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ABSTRACT

Glutathione (GSH), a tripeptide and the most abundant intracellular antioxidant, plays a central role in maintaining
redox balance, regulating cellular proliferation, and influencing drug resistance in cancer. Its dual role as both a tumor
suppressor and a mediator of chemoresistance has generated increasing interest in its therapeutic potential. This meta-
analysis aimed to evaluate the role of glutathione and glutathione-modulating strategies in cancer management, with a
focus on therapeutic efficacy, mechanisms of action, and clinical outcomes. A comprehensive literature search was
conducted across PubMed, Scopus, Web of Science, and Cochrane Library for studies published between 2000 and
2025. Eligible studies included randomized controlled trials, cohort studies, case control studies, and experimental
models investigating glutathione supplementation, depletion strategies, or modulation in cancer therapy. Data extraction
and quality assessment were performed independently by two reviewers, and findings were synthesized narratively. A
total of 25 studies met inclusion criteria, encompassing preclinical and clinical investigations. Glutathione
supplementation demonstrated protective effects against chemotherapy-induced toxicity, particularly in cisplatin-
related nephrotoxicity and neurotoxicity. Conversely, glutathione depletion strategies, such as buthionine sulfonimine
(BSO) and novel inhibitors of glutathione synthesis, enhanced chemosensitivity and reduced tumor proliferation in
preclinical models. Clinical trials showed mixed results, with some evidence supporting improved quality of life and
reduced treatment-related adverse effects, while others raised concerns regarding potential tumor protection.
Glutathione represents a promising but complex therapeutic target in cancer management. Its modulation can either
protect normal tissues or sensitize tumors depending on the clinical context, cancer type, and therapeutic regimen.
Current evidence highlights both opportunities and challenges, underscoring the need for large, well-designed
randomized trials to define standardized protocols for glutathione-based interventions in oncology.
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INTRODUCTION and representing one of the leading causes of premature

mortality worldwide. Conventional treatment modalities,
Cancer remains a major global health challenge, including surgery, chemotherapy, radiotherapy, and
responsible for approximately 10 million deaths per year targeted immunotherapies, have improved patient survival
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but remain limited by treatment resistance, tumor
heterogeneity, and systemic toxicity. These limitations
have prompted the search for adjunctive and novel
therapeutic strategies that modulate cellular defense
mechanisms and tumor metabolism. !

One of the central regulators of cellular homeostasis is
glutathione (GSH), a tripeptide composed of glutamate,
cysteine, and glycine. As the most abundant intracellular
antioxidant, GSH plays a pivotal role in maintaining redox
balance, neutralizing reactive oxygen species (ROS), and
preserving  genomic  stability. By  influencing
detoxification, protein folding, and immune signaling,
GSH is essential for normal cell survival and adaptation to
stress. >

In cancer biology, however, GSH exhibits a paradoxical
role. On one hand, sufficient GSH protects normal tissues
from oxidative injury induced by chemotherapy and
radiotherapy. On the other, cancer cells exploit elevated
GSH pools to support rapid proliferation, metabolic
reprogramming, and drug resistance. High GSH levels
have been correlated with reduced sensitivity to alkylating
agents, platinum-based drugs, and radiotherapy.*’

This dual role has spurred interest in therapeutic
modulation of GSH. Strategies include GSH
supplementation to prevent chemotherapy-induced
toxicity, as well as GSH depletion to sensitize tumor cells
to cytotoxic agents. For example, N-acetylcysteine (NAC)
and GSH esters have been studied for their ability to reduce
cisplatin-induced nephrotoxicity and doxorubicin-related
cardiotoxicity. Conversely, inhibitors of GSH synthesis,
such as buthionine sulfoximine (BSO), have been
investigated as chemosensitizers in resistant cancers.%’

Emerging research has also highlighted the role of GSH in
regulating redox-sensitive signaling pathways, including
NF-kB, MAPK, and p53, which are critical to tumor
growth and apoptosis. Additionally, GSH metabolism is
tightly linked to glutamine and cysteine availability,
placing it at the intersection of cancer metabolism and
therapeutic resistance. Novel nanomedicine approaches,
including GSH-responsive drug delivery systems, are
being explored to exploit this redox imbalance in tumors.3°

Despite promising preclinical findings, clinical translation
remains inconsistent. While some trials demonstrate
reduced treatment-related toxicity and improved patient
quality of life with GSH supplementation, others raise
concerns about potential tumor protection and disease
progression. This ambiguity underscores the need for a
systematic evaluation of the available evidence.'®

Therefore, this systematic review aims to critically assess
the therapeutic potential of GSH in cancer management,
focusing on its mechanisms of action, preclinical and
clinical evidence, and implications for future therapeutic
strategies. By integrating findings across multiple study

designs, we aim to clarify the opportunities and challenges
of targeting GSH pathways in oncology.'!

Objectives

General objective was to evaluate the therapeutic potential
of GSH in the management of cancer, including its effects
on tumor progression, treatment response, and patient
outcomes.

Specific objectives were to assess the role of GSH in
modulating oxidative stress and its impact on cancer cell
survival and proliferation, to examine the influence of
GSH on the efficacy and toxicity of conventional cancer
therapies, such as chemotherapy and radiotherapy and to
identify current clinical and preclinical evidence
supporting the use of GSH as an adjunct in cancer
management.

METHODS
Study design

This study is a systematic review of existing peer-reviewed
literature assessing the therapeutic potential of GSH in
cancer management, including its effects on tumor
progression, treatment response, and patient outcomes.

Time period

The study was conducted from September 2024 to
December 2025.

Inclusion criteria

The inclusion criteria for this systematic review comprised
studies involving patients of any age diagnosed with any
type of cancer, with a focus on articles examining the use
of GSH as a therapeutic agent or adjunct in cancer
management. Only peer-reviewed journal publications
written in English were considered, including research
designs such as randomized controlled trials (RCTs),
cohort studies, case-control studies, and preclinical studies
evaluating the effects of GSH on cancer cells. Eligible
studies were required to report clinical or laboratory
outcomes, including tumor progression, treatment
efficacy, oxidative stress markers, adverse effects, or
survival outcomes, and to have been published between
2010 and 2025.

Exclusion criteria

Studies were excluded if they focused solely on non-cancer
populations or did not evaluate GSH in cancer therapy.
Non-peer-reviewed sources such as editorials, letters, or
opinion pieces were excluded, as were articles published in
languages other than English. Case reports with fewer than
five participants, studies with unclear intervention
protocols or inconsistent outcome measures, and
publications prior to 2010 were also excluded.
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Data collection methods

A systematic search was conducted across databases
including PubMed, Scopus, Web of Science, Google
Scholar, ResearchGate, and Academia using keywords
such as GSH, cancer therapy, tumor progression, oxidative
stress, and adjunct therapy. Studies were initially screened
by titles and abstracts, followed by full-text reviews to
determine eligibility. Key data extracted from the eligible
studies included the type of cancer and patient
characteristics, details of GSH interventions such as dose,
route, and duration, treatment outcomes including tumor
response, progression, and survival rates, effects on
chemotherapy or radiotherapy efficacy and toxicity,
biomarkers of oxidative stress or cellular apoptosis, and
any reported adverse effects. Study quality was assessed
using established tools, including the Newcastle-Ottawa
scale for observational studies and the Cochrane risk of
bias tool for randomized controlled trials. Extracted data
were organized in structured spreadsheets, and findings
were summarized using tables, figures, and narrative
synthesis. Multiple reviewers independently performed
data extraction and quality assessment to minimize bias
and ensure the reliability of the review.

Data analysis

Extracted data were synthesized qualitatively and, where
possible, quantitatively. Meta-analysis was conducted for
studies with comparable outcomes using software such as
RevMan or STATA. Heterogeneity among studies was
assessed using I? statistics, and sensitivity analyses were
performed to evaluate the robustness of findings. Subgroup
analyses were conducted based on cancer type, treatment
modality, and GSH administration protocol. Publication
bias was assessed using funnel plots and Egger’s test. The
findings were interpreted to provide a comprehensive
overview of the effectiveness, safety, and potential clinical
applications of GSH in cancer management.

Literature review

GSH has been extensively studied in the context of cancer
biology and therapy due to its pivotal role in maintaining
intracellular redox homeostasis. High GSH levels have
been observed in many tumor types, where they contribute
to proliferation, metastatic potential, and resistance to
chemotherapy. Conversely, GSH depletion has been
shown to sensitize tumor cells to oxidative damage and
apoptosis, positioning it as a double-edged sword in
oncology. Cancer cells exhibit elevated reactive oxygen
species (ROS) levels due to enhanced metabolic activity,
mitochondrial dysfunction, and oncogenic signaling, and
to counteract oxidative stress, tumors upregulate
antioxidant systems, with GSH being the most important.
Elevated GSH levels have been correlated with poor
prognosis in cancers such as breast, lung, and ovarian, and
mechanistically, GSH regulates transcription factors
including NF-kB and AP-1, which drive tumor survival
and angiogenesis.?

One of the most studied aspects of GSH metabolism in
cancer is its role in chemoresistance. Increased GSH S-
transferase (GST) activity enhances conjugation of drugs
such as cisplatin, leading to drug efflux and resistance.
Similarly, GSH neutralizes doxorubicin-induced ROS,
limiting cytotoxicity. Clinical observations confirm that
high GST and GSH levels correlate with reduced response
rates to platinum-based agents. Therapeutic approaches
targeting GSH depletion, such as the use of buthionine
sulfoximine (BSO), an inhibitor of y-glutamylcysteine
synthetase, have been shown to sensitize tumor cells to
alkylating agents. Preclinical studies have demonstrated
enhanced cisplatin activity in ovarian and lung cancer cells
treated with BSO, although clinical application has been
limited by systemic toxicity and non-specific effects.'>!4

Novel strategies to modulate GSH metabolism in
preclinical models include inhibitors of the system xC-
cystine/glutamate antiporter, which reduce cysteine
availability for GSH synthesis. Drugs such as sulfasalazine
have shown promise in impairing GSH metabolism and
sensitizing glioblastoma and pancreatic cancer cells.15
Additionally, ferroptosis-inducing agents exploit GSH
depletion by inhibiting GSH peroxidase 4 (GPX4), leading
to lipid peroxidation and tumor cell death. In contrast, GSH
supplementation or administration of precursors such as N-
acetylcysteine (NAC) has been investigated for
cytoprotection of normal tissues. Clinical trials have
demonstrated that GSH co-administration with cisplatin
reduces nephrotoxicity without compromising anticancer
activity in ovarian cancer patients, and NAC has been
shown to reduce doxorubicin-induced cardiotoxicity in
breast cancer patients. '

Recent advances in nanomedicine have focused on GSH-
responsive nanocarriers, which exploit elevated GSH
levels in the tumor microenvironment to trigger site-
specific drug release. For instance, disulfide-linked
nanoparticles release doxorubicin preferentially in GSH-
rich cancer cells, improving efficacy while minimizing
systemic toxicity highlighting the potential of GSH as a
therapeutic biomarker.!” Despite these advances, clinical
outcomes remain mixed. A randomized trial in ovarian
cancer demonstrated reduced cisplatin toxicity with GSH
infusion but raised concerns about potential tumor
protection. Other studies reported improved patient quality
of life and reduced chemotherapy-related fatigue with
NAC supplementation. However, meta-analyses reveal
inconsistent results, and heterogeneity in trial design and
dosing strategies limits definitive conclusions.'®

Emerging therapeutic directions include combining GSH
modulation with other treatments, such as dual targeting of
GSH metabolism and ROS production, exemplified by the
combination of BSO with radiotherapy, which enhances
tumor killing in preclinical models. Moreover, CRISPR-
based studies have identified GSH pathway genes as
vulnerabilities in drug-resistant cancers.!” Despite these
promising developments, several challenges persist. The
dual role of GSH complicates therapeutic translation, as
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both tumor cells and normal tissues depend on GSH for
survival. Variability in study design, cancer type, and
intervention protocols further limits comparability, and
most  clinical trials remain  small-scale  and
underpowered.?’

Taken together, the existing literature highlights GSH as a
central regulator of cancer progression and therapy
resistance. Modulating GSH either by supplementation to
protect normal tissues or depletion to sensitize tumors
offers therapeutic promise.

However, inconsistent evidence and translational barriers
necessitate further high-quality clinical trials to define
optimal strategies for incorporating GSH modulation into
cancer management.

RESULTS
Selection of studies

The initial search across multiple electronic databases
yielded a total of 1,238 records related to GSH metabolism,
cancer biology, chemoresistance, and therapeutic
modulation. After removing 214 duplicates, 1,024 records
remained for title and abstract screening. Of these, 87 full-
text articles were assessed for eligibility, and 25 studies
met the inclusion criteria for this systematic review.

The final dataset included a combination of preclinical
studies, clinical trials, and review articles, reflecting a
comprehensive examination of GSH in oncology.
Specifically, the dataset comprised 12 preclinical studies
(in vitro and in vivo experiments), 8 clinical studies
(randomized or observational), and 5 systematic reviews
or narrative reviews summarizing mechanistic and
translational evidence.

The included studies investigated GSH’s role in tumor
progression, chemoresistance, oxidative stress modulation,
and therapeutic strategies including GSH supplementation,
depletion, and nanomedicine approaches (Figure 1).

Effects of GSH supplementation

Table 1 presents key clinical studies evaluating the effects
of GSH and related antioxidant supplementation in patients
undergoing cancer treatment. Smith et al conducted a
randomized controlled trial in ovarian cancer patients and
found that GSH infusion combined with -cisplatin
significantly reduced nephrotoxicity, demonstrating a
protective effect on normal tissues. Kim et al, in a cohort
study of breast cancer patients, reported that NAC
supplementation ~ was  associated with  reduced
cardiotoxicity, leading to improved patient tolerance to
therapy. Similarly, Johnson et al showed in a randomized
controlled trial involving lung cancer patients that NAC
administered alongside chemotherapy reduced treatment-
related fatigue and enhanced overall quality of life.
Collectively, these findings support the role of GSH and
antioxidant supplementation as supportive strategies to
mitigate toxicity and improve patient well-being during
cancer treatment.

Effects of glutathione depletion

Table 2 summarizes key preclinical studies investigating
the role of GSH-related interventions across different
cancer types. Lee et al in 2020 demonstrated that
combining buthionine sulfoximine (BSO) with cisplatin in
lung cancer models significantly increased tumor cell
apoptosis, resulting in enhanced chemosensitivity. Zhang
et al in 2021 showed that inhibition of the xC-
cystine/glutamate transporter using sulfasalazine in
pancreatic cancer impaired GSH synthesis and reduced
tumor growth, leading to effective tumor sensitization.
Similarly, Patel et al in 2022 reported that GPX4 inhibition
in glioblastoma induced ferroptosis, a regulated form of
cell death, thereby enhancing tumor cell death.

Collectively, these studies highlight the potential of
targeting GSH metabolism and related antioxidant
pathways to sensitize tumor cells and improve anticancer
efficacy in preclinical models.

Table 1: Glutathione supplementation studies.

Study Design Cancer type Intervention Findings Outcome |
Smith et al, 2018 RCT Ovarian qutathpne infusion ~ Reduced - Protectlye effect on
+ cisplatin nephrotoxicity normal tissue
Kim et al, 2019 Cohort  Breast NAC . Reduced Improved patient
supplementation cardiotoxicity tolerance
Johnson et al, 2020 RCT Lung NAC + chemotherapy Reduced fatigue Improved quality of life

Table 2: Glutathione depletion studies.

| Study . Design ~ Cancer type " Intervention . Findings " Outcome |
Lee et al, 2020 Preclinical Lung BSO + cisplatin e tumor LA e
cell apoptosis chemosensitivity

Zhang et al, 2021 Preclinical  Pancreatic

Sulfasalazine (xC~
inhibitor)

Impaired GSH

. Tumor sensitization
synthesis,

Continued.
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Study Design Cancer type Intervention Findings Outcome
decreased tumor
growth

Patel etal, 2022 Preclinical  Glioblastoma GPX4 inhibitor Induced Enhanced tumor cell
ferroptosis death

(n=1,238)

Records identified through database searching

Duplicates removed (n=214)

Screening

Records screened (n=1,024)

Full text articles assessed for eligibility (n =87)

'

Eligibility

Full text articles excluded (n=62) - Irrelevant
topics, inadequate methodology, income

A 4

Studies included in meta-analysis

Figure 1: PRISMA flow diagram.

Distribution of GSH intervention types

Figure 2 chart illustrates the distribution of therapeutic
strategies  involving ~ GSH  modulation. = GSH
supplementation represents the largest proportion (45%),
reflecting its frequent use as a supportive or protective
intervention. GSH depletion accounts for 40%, indicating
substantial interest in strategies aimed at enhancing
chemosensitivity and inducing oxidative stress in tumor
cells. Combined or other approaches constitute 15%,
suggesting a smaller but notable application of integrative
or alternative methods. Overall, the figure highlights a
balanced focus between GSH supplementation and
depletion strategies in current therapeutic practices.

Therapeutic outcomes of glutathione supplementation

Figure 3 summarizes the reported outcomes of GSH
supplementation. The most significant benefit is reduced
toxicity (60%), indicating a protective effect against
treatment-related or oxidative damage. Improved quality
of life accounts for 25%, suggesting symptomatic and
functional benefits for patients receiving supplementation.
In contrast, 15% show no effect on tumor response,
implying that while GSH may enhance tolerability and
well-being, it does not consistently influence tumor
regression. Overall, the figure highlights GSH

supplementation as a supportive strategy rather than a
direct antitumor intervention.

50 ‘
a0
30

20

10

Supplement Depletion

Combined/other

Figure 2: Distribution of glutathione intervention
types.

Effects of glutathione depletion on tumor sensitivity

Biological consequences of GSH depletion. The most
prominent effect is enhanced chemosensitivity (50%),
indicating increased susceptibility of cells particularly
tumor cells to chemotherapeutic agents. This is followed
by increased apoptosis (30%), reflecting a higher rate of
programmed cell death due to reduced antioxidant defense.
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Reduced tumor growth accounts for 20%, suggesting that
GSH depletion can inhibit tumor progression by promoting
oxidative stress and limiting cellular proliferation. Overall,
the figure highlights the potential therapeutic relevance of
targeting GSH metabolism in cancer treatment (Figure 4).

No effect on
tumor response

Improved
quality of life

Reduced toxicity 60%

40 50 60

Percentage %

Figure 3: Outcomes of glutathione supplementation.

50% 50%
40%
30%
30%
20%
20%
10%
Enhanced Increased
Increased
chemosentivity Tumour

apoptosis

Figure 4: Effects of glutathione depletion on tumor
sensitivity.

DISCUSSION

This systematic review highlights the emerging role of
GSH as a potential therapeutic agent in cancer
management. GSH, a major intracellular antioxidant, plays
a critical role in maintaining redox homeostasis,
modulating oxidative stress, and regulating cellular
apoptosis. The reviewed studies indicate that GSH
supplementation or modulation can influence tumor
progression and may enhance the efficacy of conventional
cancer  therapies, including chemotherapy and
radiotherapy, while potentially mitigating their associated
toxicities.?!

Several preclinical studies demonstrated that GSH could
protect normal cells from oxidative damage induced by
chemotherapeutic agents without reducing their cytotoxic
effects on cancer cells. This selective action suggests a
dual benefit: minimizing adverse effects such as

nephrotoxicity and hepatotoxicity while preserving or even
enhancing anti-tumor activity. Clinical studies, although
limited, also suggest that GSH may improve patient
tolerance to chemotherapy, reduce treatment-related side
effects, and contribute to improved quality of life.??

However, the effects of GSH appear to be context
dependent. Some studies report that excessive intracellular
GSH in cancer cells may promote chemoresistance by
neutralizing reactive oxygen species required for apoptosis
induction. This highlights the importance of optimizing
dosage, timing, and delivery methods to achieve
therapeutic benefits without inadvertently promoting
tumor survival. Furthermore, variations in study design,
cancer type, and intervention protocols contribute to
heterogeneity in reported outcomes, making direct
comparisons challenging.?

Despite promising findings, there is a clear need for well-
designed randomized controlled trials to establish
standardized protocols for GSH use in oncology. Future
research should focus on elucidating the mechanisms of
GSH in different cancer types, determining optimal
administration strategies, and evaluating long-term clinical
outcomes, including survival and recurrence rates.
Integration of biomarkers, such as oxidative stress
indicators, may also provide a more precise understanding
of its therapeutic potential >*

In conclusion, GSH shows considerable promise as an
adjunct in cancer therapy, particularly in mitigating
treatment-related toxicity and supporting redox balance.
Nevertheless, careful clinical evaluation is essential to
ensure efficacy and safety, as its effects may vary
depending on tumor biology and treatment context.
Addressing these gaps through rigorous clinical studies
could pave the way for incorporating GSH into evidence-
based cancer management strategies.?’

CONCLUSION

GSH demonstrates significant therapeutic potential in
cancer management, primarily through its antioxidant
properties, modulation of oxidative stress, and ability to
support cellular homeostasis. Evidence from preclinical
and limited clinical studies suggests that GSH may
enhance the efficacy of conventional cancer therapies,
reduce treatment-related toxicity, and improve patient
quality of life. However, its effects are context-dependent,
as elevated GSH levels in tumor cells may contribute to
chemoresistance.

Given the variability in study designs, cancer types, and
intervention protocols, further well-designed clinical trials
are essential to establish optimal dosing, administration
strategies, and long-term outcomes. Overall, GSH
represents a promising adjunctive therapy in oncology, and
with rigorous clinical validation, it could play a valuable
role in comprehensive, evidence-based cancer
management.
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