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Abstract 

Sod1 encodes a superoxide dismutase, the only type of enzyme that directly converts 

superoxide into hydrogen peroxide, both of which are reactive oxygen species. In humans, 

the dysregulation of this enzyme has been associated with many diseases such as 

amyotrophic lateral sclerosis, heart failure, cancer, diabetes, Down’s syndrome, and 

Parkinson’s disease. Although germline Sod1 knockout mice (Sod1−/−) displayed an 

accelerated muscle atrophy with age, a ~30% reduction in lifespan, and an increased 

incidence of liver cancer, their phenotype is milder than what would have been expected from 

the central roles played by SOD1. Sod1 is highly conserved between species from bacteria to 

mammals and its levels of expression are particularly high. Thus, the viability of Sod1−/− mice 

is surprising. However, the same cannot be said for mouse embryonic fibroblasts (MEFs) 

obtained from Sod1−/− embryos. Previous studies have shown that Sod1−/− MEFs die after only 

a few days in cell culture. This contradiction between the viability of Sod1−/− mice and the 

poor survival of Sod1−/− MEFs is not understood. To solve this question, one possible 

approach is to generate Sod1−/− MEFs and search for interventions that could restore their 

viability. Our first attempt used a mouse strain carrying floxed Sod1 alleles and Sod1 was 

excised in vitro by expressing recombinase Cre. Although the deletion of Sod1 appeared to be 

validated by western blotting, Sod1 was not excised in a few cells and these cells gradually 

overgrew Cre-mediated Sod1 knockout MEFs (Sod1Δ/Δ-Cre). As an alternative, MEFs used 

were instead isolated from germline knockout Sod1−/− mice. The next objective is finding 

compounds that can rescue Sod1 knockout MEFs from cell death or senescence or both. 

Vitamin C increased the survival of Sod1Δ/Δ-Cre MEFs, but L-NAME did not. The reasoning 
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behind the use of L-NAME, which inhibits the synthesis of nitric oxide, is to reduce the 

formation of peroxynitrite that results from the reaction of superoxide with nitric oxide. 

Vitamin C also increased the survival of Sod1−/− MEFs, but proliferation eventually stopped 

after ~39 treatment days. A library of redox-active compounds was screened in combination 

with vitamin C to observe a possible synergistic effect that could completely rescue the 

survival of Sod1−/− MEFs. Unfortunately, this was unsuccessful. The SOD1 protein is involved 

in numerous processes, which are reviewed in the thesis’s literature review and discussion. 

The finding that vitamin C is capable of partially rescuing the survival and proliferation of 

Sod1 knockout MEFs suggests that their poor viability is partially linked to an alteration in 

redox metabolism. However, since their rescue with vitamin C is incomplete, this suggests 

that another non-redox or non-enzymatic function of SOD1 might be involved as well. 
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Résumé 

Sod1 encode une superoxyde dismutase, le seul type d’enzyme qui convertit directement les 

anions superoxydes en peroxyde d'hydroge ne, les deux e tant des espe ces re actives de 

l’oxyge ne. Chez les humains, la de re gulation de cette enzyme a e te  associe e a  plusieurs 

maladies telles que la scle rose late rale amyotrophique, l'insuffisance cardiaque, le cancer, le 

diabe te, le syndrome de Down et la maladie de Parkinson. Bien que les souris Sod1 knock-

out depuis la ligne e germinale (Sod1−/−) de montrent une acce le ration de l'atrophie 

musculaire avec l'a ge, une dure e de vie re duite de ~30% et une incidence plus e leve e du 

cancer du foie, leur phe notype est moins se ve re que ce a  quoi on aurait pu s’attendre vu les 

ro les centraux que SOD1 joue. Sod1 est hautement conserve  parmi les espe ces, a  partir des 

bacte ries jusqu’aux mammife res, et posse de un niveau d’expression particulie rement e leve . 

Donc, la viabilite  des souris Sod1−/− est surprenante. Cependant, ceci n’est pas le cas pour les 

fibroblastes embryonnaires de souris (MEFs) isole s a  partir d’embryons Sod1−/−. Des e tudes 

pre ce dentes ont de montre  que les MEFs Sod1−/− meurent apre s seulement quelques jours en 

culture cellulaire. Cette contradiction entre la viabilite  des souris Sod1−/− et la faible survie 

des MEFs Sod1−/− demeure incomprise. Pour re soudre cette question, une approche possible 

est de produire des MEFs Sod1−/− et de chercher des interventions qui pourraient restaurer 

leur viabilite . Notre premie re tentative a utilise  une ligne e de souris posse dant des alle les 

Sod1 floxed et Sod1 a e te  excise  in vitro en exprimant la recombinase Cre. Bien que la de le tion 

de Sod1 apparu t valide e par le buvardage de western, Sod1 n’e tait pas excise  dans quelques 

cellules qui ont graduellement envahi les MEFs Sod1 knock-out me die  par Cre (Sod1Δ/Δ-Cre). 

En tant qu’alternative, les MEFs utilise s ont e te  ge ne re s a  partir de souris Sod1−/− 
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homozygotes classiques (Sod1−/−). Le prochain objectif est de trouver des traitements qui 

pourraient pre venir la mort ou la se nescence des MEFs Sod1 knock-out. La vitamine C a 

ame liore  la survie des MEFs Sod1Δ/Δ-Cre, mais pas le compose  L-NAME. Le raisonnement 

derrie re l’utilisation de L-NAME, qui inhibe la synthe se de l’oxyde nitrique, est de re duire la 

formation du peroxynitrite qui re sulte de la re action du superoxyde avec l’oxyde nitrique. La 

vitamine C avait aussi ame liore  la survie des MEFs Sod1−/−, mais leur prolife ration s’est 

arre te e apre s ~39 jours de traitement. Une librairie de compose s re dox-actifs a e te  crible e 

en combinaison avec la vitamine C afin d’observer un effet synergique possible qui pourrait 

comple tement restaurer la survie des MEFs Sod1−/−. Malheureusement, cela a e te  en vain. La 

prote ine SOD1 est implique e dans plusieurs processus, qui sont passe s en revue dans la 

revue de litte rature et la discussion de la the se. La trouvaille que la vitamine C est capable de 

partiellement restaurer la survie et la prolife ration des MEFs Sod1 knock-out sugge re que 

leur mort est partiellement lie e a  une alte ration du me tabolisme re dox. Cependant, puisque 

l’effet de la vitamine C re sulte a  un secours incomplet, ceci sugge re qu’une fonction autre que 

l’activite  re dox ou enzymatique de SOD1 soit aussi implique e. 
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Introduction  

Considering how highly Sod1 is conserved between species, the importance of its function, 

and its high levels of expression, the viability of Sod1−/− mice is surprising (Fridovich, 1995; 

Miao & St. Clair, 2009; Okado-Matsumoto & Fridovich, 2001; Sturtz et al., 2001). In contrast, 

Sod1−/− mouse embryonic fibroblasts (MEFs) undergo increased cell death, and quickly die 

after only a few days in cell culture (Huang et al., 1997; Tsunoda et al., 2013). However, it is 

unknown why Sod1−/− mice are viable and yet Sod1−/− MEFs are not. One way to answer this 

is by treating Sod1−/− MEFs with specific compounds and observing their effects. The 

effectiveness of one compound or intervention over the other could reveal Sod1’s role in 

different pathways leading to cell viability or death. A good starting point would be to test if 

the death of Sod1−/− MEFs is caused by increased levels of O2•− resulting from the lack of SOD1. 

The first objective is inactivating Sod1 in MEFs and characterizing their phenotype in detail. 

To remove Sod1, viral infections were performed to introduce Cre recombinase in MEFs 

carrying a floxed Sod1 gene (Sod1fl/fl). These Sod1fl/fl MEFs were isolated from an in-house 

mouse strain. The Cre-loxP recombination system was first tested on Mclk1fl/fl MEFs to test 

the protocol’s effectiveness in gene knockout (KO). Validation of Cre-mediated Sod1 deletion 

was ascertained by analyzing the presence or absence of the SOD1 protein through western 

blotting. The rationale behind the use of Cre-mediated Sod1 KO in MEFs (Sod1Δ/Δ-Cre) was to 

avoid unknown compensatory properties that may have been gained during the 

development of embryos originating from germline Sod1 KO mice (Sod1−/−). However, due to 

the gradual reappearance of Sod1 expression in Cre-infected Sod1fl/fl cells, the wild-type 

phenotype could be confused with the rescue of Sod1Δ/Δ-Cre MEFs. Therefore, germline Sod1 
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KO mice had to be used instead. For Sod1−/− MEFs, genotyping was performed through 

polymerase chain reaction (PCR). The next objective is identifying treatments or molecular 

manipulations that could rescue Sod1−/− MEFs from cell death or senescence or both. In 

summary, highly effective Sod1 KO in MEFs was achieved using the Cre-loxP system, but Sod1 

expression gradually reappeared in Cre-infected Sod1fl/fl cells over time, suggesting that Sod1 

expression remained in a few cells which gradually overgrew Sod1Δ/Δ-Cre MEFs. Vitamin C 

increased Sod1Δ/Δ-Cre MEFs’ survival, but not L-NAME. Vitamin C also increased Sod1−/− MEFs’ 

survival, but proliferation eventually stopped after ~39 days. After screening a library 

containing 84 compounds with defined prooxidant and antioxidant properties, 2,6-Di-tert-

butyl-4-methylphenol (BHT) was initially identified as a potentiator of vitamin C’s rescue 

effect in Sod1−/− MEFs, but further testing has shown that it was a false positive. By 

understanding more about Sod1’s role in cell viability and death, the findings of this study 

will potentially further our understanding of Sod1’s role in maintaining cellular functions, 

reactive oxygen species homeostasis, diseases and possibly aging. 
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Literature Review 

Reactive oxygen species and reactive nitrogen species 

Mitochondria generate large amounts of adenosine triphosphate (ATP) through cellular 

respiration, especially through oxidative phosphorylation, to support the energy 

requirements of many organisms. Using the energy resulting from metabolic oxidations 

during cellular respiration, coenzymes nicotinamide adenine dinucleotide (NAD+) and flavin 

adenine dinucleotide (FAD) are reduced to NADH and FADH2 respectively. NADH is a 

substrate for mitochondrial NADH-Q oxidoreductase (complex I) and FAD is contained in 

FAD-dependent enzymes such as mitochondrial succinate-Q oxidoreductase (complex II) 

(Hernansanz-Agustí n & Enrí quez, 2021). Complex I catalyzes the two-electron oxidation of 

NADH by ubiquinone (Q), resulting in ubiquinol (QH2). For complex II, electrons from 

succinate are used to reduce FAD+ to FADH2 which subsequently transfers its electrons to Q, 

resulting in QH2. Q–cytochrome c oxidoreductase (complex III) oxidizes QH2 to reduce 

cytochrome c which subsequently transfers its electrons to cytochrome c oxidase (complex 

IV). Complex IV reduces oxygen (O2) to water (H2O). Additionally, during the electron 

transport, complex I, III and IV also pump protons from the matrix, across the inner 

mitochondrial membrane, and into the mitochondrial intermembrane space. This creates an 

electrochemical gradient: the proton motive force. Those protons are transferred back into 

the matrix through ATP synthase (complex V), releasing energy. This energy is used to 

phosphorylate adenosine diphosphate (ADP) to ATP. Complexes I, II, III, and IV are part of the 

electron transport chain. For more details, this has been recently reviewed in Hernansanz-

Agustí n & Enrí quez (2021) and countless other reviews. 
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Under normal circumstances, electron leakage from electron transport chains, such 

as the ones present in mitochondria and the endoplasmic reticulum, represents a major 

source of reactive oxygen species (ROS) (Valko et al., 2004). ROS are highly reactive chemicals 

mainly resulting from the reduction of O2 by electrons. Around 1–3% of electrons flowing 

through the electron transport chain prematurely react with O2, mostly at complex I and 

complex III, instead of reducing O2 at complex IV, resulting in the formation of superoxide 

(O2•−) (Balaban et al., 2005; Hernansanz-Agustí n & Enrí quez, 2021; Murphy, 2008; Nolfi-

Donegan et al., 2020; Valko et al., 2004). To be more specific, O2•− results from one-electron 

transfers to O2. (Valko et al., 2004). Two-electron, three-electron, and four-electron transfers 

to O2 can also occur, resulting in hydrogen peroxide (H2O2), hydroxyl radical (HO•), and H2O 

respectively (Valko et al., 2004). Since uncontrolled levels of O2•− are harmful, the cell uses 

superoxide dismutases such as SOD1 to convert O2•− to H2O2 (McCord & Fridovich, 1969). 

H2O2 can then be enzymatically converted to O2 and H2O by catalase, or to H2O by glutathione 

peroxidase (GPX) and peroxiredoxins (PRDX) (Cox et al., 2009; Jomova et al., 2023; Mondola 

et al., 2016). 

While ROS can be deleterious by reacting to other biomolecules and contribute to 

oxidative stress under pathological conditions, they are necessary for cell signalling since 

cellular redox status regulates various transcription factors and activators (D'Autre aux & 

Toledano, 2007; Jomova et al., 2023; Miao & St. Clair, 2009; Sies & Jones, 2020; Sun & Oberley, 

1996). Within a healthy and physiological range, ROS such as H2O2 can promote cellular 

differentiation and proliferation (Reczek & Chandel, 2015; Sies & Jones, 2020). H2O2 is a 

major redox signalling molecule that can cross biological membranes, reversibly oxidize 

thiols groups on proteins, and has slow reaction kinetics with the surrounding biomolecules, 
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allowing its accumulation in cells and tissues at high concentrations (Andre s et al., 2022; 

Reczek & Chandel, 2015; Sies & Jones, 2020). These properties confer plenty of favorable 

characteristics for H2O2 to act as a second messenger (Colavitti et al., 2002; Sundaresan et al., 

1995). An example illustrating the beneficial effects of ROS is found in yeast and human cells 

where mammalian target of rapamycin (mTOR) complex 1 inhibits SOD1’s activity in 

response to nutrients, but activates SOD1 in response to starvation (Tsang et al., 2018). SOD1 

will be discussed in detail later, but as mentioned previously, SOD1 catalyzes the conversion 

of O2•− to H2O2, allowing other enzymes to subsequently convert H2O2 to non-reactive 

products. The controlled inhibition of SOD1 allows the cell to carefully increase ROS 

production for optimal cell proliferation when nutrients are abundant, while limiting 

oxidative stress during starvation. 

Through the Fenton reaction, H2O2 can be further reduced by labile ferrous iron (Fe2+), 

generating HO•, which is one of the most reactive ROS (Ayala et al., 2014; Valko et al., 2007; 

Valko et al., 2005). However, at low or physiological concentrations of bicarbonate (HCO3−), 

HO• is not the main product from the reaction of H2O2 with Fe2+, but instead it is the carbonate 

radical (CO3•−) according to this final equation: Fe2+(CO3)(OOH)(H2O)2 → Fe3+(OH)3(H2O) + 

CO3•− (Fleming & Burrows, 2020; Ille s et al., 2019; Kornweitz et al., 2015). The formation of 

CO3•− was also confirmed in the Fenton reaction of HCO3− with Fe2+(citrate), which is one of 

the main species from the mobile pool of non-transferring bound iron present in biological 

systems at physiological concentrations (Ille s et al., 2020). The other main species in this 

pool is ferric (Fe3+) citrate. CO3•− is a one-electron oxidant that mainly damages DNA through 

the formation of a guanine radical cation, leading to the formation of C8 or C5 oxidation 

products (Fleming & Burrows, 2020; Rokhlenko et al., 2012). Additionally, due to the high 
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reactivity and extremely short in vivo half-life of HO•, HO• can only react near its site of 

formation (Di Meo et al., 2016; Donaghy et al., 2015). The resulting Fe3+ from the Fenton 

reaction can then be reduced back to Fe2+ by another H2O2, generating a hydroperoxyl radical 

(HOO•) (Gaschler & Stockwell, 2017). Under physiological conditions, 0.6% of O2•− also exists 

in the form of HOO• (Jomova et al., 2023). In this case, HOO• results from the reaction of O2•− 

with a proton. O2•− can also react with nitric oxide (•NO) to generate peroxynitrite (ONOO−), 

a highly reactive nitrogen species (RNS) (Huie & Padmaja, 1993). •NO is synthesized by nitric 

oxide synthase (NOS) (Palmer & Moncada, 1989). ONOO− can also act as a signaling and 

regulatory molecule (Abalenikhina et al., 2020; Pacher et al., 2007), but unregulated levels of 

ONOO− are even more toxic to cells than H2O2 or O2•− because ONOO− is a much more 

powerful oxidant, can cross cell membranes, and induce damage far from its initial site of 

synthesis (Murphy et al., 1998; Pacher et al., 2007; Szabo  et al., 2007). ONOO− causes damage 

through the oxidation or nitrosylation of lipids, proteins, and nucleic acids (Abalenikhina et 

al., 2020; Pacher et al., 2007). Additionally, ONOO− can also react with CO2, resulting in one-

electron oxidants CO3•− and nitrogen dioxide (•NO2) (Jomova et al., 2023; Pacher et al., 2007; 

Szabo  et al., 2007). 

In the case of lipid peroxidation, prooxidants abstract a hydrogen from lipids 

containing more than one carbon double bond, resulting in a resonance-stabilized, carbon-

centered lipid radical (L•) (Ayala et al., 2014; Gaschler & Stockwell, 2017; Jomova et al., 2023). 

More specifically, lipid peroxidation occurs preferentially on polyunsaturated fatty acids by 

strong radicals such as HO• or HOO• (Ayala et al., 2014; Yin et al., 2011). The resulting L• 

reacts with O2 to form a lipid peroxyl radical (LOO•) that can react with another lipid, leaving 

behind a lipid hydroperoxide (LOOH) and generating a new L• that continues the chain 
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reaction. LOOH is vulnerable to one-electron reduction by traces of redox metals, 

decomposing LOOH into LOO• or a lipid alkoxyl radical (LO•) and further propagating lipid 

peroxidation (Ayala et al., 2014; Jomova et al., 2023). The LOO• radical will continue to 

propagate to new lipids until it either reacts with another radical to form a new bond 

between both molecules, or receives a hydrogen atom from antioxidants such as vitamin E 

(Gaschler & Stockwell, 2017; Niki, 2014; Yin et al., 2011). The resulting vitamin E radical can 

be reduced by vitamin C or QH2, regenerating vitamin E (Niki, 2014). Lipid peroxidation 

significantly affects membrane fluidity and permeability (Jomova et al., 2023), and its by-

products are involved in many pathological processes (Ayala et al., 2014; Yin et al., 2011). 

Intracellular sources of ROS include the cytoplasm, mitochondria, plasma membrane, 

endoplasmic reticulum, peroxisomes, and chloroplasts (Di Meo et al., 2016; Donaghy et al., 

2015; Jomova et al., 2023; Snezhkina et al., 2019). ROS production is also present in 

lysosomes where the existence of a lysosomal redox chain has previously been reported (Arai 

et al., 1991; Gille & Nohl, 2000). Additionally, other cytosolic soluble cell components such 

as thiols, hydroquinones, catecholamines, and flavins can undergo redox reactions and also 

contribute to intracellular ROS (Di Meo et al., 2016). It is generally assumed that 

mitochondria are the main source of ROS in cells, where oxidative phosphorylation generates 

most of the produced cellular ROS, ~90% according to one source (Balaban et al., 2005). 

However, certain authors dispute this claim (Brown & Borutaite, 2012). Major sites of 

mitochondrial ROS production include complex I and complex III (Balaban et al., 2005; 

Hernansanz-Agustí n & Enrí quez, 2021; Murphy, 2008; Nolfi-Donegan et al., 2020). Under 

specific experimental conditions where complex I and complex III are inhibited, complex II 

can also become an important source of mitochondrial ROS (Hernansanz-Agustí n & Enrí quez, 
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2021; Kausar et al., 2018; Quinlan et al., 2012; Quinlan et al., 2013). A study by Quinlan et al. 

(2013) quantified the combined production of O2•− and H2O2 by different mitochondrial sites 

using different substrates and found that when palmitoylcarnitine and carnitine were used 

as a substrate, complex II’s flavin site became a major contributor of O2•− and H2O2. This sheds 

light on the physiological relevance of complex II’s ROS production since changes in 

substrates can determine rates of mitochondrial ROS production. Excluding the 

mitochondrial respiratory chain, ROS production in other mitochondrial locations have also 

been reported, but whether this contribution is significant to total mitochondrial ROS 

production is unknown (Di Meo et al., 2016; Murphy, 2008). 

NADPH oxidases (NOXs) are another well-recognized source of ROS. As reviewed in 

Bedard and Krause (2007), NOX are transmembrane proteins that transfer an electron across 

the membrane from reduced nicotinamide adenine dinucleotide phosphate (NADPH) to FAD, 

then to the inner and outer hemes, and lastly to O2, reducing it to O2•−. The main function of 

NOX is the generation of O2•− for purposes such as host defense, posttranslational processing 

of proteins, cellular signaling, regulation of gene expression, and cell differentiation (Bedard 

& Krause, 2007). O2•− generation can occur either in the intraorganellar or extracellular space 

and can subsequently pass through anion channels to penetrate membranes (Fisher, 2009). 

The mammalian NOX family includes NOX1, NOX2, NOX3, NOX4, NOX5, dual oxidase 1, and 

dual oxidase 2. Early studies of NOX2 found it to be highly expressed in phagocytes, but when 

the other NOX are included, they are found in virtually every tissue. This is by no means an 

exhaustive list, but possible tissues they may be expressed in are the colon epithelium 

(NOX1), cochlear, vestibular sensory epithelia and the spiral ganglion (NOX3), kidney and 

fibroblasts (NOX4), testis, spleen, lymph nodes (NOX5), etc. (Bedard & Krause, 2007). The 
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NOX isoform most commonly associated with the endoplasmic reticulum (ER) is NOX4 

(Zeeshan et al., 2016). 

The ER is another source of ROS and is involved in the synthesis, transport and folding 

of proteins, lipid biogenesis, and calcium storage (Go rlach et al., 2006; Schwarz & Blower, 

2015). To promote proper protein folding and disulfide bond formation, the lumen of the ER 

contains an oxidizing environment (Cao & Kaufman, 2014; Go rlach et al., 2006; Malhotra & 

Kaufman, 2007). Protein disulfide isomerase (PDI) can oxidize, isomerize, and reduce thiols 

during protein folding to ensure the formation of appropriate disulfide bonds (Cao & 

Kaufman, 2014; Malhotra & Kaufman, 2007; Tu & Weissman, 2004). The ER also contains a 

ratio of reduced to oxidized glutathione (GSH/GSSG) between 1:1 and 3:1, necessary to 

maintain optimal ER redox homeostasis (Cao & Kaufman, 2014; Go rlach et al., 2006; 

Malhotra & Kaufman, 2007). GSH acts as a redox buffer and assists in reducing non-native 

disulfide bonds in misfolded proteins (Malhotra & Kaufman, 2007; Zeeshan et al., 2016). To 

restore PDI’s oxidative ability, endoplasmic reticulum oxidoreductin-1 (ERO1) oxidizes the 

reduced PDI and subsequently transfers the electrons to O2, generating H2O2. Mammals have 

two genes that are homologs of yeast ERO1: ERO1A and ERO1B (Zito et al., 2010). During 

oxidative protein folding, the formation of disulfide bonds can result in ~25% of total cellular 

ROS production, at least in yeast (Cao & Kaufman, 2014; Malhotra & Kaufman, 2007; Tu & 

Weissman, 2004). Proteins that do not fold properly after a certain period of time are 

retrotranslocated to the cytosol and targeted for ER-associated degradation (Go rlach et al., 

2006; Zeeshan et al., 2016). Excessive accumulation of unfolded or misfolded proteins 

initiates the unfolded protein response (UPR) in an attempt to restore the ER lumen back to 

an optimal protein-folding environment (Cao & Kaufman, 2014). Severe or chronic ER stress 
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activates apoptosis but also increases Ca2+ leakage from the ER lumen, increasing 

mitochondrial ROS generation and resulting in a positive feedback loop where increased ROS 

exacerbates ER stress further (Cao & Kaufman, 2014; Malhotra & Kaufman, 2007). This 

guarantees cell death through multiple pathways. 

The microsomal monooxygenase system (MMO) is another important source of ROS 

in the ER. This has been reviewed in Davydov (2016). This membrane-bound multienzyme 

system is composed of multiple cytochrome P450 species, NADPH-P450 reductase, and 

cytochrome b5 (Davydov, 2011). NADPH-P450 reductase is the main electron donor for 

cytochrome P450 in the MMO. Cytochrome b5 increases catalytic efficiency and can also act 

as an alternate electron donor. In eukaryotes, most cytochromes P450 are localized in the ER 

membrane, but some are also localized in the mitochondria. In animals tissues, the MMO is 

highly present in the ER of liver cells, but also in the lung, kidney, brain, vascular smooth 

muscle, intestinal epithelium, nasal mucosa, mammary gland, lymphocytes, etc. (Başaran & 

Can Eke, 2017; Davydov, 2016). The MMO detoxifies the cell by catalyzing the oxidation of 

exogenous compounds and endogenous substrates into hydrophilic, oxygenated, and readily 

excreted metabolites. Cytochrome P450 enzymes also participate in the biosynthesis of 

alkaloids, amino acids, bile acids, bilirubin, cholesterol, eicosanoids, fatty acids, indole, 

melatonin, steroid hormones, terpenes, and vitamins (Hrycay & Bandiera, 2012, 2015). The 

monooxygenase reaction uses two electrons from NADPH to proceed with the four-electron 

reduction of O2 and the two-electron oxidation of the substrate, resulting in a 

monooxygenated substrate and H2O (Hrycay & Bandiera, 2012, 2015). This reaction is often 

highly inefficient and uncoupling sometimes occurs, resulting in the generation of O2•− or 

H2O2 instead of the monooxygenated substrate (Hrycay & Bandiera, 2012, 2015). The MMO 
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continues producing ROS even in the absence of substrates, suggesting a possible role in 

cellular ROS signalling such as cytochrome c–dependent apoptosis (Davydov, 2016). The 

main feature of all eukaryotic MMO is the high ratio of cytochrome P450 to NADPH reductase, 

leading to competition between various cytochrome P450 isoforms for NADPH reductase. 

The central mechanism regulating the coordination of different cytochrome P450 isoforms 

has been hypothesized to originate from the interactions existing between the different 

cytochrome P450 isoforms. For further details, this has been extensively reviewed by 

Davydov (2016). According to the author, the main physiological role of this mechanism is 

the maintenance of an optimal balance between P450-dependent substrate oxidation and 

P450-dependent ROS generation. 

Xanthine oxidoreductase (XOR) exists in two forms, xanthine dehydrogenase (XDH) 

and xanthine oxidase (XO). XDH can be reversibly converted to XO by the formation of a 

disulfide bond between Cys535 and Cys992, or irreversibly converted to XO by the 

proteolysis of the inter-domain linker peptide (Nishino et al., 2008). XOR is mainly involved 

in the breakdown of purine nucleotides, catalyzing the oxidation of hypoxanthine to xanthine 

and xanthine to uric acid (Jomova et al., 2023). During the catalysis of xanthine to uric acid, 

XDH preferentially uses NAD+ as an electron acceptor to generate NADH but it can also use 

O2 (Berry & Hare, 2004; Nishino et al., 2008; Saito & Nishino, 1989). In contrast, XO only uses 

O2 as an electron acceptor, generating O2•− and H2O2. In the past, XO was reportedly found in 

the cytosol (Ichikawa et al., 1992) and peroxisomes (Angermu ller et al., 1987) of rat liver 

cells. However, these studies could not differentiate between an active or inactive protein, 

nor between XDH or XO activity (Frederiks & Vreeling-Sindela rova , 2002). Using electron 

microscopy, a study by Frederiks and Vreeling-Sindela rova  (2002) has also detected XOR 
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activity in the cytosol, but XO activity was confined to peroxisomes. This suggests that in rat 

liver cells, cytoplasmic XOR has XDH activity, and its major function is not the production of 

O2•− but of uric acid. Although, XDH can still produce some O2•−, albeit at a slower rate (Berry 

& Hare, 2004). Additionally, in Kupffer cells and sinusoidal endothelial cells, XOR activity was 

also detected in vesicles and sometimes on the granular ER, but XO activity was not detected 

in those cells (Frederiks & Vreeling-Sindela rova , 2002). 

As reviewed in Antonenkov et al. (2010), mammalian peroxisomes perform many 

important metabolic functions, mainly the oxidative degradation of long-chain fatty acids, 

but also the oxidation of purines, L-α-hydroxy acids, polyamines, and the synthesis of 

plasmalogenes, waxes, and ketone bodies. Peroxisomes are also one of the main intracellular 

sources of H2O2. Palmitoyl-CoA oxidase and urate oxidase are the main enzymes involved in 

the production of peroxisomal H2O2. As for the decomposition of peroxisomal H2O2, catalase 

is the main enzyme. Mammalian peroxisomes contain many enzymes that produce ROS such 

as acyl-CoA oxidase, urate oxidase, 2-hydroxyacid oxidase, N1-acetyl polyamine oxidase, L-

pipecolic acid oxidase, sarcosine oxidase, D-amino oxidase, D-aspartate oxidase, XO, and NOS 

(Antonenkov et al., 2010). Most of them are FAD or FMN-dependent oxidases generating 

H2O2. The presence of both XO and NOS in peroxisomes is potentially damaging since they 

produce O2•− and •NO respectively, which can react together to form ONOO− (Di Meo et al., 

2016; Snezhkina et al., 2019). 

Sod1 and other superoxide dismutases 

In mammals, three SOD isoforms are expressed: SOD1, (McCord & Fridovich, 1969), SOD2 

(Weisiger & Fridovich, 1973), and SOD3 (Marklund, 1982). SOD1 is a copper-zinc superoxide 
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dismutase (Cu,Zn-SOD) that is mainly found in the cytosol, but also in the nucleus, 

mitochondrial intermembrane space, lysosomes, and peroxisomes (Chang et al., 1988; Crapo 

et al., 1992; Geller & Winge, 1982; Keller et al., 1991; Kira et al., 2002; Liou et al., 1993; 

Okado-Matsumoto & Fridovich, 2001; Sturtz et al., 2001). Protein extracts from mouse spinal 

cords also show SOD1’s localization in the endoplasmic reticulum (Kikuchi et al., 2006). In 

rat liver hepatocytes, 73.1% of Cu,Zn-SODs were in the cytoplasmic matrix, 11.9% in the 

nucleus, 8.6% in mitochondria, 5.4% in lysosomes, and the remaining 1% were in 

peroxisomes and the smooth endoplasmic reticulum (Chang et al., 1988). In the same study, 

the highest concentration of Cu,Zn-SOD was found in lysosomes (5.81 mg/cm3), followed by 

the cytoplasm (1.36 mg/cm3), nucleus (0.71 mg/cm3), peroxisomes (0.27 mg/cm3), 

mitochondria (0.21 mg/cm3), and smooth endoplasmic reticulum (0.02 mg/cm3). Depending 

on the metabolic state of the rat, 8.4% of total cellular Cu,Zn-SODs are lysosomal in fasted 

rats, compared to 2.3% in fed rats (Geller & Winge, 1982). Starvation can stimulate 

autophagy and during autophagy, there is enhanced protein degradation of cytosolic 

enzymes (Goldberg & St. John, 1976). Their observations of increased lysosomal Cu,Zn-SOD 

during fasting is consistent with autophagy (Geller & Winge, 1982). 

The metalation of SOD1 is mainly done by the copper chaperone of SOD1 (CCS), a 

homolog of Saccharomyces cerevisiae LYS7 (Culotta et al., 1997). This mainly occurs on the 

cytosolic side of the plasma membrane by shuttling copper from integral membrane 

transporter CTR1 to SOD1 (Ge et al., 2019; Markossian & Kurganov, 2003; Pope et al., 2013; 

Skopp et al., 2019). However, SOD1 can also acquire copper in a CCS-independent manner 

using GSH (Carroll et al., 2004; Leitch et al., 2009; Wong et al., 2000). Despite its name, CCS 

can also bind zinc (Ge et al., 2019) and zinc acquisition by metal-free SOD1 (apo-SOD1) is 



14 
 

promoted through CCS interaction (Trist et al., 2021). In humans, CCS is ubiquitously 

expressed in a variety of tissues which includes the kidney, liver, and brain (Ge et al., 2019). 

Using immunoelectron microscopy on rat liver cells, CCS was mainly localized in the cytosol 

(6.86 gold particles/µm2) and peroxisomes (3.62 gold particles/µm2), but also faintly in 

mitochondria (1.92 gold particles/µm2), rough ER (1.87 gold particles/µm2), and nucleus 

(1.85 gold particles/µm2) (Islinger et al., 2009). In HepG2 cells, CCS is localized in the 

cytoplasm and nucleus (Casareno et al., 1998). In yeast, CCS is largely cytosolic, but is also 

found in the mitochondrial intermembrane space (Sturtz et al., 2001). Apo-SOD1 is able to 

cross into the mitochondria (Field et al., 2003; Kawamata & Manfredi, 2010), which could 

explain why SOD1 is found in various subcellular compartments despite lacking obvious 

localization signals such as the nuclear localization sequence. In the mitochondria, the 

maturation of apo-SOD1 to a fully metalated SOD1 (holo-SOD1) by CCS traps it in the 

intermembrane space (Field et al., 2003; Kawamata & Manfredi, 2010). This is also the case 

in rat liver peroxisomes (Islinger et al., 2009). Palmitoylation is likely another mechanism 

used to anchor SOD1 to specific subcellular compartments since the palmitoylation of SOD1’s 

Cys6 plays a significant role in its nuclear localization (Marin et al., 2012). 

The human SOD1 gene is located on chromosome 21’s region 21q22.11 (Levanon et 

al., 1985), with a genomic size of 9307 base pairs (bp) and consists of five exons interrupted 

by four introns (Milani et al., 2011). Significant similarities in SOD1’s gene sequence have 

been found between mice, rats, bovines, and humans (Miao & St. Clair, 2009). The promoter 

of human SOD1 contains regulatory elements for constitutive expression such as a TATA box, 

a CCAAT box and a GC-rich region, but also binding sequences for early growth response 1, 

aryl hydrocarbon receptor, nuclear factor erythroid 2-related factor 2, nuclear factor-kappa 
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B, activating protein 1, and thyroid hormone receptor (Trist et al., 2021). These transcription 

factors regulate the expression of SOD1 throughout multiple intracellular molecular events 

such as increased O2•− or H2O2, the exposure to cytokines, radiation, growth factors and 

thyroid hormones, increased neuronal NOS, and the presence of synthetic halogenated and 

nonhalogenated aromatic hydrocarbons (Trist et al., 2021). The human SOD1 enzyme is a 

32-kDa homodimer containing, within each monomer, a copper binding site composed of 

four histidine residues, a zinc binding site composed of three histidine and one aspartic acid 

residues, an electrostatic loop, a conserved disulfide bond, and an eight-stranded Greek-key 

β-barrel motif (Trist et al., 2021; Valentine et al., 2005). The copper site contains the 

enzymatic active site that catalyzes the disproportionation of O2•− and cycles between Cu2+ 

and Cu+. O2•− is oxidized by Cu2+, resulting in O2, and another O2•− is reduced by Cu+ in the 

presence of two protons, resulting in H2O2 (Trist et al., 2021). The zinc ion is important for 

SOD1’s structural stability and function (Boyd et al., 2020). The electrostatic loop is 

composed of charged and polar residues that creates a positive electric field, which guides 

O2•− to the active site containing Cu2+ (Polticelli et al., 1998). The binding of copper and zinc 

and the presence of an oxidized disulfide bond are important for the structural stability of 

the enzyme, but also to avoid aberrant folding and interactions (Trist et al., 2021). SOD1 is 

sensitive to cyanide, a property that helps in distinguishing SOD1 from SOD2 which is, in 

contrast, relatively resistant to cyanide (Fukai & Ushio-Fukai, 2011). Additionally, 

bicarbonate-mediated inactivation of SOD1 by H2O2 can happen due to SOD1’s peroxidative 

activity (Liochev & Fridovich, 2004; Valentine et al., 2005). This is possibly an additional 

mechanism regulating the inactivation of SOD1. 
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Other than the dismutation of O2•− to H2O2 and O2, additional functions of SOD1 have 

also been reported such as the regulation of O2•− and H2O2 levels. In a reduced environment, 

SOD1 is bound to Rac1-GTP to inhibit its GTPase activity, stabilizing GTP-Rac and leading to 

the activation of Rac1-dependent NOX such as NOX2 (Harraz et al., 2008). This increases 

NOX-dependent O2•− production. In an oxidized environment, increased H2O2 concentrations 

lead to the uncoupling of SOD1 from Rac1, accelerating its hydrolysis to Rac-GDP and leading 

to the inactivation of NOX2. This decreases NOX-dependent O2•− production. Interestingly, the 

authors also hypothesized that SOD1 activated Rac1-NOX2 complexes in MEFs’ endosomes 

and observed that adding purified bovine or human SOD1 to these endosomes rapidly 

increased NOX-dependent O2•− production. Using 1 µM of wild-type human SOD1 in isolated 

MEFs’ endosomes, O2•− production peaked at 15 minutes but gradually lowered afterwards 

until it reached baseline levels at 60 minutes. 

Another function of SOD1 has been observed in yeast and human fibroblasts where in 

response to elevated cellular ROS, ATM/Mec1’s effector Cds1/Dun1 phosphorylates SOD1, 

which relocates to the nucleus and acts as a transcription factor, promoting the expression of 

oxidative resistance and DNA repair genes (Tsang et al., 2014). The response to elevated 

cellular ROS does not seem to be limited to O2•− since nuclear localization was also observed 

after treatment with H2O2, ROS-generating agents such as paraquat or menadione, or by 

mutating glutathione reductase and catalase. 

In many human cancers such as non-small-cell lung cancer (NSCLC), nasopharyngeal 

carcinoma, and breast cancer, SOD1 is overexpressed and highly expressed in the nuclei of 

20 types of human tumors (Xu et al., 2022). However, O2•− is not produced in the nucleus and 
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O2•− does not readily permeate through membranes such as the nuclear membrane. 

Therefore, if only SOD1’s main function in the dismutation of O2•− is considered, the 

accumulation of nuclear SOD1 seems unusual. To understand this phenomenon, previous 

studies have shown that SOD1 stabilized the PES1-BOP1-WDR12 (PeBoW) complex (Wang 

et al., 2021). This complex is necessary for the production of 60S ribosome subunits by 

processing 41S pre-rRNA (Ho lzel et al., 2005). In cancer cells, hyperactive ribosome 

biogenesis contributes to oncogenic growth, supported by observations where ribosome 

biogenesis is upregulated in proliferating cells such as cancer cells (Montanaro et al., 2008). 

This is also supported by observations from Wang et al. (2021), where nuclear SOD1 was 

essential for the proliferation of Kirsten rat sarcoma virus (KRAS) mutant NSCLC cells after 

Sod1 KO, not cytoplasmic SOD1. Other than the dismutation of O2•−, these observations 

reinforce the idea that SOD1 fulfills other functions such as the regulation of O2•− and H2O2 

levels, the regulation of oxidative stress resistance and repair genes, and the stabilization of 

the PeBoW complex. 

Another isoform of superoxide dismutases is SOD2, an 88-kDa homotetramer 

exclusively located in mitochondria, mainly in the matrix and the inner membrane (Okado-

Matsumoto & Fridovich, 2001; Slot et al., 1986; Weisiger & Fridovich, 1973). SOD2 is also 

named manganese superoxide dismutase (Mn-SOD). SOD2 contains one manganese cofactor 

per subunit (Dhar & St. Clair, 2012; Zelko et al., 2002) and is relatively resistant to cyanide, 

unlike SOD1 (Fukai & Ushio-Fukai, 2011). Lastly, SOD3 is a 135-kDa homotetrameric 

glycoprotein that also has Cu and Zn as its catalytic center, but is located in the extracellular 

matrix (Miao & St. Clair, 2009; Zelko et al., 2002). 
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Role of SOD1 in human diseases 

The SOD1 gene is implicated in many diseases such as amyotrophic lateral sclerosis (ALS), 

heart failure, cancer, diabetes, Down’s syndrome, and Parkinson’s disease (Lewandowski et 

al., 2019; Miao & St. Clair, 2009; Trist et al., 2021). ALS is a neurodegenerative disorder 

resulting in the progressive loss of both upper and lower motor neurons in the brain and 

spinal cord, eventually leading to fatal respiratory paralysis, typically in 3 to 5 years (Brown 

& Al-Chalabi, 2017). 10–15% of ALS cases are hereditary, also known as familial ALS (fALS). 

In 1993, the first mutated gene discovered to cause fALS was the SOD1 gene (Rosen et al., 

1993). Since 1993, approximately 200 SOD1 mutations associated with the risk of ALS have 

been found (Abel et al., 2012). Depending on the population sampled, SOD1 mutations 

accounted for 12.0–23.5% of all fALS cases (Andersen, 2006). A pathological hallmark of ALS-

linked SOD1 mutations is the accumulation of misfolded or aggregated SOD1 proteins, 

causing selective motor neuron degeneration (Broom et al., 2014; Bruijn et al., 1998). Mature, 

holo-SOD1 is extremely stable (Forman & Fridovich, 1973) due to the presence of the 

disulfide bond and the binding of the copper and zinc ion, therefore misfolding and 

aggregation most likely involves the unstable apo-SOD1 protein instead (Trist et al., 2021). 

ALS-linked SOD1 mutations can disrupt the incorporation of the copper and zinc ion or the 

formation of the disulfide bond, contributing to the misfolding of SOD1 and leading to 

aggregation (Furukawa, 2022). Mouse models are useful to study the pathophysiology of ALS 

and possible treatments. The Sod1G93A transgenic mouse model is the first and most studied 

ALS animal model (Gurney et al., 1994), replicating most pathological mechanisms of ALS 

(Lutz, 2018). Even though humans rarely possess the Sod1G93A mutation, rodents with the 

Sod1G93A mutation are often used in the study of fALS, since the accumulation and aggregation 
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of insoluble Cu,Zn-SODs is present in the motor neurons of both fALS patients and Sod1G93A 

mutant rodents (Miao & St. Clair, 2009). 

Mutant superoxide dismutases in KO and transgenic mice 

Studies done on SOD KO mice and SOD transgenic mice have been summarized in several 

excellent reviews (Deepa et al., 2019; Lutz, 2018; Pe rez et al., 2009; Pouyet & Carrier, 2010; 

Salmon et al., 2010; Tsan, 2001; Wang et al., 2018). Sod1-deficient mice (Sod1−/− and Sod1+/−) 

develop normally into adulthood (Reaume et al., 1996). Considering how highly Sod1 is 

conserved between species, the importance of its function, and its high levels of expression, 

the viability of Sod1−/− mice is surprising (Fridovich, 1995; Miao & St. Clair, 2009; Okado-

Matsumoto & Fridovich, 2001; Sturtz et al., 2001). Although viable, Sod1−/− mice display 

phenotypic abnormalities such as decreased female fertility (Ho et al., 1998; Matzuk et al., 

1998), increased oxidative stress sensitivity (Huang et al., 1999), 30% decreased lifespan 

(Elchuri et al., 2005), increased incidence of liver cancer (Elchuri et al., 2005), increased 

mutation frequency and apoptosis in the liver (Busuttil et al., 2005), fatty liver (Uchiyama et 

al., 2006), accelerated age-related muscle atrophy (Muller et al., 2006), macular 

degeneration (Hashizume et al., 2008; Imamura et al., 2006), anemia (Iuchi et al., 2007), 

increased expression of collagenase MMP-13 (Dasgupta et al., 2009), osteopenia (Morikawa 

et al., 2013; Nojiri et al., 2011), skin atrophy (Shibuya et al., 2012), and denervation of fast 

twitch muscle (Fischer et al., 2012). Double Sod1 and Sod3 KO in mice did not decrease 

lifespan further than a single KO of Sod1 (Sentman et al., 2006). Additionally, Sod1 deficiency 

led to the accumulation of carbonylated proteins, lipid peroxidants, oxidized nucleic acids, 

and advanced glycation end products in tissues (Watanabe et al., 2014). As for heterozygous 
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Sod1+/− mice, they had 50% of wild-type SOD1’s activity, and were also more sensitive to 

acute oxidative stress (Huang et al., 1999). 

Multiple studies were also done to verify if there was a mechanism compensating for 

a deficiency in Sod1. Decreased Cu,Zn-SOD activity had no effect on the activity of other 

antioxidant enzymes such as Mn-SOD, catalase, GPX, glutathione reductase, and glucose-6-

phosphate dehydrogenase in Sod1+/− and Sod1−/− mice (Ho et al., 1998). Compared to Sod1+/+ 

mice, Sod1−/− mice also did not have a significantly different expression of GPX1, glutathione 

reductase, aldose reductase, aldehyde reductase, PRDX1 and PRDX4 (Yamanobe et al., 2007). 

However, other studies have found that GPX1 levels were decreased in Sod1−/− mice (Iuchi et 

al., 2008; Sentman et al., 2006). Additionally, one study has looked into the possibility of 

glutathione compensating for the loss of SOD1 through the cystine/glutamate exchange 

transport system but this is unlikely, since the double KO of Sod1 and xCT, the cystine 

transporter gene, did not exacerbate phenotypic consequences already present in Sod1−/− 

mice (Iuchi et al., 2008). 

Homozygous Sod2−/− mice are unable to develop into adulthood, dying within days or 

weeks after birth from cardiomyopathy or neurodegeneration depending on the genetic 

background (Huang et al., 2001; Huang et al., 1999; Lebovitz et al., 1996; Li et al., 1995). They 

also displayed abnormalities in enzymes involved in the citric acid cycle and electron 

transport chain, increased oxidative DNA damage, increased lipid accumulation in the liver 

and skeletal muscle, and metabolic acidosis (Li et al., 1995; Melov et al., 1999; Melov et al., 

1998). A study has used superoxide dismutase mimetics such as Mn(III) tetrakis (4-benzoic 

acid) porphyrin chloride (MnTBAP) to extend the mean lifespan of small and large litters 
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from 8.3 days to about 16.4 days (Melov et al., 1998). Subsequently, they also used SOD-

catalase mimetics such as salen manganese complexes to extend the mean lifespan of Sod2−/− 

mice from 9 days to 28 days at most (Melov et al., 2001). This suggests that SOD2 is essential 

for the viability of mitochondria and ATP production, especially for tissues with demanding 

energy requirements (Marecki et al., 2014). Since Sod2−/− is embryonic or neonatal lethal, 

studies have been done on tissue-specific Sod2 KO using Cre-loxP (Bhaskaran et al., 2023; 

Ikegami et al., 2002; Lustgarten et al., 2009; Marecki et al., 2014; Nojiri et al., 2006; Oh et al., 

2012; Parajuli et al., 2011; Sasaki et al., 2011; Treiber et al., 2011). Ordered from the greatest 

to smallest reduction in lifespan, total Sod2 KO reduced the lifespan of mice when performed 

in the brain (Sasaki et al., 2011), heart/muscle (Nojiri et al., 2006), liver (Ikegami et al., 2002), 

or connective tissue (Treiber et al., 2011). Other than the ~43% reduced lifespan, performing 

a Sod2 KO in connective tissues resulted in weight loss, skin atrophy, kyphosis, osteoporosis, 

and muscle degeneration (Treiber et al., 2011). Double Sod2 and p53 KO did not improve the 

dilated cardiomyopathy observed in Sod2−/− mice (Watanabe et al., 2021). As for 

heterozygous Sod2+/− mice, they had 50% of wild-type SOD2’s activity and increased tumor 

incidence, but the same lifespan as Sod2+/+ mice and no significant differences for certain 

biomarkers of aging (Van Remmen et al., 2003). Heterozygous Sod2+/− mice also had 

increased oxidative damage to mitochondrial DNA and impaired functions of the electron 

transport chain (Van Remmen et al., 2003; Williams et al., 1998). It was previously reported 

that nuclear DNA from livers of Sod2+/− mice at 2 to 4 months of age had no significant 

oxidative damage by measuring 8-oxo-2-deoxyguanosine (8-oxo-dG) (Williams et al., 1998), 

but at 26 months of age they had 60% higher 8-oxo-dG (Van Remmen et al., 2003). Cytosolic 

proteins from Sod2+/− mouse livers also had no significant differences in oxidative damage 
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(Williams et al., 1998). These observations are consistent with SOD2’s localization in the 

mitochondria. As for compensatory changes, no significant change in the activity of GPX or 

Cu,Zn-SOD was observed, but the total level of glutathione was decreased by 30% in the liver 

(Williams et al., 1998). 

In Sod3-deficient mice, homozygous Sod3−/− mice were able to develop into adulthood, 

were healthy for at least 14 months (Carlsson et al., 1995), and had a similar lifespan as wild-

type mice (Sentman et al., 2006). However, they had increased sensitivity to hyperoxia 

(Carlsson et al., 1995), increased sensitivity to ischemia-reperfusion injury in skeletal muscle 

(Park et al., 2005), slightly increased systemic lipid peroxidation (Sentman et al., 2006), 

increased lung oxidative stress and injury in response to asbestos (Fattman et al., 2006), and 

an impaired neovascularization after ischemia and reperfusion (Kim et al., 2007). 

The use of mouse embryonic fibroblasts in the study of superoxide dismutases 

Mouse embryonic fibroblasts are often used due to their relative ease of collection and 

maintenance, rapid growth rates, physiological relevance, and the possibility to perform 

numerous large-scale experiments (Garfield, 2010; Hansen & Piorczynski, 2019; Tan & Lei, 

2019). Fibroblasts possess an elongated and branched morphology but are often spindle-

shaped when crowded. They are mesenchymal-derived, are found in every animal organ, are 

the most common cell type in animal connective tissues, are involved in self-renewal, tissue 

remodeling and repair, and the synthesis of extracellular matrix and collagen (Bozkurt, 2021; 

Yusuf et al., 2013). Additionally, they are involved in the regulation of self-tolerance, organ 

development, wound healing, inflammation, and fibrosis (Yusuf et al., 2013). They are an 

useful in vitro model to study cell cycle regulation, immortalization, transformation, 
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senescence, apoptosis, and differentiation (Yusuf et al., 2013). However, they present certain 

limitations since MEFs are highly heterogeneous and can contain many distinct cell subtypes, 

complicating the interpretation of experimental results (Garfield, 2010; Singhal et al., 2016). 

The oldest study on Sod1 KO MEFs observed a ~75% reduction in the proliferation 

rate of Sod1−/− MEFs (Huang et al., 1997). Since their experiments are closely related to ours, 

their observations will be summarized in this paragraph. Using terminal transferase in situ 

labeling, the authors determined the number of apoptotic cells and observed increased cell 

death: the number of Sod1−/− MEFs that underwent apoptosis was four to ten times the 

number of apoptotic Sod1+/+ MEFs. The highest number of apoptotic cells was detected six 

hours after the second passage, which is six days after initially isolating Sod1−/− MEFs from 

embryos. 48 hours after the second passage, most Sod1−/− MEFs were dead, with some 

sparsely scattered healthy cells. Sod1−/− MEFs were also 80 times more sensitive to paraquat 

compared to Sod1+/+ MEFs. In comparison, Sod2−/− MEFs only had a ~40% reduction in 

growth rate and were only 12 times more sensitive to paraquat compared to Sod2+/+ MEFs. 

Additionally, heterozygous Sod1+/− MEFs were only around two times more sensitive to 

paraquat than Sod1+/+. 

The most recent study on Sod1 KO MEFs found that Sod1−/− MEFs quickly died in vitro 

after a few days under normoxic conditions (20% O2), but were alive under hypoxic 

conditions (2% O2) for up to 2 weeks, albeit with a senescent morphology (Tsunoda et al., 

2013). Their observations will also be summarized in this paragraph, with some additional 

interpretation. Sod1−/− MEFs had the same levels of SOD2, PRDX1, and PRDX2 compared to 

wild-type MEFs, but decreased levels of catalase and increased levels of hyperoxidized PRDX. 
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Levels of ROS and lipid peroxidation were significantly higher. Additionally, under 20% O2 

conditions, fluorescence-activated cell sorter (FACS) analyses of Sod1−/− MEFs’ cell cycles 

showed that ~37.5% of Sod1−/− MEFs were aneuploid, which corresponds to dead cells, and 

~12.5% of Sod1−/− MEFs were tetraploid. The remaining ~50% of cells were diploid. These 

tetraploid cells were most likely senescent MEFs due to acute and severe DNA damage, 

resulting in Gap 2 (G2) exit and permanent growth arrest at the next Gap 1 (G1) phase (Aylon 

& Oren, 2011; Margolis et al., 2003; Roger et al., 2021). This is also supported by observations 

from Tsunoda et al. (2013) where, under 2% O2 conditions, ~50% of Sod1−/− MEFs were 

tetraploid and clearly looked senescent in microscopy pictures. This contrasts to the ~12.5% 

tetraploid cells observed under 20% O2 conditions. The increased O2•− generation and 

apoptotic cell death were also observed by a previous study using Sod1−/− primary dermal 

fibroblasts, except hypoxic conditions (1% O2) only increased cell viability on incubation day 

3, but eventually all Sod1−/− fibroblasts died by day 8 (Shibuya et al., 2012). 

Levels of cyclin A2 and cyclin B1 were downregulated in Sod1−/− MEFs (Tsunoda et al., 

2013). Since the authors did not expand further into the significance of the cyclin results, 

additional interpretation will be done here to discuss the possible causes explaining Sod1−/− 

MEFs’ cell cycle arrest at 2% O2 and death at 20% O2, which in turn could provide useful 

insights. While cyclin A1 is expressed during meiosis and embryogenesis, cyclin A2 is 

expressed during the mitotic division of somatic cells (Martí nez-Alonso & Malumbres, 2020). 

Cyclin A control certain aspects of DNA replication and entry to mitosis from the G2 phase. 

In mutant mice, reduced levels of cyclin A led to impaired resolution of stalled replication 

forks, insufficient repair of double-stranded DNA breaks, and improper segregation of sister 

chromosomes (Kanakkanthara et al., 2016). Cyclin-dependent kinase 2 (CDK2) can bind to 
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cyclin A, and these cyclin A–CDK2 complexes are necessary for the activation of cyclin B, an 

important regulator for mitotic entry (Martí nez-Alonso & Malumbres, 2020). 

Downregulation of cyclin B1 impairs cell proliferation (Fang et al., 2014; Mu ssnich et al., 

2015). Therefore, Sod1−/− MEFs likely downregulate cyclins A2 and B1 to prevent mitosis due 

to increased oxidative DNA damage. 

Tsunoda et al. (2013) also found that Sod1−/− MEFs’ upregulated cyclins were cyclin 

D1 and cyclin E1. Cyclin D, alongside cyclin C, control cell cycle entry from quiescence and G1 

phase progression (Martí nez-Alonso & Malumbres, 2020). Cyclin D–CDK4/6 complexes 

phosphorylate Rb1-family proteins which are major repressors of genes involved in DNA 

replication and chromosome segregation (Martí nez-Alonso & Malumbres, 2020). 

Phosphorylation inactivates Rb1 proteins, leading to the transcription of genes involved in 

the DNA synthesis phase (S phase) and in chromosome segregation for mitosis. In the event 

of DNA damage, one of the mechanisms proliferating cells use to arrest cell cycle progression 

is by downregulating cyclin D1 (Jirawatnotai et al., 2012). Cyclin D1 is also involved in DNA 

repair, independently of CDK4/CDK6 (Jirawatnotai et al., 2012). As for cyclin E, it controls 

DNA replication and completes the entry into S phase. After the phosphorylation of Rb1 by 

cyclin D–CDK complexes, cyclin E genes are expressed and cyclin E–CDK complexes can 

further phosphorylate Rb1 to completely inactivate it (Martí nez-Alonso & Malumbres, 2020). 

Cyclin E–CDK complexes are inhibited by cyclin-dependent kinase inhibitors (CDKI) p21Cip1 

(p21), p27Kip1 and p57Kip2. Paradoxically, cyclin D1 and E were overexpressed in senescent 

MEFs (Leontieva et al., 2012) and Sod1−/− MEFs (Tsunoda et al., 2013). Since Sod1−/− MEFs 

cultured in vitro are undergoing increased oxidative stress and DNA damage, the 

upregulation of cyclin D1 seems contradictory since it should be downregulated to prevent 
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cell cycle progression. This is explained by the conversion of cell cycle arrest into senescence, 

also called geroconversion (Blagosklonny, 2012). After cell cycle arrest by p21 and p16INK4a 

(p16), growth-promoting pathways such as mTOR remain active and converts the cell cycle 

arrest into irreversible senescence, accompanied by a growth in size and a large 

accumulation of cyclin D1 and cyclin E (Leontieva et al., 2012). Cyclin D1 is involved in 

metabolic switch and cell growth, while cyclin E induces hypoxia- inducible factor 1 which 

may contribute to the hyper-secretory phenotype of senescent cells (Leontieva et al., 2012). 

This is supported by observations where inhibitors of mTOR such as rapamycin can 

decelerate the accumulation of cyclins D1 and E and slow down senescence in cell cycle–

arrested cells which remain quiescent and retain their proliferative potential for longer 

(Demidenko et al., 2009; Leontieva et al., 2012). 

Tsunoda et al. (2013) observed the upregulation of p21 and the downregulation of 

p19INK4d (p19) in Sod1−/− MEFs. p53-p21 is one of the two main molecular pathways involved 

in senescence (Rufini et al., 2013). p53 is a transcription factor involved in cell cycle control, 

DNA repair, cellular stress response, energy metabolism, apoptosis, and senescence (Rufini 

et al., 2013). p21 is a CDKI, a downstream target of p53, and is involved in cell cycle arrest, 

DNA replication and repair, cell differentiation, senescence, and apoptosis (Vurusaner et al., 

2012). In the event of DNA damage, p53 activates p21 and the latter initiates cell cycle arrest 

to allow the cell some time for DNA repair (Vurusaner et al., 2012). Evidence show p21−/− 

MEFs were unable to undergo p53-dependent G1 arrest following DNA damage (Brugarolas 

et al., 1995). Characteristics of senescent cells are typically a large and flat morphology, 

senescence-associated-beta-galactosidase staining, hyper-secretory phenotype, permanent 

loss of regenerative or replicative potential, and increased expression of p53, p21 and p16 
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(Leontieva et al., 2012; Rufini et al., 2013). Under physiological conditions, p53 has an 

antioxidant function, but excessively high levels of active p53 increase the transcription of 

proapoptotic genes and ROS generation instead, leading to apoptosis (Kang et al., 2013; 

Macip et al., 2003; Vurusaner et al., 2012). For example, severe stress, such as excessive DNA 

damage in cells, activates p53 which enhances the transcription of proapoptotic genes and 

inhibits catalase, subsequently leading to an unbalanced intracellular ROS composition and 

resulting in cell death (Kang et al., 2013; Vurusaner et al., 2012). This function is central to 

the tumor-suppressive activity of p53. As for p19, it is a CDK4 and CDK6 inhibitor (Chan et 

al., 1995). Knowing that cyclin D1 is part of the cyclin D–CDK4/6 complex, p19’s 

downregulation would increase the formation of cyclin D–CDK4/6 complexes and may assist 

in geroconversion (Datar et al., 2000; Leontieva et al., 2012; Nelsen et al., 2003). In summary, 

this analysis allows us to understand that hypoxic Sod1−/− MEFs experience increased 

oxidative stress and DNA damage, leading to the downregulation of cyclins A2 and B1 to 

prevent DNA synthesis and mitotic entry, the upregulation of p21 for cell cycle arrest, and 

the upregulation of cyclin D1 and E1 due to geroconversion. However, in the case of normoxic 

Sod1−/− MEFs, excessive oxidative stress causes severe DNA damage and leads to the 

upregulation of p53, further increasing intracellular ROS to guarantee cell death. 

Another study on Sod1 mouse cells was done by Watanabe et al. (2013) to study the 

cellular phenotypes of Sod1−/− primary dermal fibroblasts. Those studies did not use MEFs 

since they isolated dermal fibroblasts from 5-day-old mice neonates’ skin tissues instead of 

~13.5-day-old mouse embryos. Nevertheless, their observations can provide additional 

insights and might be relevant to MEFs since primary dermal fibroblasts are also fibroblasts 

and originate from mice. In Sod1−/− primary dermal fibroblasts, the authors observed a 2.7-
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fold increase in cytoplasmic O2•−, but also a 4-fold increase in mitochondrial O2•− compared 

to the wild-type counterpart (Watanabe et al., 2013). This was most likely due to how SOD1 

is localized not only in the cytosol, but also in the mitochondrial intermembrane space 

(Okado-Matsumoto & Fridovich, 2001). Due to the negative charge of O2•− in the 

intermembrane space, O2•− decreases the mitochondrial membrane potential and 

destabilizes the mitochondria, leading to apoptosis (Brenner & Moulin, 2012). Watanabe et 

al. (2013) confirmed this by observing a 2.2-fold increase in the number of low–membrane 

potential mitochondria and an increase in apoptotic cell death as indicated by the increased 

expression of cleaved caspase 3 and annexin V–positive cells. A previous study has also 

observed a 56.0% increase of Annexin V–positive cells in Sod1−/− primary dermal fibroblasts 

(Shibuya et al., 2012). Additionally, Watanabe et al. (2013) also observed increased 

phosphorylation of the DNA damage marker H2AX, increased expression and 

phosphorylation of p53, and upregulation of p21. As explained earlier, oxidative stress 

activates the DNA damage response, resulting in the upregulation and phosphorylation of 

p53 and the subsequent activation of p21 (Rufini et al., 2013; Vurusaner et al., 2012). The 

loss of SOD1 did not induce a compensatory increase of other antioxidant enzymes such as 

SOD2, GPX1, and catalase (Watanabe et al., 2013). Other than increased apoptosis, Watanabe 

et al. (2013) observed other cellular phenotypes such as impaired cell proliferation and a 

significant decrease in the number of Sod1−/− primary dermal fibroblasts after only three 

days under 20% O2 cell culture conditions. A subsequent study by Watanabe et al. 

demonstrated that double Sod1 and p53 KO in primary dermal fibroblasts led to fewer 

apoptotic cells and suppressed the cell number decline observed in Sod1 KO cells, but they 

still had lowered proliferation and similar levels of O2•− as Sod1−/− MEFs (Watanabe et al., 
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2021). As mentioned previously, this is likely due to p53’s role as a tumor suppressor after 

severe DNA damage, guaranteeing apoptosis by expressing proapoptotic genes and 

increasing ROS. Without p53, cells with a Sod1 and p53 double KO had an improved survival 

rate, likely because ROS levels cannot reach the threshold required for apoptosis anymore 

and the cell now needed to trigger another apoptotic mechanism. 

Homozygous Sod2−/− MEFs also have an impaired growth in cell culture. Sod2−/− MEFs 

had a ~40% reduction in their proliferation rate, compared to the ~75% reduction in Sod1−/− 

MEFs (Huang et al., 1997). Sod2−/− MEFs were also 12 times more sensitive to paraquat 

compared to Sod2+/+ MEFs (Huang et al., 1997). Sod2−/− MEFs had increased cell death, 

increased O2•− production, and chromosomal instability (Samper et al., 2003). But even with 

the initial poor cell growth, Sod2−/− MEFs were still able to be cultured (Huang et al., 1997). 

In another study, 40% of Sod2−/− MEFs cultures were able to eventually immortalize (Samper 

et al., 2003). Another more recent study has also found that Sod2−/− MEFs had significantly 

increased O2•− production and decreased proliferation, but also reduced cellular ATP and 

impaired O2 consumption (Zhang et al., 2010). Zhang et al. (2010) also looked at possible 

compensatory mechanisms in Sod2−/− MEFs and saw no significant changes in the protein 

levels of antioxidative enzymes such as catalase, GPX1, GPX4, thioredoxin 1 (TRX1), TRX2, 

PRDX1, and SOD1, except PRDX3 which was dramatically decreased. In SOD2-depleted DT40 

chicken cells, no significant change was detected in the frequency of sister chromatid 

exchange, showing that increased mitochondrial O2•− from the lack of SOD2 seems to have 

little impact on the integrity of nuclear DNA (Inoue et al., 2010). 
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Heterozygous Sod2+/− MEFs had 50% of Mn-SOD activity and were not more sensitive 

to paraquat toxicity than the wild type (Huang et al., 1997). Another study observed 

increased mitochondrial DNA glycation in Sod2+/− MEFs, but no significant nuclear DNA 

glycation (Breyer et al., 2012). Similarly, cytosolic proteins had no significant differences in 

levels of advanced glycation end-products or protein carbonyl contents (Breyer et al., 2012). 

To quantify the formation of advanced glycation end-products, Breyer et al. (2012) measured 

N2-carboxyethyl-2’-deoxyguanosine, a major DNA-bound advanced glycation end-product 

that compromises DNA integrity and gene functions. Since 50% reduced SOD2 in Sod2+/− 

MEFs did not increase paraquat sensitivity, measurements were performed to quantify levels 

of Mn-SOD, Cu,Zn-SOD, catalase, and GPX in paraquat-treated Sod2+/− MEFs, but no 

compensatory changes were detected compared to untreated Sod2+/− MEFs (Huang et al., 

1997). 

Rescue attempts of Sod1 KO MEFs with treatments 

Due to the observations where certain antioxidant treatments can improve SOD1-deficient 

phenotypes in vivo, Sod1−/− mice are useful to study age-related tissue dysregulation and 

possible treatments (Watanabe et al., 2021). In vitro, multiple antioxidants such as 2-

Mercaptoethanol, N-acetylcysteine (NAC), catalase, α-phenyl-N-tert-butylnitrone, disodium 

4,5-dihydroxybenzene-1,3-benzenedisulfonate, 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-

oxyl, and SOD2 mimetic MnTBAP were tested on Sod1−/− MEFs at 20% O2 and all showed no 

beneficial effects (Tsunoda et al., 2013). In another study treating mice with skin atrophy 

caused by a Sod1 deficiency, multiple antioxidants such as vitamin C and vitamin C derivative 

L-ascorbyl 2-phosphate 6-palmitate (APPS) were also tested (Murakami et al., 2009). They 
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found that administering vitamin C to drinking water did not induce a significant rescue 

effect for skin atrophy, likely due to insufficient drug delivery to the skin. Afterwards, they 

instead performed a transdermal treatment using APPS because it is stabilized by its 

phosphate group and conjugated to a long hydrophobic chain that enhances its permeability 

through the cell membrane. APPS treatment completely rescued Sod1−/− mice’s skin thinning. 

Subsequent studies by the same team found similar results (Shibuya et al., 2012; Shibuya et 

al., 2014). 

In Sod1−/− primary dermal fibroblasts, 10 µM APPS suppressed 70.1% of the increased 

O2•− generation caused by a deficiency in Sod1, and 100 µM APPS suppressed it by 90% 

instead (Shibuya et al., 2012). 10 µM APPS significantly increased cell count and partially 

rescued cell viability but 100 µM did not rescue viability further (Shibuya et al., 2012). In 

another study by the same team, 10 µM APPS also partially rescued Sod1−/− primary dermal 

fibroblasts’ proliferation, suppressed the increased O2•− levels, and inhibited p53 

upregulation and phosphorylation down to nearly wild-type levels (Watanabe et al., 2013). 

NAC treatment was also tested and suppressed the increased intracellular O2•− levels, but 

only increased cell viability slightly (Watanabe et al., 2013). 
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Material & Methods 

Chemicals and reagents 

All chemicals were obtained from Sigma-Aldrich, and cell culture reagents were supplied by 

Wisent, Inc. unless otherwise specified. 

Plasmid preparation and validation by restriction enzymes 

Retroviral vectors pBABE-puro and pBABE-puro-Cre (Cre recombinase cDNA subcloned into 

the EcoRI and SalI sites of pBABE-puro) were constructed previously by Dr. Ying Wang (Wang 

& Hekimi, 2013). To prepare the plasmids for retrovirus-mediated expression in MEFs, these 

plasmids were first transformed into E. coli OneShot™ Stbl3™ cells from which they were 

purified using the PureYield Plasmid Miniprep/Midiprep System (Promega) and following 

the manufacturer's instructions. To validate the plasmid’s identity, samples of the plasmids 

were digested by restriction enzymes (EcoRI and SalI) and the resulting fragments were 

analyzed by agarose gel electrophoresis and compared to their theoretical sizes. 

Preparation of MEFs for cell culture 

MEFs were isolated from 12.5 or 13.5-day-old Sod1fl/fl or Sod1−/− mouse embryos (Noe , 2021). 

The head of each embryo was removed and kept for genotyping. After removing the embryos’ 

heart and liver, the remaining part of the embryo was finely minced and treated with 1 ml of 

0.25% Trypsin/0.1% EDTA (Thermo Fisher Scientific Inc.) for 20 minutes under standard 

cell culture conditions (37°C, 5% CO2). Each embryo was then individually dispersed to their 

own 10 cm cell culture plate containing 10 ml of cell culture medium. The cell culture 

medium’s composition is described under the “Cell culture and treatments” section. The cell 
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culture medium was renewed the next day. When cells reached full confluence, usually in ~2-

3 days, they were passaged and used for experiments. If more time was needed to determine 

their genotype, cells were passaged one more time. For Sod1−/− MEFs, they received vitamin 

C (200 µM) after isolation. Without it, they were unable to reach full confluence. 

Retroviral infection 

Phoenix™-Eco cells were seeded on 10 cm cell culture plates coated with poly-D-lysine (0.05 

mg/ml). At ~80% confluence, Phoenix™-Eco cells were transfected with 15 µg of plasmid 

DNA (pBABE-puro or pBABE-puro-Cre) using Lipofectamine™ 2000 Transfection Reagent 

(Thermo Fisher Scientific Inc.) and following the manufacturer's instructions. 24 hours after 

transfection, Phoenix™-Eco cells’ cell culture medium was renewed. The infection procedure 

was done three times: 48, 54 and 72 hours after transfection. For each infection, the viral 

supernatant was harvested, filtered with a PVDF syringe filter (0.45 μm pore size), and added 

with polybrene (final concentration: 5 μg/ml). Total virus from one 10 cm cell culture plate 

of transfected Phoenix™-Eco cells was used to infect two wells (6-well plates) of 

Mclk1/Coq7fl/fl or Sod1fl/fl MEFs when they were within ~50–70% confluence. After the 

infected MEFs were fully confluent, puromycin (final concentration: 2.5 µg/ml) was added 

and incubated for two days to select MEFs that stably expressed the inserted sequences. 

Western blot 

The cell culture medium was vacuumed out of each well containing cells, 5 ml of ice-cold PBS 

was added to each well, then cells were scraped off the plate. Cells were collected in a tube, 

centrifuged (400 RCF, 3 minutes, 4°C) and the PBS was vacuumed out. Subsequently, cells 

were resuspended and lysed in RIPA Lysis Buffer (Cell Signaling Technology) in the presence 
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of protease inhibitors (Sigma-Aldrich) at 4°C for 20 minutes. After centrifugation (21 300 

RCF, 5 minutes, 4°C), supernatants were collected and their protein concentrations were 

measured using the Pierce™ BCA Protein Assay Kit. Western blot samples were prepared 

with a 4X Laemmli buffer and boiled at 95°C for 5 min. Using the measured protein 

concentrations, samples were loaded at an equal amount of protein into 12% SDS-PAGE gels, 

electrophoresed at 120 V and transferred to 0.22 µm nitrocellulose membranes. Membranes 

were blocked in 5% milk diluted in PBS-T (phosphate-buffered saline containing 0.5% Tween 

20) for one hour and blotted overnight or over 2 days at 4°C with the appropriate antibodies: 

anti-MCLK1/COQ7 (Proteintech, 15083-1-AP), anti-SOD1 (Proteintech, 10269-1-AP), anti-

VDAC1/Porin (Abcam, ab15895), or anti-GAPDH (Cell Signaling Technology, #2118). After 

three washes with PBS-T, membranes were incubated with 1:2000 HRP-conjugated anti-

rabbit secondary antibody (Cell Signaling Technology, #7074) at room temperature for two 

hours, washed three more times with PBS-T, and visualized using an enhanced 

chemiluminescence detection kit (Froggabio Inc.) and autoradiography films (Diamed). 

Cell culture and treatments 

MEFs and Phoenix™-Eco cells were cultured in cell culture medium under standard cell 

culture conditions. The cell culture medium consisted of Dulbecco’s modification Eagle’s 

medium (Wisent Inc.) containing 10% v/v fetal bovine serum (Thermo Fisher Scientific Inc.) 

and 1% v/v antibiotic-antimycotic 100X solution (Wisent Inc., 450-115 EL). The antibiotic-

antimycotic solution contains penicillin G, streptomycin, amphotericin B, and sodium 

chloride. To passage cells, the cell culture medium was removed, then cells were washed with 

PBS (Wisent Inc.), treated for 3 minutes using ¼ of total cell culture medium volume 
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(volumes are specified further below for each different plates used) as 0.05% trypsin (with 

0.53mM EDTA) (Wisent Inc.), followed by the addition of fresh cell culture medium at ¾ of 

total cell culture medium volume, and this cell suspension is transferred at the specified 

dilution. Vitamin C–treated MEFs required a stronger trypsin concentration and longer 

treatment time. To passage vitamin C–treated MEFs, trypsin treatment was instead 

performed for 20 minutes at 37°C using 0.25% Trypsin (with 0.1% EDTA) (Thermo Fisher 

Scientific Inc.). Total cell culture medium volumes used: 10 ml for a 10 cm plate, 6 ml for a 60 

mm plate, 2 ml per well in a 6-well plate, and 0.8 ml per well in a 12-well plate. To treat cells 

with compounds, they were added to the MEFs’ cell culture medium at the specified 

concentration. Compounds used include ascorbic acid (Vitamin C), L-NG-nitroarginine 

methyl ester (L-NAME), and 2,6-di-tert-butyl-4-methylphenol (BHT).  

For compound library screening, the SCREEN-WELL® REDOX Library (Enzo Life 

Sciences Inc., BML-2835) was used. From fully confluent plates, Sod1−/− MEFs were passaged 

to 12-well plates at a 1/4 dilution and incubated in the presence of vitamin C (100 µM) and 

a library’s compound (10 µM). Each well contained a final volume of 0.8 ml. Two vitamin C–

only wells and one untreated well were also prepared for each 12-well plate. During the 

initial seeding of MEFs onto plates, treatments were added at the specified concentrations; 

this is considered treatment day 0. MEFs had to be passaged every 3 or 4 days in order to 

renew treatments. This frequency was chosen due to these considerations: MEFs used were 

usually fully confluent every ~3 days, quantities of the library’s compounds were limited, 

and treatments had to be renewed frequently enough to see an effect. Since Sod1−/− MEFs 

treated with vitamin C alone could not reach full confluence due to the frequency of vitamin 

C’s renewal, vitamin C’s concentration was increased from 100 to 200 µM at treatment day 5. 
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Additionally, cell culture media and vitamin C was renewed every 4 days for all vitamin C–

treated MEFs even if they did not reach full confluence. Cell culture media was also renewed 

every 4 days for untreated MEFs, but vitamin C was not added. Library compounds were still 

only renewed after a cell passage. 

Cell observation was done using the Leica DM IL inverted light microscope. 

Photographs were taken by placing a camera on the eyepiece. Total magnification was 100x, 

with objective magnification at 10x (Objective type: C Plan, Semi-Planachromat. Numerical 

Aperture: 0.22. Ph1 phase contrast condenser annulus. Leica Article Number 506078) and 

eyepiece magnification at 10x (Field of view: 18. Leica Article Number 527001). To enhance 

the visibility of cells in figures containing microscopy images of cells, these variables were 

modified: brightness, contrast, and sharpness. Each modified variable was applied equally 

throughout the figure. 

Genotyping and PCR 

DNA extraction was performed on heads from 12.5 or 13.5-day-old Sod1−/− mouse embryos 

using a DNA Isolation Kit (EZ BioResearch) and following the manufacturer’s instructions. 

PCR was then performed on the eluted DNA. Each PCR reaction was done in 25 μl final volume 

using OneTaq® DNA Polymerase (New England BioLabs), ~120–800 ng of template DNA, 

and forward and reverse primers (final concentration: 0.4 µM) that were designed to 

specifically detect either the mutant or the wild-type allele of the Sod1 gene. Primer 

sequences were as follows: Sod1-MUTANT forward sequence: 5’-CCG TCT TTT GGC AAT GTG 

AGG-3’; Sod1-MUTANT reverse sequence: 5’-TGG GGT ACC TTC TGG GCA TCC-3’; Sod1-

WILDTYPE forward sequence: 5’-GGC GGA TGA AGA GAG GTG AGC-3’; Sod1-WILDTYPE 
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reverse sequence: 5’-ATT GGC CAC ACC GTC CTT TCC-3’. The PCR cycles used these settings: 

initial denaturation at 94°C for 30 seconds, 30–35 cycles of denaturation at 94°C for 30 

seconds, annealing at 55°C for 30 seconds, and extension at 68°C for 1 minute. Lastly, final 

extension was set at 68°C for 5 minutes. The amplified products were 350 bp for the mutant 

allele and 786 bp for the wild-type allele. 

Crystal violet staining  

After the removal of cell culture media, cells were washed once with PBS before adding 

enough crystal violet solution (0.05% w/v crystal violet, 1% formaldehyde, and 1% 

methanol in 1X PBS) to cover the surface of each plate or well. The plates were then incubated 

at room temperature overnight with gentle agitation. Afterwards, all traces of dye were 

removed, then each well or plate was washed with distilled water, and cells were left to dry 

overnight. The next day, plates were photographed. 
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Research Findings 

Successful validation of the Cre-loxP protocol using Mclk1fl/fl MEFs 

Previous work from our lab indicated that after the complete loss of SOD1, MEFs had a 

decreased growth rate and eventually died in vitro. For the inactivation of Sod1 floxed alleles, 

if the efficiency of Cre-mediated recombination is not close to 100%, Cre-mediated Sod1 KO 

MEFs (Sod1Δ/Δ-Cre) will eventually be overrun by the incompletely recombined Sod1fl/fl-Cre 

or Sod1fl/Δ-Cre MEFs. Therefore, it is crucial to validate and optimize the efficiency of the Cre-

loxP recombination system before using it to generate Sod1 KO cells. For this purpose, 

Mclk1fl/fl MEFs were used. Previous work from our lab has shown that Mclk1/Coq7 KO MEFs 

were able to grow and divide under standard cell culture conditions, at a rate comparable to 

that of unrecombined wild-type controls. Therefore, it is preferable to use Mclk1fl/fl MEFs to 

verify if the Cre-mediated KO protocol performs acceptably or not. 

No detectable MCLK1 was found 41 days postinfection (22 days after puromycin 

selection) in Mclk1fl/fl MEFs infected with pBABE-puro-Cre retroviruses, indicating a 

prolonged and highly efficient Cre-mediated gene KO (Figure 1). For the controls, the same 

Mclk1fl/fl MEFs were used, but they were infected with retroviruses containing the empty 

vector pBABE-puro instead. Since the Cre-mediated gene KO protocol was able to produce a 

highly pure cell population of Mclk1 KO MEFs and maintained the Mclk1 KO even after an 

extended period, the experiments proceeded with Sod1fl/fl MEFs. 
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Figure 1. Undetectable MCLK1 levels after Cre-mediated Mclk1 KO in Mclk1fl/fl MEFs. 

Immunoblot analysis of MCLK1 in Mclk1fl/fl MEFs infected with pBABE-puro or pBABE-puro-

Cre retroviruses. MEFs were sampled 41 days postinfection (22 days after puromycin 

selection). Lanes #1, #2, and #5 are technical replicates of Mclk1fl/fl MEFs infected with 

pBABE-puro retroviruses, and lanes #3, #4, and #6 are technical replicates of Mclk1fl/fl MEFs 

infected with pBABE-puro-Cre retroviruses. In other words, each sample of Mclk1fl/fl MEFs 

originated from the same embryo, but cells were then distributed to different wells and 

subsequently infected. Each lane was loaded with 75 μg of the sample’s total protein. 

Mitochondrial outer membrane porin VDAC1 was used as a loading control. VDAC1 primary 

antibody dilution: 1/1000. MCLK1 primary antibody dilution: 1/1500. Primary antibodies 

were incubated over 1 day. Horseradish peroxidase (HRP)–conjugated anti-rabbit secondary 

antibody dilution: 1/2000. These cells were also collected 25 days postinfection (6 days after 

puromycin selection) and showed similar results. 

Generation of Sod1 KO MEFs by Cre-loxP recombination 

Sod1Δ/Δ-Cre MEFs were generated by infecting Sod1fl/fl MEFs with pBABE-puro-Cre 

retroviruses. For the controls, the same Sod1fl/fl MEFs were used, but they were infected with 
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retroviruses containing the empty vector pBABE-puro instead. Inactivation of Sod1 in 

Sod1fl/fl MEFs upon infection with Cre retroviruses was confirmed by immunoblot analysis 

(Figure 2). Complete loss of SOD1 was observed 9 days postinfection (4 days after puromycin 

selection), confirming that the conversion of Sod1fl/fl MEFs’ floxed alleles into their null form 

Sod1Δ/Δ was virtually complete. Of note, there is a very faint ~17 kDa band in lane #4. 

 

Figure 2. Undetectable SOD1 levels after Cre-mediated Sod1 KO in Sod1fl/fl MEFs. 

Immunoblot analysis of SOD1 in Sod1fl/fl MEFs infected with pBABE-puro or pBABE-puro-Cre 

retroviruses. MEFs were sampled 9 days postinfection (4 days after puromycin selection). 

Each lane was loaded with 75 μg of the sample’s total protein. Cytosolic protein GAPDH was 

used as a loading control. GAPDH primary antibody dilution: 1/4000. SOD1 primary antibody 

dilution: 1/2000. Primary antibodies were incubated over 2 days. HRP-conjugated anti-

rabbit secondary antibody dilution: 1/2000. Including this representative result, this result 

was observed 2 times: 2 were technical replicates using the same uninfected Sod1fl/fl MEFs, 

but the infection protocol was performed at different days. Each replicate had 2 repeats: from 

the same infection protocol, Sod1fl/fl MEFs were passaged to 4 wells, then 2 wells were 

infected with pBABE-puro retroviruses, and 2 wells were infected with pBABE-puro-Cre 

retroviruses. These are represented by the different lanes: lanes #1 and #3 are repeats of 
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Sod1fl/fl MEFs’ infection with pBABE-puro retroviruses, and lanes #2 and #4 are repeats of 

Sod1fl/fl MEFs’ infection with pBABE-puro-Cre retroviruses. 

Sod1Δ/Δ-Cre MEFs experienced decreased growth, decreased confluence, were more 

sparsely populated, and some cells looked enlarged and flatter (Figure 3). Unexpectedly, 

continued maintenance of Sod1Δ/Δ-Cre MEFs in cell culture appeared to result in a 

significantly improved growth rate, similar to wild-type MEFs’ growth rate (data not shown). 

The suspected cause of this recovery was likely due to Sod1Δ/Δ-Cre MEFs being overtaken by 

the incompletely recombined MEFs, since Cre-mediated recombination likely did not happen 

in 100% of the targeted Sod1fl/fl cell population. In that case, the incompletely recombined 

MEFs survived puromycin selection and their survival and proliferation advantage allowed 

them to rapidly overgrow the Sod1Δ/Δ-Cre MEFs. Although puromycin was used to select for 

Cre-infected cells, it is possible that it did not entirely eliminate the incompletely recombined 

MEFs since pBABE-puro-Cre retroviruses can incorporate enough puromycin resistance but 

insufficient Cre expression to completely inactivate Sod1 in Sod1fl/fl MEFs, resulting in the 

survival of Sod1fl/fl-Cre and Sod1fl/Δ-Cre MEFs. 
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Figure 3. Decreased confluence and enlarged phenotype after Cre-mediated Sod1 KO 

in Sod1fl/fl MEFs. Microscopy pictures of Sod1fl/fl MEFs infected with pBABE-puro or pBABE-

puro-Cre retroviruses. 7 days postinfection, MEFs were 80–90% confluent, routinely 

passaged at a 1/6 dilution, then photographed 3 days later. MEFs shown were 10 days 

postinfection (2–3 days after puromycin selection). Including this representative result, this 

result was observed 5 times: 4 were technical replicates using the same uninfected Sod1fl/fl 

MEFs, but the infection protocol was performed at different days. The last replicate used 

Sod1fl/fl MEFs isolated from another embryo and was therefore the second biological 

replicate. Each replicate had 2 repeats: from the same infection protocol, Sod1fl/fl MEFs were 

passaged to 4 wells, then 2 wells were infected with pBABE-puro retroviruses, and 2 wells 

were infected with pBABE-puro-Cre retroviruses. 

To verify this, another experiment was performed to examine SOD1 levels in Sod1fl/fl 

MEFs infected with pBABE-puro-Cre retroviruses, but this time at multiple time points. 7 

days postinfection (2 days after puromycin selection), Sod1 expression was largely lost, but 
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already started to recover in the cell population (Figure 4). However, 18 days postinfection, 

Sod1 expression was completely recovered and was reached levels similar to the wild-type 

controls (Figure 4). Sod1Δ/Δ-Cre MEFs from this experiment likely also had a decreased 

survival or proliferation rate, which might explain why they were overtaken quickly by the 

incompletely recombined MEFs. Lastly, an additional uninfected control was added to verify 

if the infection itself influenced Sod1 expression (Figure 4). As expected, this was not the case 

since the uninfected control had the same SOD1 levels as the Sod1fl/fl MEFs infected with 

pBABE-puro retroviruses. 

 

Figure 4. Recovery of Sod1 expression over time after Cre-mediated Sod1 KO in Sod1fl/fl 

MEFs. Immunoblot analysis of SOD1 at multiple time points in Sod1fl/fl MEFs infected with 

pBABE-puro or pBABE-puro-Cre retroviruses, or uninfected. MEFs were sampled 7 days 

postinfection (2 days after puromycin selection) and 18 days postinfection (13 days after 

puromycin selection). All Sod1fl/fl MEFs originated from the same embryo. Each lane was 
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loaded with 30 μg of the sample’s total protein. Cytosolic protein GAPDH was used as a 

loading control. GAPDH primary antibody dilution: 1/3000. SOD1 primary antibody dilution: 

1/750. Primary antibodies were incubated over 1 day. HRP-conjugated anti-rabbit secondary 

antibody dilution: 1/2000. Of note, SOD1 primary antibody’s concentration was increased 

but incubated over one day only. This change was necessary since it was suspected that 

incubating primary antibodies over two days frequently caused high background staining on 

the films. The dilution was chosen based on previous experiments (data not shown). 

Including this representative result, this result was observed 3 times: 2 were technical 

replicates using the same uninfected Sod1fl/fl MEFs, but the infection protocol was performed 

at different days. The last result used Sod1fl/fl MEFs isolated from another embryo and was 

therefore the second biological replicate. Each replicate had 2 repeats: from the same 

infection protocol, Sod1fl/fl MEFs were passaged to 4 wells, then 2 wells were infected with 

pBABE-puro retroviruses, and 2 wells were infected with pBABE-puro-Cre retroviruses. 

Taken together, these results suggest that acute loss of Sod1 in vitro leads to severely 

impaired cell proliferation and survival in MEFs. However, since Sod1Δ/Δ-Cre MEFs were 

gradually being overtaken by the incompletely recombined MEFs, it would be challenging to 

maintain a highly pure Sod1Δ/Δ-Cre cell population for a sufficient period of time to allow for 

proper testing of treatments and the observation of their effects on Sod1 KO MEFs’ 

phenotypes. 

Vitamin C increased Cre-mediated Sod1 KO MEFs’ survival, but not L-NAME 

Previous work from our lab has found that vitamin C improved the growth and survival of 

Sod1−/− MEFs (unpublished data). Therefore, in this thesis, vitamin C was also tested to see 

its effects on Sod1Δ/Δ-Cre MEFs. Despite the flaws of the Cre-loxP recombination method, 

Sod1Δ/Δ-Cre MEFs were still used for this experiment to observe the treatments’ effects on 

these cells, before replacing this method with a better alternative. Treatments were 
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performed by adding vitamin C directly to cell culture media for a final concentration of 400 

µM. Treatments were renewed every 1–2 days by renewing cell culture media and adding 

treatments at the same final concentration. Sod1Δ/Δ-Cre MEFs treated with vitamin C (400 

µM) had a visibly increased confluence compared to untreated Sod1Δ/Δ-Cre MEFs (Figure 5). 
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Figure 5. Increased confluence of Sod1Δ/Δ-Cre MEFs after vitamin C treatment, but not 

L-NAME. Microscopy pictures of Sod1fl/fl MEFs infected with pBABE-puro or pBABE-puro-Cre 

retroviruses, and treated with vitamin C (400 µM) or L-NAME (500 µM) or untreated. 10 days 

postinfection (5 days after puromycin selection), MEFs were fully confluent, were routinely 

passaged at a 1/8 dilution, then photographed 4 days later. MEFs shown were 14 days 

postinfection (9 days after puromycin selection). PBS wash and the renewal of cell culture 

media and treatments were performed every 1–2 days. Including this representative result, 

this result was observed 2 times: 2 were technical replicates using the same uninfected 

Sod1fl/fl MEFs, but the infection protocol was performed at different days. Each replicate had 

2 repeats: from the same infection protocol, Sod1fl/fl MEFs were passaged to 4 wells, then 2 

wells were infected with pBABE-puro retroviruses, and 2 wells were infected with pBABE-

puro-Cre retroviruses. 

There is a possibility that part of the toxicity induced by the loss of Sod1 is caused by 

increased peroxynitrite (ONOO−) production, resulting from the reaction of nitric oxide (•NO) 

with the increased levels of superoxide (O2•−) caused by the lack of SOD1. Therefore, L-NG-

nitroarginine methyl ester (L-NAME) was another treatment chosen to test its ability in 

improving the survival of Sod1Δ/Δ-Cre MEFs. L-NAME inhibits all isoforms of nitric oxide 

synthase (NOS) and consequently reduces •NO production. Therefore, it should protect 

against excessive ONOO− production by lowering the quantity of available •NO that can react 

with O2•−. However, no obvious difference in confluence was found between 500 µM L-

NAME–treated Sod1Δ/Δ-Cre MEFs and wild-type MEFs (Figure 5). Similar results were 

obtained with L-NAME at 250 µM (data not shown). Therefore, excessive ONOO− is unlikely 

to be the main contributor of the slow proliferation and poor survival of Sod1Δ/Δ-Cre MEFs in 

vitro. 
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Vitamin C increased germline Sod1 KO MEFs’ survival for a few weeks 

Due to the difficulty in maintaining a cell population of pure Sod1Δ/Δ-Cre MEFs generated by 

the Cre-loxP system (Figure 4), an alternative way to inactivate SOD1 was chosen. Sod1 KO 

MEFs were instead isolated from the embryos of germline Sod1 KO mice (Sod1−/−). To identify 

the genotype of embryos derived from heterozygous crosses, the embryos’ heads were used 

for genotyping. Sod1−/− MEFs were identified by the detection of their shorter, mutant Sod1 

sequence, and the undetectable wild-type Sod1 sequence (Figure 6). 

 

Figure 6. Representative genotyping image using PCR and agarose gel electrophoresis 

to identify Sod1−/− MEFs. For each embryo’s DNA, PCR products were amplified using 

primers specific for wild-type Sod1 (left lane) and mutant Sod1 sequences (right lane). Each 

embryo was identified by a number from 1 to 9. Wild-type Sod1’s sequence length is 786 bp. 

Mutant Sod1’s sequence length is 350 bp. 

Consistent with previously published work and the previous work of our lab, 

untreated Sod1−/− MEFs displayed growth failure and eventual death after only a few days in 

cell culture (Figure 7). To determine the rescue effect of vitamin C on Sod1−/− MEFs, different 

concentrations of vitamin C were tested, up to 400 µM. Similarly to what was observed in 

previous studies, vitamin C visibly increased Sod1−/− MEFs’ survival (Figure 7). Vitamin C 

started to have a beneficial effect on Sod1−/− MEFs’ survival at 25 µM and was most effective 

at 200 µM. At 400 µM, vitamin C was not as beneficial to Sod1−/− MEFs’ survival compared to 



48 
 

vitamin C at 200 µM. Alongside the Sod1−/− experiment, the same experiment was performed 

with Sod1+/+ MEFs instead, but no visible difference was observed between untreated and 

vitamin C–treated Sod1+/+ wells (data not shown). One well of Sod1+/+ MEFs was displayed 

for comparison. 

 

Figure 7. Increased survival of Sod1−/− MEFs after vitamin C treatment at 25 µM or 

higher. Crystal violet staining of Sod1−/− MEFs treated with vitamin C at different 

concentrations. 8 days after MEFs’ isolation (4 days since the start of vitamin C treatment), 

MEFs were fully confluent and routinely passaged at a 1/10 dilution. 4 days later, crystal 

violet staining was performed since cell confluence properly represented what was observed 

consistently. Stained MEFs shown were 12 days after MEFs’ isolation (8 days since the start 

of vitamin C treatment). PBS wash and the renewal of cell culture media and treatments were 

performed every day. Including this representative result, this result was observed 3 times: 

3 were biological replicates. For Sod1+/+ MEFs, only one replicate was done. 
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Although optimal vitamin C concentration drastically rescued Sod1−/− MEFs’ survival 

and proliferation, vitamin C–treated Sod1−/− MEFs eventually stopped proliferating after ~39 

treatment days (Figure 8). On treatment day 39, vitamin C–treated Sod1−/− MEFs were clearly 

enlarged and flattened, which is reminiscent of the senescent phenotype in MEFs. On 

treatment day 48, vitamin C–treated Sod1−/− MEFs were extremely enlarged and flattened. In 

contrast, wild-type MEFs were still able to proliferate normally (Figure 8). Therefore, vitamin 

C can extend Sod1−/− MEFs’ survival and proliferation for a few weeks in vitro but it cannot 

rescue their long-term survival and proliferation. Of note, since untreated Sod1−/− MEFs 

quickly died without vitamin C, 200 µM vitamin C–treated Sod1−/− MEFs were used to replace 

them after every cell passage, but the untreated wells did not receive vitamin C afterwards. 

This untreated control was useful to demonstrate that Sod1−/− MEFs cannot survive without 

vitamin C, but also to ensure that the improved confluence of vitamin C–treated Sod1−/− MEFs 

was not caused by contamination from the growth of wild-type MEFs. 
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Figure 8. Proliferation arrest in vitamin C–treated Sod1−/− MEFs. Microscopy pictures of 

Sod1−/− MEFs between treatment days 31 and 48. Treatment day 0 (4 days after MEFs’ 

isolation) started when vitamin C was first added to Sod1−/− and Sod1+/+ MEFs. On treatment 

day 30 (34 days after MEFs’ isolation), vitamin C–treated MEFs were fully confluent and 

routinely passaged at a 3/20 dilution (~1/7) to the untreated and vitamin C–treated wells. 
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Cells were photographed on treatment day 31 and every 2 days afterwards. On treatment day 

41 (45 days after MEFs’ isolation), cells were passaged again, as indicated in the figure. PBS 

wash and the renewal of cell culture media and treatments were performed every 2 days. 

Including this representative result, this result was observed 2 times: 2 were biological 

replicates. For Sod1+/+ MEFs, only one replicate was done. 

Compound library screening identified BHT as a possible vitamin C potentiator 

Previous work from our lab screened the SCREEN-WELL® REDOX library for the 

identification of compounds that can improve Sod1−/− MEFs’ survival in vitro. The library 

contains 84 compounds with defined prooxidant or antioxidant activity. None of the library’s 

compounds were found to mitigate Sod1−/− MEFs’ poor survival, except for vitamin C. In this 

thesis, the same library was screened but in combination with vitamin C in order to identify 

compounds that can further improve vitamin C–treated Sod1−/− MEFs’ survival, compared to 

treating with vitamin C alone. The primary screening identified one potential hit: 2,6-di-tert-

butyl-4-methylphenol, also known as BHT (Figure 9). Despite the low amounts of vitamin C 

during the first four days, combined treatments of vitamin C (100 µM) and BHT (10 µM) were 

still able to clearly have a positive effect on Sod1−/− MEFs’ confluence, compared to Sod1−/− 

MEFs treated with vitamin C alone (Figure 9). This observation persisted even after the next 

cell passage. As an additional control, untreated Sod1−/− MEFs were also prepared, but MEFs 

from these wells died after only a few days (data not shown). 
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Figure 9. Increased confluence of Sod1−/− MEFs after the combined treatment of 

vitamin C and BHT. Microscopy pictures of Sod1−/− MEFs treated with vitamin C alone (100 

µM) or vitamin C (100 µM) combined with BHT (10 µM). On treatment day 0 (4 days after 

MEFs’ isolation), MEFs were fully confluent, passaged at a 1:4 dilution to a 12-well plate, then 

the treatments were added. On treatment day 1 and every day afterwards, cells were 

photographed. Cells were routinely passaged on treatment day 4 (8 days after MEFs’ 

isolation). Starting on treatment day 5, vitamin C concentration was increased from 100 µM 

to 200 µM and renewed every 4 days. Since this was an initial screening experiment, this was 

only performed once. 

BHT did not enhance vitamin C–treated germline Sod1 KO MEFs’ survival 

To confirm BHT’s ability in enhancing vitamin C–treated Sod1−/− MEFs’ survival, treatments 

were performed again but with additional controls. This time, Sod1−/− MEFs were treated 

with BHT alone or in combination with vitamin C. Various concentrations of BHT were first 

tested in wild-type MEFs and no obvious toxicity was observed until 75 µM (data not shown). 

Therefore, concentrations of 50 µM and 75 µM were chosen. Once more, since untreated 

Sod1−/− MEFs died early after isolation, fully confluent 200 µM vitamin C–treated MEFs were 

necessary to replace them after every cell passage. The same thing was done for Sod1−/− MEFs 

treated with BHT alone, since BHT alone could not rescue Sod1−/− MEFs’ survival at all (Figure 

10). Unfortunately, BHT could not improve vitamin C–treated Sod1−/− MEFs’ survival more 

than what was already observed with vitamin C alone (Figure 10). This was unlike what was 

previously observed in the compound library screen (Figure 9). BHT at 75 µM appeared to 

be slightly detrimental to vitamin C–treated Sod1−/− MEFs (Figure 10), just like what was 

previously observed with wild-type MEFs treated with BHT at 75 µM. Alongside the Sod1−/− 

experiment, the same experiment was performed with Sod1+/+ MEFs instead, but no visible 
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difference was observed between treated and untreated Sod1+/+ cells (data not shown). One 

well of Sod1+/+ MEFs was displayed for comparison. 

 

Figure 10. BHT at 50 or 75 µM did not further enhance vitamin C–treated Sod1−/− MEFs’ 

survival. Crystal violet staining of Sod1−/− MEFs treated with vitamin C and BHT at different 

concentrations. 53 days after MEFs’ isolation (49 days since the start of treatments), MEFs 

treated with vitamin C alone (200 µM) were fully confluent, routinely passaged at a 3/20 

dilution (~1/7) to each well, then treatments were routinely performed at the indicated 

concentrations. After 9 more days, crystal violet staining was performed since the 

confluences properly represented what was observed consistently. Stained MEFs shown 

were 62 days after MEFs’ isolation (58 days since the start of treatments). PBS wash and the 

renewal of cell culture media and treatments were performed every 2 days. Including this 

representative result, this result was observed 3 times: 3 were biological replicates. For 

Sod1+/+ MEFs, only one replicate was done. 
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One possible reason as to why combined treatments of vitamin C and BHT did not 

further enhance Sod1−/− MEFs’ survival unlike what was previously observed (Figure 9) is the 

difference in concentration. BHT at 50 µM was determined to not be toxic, but that does not 

necessarily mean 50 µM was the optimal concentration that could improve Sod1−/− MEFs’ 

survival. In the compound library screen where an improvement of vitamin C–treated Sod1−/− 

MEFs’ survival was observed, 10 µM BHT was used (Figure 9) and this could be the optimal 

concentration. Therefore, the same experiment was repeated, but with BHT at 10 and 20 µM 

instead. However, even at these lower concentrations, BHT still had no beneficial effects on 

the survival of Sod1−/− MEFs, with or without vitamin C (Figure 11). 

 

Figure 11. BHT at 10 or 20 µM did not further enhance vitamin C–treated Sod1−/− MEFs’ 

survival. Crystal violet staining of Sod1−/− MEFs treated with vitamin C and BHT at different 

concentrations. 15 days after MEFs’ isolation (13 days since the start of treatments), MEFs 



56 
 

treated with vitamin C alone (200 µM) were fully confluent and routinely passaged at a 3/20 

dilution (~1/7) to each well, then treatments were routinely performed at the indicated 

concentrations. After 6 more days, crystal violet staining was performed since the 

confluences properly represented what was observed consistently. Stained MEFs shown 

were 21 days after MEFs’ isolation (19 days since the start of treatments). PBS wash and the 

renewal of cell culture media and treatments were performed every 2 days. Including this 

representative result, this result was observed 2 times using 2 technical replicates: two 6-

well plates were initially seeded with Sod1−/− MEFs and two 6-well plates were initially 

seeded with Sod1+/+ MEFs. They were then treated at the concentrations shown in the figure. 
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Discussion 

The use of the Cre-loxP system for Sod1 KO 

The aim of my project was to use the Cre-loxP system to acutely delete Sod1 in Sod1fl/fl MEFs, 

observe the consequences of SOD1 loss in vitro, and subsequently search for treatments that 

can rescue the poor survival induced by the deletion of SOD1. Previous studies have found 

that Sod1−/− MEFs grew poorly under normal cell culture conditions (Huang et al., 1997; 

Tsunoda et al., 2013). Previous studies have also used Cre-loxP system to successfully 

perform Sod2 KO in specific tissues, since Sod2−/− mice die within days or weeks after birth 

(Bhaskaran et al., 2023; Ikegami et al., 2002; Lustgarten et al., 2009; Marecki et al., 2014; 

Nojiri et al., 2006; Oh et al., 2012; Parajuli et al., 2011; Sasaki et al., 2011; Treiber et al., 2011). 

In our study, the Cre-loxP system was mainly used to avoid possible compensatory 

developmental responses that might have arisen in Sod1−/− embryos, since these could have 

influenced the phenotypes of Sod1−/− MEFs. But first, the Cre-loxP protocol had to be tested 

in order to observe its efficiency in deleting floxed alleles. For this purpose, Mclk1fl/fl MEFs 

were used. The human homolog is named COQ7. MCLK1/COQ7 is a mitochondrial enzyme 

required for the synthesis of ubiquinone, also known as Q. As mentioned in the literature 

review, Q acts as an electron carrier from complex I and II to complex III of the electron 

transport chain. Mclk1/Coq7 KO MEFs do not synthesize coenzyme Q but are viable in vitro 

(Wang & Hekimi, 2013). However, the characteristic that is more experimentally relevant is 

their capacity to grow and proliferate at a rate comparable to that of unrecombined wild-

type controls, under standard cell culture conditions. If the Cre-loxP system was first tested 

on Sod1fl/fl MEFs instead of Mclk1fl/fl MEFs, it would be difficult to determine if Sod1Δ/Δ MEFs’ 
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poor growth is either caused by a toxic by-product from the Cre-mediated KO protocol, by 

the lack of Sod1, or another variable. By using Mclk1fl/fl MEFs instead, this allowed to clearly 

verify if the Cre-mediated KO protocol is inherently toxic to cells and if it performed 

acceptably or not. If not, then the protocol would have been amended until it performed 

acceptably. Using retroviruses containing pBABE-puro-Cre, Mclk1fl/fl MEFs were infected and 

this resulted in the successful and prolonged deletion of Mclk1 for all Mclk1fl/fl MEFs (Figure 

1). Since the Cre-loxP protocol was successful with Mclk1fl/fl MEFs, the experiments 

proceeded with Sod1fl/fl MEFs. 

Consistent with published studies (Huang et al., 1997; Tsunoda et al., 2013) and work 

from our laboratory, acute loss of Sod1 induced by the Cre-loxP system also led to rapid cell 

death and severely defective growth of Sod1fl/fl MEFs under standard cell culture conditions 

(Figure 3). To highlight how quickly Sod1Δ/Δ-Cre MEFs died, confluence clearly decreased 

after only 2–3 days of puromycin selection (Figure 3). The study by Huang et al. (1997) 

observed the highest number of apoptotic Sod1−/− cells ~6 days after MEFs’ isolation and 

nearly all Sod1−/− MEFs died 8 days after MEFs’ isolation. Tsunoda et al. (2013) also observed 

a clear decrease in the confluence of Sod1−/− MEFs after only 1 day at 20% O2 and all Sod1−/− 

MEFs were dead after 4 days at 20% O2. 

Despite a successful initial deletion of Sod1 in practically all Sod1fl/fl MEFs after 

puromycin selection (Figure 2), Sod1Δ/Δ-Cre MEFs were gradually being overtaken by the 

incompletely recombined Sod1fl/fl-Cre or Sod1fl/Δ-Cre MEFs, sometimes starting after only 2 

days of puromycin selection (Figure 4). As mentioned previously, this likely happened due to 

the significant proliferative advantage of the incompletely recombined MEFs over Sod1Δ/Δ-

Cre MEFs’ proliferation. One possible reason why these incompletely recombined MEFs 
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survived puromycin selection is that the Cre infection incorporated enough puromycin 

resistance in some Sod1fl/fl MEFs, but not enough Cre expression to delete Sod1 completely. 

This posed a significant challenge in identifying potential treatments that could rescue cell 

death triggered by the loss of Sod1 in vitro, since a treatment’s rescue effect could be confused 

with the growth of those incompletely recombined MEFs. Additionally, certain experiments 

required many weeks of treatments, just like what was done to observe vitamin C–treated 

MEFs’ eventual proliferation arrest (Figure 8). Therefore, MEFs isolated from germline Sod1 

KO mice (Sod1−/−) had to be used instead. In retrospect, another reason explaining the 

reappearance of SOD1 is possibly due to an insufficient time used for puromycin selection. 

For example, a study that successfully used the Cre-loxP system performed a Sp2 KO in 

immortalized MEFs, resulting in a strongly decreased proliferation in Sp2 KO MEFs (Baur et 

al., 2010). This observation is similar to MEFs after a Sod1 KO. However, they performed 

puromycin selection over seven days, which is much longer than the two days of puromycin 

selection we used. 

Using mouse embryos from heterozygous crosses, the embryos’ genotype has been 

confirmed through PCR and agarose gel electrophoresis (Figure 6). As for possible 

compensatory mechanisms, a previous study by Tsunoda et al. (2013) has shown that in 

Sod1−/− MEFs, there were no increases in the levels of a selection of antioxidant enzymes such 

as SOD2, PRDX1, and PRDX2. Additionally, a study on primary dermal fibroblasts also 

reported no compensatory expression of SOD2, GPX1, and catalase (Watanabe et al., 2013). 

However, Tsunoda et al. (2013) reported decreased levels of catalase and increased levels of 

hyperoxidized PRDX in Sod1−/− MEFs. In another study, the increased levels of hyperoxidized 

PRDX was also detected in Sod1−/− mice and this hyperoxidation inactivated PRDX, likely due 
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to excessive ROS from the lack of SOD1 (Homma et al., 2015). Although it does not seem like 

there are compensatory mechanisms that increase these specific antioxidant enzymes, the 

decreased levels of catalase highlight the main downside of using Sod1−/− MEFs: 

unpredictable changes in gene expression, which can potentially create confounding 

variables influencing Sod1−/− MEFs’ phenotype in unexpected ways. 

Lastly, it is worth noting that unlike what was shown previously where a complete 

loss of SOD1 was observed in samples collected 9 days postinfection (Figure 2), low levels of 

SOD1 were visible in the generated Sod1Δ/Δ-Cre MEFs as early as 7 days postinfection (Figure 

4), suggesting a lower recombination efficiency this time. To elaborate on this, if the 

recombination efficiency was lower and the time used for puromycin selection was 

insufficient, then more unrecombined MEFs would be left alive after puromycin selection. A 

higher number of unrecombined MEFs would overgrow the recombined MEFs even more 

quickly. It could also be due to different proliferation rates, since MEFs from both 

experiments originated from different Sod1fl/fl embryos. Although, the exact reason for the 

lower rate of recombination is unknown. 

The rescue of Sod1 KO MEFs’ survival with treatments 

Vitamin C treatment successfully increased Sod1Δ/Δ-Cre MEFs’ survival (Figure 5). As 

mentioned previously, Sod1Δ/Δ-Cre MEFs were still used for this experiment to at least 

observe the treatments’ effects on these cells, before replacing this method with a better 

alternative. Initially, vitamin C treatment at 100 µM for one day did not induce any obvious 

phenotypic changes (data not shown), therefore the concentration was increased to 400 µM 

and treatments were maintained every 1–2 days by renewing cell culture media. Sod1Δ/Δ-Cre 
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MEFs treated with vitamin C (400 µM) had an increased confluence compared to the 

untreated control (Figure 5). Vitamin C was chosen as a treatment because previous work 

from our lab has found that vitamin C can improve the growth and survival of Sod1−/− MEFs. 

Multiple published studies have also shown that vitamin C derivative APPS improved Sod1−/− 

primary dermal fibroblasts’ survival (Murakami et al., 2009; Shibuya et al., 2012; Shibuya et 

al., 2014; Watanabe et al., 2013). APPS’ rescue effect was primarily attributed to the 

suppression of the increased levels of intracellular O2•− which led to the reduction of p53’s 

expression back to wild-type levels and suppressed p53-mediated O2•− production 

(Murakami et al., 2009; Shibuya et al., 2012; Shibuya et al., 2014; Watanabe et al., 2013). 

Therefore, the rescue effect of vitamin C is likely also due to its strong antioxidant activity. As 

one of the hydrophilic antioxidants that accumulate in the aqueous phase of the cell, the basic 

biological function of vitamin C is to protect cell components against free radicals (Shen et 

al., 2021). Vitamin C diminishes the toxicity of HO•, HOO•, and O2•− by transferring the radical 

to vitamin C, resulting in the formation of the ascorbate radical, which is comparatively 

unreactive (Padayatty & Levine, 2016; Shen et al., 2021). Vitamin C also has other important 

properties. These include its ability to act as a cofactor or cosubstrate for many enzymes such 

as the three prolyl 4-hydroxylase isoenzymes involved in the hydroxylation of collagen by 

catalyzing enzymatic posttranslational modifications of procollagen (Peterkofsky, 1991). 

Vitamin C also acts as a cofactor in another set of prolyl-4-hydroxylase isoenzymes which are 

necessary for the hydroxylation of proline residues in hypoxia-inducible factor-1 alpha, an 

important transcription factor for oxygen sensing in multicellular animals (Myllyharju, 

2008). After testing multiple concentrations of vitamin C on Sod1−/− MEFs, it was determined 

that proliferation was optimal at 200 µM, but not 400 µM (Figure 7). Knowing that ROS 
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concentrations within a physiological range is necessary for growth and proliferation 

(Reczek & Chandel, 2015; Sies & Jones, 2020), excessively increasing the level of intracellular 

antioxidants likely disrupts normal ROS homeostasis, leading to decreased cell growth and 

proliferation. For example, it has been shown that excessively increasing concentrations of 

antioxidants, such as NAC, inhibits G1 MEFs’ entry into S phase (Menon et al., 2003). 

While vitamin C successfully increased Sod1Δ/Δ-Cre MEFs’ survival, L-NAME did not 

(Figure 5). The loss of SOD1 increases O2•− levels and this increases the number of available 

O2•− that can react with the highly diffusible •NO (Huie & Padmaja, 1993), leading to the 

overproduction of ONOO− and decreased levels of •NO. ONOO− is potentially toxic due to its 

ability to oxidize or nitrosylate lipids, proteins, and nucleic acids (Abalenikhina et al., 2020; 

Pacher et al., 2007). Additionally, ONOO− is a much more powerful oxidant, can cross cell 

membranes, and induces damage far from its initial site of formation (Murphy et al., 1998; 

Szabo  et al., 2007). It was shown that L-NAME treatment was able to rescue the death of PC12 

rat pheochromocytoma cells induced by the addition of antisense oligonucleotides 

downregulating Sod1 (Troy et al., 1996). L-NAME is an inhibitor of all isoforms of NOS, an 

enzyme that catalyzes the production of •NO from L-arginine (Palmer & Moncada, 1989; Rees 

et al., 1990). Inhibition of •NO production by L-NAME could potentially decrease ONOO− 

formation by lowering the amount of available •NO that can react with O2•−. Therefore, L-

NAME was used to test whether part of the toxicity induced by the loss of SOD1 is due to 

increased ONOO− production. Sod1Δ/Δ-Cre MEFs treated with L-NAME (500 µM) had no 

obvious effect on cell confluence compared to the untreated Sod1Δ/Δ-Cre MEFs (Figure 5). 

Similar results were obtained with L-NAME at 250 µM (data not shown). Therefore, the lack 

of SOD1 leading to increased and toxic levels of ONOO− is an unlikely explanation for the poor 
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survival and proliferation of Sod1Δ/Δ-Cre MEFs in vitro. Due to this, L-NAME was not retested 

on Sod1−/− MEFs. However, it is possible that due to the increased formation of ONOO− from 

O2•− and •NO, decreased levels of •NO is the culprit instead, since •NO is an important signaling 

molecule (Valko et al., 2007). Additionally, it is worth noting that the actual effects of L-NAME 

on intracellular •NO and ONOO− levels were not measured in this experiment. Therefore, it is 

still uncertain if L-NAME decreased •NO levels and subsequently diminished the excessive 

production of ONOO−. 

Despite seemingly observing the improved survival of Sod1−/− MEFs after treating 

them with vitamin C, Sod1−/− MEFs stopped proliferating after ~39 treatment days (43 days 

after MEFs’ isolation), in contrast to Sod1+/+ MEFs (Figure 8). Therefore, the SCREEN-WELL® 

REDOX library was screened in order to find another compound that could complement the 

rescue of Sod1−/− MEFs by vitamin C. This library contains 84 compounds with defined 

prooxidant and antioxidant properties. Each library compound was tested at a concentration 

of 10 µM, in combination with vitamin C at 100 µM. The initial screen identified BHT as a 

potential hit, since the combined treatments of BHT and vitamin C clearly had a positive 

effect on Sod1−/− MEFs’ confluence, compared to the vitamin C alone (Figure 9). BHT is widely 

used as an antioxidant in food, cosmetics, pharmaceuticals, oil, petroleum and rubber 

industries (Yehye et al., 2015). It is believed to act as a synthetic analog of vitamin E by 

inhibiting lipid peroxidation (Reische et al., 2002). Vitamin E scavenges peroxyl radicals 

(ROO•) efficiently, but not other radicals such as HO•, alkoxyl radical (RO•), thiyl radical (RS•), 

or •NO2 (Niki, 2014). Vitamin E and vitamin C have a synergistic effect since vitamin C can 

reduce the vitamin E radical, regenerating vitamin E (Niki, 2014). 
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To confirm BHT’s ability to further enhance vitamin C–treated Sod1−/− MEFs’ survival 

and proliferation, the experiment was repeated. However, BHT did not further enhance the 

survival or proliferation of vitamin C–treated Sod1−/− MEFs’ (Figure 10 and Figure 11). 

Therefore, lipid peroxidation does not seem to be a major contributor to the poor survival of 

Sod1−/− MEFs in vitro. Results of the combined treatment of BHT and vitamin C (Figure 10 

and Figure 11) contradict results from the initial screening of the compound library (Figure 

9). The main explanation for this contradiction were difficulties in homogenizing vitamin C–

treated MEFs from the use of a low concentration of trypsin, at 0.05%. While vitamin C–

treated Sod1−/− MEFs could easily detach from the cell culture plate itself, the cells could not 

separate from each other very easily and were united like a tissue. This is likely due to vitamin 

C’s role as a cofactor or cosubstrate for the three prolyl 4-hydroxylase isoenzymes involved 

in the hydroxylation of collagen (Peterkofsky, 1991). However, the production of collagen in 

vitamin C–treated Sod1−/− MEFs remains to be investigated. For the experiment in figure 9, 

cells were treated for 3 minutes using ¼ of the total medium volume as 0.05% trypsin. This 

method normally allowed the homogenization of Sod1−/− MEFs but not for vitamin C–treated 

Sod1-/- MEFs. Due to this, it is possible that certain wells received more cells than they should 

have, increasing the variability in confluence between wells. The methodology was improved 

later (Figure 10 and Figure 11) by increasing trypsin’s concentration (0.05% to 0.25%), the 

incubation time (3 minutes to 20 minutes), and the temperature during trypsin dissociation 

(~25°C to 37°C). This would normally be too harsh for Sod1−/− MEFs, but not for vitamin C–

treated Sod1−/− MEFs. 

To understand why cells were passaged despite not being close to full confluence in 

figure 9, this is because treatments were only renewed after passaging cells to a new plate 
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due to limited quantities of the library’s compounds. Therefore, cells had to be passaged 

every 3 or 4 days in order to renew treatments. This is why a cell passage was performed on 

treatment day 4, despite cells not reaching full confluence (Figure 9). However, this method 

was clearly too harsh since even Sod1−/− MEFs treated with vitamin C alone could not reach 

full confluence due to the low frequency of vitamin C renewal. Therefore, starting at 

treatment day 5, vitamin C’s concentration was increased from 100 to 200 µM and renewed 

every 4 days for all MEFs, except the untreated MEFs. Despite this, cells were still unable to 

reach full confluence after the first passage. Excluding the initial seeding of MEFs onto plates, 

this experiment only passaged the cells one time in total, on treatment day 4. The library’s 

compounds were still only renewed after passaging cells due to limited quantities of 

compounds. Therefore, the addition of the library’s compounds was only done two times: 

once during the initial seeding of MEFs and once on treatment day 4. 

Lastly, unlike what was previously shown where vitamin C–treated MEFs stopped 

proliferating after ~39 days of treatment (Figure 8), vitamin C–treated MEFs used in figure 

10 were still able to proliferate after 49 days of treatment (Figure 10). However, according to 

microscopy photographs taken before crystal violet staining was performed in figure 10, cells’ 

proliferation has largely slowed down, were enlarged, and flattened morphologically (data 

not shown). The slowed proliferation is also displayed in figure 10, considering that even 

after 9 days since the last cell passage, vitamin C–treated MEFs were still unable to grow to 

the same full confluence reached by Sod1+/+ MEFs. The variation in the number of days before 

cells stop proliferating is most likely due to genetic variations since Sod1−/− MEFs used in 

both experiments originated from different embryos. 
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SOD1’s subcellular localization and the poor survival of Sod1−/− MEFs 

Despite not finding any treatments other than vitamin C that could have a role in the rescue 

of Sod1−/− MEFs, an explanation will be attempted in order to elucidate the contradiction 

between the viability of Sod1−/− mice but not of Sod1−/− MEFs. First, the poor survival of 

Sod1−/− MEFs will be addressed. SOD1 is one of the most abundant proteins in cells, 

representing 1–2% of total detergent-soluble proteins in certain cells (Pardo et al., 1995). 

Among the three mammalian SOD isoforms, SOD1 is considered the cytoplasmic isoform. 

While it is true SOD1 is mostly localized to the cytosol, it has also been identified in the 

nucleus, mitochondrial intermembrane space, lysosomes, and peroxisomes (Chang et al., 

1988; Crapo et al., 1992; Geller & Winge, 1982; Keller et al., 1991; Kira et al., 2002; Liou et 

al., 1993; Okado-Matsumoto & Fridovich, 2001; Sturtz et al., 2001). The poor survival of 

Sod1−/− MEFs is likely explained by the lack of SOD1 disrupting the ROS homeostasis in one 

or more of these subcellular locations. 

Mitochondria are generally assumed to be the main source of O2•− and the third most 

abundant location of SOD1 is found in the mitochondrial intermembrane space (Chang et al., 

1988). The mitochondrial electron transport chain generates O2•− in the mitochondrial 

matrix but also in the mitochondrial intermembrane space, where it becomes a substrate for 

SOD1 (Balaban et al., 2005; Hernansanz-Agustí n & Enrí quez, 2021; Murphy, 2008; Nolfi-

Donegan et al., 2020; Valko et al., 2004). Thus, the lack of SOD1 likely leads to an excessive 

increase in the concentration of O2•− in the mitochondrial intermembrane space, disrupting 

mitochondrial ROS homeostasis and leading to mitochondrial dysfunction and cell death. 

This is supported by observations where Sod1−/− primary dermal fibroblasts had a 4-fold 

increase in mitochondrial O2•− compared to the wild type, a 2.2-fold increase in the number 
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of low–membrane potential mitochondria, and increased apoptotic cell death (Watanabe et 

al., 2013). As for Sod2−/− MEFs, they also have an impaired cell growth in vitro (Huang et al., 

1997; Samper et al., 2003; Zhang et al., 2010). As mentioned in the literature review, SOD2 is 

exclusively located in mitochondria, mainly in the matrix and the inner membrane (Okado-

Matsumoto & Fridovich, 2001). However, if mitochondrial dysfunction due to increased 

mitochondrial O2•− was the main reason causing the complete death of Sod1−/− MEFs in vitro, 

the complete death of Sod2−/− MEFs should also be observed in vitro, but Sod2−/− MEFs are 

still viable in vitro and are even able to immortalize (Huang et al., 1997; Samper et al., 2003; 

Zhang et al., 2010). Therefore, while it might partly exacerbate the poor survival of Sod1−/− 

MEFs, mitochondrial dysfunction is unlikely to be the main reason causing the poor survival 

of Sod1−/− MEFs. 

Peroxisomes are also interesting organelles to consider. As mentioned in the literature 

review, the presence of both XO and NOS in peroxisomes is potentially damaging since they 

produce O2•− and •NO respectively (Antonenkov et al., 2010; Di Meo et al., 2016; Frederiks & 

Vreeling-Sindela rova , 2002; Snezhkina et al., 2019). O2•− and •NO react together to form 

ONOO−, a highly reactive oxidant and a strong inducer of cytotoxicity (Abalenikhina et al., 

2020; Huie & Padmaja, 1993). To regulate ROS levels, peroxisomes contain many antioxidant 

enzymes. Catalase is the main peroxisomal antioxidant, but SOD1 is also present to catalyze 

the dismutation of O2•− (Antonenkov et al., 2010). Therefore, another possibility explaining 

why Sod1−/− MEFs die quickly in vitro could be the increase in peroxisomal O2•− leading to 

excessive and toxic ONOO− accumulation. While this may occur in Sod1−/− MEFs, this is 

unlikely to be the main reason causing the death of Sod1−/− MEFs considering that less than 

1% of SOD1 is localized in peroxisomes (Chang et al., 1988; Keller et al., 1991). Additionally, 
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previous studies have shown that the mutation or inhibition of XO did not improve aging-like 

pathologies in Sod1−/− mice (Shibuya et al., 2021). 

The nucleus is the second most abundant location of SOD1 (Chang et al., 1988) and 

SOD1 localizes in the nucleus under both normal and pathological conditions (Xu et al., 2022). 

If only SOD1’s main function in detoxifying O2•− is considered, it does not seem beneficial to 

localize SOD1 in the nucleus since O2•− is not produced in the nucleus and O2•− does not 

readily permeate through membranes such as the nuclear membrane. In reality, the nuclear 

localization of SOD1 is due to its conserved role as a transcription factor in response to 

increased intracellular oxidative stress (Tsang et al., 2014). In response to elevated 

endogenous or exogenous ROS, SOD1 has been shown to rapidly relocate into the nucleus 

where it binds to DNA promoters and promotes the expression of oxidative resistance and 

DNA repair genes, which are important to limit oxidative DNA damage, but also oxidative 

damage in general. Tsang et al. (2014) also demonstrated that nuclear SOD1 was essential to 

protect against oxidative DNA damage, not cytoplasmic SOD1. Additionally, in chicken DT40 

cells, it was previously shown that nuclear SOD1 was important for the viability of cells by 

reducing DNA lesions, not cytoplasmic SOD1 (Inoue et al., 2010). To highlight the importance 

of SOD1 in preventing DNA damage, FACS analyses by Tsunoda et al. (2013) found that at 2% 

O2, ~50% of Sod1−/− MEFs were tetraploid and they clearly had an enlarged, flat and 

vacuolated morphology under microscopy. Tetraploid cells were most likely a result of the 

senescence of MEFs due to acute and severe DNA damage, resulting in G2 exit and growth 

arrest at the G1 phase (Aylon & Oren, 2011; Margolis et al., 2003; Roger et al., 2021). The 

appearance of these Sod1−/− MEFs also looked very similar to senescent MEFs where a DNA 

damage response is activated, displaying an enlarged, flat and vacuolated morphology (Di 



69 
 

Micco et al., 2008). This is also supported by additional observations from Tsunoda et al. 

(2013) where at 20% O2, ~37.5% of Sod1−/− MEFs were aneuploid, which corresponds to 

dead cells, and ~12.5% of Sod1−/− MEFs were tetraploid. The aneuploid cells were most likely 

dead cells from excessive oxidative stress, leading to p53 upregulation and apoptosis (Kang 

et al., 2013; Macip et al., 2003; Vurusaner et al., 2012). Additionally, SOD1 stabilizes the 

PeBoW complex necessary for the production of 60S ribosome subunits, and nuclear SOD1 

was shown to be essential in suppressing the growth defect induced by Sod1 KO in KRAS 

mutant NSCLC cells, not cytoplasmic SOD1 (Wang et al., 2021). This is also perhaps the main 

reason why Sod2−/− MEFs can survive in vitro since SOD1 is still functional. Taking everything 

into consideration, I speculate that the loss of SOD1 in the nucleus might largely contribute 

to the poor survival of Sod1−/− MEFs. Thus, besides its ability to scavenge O2•−, SOD1’s role as 

a transcriptional factor is likely essential for genomic stability and the protection of DNA 

from oxidative damage. 

SOD1’s most abundant location is in the cytosol (Chang et al., 1988). To explain SOD1’s 

localization in the cytosol, it can be explained by its main function in detoxifying cytosolic 

O2•− anions that can sometimes be generated by various intracellular sources such as NOX 

and XOR (Bedard & Krause, 2007; Berry & Hare, 2004). Additionally, SOD1 has a role in 

regulating O2•− and H2O2 levels (Harraz et al., 2008). H2O2 is a major redox signalling molecule 

and maintaining H2O2 within a physiological range is important for cellular differentiation 

and proliferation (Reczek & Chandel, 2015; Sies & Jones, 2020). Therefore, as a 

counterargument, it is possible that the lack of SOD1 leads to unregulated cytosolic O2•− and 

H2O2 levels, disrupting ROS signalling, increasing cytosolic ONOO− production, and damaging 

various parts of the cell. While this may contribute to a certain degree to Sod1−/− MEFs’ 



70 
 

phenotype, this is an unlikely explanation for the poor survival of Sod1−/− MEFs since, as 

mentioned previously, Tsang et al. (2014) demonstrated that nuclear SOD1 was essential to 

protect against oxidative DNA damage, not cytoplasmic SOD1. Another study has previously 

shown that nuclear SOD1 was essential for the viability of chicken DT40 cells by reducing 

DNA lesions, not cytoplasmic SOD1 (Inoue et al., 2010). Additionally, after Sod1 KO, nuclear 

SOD1 was essential for the survival and proliferation of KRAS mutant NSCLC cells, not 

cytoplasmic SOD1 (Wang et al., 2021). Although, since these are cancer cells that typically 

engage in hyperactive ribosome biogenesis, this might be more related to SOD1’s role in 

stabilizing the PeBoW complex for the production of 60S ribosome subunits (Wang et al., 

2021). Lastly, although SOD1 is highly concentrated in lysosomes (Chang et al., 1988), 

lysosomal SOD1 was not discussed because they were most likely inactive and being 

degraded (Geller & Winge, 1982). 

The viability of Sod1−/− mice 

To explain the contradiction between the viability of Sod1−/− mice but not of Sod1−/− MEFs, 

certain authors have speculated that this is because the ~20% O2 concentration in vitro is 

much higher than what is found in tissues in vivo, which is ~3–5% O2 instead (Inoue et al., 

2010; Tsunoda et al., 2013). Because of the high concentrations of O2 in vitro, ROS generation 

is increased beyond what is normally encountered in those cells, which is especially 

detrimental for Sod1−/− MEFs since they lack SOD1. Tsunoda et al. (2013) have confirmed that 

levels of ROS and lipid peroxidation products were indeed significantly higher in Sod1−/− 

MEFs than in wild-type MEFs. Therefore, the lack of SOD1 prevents MEFs from adapting to 

the increased oxidative stress induced by ambient O2 levels during in vitro culture, leading to 
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rapid cell death. While Sod1−/− MEFs were alive after decreasing oxygen levels to 2% O2, they 

were senescent (Tsunoda et al., 2013). As observed previously, vitamin C mostly rescued 

Sod1−/− MEFs (Figure 5 and 7). Inoue et al. (2010) proposed that the liver of Sod1−/− mice 

might be able to produce vitamin C in sufficient quantities to maintain the viability of these 

mice. Combined with the low ~3–5% O2 concentration in vivo, this is likely to be the main 

explanation. However, while Sod1−/− mice are viable, these two factors cannot completely 

revert the other phenotypic abnormalities experienced by Sod1−/− mice (Busuttil et al., 2005; 

Dasgupta et al., 2009; Elchuri et al., 2005; Fischer et al., 2012; Hashizume et al., 2008; Ho et 

al., 1998; Huang et al., 1999; Imamura et al., 2006; Iuchi et al., 2007; Matzuk et al., 1998; 

Morikawa et al., 2013; Muller et al., 2006; Nojiri et al., 2011; Shibuya et al., 2012; Uchiyama 

et al., 2006).  
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Conclusion and Summary 

This work attempted to understand the causes of the poor survival of Sod1 KO MEFs by 

testing different treatments in vitro. While vitamin C was able to partially rescue the survival 

and proliferation of MEFs lacking SOD1, it did not rescue their long-term survival and 

proliferation. These findings suggest that their poor viability is in part linked to an alteration 

in redox metabolism. However, the literature suggests other non-redox or non-enzymatic 

functions of SOD1 might be involved as well. L-NAME, a non-selective NOS inhibitor, was 

ineffective at suppressing the death of Sod1 KO MEFs, suggesting ONOO− overproduction is 

unlikely to play an essential role in the poor viability of Sod1 KO MEFs in vitro. A small redox 

compound library was screened to search for possible compounds that could have a 

synergistic effect with vitamin C and possibly completely rescue the survival and 

proliferation of Sod1−/− MEFs. However, this yielded no confirmed hits. Screening against 

larger libraries will be needed in future studies to identify other treatments that can 

completely rescue defects in cell survival and proliferation induced by the loss of Sod1 in vitro, 

which might provide further insights into the causes of Sod1 KO MEFs’ inability to survive in 

vitro and possibly other cellular roles involving SOD1.  
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