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Abstract 
Superoxide dismutase (SOD) constitutes the first line of defense against oxidative stress by catalyzing the 
dismutation of superoxide anion radicals (O₂ •⁻) into molecular oxygen and hydrogen peroxide. Since its 
discovery in 1969, SOD has been extensively characterized across species ranging from bacteria to mammals, 
revealing a family of metalloenzymes with distinct metal cofactors, subcellular localizations, and regulatory 
mechanisms. This comprehensive review synthesizes over five decades of research on SOD, encompassing its 
discovery history, molecular structure and classification, physicochemical properties, extraction and 
purification methodologies, pharmacokinetics, and multifaceted pharmacological actions. The therapeutic 
potential of SOD has been investigated in numerous pathological conditions, including aging, skin photoaging, 
cardiovascular diseases, neurodegenerative disorders, cancer, radiation injury, diabetic complications, and 
organ protection. Clinical trials have demonstrated both promise and limitations, with bioavailability 
remaining a central challenge. Recent advances in SOD mimetics, nanozyme formulations, and targeted 
delivery systems have opened new avenues for therapeutic application. This review critically evaluates the 
current state of knowledge, identifies gaps in understanding, and proposes future research directions to harness 
the full therapeutic potential of SOD. 
 
Keywords superoxide dismutase; oxidative stress; antioxidant; free radicals; SOD mimetics; nanozymes; 
therapeutic applications. 
 

 

 

 

 

 

 
1 Introduction 
Reactive oxygen species (ROS) are continuously generated as byproducts of aerobic metabolism and play dual 
roles in cellular physiology: at low to moderate concentrations, they function as signaling molecules, while 
excessive accumulation leads to oxidative damage of lipids, proteins, and DNA (Sies, 1997; Halliwell & 
Gutteridge, 2015). The superoxide anion radical (O₂ •⁻) represents the primary ROS generated through 
mitochondrial electron transport chain leakage, NADPH oxidase activity, and xanthine oxidase reactions 
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(Turrens, 2003; Bedard & Krause, 2007). To counteract oxidative stress, organisms have evolved a 
sophisticated antioxidant defense network comprising enzymatic and non-enzymatic components (Jomova et 
al., 2024). Superoxide dismutase (SOD, EC 1.15.1.1) stands at the forefront of this defense system, catalyzing 
the dismutation of superoxide radicals at diffusion-limited rates (McCord & Fridovich, 1969; Forman, 1973). 

The biological significance of SOD is underscored by its ubiquitous distribution across all 
oxygen-metabolizing organisms, from bacteria to humans, and by the lethal consequences of its genetic 
ablation in model organisms (Carlioz & Touati, 1986; Li et al., 1995; Lebovitz et al., 1996). The field of free 
radical biology itself originated with the discovery of SOD, which provided the first compelling evidence that 
superoxide radicals are produced in biological systems and that organisms possess dedicated enzymatic 
machinery for their elimination (McCord & Fridovich, 1969; Case, 2017). Over the subsequent five decades, 
research on SOD has expanded dramatically, elucidating its molecular reaction mechanisms, subcellular 
localization patterns, tissue-specific isoform distribution, and roles in diverse physiological and pathological 
processes (Miller, 2012; Wang et al., 2018; Zheng et al., 2023). 

The therapeutic applications of SOD have been explored in numerous disease contexts characterized by 
oxidative stress, including cardiovascular diseases (Ambrosio et al., 1986; Zweier et al., 1987; Altshuler et al., 
2021), neurodegenerative disorders (Rosen et al., 1993; Khayatan et al., 2024), cancer (Oberley & Buettner, 
1979; Hempel et al., 2011; Islam et al., 2026), diabetes mellitus and its complications (Peixoto et al., 2008; De 
Blasio et al., 2017; Mohammedi et al., 2014), radiation-induced tissue injury (Petkau, 1978; Lee et al., 2001; 
Xu et al., 2024), and inflammatory conditions (Salvemini et al., 1999; Murata et al., 2004). However, the 
clinical translation of SOD-based therapies has been hampered by several challenges, including limited 
bioavailability, rapid plasma clearance, poor cellular uptake, and immunogenicity concerns with non-human 
enzymes (McCord & Edeas, 2005; Carillon et al., 2013; Rosa et al., 2021). 

Recent years have witnessed remarkable progress in overcoming these limitations through innovative 
strategies such as liposomal encapsulation, PEGylation, lecithinization, nanoparticle-based delivery systems, 
and the development of small-molecule SOD mimetics (Salvemini et al., 2002; Batinic-Haberle et al., 2010; 
Weitner et al., 2013; Altshuler et al., 2021). Furthermore, the emergence of SOD nanozymes—nanomaterials 
with inherent SOD-like catalytic activity—has opened a new frontier in antioxidant therapeutics (Dastmalchi 
et al., 2026). This review aims to provide a comprehensive, evidence-based synthesis of the current knowledge 
on SOD, spanning its fundamental biochemistry to its clinical applications, while identifying critical gaps and 
future research priorities. 
 
2 Discovery and History 
2.1 Early Identification of Copper-Containing Proteins 
The history of SOD research began in 1938 when Mann and Keilin first isolated a blue copper-containing 
protein from bovine erythrocytes, which they termed hemocuprein (Mann & Keilin, 1938). This protein 
exhibited a characteristic blue-green color attributable to its copper content, but its biological function 
remained unknown for three decades (Mann & Keilin, 1938; McCord & Fridovich, 1969). Subsequent 
investigations identified similar copper-containing proteins in various tissues and organisms, including human 
erythrocytes (erythrocuprein), liver (hepatocuprein), and brain (cerebrocuprein), collectively referred to as 
cupreins (Carrico & Deutsch, 1970). Notably, a distinct green-colored manganese-containing protein was also 
identified in chicken liver, which would later be recognized as a different isoform of SOD (McCord & 
Fridovich, 1969). 
2.2 The Seminal Discovery of Enzymatic Function 
The breakthrough that transformed these enigmatic metalloproteins into functionally defined enzymes 
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occurred in 1969 when Joe M. McCord and Irwin Fridovich demonstrated that erythrocuprein catalyzes the 
dismutation of superoxide anion radicals (McCord & Fridovich, 1969). This discovery emerged from 
investigations into the mechanism of xanthine oxidase-mediated reduction of cytochrome. McCord and 
Fridovich observed that the blue copper protein inhibited this reduction and subsequently demonstrated its 
catalytic activity toward superoxide radicals (McCord & Fridovich, 1969). Based on this enzymatic function, 
they proposed the name "superoxide dismutase" for the enzyme (McCord & Fridovich, 1969). This landmark 
discovery established the existence of superoxide radicals in biological systems and the concept of dedicated 
enzymatic antioxidant defenses, effectively founding the field of free radical biology (Fridovich, 1995; Case, 
2017). 
2.3 Subsequent Isoform Discoveries 
Following the characterization of the copper-zinc SOD (Cu,Zn-SOD or SOD1) from bovine erythrocytes, 
additional isoforms were identified. In 1973, Weisiger and Fridovich discovered a manganese-containing 
superoxide dismutase (Mn-SOD or SOD2) in the mitochondrial matrix of chicken liver, distinguished by its 
insensitivity to cyanide inhibition and its subcellular localization (Weisiger & Fridovich, 1973). The 
mitochondrial targeting of Mn-SOD proved to be evolutionarily significant, given that mitochondria are the 
primary source of superoxide production through electron transport chain activity (Weisiger & Fridovich, 1973; 
Slot et al., 1986). 

The third mammalian isoform, extracellular superoxide dismutase (EC-SOD or SOD3), was discovered by 
Stefan Marklund and colleagues in 1982 (Marklund et al., 1982). EC-SOD was identified as a tetrameric, 
copper- and zinc-containing glycoprotein present in extracellular fluids, including plasma, lymph, and synovial 
fluid (Marklund et al., 1982; Marklund, 1984a). SOD3 was subsequently shown to bind to heparan sulfate 
proteoglycans on cell surfaces and in the extracellular matrix through its carboxy-terminal heparin-binding 
domain, providing spatial regulation of superoxide levels in the extracellular compartment (Sandstrom et al., 
1992; Karlsson et al., 1988). 
2.4 Evolutionary Perspective 
The evolutionary history of SODs reflects the adaptation of life to the increasing atmospheric oxygen 
concentrations that accompanied the evolution of oxygenic photosynthesis (Miller, 2012; Case, 2017). 
Phylogenetic analyses reveal that SOD enzymes evolved independently on at least three occasions, giving rise 
to the structurally distinct Cu,Zn-SOD, Mn-SOD/Fe-SOD, and Ni-SOD families (Miller, 2012; Case, 2017). 
The Mn-SOD and Fe-SOD families share a common evolutionary origin and are structurally homologous, 
while Cu,Zn-SOD represents an independent evolutionary invention (Smith & Doolittle, 1992). The existence 
of multiple independent evolutionary origins underscores the critical selective pressure to detoxify superoxide 
in aerobic environments (Miller, 2012). 
 
3 Classification, Structure, and Physicochemical Properties 
3.1 Classification by Metal Cofactor 
Superoxide dismutases are classified into several distinct families based on their metal cofactor requirements 
and structural characteristics (Fig. 1): 
3.1.1 Copper-Zinc Superoxide Dismutase (Cu,Zn-SOD; SOD1) 
SOD1 is a homodimeric enzyme of approximately 32 kDa, with each subunit containing one copper and one 
zinc ion (McCord & Fridovich, 1969; Tainer et al., 1982). The enzyme is primarily localized in the cytoplasm, 
although a fraction is also found in the mitochondrial intermembrane space (Okado-Matsumoto & Fridovich, 
2001; Sturtz et al., 2001). The crystal structure of bovine SOD1, solved by Tainer and colleagues in 1982, 
revealed a Greek key beta-barrel fold with the active-site copper ion coordinated by four histidine residues 
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(His44, His46, His61, and His118 in the bovine sequence) in a distorted square-planar geometry (Tainer et al., 
1982). The zinc ion plays a structural rather than catalytic role, stabilizing the active-site conformation (Tainer 
et al., 1982; Getzoff et al., 1992). Human SOD1 crystallizes as a homodimer with 153 amino acids per subunit, 
and the atomic-resolution crystal structure has been determined (Strange et al., 2003). 
 

 
Fig. 1 Some molecular families of superoxide dismutase (PDB-101, 2026). 

 
3.1.2 Manganese Superoxide Dismutase (Mn-SOD; SOD2) 
SOD2 is a homotetrameric enzyme of approximately 88-96 kDa, with each subunit containing one manganese 
ion in the active site (Weisiger & Fridovich, 1973; Borgstahl et al., 1992). Unlike SOD1, SOD2 is exclusively 
localized in the mitochondrial matrix, where it contains an N-terminal mitochondrial targeting sequence that is 
cleaved after import (Wispe et al., 1989; Borgstahl et al., 1992). The crystal structure reveals an alpha-helical 
domain and a mixed alpha/beta domain, with the manganese ion coordinated by three histidine residues, one 
aspartate residue, and a solvent molecule in a trigonal bipyramidal geometry (Borgstahl et al., 1992; Wagner et 
al., 1993). Human SOD2 consists of 222 amino acids in the mature form, with high structural conservation 
across species (Borgstahl et al., 1992). 
3.1.3 Extracellular Superoxide Dismutase (EC-SOD; SOD3) 
SOD3 is a homotetrameric, copper- and zinc-containing glycoprotein with a molecular mass of approximately 
135 kDa (Marklund et al., 1982; Marklund, 1984a). SOD3 is the predominant SOD isoform in extracellular 
fluids and is distinguished from SOD1 by its N-terminal signal peptide for secretion, its tetrameric quaternary 
structure, and its C-terminal heparin-binding domain that mediates association with extracellular matrix 
components (Hjalmarsson et al., 1987; Sandstrom et al., 1992; Karlsson et al., 1988). The mature human 
SOD3 subunit contains 222 amino acids and displays approximately 50% amino acid sequence homology with 
the SOD1 subunit within the catalytic domain (Hjalmarsson et al., 1987). 
3.1.4 Iron Superoxide Dismutase (Fe-SOD) 
Fe-SOD is primarily found in prokaryotes, plants, and some protozoa, but is absent in mammals (Yost & 
Fridovich, 1973; Stalling et al., 1984). Fe-SOD is structurally homologous to Mn-SOD, and the two enzymes 
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share a common evolutionary origin (Stalling et al., 1984; Parker & Blake, 1988). The enzyme is typically 
dimeric or tetrameric and contains iron in the active site (Yost & Fridovich, 1973). 
3.1.5 Nickel Superoxide Dismutase (Ni-SOD) 
Ni-SOD represents the most recently discovered SOD family, first identified in Streptomycesspecies (Youn et 
al., 1996). Unlike other SOD families, Ni-SOD contains nickel in its active site coordinated by a unique 
"nickel hook" motif involving the N-terminal amine, a cysteine thiolate, and two additional cysteine residues 
(Barondeau et al., 2004; Wuerges et al., 2004). The structure reveals a hexameric assembly with a novel fold 
unrelated to other SOD families, representing an independent evolutionary origin (Barondeau et al., 2004). 
3.2 Structural Features and Catalytic Mechanism 
The catalytic mechanism of SOD involves a two-step "ping-pong" reaction in which the metal ion at the active 
site alternately reduces and oxidizes superoxide radicals (McCord & Fridovich, 1969; Klug-Roth et al., 1973; 
Fielden et al., 1974): 
 
Step 1:M⁽ⁿ⁺¹⁾⁺ -SOD + O₂•⁻ → Mⁿ⁺-SOD + O₂ 
Step 2:Mⁿ⁺-SOD + O₂•⁻ + 2H⁺ → M⁽ⁿ⁺¹⁾⁺ -SOD + H₂O₂ 
 
where M represents the catalytic metal (Cu, Mn, Fe, or Ni). The overall reaction is: 
 
2O₂•⁻ + 2H⁺ → O₂ + H₂O₂ 
 

The reaction proceeds at near diffusion-limited rates, with rate constants on the order of 10⁹ M⁻¹s⁻¹, making 
SOD one of the most catalytically efficient enzymes known (Klug-Roth et al., 1973; Fielden et al., 1974; 
Rotilio et al., 1972). The catalytic efficiency is attributed to the electrostatic guidance provided by charged 
amino acid residues surrounding the active-site channel, which direct the superoxide anion toward the catalytic 
metal center (Getzoff et al., 1983; Getzoff et al., 1992; Sines et al., 1990). 

For Cu,Zn-SOD, the catalytic copper ion cycles between Cu²⁺ and Cu⁺ oxidation states, whil e the zinc ion 
maintains structural integrity (Tainer et al., 1982; Getzoff et al., 1992). The active-site channel is formed at the 
dimer interface, with Arg141 (bovine numbering) playing a critical role in electrostatic guidance of the 
substrate (Getzoff et al., 1983; Fisher et al., 1994). In Mn-SOD, the manganese ion cycles between Mn³⁺ and 
Mn²⁺ states, and the active site is located within each monomer rather than at subunit interfaces (Borgstahl et 
al., 1992; Edwards et al., 1998). 
3.3 Physicochemical Properties 
The physicochemical properties of SOD isoforms have been extensively characterized. The thermal stability of 
SOD varies considerably among isoforms and source organisms. Table 1 shows the key physicochemical and 
structural properties of human superoxide dismutase isoforms. 

Bovine Cu,Zn-SOD exhibits remarkable thermostability, retaining activity after heating to 70°C, a property 
exploited in purification protocols (McCord & Fridovich, 1969). Hyperthermophilic archaeal SODs display 
extreme thermostability, with the Fe-SOD from Sulfolobus solfataricus retaining activity at temperatures 
exceeding 100°C (Ursby et al., 1999). The pH optimum for most SOD isoforms ranges from pH 7.0 to 10.0, 
with catalytic activity declining at acidic pH (Klug-Roth et al., 1973; Argese et al., 1993). The isoelectric 
points of SOD isoforms range from approximately 4.5 to 6.5, reflecting differences in amino acid composition 
and post-translational modifications (Marklund, 1980; Marklund, 1984b). 
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Table 1 Key physicochemical and structural properties of human superoxide dismutase isoforms. 

Property Cu,Zn-SOD (SOD1) Mn-SOD (SOD2) EC-SOD (SOD3) 

Gene symbol SOD1 SOD2 SOD3 

Metal cofactor(s) 

1 Cu²⁺/⁺ (catalytic), 1 Zn²⁺ 

(structural) per subunit (McCord & 

Fridovich, 1969; Tainer et al., 

1982) 

1 Mn²⁺/³⁺ per subunit (Weisiger & 

Fridovich, 1973; Borgstahl et al., 

1992) 

1 Cu²⁺/⁺, 1 Zn²⁺ per subunit 

(Marklund et al., 1982; 

Hjalmarsson et al., 1987) 

Native molecular mass 

~32 kDa (homodimer) (McCord & 

Fridovich, 1969; Tainer et al., 

1982) 

~88–96 kDa (homotetramer) 

(Weisiger & Fridovich, 1973; 

Borgstahl et al., 1992) 

~135 kDa (homotetramer) 

(Marklund et al., 1982; Marklund, 

1984a) 

Subunit size 
~16 kDa; 153 amino acids (Strange 

et al., 2003) 

~22–24 kDa (mature); 222 amino 

acids after cleavage of N-terminal 

mitochondrial targeting sequence 

(Wispe et al., 1989; Borgstahl et 

al., 1992) 

~30–33 kDa; 222 amino acids 

plus N-linked glycosylation 

(Hjalmarsson et al., 1987; 

Marklund, 1984b) 

Quaternary structure Homodimer (Tainer et al., 1982) 
Homotetramer (Borgstahl et al., 

1992) 

Homotetramer (Marklund et al., 

1982; Hjalmarsson et al., 1987) 

Subcellular localization 

Predominantly cytoplasm; also 

mitochondrial intermembrane 

space (Okado-Matsumoto & 

Fridovich, 2001; Sturtz et al., 2001) 

Mitochondrial matrix (Weisiger 

& Fridovich, 1973; Slot et al., 

1986) 

Extracellular fluids (plasma, 

lymph, synovial fluid); bound to 

cell surfaces and extracellular 

matrix via heparan sulfate 

proteoglycans (Marklund et al., 

1982; Sandstrom et al., 1992; 

Karlsson et al., 1988) 

Secretion signal None (cytosolic) 

N-terminal mitochondrial 

targeting sequence, cleaved after 

import (Wispe et al., 1989) 

N-terminal signal peptide for 

secretion (Hjalmarsson et al., 

1987) 

Post-translational 

modifications 

Acetylation, glutathionylation, 

nitration, phosphorylation 

(Yamakura & Kawasaki, 2010) 

Acetylation (Lys68, Lys122) 

modulates activity; tyrosine 

nitration inactivates enzyme 

(MacMillan-Crow et al., 1996; 

Williams, 2019; Yamakura & 

Kawasaki, 2010) 

N-linked glycosylation; 

C-terminal heparin-binding 

domain (Marklund, 1984b; 

Sandstrom et al., 1992) 

Isoelectric point (pI) ~4.9–5.2 (Marklund, 1980) ~6.5–7.0 (Marklund, 1980) ~4.5 (Marklund, 1984b) 

Key structural features 

Greek key β-barrel fold; active-site 

Cu coordinated by four histidines; 

electrostatic guidance mechanism 

(Tainer et al., 1982; Getzoff et al., 

1983) 

α-helical domain and mixed α/β 

domain; 4-helix bundle at dimer 

interface within the tetramer 

(Borgstahl et al., 1992) 

Catalytic domain ~50% identical 

to SOD1; unique C-terminal 

heparin-binding region 

(Hjalmarsson et al., 1987; 

Sandstrom et al., 1992) 

 
 
4 Sources, Extraction, and Purification 
4.1 Natural Sources 
SOD is ubiquitously distributed across all kingdoms of life, from bacteria to mammals, reflecting its 
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fundamental role in oxidative stress defense (Kim et al., 1991; Fridovich, 1995; Hatzinikolaou et al., 1998; 
Hadji et al., 2007; Miller, 2012; Ozdemir et al., 2021). Traditional sources for SOD extraction have included 
bovine erythrocytes (McCord & Fridovich, 1969), chicken liver (Weisiger & Fridovich, 1973), and various 
plant tissues (Hadji et al., 2007; Ozdemir et al., 2021), corn kernels (Pratiwi et al., 2025), and tea pollen. 
Microbial sources have gained prominence for industrial-scale production due to advantages in genetic 
manipulability, rapid growth, and high expression yields (Kim et al., 1991; Hatzinikolaou et al., 1997; Wang et 
al., 2016). 

Recombinant DNA technology has enabled the production of human SOD isoforms in heterologous 
expression systems, including Escherichia coli, Pichia pastoris, and Saccharomyces cerevisiae (Hallewell et 
al., 1985; Hartman et al., 1986; Tibell et al., 1987). Recombinant human SOD1 (rhSOD) has been produced 
for clinical applications, offering advantages of human origin to minimize immunogenicity (Tsao et al., 1991; 
Xu et al., 2024). 
4.2 Extraction Methodologies 
The extraction of SOD from natural sources typically involves tissue homogenization, cell lysis, and initial 
fractionation steps. Traditional methods exploit the remarkable stability of SOD to organic solvents and heat 
(McCord & Fridovich, 1969; He et al., 2008). The classic Tsuchihashi extraction employs ethanol-chloroform 
mixtures to precipitate contaminating proteins while SOD remains in solution (McCord & Fridovich, 1969; 
Hatzinikolaou et al., 1997). 

For animal tissues, erythrocytes are lysed, hemoglobin is removed by ethanol-chloroform treatment, and 
SOD is precipitated with acetone or ammonium sulfate (McCord & Fridovich, 1969; Kumagai et al., 1994). 
From bovine erythrocytes, an efficient pH-controlled ammonium sulfate-methanol extraction method yields 
approximately 14 mg of pure Cu,Zn-SOD with high specific activity (Kumagai et al., 1994). Plant-derived 
SOD extraction from garlic employs phosphate buffer extraction, heat treatment at 60-65°C to precipitate 
contaminating proteins, and a two-stage ultrafiltration process, achieving 139-fold purification with a yield of 
91% and a specific activity of 2,867 U/mg (Ercan et al., 2010; He et al., 2008). 
4.3 Purification Strategies 
Purification of SOD to homogeneity typically requires chromatographic methods. Ion-exchange 
chromatography on DEAE-cellulose or DEAE-Sepharose columns has been widely employed, exploiting 
charge differences between SOD isoforms and contaminating proteins (McCord & Fridovich, 1969; 
Hatzinikolaou et al., 1997; He et al., 2008). Size-exclusion chromatography provides additional resolution 
based on molecular weight differences (Kumagai et al., 1994). Affinity chromatography using immobilized 
metal ions or heparin has been utilized for specific isoforms, particularly SOD3 with its heparin-binding 
domain (Marklund, 1980; Tibell et al., 1987). 

For recombinant SOD, purification is facilitated by the incorporation of affinity tags, although tag-free 
purification methods are preferred for clinical applications to avoid potential immunogenicity (Hallewell et al., 
1985; Hartman et al., 1986). Process optimization through response surface methodology has been applied to 
maximize yield and purity while minimizing purification steps (Hatzinikolaou et al., 1997). 
 
5 Pharmacokinetics and Bioavailability 
5.1 Absorption and Distribution 
The pharmacokinetic properties of SOD have been extensively investigated in both animal models and human 
subjects. When administered orally, native SOD exhibits limited bioavailability due to degradation by gastric 
acid and proteolytic enzymes in the gastrointestinal tract (Regnault et al., 1996; Rosa et al., 2021). In rats, the 
maximum oral bioavailability was reported as 14% for free SOD, which could be improved to 22% when 
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encapsulated in liposomes, and to 57% when ceramides were added to liposomal formulations (Regnault et al., 
1996). These findings underscore the critical barrier that gastrointestinal degradation poses to effective oral 
SOD delivery. 

Following intravenous administration, SOD distributes rapidly from the vascular compartment, with a 
distribution half-life of approximately 5-10 minutes and an elimination half-life ranging from 20 to 35 minutes 
for the native enzyme (Tsao et al., 1991; Jadot et al., 1995). The short plasma half-life reflects rapid renal 
clearance, given that the molecular weight of SOD (32-135 kDa depending on isoform) permits glomerular 
filtration (Tsao et al., 1991). 
5.2 Strategies to Improve Pharmacokinetics 
Multiple strategies have been developed to enhance the pharmacokinetic profile of SOD: 

Liposomal encapsulation: Entrapment of SOD within liposomes protects the enzyme from degradation, 
prolongs plasma half-life, and facilitates cellular uptake (Turrens et al., 1984; Jadot et al., 1995). Liposomal 
bovine Cu-SOD has been demonstrated to produce no acute or delayed toxic effects in humans, with improved 
pharmacokinetic characteristics including longer plasma half-life and slower release of the free enzyme (Jadot 
et al., 1995). 

PEGylation: Covalent attachment of polyethylene glycol (PEG) chains to SOD increases the hydrodynamic 
radius, reducing renal clearance and extending plasma half-life (Beckman et al., 1988; Veronese et al., 1985). 
PEG-SOD conjugates have shown therapeutic efficacy in animal models of ischemia-reperfusion injury 
(Beckman et al., 1988; Li et al., 1998). 

Lecithinization: Lecithinized recombinant human SOD (PC-SOD) has demonstrated a nonlinear 
pharmacokinetic profile with dose, attributed to a saturable clearing mechanism, and a relatively long half-life 
exceeding 24 hours (Suzuki et al., 2008). These properties support the investigation of PC-SOD as a protective 
agent in clinical conditions associated with free radical overload (Suzuki et al., 2008). 

Nanoparticle-based delivery: Recent approaches employing biodegradable nanoparticles loaded with SOD 
have shown promise for sustained, targeted delivery. Intramyocardial administration of 
nanoparticle-encapsulated SOD improved left ventricular contractility at 3 hours post-reperfusion and 
preserved cardiac function at 4 weeks in a porcine model of myocardial ischemia-reperfusion injury (Altshuler 
et al., 2021). 
5.3 Clinical Pharmacokinetic Studies 
Phase I clinical trials have characterized the pharmacokinetics of recombinant human SOD in healthy 
volunteers. A randomized, double-blind, placebo-controlled study evaluated the safety, tolerability, and 
pharmacokinetics of recombinant human Cu,Zn-SOD (rhSOD) following subcutaneous administration of 40 
mg every 12 hours in 16 healthy volunteers (Al Jalali et al., 2026). In another study, recombinant human 
superoxide dismutase was administered intravenously to 32 normal human volunteers at doses ranging from 1 
mg/kg to 45 mg/kg in a single-blind, placebo-controlled crossover design, demonstrating good tolerability 
(Tsao et al., 1991). Subcutaneous rhSOD was found to be a promising therapeutic candidate for conditions 
characterized by excessive oxidative stress exposure (Al Jalali et al., 2026). 
 
6 Pharmacological Actions and Mechanisms 
As other regulators for biological network (Huang and Zhang, 2012; Li and Zhang, 2013; Zhang, 2016a-b, 
2017, 2018, 2026a-b, 2027a-d, 2028a-c), SOD regulates various biochemical processes. Fig. 2 describes the 
metabolic and regulatory pathway of SOD. 
6.1 Antioxidant Defense and Free Radical Scavenging 
SOD constitutes the primary enzymatic antioxidant defense against superoxide radicals (Fridovich, 1995; 
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Halliwell & Gutteridge, 2015). By catalyzing the dismutation of superoxide to hydrogen peroxide and 
molecular oxygen, SOD prevents the formation of more reactive secondary radicals, including peroxynitrite 
(ONOO⁻) from the diffusion-limited reaction between superoxide and nitric oxide, and hydroxyl radical (•OH) 
from the iron-catalyzed Haber-Weiss reaction (Beckman & Koppenol, 1996). The antioxidant function of SOD 
is integrated with downstream antioxidant enzymes: hydrogen peroxide generated by SOD is subsequently 
detoxified by catalase and glutathione peroxidase, preventing the accumulation of this potentially toxic 
intermediate (Michiels et al., 1994; Jomova et al., 2024). This coordinated enzymatic network, comprising 
SOD, catalase, and glutathione peroxidase, constitutes the first-line defense mechanism against oxidative stress 
(Ighodaro & Akinloye, 2018; Jomova et al., 2024). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 The metabolic and regulatory pathway of superoxide dismutase. 

 
 
6.2 Anti-Aging Effects 
The free radical theory of aging, proposed by Denham Harman in 1956, posits that accumulated oxidative 
damage to cellular macromolecules drives the aging process (Harman, 1956; Harman, 1981). SOD plays a 
central role in this theory, and extensive research has investigated the relationship between SOD activity, 
oxidative stress, and aging. Studies in model organisms have provided strong evidence: overexpression of 
SOD1 and catalase in Drosophila melanogasterextended lifespan (Orr & Sohal, 1994), while SOD2-deficient 
mice exhibited neonatal lethality with severe mitochondrial dysfunction and oxidative damage (Li et al., 1995; 
Lebovitz et al., 1996). Conversely, in Caenorhabditis elegans, deletion of SOD genes paradoxically increased 
lifespan in some studies, suggesting complex relationships between ROS production, mitochondrial function, 
and aging (Van Raamsdonk & Hekimi, 2009; Van Raamsdonk & Hekimi, 2012). The relationship between 
SOD and aging is further complicated by the concept of mitohormesis, wherein moderate levels of ROS may 
activate protective stress responses (Ristow & Schmeisser, 2011). 
6.3 Protection of Skin Health 
The skin is continuously exposed to environmental pro-oxidant insults, particularly ultraviolet (UV) radiation, 
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which generates ROS and contributes to photoaging and carcinogenesis (Fisher et al., 1997; Rittié & Fisher, 
2015). SOD plays a critical role in cutaneous antioxidant defense (Sander et al., 2002). Comprehensive studies 
of human skin in vivo have characterized age-related and photoaging-dependent changes in antioxidant 
enzyme activities, demonstrating complex patterns of SOD regulation during these processes (Rhie et al., 
2001). Interestingly, while SOD and glutathione peroxidase activities were found to remain relatively stable 
during intrinsic aging and photoaging in human epidermis and dermis, other antioxidant parameters showed 
significant alterations (Rhie et al., 2001). 

Topical and oral SOD supplementation has been investigated for anti-photoaging effects. A clinical study 
evaluating the effectiveness of oral SOD demonstrated significantly increased total antioxidant status, 
decreased transepidermal water loss, and improvement of skin dryness following 60 days of treatment in 
subjects with photoaged skin (Djawad and Anggraini, 2021). Corn kernel-derived SOD extract exhibited 
anti-photoaging activity through collagen deposition effects, suggesting potential utility in cosmetic and 
dermatological applications (Pratiwi et al., 2025). Bacillus cereus SOD was explored for its anti-photoaging 
potential in rabbit skin models, demonstrating protective effects against UV-induced damage (Indrayati et al., 
2024). 
6.4 Cardiovascular System Protection 
The role of oxidative stress in cardiovascular pathophysiology is well established, with superoxide radicals 
implicated in endothelial dysfunction, ischemia-reperfusion injury, and atherogenesis (Griendling & 
FitzGerald, 2003; Münzel et al., 2017). SOD has been extensively studied for cardioprotective applications. 

Ischemia-Reperfusion Injury: Reperfusion of ischemic myocardium generates a burst of superoxide 
radicals that contribute to tissue injury (Zweier et al., 1987; Bolli et al., 1989). Recombinant human SOD 
administered at the time of reperfusion significantly improved phosphocreatine content and left ventricular 
function in isolated heart models, demonstrating that a reversible oxygen radical-mediated component of 
reperfusion injury exists (Ambrosio et al., 1986). The endothelial dysfunction associated with cardiac 
ischemia-reperfusion is specifically mediated by superoxide anions rather than hydroxyl radicals, and can be 
prevented by SOD but not by catalase or hydroxyl radical scavengers (Mączewski et al., 2004; Maczewski et 
al., 2004). 

Therapeutic SOD Formulations for Cardiac Protection: A novel heparin-binding human chimeric SOD was 
developed to target endothelial surfaces and demonstrated protection against ischemia-reperfusion injury in 
isolated rabbit hearts at doses nearly two orders of magnitude lower than native Mn-SOD or Cu,Zn-SOD 
(Sally et al., 2002). Superoxide dismutase-loaded nanoparticles attenuated myocardial ischemia-reperfusion 
injury and protected against chronic adverse ventricular remodeling in a large animal model, with improved 
left ventricular contractility maintained at 4 weeks post-reperfusion (Altshuler et al., 2021). The SOD mimetic 
M40401 reduced ischemia-reperfusion injury and graft coronary artery disease in rodent cardiac allografts by 
selectively removing superoxide anions (Murata et al., 2004). 
6.5 Neuroprotection 
Oxidative stress is implicated in the pathogenesis of numerous neurodegenerative diseases, including 
amyotrophic lateral sclerosis (ALS), Parkinson disease, Alzheimer disease, and Huntington disease (Barnham 
et al., 2004; Lin & Beal, 2006). SOD occupies a central position in neuroprotection research. 

Amyotrophic Lateral Sclerosis and SOD1 Mutations: The discovery in 1993 that mutations in the 
SOD1gene cause a subset of familial ALS provided the first direct genetic link between SOD and 
neurodegenerative disease (Rosen et al., 1993). Over 180 mutations in SOD1 have been identified in ALS 
patients, with the majority following autosomal dominant inheritance (Andersen & Al-Chalabi, 2011; Saccon 
et al., 2013). Importantly, the pathogenic mechanism involves a toxic gain of function rather than loss of 
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dismutase activity, as SOD1 knockout mice do not develop motor neuron disease, while transgenic mice 
expressing mutant human SOD1 develop progressive motor neuron degeneration (Gurney et al., 1994; Bruijn 
et al., 1998). The mutant SOD1 protein forms misfolded aggregates that disrupt mitochondrial function, axonal 
transport, and proteostasis (Boillée et al., 2006; Pasinelli & Brown, 2006). 

Neuroprotection by SOD Upregulation: Curcumin and its derivatives have demonstrated neuroprotective 
effects through upregulation of SOD expression, with particular relevance to neurodegenerative disease 
treatment (Khayatan et al., 2024; Patel et al., 2002; Zhang, 2027b). The diacetylcurcumin manganese complex 
(DiAc-Cp-Mn) exhibited SOD-mimetic activity with greater scavenging capacity against superoxide radicals, 
hydrogen peroxide, and hydroxyl radicals compared to the parent compound, and demonstrated 
neuroprotective effects against rotenone-induced neurotoxicity in SH-SY5Y Parkinson disease cell models 
(Khayatan et al., 2024). SOD nanozymes have emerged as promising tools for brain disease diagnosis and 
treatment, with research progressing on their mechanisms of action and therapeutic applications (Chen et al., 
2024). 
6.6 Anti-Tumor Potential: The Double-Edged Sword 
The role of SOD in cancer biology is complex and context-dependent, exhibiting both tumor-suppressive and 
tumor-promoting functions (Oberley & Buettner, 1979; Hempel et al., 2011; Islam et al., 2026). 

Tumor-Suppressive Functions: Early studies established that SOD activity is generally reduced in tumor 
cells compared to their normal counterparts, leading to the hypothesis that SOD functions as a tumor 
suppressor (Oberley & Buettner, 1979). Overexpression of SOD in vitro increased cell differentiation, 
decreased cell growth and proliferation, and reversed malignant phenotypes (Church et al., 1993; Zhang et al., 
2002). SOD2 overexpression suppressed the metastatic potential of various cancer cell lines through 
mechanisms involving decreased matrix metalloproteinase expression and altered integrin-mediated adhesion 
(Li et al., 1995; Hempel et al., 2011). 

Tumor-Promoting Functions: Paradoxically, elevated SOD2 expression has been associated with poor 
prognosis in certain cancer types, including ovarian clear cell carcinoma, breast cancer, and colorectal cancer 
(Hempel et al., 2011; Islam et al., 2026). In ovarian clear cell carcinoma, SOD2 was shown to maintain highly 
functional mitochondria to support the high metabolic activity of cancer cells, thereby promoting 
tumorigenicity and metastatic spread (Madhubhani et al., 2015). The dual role of Mn-SOD was highlighted by 
research showing that the enzyme can function as either a cancer suppressor or promoter depending on cellular 
context and tumor stage, with acetylation status of the enzyme representing a critical regulatory switch 
(Williams, 2019). 

Mechanistic Basis of the Dual Role: The switch between tumor-suppressive and tumor-promoting 
functions of SOD2 involves complex regulation of redox signaling. SOD2-mediated hydrogen peroxide 
production can either promote apoptosis and senescence (tumor suppression) or activate proliferation and 
survival signaling pathways (tumor promotion), depending on the balance between hydrogen peroxide 
generation and the capacity of downstream antioxidant systems (Hempel et al., 2011; Islam et al., 2026). 
SOD2 plays a pivotal role in cancer progression by regulating oxidative stress, matrix metalloproteinase 
expression, multiple signaling pathways, cell adhesion, and cell death (Islam et al., 2026). The multifactorial 
role of SODs in human cancers has been comprehensively reviewed, emphasizing the need for 
context-dependent therapeutic strategies (Panda et al., 2024). 
6.7 Protection Against Radiation Injury 
Ionizing radiation generates ROS, including superoxide radicals, through radiolysis of water, contributing to 
radiation-induced cellular damage (Riley, 1994). SOD has been investigated as a radioprotective agent in 
multiple contexts. 
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Bone Marrow Protection: Bovine SOD administered intravenously both before and after X-irradiation 
enhanced the radioprotective effect in mice. The proliferative capacity of bone marrow stem cells irradiated in 
air was protected by exogenous SOD (Petkau, 1978; Petkau, 1987). In a study of γ-irradiated mice, intravenous 
administration of bovine erythrocyte SOD at 200 mg/kg one hour before irradiation improved survival by 50%, 
while post-irradiation administration was ineffective, suggesting a critical temporal window for protection (Xia 
et al., 1995). 

Clinical Applications in Radiotherapy: Recombinant human Cu,Zn-SOD (rhCuZn-SOD) has been 
investigated in clinical settings to mitigate radiation-induced tissue injury. A multicenter, randomized, 
open-label, prospective trial evaluated the efficacy of rhSOD enemas for the prevention and treatment of 
radiation-induced acute rectal injury in patients with locally advanced cervical cancer undergoing concurrent 
chemoradiotherapy (Zhu et al., 2024). The results demonstrated that rhSOD enema was safe and significantly 
reduced the incidence, severity, and duration of radiation-induced acute rectal injury, protecting the rectal 
mucosa (Zhu et al., 2024). Liposomal recombinant human Cu,Zn-SOD (APN201) has been studied for the 
prevention of radiation-induced dermatitis in women with breast cancer, representing an ongoing area of 
clinical investigation (Apeiron Biologics). 

Cellular Mechanisms: Both Cu,Zn-SOD and Mn-SOD play central roles in protecting cells against ionizing 
radiation through the removal of ROS and the protection of antioxidant enzyme activities (Lee et al., 2001). 
Recombinant human Cu,Zn-SOD administered to mice before and after γ-irradiation at 5-7 Gy protected 
antioxidant enzyme activities and preserved immune cell function (Chen et al., 1997). SOD protected model 
phospholipid membranes from radiation-induced damage, with the protective effect observed after both acute 
exposure and low-level radiation at natural background levels (Petkau & Chelack, 1976). 
6.8 Diabetes Mellitus and Diabetic Complications 
Oxidative stress plays a pivotal role in the pathogenesis of diabetes mellitus and its complications, with 
hyperglycemia-induced mitochondrial superoxide production identified as a unifying mechanism underlying 
diabetic tissue damage (Brownlee, 2001; Giacco & Brownlee, 2010). 

Diabetic Nephropathy: SOD2 polymorphisms have been associated with the incidence and progression of 
diabetic nephropathy in subjects with type 1 diabetes, with faster decline in estimated glomerular filtration rate 
and alterations in plasma advanced oxidation protein products concentration and SOD activity, consistent with 
a protective role for SOD2 against oxidative stress and kidney disease (Mohammedi et al., 2014). The SOD 
mimetic tempol blunted diabetes-induced upregulation of NADPH oxidase and endoplasmic reticulum stress 
in a rat model of diabetic nephropathy, suggesting that antioxidant approaches targeting NADPH upregulation 
may attenuate diabetic nephropathy, at least in part by negatively regulating ER stress and inflammation (De 
Blasio et al., 2017). An antioxidant SOD mimetic prevented NADPH oxidase-induced oxidative stress and 
renal damage in the early stage of experimental diabetes and hypertension, with the conclusion that an 
imbalance in renal redox status is associated with markers of renal injury (Peixoto et al., 2008). PEG-SOD 
administration reduced oxidative and nitrosative stress-induced kidney injury in diabetic nephropathy animal 
models. 

SOD1 Overexpression and Renal Protection: Overexpression of Cu,Zn-SOD in db/db mice (a model of 
type 2 diabetes) attenuated indexes of renal injury compared with nontransgenic db/db mice, demonstrating 
that increased SOD1 expression provides renoprotective effects in the setting of diabetes (Craven et al., 2001). 
6.9 Liver and Lung Protection 
Hepatoprotection: Oxidative stress is central to the pathogenesis of various liver diseases, including 
ischemia-reperfusion injury, drug-induced hepatotoxicity, and alcoholic liver disease (Jaeschke, 2003; 
Cederbaum et al., 2009). SOD2 is the key antioxidant enzyme responsible for protection of the lung against 
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hyperoxia-induced injury, and is induced by hyperoxia and cytokines such as TNF-α (Asikainen et al., 1998; 
Asikainen & White, 2004). Subcellular sites of superoxide production in the liver differentially affect the 
outcome of ischemia/reperfusion injury, with mitochondrial superoxide production being particularly 
detrimental (Zhou et al., 2001). Natural plant-derived SOD nanoenzymes have shown protective effects against 
sepsis-induced liver injury through activation of Keap-1/Nrf-2-mediated antioxidant signaling and inhibition of 
inflammatory pathways (dataset, 2025). 

Pulmonary Protection: The lung is directly exposed to high oxygen concentrations and is particularly 
vulnerable to oxidative injury. Aerosolized human extracellular superoxide dismutase protected mice against 
oxygen toxicity and reduced mortality in a hyperoxic model, demonstrating the therapeutic potential of SOD3 
in pulmonary applications (Yen et al., 2011). SOD activity in lung and liver may represent a compensatory 
response to selenium deficiency and influenza infection (Stýblo et al., 2007). Supplementation with human 
recombinant antioxidant enzymes, including SOD, may mitigate hyperoxic lung injury, although the optimal 
combination and concentration require further investigation (Zhu et al., 2006). 

Sepsis-Induced Organ Injury: SOD has emerged as a protective factor in sepsis pathophysiology, 
mitigating oxidative stress through detoxification of superoxide anions (Bar-Or et al., 2015). Lung levels of 
SOD1 decreased 3 and 12 hours after sepsis induction, while SOD2 and SOD3 increased, along with total 
SOD activity, reflecting a complex transcriptional adaptation to septic oxidative stress (Constantino et al., 
2014). The SOD/catalase ratio was increased in septic animals and correlated strongly with oxidative damage 
and organ dysfunction. The SOD mimetic M40401 modulated serum cytokine levels and preserved circulating 
catecholamines in an Escherichia colimodel of septic shock (Macarthur et al., 2003). Delivering antioxidants to 
the mitochondria using SOD mimetics and mitochondrial-targeted compounds represents a beneficial strategy 
in sepsis treatment (Galley, 2011). 
 
7 Clinical Applications and Trials 
7.1 Clinical Applications and Formulations 
SOD-based therapeutics has been investigated in diverse clinical settings. Recombinant human SOD (rhSOD) 
has been developed for several indications, including prevention of radiation-induced tissue injury, treatment 
of inflammatory conditions, and organ protection in critically ill patients (Flohe, 1988; Zhu et al., 2024). 
PC-SOD (lecithinized SOD) has been evaluated for its prolonged pharmacokinetic profile in both Japanese and 
Caucasian volunteers, demonstrating a half-life exceeding 24 hours and supporting further clinical 
development (Suzuki et al., 2008). 
7.2 Clinical Research Studies 
Radiation-Induced Rectal Injury: A multicenter, randomized, open-label, prospective trial evaluated 
recombinant human SOD enemas for prevention and treatment of radiation-induced acute rectal injury in 
patients with locally advanced cervical cancer. The results demonstrated that rhSOD enema was safe and 
significantly reduced the incidence, severity, and duration of radiation-induced acute rectal injury, with 
protection of the rectal mucosa (Zhu et al., 2024). 

Multiple Trauma and Organ Failure: In a prospective, randomized trial, recombinant human SOD (3,000 
mg/day) or placebo was administered intravenously for 5 days to patients with multiple injuries (Injury 
Severity Score ≥ 27). The results revealed attenuation of organ failure after trauma, most likely through 
decreased release of inflammatory mediators and reduction of leukocyte-mediated organ injury (Marzi et al., 
1993). 

Depression: A clinical study evaluated the effects of escitalopram alone and in combination with ascorbic 
acid, vitamin E, and levosulpride on SOD levels in depression patients. The combination therapy demonstrated 
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encouraging effects on SOD levels, highlighting the potential of personalized therapy approaches in 
modulating antioxidant enzyme activity. 

Exercise and Health: Systematic reviews have demonstrated that physical exercise increases SOD levels, 
with ROS generated during exercise acting as the stimulus for this adaptive upregulation. SOD functions as 
both an endogenous antioxidant and a molecular signal transducer that promotes health benefits during 
physical exercise (Ayubi et al., 2024; Ahmed & Al-Rawi, 2024). 
7.3 Quality Control and Quality Standards 
The quality control of SOD-based products involves multiple analytical parameters, including enzyme activity 
assays, purity determination, molecular weight characterization, and stability testing. The NBT (nitroblue 
tetrazolium) reduction method represents one of the most widely used assays for SOD activity determination, 
based on the competitive inhibition of NBT reduction by superoxide radicals (Beauchamp & Fridovich, 1971). 
The pyrogallol autoxidation method provides an alternative approach (Marklund & Marklund, 1974). 
Validation of analytical methods for SOD activity determination should follow ICH guidelines, with careful 
attention to the specificity, precision, accuracy, and robustness of the assay, as the measured activity can be 
strictly related to the technique used, particularly in pharmaceutical quality control applications (Zhou and 
Prognon, 2006). 

Gel electrophoresis-based methods, including native PAGE with activity staining, provide information on 
molecular weight, purity, and isoform identification. Commercial SOD controls based on human serum 
provide ready-to-use materials for accurate quality control and calibration of SOD assays, enabling 
laboratories to maintain high standards in oxidative stress testing and ensure compliance with ISO 15189, CAP, 
and CLIA standards (Biorex Diagnostics, 2021). The quality control and conformity analysis of PC-SOD has 
been established and verified using the NBT reduction method (Huang et al., 2007). 
7.4 Safety Evaluation 
The safety profile of SOD has been evaluated in numerous preclinical and clinical studies. SOD is generally 
regarded as nontoxic based on data from earlier studies, with investigations in animal models using doses 
ranging from 5 to 2,500 times the average human clinical dose of 0.04 mg/kg/day (Drugs.com, 2025). Newer 
formulations have been studied at doses up to 40,000 times the average human clinical dose of 0.1 mg/kg/day, 
though comprehensive safety data on these newer formulations remain limited (Drugs.com, 2025). 

In human studies, bovine Cu-SOD (free or liposomal), although a foreign protein, was well tolerated and 
produced no acute or delayed toxic effects (Jadot et al., 1995). Phase I clinical trials of recombinant human 
SOD in healthy volunteers have demonstrated good tolerability following both intravenous and subcutaneous 
administration, with no serious adverse events reported (Tsao et al., 1991; Zhu et al., 2020). Oral SOD 
supplementation has been associated with limited and variable absorption, with dosing not standardized, and 
mild side effects including digestive upset, bloating, nausea, or headache occasionally reported (Ubie Doctor's 
Note, 2026). Topical formulations are generally considered lower risk but may cause irritation in sensitive skin 
(Ubie Doctor's Note, 2026). The safety of long-term SOD supplementation has not been adequately studied, 
and safety data for use during pregnancy and breastfeeding are lacking (EBSCO Health Library, 2024). 
 
8 SOD Mimetics, Conjugates, and Nanozymes 
8.1 Small-Molecule SOD Mimetics 
The limitations of native SOD enzymes, including poor bioavailability, immunogenicity, and short plasma 
half-life, have motivated the development of small-molecule SOD mimetics—low-molecular-weight 
compounds that catalyze superoxide dismutation with high efficiency (Salvemini et al., 2002; Batinic-Haberle 
et al., 2010). Major classes of SOD mimetics include: 
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Metalloporphyrins: Manganese porphyrin-based SOD mimics, such as MnTE-2-PyP⁵⁺ and 
MnTnHex-2-PyP⁵⁺, have been extensively characterized for their pharmacokinetic properties and therapeutic 
potential (Weitner et al., 2013; Batinic-Haberle et al., 2010). Comprehensive pharmacokinetic studies have 
demonstrated their oral bioavailability and tissue distribution (Weitner et al., 2013). BMX-001 
(MnTnBuOE-2-PyP⁵⁺) is currently in clinical development as a radioprotectant and chemotherapeutic adjuvant 
(Batinic-Haberle et al., 2014). 

Manganese Cyclic Polyamines: M40401 (a manganese pentaazamacrocycle) and M40403 have 
demonstrated efficacy in animal models of ischemia-reperfusion injury, septic shock, and inflammatory 
conditions (Salvemini et al., 1999; Macarthur et al., 2003; Murata et al., 2004). 

Salen-Manganese Complexes: EUK-8 and EUK-134 are salen-manganese complexes with dual SOD and 
catalase activities that have shown neuroprotective and cardioprotective effects in preclinical studies (Doctrow 
et al., 2002; Melov et al., 2001). 
8.2 SOD Conjugates and Delivery Systems 
PEGylated SOD, heparin-binding chimeric SOD, and lecithinized SOD represent conjugation strategies to 
improve pharmacokinetics and targeting (Beckman et al., 1988; Sally et al., 2002; Suzuki et al., 2008). 
Liposomal encapsulation has been successfully applied to both bovine and recombinant human SOD, 
improving cellular delivery and therapeutic efficacy (Jadot et al., 1995; Altshuler et al., 2021). 
8.3 SOD Nanozymes 
SOD nanozymes—nanomaterials with inherent SOD-like catalytic activity—represent an emerging frontier in 
antioxidant therapeutics (Dastmalchi et al., 2026; Chen et al., 2024). These nanozymes offer advantages over 
natural SOD enzymes, including high stability, tunable catalytic activity, ease of large-scale production, and 
multifunctionality. Carbon dots, metal oxide nanoparticles, and metal-organic frameworks have been 
engineered to exhibit SOD-like activity (Dastmalchi et al., 2026). In biomedical applications, SOD nanozymes 
have shown promise in treating brain diseases, sepsis-induced organ injury, and inflammatory conditions 
(Chen et al., 2024; dataset, 2025). However, challenges remain in optimizing catalytic specificity, 
biocompatibility, and in vivo stability, with artificial intelligence-driven design emerging as a promising 
approach to address these limitations (Chen et al., 2024). 
 
9 Gene Regulation and Post-Translational Modifications 
9.1 Transcriptional Regulation of SOD Genes 
The regulation of sodgenes is complex and involves multiple transcription factors. The human SOD1 gene is 
regulated by Sp1, NF-κB, and AP-1 transcription factors (Miao & St. Clair, 2009; Milani et al., 2013). SOD2 
gene expression is primarily regulated by NF-κB, AP-1, Sp1, and FoxO transcription factors, with epigenetic 
mechanisms including histone acetylation and DNA methylation also playing important roles (Miao & St. 
Clair, 2009; Hempel et al., 2011). The SOD3 gene is regulated by KLF2, Nrf2, and MEF2 transcription factors 
(Zelko et al., 2002; Kalmari and Colagar, 2024). Changes associated with sod2gene regulation lead to 
alterations in expression levels as well as protein function, with implications for disease susceptibility (Miao & 
St. Clair, 2009; Milani et al., 2013). In plants, SOD gene expression is regulated at transcriptional, 
post-transcriptional, and translational levels, with microRNAs playing significant post-transcriptional 
regulatory roles (Wang et al., 2014; Wang et al., 2016). 
9.2 Post-Translational Modifications 
SOD enzymes are subject to multiple post-translational modifications that modulate their activity, stability, 
and subcellular localization (Yamakura & Kawasaki, 2010). Key modifications include nitration of tyrosine 
residues, which inactivates Mn-SOD and has been observed in various pathological conditions including acute 
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and chronic allograft rejection and neurodegenerative diseases (MacMillan-Crow et al., 1996; Yamakura & 
Kawasaki, 2010). Phosphorylation, glutathionylation, and glycation have also been documented, with complex 
functional consequences (Yamakura & Kawasaki, 2010). The reaction of human Cu,Zn-SOD with 
peroxynitrite generates 6-nitrotryptophan, which has been proposed as a novel biomarker of reactive nitrogen 
species formation (Yamakura & Kawasaki, 2010). Acetylation of Mn-SOD at specific lysine residues has been 
shown to modulate its enzymatic activity and cellular localization, with implications for cancer biology 
(Williams, 2019). 
 
10 Immune Regulation and Infectious Diseases 
Beyond their canonical antioxidant functions, SODs function as immunomodulatory proteins, regulating the 
maturation, proliferation, and differentiation of immune cells (Liu et al., 2025). SODs maintain redox 
homeostasis through catalytic dismutation of superoxide anions in immune cells, and their expression is 
dynamically regulated during immune responses (Liu et al., 2025). In infectious diseases, SOD plays complex 
roles in host-pathogen interactions. Many bacterial pathogens express SOD isoforms that contribute to 
virulence by detoxifying superoxide produced by host phagocytes (Liu et al., 2025). Candida albicans 
expresses multiple SOD genes, with SOD5 identified as a hyphal-induced gene under complex transcriptional 
regulation, representing a potential virulence factor (Martchenko et al., 2004). In viral infections, host SOD 
activity is modulated as part of the oxidative stress response (Stýblo et al., 2007). 
 
11 Gaps, Challenges, and Future Research Directions 
11.1 Key Knowledge Gaps 
Despite extensive research spanning over five decades, significant gaps remain in our understanding of SOD 
biology and its therapeutic applications. The precise mechanisms determining the switch between 
tumor-suppressive and tumor-promoting functions of SOD2 remain incompletely defined (Hempel et al., 2011; 
Islam et al., 2026). The role of SOD3 in health and disease is relatively under explored compared to SOD1 and 
SOD2, with its immense potential as a therapeutic target warranting further investigation (Kalmari and Colagar, 
2024). The mechanisms by which SOD gene expression is regulated in response to environmental stresses, 
particularly at the post-transcriptional level, remain incompletely characterized (Miao & St. Clair, 2009; 
Milani et al., 2013). The relationship between SOD polymorphisms and disease susceptibility requires 
validation in large, diverse populations (Mohammedi et al., 2014). 
11.2 Challenges in Clinical Translation 
The clinical translation of SOD-based therapeutics faces several persistent challenges. Bioavailability remains 
the primary obstacle: oral SOD has limited and variable absorption, while parenterally administered SOD 
undergoes rapid renal clearance (Regnault et al., 1996; Rosa et al., 2021; McCord & Edeas, 2005). 
Immunogenicity concerns, particularly with non-human SOD preparations, require careful consideration, 
although human recombinant enzymes have largely mitigated this risk (Tsao et al., 1991; Al Jalali et al., 2026). 
The lack of standardized dosing and the variability in product quality across different manufacturers 
complicate clinical application and regulatory approval (Ubie Doctor's Note, 2026). Delivery to intracellular 
and intramitochondrial targets remains technically challenging, with novel delivery systems still in early stages 
of development (Altshuler et al., 2021). 
11.3 Promising Research Directions 
Development of Targeted Delivery Systems: Advanced nanoparticle-based delivery systems, cell-penetrating 
peptide conjugates, and mitochondria-targeted formulations hold significant promise for overcoming 
bioavailability and targeting limitations (Altshuler et al., 2021; Dastmalchi et al., 2026). 
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SOD Nanozyme Engineering: The rational design of SOD-mimicking nanozymes with enhanced catalytic 
specificity, biocompatibility, and in vivo stability represents a frontier with considerable therapeutic potential. 
Artificial intelligence-assisted design approaches may accelerate the discovery of optimized nanozyme 
structures (Dastmalchi et al., 2026; Chen et al., 2024). 

Personalized Antioxidant Therapy: Understanding the role of SOD polymorphisms, epigenetic regulation, 
and tissue-specific expression patterns may enable personalized approaches to antioxidant therapy, with 
treatment strategies tailored to individual genetic and metabolic profiles (Miao & St. Clair, 2009; Mohammedi 
et al., 2014). 

SOD in Immune Modulation and Infectious Diseases: The immunomodulatory functions of SOD and their 
relevance to inflammatory and infectious diseases represent an underexplored area with significant therapeutic 
potential (Liu et al., 2025). 

Elucidating the SOD-Cancer Paradox: Systematic investigation of the molecular mechanisms governing 
the dual role of SOD in cancer, including the role of post-translational modifications such as acetylation, may 
identify novel therapeutic targets and biomarkers (Williams, 2019; Hempel et al., 2011; Islam et al., 2026). 

Clinical Trials with Novel Formulations: Well-designed, adequately powered clinical trials employing 
novel SOD formulations with improved pharmacokinetic profiles are essential to establish the therapeutic 
efficacy of SOD-based interventions in specific disease contexts (Zhu et al., 2024; Altshuler et al., 2021). 
 
12 Conclusions 
Superoxide dismutase stands as one of the most extensively studied enzymes in biology, with its discovery in 
1969 marking the birth of free radical biology and fundamentally transforming our understanding of oxidative 
stress in health and disease (McCord & Fridovich, 1969; Fridovich, 1995; Case, 2017). The SOD enzyme 
family, comprising structurally distinct isoforms with different metal cofactors, subcellular localizations, and 
regulatory mechanisms, provides essential protection against superoxide-mediated oxidative damage across all 
oxygen-metabolizing organisms (Miller, 2012; Wang et al., 2018). 

The therapeutic potential of SOD has been demonstrated in diverse pathological conditions characterized 
by oxidative stress, including cardiovascular diseases, neurodegenerative disorders, cancer, diabetes and its 
complications, radiation injury, and inflammatory conditions (Zheng et al., 2023; Rosa et al., 2021). However, 
the translation of this potential into clinical practice has been limited by challenges related to bioavailability, 
delivery, and the context-dependent nature of SOD biology, particularly in cancer (McCord & Edeas, 2005; 
Hempel et al., 2011). Recent advances in SOD mimetics, nanozyme technologies, and targeted delivery 
systems have revitalized the field, offering new strategies to overcome historical limitations (Dastmalchi et al., 
2026; Altshuleret al., 2021). As our understanding of the complex roles of SOD in redox signaling, immune 
regulation, and disease pathogenesis continues to deepen, the development of effective SOD-based therapies 
for a range of human diseases appears increasingly achievable. 
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