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ABSTRACT 

Background. Oxidative stress arises when the generation of reactive oxygen species exceeds 
the capacity of endogenous antioxidant systems to neutralize them. A substantial proportion 
of inhaled oxygen is converted within cells into superoxide and related free radicals, highly 
reactive species that damage DNA, proteins, lipids, and cellular membranes. When this damage 
accumulates faster than it can be repaired, it contributes to the progressive deterioration of 
cells and tissues that underlies biological aging and a range of age-associated conditions. 
Endogenous defense against this process depends on a coordinated network of antioxidant 
genes, among which SOD2 governs mitochondrial superoxide conversion, GPX1 mediates 
peroxide detoxification, and the glutathione S-transferases GSTM1, GSTT1, and GSTP1 conjugate 
reactive electrophilic by-products for safe elimination (Rinnerthaler et al., 2015; Kammeyer and 
Luiten, 2015; Sun et al., 2021). 

Methods. Peer-reviewed literature addressing the molecular function of SOD2, GPX1, GSTM1, 
GSTT1, and GSTP1 was examined, with emphasis on the functional consequences of the deletion 
polymorphisms in GSTM1 and GSTT1, the missense variants GSTP1 rs1695 and SOD2 rs4880, and 
the GPX1 rs1050450 variant. Particular attention was given to studies distinguishing wild-type 
from risk-associated alleles, to the position each gene occupies within the antioxidant cascade, 
and to interventions capable of reinforcing antioxidant capacity where endogenous defense is 
genetically constrained (Paludo et al., 2014; Chen et al., 2011; Ghelli et al., 2021). 

Results. Functional variation across these five genes converges on a single physiological 
outcome: a reduced ability to neutralize free radicals before they inflict cumulative molecular 
damage. Risk alleles at SOD2 rs4880 and GPX1 rs1050450, the variant GSTP1 rs1695 allele, and 

homozygous deletion of GSTM1 or GSTT1 each lower the efficiency of a complementary step in 
the detoxification pathway, and their effects are additive when several loci are affected 
simultaneously. Within this framework, vitamin C, vitamin E, and alpha-lipoic acid act as directly 
radical-scavenging antioxidants, while zinc and manganese serve as essential cofactors of 
endogenous antioxidant enzymes, together providing a mechanistic basis for supplementation 



 

 

when genetic defense capacity is diminished (Sørensen et al., 2009; do Nascimento et al., 2020; 
Rostan et al., 2002). 

Discussion. The evidence indicates that inherited variation in GSTM1, GSTT1, GSTP1, SOD2, and 
GPX1 modifies the threshold at which oxidative challenge translates into biologically significant 
damage. Because these genes operate at sequential and complementary stages of antioxidant 
defense, their combined status is more informative than any single variant considered in 
isolation. Where this capacity is genetically reduced, increased intake of radical-scavenging 
antioxidants and of the mineral cofactors required for endogenous antioxidant enzymes 
provides a mechanism-based strategy for restoring redox balance and limiting the 
accumulation of oxidative damage (Rinnerthaler et al., 2015; Marreiro et al., 2017; Treiber et al., 
2012). 

Subjects: Genetics, Oxidative Stress.    Keywords: Genetics, Polymorphism, Free Radicals, Oxidative Stress, 
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INTRODUCTION 

A continuous by-product of aerobic metabolism is the generation of free radicals. Approximately five 
percent of the oxygen taken up by cells is converted into superoxide and related reactive oxygen 
species, aggressive molecules that react indiscriminately with surrounding structures. Although 
essential at low concentrations for signaling and host defense, these species become harmful when 
they accumulate, attacking DNA, proteins, membrane lipids, and other cellular components. The 

resulting injury accumulates over time and is recognized as one of the principal drivers of biological 
aging and of numerous age-associated pathologies (Rinnerthaler et al., 2015; Kammeyer and Luiten, 
2015; Poljšak et al., 2012). 

Because free radicals are so damaging, cells are equipped with an inducible network of protective 
genes whose function is to recognize and neutralize these species before injury occurs. This network 
operates in a stepwise manner. Superoxide produced within mitochondria is first converted by 
manganese superoxide dismutase, encoded by SOD2, into hydrogen peroxide. This intermediate is 
then reduced to water by glutathione peroxidase 1, encoded by GPX1. In parallel, the glutathione S-
transferases GSTM1, GSTT1, and GSTP1 conjugate reduced glutathione to reactive electrophilic by-
products, including oxidized lipid derivatives, so that they can be safely eliminated. When one or 
more of these components functions less efficiently, reactive intermediates persist and the burden 
of oxidative damage rises (Sun et al., 2021; Ghelli et al., 2021; Treiber et al., 2012). 

Common inherited variation affects each of these genes. The activity of GSTM1 and GSTT1 is frequently 
abolished by homozygous gene deletion, while GSTP1 rs1695 and SOD2 rs4880 are missense variants 
that alter enzyme behavior, and GPX1 rs1050450 modifies the efficiency of peroxide detoxification. 
Accordingly, this review examines the physiological role of each gene, the functional consequences 
of distinguishing wild-type from risk-associated alleles, and the antioxidant compounds and mineral 



 

 

cofactors that can reinforce defense where inherited capacity is reduced (Chen et al., 2011; Sutton et 
al., 2003; do Nascimento et al., 2020). 

THE ANTIOXIDANT DEFENSE NETWORK AGAINST FREE RADICALS 

The neutralization of free radicals can be understood as a coordinated biochemical cascade in which 
several enzymes act in sequence. Mitochondrial respiration continuously produces superoxide, the 
first reactive intermediate in this chain. Manganese superoxide dismutase converts superoxide into 
hydrogen peroxide, which glutathione peroxidase 1 subsequently reduces to harmless water. 
Glutathione S-transferases operate alongside this axis, neutralizing electrophilic compounds such as 
the reactive products of lipid peroxidation. The efficiency of the overall system therefore depends on 
the combined performance of all of its components: a limitation at any single step allows reactive 
intermediates to escape and propagate damage to neighboring molecules (Rinnerthaler et al., 2015; 
Treiber et al., 2012; Sun et al., 2021). 

This network is of broad physiological relevance because cells throughout the body are constantly 
exposed to free-radical-generating stimuli, including normal metabolism, ultraviolet radiation, 
tobacco smoke, and environmental pollution. When defense is adequate, the majority of free radicals 
are neutralized before they cause harm. When defense is impaired, reactive species accumulate, 
accelerate the deterioration of cellular structures, and contribute to processes underlying premature 
aging and to elevated susceptibility to a range of chronic conditions. Inherited differences in 
antioxidant gene function thus help determine the threshold at which cumulative oxidative damage 
becomes biologically significant (Kammeyer and Luiten, 2015; Poljšak et al., 2012; Rinnerthaler et al., 
2015). 

GLUTATHIONE-DEPENDENT DETOXIFICATION: GSTM1 AND GSTT1 DELETION 
VARIANTS 

GSTM1 and GSTT1 encode cytosolic glutathione S-transferases that catalyze the conjugation of 
reduced glutathione to reactive electrophilic compounds. This reaction is a central component of 
phase II detoxification, enabling the neutralization and elimination of harmful intermediates that 
arise both from endogenous oxidative processes and from external exposures. Among the by-
products handled by these enzymes are reactive derivatives of lipid peroxidation, which would 
otherwise damage structural proteins, membranes, and redox-sensitive signaling pathways 
(Rinnerthaler et al., 2015; Ghelli et al., 2021; Sun et al., 2021). 

For both genes, the functionally relevant variation is structural rather than a single nucleotide 
change. The common risk genotype is a homozygous deletion of the gene, in which both copies are 
absent and no enzyme is produced. In this null state, the corresponding branch of glutathione-
dependent detoxification is effectively lost, in contrast to the functional, non-deleted genotype that 
confers full enzymatic capacity. Studies of environmental and occupational exposure have linked the 
null genotypes to higher levels of oxidative-stress markers and to greater susceptibility to free-
radical-mediated damage, supporting their interpretation as risk states for diminished antioxidant 
defense (Ghelli et al., 2021; Tahir et al., 2021; Sun et al., 2021). 



 

 

The direct physiological consequence of GSTM1 or GSTT1 deletion is a reduced reserve capacity to 
clear reactive by-products of oxidative stress. Under sustained exposure to ultraviolet radiation, 
tobacco smoke, or air pollution, this lower detoxification capacity favors the accumulation of 
molecular damage over time. Because the two genes act on overlapping but distinct substrates, the 
simultaneous absence of both further compounds the loss of protection, an effect repeatedly 
observed in studies of combined null genotypes (Wenzlaff et al., 2004; Ercegovac et al., 2015; Sobha 
and Kesavarao, 2022). 

GSTP1 (RS1695) AND GLUTATHIONE-DEPENDENT SUSCEPTIBILITY TO FREE 
RADICALS 

GSTP1 encodes glutathione S-transferase pi, an additional enzyme within the glutathione-dependent 
detoxification system. In contrast to GSTM1 and GSTT1, where structural deletion is the dominant 
functional event, the widely studied rs1695 polymorphism is a missense variant that substitutes a 
single amino acid in the encoded protein. This substitution alters the catalytic behavior and substrate 
handling of the enzyme rather than abolishing its expression (Miller et al., 2006; Kellen et al., 2007). 

This distinction is important for interpretation. The wild-type allele encodes the higher-activity form 
of the enzyme, whereas the variant allele is associated with reduced enzymatic activity and altered 
detoxification of electrophilic substrates. Association and functional studies have linked the variant 
genotype to higher levels of oxidative by-products and to greater susceptibility under conditions of 
oxidative challenge, consistent with a graded loss of protective capacity rather than its complete 
elimination (Stücker et al., 2002; do Nascimento et al., 2020). 

In physiological terms, reduced GSTP1-mediated detoxification impairs the neutralization of 

electrophilic oxidative by-products generated during repeated environmental stress. Over prolonged 
periods of exposure, even modest differences in detoxification efficiency contribute to cumulative 
molecular damage, establishing GSTP1 as a relevant modifier of susceptibility to free-radical-
mediated injury (Miller et al., 2006; Sobha and Kesavarao, 2022; Rinnerthaler et al., 2015). 

MITOCHONDRIAL SUPEROXIDE DETOXIFICATION AND THE SOD2 (RS4880) 
VARIANT 

SOD2 encodes manganese superoxide dismutase, the principal mitochondrial enzyme responsible 
for converting the superoxide anion into hydrogen peroxide. Because mitochondria are a major 
endogenous source of free radicals, SOD2 occupies an upstream position in the antioxidant 
hierarchy, providing the first enzymatic barrier against superoxide accumulation. Impaired 

performance at this step allows reactive species to persist and propagate before downstream 
enzymes can act (Treiber et al., 2012; Rinnerthaler et al., 2015). 

The rs4880 polymorphism is a functionally important missense variant located in the mitochondrial 
targeting sequence of the enzyme. The wild-type allele supports efficient import of the enzyme into 
the mitochondrion, whereas the variant allele is associated with less efficient mitochondrial import 
and altered enzyme performance. Functional studies have demonstrated allele-dependent 



 

 

differences in mitochondrial import, in transcript stability, and in the production of intracellular 
reactive species, establishing rs4880 as a functional modifier of superoxide handling rather than a 
neutral marker (Sutton et al., 2003; Paludo et al., 2014; Barbisan et al., 2014). 

A less favorable SOD2 genotype lowers the threshold at which mitochondrial oxidative burden 
accumulates during metabolic or environmental stress. The variant allele has been associated with 
measurable differences in oxidative-stress biomarkers and with susceptibility to a range of age-
associated conditions, consistent with its position at the apex of the mitochondrial antioxidant 
cascade. These observations support the interpretation that SOD2 genotype contributes to 
interindividual variability in resilience to free-radical-mediated damage (Nomiyama et al., 2003; 
Ascencio-Montiel et al., 2013; Becer and Çırakoğlu, 2015). 

GLUTATHIONE PEROXIDASE ACTIVITY AND THE GPX1 (RS1050450) VARIANT 

GPX1 encodes glutathione peroxidase 1, an antioxidant enzyme that reduces hydrogen peroxide and 
lipid hydroperoxides using glutathione as a substrate. Within the antioxidant cascade, this enzyme 
functions directly downstream of manganese superoxide dismutase: once superoxide has been 
converted into hydrogen peroxide by SOD2, glutathione peroxidase 1 limits the persistence of 
peroxides that would otherwise propagate oxidative injury. The two genes therefore act in sequence, 
and the efficiency of one is biologically linked to the efficiency of the other (Rinnerthaler et al., 2015; 
Sun et al., 2021). 

The rs1050450 polymorphism is a missense variant in which the wild-type allele encodes the more 
efficient form of the enzyme, while the variant allele is associated with reduced enzyme activity and 
diminished peroxide-detoxifying capacity. Because glutathione peroxidase 1 occupies a central 
position in peroxide metabolism, this variation influences the efficiency with which a major class of 
oxidative intermediates is neutralized. The variant allele has been linked to altered oxidative-stress 
regulation and to increased biological susceptibility across diverse settings (Chen et al., 2011; Cao et 
al., 2013; Men et al., 2013). 

In physiological terms, reduced glutathione peroxidase 1 efficiency permits greater accumulation of 
hydrogen peroxide and lipid hydroperoxides, contributing to membrane damage, oxidative 
modification of proteins, and amplified oxidative signaling. Because this gene acts in sequence with 
SOD2, the biological significance of GPX1 variation is magnified when both loci carry risk alleles, and 
the variant has additionally been associated with oxidative-stress-related outcomes in metabolic and 
longevity studies (Sørensen et al., 2009; Liu et al., 2018; McKeever et al., 2020). 

MECHANISM-BASED ANTIOXIDANT AND MICRONUTRIENT INTERVENTIONS 

Where inherited antioxidant capacity is reduced, intervention should aim to strengthen the 
neutralization of free radicals and to support the cofactor-dependent pathways on which 
endogenous antioxidant enzymes rely. This rationale is most compelling when variation across SOD2, 
GPX1, GSTM1, GSTT1, and GSTP1 is considered together, since functional limitations at multiple steps 
cumulatively compromise resilience to oxidative challenge. Two complementary classes of 



 

 

compound are relevant: directly radical-scavenging antioxidants, which neutralize reactive species 
themselves, and mineral cofactors, which are required for the function of endogenous protective 
enzymes (Rinnerthaler et al., 2015; Treiber et al., 2012; Marreiro et al., 2017). 

Vitamin C 

Vitamin C is a potent water-soluble antioxidant that directly neutralizes free radicals and is therefore 
a primary supportive compound where endogenous defense is diminished. It additionally 
participates in redox recycling by regenerating other antioxidants, extending its protective effect 
within the cellular antioxidant network. Because it can be absorbed both through the diet and, when 
appropriately formulated, through topical application, vitamin C is well suited to settings 
characterized by persistent oxidative challenge (Al-Niaimi and Chiang, 2017; Eberlein-König and Ring, 
2005). 

Vitamin E 

Vitamin E is a fat-soluble antioxidant that acts predominantly within lipid-rich compartments, where 
it limits membrane-associated oxidative injury and lipid peroxidation. Its relevance is reinforced by 
its functional cooperation with vitamin C, which regenerates oxidized vitamin E and thereby sustains 
antioxidant balance. This lipid-phase activity makes vitamin E particularly pertinent to the protection 
of cell membranes, which are vulnerable targets of free-radical-mediated damage (Eberlein-König 
and Ring, 2005; Thiele et al., 2005). 

Alpha-Lipoic Acid 

Alpha-lipoic acid is a mechanistically central adjunct owing to its broad redox-regenerative 
properties and its capacity to interact with multiple antioxidant systems. It scavenges free radicals 
directly, supports the regeneration of other antioxidants such as vitamins C and E, and can be 

absorbed both through the diet and through topical routes. Experimental and clinical findings 
indicate that it reduces oxidative burden in tissues subject to sustained free-radical exposure, 
establishing it as a primary adjunct where endogenous antioxidant defense is genetically 
constrained (Packer et al., 1995; Beitner, 2003). 

Zinc and Manganese 

Zinc and manganese are essential mineral cofactors of endogenous antioxidant enzymes rather than 
direct radical scavengers. Manganese is the catalytic cofactor of manganese superoxide dismutase, 
the enzyme encoded by SOD2, and adequate availability is therefore essential for mitochondrial 
superoxide handling. Zinc contributes to several enzymatic antioxidant systems and to the broader 
regulation of redox homeostasis. Because neither mineral is absorbed through the skin, both must 
be obtained through diet or supplementation, and their sufficiency is particularly important where 
antioxidant capacity is reduced at the enzymatic level (Treiber et al., 2012; Marreiro et al., 2017; Rostan 
et al., 2002). 

 



 

 

TABLE 1 — SELECTED STUDIES INVESTIGATING FREE-RADICAL-RELATED POLYMORPHISMS 
IN ANTIOXIDANT DEFENSE GENES 

STUDY (AUTHOR, 
YEAR) 

DESIGN · POPULATION · SNP PRIMARY OUTCOME / KEY FINDINGS 

Sutton et al., 
2003 

Design: Functional in vitro 
mitochondrial import study. 

Population: Rat liver mitochondrial 
import model. 

SNP: SOD2 rs4880. 

Demonstrated that the 
mitochondrial targeting-sequence 
variant modulates the import 
efficiency of manganese superoxide 
dismutase, establishing a functional 
basis for altered superoxide 
detoxification. 

Paludo et al., 
2014 

Design: Functional cellular study. 

Population: Peripheral blood 
mononuclear cells with and without 
lipopolysaccharide stimulation. 

SNP: SOD2 rs4880. 

Reported allele-dependent 
differences in intracellular reactive-
species production, supporting a 
functional role for the variant in 
oxidative-stress regulation. 

Becer and 
Çırakoğlu, 2015 

Design: Case–control genetic 
association study. 

Population: Obese and non-obese 
adult participants. 

SNP: SOD2 rs4880. 

Found that the variant genotype 
was associated with higher 
oxidative-stress biomarkers and 
lower superoxide dismutase activity, 
consistent with reduced 
mitochondrial antioxidant capacity. 

Chen et al., 2011 Design: Meta-analysis. 

Population: Pooled human 
association studies. 

SNP: GPX1 rs1050450. 

Supported a functional contribution 
of the variant allele to biological 
susceptibility, consistent with 
reduced peroxide-detoxifying 
capacity. 

Sørensen et al., 
2009 

Design: Genetic association study. 

Population: Oldest-old human 
cohort. 

SNP: SOD2 rs4880; GPX1 rs1050450. 

Linked both variants to aging and 
longevity phenotypes, with a 
synergistic effect when risk alleles 
co-occurred, underscoring their 
combined relevance to oxidative 
biology. 



 

 

STUDY (AUTHOR, 
YEAR) 

DESIGN · POPULATION · SNP PRIMARY OUTCOME / KEY FINDINGS 

Liu et al., 2018 Design: Case–control genetic 
association study. 

Population: Han Chinese adults with 
and without type 2 diabetes. 

SNP: GPX1 rs1050450. 

Associated the variant with 
increased risk of vascular 
complications, indicating an 
influence of reduced peroxide 
detoxification on oxidative-stress-
related outcomes. 

do Nascimento 
et al., 2020 

Design: Longitudinal molecular 
marker study. 

Population: Stored human red-
blood-cell units from healthy 
donors. 

SNP: GSTP1 rs1695; SOD2 rs4880. 

Identified both variants as correlates 
of elevated lipid-peroxidation 
markers, with stronger effects for 
homozygous risk genotypes, 
supporting their relevance to 
oxidative susceptibility. 

Miller et al., 2006 Design: Case–control genotype–
phenotype study. 

Population: Adults of Caucasian 
descent. 

SNP: GSTP1 rs1695. 

Reported that the variant genotype, 
associated with lower enzymatic 
activity and higher DNA-adduct 
levels, conferred increased 
susceptibility, supporting a 
functional effect on detoxification. 

Ghelli et al., 2021 Design: Occupational biomonitoring 
study. 

Population: Hospital workers with 
differing formaldehyde exposure. 

SNP: GSTM1 (null); GSTT1 (null). 

Found that null genotypes were 
associated with higher oxidative-
stress and lipid-peroxidation 
markers under exposure, supporting 
reduced detoxification capacity in 
the deleted state. 

 

 

 

 



 

 

CONCLUSION 

A coherent, well-supported role for GSTM1, GSTT1, GSTP1, SOD2, and GPX1 in the regulation of 
antioxidant defense against free radicals is firmly established. These genes occupy complementary 
positions within redox homeostasis, spanning mitochondrial superoxide conversion, peroxide 
neutralization, and glutathione-dependent detoxification of electrophilic by-products. Functional 
variation across this network influences the threshold at which oxidative challenge translates into 
cumulative molecular damage, and consequently into the accelerated cellular deterioration that 
underlies biological aging and a range of age-associated conditions (Rinnerthaler et al., 2015; 
Kammeyer and Luiten, 2015; Treiber et al., 2012). 

The significance of these loci lies not only in their individual effects but also in their combined 
contribution to overall antioxidant resilience. When risk alleles or null genotypes affect several 

components of the system simultaneously, the cumulative reduction in defense capacity is more 
informative than the interpretation of any single variant in isolation. This network-based perspective 
is particularly relevant because cells throughout the body are continuously exposed to free-radical-
generating stimuli from metabolism and the environment, imposing repeated demands on 
mitochondrial and glutathione-mediated defense. Inherited differences in these pathways therefore 
help explain interindividual variability in susceptibility to oxidative damage (Sørensen et al., 2009; Sun 
et al., 2021; do Nascimento et al., 2020). 

From a translational perspective, these findings establish a clear rationale for antioxidant- and 
micronutrient-based strategies where defense capacity is genetically reduced. Directly radical-
scavenging antioxidants, namely vitamin C, vitamin E, and alpha-lipoic acid, neutralize reactive 
species and support one another through redox recycling, while the mineral cofactors zinc and 
manganese sustain the endogenous antioxidant enzymes themselves. Rather than implying a fixed 

outcome, variation in these genes constitutes biologically meaningful information that strengthens 
the rationale for targeted supportive interventions aimed at preserving redox balance and limiting 
the accumulation of oxidative damage (Al-Niaimi and Chiang, 2017; Marreiro et al., 2017; Rostan et al., 
2002). 
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