 requires cellular GSH supply
through the NADPH-cystine/cysteine-GSH axis regulated
by SLC7A11 and GR for its activity. Cells become sensitive to
ferroptosis when GSH, NADPH, or GPX4 are deficient [33]. The
pathway connects tightly to the overall redox balance: NADPH
comes from the pentose phosphate pathway and malic enzyme.
Isocitrate dehydrogenase provides support for both GSH recycling
as well as cystine reduction. Cancer cells use high GSH/GPX4
activity to escape therapy. However, inhibition of either GPX4 or
SLC7A11 will sensitize tumors. GPX4 has an important role in
T-cell immunity, thus suggesting that context-specific therapeutic
strategies are required [29]. There is some tissue-specific evidence
that highlights clinical relevance in the brain. GSH depletion
and GPX4 loss promote ferroptosis in Alzheimer’s disease and
Parkinson’s disease [42]. In the heart, ischemia-reperfusion injury
involves lipid peroxide accumulation, degradation of GPX4, and
opening of mPTP, which can be prevented by ferroptosis inhibitors
[43,44]. Hyperglycemia plus lipotoxicity deplete NADPH reserves
in metabolic syndrome thereby further lowering the threshold for
ferroptosis [45].

E. Systemic and Tissue-Specific Pathophysiology of
Glutathione

Glutathione is the most abundant intracellular nonprotein thiol
and a central regulator of redox homeostasis, detoxification,
immune signaling, and cell survival. Pathophysiological
alterations in GSH metabolism—either depletion, impaired
recycling, or dysregulated compartmentalization—contribute
to a broad spectrum of diseases, ranging from metabolic and
inflammatory disorders to neurodegeneration and cancer.
Levels and functions of GSH vary with cell type, tissue-specific
metabolic profiles, and oxidative burden. These are important for
vulnerability of redox homeostasis specific to different tissues.
Table I lists disease modules and levels of evidence summarizing
major diseases associated with GSH dysregulation.
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Table I. Disease modules and levels of evidence associated with GSH dysregulation [6, 18, 22, 61, 72, 73, 85, 86]

Disease Module Mechanisms Clinical / Translational Level of Evidence / Notes
High GSH/GPX4 Ferroptosis inducers In vitro + animal models
Cancer Cystine uptake via SLC7A11 Nrf2-KEAP1 modulation Limited clinical cohorts
NADPH flux Targeting GPX4 and SLC7A11 GPX4-GSH axis
mGSH depletion/cardiolipin oxidation MRS-based measurements In vitro + animal models
Neurodegeneration | ETC dysfunction Correlation of GSH with disease Small clinical cohorts
GCL/GPX4 impairment Need for standardization Alzheimer - Parkinson disease
) ) Nrf2 activators )
' ‘ mGSH depletion - mPTP opening NAG, eclipoic acid Observational + RCT
Cardiometabolic | Ca?* imbalance, NADPH consumption in . L ) NAC supplementation is supported in DM and
I - Exercise/nutrition interventions i
hyperglycemia, lipotoxicity hypertension
GST polymorphism screening
GSH depletion o
Liver/Kidn Acetaminophen toxicity WAGERCHTEAIS T Animal models + observational data
iver e i .
Y NAFLD, NASH Strengthening  Nrf2-dependent ~ defense NAFLD, NASH, CKD
networks
Impaired S-glutathionylation

1. Redox Homeostasis and Oxidative Stress

Systemically, GSH acts as a primary scavenger of ROS either
directly or as a cosubstrate for GPXs. The GSH:GSSG ratio
is widely used as a marker of cellular redox status. Chronic
oxidative stress overwhelms GSH synthesis or recycling via
GR, leading to sustained redox imbalance. Additionally,
age-related decline in GSH synthesis exacerbates systemic
vulnerability to oxidative damage. Redox homeostasis
is particularly relevant in cardiovascular disease, aging,
diabetes, and sepsis [46, 47].

2. Detoxification and Xenobiotic Metabolism

Conjugation via GSTs is a major phase II detoxification
pathway. GSH depletion enhances susceptibility to drug-
induced toxicity, particularly acetaminophen hepatotoxicity.
Genetic polymorphisms in GSTs modulate disease risk and
drug responses. Systemic impact is observed in liver injury,
environmental toxin sensitivity, and chemotherapy resistance
[48, 49].

3. Immune System Regulation and Inflammation

Glutathione is critical for T-cell proliferation and NK cell activity.
NAC improves immunity in HIV/TB coinfection. Combined
NAC + Vitamin D therapy reduces senescence markers in
elderly peripheral blood mononuclear cells (PBMCs). Studies
of COVID-19 with NAC have produced mixed results [5, 50-
57]. GlyNAC supplementation in older adults improved redox
and mitochondrial function. GSH also regulates immune
cell proliferation, cytokine signaling, and NFkB activation.
Low intracellular GSH skews immune responses towards
a proinflammatory phenotype. Impaired GSH synthesis is
linked to chronic inflammation and immune senescence. HIV
infection, autoimmune diseases, and chronic inflammatory
disorders are among the affected diseases [58, 59].

4. Liver and Kidney Disease

Liver is the main site of GSH synthesis. It contains the highest
GSH concentration and serves as a systemic GSH reservoir.
Hepatic GSH depletion precedes mitochondrial dysfunction and
cell death. Impaired export of GSH affects systemic redox balance
in nonalcoholic fatty liver disease (NAFLD), alcoholic liver
disease, and drug-induced liver injury [60, 61]. GSH deficiency
contributes to NAFLD, non-alcoholic steatohepatitis (NASH),
and chronic kidney disease (CKD) [62-64]. Supplementation
reduces oxidative stress in NAFLD models and protects against
cisplatin - or sepsis-induced acute kidney injury (AKI) [65-69].
In kidney, proximal tubules rely on high GSH. GSH depletion
underlies acetaminophen toxicity, for which NAC is the life-
saving standard [70]. Disturbances are common in CKD, where
supplementation shows variable benefit [71].

5. Central Nervous System Disorders

Neurons rely on astrocytic support for GSH precursors. GSH
depletion leads to mitochondrial damage and increased
neuronal vulnerability to excitotoxicity. Early GSH loss is a
hallmark of neurodegenerative disorders, including Parkinson’s
disease, Alzheimer’s disease, and schizophrenia [72]. Neurons
depend on cysteine from astrocytes and their low GSH/mGSH
ratio makes them susceptible to oxidative stress. Depletion of
mGSH and consequent lipid peroxidation promote ferroptosis-
like neuronal death. Magnetic resonance spectroscopy (MRS)
studies have shown region-specific loss of GSH in Alzheimer’s
disease, Parkinson’s disease, and schizophrenia, supporting its
role as a biomarker [73-76]. NAC can partially restore the brain
redox capacity [77].

6. Heart and Lung Disease

High ROS production makes mGSH essential in cardiac
tissue. Ischemia-reperfusion and metabolic syndrome deplete
mGSH and NADPH, thereby lowering ferroptosis thresholds
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and triggering cardiolipin oxidation and mPTP opening.
Potential therapies include Nrf2 activators, NAC, a-lipoic
acid, and lifestyle interventions [78-80]. GST polymorphisms
also modulate cardiovascular risk in Turkish cohorts
[81]. Ferroptosis inhibitors and mitochondria-targeted peptides
demonstrate cardio protection [29, 82]. Pulmonary epithelial
lining fluid contains unusually high GSH concentrations.
Oxidant exposure (i.e. smoking, pollution) depletes epithelial
GSH. Susceptibility to fibrosis and infection is enhanced
as a result of GSH dysregulation in chronic obstructive
pulmonary disease (COPD), idiopathic pulmonary fibrosis, and
acute respiratory distress syndrome (ARDS) [83, 84].

7. Cancer

Glutathione plays a dual role in cancer. Low GSH promotes
genomic instability and carcinogenesis whereas high GSH in
tumors supports proliferation and chemoresistance. Tissue-
specific targeting of GSH metabolism is an active therapeutic
strategy in cancer treatment [85, 86]. Tumors escape therapy
through maintenance of high GSH/GPX4 activity together
with an uptake of cystine via SLC7A11. Inhibition of this axis,
for example GPX4/SLC7A11 inhibition, or modulation of Nrf2
could drive ferroptosis, but too much loss of GPX4 might also
damage T-cell function [11, 29, 33].

8. Miscellaneous

Glutathione protects mucosal integrity and regulates epithelial
turnover. Reduced salivary and mucosal GSH is linked to
oral diseases such as periodontitis and oral lichen planus
[87]. Impaired GSH metabolism also contributes to mucositis

and inflammatory bowel disease (IBD). Exercise elevates
ROS, and the GSH/GSSG ratio influences performance and
recovery. NAC improves antioxidant capacity but may blunt
physiological adaptations with different effects depending on
dose and timing [88]. In general, pathophysiological effects
of the GSH network differ according to cell type, tissue
microenvironment, and metabolic context. Distinct
mechanisms and therapeutic implications are present in
cancer as well as neurodegenerative disease, cardiometabolic
disorders, hepatic and renal pathology. Table II summarizes
clinical applicability of blood GSH, GSSG levels, and GSH/
GSSG ratio in both healthy individuals and in pathological
conditions.

F. From Laboratory to Human Studies

Glutathione is one of the most important biomolecules in
human health. It does not only keep the balance of redox inside
cells, but it also has very important roles in controlling immune
responses, functioning of neurons, balancing cardiometabolic
factors, and detoxifying harmful substances. Lower amounts of
GSH or changes in the ratio between GSH and GSSG are parts
of the disease process in many systemic diseases. Although GSH
is very important biologically and clinically; accurate, sensitive,
and consistent measurement of GSH has been a challenge. This
is due to its high susceptibility to oxidation, matrix effects, and
delays in processing of samples that change “true” values, leading
to large variability between laboratories. Thus, pre-analytical
care and proper choice of analytical platforms have become
critically important. A recent review particularly emphasized
these pitfalls and strategies for overcoming them [89].

Table II. Clinical applicability of blood levels of GSH, GSSG, and GSH/GSSG ratio in healthy individuals and in pathological conditions [110-112]

_ Healthy individuals Pathological conditions Clinical applicability / interpretation

High intracellular concentrations
(especially in erythrocytes)

Decreased levels reported in conditions with
chronic or acute oxidative stress

Marker of antioxidant reserve and intracellular redox
buffering

Low GSH suggests impaired defense against oxidative
stress, xenobiotics, and inflammation

Useful for monitoring disease burden or response to
antioxidant or metabolic interventions

Marker of oxidative burden and redox imbalance

Increased GSSG reflects ROS overproduction or
impaired recycling

Particularly informative when measured relative to GSH

Considered as the most sensitive and integrative
indicator of redox status

Reflects dynamic balance between antioxidant capacity

Rledu:;,'d Predominant form (>95-98% of
glutathione total glutathione pool) Neurodegenerative diseases, cardiovascular
(GSH) disease, diabetes, chronic liver disease, infections,
Reflects adequate antioxidant cancer
and detoxification capacity
Oxidized ;,E;Zii)(i‘:gliecﬁlcsoﬁicil;rons Elevated in oxidative stress-associated disorders
glutathione . . . .
(GSSG) Bfficiently reduced back to GSH Inﬂgmmatlon, m.ahgnanaes, metabo}lc and
by glutathione reductase cardiovascular diseases, severe infections
High ratio (commonly >100:1 at Decreased ratio in diseases characterized by
GSH/GSSG the cellular level) oxidative stress
ratio

Indicates a strongly reducing
intracellular environment

Cancer, neurodegenerative disorders, diabetes,
chronic inflammatory diseases, severe infections

and oxidative load

Useful for disease staging, prognosis, and monitoring
therapeutic efficacy

o Whole blood or erythrocyte GSH better reflects intracellular antioxidant status than plasma

o Plasma GSSG and GSH are prone to artificial oxidation during sampling, which may affect the true GSH/GSSG ratio
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1. Spectrophotometric and Fluorimetric Assays

Assay with Ellman’s reagent (dithionitrobenzoic acid, DTNB)
measures free thiols. This method is easy and cheap, but not
specific to GSH because other thiols give a signal and is very much
exposed to pre-analytical oxidation artifacts. The fluorimetric
assay based on o-phthalaldehyde (OPA) derivatization increases
sensitivity but needs careful sample preparation. Protein
precipitation and use of non-reducing alkylating agents like
N-ethylmaleimide may reduce artifacts. Common pitfalls of
these assays, including falsely elevated GSSG results as well as
artifactually low GSH results, were reviewed in detail [7].

2. Flow cytometry

Glutathione can be measured by flow cytometry using
membrane permeable, thiol-reactive fluorescent probes such
as monochlorobimane, which forms a fluorescent adduct
with GSH in a reaction catalyzed by glutathione S-transferase,
enabling quantitative, single-cell analysis of intracellular redox
status [90]. This method allows simultaneous multiparametric
assessment of GSH levels alongside immunophenotypic or
functional markers, revealing redox heterogeneity within cell
populations. GSH depletion or dysregulation is associated
with disease progression, treatment resistance, and prognosis.
Flow cytometric assessment of GSH is valuable for evaluating
oxidative stress, immune cell dysfunction, and altered redox
balance in diseases including cancer, neurodegenerative
disorders, cardiovascular disease, and inflammation [91].

3. Enzyme immunoassays (EIA)

Enzyme-linked immunosorbent assays are widely used for
the quantification of GSH in biological samples such as
plasma, serum, cell lysates, and tissue homogenates. These
assays typically rely on the derivatization of GSH (reduced
and/or oxidized), followed by detection using highly specific
antibodies, enabling sensitive and reproducible measurement
at low micromolar or nanomolar concentrations [92, 93]. EIA-
based GSH assays are well suited for high-throughput clinical
and experimental studies, allowing standardized assessment
of systemic oxidative stress and redox imbalance. Clinically,
GSH measurement by EIA has been applied as a biomarker in
conditions including cardiovascular disease, cancer, metabolic
disorders, and inflammatory diseases, where altered GSH/
GSSG ratios reflect disease severity, treatment response, and
antioxidant capacity.

4. Chromatographic and Mass Spectrometric Methods

High-performance liquid chromatography (HPLC) with
fluorescence or electrochemical detection can separate and
quantify GSH and GSSG. Specificity can be enhanced through
derivatization and alkylation. Liquid chromatography tandem
mass spectrometry LC/MS-MS is considered the “gold standard”
for clinical and research applications [8]. It offers high specificity
and sensitivity and requires small sample volumes compatible
with various matrices, including plasma, erythrocytes, and
tissues, ensuring interlaboratory comparability when using

isotopically labeled internal standards. A review of papers from
2019-2024 systematically summarized these advantages along
with typical artifacts [94]. A Turkish study comparing HPLC
and spectrophotometry for measuring erythrocyte GSH has
made an early contribution to methodological standardization
[95].

5. Capillary Electrophoresis and Microsensors

Capillary electrophoresis allows fast separation using small
sample volumes. However, instrument access is still limited.
Electrochemical and biosensor-based approaches using
microelectrodes permit almost real-time monitoring of GSH in
cell cultures as well as tissue slices. A recent review provides a
wide technological overview on these developments [96].

6. Magnetic Resonance Spectroscopy (MRS)

Magnetic resonance spectroscopy (‘H-MRS) allows in vivo
quantification of brain GSH. However, the peaks of GSH overlap
those from neighboring metabolites. Advanced spectral editing
is required together with higher magnetic field strength and
multicenter standardization. Methodological papers published
between 2019-2024 have demonstrated reliable reproducibility
of protocols. The clinical spectrum of applications is steadily
expanding neuropsychiatric disorders and neurodegeneration
(74, 75, 97].

7. Fluorescent and Biosensor Probes

The family of redox-sensitive GFP (roGFPs), most notably
the Grx1-roGFP2 fusion, gives real-time specificity towards
the GSH/GSSG redox couple. This can provide very high
spatiotemporal resolution imaging on micro-niche dynamics
when applied together with H,O,-sensitive probes like HyPer.
Since its introduction in 2008 [98], Grx1-roGFP2 has been
optimized for enhanced specificity and rapid responsiveness,
with applications now spanning live-cell and tissue-level
studies [99-101]. Recent studies with HyPer systems further
complement this by enabling monitoring of reduction activity
[102].

8. Positron Emission Tomography (PET) Tracers

System Xc-, also named cystine/glutamate antiporter, is an
important intracellular antioxidant element. Positron emission
tomography (PET) tracer ['*F] FSPG (BAY 94-9392) does not
directly image GSH but visualizes System Xc- (SLC7A11)
activity. Since this pathway is linked to cystine supply, GSH
biosynthesis, and redox stress, it serves as an indirect biomarker
of oxidative stress and therapeutic response. Studies from 2023-
2024 have reported advances in production standardization,
early response monitoring to radiotherapy, and examples of
clinical application, with new clinical trials currently underway
[103].

9. Miscellaneous

Local contributions to the analytical measurement of GSH and
related enzyme activities remain relatively limited. Aktas et
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al. [95] previously compared spectrophotometric and HPLC
methods for erythrocyte reduced GSH measurements. More
recently, a study demonstrated HPLC-based validation in local
samples [104]. Yazici et al. [105] evaluated redox status across
different matrices. Polat et al. [106] introduced analysis of GSH
level in plasma by micro-fluidic system.

10. Quality Control Issues

The most significant sources of error in GSH measurements arise
during the pre-analytical phase. Hemolysis leads to the release
of abundant erythrocytic GSH into plasma, resulting in falsely
elevated values. Delays in sample processing or storage at room
temperature accelerate spontaneous oxidation of GSH, causing
artificially elevated GSSG values. It was demonstrated that when
plasma preparation was delayed (e.g., 1-3 hours), both GSH and
GSSG levels as well as the GSH/GSSG ratio changed linearly.
Addition of alkylating agents such as N-ethylmaleimide largely
prevented these shifts [90]. Samples without alkylation undergo
exchange between free GSH and protein-SSG, leading to GSSG
values that do not reflect true concentrations. Stabilization steps
such as rapid cooling and centrifugation, protein precipitation
and isotope-labeled internal standards are critical for reliable
analysis. Methodological differences (Ellman’s assay, HPLC,
enzymatic recycling, etc.) across various tissue and fluid samples
are a major source of variability in results [107]. Optimization of
pre-analytical controls such as sample collection, storage, and
stabilization has been strongly validated by the improvement of
erythrocyte GSH measurement with HPLC-ECD to emphasize
the need for this type of validation in routine laboratory
practice [108]. Pre-centrifugation time and hemolysis effects on
metabolomic profiles were discussed, and it was emphasized that
for labile thiols like GSH, time should be kept as short as possible
[109]. Standardization plays a pivotal role in assuring reliability
and comparability of results obtained from GSH measurements.
The application of isotopically labeled internal standards in LC-
MS/MS analyses increases the accuracy by correcting recovery
losses and matrix effects [94]. When establishing population-
based cut-off values for multi-center studies, age, sex, diet,
and comorbidities should be considered [96]. To achieve inter-
laboratory consistency among different laboratories working
on the same project, external quality assessment programs are
very important. LC-MS/MS based panels can be used as strong
internal quality assurance [94]. The decision-making process
regarding how to measure GSH involves several steps: (i) matrix
selection where LC-MS/MS with isotopic internal standards is
preferred for clinical applications, but HPLC or OPA/DTNB
may be used in exploratory studies; (ii) pre-analytical control
including rapid cooling, alkylation, and protein precipitation
which should be strictly applied (iii) standardized reporting and
quality metrics in MRS protocols; and (iv) translational imaging
approaches like ['*F]FSPG-PET that permit monitoring of
oxidative stress as well as therapeutic response during early-
phase clinical studies.

G. Future Perspectives

At the center of cellular redox homeostasis, GSH is an
important element. It has a direct impact on antioxidant
defense, xenobiotic detoxification, immune regulation, and
mitochondrial function. Dysregulation of GSH metabolism is a
common feature of many diseases that include cardiovascular
disease and neurodegeneration among others. Current
literature emphasizes GSH metabolism as an attractive target
for clinical biochemistry and translational medicine, while
underscoring the need for rigorous methodological approaches
[8]. The conceptual foundations were laid by classical studies,
and today GSH metabolism continues to be a central focus in
personalized medicine. However, the evidence base supporting
existing therapeutic strategies is heterogeneous. NAC has
established clinical practice and strong evidence support. Gly-
NAC and a-lipoic acid have limited but promising supporting
findings, but intravenous GSH applications are controversial
due to insufficient evidence. New research paths have emerged
by advanced mechanism discoveries such as ferroptosis,
mitochondrial GSH transport, and S-glutathionylation.
However, it is important to clarify what level of clinical evidence
is available. From an analytical perspective, GSH measurements
are fragile because they are very sensitive to pre-analytical steps,
and rapid cooling, protein precipitation, and derivatization
must be done meticulously. LC-MS/MS is currently considered
as the gold standard, but high costs and limited instrument
accessibility prevent its integration into clinical practice. Future
directions should include multicenter randomized controlled
trials (NAC, GIlyNAC, a-lipoic acid, and Nrf2 modulators),
validation of in vivo imaging approaches (MRS, PET), and
standardization initiatives, which may pave the way for GSH-
centered personalized medicine strategies.
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