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Glutathione (GSH) is one of the most important intracellular substances in mammalian cells, over 100,000 scientific studies have
been published regarding its biological functions. GSH is a multifunctional molecule, it plays a central role in the antioxidant
cascade, it is the key detoxifier in cells, and it can regulate the immune system. Although the importance of GSH has been
extensively studied by scientists in various fields, information on how to safely and consistently increase intracellular GSH
is limited. The purpose of this review is to introduce the three main functions of GSH, discuss the importance of GSH in
professional athletes, and present recent studies that demonstrate the correlation between low GSH concentrations and chronic
diseases. Finally, since elevated GSH concentrations have been suggested to be associated with improved human health, several
potential methods to increase intracellular GSH levels-such as through chemical compounds, natural foods, and scientifically
supported food supplements-will be introduced.
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Introduction

Through natural biological processes in our bodies, such as
digesting food, breathing air, converting fat into energy, and
metabolizing alcohol and drugs, we not only gain nutrients but
also produce harmful substances called free radicals. Free rad-
icals are usually destroyed by the body’s antioxidant system,
which involves the sequential work of antioxidants like super-
oxide dismutase (SOD), GSH, and catalase. If the system does
not function properly, free radicals can trigger a chain reac-
tion in the body, one that can damage cell membranes, block
the activity of major enzymes, cause protein misfolding, at-
tack DNA, and prevent normal cell division I When there are
too many free radicals in the cells, oxidative stress increases.
Many diseases have been reported to be associated with ox-
idative stress, such as metabolic diseases, chronic disorders,
neurodegenerative diseases, and cancer?,

Antioxidants play important role in scavenging free radicals
and maintaining the cells in balanced redox state. GSH is the
antioxidant that has been intensively studied.

GSH is a tripeptide composed of three amino acids, namely
glutamic acid, cysteine, and glycine. Among them, cysteine
is the rate-limiting factor®. Cysteine is a sulfur-containing
amino acid and is considered semi-essential. The supply of
cysteine comes from food or other amino acids. Glutamic
acid and glycine, on the other hand, are non-essential amino

acids. Under normal circumstances, they are abundant in the
human body. Glutamic acid becomes conditionally essential
in individuals under certain physical conditions, such as can-
cer patients. Glutamic acid is closely associated with mucosi-
tis, which is often observed in head and neck cancer patients
during the course of radiation treatment®. The synthesis of
these amino acids takes place inside almost all cells, mostly
in liver and kidney cells. GSH plays a pivotal role in numer-
ous cellular functions, such as scavenging excessive reactive
oxygen species (ROS), detoxifying endogenous and exoge-
nous substances — including free radicals and drugs — and
balancing the immune system (Figure [T). After antioxidant
reactions, reduced GSH is oxidized to glutathione disulfide or
GSSG. GSSG is the oxidized form that results from two GSH
molecules form a disulfide bridge. The GSH:GSSG ratio is
commonly used as an index of cellular oxidative status=. This
ratio tracks the balance between reducing and oxidizing forces
and is considered more sensitive and informative than simply
measuring total GSH levels®. It is often used as biomarker
under various physiological conditions.

The purpose of this study is to review the important cel-
lular functions of GSH and to present and discuss updated re-
search on the correlations between GSH, athletic performance,
and chronic diseases. Finally, potential strategies to increase
intracellular GSH levels — including supplementation, phar-
maceutical compounds, probiotics, dietary sources, and whey
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protein isolates — are investigated.

GSH as Master Antioxidant

Most life forms face challenges from ROS generated by res-
piration and cellular metabolism”%?, ROS molecules include
singlet oxygen ('0»), superoxide anions (0%7), hydrogen per-
oxides (H,O,), and hydroxyl radicals (éOH). These highly
active species can easily interact with various components of
the human body, such as lipids, proteins, and DNA, leading
to numerous diseases and disorders, including cardiovascular
diseases, protein denaturation, genetic mutations, and possibly
an accelerated aging processi’. To combat ROS, numerous
antioxidants are involved, namely SOD, GSH, and catalase.
Among them, GSH is known for its powerful antioxidant ac-
tivity'l. GSH plays a key role in neutralizing ROS and reduc-
ing oxidative stress in the cells; it’s the major player in main-
taining the redox balance?. Furthermore, GSH is also capa-
ble of regenerating other antioxidants - vitamin C (ascorbic
acid)?, and vitamin E (a-tocopherol)!®. These antioxidants
work synergistically to maintain the body’s redox balance and
defend against oxidative stress.

GSH as Key Detoxifier

We inhale and ingest natural or synthetic products that contain
toxins in our everyday life; it is almost impossible to avoid
them. These toxins include the chemical additives in food,
cigarette smoke, air and water pollution, pesticide residues in
fruits and vegetables, heavy metals and drug residues. Here is
a short list of everyday toxins to which we may all be exposed
(Table[T).

When these toxins accumulate in our body up to a certain
level, they begin to damage our cells and organs, and various
illness may occur. According to a team of biochemists - D.
P. Jones, L. A. Brown and P. Sternberg from Emory School of
Medicine in Atlanta - “GSH has multiple functions in detoxifi-
cation, and its depletion has been associated with an increased
risk of chemical toxicity”. In conclusion, they suggested that
by monitoring GSH levels we can assess an individual’s risk
of toxification from environmental pollutants‘>.

The accumulation of heavy metals in the human body is
also a serious threat to our health. Cadmium, for example,
is found almost everywhere including in water, fruits, cereals,
seafood, tobacco, and air. It can cause damage to organs such
as the gastrointestinal tract, kidneys, liver, lungs, and blood.
GSH binds directly to toxins through enzymatic reactions.
The sulthydryl groups (R — SH) in the cysteine residues of
GSH bind to heavy metals, such as aluminum (Al), cadmium
(Cd), arsenic (As), mercury (Hg), lead (Pb), and chromium
(Cr)19, forming a water-soluble GSH-toxin complex. This

complex is then excreted via bile or urine. The liver and kid-
neys are the major organs responsible for detoxification and
elimination. Laboratory animal studies have demonstrated
that the liver and kidneys contain the highest levels of intracel-
lular GSH in the body?”. GSH exerts its detoxification abil-
ity by conjugating with endogenous and exogenous harmful
substances. Glutathione transferase, a detoxification enzyme,
catalyzes this conjugation process'®. Therefore, the higher
the intracellular GSH concentration, the greater the protection
and the better the overall health status. Other toxins, such
as the painkiller acetaminophen''?, carcinogens like diethylni-
trosamine’?Y, and various other heavy metals, have been docu-
mented to be detoxified by GSH to some extent2!,

GSH Regulates Immune Function

It is surprising that many people still believe catching a cold
is caused by sitting in cold air or wandering around with wet
hair. Perhaps this misconception comes from the term “catch
a cold”. Another common belief is that people get sick when
they are overworked, stressed out, or after excessive exercise.
This belief is, in fact, closer to the truth. When people stay
up all night, are under pressure, or exercise too much, their
metabolism becomes imbalanced, excessive free radicals are
produced, as the result that the levels of GSH are depleted. As
a result, immune function becomes temporarily compromised,
making them more vulnerable to viral infection.

GSH plays a crucial role in immune regulation. It is vital for
the proper function of white blood cells. Studies have shown
that even a slight reduction in GSH levels can lead to a notable
decrease in immune system function®?. The human immune
system is a complex mechanism that protects the body from
both endogenous and exogenous attacks. Endogenous attacks
from ROS and exogenous attacks from bacteria and viruses
result in inflammation. In response to inflammation, the body
produces antibody, natural killer (NK) cells, macrophages, T
cells, and B cells. The effectiveness of these immune response
is closely associated with intracellular GSH concentrations>”.

In a study published in Nature Communications in 2022,
compelling evidence was provided regarding the critical role
of GSH in humoral immunity, especially in B cell function and
antibody production. The research demonstrated that GSH
levels are essential for the proper functioning of different B
cell subsets. It also showed that when GSH production is
inhibited, by removing the glutamate-cysteine synthesis en-
zyme, antibody responses are significantly reduced. The mice
in the study failed to produce adequate levels of both IgM and
IgG antibodies upon immunization and viral infection”*. Be-
sides humoral immunity, GSH also exerts an importance role
in cell-mediated immunity. Several studies have indicated that
GSH levels are essential for T cell activation, cytokine pro-
duction, antitumor activity of CD8+ T cells 2 and the cyto-
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3 Major Biological Functions of GSH
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Fig. 1 Three major biological functions of GSH. 1) Antioxidant Activity. GSH can scavenge free radicals and neutralize ROS, therefore
protect cells by reducing cellular oxidative stress. 2) Detoxification. GSH is able to bind to toxins and exclude them from our body. 3)
Immune Regulation. GSH plays a vital role in balancing immune system; adequate levels of GSH is essential in both humoral and

cell-mediated immune response.

toxicity of NK cells%.

In a recent clinical study published in 2025, it was re-
ported that GSH supplementation enhances NK cell function
and metabolic activity in patients with acute leukemia. Al-
though the mechanism remains unclear, patients with acute
leukemia are often observed to have impaired NK cell func-
tion and weakened antitumor immune responses. In the study,
GSH reduced ethyl ester, a GSH precursor, was administered
to leukemia patients to restore their GSH levels. As a result,
mitochondrial activity, oxidative phosphorylation, ATP pro-
duction, and NK cell-mediated cytotoxicity were all enhanced.
NK cell function and proliferation were also promoted?’. This
is a very interesting finding, perhaps in the future, GSH-based
interventions could be considered as a potential immunother-
apy strategy for treating leukemia patients.

Impact of GSH on Professional Athletes

Professional athletes are continuously under attack from ROS
because they frequently participate in competitive events, they
undergo intensive training and must exercise regularly to stay
in peak physical condition. Intensive physical activity in-
creases oxygen consumption and accelerates the production of
metabolites such as ROS or free radicals. As a result, oxida-
tive breakdown products quickly accumulate, increasing ox-
idative stress in the body. This is one reason why athletes may
experience fatigue, physical weakness, and immune suppres-
sion. Although it is well known that moderate exercise can

strengthen the immune system, excessive exercise may have
the opposite effect2S.

Detoxification may also be important for professional ath-
letes. Swimmers, for example, are exposed to excessive chlo-
rine, the chemical used in swimming pools to keep the wa-
ter clean. Therefore, it seems reasonable and beneficial for
athletes to supplement with antioxidants. According to a
study conducted in 2023, several antioxidants showed posi-
tive effects on athletic performance. GSH, vitamin C, vitamin
E, resveratrol, coenzyme Q10, selenium, and curcumin were
shown to improve physical performance, shorten recovery
time from fatigue, and reduce inflammation?. In a double-
blinded, placebo-controlled trial in 2023°" and a study con-
ducted in 20192!, GSH was shown to improve the sports per-
formance and physical condition of athletes. Similar results
were observed in triathletes and swimmers=2. In one study,
oral supplementation with 450mg of GSH per day for three
weeks improved antioxidant status®?, On the other hand, an-
other study showed that intravenous administration of a single
acute dose of 3000mg per day improved total antioxidant ca-
pacity®*. Additionally, a study using a daily dose of 1000mg
of GSH for three weeks found a reduction in serum levels of
oxidative stress markers=>. A specific cysteine-rich whey pro-
tein isolate was even shown to deliver GSH precursors to cells,
increasing intracellular GSH levels in healthy individuals by
35.5% and enhancing their muscular performance by 13%-9.

Although numerous studies have demonstrated that the use
of antioxidants, especially GSH, may have positive effects on
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Table 1 A list of potential toxins. Reference:1Z

Toxin Name Type/Category Common Sources

Acetaminophen (Tylenol, Atasol, others) Pharmaceutical * Over-the-counter pain reliever
* Toxic in high doses

Other pharmaceuticals (e.g., Adriamycin) Chemotherapeutics * Used in cancer treatment

* Known for organ toxicity

Acetone Solvent, Industrial agent * Used in cleaning agents and
industry
Aflatoxin B Natural toxin * Moldy nuts, grains

* Potent carcinogen

Aliphatic hydrocarbons

Industrial chemicals

* Vinyl chloride,
hexachlorohexane
* Used in plastic production

Aromatic hydrocarbons

Solvent/fuel compounds

¢ Benzene derivatives
* Found in fuels, solvents, etc.

Nitrosamines Food-derived toxins * Smoked meats, preserved foods
like salami and hot dogs
Benzopyrenes Polycyclic aromatic * Barbecued foods, fuel exhaust,

hydrocarbons (PAHs) cigarette smoke
Heavy metals Metals * Lead, mercury, cadmium,
cobalt, copper
* Toxic to multiple organs
Organophosphate pesticides Pesticides * Examples: Parathion

* Neurotoxic agents

Peroxides Reactive oxygen species * Includes lipid and cholesterol
(ROS) peroxides
* Oxidative stress agents
Isothiocyanates Naturally occurring * Found in cruciferous vegetables
compounds * Can be toxic in high
concentrations
Carbamates, thiocarbamates Pesticides/chemicals * Used in agriculture

¢ Can inhibit cholinesterase

Arylamines, aryl halides

Industrial chemicals

* Used in dye production,
plastics, and more

Sulfates, nitrocompounds

Industrial chemicals

* Found in various manufacturing
processes

Naphthalene

Aromatic hydrocarbon

¢ Found in fuels, mothballs, and
fuel by-products

Diseases Associated with Low GSH

the athletic performance, more research is needed to determine
the optimal dose of GSH, the timing of supplementation, and
the duration of treatment. Also, the sample sizes in most of
these studies are relatively small, and some of the results are
inconsistent, large-scale and well-controlled experiments are
warranted. Here is a summary of potential benefit and impact
of GSH on athletes (Table [2).

Most common chronic or age-related diseases are associated
with low GSH levels and ROS attacks. ROS can cause cellular
damage (Figure 2) and subsequent problems such as cardio-
vascular, inflammatory, immune, and metabolic disorders, as
well as cancer=/38, Excessive ROS, such as hydroxyl radicals
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Table 2 A summary of potential benefits and impacts of GSH on athletes. Reference: M. Sadowski, E. Zawieja, A. Chmurzynska. The impact
of N-acetylcysteine on lactate, biomarkers of oxidative stress, immune response, and muscle damage: A systematic review and meta-analysis.

J Cell Mol Med 28, 1-17 (2024).

Benefit

Impact on Athletes

Reduces oxidative stress

Minimizes muscle damage and inflammation after intense exercise

Enhances recovery

Speeds up post-exercise muscle repair and reduces fatigue

Improves mitochondrial function

Supports sustained energy production during performance

Boosts immune defense

Lowers risk of infection from overtraining

Regulates cortisol
symptoms

Helps maintain hormonal balance and reduce overtraining

Enhances aerobic metabolism

Promotes efficient oxygen use and lactate clearance

(*OH), attack lipids, resulting in peroxidation, which leads
to various cardiovascular diseases, including atherosclerosis,
coronary heart disease, stroke, peripheral arterial disease, and
aortic disease. When proteins are attacked by ROS, they
may undergo denaturation. Protein denaturation is a poten-
tial causal mechanism for many diseases (Table 39 alitllea)
ROS can also damage DNA, leading to mutations and con-
tributing to various diseases such as neurodegenerative dis-
eases, genetic disorders, cancer, and premature aging.

Neurodegenerative diseases have attracted considerable at-
tention from researchers due to the rapidly rising number of
cases. GSH is well known for its neuroprotective role“¥,
Low GSH levels have been found in the brains of people
with Parkinson’s disease, Alzheimer’s disease, schizophrenia,
bipolar disorder, depression, ADHD, and other neurological
disorders*4%47 Among neurodegenerative diseases, PD and
AD have been shown altered GSH in patients compared with
controls, the evidence is more robust than for diseases like
ALS and HD. Depleted GSH levels are consistently observed
in both brain and blood during the early stage of PD“% and
AD# with imaging and biomarker date providing direct ev-
idence. However, inconsistent findings have been reported
in ALS®Y and HD?! patients, likely due to early stage and
smaller sample sizes.

Some infectious diseases are also associated with low GSH
levels as well, such as those observed in HIV-positive individ-
uals®2P35% and patients with hepatitis>>. Chronic Obstructive
Pulmonary Disease (COPD) is characterized by chronic pro-
gressive airway obstruction. It is a common condition among
cigarette smokers, and its progression is irreversible. GSH
concentrations are also reduced in patients with COPD=9.

Regarding GSH levels in cancer patients, the situation is
quite complex. While GSH levels are commonly low in can-
cer patients overall, they are often elevated in tumor cells>Z,
Studies have shown that GSH levels are higher in breast, ovar-
ian, head and neck, and lung cancer cells compared to adja-
cent healthy tissues>®. Elevated GSH levels may contribute to

the strong survival and rapid proliferation of the tumor cells.
In addition, since GSH is a detoxifying agent, it may protect
tumor cells from chemotherapy by conjugating with xenobi-
otics, and with the help of glutathione transferase, the result-
ing toxic compounds are exported and eliminated. Because of
the increased detoxification ability, cancer cells become more
tolerant to drugs, which makes cancer treatment more difficult.
A new therapeutic approach that combines GSH depletion or
inhibition of its synthesis with standard cancer treatment has
been reported to improve the effectiveness chemotherapies by
inducing ferroptosis (a type of programmed cell death that is
iron-dependent). The concept is to deplete intracellular GSH
in tumor cells, making them more vulnerable and sensitive
to drugs, followed by chemotherapy®”. This new therapeu-
tic strategy may offer oncologists more treatment options in
the future.

Some people describe aging philosophically as a chronic
disease that begins from day one. Aging is a law of nature,
and we all wish to experience a healthy aging journey. In
an in vivo experiment, mosquitos with augmented GSH lev-
els (increased by 50-100% through dietary supplementation
with the GSH precursor MgTC — magnesium thiazolidine-4-
carboxylic acid) showed a 30-38% increase in lifespan com-
pared with the control group®’. In another study conducted at
the Ageing Research Center, Odense University in Denmark,
blood samples were collected from 41 centenarians aged 100—
105 years and 52 community-dwelling control subjects aged
60-79 years. The enzyme activities of SOD, glutathione per-
oxidase, catalase, and glutathione reductase (GR) in erythro-
cytes were measured. The researchers found that the mean
GR activity was significantly higher in centenarians than in
elderly individuals. The range of GR activity was also shifted
toward higher values in the centenarian group compared to
the younger group. Furthermore, centenarians with the best
functional capacity tended to have the highest GR activity©l.
Aging in humans is a long and complex process, and there
are limitations to conducting clinical trials on the correlation
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Fig. 2 Hydroxyl radical is a highly active oxygen molecule, when it reacts to lipids, proteins, or DNA/RNA, different pathways may lead to

different diseases.

between GSH levels and aging. Such studies are not only im-
practical but also unethical, therefore most research investi-
gating GSH levels and longevity in human relies on the results
of animal or insect experiments.

Although GSH appears to be crucial for maintaining health
and promoting longevity, a study published in 2025 reported
contradictory results. In that study, mice with lifelong GSH
deficiency exhibited an increased lifespan and delayed age-
related motor decline compared with control mice®%. The con-
cept of hormesis was introduced in the study. “In the fields of
biology and medicine, hormesis is defined as an adaptive re-
sponse of cells and organisms to a moderate (usually intermit-
tent) stress”®3. Although the authors used hormesis theory to
explain their findings, further investigations and research are
needed.

To achieve healthy aging, a combined approach involving
the administration of antioxidant compounds, antioxidant-rich
dietary patterns, and regular physical exercise would be ideal.
This comprehensive strategy is currently being investigated in
human studies %2,

Methods to Boost GSH

GSH is synthesized intracellularly through the sequential en-
zymatic actions of glutamylcysteine ligase and GSH syn-
thetase. This process occurs inside the cells, primarily in
the liver®. Among the three amino acids, cysteine, a sulfur-
containing amino acid, is responsible for the biological activ-

ity of GSH. To elevate GSH concentrations, several methods
have been proposed, such as administrating chemically syn-
thesized GSH, pharmaceutical compounds that act as prodrugs
of GSH, natural foods rich in GSH or GSH precursors, and
commercially available dietary supplements.

These approaches are introduced below:

Oral GSH

Oral GSH supplements are commercially available in pill or
powder form and are produced by many pharmaceutical and
chemical companies. However, consuming GSH directly is
not an effective way to raise GSH levels because it does not
survive the digestive process; it is broken down into amino
acids by intestinal enzyme y-glutamyl transpeptidase. After
being broken down into free amino acids, these components
are easily oxidized along the digestive tract before reaching
the liver, where most GSH is synthesized. Therefore, consum-
ing GSH itself provides poor bioavailability©Z8, Research
has shown that its bioavailability is less than 1%,

Pharmaceutical Compounds

Many of the studies described in this paper were carried out
using pharmaceutical compounds to raise GSH levels in test
subjects. These drugs included NAC (N-acetylcysteine), S-
adenosylmethionine, ornithine decarboxylase, and oxothiazo-
lidine carboxylate. Among them, NAC is the most commonly
used compound in GSH research, especially in human trials.
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Table 3 List of diseases that associated with protein denaturation caused by ROS attack. Reference:

39

Disease
Denaturation

Mechanism of ROS-Induced Protein

Key Proteins Affected

Alzheimer’s Disease (AD)

ROS oxidize and misfold proteins, forming
amyloid-beta plaques

Amyloid-beta,tau

Parkinson’s Disease (PD)
aggregation

Oxidative damage to a-synuclein, promoting

a-synuclein

Amyotrophic Lateral Sclerosis

(ALS) neuron death

ROS-induced SOD1 oxidation, leading to motor

SOD1, TDP-43,FUS

Huntington’s Disease (HD)

misfolding

Oxidative stress exacerbates polyglutamine protein

Huntingtin

However, all drugs have contraindications, dosage limitations,
and potential toxic side effects. Therefore, their use is usu-
ally temporary, either for treating illnesses or for experimental
purposes in laboratory settings. The safety of long-term use
needs to be carefully evaluated.

Natural Foods

There are several natural foods that contain GSH. Spinach, av-
ocados, asparagus, cucumbesr, and green beans are among the
richest dietary sources of GSH”?. Foods high in the amino
acids cysteine and methionine may also help boost GSH lev-
els. Cysteine and methionine are sulfur-containing amino
acids, and sulfur is essential for the synthesis of GSHZ!. Di-
etary proteins from beef, fish, and poultry are good sources
of cysteine and methionine. Rich sources of sulfur can
also be found in vegetables like broccoli, Brussels sprouts,
cauliflower, kale, watercress, mushrooms, and allium vegeta-
bles such as garlic, shallots, and onions 2

Although these food sources are rich in GSH or build-
ing blocks of GSH, concentration and bioavailability of GSH
may differ depending on the method of cooking the foods.
For example, asparagus is one of the vegetables with the
highest GSH content”®, according to a study that exam-
ined high-temperature cooking methods (baking, frying, and
grilling), more than 40% of GSH was lost from asparagus'’*.
The researchers concluded that high temperatures accelerate
GSH decomposition, including oxidation to the disulfide form
(GSSQG) or further degradation. This finding is consistent with
a previous study, which reported losses of GSH during any
type of heat-based food processing”. The health benefits of
GSH derived from natural sources such as fruits and vegeta-
bles are still under debated.

The digestive system may also pose a challenge for the de-
livery of GSH in humans. As a small peptide, it may not
survive the acidic environment of the stomach and could be
degraded by the digestive enzymes. Thus, the efficiency of

obtaining GSH from natural foods warrants further investiga-
tion.

Milk Thistle

This herbal supplement is extracted from milk thistle plants.
It contains an active compound known as Silybum marianum,
which is well known for antioxidant properties”®, and it has
been shown to increase and help maintain GSH levelsZ.

Turmeric Extract

Turmeric is a yellow-orange herb commonly used as a spice
in Indian cuisine. It has been used as traditional medicine in
India as well since ancient times. Its medicinal properties are
believed to be related to its main compound, curcumin‘’®, Nu-
merous animal and test-tube studies have shown that turmeric
and curcumin extract have the ability to increase GSH lev-
els”8Y  Researchers concluded that curcumin may help re-
store adequate GSH levels and improve the activity of GSH
related enzymes.

Probiotics

Probiotics are known to modulate the gut microbiota, and a
healthy gut microbiota composition can support better nutri-
ent absorption and reduce oxidative stress. Lactobacillus, Bi-
fidobacterium, Lactococcus, Streptococcus, and Enterococcus
species are the probiotic microorganisms mainly used in hu-
mans #8283 More than 500 different bacteria species reside
in an adult human gastrointestinal tract serving as a natural
source of probiotics, and many of the probiotic species used
today have been isolated from the human gut. Some probi-
otic strains can produce or enhance the availability of amino
acids such as cysteine, glycine, and glutamate. Lactobacillus
fermentum ME-3 (often referred to as ME-3) for example, is
a specific strain of bacteria isolated from the intestinal tract of
a healthy 1-year-old child in 1995. Studies have showed that
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ME-3 exhibits high antioxidant activity®*. Further research
has indicated that the antioxidant activity of ME-3 is due to
its ability to synthesize GSH®?. Results from a clinical trial
of 21 volunteers suggested that this particular bacterial strain
could lower cardiovascular risk by reducing LDL-cholesterol,
increasing GSH/GSSG ratio, and enhancing total antioxidant
capacity®°.

Whey protein isolate

Whey protein refers to a group of different types of proteins
derived from the liquid portion of raw milk. When these pro-
teins are concentrated to higher than 90%, it is called whey
protein isolate or WPI. WPI is rich in proteins such as lactofer-
rin, serum albumin, and immunoglobulins, which contain sig-
nificant amounts of cysteine residues and y-glutamylcysteine
peptides. The amino acid cysteine and the y-glutamylcysteine
are both building blocks of GSH, providing an excellent
source for GSH synthesis®”. In an open-label dose-response
study, 36 healthy individuals were administrated 15, 30, or 45
g/day pressurized WPI for 14 days. As a result, there was an
increase of lymphocyte GSH by 24% in the 45 g/day group®®.
Another open-label study was conducted on 38 individuals
with nonalcoholic steatohepatitis (NASH), daily dose of 20 g
WPI was given for 12 weeks, at the end of study as the report
showed that there were improvements in liver biochemistry,
and plasma GSH and total antioxidant capacity were increased
(53 4+ 11 vs 68 £ 11 and 1.26 & 0.10 vs 2.03 £0.10)%2.

Immunocal® is an undenatured WPI, in which the proteins
remain in their native forms, preserving the dipeptides cys-
tine (two cysteine molecules linked by a disulfide bond) and
glutamyl-cysteine in the proteins are intact. These dipeptides
are enzyme-resistant and serve as the precursors for GSH syn-
thesis. Several studies have been published — including lab-
oratory animal experiments, blinded human trials, and review
papers — have supported its GSH boosting effects. In a 1999
study, it was demonstrated that taking Immunocal® (20 g/day
for three months), GSH levels were augmented in lympho-
cytes of healthy individuals by 35.5% compared to the control
group=?. Immunocal® has also been shown to increase GSH
concentrations in various tissues, enhance immune responses,
and potentially inhibit tumor development®. Additionally, it
has been found to preserve brain GSH®!. In the most recent
study published in 2025, Immunocal® was shown to promote
Reelin expression in vitro (in hippocampal — entorhinal cor-
tex slices from rat brain), and to sustain brain GSH and Reelin
expression while reducing amyloid plaque load in the entorhi-
nal cortex and hippocampus of J20 mice®Z.

The main concept of boosting GSH levels through natural
foods involving consuming those that are rich in GSH or its
precursors. However, the quantities of GSH and its precursors
are difficult to determine and can vary greatly depending on

factors such as food types, species, seasonal variation, stor-
age conditions, preparation methods, and manufacturing pro-
cess. There are also limitations in determining whether any
observed increase in GSH levels is directly associated with
the food intake, and the stability and sustainability of GSH are
also difficult to measure scientifically. Currently, there is in-
sufficient evidence to confirm that human intracellular GSH
can be increased through simply dietary intake, and further
research is warranted.

Discussion and Future Perspectives

Undoubtedly, GSH continues to attract researchers’ attention
because of the multiple and critical roles it plays. The deple-
tion of GSH has been observed in athletes and has been shown
to be associated with many chronic diseases. In this review, we
presented the results from recent studies showing that supple-
menting athletes with GSH or its precursors in athletes, im-
proved antioxidant status, increased total antioxidant capacity,
and reduced oxidative stress markers in serum. However, the
modes of GSH delivery varied among different studies. Some
used oral administration, while others employed intravenous
delivery. In addition, the dosages of GSH administered ranged
widely from 450 mg to 1000 mg per day. Furthermore, the
timing of supplementation and durations of treatment are also
important factors to consider. The results among the studies
were inconsistent, and the sample sizes of most experiments
were relatively small. Therefore, further studies are needed to
determine the optimal GSH dosage, timing of supplementa-
tion, duration of treatment, and the differences among various
administration methods for improving athletic performance.

The growing prevalence of chronic diseases and prema-
ture aging has led to increased research interest in GSH due
to its neuroprotective role. Several studies have shown that
GSH levels are low in the brains of patients with PD and
AD, and the most recent clinical trial even provided robust
imaging evidence demonstrating significant GSH depletion
in substantia nigra region of PD patients. GSH depletion
has also been reported in other neurodegenerative diseases
such as ALS and HD, but the associations with GSH de-
pletion remain preliminary, and further investigation are ex-
pected. In normal cells, GSH protects against carcinogene-
sis by neutralizing mutagenic ROS and supporting DNA re-
pair. However, GSH also performs this role in cancer cells,
shielding them from chemotherapy-induced cytotoxicity. This
paradox—where GSH protects both healthy and malignant
cells—complicates therapeutic interventions. Strategies to se-
lectively deplete tumor GSH while preserving GSH in normal
cells have been proposed by researchers, but more research is
needed to validate this concept.

During this review, an important observation is that al-
though GSH is essential for cellular function, identifying a
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safe and effective method to increase and maintain GSH lev-
els in humans remains challenging. Oral GSH, available in
pill or powder form, is easily purchased in supermarkets in
the United States but is classified as a drug in most other
countries. Regardless of its classification, oral GSH has poor
bioavailability because it is broken down into amino acids dur-
ing digestion, and the intracellular reassembly of those com-
ponents is highly inefficient. NAC, the prodrug of GSH, has
been widely used as a means to increase GSH levels in human
trials. However, to achieve clinically beneficial GSH levels,
high doses of NAC are required, which may lead to toxic side
effects. This may explain why among all the clinical stud-
ies that we’ve reviewed, most experimental periods involving
NAC lasted between three and six weeks. Another important
issue worth discussing is the sustainability of GSH levels, even
when GSH can be raised. In the clinical studies that we’ve re-
viewed, most the experiment periods ranged from three weeks
to three months. However, no publications providing clear and
quantifiable evidence on the long-term sustainability of GSH
levels have been identified. Most studies demonstrated only
short-term biochemical changes.

Diet and food, on the other hand, are natural, safe and en-
joyable. Spinach, avocados, asparagus, cucumbers, and green
beans are rich dietary sources of GSH. Beef, fish, and poultry
are good source of the sulfur-containing amino acids cysteine
and methionine. Vegetable and fruits such as broccoli, Brus-
sels sprouts, cauliflowers, and kale also provide abundant sul-
fur. However, the quantity of GSH or its precursors in food
and their actual efficacy in raising intracellular GSH levels re-
main subjects of ongoing debate.

Food supplements, on the other hand are more scientifi-
cally supported and generally considered safe for long-term
use. Both the probiotic L. fermentum ME-3 and the whey
protein isolate Immunocal® are backed by research. Numer-
ous studies have demonstrated a wide range of health benefits,
including reduced cardiovascular risk, lower oxidative stress
and inflammation, and elevated GSH levels. Although results
from both supplements appear promising, the sample sizes in
current studies remain small. Further large-scale clinical re-
search is expected.

It remains necessary to determine whether there is adequate
evidence that raising glutathione (GSH) levels leads to bet-
ter health outcomes, offers protection against disease, or en-
hances athletic performance. So far, it seems possible that
GSH concentrations can be raised in humans, however, sev-
eral translational barriers remain difficult to overcome.

In this research, several translational limitations should be
noted. 1.Limited bioavailability. Oral GSH undergoes rapid
breakdown in the gastrointestinal tract, and systemic uptake
efficacy varies greatly among individuals. Although NAC
shows better absorption, the dosage and duration of treatment
remain inconsistent across studies. 2. Sustainability of GSH

elevation. Almost all clinical trials indicate that increases in
GSH are transient; GSH tend to return to baseline within sev-
eral weeks after supplement is discontinued. 3. Lack of long-
term human trials. In most human studies, the duration of
treatment ranged from 6 to 24 weeks, focusing primarily on
biochemical changes rather than clinical outcomes. 4. Quan-
tification challenging. The accurate measurement of GSH
and GSSG in vivo remains difficult. Standardized analytical
protocols should be developed to improve measurement relia-
bility.

As for future directions, strategies should be explored to
deliver GSH or its precursors directly to target organs such
as the brain and liver, for example, through nanocarriers or
exosome-based formulations, in order to minimize systemic
interference. In addition, more large-scale, long-term random-
ized controlled trials are needed. The integration of pharma-
cological, nutritional, and lifestyle approaches may help de-
termine whether GSH modulation can successfully transition
from an experimental concept to a clinical therapy.

Methods

This review summarizes the fundamental concepts of GSH,
including its structure, synthesis, and biological functions. It
then outlines recent research findings on the role of GSH in
chronic diseases and among athletes. Finally, it presents sev-
eral potential methods for increasing GSH levels and discusses
the more feasible and scientifically supported approaches.
Based on the aforementioned topics, a systematic literature
search was conducted using Google Scholar, ScienceDirect,
and PubMed to identify relevant studies, journal articles, re-
search papers, and clinical trials. Search terms combined
the keywords “GSH functions”, “GSH synthesis”, “antiox-
idant”, “detoxification”, “immune function”, “chronic dis-
eases”, “professional athletes”, and “GSH supplementation”.
Boolean operators (e.g., AND, OR) were applied to refine re-
sults and retrieve publications relevant to the focus of this re-
search.

Inclusion criteria were applied as studies were considered
eligible if they were directly related to at least one of the topics
in antioxidant defense mechanisms, detoxification pathway,
immune system, association between GSH concentrations and
chronic diseases, GSH status and athletic performance, or
GSH supplementation. In addition, randomized controlled tri-
als, systematic reviews, human trials and animal studies were
prioritized. Timeframe preference was set between 2015 and
2025 to ensure the most recent findings, unless they were land-
mark studies or foundational to the field. As for exclusion
criteria, publications in language other than English were not
included. Case reports, editorials, commentaries, and stud-
ies with very small sample sizes or lack of control groups
were excluded. To ensure the reliability, key factors such as

© The National High School Journal of Science 2025
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publication date, peer-review status, author credentials, insti-
tutional affiliations, and diversity in referenced sources were
evaluated. Also, only articles from reputable journals indexed
in major databases were considered.

This methodology provides a transparent, systematic, and
evidence-based approach to screen and select literatures, en-
suring the most updated, relevant, and valuable studies are in-
cluded in this review.
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