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ABSTRACT 

Glutathione (GSH) is a ubiquitous thiol tripeptide that is well known for its antioxidant 

role in reducing oxidative stress and maintaining redox balance. Oxidative stress occurs when 

there is an imbalance between reactive oxygen species (ROS) and antioxidants in favor of ROS 

production, which have been implicated in disease. Previous studies have utilized inbred mice 

models to identify canonical GSH genes influencing GSH regulation, however, these findings do 

not reflect the genetic diversity of the human population. Recent studies suggest that GSH 

regulation is governed by tissue-specific novel genes, yet there is little understanding of the 

genetic mechanisms that regulate GSH levels in the brain. To address this knowledge gap, we 

utilized the Diversity Outbred (DO) mouse stock, which models a diverse genetic profile 

comparable to humans, to (1) compare levels and regulation of glutathione in the brain to other 

major tissues and (2) investigate genes in the genome influencing brain glutathione regulation.  
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CHAPTER 1 

INTRODUCTION 

 Chapter 2 serves as a literature review to provide a comprehensive overview of the 

background and context for the research discussed in later chapters. The review aims to bring 

forth a deeper understanding of complex interactions between glutathione regulation across 

different tissues and genetic factors, with topics in glutathione extending towards its biological 

function, role in redox homeostasis, regulation, and implications in disease. Moreover, an 

overview of mouse genetics and bioinformatics analysis establishes context and rationale with 

regards to research on genetic factors influencing glutathione. The purpose and significance of 

this thesis is presented at the end of the chapter. Chapter 3 and 4 focuses on the thesis research, 

with objectives of the research to: 1) identify the statistical relationship between glutathione in 

the brain and other peripheral tissues and 2) identify genetic variants associated with glutathione 

regulation in the brain. Chapter 5 provides conclusions and implications for future research. 
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CHAPTER 2 

LITERATURE REVIEW 

Introduction 

 Glutathione (GSH) is an essential antioxidant that plays an important role in fighting 

against oxidative stress and detoxifying xenobiotic compounds. To protect cells and maintain 

redox homeostasis, the glutathione redox system acts as the cell’s antioxidant defense system, 

converting between the reduced thiol GSH and oxidized disulfide GSSG forms. Dysregulation of 

glutathione and imbalance in redox homeostasis has been implicated in various diseases such as 

cancer, cardiovascular disease, neurological disease, respiratory disease, diabetes, and kidney 

disease. Though research on glutathione has been studied extensively over the years, there is still 

ambiguity in understanding the intricate interplay between genetics, glutathione regulation, 

oxidative stress, and disease. Inbred mouse strains have been more commonly used in research to 

gain a better understanding on glutathione metabolism, however, studying the role of genetics is 

limited due to the tightly controlled genetic background of such mouse strains. For this reason, 

the research presented in this thesis utilizes a diversity outbred (DO) mice stock to analyze the 

role of genetics in glutathione regulation and more accurately reflect the genetic variation found 

in human populations. Findings become more translatable to human health with a broad 

spectrum of phenotypic variability. All in all, this thesis study expands upon previous work to 

define the genetic architecture of the glutathione redox system and provide further knowledge in 

understanding complex interactions between glutathione regulation, genetic factors, and human 

health. 
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Oxidative Stress 

 Mechanisms of Oxidative Stress: Oxidative stress is an imbalance between oxygen 

reactive species (ROS) and antioxidants in favor of ROS production, leading to an accumulation 

of ROS in the cell and tissues [1]. An increase of ROS and other oxidants, or a decrease in 

antioxidants, leads to the progression of oxidative stress due to the antioxidant defense system 

being unable to counteract overwhelmingly higher levels of ROS production [2]. As the 

production of ROS and oxidants exceeds the functional capacity of the antioxidant defense 

system, cellular components become damaged and dysfunctional, resulting in a downward 

cascade of physiological stress to the body [3]. However, when maintained at low to moderate 

concentrations, ROS may be beneficial in promoting human health, such as protecting against 

invading pathogens, facilitating cell signaling, and regulating neural activity [1]. The key to 

maintaining homeostasis and normal cellular activity is by achieving a balance between ROS and 

antioxidants [4]. Though ROS are produced under normal physiological conditions, excess levels 

of ROS under pathophysiological conditions lead to progressive consequences of oxidative stress 

[5]. 

Free radicals are reactive chemicals with an unpaired electron located in its outer orbit, 

causing them to become unstable and very reactive [6, 7]. For this reason, they can either donate 

or accept an electron from other molecules and act as a reductant or oxidant, respectively [8]. 

Free radicals are often classified as ROS or reactive nitrogen species (RNS) [9, 10], though these 

categories include both radical and non-radical species [7]. Commonly known oxygen free 

radicals include superoxide (O2
•−), hydroxyl (OH•), peroxyl (ROO•), alkoxyl (RO•), 

hydroperoxyl (HOO•) radicals, oxygen singlet, and peroxynitrite (ONOO−), while nitrogen free 
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radicals include nitric oxide (•NO) and nitrogen dioxide (•NO2) [7, 8]. The production of ROS 

requires oxygen and is regulated by enzymatic and nonenzymatic reactions [1, 7].  

Nonenzymatic reactions for free radical production occur intracellularly in the 

mitochondrial electron transport chain (ETC), where O2
•−, the most generated ROS in 

mammalian cells, convert into hydrogen peroxide by the superoxide dismutase (SOD) enzyme 

[1, 11]. The mitochondrial ETC contains several sites that leak electrons to oxygen as electron 

pairs run down the ETC, which produce O2
•− (Figure 2.1) [12, 13]. Though many of the sites 

produce ROS, ROS is produced largely at complex 1 and complex III, where complex I releases 

O2
•− to the mitochondrial matrix and complex III releases it to the matrix and intermembrane 

space [12, 14]. Ubiquinone (coenzyme Q) is reduced to ubiquinol (QH2), which drives electrons 

through complex I to reduce NAD ± to NADH; superoxide is released by complex I during 

electron transport from QH2 to NAD ± [12, 15]. In complex III, ROS is produced via the 

autoxidation of Q located on both sides of the inner membrane [13]. Once O2
•− is produced, it 

can either reduce cytochrome c in the intermembrane space or convert to H2O2 and O2 in the 

matrix and intermembrane space [13].  
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Figure 2.1. Sites of superoxide formation in the respiratory chain. Figure adapted from Turrens. 

(2003) [13]. 

 

Enzymatic reactions generating O2
•− involve NADPH oxidase, xanthine oxidase, and 

peroxidases [1, 11]. Through several reactions, O2
•− is converted to other non-radical reactive 

species, such as H2O2, hypochlorous acid (HOCl), hypobromus acid (HOBr), and ONOO− [1, 7]. 

Essentially, ROS is produced by a sequential reduction of electrons (Figure 2.2) [16]. H2O2 is 

produced from O2
•− through enzymes superoxide dismutase (SOD), cytochrome P450, D-amino 

acid oxidase, acetyl coenzyme A oxidase, or uric acid oxidase [7, 11]. Oxidants with stronger 

oxidant potential, ONOO−, can also be produced by the reaction between NO and O2
•− as a result 

[7]. RNS formed through this reaction is dangerous in that it causes damage to nucleic acids, 

lipids, and proteins [10, 17].   
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Figure 2.2. Complete and incomplete reduction of molecule oxygen. Figure adapted from Bartz 

and Piantadosi. (2010) [16]. 

 

The Fenton reaction involving H2O2 and O2
•− and using ferrous ion (Fe2+) or cuprous ion 

(Cu+) as its reaction catalyst, forms OH• [1]. OH• is the most powerful ROS oxidant and is 

formed during the Haber-Weiss reaction, either through the Fenton reaction or decomposition of 

ONOO− [18]. During the Fenton reaction, Fe2+ oxidizes to ferric ion (Fe3+) while simultaneously 

producing OH• and a hydroxide ion (OH−) through the interaction between Fe2+ and H2O2; the 

Fe2+ is then reduced back to Fe3+ by obtaining an electron from O2
•− (Figure 2.3) [18]. Compared 

to other ROS, OH• is more attracted towards smaller biomolecules (i.e. amino acids, nucleotides, 

and monosaccharides), which leads to the most severe damage to biological systems [19]. 

 

 

Figure 2.3. The Fenton reaction. Figure adapted from Juan, et al. (2021) [18]. 
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Free radicals are generated from both endogenous and exogenous sources [1]. 

Endogenous production of free radicals derives from various factors such as the mitochondria, 

cytochrome P450 metabolism, peroxisomes, immune cell activation, inflammation, ischemia, 

infection, cancer, excessive exercise, mental stress, and aging [1, 20]. Production of exogenous 

free radicals occur from factors including environmental pollutants, heavy metals, drugs, 

chemicals, cigarette smoke, alcohol, and radiation [1].  

Impact on Cellular Components (Lipids, Proteins, Carbohydrates, DNA): Due to excess 

levels of ROS mediating oxidative stress, essential biomolecules progressively become damaged 

and no longer carry normal function [8]. Though carbohydrates are targeted as well, the highly 

unstable and reactive nature of ROS primarily targets lipids, nucleic acids, and proteins [8].  

Lipids: Cell membranes are prone to oxidative damage due to the sensitivity of 

polyunsaturated fatty acid (PUFA) residues of its phospholipids [10, 18]. Phospholipid contact 

with ROS oxidizing agents result in lipid peroxidation, where unsaturated fatty acid chains 

become oxidized by free radicals; this generates a hydroperoxidized lipid and an alkyl radical 

[18]. Lipid peroxidation results in non-enzymatic damage to the integrity of the cell membrane, 

altering its fluidity and permeability [21]. The process of lipid peroxidation occurs in three 

stages: initiation, propagation, and termination (Figure 2.4) [22]. During the initiation step, 

prooxidants (e.g., hydroxyl radical) remove a hydrogen atom from a lipid molecule at its allylic 

position and form a carbon-centered lipid radical (L•); once initiated, chain reactions will 

continue until termination products are formed [22]. Oxidation of PUFAs can be initiated by 

enzymes such as lipoxygenase, myeloperoxidase, and cyclooxygenase [23]. The propagation step 

involves the L• to react with an oxygen molecule to generate a peroxyl radical (LOO•), which 
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then causes a hydrogen to be removed from another lipid molecule and generate a new L• and 

lipid hydroperoxide (LOOH) [22]. This step acts as a chain reaction of L• production with the 

peroxyl radical as the principal chain-carrying species [22, 23]. During the termination step, 

antioxidants (e.g., vitamin E) donate a hydrogen atom to LOO• and produce a corresponding 

antioxidant radical that reacts with another LOO• to form a nonradical products [22]. Lipid 

peroxidation produces primary and secondary oxidation products. Primary products include 

LOOH, and secondary products include aldehyde, such as malondialdehyde (MDA), propanal, 

hexanal, F2-isoprostanes, and 4-hydroxynonenal (4-HNE) [22]. F2-isoprostanes are products 

from the peroxidation of arachidonic acid esterified in phospholipids and are widely used as a 

biomarker of oxidative stress [24]. 4-HNE is a strong oxidant and the most significantly 

produced product derived from hydroperoxides; it harms signal transduction pathways and alters 

phenotypic characteristics of cells [20, 22].  

 

 

Figure 2.4. Lipid peroxidation process. Figure adapted from Ayala, et al. (2014) [22]. 
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 Proteins: The process of protein oxidation is complex in which oxidative damage in 

proteins can be categorized in three ways: oxidation of amino acids, cleavage of peptide bonds, 

and aggregation between proteins due to reactions with lipid peroxidation products [8, 18]. The 

side chains of amino acids are susceptible to oxidation, especially particular amino acids such as 

methionine, cysteine, arginine, and histidine [8, 10]. Peroxyl radical is the primary culprit for 

oxidation of proteins, and damage to proteins can disrupt enzyme activity, receptors, and 

membrane transport [8]. The peroxyl radical are then converted to alkyl peroxides by reacting 

with a protonated superoxide [20]. The oxidation process can occur through direct or indirect 

reactions. The direct mechanisms include ROS attack, metal-catalyzed oxidation (MCO), and 

oxidative cleavage of the protein backbone [25]. The indirect reaction (secondary mechanism) 

involves reactions between reactive products of other biomolecules (lipids, nucleic acids, and 

carbohydrates) and proteins, which result in a cross-linkage of amino acid side chains and 

carboxylate the protein [25, 26]. 

 Carbohydrates: Advanced glycation end products (AGEs) are a complex group of 

compounds that are formed non-enzymatically through the Maillard reaction, where reducing 

sugars react with amino acids in proteins, lipids, or DNA [27]. The formation of endogenous 

AGEs can be divided into three main stages: glycation, Amadori rearrangement, and non-

enzymatic peptide cross-linking [27]. During the glycation step, the Maillard reaction involves 

condensation between a carbonyl group from a reducing sugar and a side chain of an amino 

group (e.g., lysine side chain), and thereby producing a reversible Schiff base (aldimine) [28, 

29]. Amadori products can then be produced through the reaction of Schiff base molecules 

between the amino group and glucose; formation of Amadori products is favored in the presence 
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of alkaline pH values and phosphate ions [27, 29]. Amadori products irreversibly rearrange and 

form into AGEs without regulation and following both oxidative and non-oxidative pathways 

[27, 29]. In the non-enzymatic peptide cross-linking stage, Amadori products further react with 

protein or amino acid residues to form additional AGEs [27]. Other pathways can contribute to 

the formation of endogenous AGEs, such as glucose autoxidation. Glucose autoxidation occurs 

when glucose reacts directly with proteins and lipids to form AGEs [27]. Due to covalent cross-

linkage, the formation of AGEs causes impairments in protein structure and result in protein 

oligomerization and aggregation [30]. The binding of AGEs to the receptor for advanced 

glycation end-products (RAGE), a multi-ligand receptor, is implicated in the pathology of 

diabetic complications, neurodegenerative disorders, inflammation, oxidative stress, and cell 

death [27, 30]. The interaction between AGEs molecules and RAGE triggers a downstream 

signaling pathway that leads to the activation of the nuclear factor-kB (NF-kB) signaling 

pathway[27]. 

 Nucleic Acids: ROS are important mediators of oxidative damage to nucleic acids. The 

hydroxyl radical is especially known to cause damage to - and react with - the purine base, 

pyrimidine bases, and deoxyribose backbone of the DNA molecule [10]. Damage to the DNA 

molecule leads to base and/or sugar alterations, sugar-base cyclization, DNA-protein cross-links, 

and intra- and interstrand cross-links, which can in turn generate DNA strand breaks [31]. By-

products of DNA oxidation are base modifications including 8-oxoguanine (8-oxo-G or 8-

hydroxygunanine), 2,6-diamino-4hydroxy-5-formamidopyrimidine (FapyGua), uracil glycol, and 

5-hydroxycytosine [31, 32]. Guanine possesses low oxidation potential, making it more 

susceptible to singlet oxygen and thus form into 8-oxo-7,8-dihydroguanine (8-oxoG) [32]. 8-

oxoG can lead to the disruption of cellular function through the formation of apurinic site (AP 
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site) or mispairing with adenine to alter DNA structure and promote mutagenesis [33]. Although 

DNA is considered the major target, RNA is also susceptible to oxidative damage. RNA, such as 

messenger RNA and ribosomal RNA, are more vulnerable to oxidative damage than DNA due to 

its single-stranded structure and lack of protective proteins [34, 35].  

 Repair Systems of Oxidative Damage: Essential maintenance repair systems are 

established to remove or repair biomolecules damaged by low-level oxidative damage from 

ROS, before they accumulate and lead to permanent damage [6]. Each biomolecule category has 

its own unique repair system to protect against oxidative stress: damaged nucleic acids are 

repaired by specific enzymes, oxidized proteins are removed by proteolytic systems, and 

oxidized lipids are repaired by peroxidases, phospholipases, and acyl transferases [6].  

 Three enzymatic activities are involved in repairing lipids from oxidative damage: (1) 

peroxidase with substrates hydrogen peroxide, short chain hydroperoxides, and phospholipid 

hydroperoxides; (2) phospholipase A2 (PLA2); and (3) lysphosphatidylcholine acyl CoA 

transferase (LPCAT) [36]. Peroxidase activity of peroxiredoxin 6 (Prdx6) can catalyze the 

reduction of its hydroperoxide substrates through the catalytic triads (peroxidation, resolution, 

and recycling) [36]. Prdx6 also exhibits PLA2 activity, enabling it to selectively recognize and 

hydrolyze peroxidized fatty acids in the phospholipid membrane [37, 38]. The reduced 

phospholipid can then be regenerated by the LPCAT activity of Prdx6 by acylating the lost fatty 

acid with a free fatty acid (CoA derivative) [36]. This complete system of enzymatic activities 

provides protection to the integrity of the cell membrane.  

 Proteolytic enzymes, such as the 20S proteasome and the mitochondrial Lon protease, 

can recognize, degrade, and remove oxidized polypeptides from cells prior to aggregation and 

cross-linkage [38, 39]. The 20S proteasome is of the ubiquitin-proteasome system, a system in 
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the cytoplasm that plays an important in detecting and degrading misfolded and defective 

proteins [39, 40]. The 20S proteosome is an active core complex of the 26S proteosome that 

directly degrades substrates and consists of four stacked rings: two inner rings related to beta-

subunits and two outer rings related to alpha-subunits [40]. The mitochondrial Lon protease is in 

the mitochondrial matrix and has a similar function to that of the 20S proteasome and degrades 

oxidized proteins [39]. The Lon protease is involved in maintaining the integrity of the 

mitochondrial genome and carries multiple functions, such as DNA binding and chaperone 

activity [39]. Taking these two proteolytic enzymes together, they act as key players in restoring 

the mitochondrial genome from oxidative stress.  

To maintain genomic integrity, there are many major DNA repair pathways, such as the 

base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), 

homologous recombination (HR), and non-homologous end joining (NHEJ) [41]. The BER 

pathway repairs 8-oxoG and other base modifications, where the 8-oxoG is snipped off by 8-

oxoguanine DNA glycosylase to leave an AP site [33]. The AP-endonuclease 1 (APE1) then 

processes AP sites into single strand breaks [33]. In the final step, the base and additional 

nucleotides are replaced by long patch and short patch base excision repair [33]. In a similar 

fashion, the NER pathway can also remove and repair DNA base lesions from the genome 

through two sub-pathways: global genomic NER (GG-NER) and transcription-coupled NER 

(TC-NER) [42]. The GG-NER detects and eliminates bulky damage in the entire genome, while 

the TC-NER repairs damage to transcribed DNA strands that limit transcription activity [43]. 

Both pathways can recognize damage of DNA with their corresponding proteins; TC-NER is 

activated by the stopping of RNA polymerase II at damaged sites of the transcribed strand, and 

GG-NER is controlled by XPC, a protein factor that reveals damage [43]. The transcription 
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factor II H (TFIIH) plays an important role during repair in these pathways by unwinding DNA, 

recruiting downstream repair factors, and verifying bulky lesions [43, 44]. This allows for DNA 

incision, DNA repair synthesis, and DNA strand ligation in both pathways [43].  

Physiological Activities of ROS: When maintained at low or moderate amounts, ROS 

play a beneficial role in maintaining normal physiological function [1]. ROS are known to 

support crucial physiological processes as secondary messengers and participate in cell signaling 

and proliferation during cell adhesion and gene expression [45]. Additionally, they have a pivotal 

role in synthesizing cellular structures, fighting off pathogens, modulating proper blood flow, 

and regulating the redox system [1, 45]. The most significant effect of ROS in cell signaling is in 

the mitogen-activated protein kinase (MAPK) pathway, which involves the activation of nuclear 

transcription factor NF-kB [10]. NF-kB controls the expression of protective genes that 

participate in the repairment of damaged DNA, immunity, apoptosis, inflammation, cell growth, 

cell survival, and differentiation [10]. Furthermore, NF-kB is a DNA binding protein that 

interacts with a dimer of two members of the NF-kB/Rel/Dorsal (NRD) family of proteins; there 

are five NRD members, RelA (p65), cRel, RelB, p50 (NF-kB1) and p52 (NF-kB2) [10]. The 

inhibitory (IkB) family binds to NF-kB and keeps it inactive in the cytoplasm, however, the 

removal of IkB allows NF-kB to enter the nucleus and bind to kB regulatory elements [10]. The 

activation of NF-kB involves two major signaling pathways -- the canonical and noncanonical 

(or alternative) pathways (Figure 2.5) [46]. The canonical pathway responds to various stimuli, 

including cytokine receptors and TNF receptors, that trigger a multi-subunit IkB kinase (IKK) 

complex composed of catalytic subunits IKK and IKK, and a regulatory subunit called NF-kB 

essential modulator (NEMO or IKK) [46]. Once activated, IKK can then phosphorylate IkB 

and activates the ubiquitin-dependent degradation of IkB in the proteosome, leading to the 
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nuclear translocation of dimers of the canonical NF-kB, p50/RelA and p50/c-Rel dimers [46]. On 

the other hand, the noncanonical pathway selectively responds to specific stimuli, such as ligands 

of the TNF receptor family [46]. NF-kB-inducing kinase (NIK) is the central signaling molecule 

that activates IKK to mediate the phosphorylation of the NF-kB2 precursor protein, p100, and 

eventually induce p100 ubiquitination and processing [46, 47]. p100 requires degradation into 

mature NF-kB2 p52, in which then the noncanonical NF-kB complex p52/RelB is translocated 

into the nucleus [46].  

 

 

Figure 2.5. Canonical and non-canonical NF-kB signaling pathways. Figure adapted from Sun 

(2010) [47]. 

 

 Endogenous oxidants can act as secondary messengers and trigger a cascade of 

intracellular responses that activate expression of antioxidant and detoxifying enzymes to 

regulate cellular redox status [2]. ROS are critical regulators of the Kelch-like ECH-associated 

protein (Keap1) to Nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway that is 
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responsible for the transcription of antioxidant genes (Figure 2.6) [48]. Nrf2 regulates cellular 

responses against oxidative stress by regulating the expression of antioxidant genes, but is 

suppressed by Keap1, a substrate adaptor protein that binds to Nrf2 for polyubiquitination by 

Cullin 3 (Cul3) E3 ubiquitin for proteasomal degradation [48]. During times of oxidative stress, 

cysteine residues on Keap1 are modified and the protein structure is altered; ultimately, these 

changes prevent the ubiquitination of Nrf2 by Cul3 [48]. This allows Nrf2 to translocate to the 

nucleus, where it will heterodimerize with musculoaponeurotic fibrosarcoma (sMaf) proteins and 

bind to the ARE to activate the transcription of antioxidant genes [48]. 

 

 

Figure 2.6. The Keap1-Nrf2 pathway. Figure adapted from Ngo & Duennwald (2022) [48]. 

 

 

 



 

16 

Protective role of antioxidants against oxidative stress 

 Antioxidants of each class (endogenous and exogenous) possess a protective role in 

fighting against oxidative stress in the cell. The cell has developed a highly intricate endogenous 

antioxidant system to counteract ROS that can be further categorized into non-enzymatic and 

enzymatic groups [49]. Exogenous sources of antioxidants can play a supporting role in the cell’s 

antioxidant defense system by directly neutralizing free radicals or enhancing endogenous 

activity [50].  

 Exogenous Antioxidants: Exogenous sources of antioxidants obtained from the diet or 

supplements can be characterized into three categories: the first category is vitamins (A, E, C, 

K); the second is carotenoids (lutein, B-carotene, lycopene) and polyphenols (flavonoids, 

phenolic acid); and the third is minerals (selenium, zinc) [51]. Vitamins A, E, and K are fat-

soluble vitamins that carry out mechanisms of action towards mitigating oxidative stress [52]. 

Vitamin A includes retinol, retinal, and retinoic acid and possesses antioxidant properties by 

directly scavenging ROS and supporting antioxidant enzymatic activity [53]. All-trans-retinoic 

acid is the primary mediator of vitamin A’s antioxidant abilities and regulates many genes 

involved in the cell’s antioxidants processes, such as superoxide dismutase (SOD) [53]. Vitamin 

E is known to directly scavenge free-radicals and protect polyunsaturated fatty acids from 

oxidative damage, with -tocopherol as its most active form; less active forms include -

tocopherol, -tocopherol, and -tocotrienol [52]. Vitamin K is not a classical antioxidant; 

however, it has been discovered that vitamin K1 and K2 (menaquinone-4) can inhibit oxidative 

cell death caused by glutathione depletion [54]. Unlike vitamins A, E, and K, vitamin C is a 

water-soluble vitamin but can also act as a ROS scavenger and combat oxidative stress by 
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stimulating the biosynthesis and activation of antioxidant enzymes (e.g., SOD) and promote 

several transcription factors (e.g., Nrf2) that enable the expression of antioxidant genes [55, 56].  

Carotenoids are the most abundant lipid-soluble phytochemicals and exhibit antioxidant 

properties, such as enhancing the translocation of Nrf2 into the nucleus and activating 

antioxidant enzymes [51, 57]. Specific carotenoids also act as a precursor to vitamin A. β-

carotene is a provitamin A carotenoid that can convert to retinoids (vitamin A), however, other 

carotenoids (lutein and lycopene) cannot and are referred to as non-provitamin A carotenoids 

[52, 58]. Polyphenols carry multiple phenol groups that are effective in preventing lipid 

oxidation and can be broadly classified into flavonoids and phenolic acid [51, 59]. Flavonoids 

are the largest group within the family of plant-derived polyphenolic compounds, while phenolic 

acids are a dominant category under the non-flavonoid class and exist in plants either in their free 

form or esterified form [59]. In addition to its antioxidant properties, polyphenols have also been 

demonstrated to possess anti-inflammatory and anti-carcinogenic properties [59]. 

Trace minerals such as selenium and zinc are also important to the cell’s antioxidant 

defense system. Selenium is an essential cofactor to form selenium dependent antioxidant 

enzymes (e.g., selenoproteins) such as glutathione peroxidase  [7]. Selenocysteine forms a 

predominant residue of selenoproteins and during protein synthesis, the selenocysteine residue is 

co-translationally recognized by the UGA termination codon [60]. Selenium can be found in 

organic (selenocysteine, selenomethionine) and inorganic (selenite, selenate) compounds that are 

readily metabolized to various forms of Se metabolites in the body [60]. Zinc is a cofactor of 

SOD and inhibits lipid peroxidation by preventing copper ion and iron ion-initiated lipid 

oxidation [3]. Additionally, zinc regulates glutathione metabolism, inhibits the nicotinamide 

adenine dinucleotide phosphate-oxidase enzyme, and modulates metallothionein expression [61].  
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Dietary sources of antioxidants are critical in countering oxidative stress and the 

production of ROS, and growing evidence suggests that malnutrition in previously mentioned 

exogenous antioxidants give rise to oxidative damage to essential biomolecules and prevent 

numerous diseases [7]. A range of dietary patterns have been associated with the role of 

oxidative stress, with some dietary patterns linked with decreased oxidative stress and others vice 

versa [62]. The Mediterranean diet has been widely recommended to optimize antioxidant levels 

due to its composition of mainly plant-based foods rich in antioxidants, such as polyphenols [62]. 

It has also been demonstrated that the Mediterranean diet can prevent type 2 diabetes, stroke, 

cardiovascular disease, and Alzheimer’s disease [62]. A high-fat and high-carbohydrate diet on 

the other hand, has been associated with elevated levels of protein carbonylation and lipid 

peroxidation and decreased antioxidant defense status [62]. Furthermore, these diets may alter 

oxygen metabolism, and as lipid deposits are accompanied by ROS production, this further 

exacerbates effects of oxidative stress and disease progression [62]. Adopting an antioxidant-rich 

dietary pattern and incorporating dietary supplements may help support and maintain the body’s 

antioxidant system, thereby reducing the risk of adverse health outcomes.  

Endogenous Antioxidants: Endogenous, small-molecule antioxidants include ascorbic 

acid, glutathione, melatonin, tocopherols and tocotrienols (vitamin E), uric acid, bilirubin, 

coenzyme Q, and alpha lipoic acid [3, 8]. The enzymatic group includes SOD, catalase, 

glutathione peroxidase (GPx), glutathione reductase (GR), and glutathione S-transferase (GST) 

[3, 8]. SOD is a metalloenzyme that catalyzes the breakdown of the superoxide anion into 

oxygen and hydrogen peroxide and requires a metal cofactor, such as iron (Fe), zinc (Zn), copper 

(Cu), and manganese (Mn) [8, 63]. SOD exists in three forms: cytosolic Cu, Zn-SOD, 

mitochondrial Mn-SOD, and extracellular-SOD [8, 50]. SODs neutralize superoxide ions 
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through successive oxidative and reductive cycles of transition metal ions at its active site [50]. 

Although SOD reduces the superoxide anion to hydrogen peroxide, hydrogen peroxide is still a 

harmful by-product to metabolic processes and must be converted into other, less harmful 

molecules [8]. The catalase enzyme reduces the hydrogen peroxide produced by SOD to less 

dangerous molecules, water and molecular oxygen, which completes the detoxification process 

following SOD [63]. GPx is a selenocysteine peroxidase that catalyzes the oxidation of 

glutathione (GSH) into oxidized glutathione (GSSG) and breaks down hydrogen peroxides to 

water by utilizing GSH as its electron donor, protecting the cell from lipid peroxidation and 

oxidative stress [63, 64]. There are at least eight GPx enzymes in humans, GPx1-GPx8, with 

GPx1-GPx4 and GPx6 being the only GPx enzymes to be selenoproteins [65]. GPx1 is the most 

abundant selenoperoxidase among the glutathione peroxidases and is found in the cytosol and 

mitochondria of all cells [63, 65]. GPx2 is commonly present in the gastrointestinal tract of the 

intestine [63], and GPx3 can be found in the plasma and primarily in renal tissue relative to other 

tissues [63, 65]. GPx4 is often referred to as a phospholipid hydroperoxide, because of its ability 

to break down lipid hydroperoxides and protect the cell membrane from oxidative damage [63, 

66]. GPx6 is expressed in the olfactory epithelium but has different implications in humans and 

rats [64, 65]. GPx5, GPx7, and GPx8 are independent of selenium, where GPx5 is characterized 

as a secreted protein in the epididymis, and GPx7 and GPx8 are CysGPxs with low GPx activity 

[65]. GPx7 is known to improve non-alcoholic steatohepatitis by regulating oxidative stress, and 

GPx8 has shown to inhibit the oxidative stress response of hepatocellular carcinoma cells [66]. 

Oxidized glutathione through GPx can then convert back into reduced GSH through the GR 

enzyme by using NADPH as its reducing agent, maintaining the homeostasis of the glutathione 
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cycle [67]. GST enzymes can also fight against oxidative stress by reducing lipid hydroperoxides 

through selenium independent GPx enzymes [68].  

Glutathione and redox homeostasis 

 Overview of Glutathione (Background, Metabolism, and Function): Glutathione (GSH) is 

a ubiquitous tripeptide composed of cysteine, glutamic acid, and glycine that directly acts as an 

antioxidant to protect the body from oxidative stress [69]. GSH was discovered in 1888 by J. de 

Rey-Pailhade, but its precise composition as -L-glutamyl-L-cysteinyl-glycine was established 

later in 1935 by Harington and Mead [70, 71]. GSH mostly exists in two forms: its thiol-reduced 

form and its disulfide-oxidized form (GSSG) [72]. GSH is the most abundant non-protein thiol in 

cells, however, unlike vitamins, it can be synthesized intracellularly through ATP-dependent 

enzymatic steps [69]. The first step of GSH biosynthesis is the rate-limiting step catalyzed by 

glutamate cysteine ligase (GCL) and coupled with ATP hydrolysis, which binds glutamate with 

cysteine to form -glutamyl-L-cysteine (Figure 2.7) [73, 74]. The next step is catalyzed by GSH 

synthetase (GS), which combines -glutamyl-L-cysteine with L-glycine to produce the GSH 

tripeptide [73]. Under normal physiological conditions, the rate of the enzymatic process for 

GSH synthesis is largely dependent on the availability of its precursor cysteine and GCL activity 

[72, 73].  

 

 

 

 



 

21 

 

Figure 2.7. Glutathione (GSH) synthesis and redox cycle. Figure adapted from Labarrere & 

Kassab (2022) [74].  

 

 The predominant form of glutathione is GSH and represents at least 98% of total cellular 

glutathione [72]. Two molecules of GSH may be combined to form the disulfide-oxidized form 

(GSSG), a step typically coupled with GPx-mediated conversion of  hydrogen peroxides to water 

[73]. GSSG can then form back into two molecules of GSH through the GR enzyme at the 

expense of NADPH produced by the pentose phosphate pathway, thereby forming a redox cycle 

[72, 73]. Apart from the redox cycle, organic peroxides can be reduced by either GPx or GST 

enzymes as two molecules of GSH convert to GSSG [73]. GSH is also involved in the -

glutamyl cycle, which is critical to glutathione homeostasis and transportation to other cells 

(Figure 2.8) [75, 76]. -glutamyl transferase (GGT) is the first major enzyme of the -glutamyl 

cycle that regulates the metabolism of GSH; GGT breaks down extracellular GSH into its 

constituent amino acids, -glutamyl compounds and cysteinylglycine [75, 76]. These constituent 

amino acids are taken up by cells and are necessary for intracellular resynthesis of GSH [76]. 

Cysteinylglycine further breaks down into cysteine and glycine as cofactors for 

−glutamylcysteine synthetase and GSH synthetase, respectively [75, 76]. Through -glutamyl 

cyclotransferase, the -glutamyl amino acid is catalyzed into 5-oxoproline, which then is 

catalyzed into glutamate through 5-oxoprolinase [75]. Glutamate conjugates with cysteine to 

form −glutamylcysteine and is directly utilized for GSH biosynthesis [76]. This -glutamyl 
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cycle can act to bypass the rate-limiting step catalyzed by GCL and maintain levels of GSH in 

cells [76].  

 

 

Figure 2.8. The -glutamyl cycle. Figure adapted from Mistry & Stockley. (2010) [75]. 

 

GSH functions as an antioxidant primarily as a component of the enzymatic processes 

involving GPx, GR, and GST [69, 72]. GSH also functions independently and directly reacts 

with a variety of free radicals and pro-oxidants, as well as directly interacting with damaged 

biomolecules for repairment [69, 72]. The GSH/GSSG couple coordinates with other redox 

couples, NADP+/NADPH and FAD/FADH2, in maintaining cellular redox homeostasis [77]. 

These redox couples have oxidizing or reducing capabilities in different capacities, depending on 

their standard redox potential: -240 mV (GSH/GSSG), -315 mV (NADP+/NADPH), and –219 

mV (FAD/FADH2) [77]. The redox state of the GSH/GSSG couple serves as an important 
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indicator of the redox environment [74]. In addition to its role as an antioxidant in cellular redox 

reactions, GSH also participates in detoxifying xenobiotics, protecting protein thiols from 

crosslinking and oxidation, regulating the cell cycle, and storing cysteine [78].  

Digestion, Absorption, and Transportation Mechanisms: Glutathione can be orally 

administered via diet or supplementation and is primarily absorbed in the upper jejunum, where 

GSH breaks down into its constituent amino acids through the GGT enzyme [79, 80]. However, 

oral GSH supplementation is not efficient due to hydrolysis of GSH by GGT, leading to poor 

absorption from the gastrointestinal tract [79, 81]. So while GSH is largely resistant to 

intracellular degradation, extracellular GSH is rapidly metabolized by cells expressing GGT on 

the external surface [82]. For these reasons, supplementation of individual GSH precursors has 

been suggested to improve intracellular GSH status [80]. Cellular GSH is compartmentalized 

into different organelles and other subcellular locations-- GSH exists mostly in the cytosol (70-

85%), with 10-15% in the mitochondria and a very small percentage in the endoplasmic 

reticulum (ER) [74, 82]. GSSG on the other hand, is mainly found extracellularly [74]. Many 

factors affect levels of intracellular GSH, including presence of heavy metals, high glucose 

concentrations, heat shock, oxidative stress, inflammatory cytokines, cancer, ionizing radiation, 

enzymatic antioxidant activity, availability of constituent amino acids, and diet [83, 84]. While 

GSH synthesis only takes place in the cytosol, it is distributed to various organelles via 

transporters [83]. Porins on the outer membrane of the mitochondria allow GSH to enter, while 

dicarboxylate and oxoglutarate transporters in the inner membrane facilitate its movement within 

[83]. Though not clearly established, GSH can also be transported in the nucleus, where Bcl-2 

proteins facilitate the translocation of GSH through Bcl2-associated athanogene pores [83, 85]. 

Translocation into the ER occurs though facilitated diffusion of the Sec61 protein-conducting 
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channel, however in the sarcoplasmic reticulum membrane of skeletal muscles, it has been 

speculated that the ryanodine receptor calcium channel type 1 plays a role in GSH transport [83, 

85]. In the cell plasma membrane, the exchange between extracellular and intracellular GSH 

occurs through ATP-dependent transporters: the organic-anion-transporting polypeptide, the 

drug resistance-associated proteins, and cystic fibrosis transmembrane conductance regulator 

[83]. However, the uptake of “intact” GSH into the cell remains controversial due to degradation 

by the GGT enzyme on the external surface [85]. The half-life of intracellular GSH ranges from 

3 hours (in rat liver), 4 days (in human red blood cells), to minutes (in the plasma), resulting in 

continuous turnover of GSH in cells [72].  

Measurement Techniques: GSH and GSSG can be quantified and measured using several 

different techniques such as ultra-violet (UV) absorbance, fluorescence, spectrophotometry, 

electrochemical, and tandem mass spectroscopy, however, there are limitations to each [86]. The 

high-performance liquid chromatography (HPLC) coupled with UV presents issues with 

specificity and sensitivity detection, restricting widespread application [86, 87]. Furthermore, 

UV and fluorescence techniques require derivatization of GSH prior to detection due to the 

susceptibility of GSH degradation and oxidation, as well as instability of derivatized GSH [86]. 

Derivatization is a chemical structure modification that is used to enhance detectability for the 

target analytes, but this method has significant drawbacks due to its time-sensitive and time-

consuming approach, and its risk for incomplete or excess derivatization reagents in the detection 

process [88, 89]. Although the use of HPLC coupled with electrochemical detection is expensive 

and requires a high potential to measure GSSG, this method is simple and requires no 

derivatization [86, 87]. The technique using liquid-chromatography coupled with tandem mass 
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spectroscopy is another method that does not require derivatization steps; however, it is costly 

and complex to use [90, 91].  

Biosynthetic Precursors: The precursor cysteine is a key determinant and limiting factor 

of GSH synthesis [73]. Cysteine can be synthesized from methionine via the transsulfuration 

pathway in tissues (i.e. liver) that possess the enzymes to catalyze the reactions [92]. 

Alternatively, most cells are supplied with cysteine through a transporter, encoded by solute 

carrier family 7 member 11, the cystine (oxidized cysteine) and glutamate antiporter system xCT 

[92, 93]. Along with its role as a precursor for GSH synthesis, cysteine thiols can also scavenge 

free radicals and directly react with ROS like nitric oxide [94, 95]. The reduced form of the 

sulfur atom of a cysteine residue is susceptible to oxidative modifications, therefore making 

cysteine highly reactive, especially when its thiol side chains are in its deprotonated thiolate form 

(S−) [96, 97]. Its nucleophilic properties allow thiolate groups to donate electrons and participate 

in non-redox reactions [96]. Due to the unstable nature of cysteine, sulfenylated cysteine can 

promote disulfide bond formations with ROS and stabilize protein structure [96].  

N-acetylcysteine (NAC), a synthetic derivative of L-cysteine and a precursor of GSH, is a 

widely used antioxidant to protect against oxidative stress [98, 99]. NAC is a safe and 

inexpensive medication that is well tolerated when administered orally and has a dual role as a 

nucleophile and –SH donor, allowing it to promote detoxification and directly scavenge for free 

radicals [100, 101]. Additionally, NAC serves as a more efficient source of sulfhydryl thiol 

groups compared to cysteine and can cross the plasma membrane of cells to then rapidly convert 

to cysteine intracellularly [98]. Administration of NAC can stimulate GSH synthesis, boost 

levels of GSH, and therefore become beneficial in the context of diseases and disorders [100, 

102]. NAC’s mechanism of action, however, is still not fully understood. Many studies have 
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used animal disease models, cell culture experiments, and clinical studies, to explore the 

pharmacological use of NAC and decipher its potential role as a therapeutic [98, 103].  

In animal experiments, NAC has been implicated to serve as a potential therapeutic for 

diseases such as liver disease [104, 105], cataracts [106], neurological disorders [107-110], 

diabetes [104, 111-113], and cardiovascular disease [112, 114]. Falach-Malik, et al. utilized a 

KK-Ay (genetic model of type 2 diabetes) and high fat diet (HFD)-fed C57BL/6 (diet-induced 

glucose intolerance) mice to demonstrate that, after the administration of NAC, glucose tolerance 

was improved in both the KK-Ay mice and HFD-fed mice, and insulin sensitivity was increased 

in the KK-Ay mice [104]. Additional animal studies have shown NAC to attenuate gestational 

diabetes mellitus and to hold a possible molecular mechanism against insulin resistance and the 

development of type-2 diabetes by improving glucose tolerance, insulin sensitivity, 

inflammation, and lipid profile [110-112]. Furthermore, in a study conducted by Falach-Malik, et 

al., NAC-treated mice exhibited micro-steatosis compared to the control mice with macro-

steatosis in the liver, demonstrating a protective effect of NAC [104]. Har-Zahav, et al. built onto 

this theme using a Mdr2-/- cholestatic mouse model and demonstrated that NAC improved liver 

fibrosis [105]. Several other studies using rodent models highlight the potential of NAC for 

attenuating the pathology of Parkinson’s disease, Alzheimer’s disease, stroke, traumatic brain 

injury, and cognitive dysfunction, particularly by counteracting oxidative stress [107-110]. More, 

et al. used an amyloid beta oligomers (AβOs) induced rat model to demonstrate that after NAC 

treatment, spatial learning and memory was improved [110]. Various animal models, such as 

apolipoprotein E knockout mice and aging LDLR-/- mice, have also reported NAC to attenuate 

the progression of atherosclerosis by reducing oxidative stress [114]. Although there is 
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significant evidence in animal models that NAC can improve the pathogenesis of several 

diseases, the clinical application of NAC is still undergoing investigation.  

Currently, NAC is an approved drug by the Food and Drug Administration (FDA) for the 

treatment of acetaminophen overdose only, yet NAC has been used as an over-the-counter 

nutritional supplement for respiratory diseases, toxicity, psychiatric disorders, and cardiovascular 

disease [114]. There is still limited evidence to approve NAC as a treatment for various other 

diseases despite its potential therapeutic role suggested by numerous studies. Clinical trials 

investigating the effects of NAC administration have reported improvements in fertility [100, 

115-117], neurodegenerative diseases [107, 118-120], psychiatric disorders [101, 118, 121-123], 

liver diseases [118, 124, 125], respiratory diseases [118, 126, 127], eye disease [118], 

cardiovascular diseases [114, 118], diabetes [113], cancer [113, 118], and kidney disease [128]. 

Notably in a 2015 systemic review on the effects of NAC in neurodegenerative diseases and 

psychiatric disorders, evidence from numerous clinical studies leads NAC into a positive 

direction [129]. However, due to inconsistent findings and few controlled trials, further research 

is warranted to clearly define the efficacy of NAC.  

NAC therapy has also been reported to produce different responses among individuals 

who harbor specific genotypes. A clinical trial conducted by Oldham, et al. investigates genes 

TOLLIP and MUC5B and their interactions with NAC therapy in individuals with idiopathic 

pulmonary fibrosis (IPF) [130]. This study found significant interactions between TOLLIP and 

NAC; individuals with a TT genotype were associated with significant beneficial effects with 

NAC, while individuals with a CC genotype were associated with harmful effects from NAC 

[130]. It is highly recommended that clinical trials consider and study the genetic predisposition 
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of individuals and the efficacy of NAC. Taking the study of NAC in this context can expand 

future research and interventions in genetic influences on other diseases beyond IPF.  

Cysteamine (CA) is also involved in the production of GSH by enhancing the uptake of 

the precursor cysteine [131]. CA possesses a thiol group that allows CA to directly scavenge free 

radicals and other ROS, thereby reducing oxidative stress [131]. Due to its antioxidant role, it has 

been used as a common treatment for cystinosis and hypothyroidism, and a potential treatment 

for renal dysfunction, hyperpigmentation, cancer, malaria, sickle-cell anemia, and 

neurodegenerative disorders [131]. The therapeutic potential of CA in neurodegenerative 

disorders is attributable to its ability to traverse the blood brain barrier [132]. Although CA is 

implicated to be a beneficial therapeutic for neurodegenerative disorders, a detailed investigation 

of its molecular mechanisms is still needed to clarify its cytoprotective role [132].  

Several precursors have been discussed to enhance levels of GSH and directly react with 

free radicals, however, many studies have demonstrated that direct administration of GSH via 

oral, intraperitoneal, and intranasal routes increases GSH levels [133-136]. Other routes of GSH 

administration include intravenous, however, the efficacy of this route of treatment appeared to 

be ineffective [133]. Furthermore, oral administration of GSH remains controversial due to the 

poor absorption of GSH; GSH is enzymatically degraded by GGT within the intestine [80, 137]. 

However, because oral administration of GSH is degraded within the intestine, a sublingual 

formulation of GSH can be delivered [137]. GSH is well absorbed in the mucosa, and the 

sublingual route can bypass the hepatic first-pass metabolism [137]. Schmitt, et al. demonstrated 

that participants who received the sublingual form of GSH had significantly increased GSH 

levels compared to those who received oral GSH administration [137]. With regards to this, 
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further research should be conducted to determine the optimal route of GSH administration to 

enhance the body’s stores of GSH.  

Influence of Individual Exogenous Antioxidants and Amino Acids in GSH Homeostasis: 

Although certain routes of GSH administration appear to be effective in some studies, oral GSH 

is known to be the most convenient and safe method of GSH ingestion [137]. However, due to 

the poor absorption and bioavailability of oral GSH, studies have focused on supplementation of 

individual antioxidants and amino acids to directly or indirectly increase GSH levels [80]. 

Several antioxidants and amino acids are interconnected with the GSH pathway and therefore are 

under investigation to clarify their impacts on GSH status [80]. 

α-Tocopherol (Vitamin E): Vitamin E and GSH are closely related, in which vitamin E 

can enhance the antioxidant power of GSH. Animal studies have demonstrated that after dietary 

supplementation with vitamin E, GSH concentrations were increased, and lipid peroxidation was 

inhibited [138]. In humans, similar effects from oral supplementation of vitamin E were shown 

to increase GSH levels [138]. Jain, et al. demonstrated that diabetic patients supplemented with 

vitamin E (100 IU/day) exhibited increased GSH concentrations by 9% and decreased lipid 

peroxidation [138]. Moreover, Barbagallo, et al. presents similar findings in their double-blind, 

randomized study, showing increased levels of GSH after vitamin E administration (600 mg/day) 

[139]. However, it has been shown in a 2022 systematic review of the effects of vitamin E 

supplementation in polycystic ovary syndrome (PCOS) that three clinical studies did not 

demonstrate significant improvement in GSH after vitamin E supplementation (400 mg/day) in 

patients with PCOS [140]. This implies that vitamin E may have different effects in a variety of 

conditions, meaning that more research on vitamin E supplementation should be conducted in 

different contexts of disease to further understand its role.  
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Pyridoxine (Vitamin B6): Pyridoxal 5’-phosphate (PLP), the biologically active form of 

Vitamin B6, is a coenzyme involved in the transsulfuration pathway of homocysteine to cysteine 

[141]. While vitamin B6 can directly react with and scavenge free radicals and inhibit lipid 

peroxidation, it may also indirectly serve as a coenzyme in GSH homeostasis by enhancing GSH 

synthesis [141]. Hsu, et al. demonstrated that in an animal model, BALB/c mice given a vitamin 

B6-supplemented diet exhibited lower levels of plasma GSH compared to BALB/c mice given a 

vitamin B6-deficient diet, as well as those given a homocysteine diet [141]. However, hepatic GSH 

was the lowest in mice given vitamin B6-deficient diet, and the highest in mice given the 

homocysteine diet, indicating a shift in GSH distribution from the plasma to liver [141]. These 

findings entail that supplementation of vitamin B6 was not affected by the transsulfuration 

pathway. Though this study shows no significant impact on GSH levels from vitamin B6 

supplementation, one study has shown that homocysteinemic mice supplemented with vitamin B6 

exhibited increased levels of GSH compared to homocysteinemic mice with no supplement [142]. 

Additionally, renal GSH levels increased in chromium-induced rats compared to the control group 

[143]. In clinical trials, the findings have also been mixed. Lai, et al. explored the impact of several 

supplementations in patients with liver cirrhosis: vitamin B6, GSH, and vitamin B6 and GSH 

combined [144]. No significant improvements in plasma GSH were observed in all groups, but the 

authors explained the results via the redistribution of GSH from plasma to liver due to liver 

cirrhosis patients requiring more GSH to protect from damaged liver function [144]. On the other 

hand, DiFrancisco-Donoghue, et al., explored the impact of vitamin B6 supplementation with 

vitamin B12 and folic acid supplementation in patients with Parkinson’s disease, and their findings 

demonstrate that GSH levels can be improved with vitamin B6, vitamin B12, and folic acid 
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supplementation [145]. Because of the inconsistent findings, further research is recommended, 

given the potential benefits it can serve for GSH status improvement.  

Ascorbate (Vitamin C): Ascorbate is the reduced active form of vitamin C and is a potent 

antioxidant that is interconnected with GSH by also playing a pivotal role in neutralizing free 

radicals [146]. Throughout the process of stabilizing and neutralizing free radicals, ascorbate is 

oxidized into dehydroascorbate and then transported across cell membranes of different cellular 

compartments to be regenerated into vitamin C [146]. Due to the mutual relationship between 

vitamin C and GSH of the antioxidant defense system, studies have investigated the effects of 

vitamin C supplementation on GSH status [147]. In rodent studies, it appeared that GSH levels in 

homocysteinemic mice supplemented with vitamin C were higher compared to homocysteinemic 

mice given no supplement [142]. Furthermore, vitamin C supplementation in aging rats showed 

increased levels of GSH [148]. However, in weanling rats, the group receiving high 

supplementation of the vitamin had significantly decreased erythrocyte (RBC) levels of GSH but 

significantly increased GPx activity in RBC and plasma [149]. A similar effect of increased GPx 

activity was seen in the heart of male guinea pigs given a high vitamin C supplementation [150]. 

Decreased levels of GSH may be explained by toxicity due to high doses of vitamin C given.    In 

healthy adults who took 500 or 1000 mg/day of vitamin C supplements, GSH in lymphocytes 

increased by 18% [151]. Another clinical study demonstrates a 50% increase of GSH in RBC after 

500 mg/day of vitamin C supplementation [152]. Many studies have also found vitamin C 

supplementation to be more effective when used in conjunction with other antioxidants, such as 

vitamin E [153, 154]. Based on clinical trials, ascorbate appears to be effective in improving GSH 

status, though more research is needed to explore its applicability in a variety of disease states.  
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Selenium (Se): Se is an essential cofactor required by GPx, a selenoprotein that is 

responsible for neutralizing free radicals and oxidizing GSH [7]. Given the role of Se in GPx 

expression, it is presumed that increased levels of Se lead to an increase in GPx activity and 

expression [155]. In a 2014 meta-analysis on the effects of selenium supplementation on GPx 

activity in various tissues of animals and humans, it was found that selenium-enriched foods are 

more effective at increasing GPx activity compared with selenomethionine [156]. When exploring 

the impact of Se supplementation on GPx activity, higher GPx1 expression was seen in the liver 

of Se supplemented rat pups compared to the control group [157]. In another rodent study, Se 

supplementation increased GPx activity in the heart and liver [158]. In humans, varying results on 

the effects of Se supplementation have been documented. A randomized clinical trial demonstrated 

that patients with chronic kidney disease who received 200 mcg/day of Se supplementation for 

three months presented increased GPx activity in RBC [159]. Similar results are found in patients 

with chronic renal failure who increased GPx activity in RBC after treatment with Se for three 

months [160]. However, in another study of Se supplementation in healthy adults, only platelet 

GPx increased, while GPx in the plasma and erythrocytes did not [161]. This implies that there 

may be tissue-specific targets of GPx from Se supplementation or selenium-enriched foods [156]. 

Zinc: Zinc is an essential trace element that carries antioxidant potential through several 

mechanisms, such as but not limited to, regulating oxidant production and metal-induced oxidative 

damage, mediating the induction of the zinc-binding protein metallothionein, and playing a part in 

the regulation of GSH metabolism and thiol redox status [162, 163]. Zinc cannot directly 

participate in redox reactions; however, zinc can indirectly regulate redox status by its involvement 

in proteins such as metallothionein, a protein that scavenges for oxidants through the release of 

zinc (Figure 2.9) [163, 164]. Although zinc is unable to directly participate in redox reactions, the 
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released zinc can directly regulate transcription factors and activities of enzymes (phosphatases 

and kinases) involved in redox signaling [163]. In addition, zinc can indirectly affect cell redox 

homeostasis and redox signaling by affecting GSH synthesis through the modulation of the 

transcription factor Nrf2 [163]. Due to its capacity in modulating the activity of protein redox 

function, zinc is known to have both a direct and indirect role in regulating oxidative damage [163, 

164]. A rodent study conducted by Zhou, et al., demonstrated that zinc supplementation in 

metallothionein-knockout mice increased GSH concentrations in the cytosol and mitochondria in 

the liver, as well as partially inhibited the decrease in GPx activity [165]. Moreover, zinc 

supplementation increased GPx activity in the serum, liver, and kidney of rats chronically exposed 

to cadmium, a toxic trace element [166]. A 2021 systematic review and meta-analysis of 

randomized controlled trials highlights three out of six studies that have demonstrated increased 

GSH after zinc supplementation, which have been shown in pregnant women with gestational 

diabetes, hemodialysis patients, and patients with diabetic foot ulcer [162]. In the other three 

studies, zinc supplementation appeared to have no significant effect on GSH levels in women with 

PCOS, pregnant women, and elderly individuals [162]. Given the varying effects of zinc 

supplementation, further research should help personalize recommendations to specific individuals 

in different health conditions. 
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Figure 2.9. Zinc in the regulation of redox signaling. Figure adapted from Oteiza. (2013) [163]. 

 

L-Glutamine: L-glutamine is the most abundant amino acid and can deaminate by 

phosphate-activated glutaminase, producing glutamate and ammonia [167]. Glutamate is a 

precursor to glutathione and therefore be utilized for GSH synthesis [167]. This leads to the 

presumption that supplementation of glutamine may increase GSH synthesis and attenuate 

oxidative damage. A rodent study subjected to exercise showed that groups given the L-

glutamine and L-alanine supplementation exhibited increased GSH levels in the soleus muscle 

and liver compared to the control group, however, it is unclear whether the results were because 

of L-glutamine or L-alanine [168]. In malnourished rats during inflammatory shock, glutamine 

supplementation restored glutathione stores in the gut [169]. Similar results can be seen in 

endotoxemic mice, where groups fed a glutamine-enriched diet presented with increased GSH 
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content in Peyer’s patches [170]. Conversely in canine models, glutamine supplementation failed 

to modify erythrocyte and duodenum GSH concentrations, alongside results showing a decreased 

GSH synthesis rate [171]. The authors of this study suggest that glutamine availability may not 

affect plasma GSH, while in contrast in the duodenum, glutamine may help preserve the GSH 

pool by decreasing GSH synthesis [171]. In humans, glutamine supplementation appears to 

enhance plasma glutathione in the resting state of patients receiving parenteral nutrition [167]. 

Additionally, it was found that GPx activity increased in HDL-c lipoproteins after glutamine 

supplementation in exercising older individuals [172]. A common theme of increased GSH 

levels after glutamine supplementation is also found in HIV positive patients [173]. Contrary to 

these findings, Valencia, et al. found that individuals who took oral glutamine did not observe an 

increase in plasma GSH [174]. A further investigation of glutamine supplementation is called for 

to clarify its effects on GSH status.  

L-Glycine: Glycine is a rate-limiting amino acid for GSH synthesis and constitutes as one 

out of the three amino acids required for GSH formation [102]. It has been well-documented that 

glycine supplementation increases GSH synthesis, and its dietary form is proposed to produce 

the same effect [102]. In a 2018 review, it is discussed that in animal studies, glycine 

supplementation increased tissue GSH levels in milk-fed piglets and in rats with burn injury, 

alcohol-induced liver injury, and fructose-induced metabolic syndrome [102, 175-178]. In 

clinical trials exploring the effects of glycine and NAC as a joint supplement, total GSH 

remained unchanged, however, subjects experiencing high oxidative stress and low GSH status 

responded with increased GSH generation [179, 180]. According to another study, combined 

glycine and cysteine supplementation markedly increased GSH concentrations in elderly subjects 
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[181]. Due to limited studies on the individual effect of cysteine supplementation, more research 

is warranted to delineate its discrete role on GSH status.  

Implications in Disease 

GSH is a powerful antioxidant that is implicated as a marker for human disease and 

potential therapeutic for disease treatment due to its ability to mitigate oxidative stress. Common 

diseases in discussion for GSH therapy include cardiovascular disease, diabetes, renal disease, 

hepatic disease, neurodegenerative disorders, and cancer [182, 183].  

Cardiovascular Disease (CVD): CVD is a highly prevalent disease that carries a high 

mortality rate around the world and encompasses different types of CVD, such as occlusion of 

coronary arteries, hypertensive heart diseases, and stroke [184]. The pathology of CVD includes 

accumulating levels of oxidative stress and free radicals that lead to the decline in an individual's 

health [184]. In a 2021 review, GSH redox homeostasis is known to play a preventive role in 

hypertension, atherosclerosis, cardiac hypertrophy, ischemia-reperfusion injury, and heart failure 

[184]. Across both animal and human studies, there is accumulating evidence showing the 

beneficial effects of GSH on CVD. ApoE -/- mice given an oral GSH supplementation produced 

reduced levels of lipid peroxides and oxidation of LDL [185]. Similar effects are seen when 

given an OTC supplement that supplies cysteine residues [186]. In mice on a high saturated fat 

diet, oral supplementation of NAC increased levels of GSH and reduced cholesterol levels in the 

plasma and liver [187]. It is documented in human studies that individuals with stroke or 

myocardial infarction [188], however, there is limited evidence in humans whether GSH 

supplementation or supplementation of GSH precursors alleviates CVD pathology. It is advised 

for future studies to explore the effects of GSH supplementation or NAC and determine the 

efficacy of GSH as a form of treatment.  
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Diabetes: Along with CVD, diabetes is another highly prevalent disease worldwide and 

is responsible for the cause of blindness, end-stage renal disease, and amputations [189]. In 

several human studies, GSH has been shown to prevent and help manage type 2 diabetes (T2D) 

[190]. In non-insulin-dependent diabetic patients, it was demonstrated that oral supplementation 

of NAC increased GSH concentrations and decreased plasma vascular cell adhesion molecules, 

suggesting that NAC may slow down the progression of vascular damage [191]. It was also 

found that dietary supplementation with cysteine and glycine in diabetic patients significantly 

increased GSH synthesis and concentrations, as well as significantly decreased oxidative stress 

and lipid peroxides [189]. Although one study shows no benefit in glycemic control, glucose 

tolerance, insulin resistance, or oxidative stress markers [192], a combined supplementation of 

NAC and glycine showed decreased insulin resistance, improved GSH deficiency, and reduced 

markers of oxidative stress [193, 194]. Combined NAC and glycine appear to be more effective 

than NAC by itself, therefore future double-blind studies should further clarify the effects of 

NAC and glycine on diabetes. 

Renal Disease: Kidney disease is prevalent in individuals who have diabetes or CVD, in 

which it is likely that the effects of NAC and/or GSH supplementation on diabetes and CVD may 

also influence renal function, and there is current evidence documenting the direct effects of 

NAC on the kidney. In mice subjected to renal injury, NAC administration led to decreased 

interstitial fibrosis and reperfusion injury [195]. In humans, a 2016 systematic review and meta-

analysis highlights 86 randomized controlled trials that have demonstrated a small beneficial 

effect on contrast-induced nephropathy after NAC administration [196]. In chronic hemodialysis 

patients receiving NAC administration, homocysteine levels and other inflammatory markers 

were decreased, as well as improved renal anemia [197-199]. Additionally, greater decrease in 
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homocysteine levels were found in the NAC group with residual renal function compared to the 

anuria group [197], which share similar findings with another study showing improved 

glomerular filtration rate after NAC treatment [200].  

Hepatic Disease: NAC is approved by the FDA for the treatment of acetaminophen 

overdose [114]. Patients given an oral NAC treatment within 16 hours of acetaminophen 

ingestion showed improved hepatic function and no deaths caused by acetaminophen [201]. 

NAC treatment has also shown improvements in non-acetaminophen in acute liver failure (NAI-

ALF) [202], with one study also showing improvements in transplant-free survival in NAI-ALF 

[203]. Additionally in chronic liver disease, NAC has demonstrated to attenuate the pathology of 

hepatitis B, with Wang, et al. demonstrating decreased total bilirubin, and improved intrahepatic 

cholestasis and coagulation dysfunction [204]. In a combined GSH and entecavir therapy, 

chronic hepatitis B patients produced decreased aminotransferase (ALT), total bilirubin, 

hyaluronic acid, type III collagen, and laminin, with increased albumin and improved liver 

fibrosis grades, however it is not clear whether the effects were due to GSH [205]. In patients 

with non-alcoholic fatty liver disease, NAC treatment decreased ALT and significantly decreased 

the span of the spleen [206]. Similar results can be seen using GSH treatment, with significantly 

decreased ALT levels presented [207]. One rodent study using rat subjected to alcohol-induced 

oxidative stress, decreased aspartate aminotransferase and ALT after NAC administration, 

demonstrating that ethanol-induced liver damage can be alleviated with NAC [208].  

Neurodegenerative Disorders: The dysregulation of GSH homeostasis, alterations of 

GSH-dependent enzyme activities, and neuronal GSH loss are all closely associated with the 

progression of neurodegenerative diseases, such as Alzheimer’s disease (AD) and Parkinson’s 

disease (PD) [209, 210]. Before Aβ deposition, APP/PS-1 knock-in mice orally administered 
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NAC demonstrated decreased protein and lipid oxidation and increased GPx [211]. Similarly, 

AD rat models reveal NAC treatment revered cognitive deficits and reduced oxidative stress in 

the hippocampus and prefrontal cortex, as well as improved levels of neurofibrillary tangles and 

Aβ deposition [212]. In PD mice models, NAC attenuated the loss of dopaminergic terminals 

and decreased levels of toxic α-synuclein [213]. In clinical trials, NAC has been shown to 

improve AD and PD pathology. In a randomized controlled trial, patients with PD exhibited 

increased dopamine transporter binding activity, along with significantly improved PD 

symptoms [214]. In AD individuals, NAC administration improved nearly all outcome measures 

after 3 and 6 months of treatment, though significant results were found in subsets of cognitive 

tasks [120]. These findings suggest that NAC may help resolve certain neurodegenerative 

diseases by increasing antioxidant potential and reducing oxidative stress, however more 

research is needed to better understand its potential therapeutic effects. 

Cancer: Disturbances in the GSH antioxidant system and homeostasis have been 

implicated in tumor initiation, progression, and treatment response, suggesting that GSH may 

have both a protective and pathogenic role [215]. It is reported in a clinical trial that NAC 

supplementation possesses metabolic and anti-proliferative effects in breast cancer [216]. 

Additionally, NAC has shown an ability to inhibit cancer cell proliferation and tumor growth by 

targeting the Notch2 malignant signaling [217]. Despite the beneficial effects of NAC, it is well 

documented that GSH can also play a role in chemotherapy resistance and cancer progression 

[215, 218]. For instance, NAC supplementation significantly increased tumor progression and 

reduced survival in mouse models induced with lung cancer [219], as well as increase lymph 

node metastases and invasive properties of malignant melanoma cells in a mouse model of 

malignant melanoma [220]. Due to the contradictory results of NAC and potential harmful 
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effects in cancer, further research is warranted in animal and cell models before the initiation of 

clinical trials. 

Regulation of the Glutathione Redox System 

GSH is a tightly-regulated peptide as it serves many vital functions, such as 

detoxification and scavenging of free radicals, maintaining thiol status of proteins, regulating 

cysteine, and modulating essential cellular functions (e.g., DNA synthesis, immune function) 

[73]. It was previously discussed that GSH is regulated by various factors, namely levels of 

oxidative stress, availability of constituent amino acids, activity of regulatory enzymes, GSH 

synthesis, dietary factors (antioxidants and amino acids), and degradation and transportation 

within cells. However, due to the complex nature of GSH, other factors may regulate the GSH 

redox systems: hormones, tissue specific, and genetic factors. 

Hormonal Regulation: Regulation of GSH is suggested to be carried out by hormonal-

mediated mechanisms [221]. Hormones are known to take part in signaling pathways that affect 

the regulation of influx and efflux of GSH and its regulatory enzymes across different cells. Key 

hormones that have been documented to influence GSH regulation are thyroid hormone, 

glucagon, sex hormones, and growth hormone. 

Thyroid Hormone (TH): A decline in GSH levels was found to be one of the earliest 

manifestations in hypothyroidism [222]. In a rodent study conducted by Rahaman, et al., it was 

found that progressive hypothyroidism of postnatal development exhibited an increase in 

superoxide dismutase and catalase enzyme activity and decreased GSH levels [223]. This led the 

authors to postulate that the TH is involved in the regulation of GSH status. To investigate the 

role of TH on GSH homeostasis, Dasgupta, et al. studied the effects of TH on gamma-glutamyl 

transpeptidase (GGT), an enzyme heavily involved in catalyzing GSH [228]. Intraperitoneal 
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injections of TH of rats produced results in which GGT activity increased in astrocytes [224]. 

However, due to the incompatibility of TH and GGT in the presence of down regulated GSH, it 

is presumed that other regulatory enzymes such as glutamate cysteine ligase (GCL), may be 

involved as well [222, 224]. Dasgupta, et al., discovered that hypothyroidism led to the decline 

in GCL activity of the rat brain, but with the administration of TH, an increase in GCL activity 

was observed [222]. Additionally, a stark increase in GSH levels was seen in astrocytes [222]. In 

rat hepatocytes, however, have exhibited significant reductions in total glutathione S-transferases 

(GST) activity after administration of tri-iodothyronine (T3) and thyroxine (T4) [225]. Given the 

distinct responses seen in different regulatory GSH enzymes with TH, this indicates future 

research to account for the differences in TH compatibility with individual enzymes.  

Glucagon: Glucagon is a hormone documented to be involved in GSH regulation, 

especially in the context of diabetes. Elevated levels of glucagon and oxidative stress are often 

seen in diabetes, which leads researchers to speculate that glucagon may play a role in GSH 

homeostasis [226, 227]. It has been reported by Patarrão, et al. that glucagon decreases hepatic 

GSH levels, which in turn promotes insulin resistance [226]. A similar pattern was observed by 

Kim, et al., where cellular GSH levels in the liver were significantly decreased by glucagon 

[228]. These results suggest that glucagon may be responsible for GSH efflux in the liver, 

thereby decreasing hepatic GSH in diabetic individuals [226, 228]. GST expression and GSH 

synthesis has also been noted to be inhibited by glucagon in rat hepatocytes, however due to 

mixed findings in GST expression, the effect of glucagon on GST expression remains unclear 

[227, 229].  

Sex Hormones (Estrogen and Testosterone): It has been evident through clinical and 

experimental studies that females have higher GSH levels compared to males due to higher 
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levels of estradiol [230]. A 2020 review summarized three studies that have shown estrogen to 

regulate the expression and activity of GSH reductase (GR) and GPx in several tissues [231-

233]. Women who underwent estrogen replacement therapy (ERT) produced higher levels of 

GSH and lower levels of GSSG, resulting in decreased blood GSSG/GSH ratio 30 days after 

ERT [232]. Like humans, rodent studies demonstrate increased GR, GPx, and γGT activity, as 

well as increased GSH levels after estradiol treatment [233, 234]. Results of the effects of 

testosterone on the regulation of the glutathione redox systems are rather mixed. While Zhang, et 

al., documents that testosterone treatment mice produced increased activity of superoxide 

dismutase and GPx in cardiomyocytes [235], Moreira-Lopes, et al., reports that testosterone 

induces ROS generation via NADPH oxidase-dependent mechanisms [236]. Proinflammatory 

effects of testosterone may be dependent on the specific receptor it is binded to [231]. Alongside 

the positive and negative effects of testosterone, it is also shown to have little effect on total GST 

activity [225]. Although the effects of estrogen are clear, more research is warranted to better 

understand the positive and negative effects of testosterone. 

Growth Hormone (GH): Low amounts of GH have been associated with stress resistance 

and increase longevity and have been implicated in the cell’s redox defense system [237]. GH 

administration in rodent studies has demonstrated significantly decreased GST activity in the 

kidney, little effect on GST activity in the liver, [237, 238] and suppressed GGT activity in the 

heart and liver [238]. Similarly, Coecke, et al., demonstrates little effect on total GST activity by 

GH [225]. In the brain, levels of GGT and GST were unchanged by GH treatment but suppressed 

the degradation and utilization of GSH [238]. Furthermore, γ-glutamylcysteine synthetase, an 

enzyme responsible for GSH synthesis, was not altered by GH treatment in the liver, but was 

increased in the kidneys and suppressed in the heart [238]. It is also seen that GH regulates levels 



 

43 

of cytosolic GST in specific tissues in rats [239]. In another rodent study, GH administration to 

aged rats produced no effect on GSH levels in the hippocampus of the brain, but produced a 

significant decrease in GSSG concentrations and significant increase in GSH/GSSG ratio [240]. 

In the frontal cortex however, there were no significant effects [240]. These results imply that the 

regulation of these enzymes is tissue-specific and can therefore explain varying levels of GSH in 

different tissues. 

Tissue Specificity: Documentation of tissue specificity of the GSH pathway has been 

made clear in studies evaluating the effects of hormones in a variety of tissues. In addition to 

this, further research reveals that hepatic and renal GSH/GSSG are significantly correlated across 

30 inbred strains [241]. Studies have found that a striking difference in GSH levels in tissues; 

GSH in the liver is observed to be the highest, while the lung, spleen, and kidneys contain a 

quarter of GSH found in the liver [242]. Gould, et al., further explored the pattern of GSH levels 

in tissues across 19 mouse strains, with the liver exhibiting the highest total GSH levels, and 

subsequently the striatum, kidney, cerebral cortex, heart and with pancreas exhibiting the lowest 

total GSH levels [243]. Statistical analysis was also conducted to identify significant correlations 

between GSH phenotypes in tissues, where total GSH levels of the liver were positively 

correlated with those of the heart, cerebral cortex, and striatum [243]. Furthermore, total GSH 

levels of the kidney were found to be positively correlated with those of the heart, as well as total 

GSH levels of the pancreas positively correlated with those of the striatum [243]. Correlations of 

GSH levels among tissues were also found, however, there were fewer significant correlations of 

GSSG levels between tissues [243]. Tissue-specific results were also seen in obesity-prone 

mouse strains given a high-fat diet [244]. Given the discovery of tissue-specific GSH regulation 
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among different mouse strains, it was speculated that genetic factors may heavily influence the 

regulation of the GSH redox systems.  

Genetic Regulation: GSH levels and redox status are heritable. It was found in a 

heritability estimate of 12 mouse strains that GSH phenotypes were moderately heritable in old 

mice [243], findings that aligned with the heritability estimates found in young-adult mice [241] 

and in human erythrocytes [245]. Studies using classical inbred mouse strains have also 

uncovered that C57BL/6 (B6) mice exhibited significantly higher GSH/GSSG ratios than those 

of DBA/2 (D2) mice in several brain regions [246], as well as B6 mice exhibiting higher 

erythrocyte GSH/GSSG ratios than D2 mice [247]. In 14 diverse inbred mouse strains, Tsuchiya, 

et al. has also discovered significant variations in GSH phenotypes [248]. Moreover, Zhou, et al. 

utilized 30 genetically diverse inbred mouse strains and found GSH phenotypes to produced 

threefold ranges and moderate to high heritability [241]. The estimated heritabilities gathered 

from this study were like those found in humans [245], which bring forth the relevance of 

findings from mouse studies to human health.  

Mouse Genetics 

The laboratory mouse has been used to investigate human health due to its similarities of 

human physiology and disease [249]. By innovative genetic engineering and selective breeding, 

a large variety of mouse models have been generated to model specific human diseases [249]. 

Not only do mice have similar biological components as humans, but its genetic makeup is also 

nearly 80 percent identical to humans [249]. The mouse model is ideal for conducting 

experiments under controlled conditions and to elucidate the relationship between gene and 

phenotype [250, 251]. The first emerging inbred strains, called the DBA inbred stock, were 

initiated in 1909 by C.C. Little, who investigated the pathology of cancer [252]. The DBA strain 
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has evolved over time, developing a new family of unique inbred strains through selection and 

inbreeding techniques [252]. Throughout time, roughly over 450 inbred strains of mice have 

been developed for 90 years and used to study the different genotypes and phenotypes in many 

contexts of disease research [253]. Although inbred mouse strains have used in biomedical 

research for many years due to the decreased within-strain phenotypic variability [254], it does 

not accurately reflect the genetic variation found in the human population.  

Diversity Outbred (DO) mice: The DO mouse population has been developed to model 

the high level of genetic diversity and complex traits found in the human population [255]. The 

DO mice is a heterogenous stock derived from the same eight founder strains (A/J, C57BL/6J, 

129S1/SvImJ, NOD/ShiLtJ, NZO/HlLtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ) as the 

Collaborative Cross inbred strains (Figure 2.10) [255, 256]. To create new generations, mice are 

randomly assigned to a breeding pair, which gives rise to the current generation, G10, containing 

high levels of allele diversity and unlimited novel allele combinations [255].  
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Figure 2.10. Development of the Diversity Outbred (DO) mice stock. Figure adapted from Saul, 

et al. (2019) [256]. 

 

The DO mice stock has been used in quantitative trait loci (QTL) mapping analysis to 

investigate complex traits through high-precision genetic mapping, in which data gathered from 

DO QTL studies can be found in a repository at the Jackson Laboratory (https://dodb.jax.org) 

[256, 257]. Data gathered from DO mice are also reusable in the Mouse Phenome Database 

(https://phenome.jax.org/), which can be used for initial exploration, trait correlation, and 

discovery of genetics [256]. Methods to conduct QTL analysis are well established, especially 

the R/qtl package, a statistical software for estimating genetic maps, identifying genotyping 

https://dodb.jax.org/
https://phenome.jax.org/
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errors, performing QTL genome scans, and calculating genotype probabilities to phenotype data 

[258, 259]. 

Previous Studies on GSH using DO mice stock: Previous studies have used the R/qtl 

software to explore genetic variations involved in GSH regulation. Using 347 DO mice samples, 

Gould, et al. utilized the R/qtl2 software for QTL mapping analysis of GSH in both the liver 

[260] and kidney [261]. Subsequently after identifying specific candidate genes (i.e. Socs1, 

Aifm1) associated within a suggested locus, an integrative bioinformatics approach that included 

databases for expression, phenotypic, and functional annotations were used [260, 261]. Due to 

limited studies investigating the genetic architecture of the GSH antioxidant system in various 

tissues, it is critical to facilitate research in other tissues, such as the brain.  

Bioinformatics Analyses 

Bioinformatics is an essential tool for managing and interpreting biological data, 

including genomic and phenotypic data analysis [262]. It is difficult to find all data information 

in one location, but with the growing number of databases accessible to the public, it is becoming 

a highly valuable resource to researchers [262]. Depending on the database, it can provide 

comprehensive descriptions of diseases, identify genetic mutations or polymorphisms that bring 

risk to a certain disease, or enable a search for genes associated with a particular disease [262]. 

Typically, databases will have their respective roles as genome-wide association studies, or 

phenome-wide association studies, but databases can also serve as both to allow for the 

exploration of genotypic and phenotypic data all in one place.  

Genome-Wide Association Studies (GWAS): GWAS test thousands of genetic variants 

across different genomes to identify statistically associated polymorphisms with a given 

phenotype [263]. As sample size increases, GWAS associates a greater number of variants to the 
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phenotype and has a wide range of applications when generating results, such as gaining a better 

understanding of the biology of the phenotype, estimating its heritability, calculating genetic 

correlations, and predicting clinical risk or potential causal relationships between risk factors and 

health outcomes [263]. A phenotype of interest with genomic predictor variables such as single 

nucleotide polymorphisms (SNPSs), predicted gene expression, or genetic risk score, can be 

inputted into GWAS analysis to find significant associations [264]. Although GWAS is a 

powerful tool that links variants with specific phenotypes, it presents limitations particularly 

because most traits are influenced by many other causal variants, including both causal and non-

causal variants; this can lead to unclear inferences between the variants and phenotypes [263]. 

The UK Biobank is a large, open-access population biobank that contains around 500,000 

genotyped individuals who have been phenotyped for quantitative traits, namely anthropometric 

traits, blood cell traits, metabolites, cognitive traits, brain imaging traits, and depressive 

symptoms for GWAS [263]. GWAS can be conducted using data from the UK Biobank, which 

has been used frequently in previous studies. Berg et al. demonstrated that the polygenic 

selection of height using the UK Biobank produced better results in GWAS than when using 

GIANT consortium and replication studies [265]. Elliot, et al. and Smith, et al. both demonstrate 

the UK Biobank to be a wealth of data and found 148 replicated clusters of associations between 

genetic variants and brain imaging phenotypes, as well as 692 newly found associations [266, 

267]. GWAS data from the UK Biobank provides a range of opportunities to discover new 

genetic associations, which have clearly been documented in many other research studies [268-

270].  

Phenome-Wide Association Studies (PheWAS): In PheWAS, a genetic or clinical variable 

can be used to find associations in phenomes derived from information in the electronic health 



 

49 

record (EHR) for analysis [264]. PheWAS can be used to link certain genetic variants with 

disease and adverse events associated with a specific behavior [264]. Studies prove PheWAS to 

be an important tool for analyzing biological test results, for example, in the study conducted by 

Neuraz, et al., the authors found that high methyltransferase expression was associated with 

diabetes and iron-deficiency anemia in a group of 442 individuals [271]. Furthermore, Diogo, et 

al., found through PheWAS methods that the A928V variant of tyrosine kinase 2 is associated 

with an increased risk of pneumonia [272]. As in GWAS, the UK Biobank data can be analyzed 

through PheWAS, which will link phenotypic data obtained from questionnaires and other 

phenotyping methods (notably the EHR data) to link genetic information [273]. PheWAS has 

made important contributions to many more discoveries found in studies, proving it to be a 

valuable biological data tool [274, 275].  

Expression Quantitative Loci Analysis (eQTL): eQTL analysis can be utilized in tandem 

with GWAS to prioritize target genes for a GWAS locus [263]. The loci of causal variants from 

GWAS can be identified by using high-precision mapping of highly correlated SNPs, which can 

help narrow down variants associated with the phenotype of interest [263]. A highly accessible 

QTL catalogue available for use is the Genotype-Tissue Expression (GTEx) resource, containing 

eQTL and splicing QTL for 49 tissues [263]. This resource provides both cis-eQTL and trans-

eQTL associations with data from roughly 30,000 donors and can serve as a framework for not 

only GWAS, but also transcriptome-wide association studies that analyze associations between 

gene expression levels from GWAS with a trait [263]. Although eQTL analysis can help identify 

loci associated with RNA expression, it inevitably possesses limitations such as that the 

statistical associations identified do not signify a causal relationship [263]. For this reason, eQTL 

analysis should be integrated with GWAS data using co-localization techniques to identify loci 
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where regulatory associations and disease associations coincide with the same causal variant 

[263]. Additionally, eQTLs affect more than several genes which can make it difficult to 

prioritize genes that are associated with disease; however, the use of other data sources or 

annotations can alleviate some of those challenges [263].  

Purpose and Significance 

It has been made evident through many studies that the GSH redox system is heavily 

influenced by genetic factors. Although studies have made tremendous successes in defining 

genetic variants underlying GSH homeostasis, their use of inbred mouse models do not 

accurately reflect the genetic variation found in humans and therefore cannot entirely translate its 

findings into human health. Studies on the genetic regulation of GSH remain limited and based 

on the observed tissue-specific differences in GSH levels, it is predicted that genetic variants 

govern regulation of GSH in a tissue specific manner.  

Purpose of Thesis Research: This thesis research aims to build upon previous knowledge 

on the investigation of the genetic architecture of the GSH antioxidant system. Previous work 

has found candidate genes associated with GSH regulation in the liver and kidney, however, 

there is no documentation of studies investigating other tissues such as the brain. This research 

will further explore genetic players in GSH regulation and provide a comprehensive list of all 

candidate genes that influence the tissue specific nature of GSH regulation. The hypothesis of 

this research foresees distinct genes responsible for tissue-specific GSH variation, which will be 

achieved by narrowing down and prioritizing key genetic variants associated with GSH. 

Furthermore, previous studies show correlations between the liver, kidney, and heart GSH, and 

this thesis research expands on correlations between different peripheral tissues by introducing 

the brain into the paradigm. This research will help bring forth a better understanding of the role 
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of genetics in GSH regulation and contribute to the advancement of potential therapeutics 

developed for human health and disease.  
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CHAPTER 3 

CONSTRUCTING A CORRELATION MODEL OF GLUTATHIONE STATUS 

BETWEEN CORTICAL, RENAL, AND HEPATIC GLUTATHIONE REDOX SYSTEMS1 
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1 Song J. and Pazdro R. Constructing a correlation model of glutathione status between cortical, 

renal, and hepatic glutathione redox systems. To be submitted to a peer-reviewed journal 
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Abstract 

 Glutathione is an essential antioxidant with pivotal roles in maintaining redox 

homeostasis and eradicating free radicals. Glutathione exists in its reduced (GSH) and oxidized 

form (GSSG) and are recycled between these two forms to neutralize free radicals in the cell. 

The brain is abundant in GSH due to its high oxygen consumption and rich contents of 

unsaturated fatty acids. Due to the essential role of GSH in the brain, altered GSH status has 

been associated with numerous cases of neurodegenerative disease, in which it is still unknown 

whether regulation of GSH acts uniquely among genetically distinct individuals. To investigate 

the impact of genetic regulation in GSH status, this study utilizes a Diversity Outbred (DO) mice 

stock to mirror the genetic diversity found in the human population. GSH and GSSG 

concentrations were quantified in the cerebral cortex and subsequently screened for statistical 

associations between each GSH phenotype, where we found significant variation in each GSH 

phenotype and significant correlations between several measurements. Cortical GSH phenotypes 

were then statistically correlated with renal and hepatic GSH phenotypes, which revealed a 

significant relationship between the cortical and renal GSH systems but not between the cortical 

and hepatic GSH systems. This study presents key findings and provides a better understanding 

into the genetic background of GSH regulation in the brain.  
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Introduction 

 Glutathione (GSH), a ubiquitous tripeptide composed of cysteine, glutamic acid, and 

glycine, is an essential antioxidant that protects major tissues of the body from oxidative stress 

[69]. Glutathione is the most abundant non-protein thiol in cells and can be found in its reduced 

form and oxidized form, GSH and GSSG, respectively [69, 72]. GSSG can be recycled to GSH 

with NADPH  as the reducing agent driving the reaction[67]. GSH is present at high 

concentrations in the brain, and amounts can vary depending on the region of the brain, where 

the highest amounts are located in glial cells of the cortex followed by the hippocampus, 

cerebellum, striatum, and substantia nigra [276, 277]. In the central nervous system, GSH serves 

to modulate cellular differentiation and proliferation, promote apoptosis, activate enzymes, 

transport metals in cells, aid in neurotransmission, and act as a source of cysteine during protein 

synthesis [276].  

 Due to its high oxygen consumption and high proportion of polyunsaturated fatty acids, 

the brain is highly sensitive to the generation of reactive oxygen species (ROS) and oxidative 

stress [277, 278]. With growing evidence that glutathione plays an important role in detoxifying 

counteracting oxidative stress in disease, it is expected that impaired GSH synthesis and 

metabolism can worsen neurodegenerative diseases [210, 277, 279]. In patients with Alzheimer’s 

disease (AD), it has been demonstrated that GSH levels are decreased in the cortex region of the 

brain compared to healthy controls [280, 281]; a similar effect was also observed in the 

hippocampus [282, 283]. Additionally, crucial enzymes for GSH metabolism, glutathione 

peroxidase (GPx) and glutathione-S-transferase (GST) activity, were seen to decrease in patients 

with AD [276, 284-286]. In Parkinson’s disease, patients were found to have depleted levels of 

GSH in the substantia nigra of the brain [287, 288]. In contrast, supplementation with N-acetyl 



 

55 

cysteine (NAC), which increases GSH levels, led to symptom improvements in 

neurodegenerative diseases and disorders [107-110]. Furthermore, in mouse models, deleting 

several enzymes involved in GSH metabolism have been shown to influence the progression of 

neurodegeneration and cognitive impairment. Compared to control mice, GPx knockout mice 

were shown to exhibit neurodegeneration and memory impairment [289, 290]. Neuron-specific 

knockout of glutamate-cysteine ligase (GCL) similarly induced progressive neurodegeneration 

and marked neuroinflammation [210].  

 Levels of GSH appear to vary in different tissues, with the liver and small intestine 

containing the highest amount of GSH concentrations (1-6 mM) [291], followed by the kidney 

(2-5 mM) [292], brain (2-3 mM) [293], blood (~1 mM) [294], and lung epithelial cells (0.42 

mM) [295]. Moreover, a mice study using 19 inbred strains quantified levels of GSH in several 

major tissues, finding that total glutathione levels were the highest in the liver (x̄ = 30.72 ± 3.09 

nmol/mg protein), followed by the striatum (x̄ = 25.96 ± 3.84 nmol/mg protein), then the kidney 

(x̄ = 15.93 ± 1.49 nmol/mg protein), cerebral cortex (x̄ = 14.25 ± 0.94 nmol/mg protein), heart (x̄ 

= 10.01 0.78 nmol/mg protein), and pancreas (x̄ = 9.93 ± 1.26 nmol/mg protein) [243]. It is 

evident that GSH concentrations vary among different tissues in inbred mice models, however 

due to their lack of genetic variability, there is limited translatability in the human population. 

Research on the statistical relationship of GSH in the brain and other peripheral tissues are 

scarce, especially in a genetically diverse model. In view of the limited evidence on this, 

investigating the regulation of GSH in the brain and its overlap with other major tissues may 

bring important insight on GSH variation in the brain and its role in neurodegenerative diseases.  

 This study seeks to utilize the Diversity Outbred (DO) mice stock to evaluate how genetic 

influence can impact GSH variation in the cerebral cortex. The rationale is that the DO mice 
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stock is derived from eight founder strains as the Collaborative Cross inbred strains, which 

provides a diverse genetic profile and can easily be translatable to human populations [256]. Our 

results contrast GSH concentrations in the cerebral cortex against those previously found in the 

liver [260] and kidney [261], which will provide key insight into the genetic regulation of 

cortical GSH and whether those mechanisms differ from the peripheral tissues.  

Materials and Methods 

Animals: Male and female Diversity Outbred (DO) mice (J:DO; JAX® #009376) from 

The Jackson Laboratory (Bar Harbor, ME USA) were delivered to the University of Georgia. All 

mice arrived at 4 weeks of age and were kept under the same conditions: on a 12-hour light/dark 

cycle and given ad libitum access to water and standard chow diet (LabDiet®, St. Louis, MO 

USA, product 5053).  Mice were fasted for 3-4 hours before sacrifice at 5-6 months of age and 

euthanized humanely by cervical dislocation for tissue harvesting. In total, 351 mice (172 males, 

175 females) were sacrificed. All methods and procedures involving animals were approved by 

The University of Georgia Institutional Animal Care and Use Committee (IACUC) in 

accordance with the ethical standards of the institution (AUP #A2016 07-016). 

Assessment of cortical total glutathione, GSH, GSSG, GSH/GSSG ratio, and redox 

potential: Brain tissue samples from the cerebral cortex were isolated from each mouse after 

human euthanasia and rinsed with ice-cold PBS, blotted on a paper towel, and flash-frozen in 

liquid nitrogen. Brain tissues were processed within 12 h and homogenized in PBS comprised of 

10 mM diethylenetriaminepentaacetic acid (DTPA), and subsequently acidified with an equal 

volume of ice-cold 10% perchloric acid (PCA) containing 1 mM DTPA based on previous 

studies [243, 296]. Next, acidified samples were centrifuged at 15,000 RPM and 4°C for 15 min 

for collection and filtration of the acidified supernatant. At -80°C, the filtered supernatant 
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samples were stored for future analysis. GSH and GSSG concentrations of each sample were 

quantified by using high performance liquid chromatography (HPLC) coupled with 

electrochemical detection (Dionex Ultimate 3000, Thermo Fisher Scientific, Waltham, MA 

USA) based on a previous study [296]. The mobile phase comprised of 4.0% acetonitrile, 0.1% 

pentafluoropropionic acid, and 0.02% ammonium hydroxide with a flow rate set at 0.22 mL/min 

and an injection volume of 5.0 μL. Settings of the HPLC were placed in the following: 

conditioning cell (+500 mV), boron-doped diamond cell (+1475 mV), cleaning potential (+1900 

mV) between samples. Concentrations of GSH and GSSG of each generated peak were 

quantified using standards of known concentrations, external calibration, and the Chromelion 

chromatography Data System Software (Dionex Version 7.2, Thermo Fisher Scientific, 

Waltham, MA USA). Concentrations of GSH and GSSG were standardized to total protein 

(Pierce BCA Protein Assay, Thermo Fisher Scientific, Waltham, MA USA) and denoted in 

nmol/mg protein. Concentrations of total glutathione were calculated using the equation: 

[GSH]+[2GSSG]. The GSH/GSSG ratio was calculated using 
[𝐺𝑆𝐻]

[𝐺𝑆𝑆𝐺]
 and the redox potential (Eₕ) 

of the GSH-GSSG pair (2𝐺𝑆𝐻 → 𝐺𝑆𝑆𝐺 + 2𝑒− + 2H+) was determined in each brain sample 

through the Nernst equation: 𝐸ℎ = 𝐸0 + 𝑅𝑇𝑛𝐹𝑙𝑛[(𝑜𝑥)(𝑟𝑒𝑑)]. 𝐸ℎ = measured cell potential, E0 

= standard electrode potential for GSSG/2GSH (-264 mV at pH 7.4 [297-299]), 𝑅 = gas constant 

(8.3145 J x mol x 𝐾−1), T = temperature in Kelvin (40°C = 313.15 𝐾), n = number of electrons 

transferred (2), 𝐹 = Faraday’s constant (96485 C x mol−1), 𝑜𝑥 = molar concentrations of oxidant 

(GSSG), and 𝑟𝑒𝑑 = molar concentration of reducant (GSH). The final equation for calculating 

redox potential is: 𝐸ℎ(𝑚𝑉) = −264+ 31log⁡[
(𝐺𝑆𝑆𝐺)

(𝐺𝑆𝐻)2
]. 

Statistical analysis: RStudio version 2025.05.0+496 (RStudio, PBC., Boston, MA) and R 

version 4.3.2 (R Foundation for Statistical Computing, Vienna, Austria) were used to normalize 
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data, determine descriptive statistics, and identify correlations between variables. Spearman’s 

rho (ρ) was computed to report each correlation. Correlations with a p-value less than 0.05 were 

considered statistically significant.  

Results 

 Cortical GSH phenotypes vary significantly among DO mice: We measured cortical 

concentrations of GSH and GSSG, GSH/GSSG ratio, and redox potential in a large cohort of DO 

mice (N = 187) and discovered considerable variation across all GSH phenotypes (Table 3.1), 

which can also be visually represented by histograms in Figure 3.1. Cortical total glutathione 

concentrations varied widely (1.897-78.273 nmol/mg), as well as cortical GSH concentrations 

(0.428-70.391 nmol/mg). Other GSH phenotypes exhibited significant variation, such as cortical 

GSSG concentrations (0.064-8.551 nmol/mg) and cortical GSH/GSSG values (0.268-97.618). 

Cortical redox potential also varied, ranging from -362.734 to -234.821 mV. Phenotypes by sex 

were also analyzed, in which there were no significant sex differences observed (Tables 3.2 and 

3.3).  
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Phenotype N x̄ Median SD Min Max 

Total Glutathione (nmol/mg) 187 14.772 11.477 11.921 1.897 78.273 

GSH (nmol/mg) 187 10.879 8 10.987 0.428 70.391 

GSSG (nmol/mg) 187 1.946 1.557 1.411 0.64 8.551 

GSH/GSSG 187 9.696 5.684 13.286 0.268 97.618 

Eₕ (mV) 187 -309.878 -314.693 29.716 -362.734 -234.821 

Table 3.1. Descriptive statistics for cortical GSH concentrations and redox status in DO 

mice. Cortical concentrations of GSH (nmol/mg protein) and GSSG (nmol/mg protein) were 

quantified in samples collected from DO mice (93 males; 94 females) by HPLC. Total 

glutathione concentrations were then calculated (GSH + 2GSSG), as well as GSH/GSSG and Eₕ 

(mV). Basic descriptive statistics were determined in RStudio. 

 

 

 

 

 
Figure 3.1. Variations in cortical GSH phenotypes. GSH, GSSG, and Total GSH were 

standardized as nmol/mg protein. Redox potential was expressed in millivolts (mV). Histograms 

were generated in RStudio.  
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 Statistical correlations were screened between cortical GSH phenotypes and numerous 

significant associations were discovered among variables (Table 3.4; Figure 3.2). Cortical GSH 

concentrations were positively correlated with cortical GSSG concentrations (ρ = 0.22, p = < 

0.01), cortical total glutathione concentrations (ρ = 0.97, p = < 0.001), cortical GSH/GSSG levels 

(ρ = 0.34, p = < 0.001), and negatively correlated with cortical Eₕ levels (ρ = -0.75, p = < 0.001). 

Similarly, cortical total glutathione concentrations were positively correlated with cortical GSSG 

concentrations (ρ = 0.44, p = < 0.001), cortical GSH/GSSG levels (ρ = 0.21, p = < 0.01), and 

negatively correlated with cortical Eₕ levels (ρ = -0.65, p = < 0.001). Cortical GSSG 

concentrations exhibited an additional positive correlation with cortical Eₕ levels (ρ = 0.19, p = < 

0.01) and negative correlation with cortical GSH/GSSG levels (ρ = -0.43, p = < 0.001). Lastly, 

cortical GSH/GSSG levels were negatively correlated with cortical Eₕ (ρ = -0.67, p = < 0.001).  
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Figure 3.2. Correlations among cortical GSH phenotypes in the DO population. Spearman’s 

rho (ρ) was calculated for each variable combination and listed within each corresponding box. 

GSH, GSSG, and total glutathione concentrations were standardized as nmol/mg protein. Eₕ was 

expressed as mV. P-values are denoted by the following: *** < 0.001, ** < 0.01, * < 0.05. 

Heatmaps were generated in RStudio. 

 

 

The cortical GSH system is significantly correlated with the renal GSH systems but not 

the hepatic GSH system: We screened for statistical correlations between the cortical GSH 

variables measured in the present study and those measured in the livers and kidneys of the same 

DO population [260, 261]. Cortical GSH variables were significantly associated with multiple 

renal GSH variables (Figure 3.3) but not with the hepatic GSH system (Figure 3.4). Cortical 

GSSG was negatively correlated with renal GSH (ρ = -0.3, p = < 0.001), renal GSSG (ρ = -0.22, 

p = < 0.01), renal total glutathione (ρ = -0.3, p = < 0.001), and positively correlated with renal Eₕ 

levels (ρ = 0.2, p = < 0.01). Cortical total glutathione was negatively correlated with renal GSSG 

(ρ = -0.8, p = < 0.05), and cortical GSH/GSSG was negatively correlated with renal Eₕ levels (ρ 

= -0.15, p = < 0.05). Moreover, cortical Eₕ levels were negatively correlated with renal GSH (ρ = 

-0.2, p = < 0.01), renal total glutathione (ρ = -0.2, p = < 0.01), renal GSH/GSSG (ρ = -0.22, p = < 
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0.01), and positively correlated with renal Eₕ levels (ρ = 0.25, p = < 0.001). There is limited 

correlation between the cortical GSH system and hepatic GSH system. Cortical GSH was 

negatively correlated with hepatic GSH (ρ = -0.15, p = < 0.05), hepatic GSSG (ρ = -0.16, p = < 

0.05), and hepatic total glutathione (ρ = -0.15, p = < 0.05). Furthermore, cortical total glutathione 

was negatively correlated with hepatic GSH/GSSG (ρ = -0.15, p = < 0.05).  

 

 

Figure 3.3. Cortical GSH variables are significantly correlated with renal GSH variables 

within the same cohort of DO mice. Spearman’s rho (ρ) was calculated for each variable 

combination and listed within each corresponding box. GSH, GSSG, and total glutathione 

concentrations were standardized as nmol/mg protein. Eₕ was expressed as mV. P-values are 

denoted by the following: *** < 0.001, ** < 0.01, * < 0.05. Heatmaps were generated in 

RStudio. 
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Figure 3.4. Cortical GSH variables are not significantly correlated with hepatic GSH 

variables within the same cohort of DO mice. Spearman’s rho (ρ) was calculated for each 

variable combination and listed within each corresponding box. GSH, GSSG, and total 

glutathione concentrations were standardized as nmol/mg protein. Eₕ was expressed as mV. P-

values are denoted by the following: *** < 0.001, ** < 0.01, * < 0.05. Heatmaps were generated 

in RStudio. 

 

Discussion 

 GSH carries a pivotal role in protecting the brain and health, however there is currently 

limited understanding of how genetic variation influences cortical GSH status, and potential 

influential genes and loci on GSH status in the brain remain unknown. In this study, we utilized 

the genetically diverse DO stock to examine the impact of genetic variation on GSH phenotypes 

of the brain and compared GSH regulation in the cerebral cortex to other major tissues to 

determine the relationship between cortical, renal, and hepatic GSH. Overall, this study screened 

for statistical relationships and found variations across cortical GSH phenotypes, as well as 

discerning correlations between GSH status in the brain, liver, and kidney.  
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Significant variations were found among multiple GSH phenotypes of the cortical GSH 

system and independent of sex, where total glutathione values ranged from 1.897 to 78.272, GSH 

values ranged from 0.428 to 70.391, GSSG values ranged from 0.64 to 8.551, GSH/GSSG ratio 

ranged from 0.268 to 97.618, and redox potential ranged from –362.734 to –234.821. In a study 

conducted by Rebrin, et al., B6 mice given ad libitum chow exhibited a mean GSH value of 

about 14 nmol/mg protein, a mean GSSG value of about 0.12 nmol/mg protein, and a mean 

GSH/GSSG ratio of 123, and DBA/2 mice given ad libitum chow exhibited a mean GSH value 

of about 14 nmol/mg protein, a mean GSSG value of about 0.14 nmol/mg protein, and a mean 

GSH/GSSG ratio of 98 [246]. GSSG results demonstrate that values below one can be found in 

the cerebral cortex under oxidative stress, however, it is not known for certainty that values 

below one are normal among GSH and GSH/GSSG due to unclear ranges of GSH and 

GSH/GSSG phenotypes in the current literature. It can be postulated however, that certain 

limitations of this study can lead to values lower than one. Limitations to this study include 

inaccurate measurements due to technical HPLC issues as it aged, oxidation of samples in the 

autosampler at 4ºC while running within 4 hours, and oxidation of samples placed in a -80 ºC 

freezer for about 5-6 years. Future studies should investigate variations of glutathione in the 

cerebral cortex by using rodent models to help clarify the validity of significantly low phenotypic 

values. Despite the limitations of this study, utilizing a DO mouse stock allows results to 

represent how cortical GSH varies in a highly diverse population, such as those of humans.  

 Within the same DO cohort, we also discovered significant correlations between cortical 

and renal GSH phenotypes, however, there were limited significant correlations between cortical 

and hepatic GSH phenotypes. The hepatic GSH phenotypes, however, had numerous significant 

correlations with the renal GSH phenotypes, as demonstrated in a previously published study on 
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the statistical relationship between renal and hepatic GSH systems [261]. Between the cortical 

and renal GSH systems, multiple statistical correlations were found, such as cortical GSSG 

concentrations negatively correlated with renal GSSG concentrations (ρ = -0.22, p < 0.01) and 

cortical Eₕ values positively correlated with renal Eₕ values (ρ = 0.25, p < 0.001). The strong 

correlation found between the cortical and renal GSH systems can also be reflected to a study by 

Gould, et al., where it was discovered that several inbred strains, such as the B6 mice strain, had 

higher GSH/GSSG ratios in the kidneys and cerebral cortex but lower GSH/GSSG ratios in the 

liver [243]. For example, the B6 mice strain exhibited a mean GSH/GSSG ratio of about 60 in 

the kidneys and about 65 in the cerebral cortex, while the GSH/GSSG ratio was about 38 in the 

liver [243]. This implies that cortical and renal GSH systems may be under the influence shared 

genetic factors, in which further research is warranted. As with between the cortical and hepatic 

GSH systems, there were very limited correlations observed. These findings were similar to the 

results displayed by Gould, et al., in which compared to the kidney GSH/GSSG ratios, liver 

GSH/GSSG ratios were further from cerebral cortex GSH/GSSG ratios [243].  

 Based on our current findings from this study, disease risk or protection may be 

determined by the variation of glutathione in different tissues of the body. For instance, disease 

susceptibility of the brain and kidneys may be closely related, in which disruption of renal 

function may impact levels of glutathione in the cerebral cortex or vice versa. Glutathione levels 

in the cerebral cortex or kidneys may provide insight of GSH status in the other and serve as a 

useful tool to be implemented into personalized medicine for treatment or monitoring of certain 

diseases. This can in turn, change the course of our current understanding on complex disease 

processes and revolutionize precise therapeutic interventions. On the other hand, the weak 

relationship between the cerebral cortex and liver implies that they are largely regulated 
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independently from each other. It is speculated however, that the cerebral cortex and liver may 

be under the influence of some shared regulation, as seen in the few significant correlations 

between the cerebral cortex and hepatic phenotypes of this study. GSH synthesis takes place in 

the cytosol of all cells, the liver plays a role in synthesizing GSH and exporting GSH to other 

tissues of the body through plasma and bile and can impact levels of glutathione in the brain. 

Within the interorgan GSH transport system, GSH from the liver can translocate from the plasma 

to the brain via the blood brain barrier [277]. Due to limited data in the current literature, more 

research is needed to clarify the relationship between the regulation of cortical and hepatic GSH 

status. 

 Although there were no significant differences in variation between equal numbers of 

males and females of this current study, it was observed that male mice had overall higher mean 

values across all glutathione phenotypes than those in female mice. For example, male mice had 

a mean GSH value of 13.202 nmol/mg protein, while female mice had a mean GSH value of 8.58 

nmol/mg protein. It was found by Wang, et al., that GPx protein expression was higher in the 

male cerebral cortex than females at postnatal day 30 of Sprague-Dawley rats [300]. Contrary to 

these findings however, Wang, et al., discovered that GSH content was higher in female mouse 

cortical tissues (84.5 ± 2.3) than in male mouse cortical tissues (79.3 ± 2.2) [301]. These findings 

could be influenced by distinct hormonal regulation of males and females, but due to inconsistent 

findings between studies, additional studies are needed to discern differences in cortical GSH 

status among sex.  

To complete our understanding of GSH variation across different tissues, future research 

efforts should study other tissues that have not been investigated yet in a DO mouse stock, such 

as the adipose and pancreatic tissues. Moreover, future studies should explore other parts of the 
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DO mouse brain, such as the cerebellum and olfactory bulb, to connect with findings discovered 

in the cerebral cortex of this current study and determine relationships with one another. All in 

all, discoveries from this study builds a better understanding of GSH regulation and reveals a 

tissue-specific component of GSH variation. Future research is warranted in human populations 

to expand our understanding in the variation and regulation of GSH status, as well as its potential 

impact on human health.  

Conclusion 

 Little is known on the genetic background of GSH status in the brain but is a crucial 

component to better understand the regulation of GSH. This present study showcases the analysis 

of cortical GSH within a large DO cohort, along with statistical correlations found between the 

cortical GSH phenotypes and GSH phenotypes of other major tissues. Although correlations 

between cortical GSH status and hepatic GSH status were not meaningful, the strong relationship 

shown between cortical and renal GSH status highlights shared genetic regulatory mechanisms. 

Overall, the findings of this study contribute to bridging the knowledge gap between GSH 

regulation in the brain and understanding of genetic influence. This supports the next phase of 

this thesis in identifying genetic variants involved in cortical GSH regulation, which will help 

develop potential therapeutic interventions to alleviate oxidative stress in neurodegenerative 

disease.  
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Table 3.2. Descriptive statistics for cortical GSH concentrations and redox status in male 

mice. Cortical concentrations of GSH (nmol/mg protein) and GSSG (nmol/mg protein) were 

quantified in samples collected from DO mice (93 males) using HPLC. Total glutathione 

concentrations were then calculated (GSH + 2GSSG), as well as GSH/GSSG and Eₕ (mV). 

Phenotype N x̄ Median SD Min Max 

Total Glutathione (nmol/mg) 93 17.568 13.235 12.694 3.625 78.273 

GSH (nmol/mg) 93 13.202 10.078 12.272 0.428 70.391 

GSSG (nmol/mg) 93 2.183 1.739 1.55 0.427 8.551 

GSH/GSSG 93 10.099 7.341 11.211 0.268 55.2 

Eₕ (mV) 93 -314.77 -322.067 29.926 -362.734 -234.821 

 

Table 3.3. Descriptive statistics for cortical GSH concentrations and redox status in female 

mice. Cortical concentrations of GSH (nmol/mg protein) and GSSG (nmol/mg protein) were 

quantified in samples collected from DO mice (94 females) using HPLC. Total glutathione 

concentrations were then calculated (GSH + 2GSSG), as well as GSH/GSSG and Eₕ (mV). 

Phenotype N x̄ Median SD Min Max 

Total Glutathione (nmol/mg) 94 12.005 8.931 10.454 1.897 48.538 

GSH (nmol/mg) 94 8.58 5.134 9.038 0.502 39.328 

GSSG (nmol/mg) 94 1.712 1.246 1.222 0.064 4.605 

GSH/GSSG 94 9.296 4.502 15.111 0.459 97.618 

Eₕ (mV) 94 -305.039 -302.919 28.854 -358.14 -248.798 
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Table 3.4. Statistical correlations between markers of the cortical GSH system. Spearman’s 

rho (ρ) was calculated to understand relationships between cortical GSH system markers. 

Cerebral cortex GSH and GSSG concentrations were calculated using HPLC and standardized as 

nmol/mg protein. Concentrations were then used to calculate total glutathione (GSH + 2GSSG), 

GSH/GSSG, and Eₕ (mV). 

Phenotype  ρ  p-value   

GSH GSSG 0.22  p < 0.01   

GSH Total GSH 0.97  p < 0.001   

GSH GSH/GSSG 0.34  p < 0.001   

GSH Eₕ -0.75  p < 0.001   

GSSG Total GSH 0.44  p < 0.001   

GSSG GSH/GSSG -0.43  p < 0.001   

GSSG Eₕ 0.19  p < 0.01   

Total GSH GSH/GSSG 0.21  p < 0.01   

Total GSH Eₕ -0.65  p < 0.001   

GSH/GSSG Eₕ -0.67  p < 0.001   
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CHAPTER 4 

HIGH-RESOLUTION GENETIC MAPPING DISCOVERS NOVEL GENETIC LOCI TIED 

TO THE CORTICAL GSH SYSTEM AND REDOX BALANCE2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

———————————— 
2 Song J. and Pazdro R. Constructing a correlation model of glutathione status between cortical, 

renal, and hepatic glutathione redox systems. To be submitted to a peer-reviewed journal 
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Abstract 

 Glutathione is a master antioxidant essential to the cell’s antioxidant defense system for 

combating oxidative stress and maintaining homeostasis. The thiol-reduced form (GSH) is 

converted to its disulfide-oxidized form (GSSG) in a redox cycle that neutralizes free radicals. 

Oxidative stress is caused by an imbalance between reactive oxygen species (ROS) and 

antioxidants in favor of ROS production. Genetic mutations in the antioxidant defense pathway 

have been associated with the progression of neurodegenerative diseases, implying that increased 

understanding of the genetic background of GSH metabolism may support therapeutic targets to 

mitigate oxidative stress in neurodegenerative disease. Current literature has focused on 

canonical GSH genes, but little is known of potential loci or genes influencing the cortical GSH 

system outside of the canonical GSH pathway. The present study utilizes high-resolution genetic 

mapping with the Diversity Outbred (DO) mouse stock to identify novel loci and genes 

underlying variation in cortical GSH status. Results from genetic mapping identify a suggestive 

locus associated with cortical GSH on murine chromosome 13 at 87.365 Mbp, and 

bioinformatics analysis identified two plausible candidate genes: transmembrane protein 161B 

(Tmem161b) and X-ray repair complementing defective repair in Chinese hamster cells 4 

(Xrcc4). Overall, these results build upon current knowledge of the GSH redox system and reveal 

novel genetic players in cortical GSH regulation, proposing candidate genes to be further 

investigated in future mechanistic studies.  
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Introduction 

 Glutathione (GSH) is a ubiquitous thiol tripeptide made up of cysteine, glutamate, and 

glycine that is known for its role in protecting the body against oxidative stress [69]. GSH is 

synthesized through a number of ATP-required enzymatic steps [69]. The first step involves the 

rate limiting step catalyzed by glutamate cysteine ligase (GCL), coupled with ATP hydrolysis, to 

form 𝛾-glutamyl-L-cysteine, and is followed by glutathione synthetase (GS) to form the GSH 

tripeptide [73]. Glutathione exists primarily in its thiol-reduced form (GSH) and its disulfide-

oxidized form (GSSG) [72]. Two molecules of GSH can convert to GSSG through the 

glutathione peroxidase (GPx) enzyme to neutralize hydrogen peroxides [73]. In turn, GSSG can 

be recycled to form GSH through the glutathione reductase (GR) enzyme by the expense of 

NADPH, thus completing the redox cycle [73]. 

 The depletion of glutathione is associated with the progression of neurodegenerative 

diseases [210] due to the imbalance between reactive oxygen species (ROS) and antioxidants in 

favor of ROS production, which increases oxidative stress in the brain [302]. Additionally, 

genetic mutations in the antioxidant defense pathway have highlighted the relevance of 

glutathione in preventing or alleviating neurodegenerative processes. Knockout of several 

enzymes responsible for glutathione synthesis and metabolism in mice models have shown to 

contribute to neurodegeneration and cognitive impairment. For example, in conditional GCLC-

conditional knockout mice, there seemed to be progressive neurodegeneration and inflammation 

in the brain [210]. GPx mutations in mice have also exhibited cognitive impairment and 

neurodegeneration [289, 290, 303, 304]. In humans of non-smokers and non-abusers of alcohol, 

it was discovered that several single nucleotide polymorphisms (SNPs) of the gamma-glutamyl 

transferase (GGT1) gene conferred protection against ischemic stroke [305]. In patients with 
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schizophrenia, it was found that the GPx-1 polymorphisms rs1050450 and rs1800668 were 

associated with schizophrenia [306]. Furthermore, patients with Parkinson’s disease (PD) 

demonstrated loss of GSH as early as in the beginning stages of PD [288, 307]. These findings 

imply that GSH related polymorphisms may play a role in placing genetic risk in individuals for 

neurodegenerative diseases and disorders. Despite the critical role of GSH genes, to our 

knowledge, there is currently no research showing the genetic variants that directly regulate GSH 

dynamics in the brain.  

 To gain a better understanding on key genes and variants involved in brain GSH 

metabolism, high-precision genetic mapping of quantitative trait loci (QTL) was performed in a 

large Diversity Outbred (DO) mouse stock to reflect the genetic diversity found in the human 

population. Previous work completed in our lab have discovered novel loci and genes associated 

with GSH status in both the liver [260] and kidney [261], though the brain has not been 

investigated yet. This current work utilizes the same DO mouse stock to characterize the genetic 

architecture of cortical GSH. We sought out genetic loci and candidate genes associated with 

cortical GSH and contrasting findings from the renal and hepatic GSH systems [260, 261] to 

identify genetic overlap between these major tissues. As it currently stands, this is the first 

largest high-precision genetic mapping study on the genetic regulation of cortical GSH, which 

will provide novel insight into candidate genes that will pave the way for future studies on the 

GSH systems and redox status.  

Materials and Methods 

Animals: Male and female Diversity Outbred (DO) mice (J:DO; JAX® #009376) from 

The Jackson Laboratory (Bar Harbor, ME USA) were delivered to the University of Georgia. All 

mice arrived at 4 weeks of age and were kept under the same conditions: on a 12-hour light/dark 
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cycle and given ad libitum access to water and standard chow diet (LabDiet®, St. Louis, MO 

USA, product 5053).  Mice were fasted for 3-4 hours before sacrifice at 5-6 months of age and 

euthanized humanely by cervical dislocation for tissue harvesting. In total, 351 mice (172 males, 

175 females) were sacrificed. All methods and procedures involving animals were approved by 

The University of Georgia Institutional Animal Care and Use Committee (IACUC) in 

accordance with the ethical standards of the institution (AUP #A2016 07-016). 

 Genotyping: DNA was collected at sacrifice from tail tips of all 351 mice. Samples were 

processed by GeneSeek (Neogen Genomics, Lincoln, NE USA, 68504) for genotyping using the 

third-generation Mouse Universal Genotyping Array (GigaMUGA) [308], which is a 143K-

probe array built on the Illumina Infinium II platform for genetic mapping in the DO mouse 

stock. 

 Quantitative trait loci (QTL) mapping: Genome scans were performed in 187 (93 males, 

94 females) DO samples. 164 of the 351 samples were excluded from QTL mapping due to 

technical HPLC machine issues. The R/qtl2 software was used to conduct QTL analysis [309] 

and sex was included as additive covariates in the genome scan. To normalize data, each 

phenotype were rank-z-score transformed [310], and kinship was accounted for among DO mice 

using the “leave one chromosome out” (LOCO) method [309, 311]. Each genome scan 

underwent 1000 permutations to establish phenotype-specific significance thresholds [309, 312, 

313]. A suggestive threshold (p-value ≤ 0.20) was applied for reporting QTL loci [313], and a 

95% Bayesian credible interval was identified for each peak located close to the reported QTL 

position [309, 312]. The Best Linear Unbiased Predictors (BLUPs) model was utilized to 

determine the effect level of the eight founder allele strains [314]. Genes within intervals were 

plotted using the database found in Mouse Genome Informatics (MGI). 
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 Candidate gene analysis: To prioritize candidate genes, databases for expression, 

functional, and phenotypic annotations were utilized based on methods used in previous studies 

[315, 316]. Protein-coding genes within the significant QTL intervals ±1 Mbp were collected 

and reported through the Mouse Genome Informatics (MGI) database [317]. Genes not 

expressed in adult rodent cortical tissue were excluded based on gene expression annotations 

from the Gene eXpression Database (GXD) [318] through MGI [317], as well as EBI Expression 

Atlas (EEA) through the European Molecular Biology Laboratory European Bioinformatics 

Institute (EMBL-EBI) [319]. Candidate genes were further narrowed down by using Gene 

Ontology (GO) annotations [320, 321] through MGI [317] to identify gene function relevant to 

the brain. Phenotypic data were also collected from mammalian phenotype (MP) [322] and 

PheWeb (PW) [323]. 

Results 

 QTL mapping of cortical GSH phenotypes: We performed QTL genome-wide analysis 

using R/qtl2 on cortical total glutathione, GSH, GSSG, GSH/GSSG, and redox potential (Figure 

4.1). We ran 1000 permutation tests in each QTL scan to determine LOD score thresholds to 

assess significance (p < 0.05). There were no peaks greater than the LOD score thresholds, 

however, several peaks surpassed the suggestive LOD score threshold of 6 (p ≤ 0.20) (Table 

4.1). The genome-wide scans for cortical GSH concentrations revealed a suggestive QTL peak 

on mouse chromosome 13 at 87.365 Mbp (LOD score 6.452). The genome-wide scan for cortical 

total glutathione concentrations revealed a suggestive QTL peak on mouse chromosome 13 at 

87.317 Mbp (LOD score 6.781). Five suggestive peaks for cortical GSH/GSSG were revealed on 

mouse chromosome 6 at 112.423 Mbp, chromosome 6 at 112.491 Mbp, chromosome 6 at 

112.524 Mbp, chromosome 11 at 90.585 Mbp, and chromosome 19 at 58.739 Mbp (LOD scores 
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6.091, 7.284, 6.299, 6.674, and 6.153, respectively). Two suggestive peaks for cortical redox 

potential were revealed on mouse chromosome 11 at 90.585 Mbp and chromosome 19 at 58.743 

Mbp (LOD scores 7.154 and 6.321, respectively). Given that the peak position and QTL intervals 

were the same between the two genome scans, cortical GSH scans are included in Figure 4.2 and 

cortical total glutathione scans are found in Figure 4.3. Founder allele effects from other 

suggestive peaks can be found in Figures 4.4-4.8.  

 

 

Figure 4.1. QTL mapping results of cortical GSH concentrations and redox status. 

Genome-wide scans were generated for cortical A) total glutathione concentrations (GSH + 

2GSSG, expressed as nmol/mg protein); B) GSH concentrations (nmol/mg protein); C) GSSG 

concentrations (nmol/mg protein); D) GSH/GSSG; and E) redox potential of the GSSG-GSH 

couple (Eₕ, expressed as mV). Permutation-derived significant thresholds for each scan were 

indicated by colored lines at significant (𝛼) levels 0.05 (blue), 0.1 (red), and 0.2 (purple).  
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Figure 4.2. High-resolution association mapping for cortical GSH concentrations reveals a 

suggestive peak on chromosome 13. A) Genome-wide scan of cortical GSH concentrations 

(nmol/mg protein) exhibits a QTL with a peak LOD score 6.452 at 87.365 Mbp (45.155 cM) on 

mouse chromosome 13. Permutation-derived significance thresholds are indicated by colored 

lines at significance (𝛼) levels 0.05 (blue), 0.1 (red), and 0.2 (purple). B) The founder allele QTL 

effects indicate that the PWK, 129, NOD, and WSB alleles contribute to a higher cortical GSH 

concentration (nmol/mg protein), while the NZO and B6 alleles contribute to a lower cortical 

GSH concentration (nmol/mg protein). Each colored line represents one of eight DO founder 

alleles as indicated in the legend. The differences between strains are considered significant 

when the LOD score (bottom plot) crosses significance thresholds established in panel A. C) 

Candidate genes found within the QTL interval relative to the MGI database. The cortical total 

glutathione genome scan resulted in the same suggestive QTL interval on mouse chromosome 13 

compared to cortical GSH (Figure 4.3) 
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The highest peak (LOD score 6.452) on mouse chromosome 13, associated with cortical 

total glutathione and GSH concentrations, was further investigated and defined by the following 

location: 87.365 Mblp with a QTl interval of 83.909-89.354 Mbp (Figure 4.2A). Founder allele 

effects revealed that the PWK, 129, NOD, and WSB alleles contribute to a higher cortical total 

glutathione and GSH concentration, while the NZO and B6 alleles contribute to a lower cortical 

total glutathione and GSH concentration (Figure 4.2B). R/qtl was then utilized to plot genes 

located within the interval ± 1 Mbp (Figure 4.2C). Functional RNA and protein coding genes 

were screened based on available expression, functional, and phenotypic data (Tables 4.2 and 

4.3). The QTL interval contained 81 possible candidate genes: 13 protein-coding genes, 1 non-

coding RNA gene, 67 pseudogenes, 27 lncRNA genes, 3 unclassified genes, 5 miRNA genes, 1 

snoRNA gene, and 1 snRNA gene. 31 of the 81 candidate genes were excluded due to limited 

brain expression annotations from EMBL-EBI and MGI. Out of the remaining 50 candidate 

genes, 44 genes were excluded due to limited functional annotations from GO. Of the remaining 

6 genes, 2 had phenotypic annotations related to brain function or redox metabolism from MP 

and PW: transmembrane protein 161B (Tmem161b) and X-ray repair complementing defective 

repair in Chinese hamster cells 4 (Xrcc4). Tmem161b A query in Ensembl Biomart revealed that 

Tmem161b is associated with abnormal stratification in cerebral cortex (MP:0000790) in mice. 

In humans, TMEM161b was linked with major depressive disorder [324-327], as well as 

neocortical polymicrogyria and intellectual disability [328]. In both mice and humans, 

Tmem161b and TMEM161 was implicated in regulating cerebral cortical gyration, Sonic 

Hedgehog signaling, and ciliary structures in developing the central nervous system [329]. A 



 

79 

query in Ensembl Biomart also revealed that Xrcc4 is associated with abnormal cerebral cortex 

morphology (MP:0000788), increased neuron apoptosis (MP:0003203), and thin cerebral cortex 

(MP:0006254) in mice. Existing literature shows that mutations in XRCC4 in humans are linked 

to marked neurological manifestations [330] and susceptibility in schizophrenia [331, 332]. It is 

notable that mutations in XRCC4 are linked to the risk of autism spectrum disorder (ASD), where 

brain tissues from ASD patients showed higher levels of oxidative stress and DNA damage 

[333]. Furthermore, XRCC4 has been associated with increased risk of gliomas [334] and shown 

to be associated with the APTX gene, a gene that causes neurological disorders when mutated 

[335].  

Comparison of the cortical, renal, and hepatic GSH systems: We compiled all significant 

loci and other QTL associated with either renal or hepatic GSH phenotypes to screen for genetic 

overlap with cortical QTL intervals (Table 4.4). There were no overlapping QTL intervals found 

between the cortical GSH system and the renal and hepatic GSH systems.  

Discussion 

This work sought to define the genetic regulation of the cortical GSH system by using 

high-precision QTL mapping in a genetically diverse mouse model. We documented novel loci 

associated with cortical GSH and subsequently identified candidate genes within the QTL 

interval. Candidate genes were then narrowed down by using expression, functional, and 

phenotypic annotations. Through comprehensive genetic mapping, we establish further 

understanding of genetic regulation of the cortical GSH system.  

 QTL mapping of cortical GSH suggested a novel locus on mouse chromosome 13 at 

87.365 (83.909 – 89.354) Mbp. Bioinformatics analyses revealed two potential candidate genes 

within the QTL: Tmem161b and Xrcc4. These two candidate genes were all validated through 
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expression, functional, and phenotypic annotations due to their relevance to brain function and 

oxidative stress, therefore we concluded these two genes to most likely influence cortical GSH 

regulation. Although its exact biological functions are unknown, TMEM161b has been 

implicated in neurological disorders in humans [324-328]. Notably, this gene is shown to be 

involved in developing the central nervous system and regulating cerebral cortical folding and 

gyration in animal and human models [329]. Brains with greater gyrification patterns are known 

to be associated with increased Gpx and superoxide dismutase (SOD) activity, which serve as 

markers of cognitive improvement [336]. Chui, et al., demonstrated that oxidative stress levels 

progressively increase in the developing mouse cortex under normal conditions [337], and given 

the suggested role of Tmem161b, this gene is likely to be involved in brain antioxidant activities 

and should be further explored in future studies. The function of the second candidate gene, 

Xrcc4, is also ambiguous, however, mutations in this gene is suggested to contribute to defects in 

neurogenesis and severe neuronal apoptosis in mice [338, 339]. Furthermore, XRCC4 has been 

associated with a spectrum of neurological disorders in humans [330-333], as well as glioma 

[334]. XRCC4 is also known to interact with DNA ligase IV and repair DNA double strand 

breaks caused by oxidative stress [340], in which reduced DNA end joining activity has been 

observed in AD patients [341]. Despite its involvement in brain function, more research is 

warranted to further define its role in the cortical redox system. 

 In addition to non-canonical genes influencing cortical GSH status, other distinct non-

canonical genes have also been found to regulate renal, hepatic, and cardiac GSH status. In the 

renal GSH system, Gould, et al., discovered Aifm1 as a potential genetic regulator for renal GSH 

[261]. In the hepatic GSH system, Koch, et al., found Cdh2 to be associated with hepatic 

steatosis [342] and Socs1 as a potential genetic regulator for hepatic GSH/GSSG [260]. In the 
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cardiac GSH system, several potential candidates, MiR-208a, Myh6, Myh7, and Nfatc4, were 

identified for cardiac GSH regulation [manuscript under review]. Discoveries of genes outside of 

the GSH pathway suggest to us that the GSH pathway is not the only player affecting GSH 

pathology in many major tissues. 

 To further validate the roles of these genes in regulating GSH status in their respective 

tissues, future studies should utilize methods, such as gene manipulation (knockout or 

overexpression) or profiling gene expression in tissues by using RNA-seq, to observe GSH status 

in response to gene expression patterns or vice versa. In humans, it was found that UCP2-

silencing KRASmut cell lines exhibited decreased GSH/GSSG ratios compared to wild-type 

counterparts [343]. In a mice study conducted by Qiu, et al., it was discovered through the use of 

RNA-seq, livers from Sirt1 liver-specific knockout (LKO) mice enriched glutathione metabolism 

and elevated the expression of GST family genes by increasing Nrf2 levels, a regulator of 

glutathione metabolism, which therefore increased GSH/GSSG ratios and GSH [344]. 

Furthermore, a mice study conducted by Chen, et al., found that Nrf2-knockout mice exhibited 

altered glutathione homeostasis and decreased expression of genes involved in GSH 

biosynthesis, regeneration, utilization, and transport in the liver, and that Ucp2-knockout mice 

exhibited altered glutathione homeostasis in the liver, spleen, and blood [345]. There is evidence 

of other genes known to influence GSH status, however, future research using similar methods to 

further speculate novel non-canonical genes found in this current study and its connected studies 

is warranted.  

 Although a suggestive threshold of 6 (p < 0.20) was applied to report QTL loci, we 

hypothesize that with a greater sample size, there may be QTL peaks surpassing or meeting the 

significance threshold of p < 0.05, p < 0.1, or p < 0.2. Despite no peaks reaching the significance 
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threshold in this current study, a sample size of 187 DO mice provides close to substantial power 

to identify QTL peaks with considerable effects, as suggested by power analysis demonstrating 

that studies with as few as 200 DO mice can detect loci with large effects [346]. A study by 

Svenson, et al., utilized a smaller DO mouse population to conduct high-resolution genetic 

mapping, which involved 150 DO mice in their study [310]. This sample size of 150 provided 

sufficient power for identifying QTL intervals in their mapping resolution, suggesting that a 

sample size of 187 mice samples may also be sufficient for QTL mapping.  

   There is substantial evidence in the current literature that canonical GSH genes regulate 

GSH status. To test our hypothesis that the cortical GSH system is regulated by distinct, novel 

genetic regulation outside of canonical GSH genes involved in GSH synthesis and metabolism, 

we utilized R/qtl2 to visualize founder allele effects for glutathione peroxidase 1 (Gpx1), 

glutathione cysteine ligase – catalytic subunit (Gclc), glutathione cysteine ligase  – modifier 

subunit (Gclm), glutathione synthetase (Gs), and glutathione reductase (Gr) in each GSH 

phenotype (Figures 4.9-4.13). According to our results, there were no significant differences 

between the eight founder strains. This supports our hypothesis that variation in cortical GSH 

concentrations and redox status are controlled by novel loci and genes outside of the canonical 

GSH pathway. By identifying and validating non-canonical genes outside of the GSH pathway, it 

can help us to determine disease susceptibility and resistance in the human population and pave 

the way for personalized medicine and treatment strategies.  

Conclusion 

In this study, we identified a novel QTL underlying cortical total glutathione and GSH 

concentrations on chromosome 13 using a large cohort of DO mice. We identified Tmem161b 

and Xrcc4 as the most plausible gene within the locus and validated its relevance to brain 
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function through functional and phenotypic annotations. These two genes have shown great 

potential as key genetic players in GSH synthesis and metabolism. Future studies will further 

investigate the mechanisms of Tmem161b and Xrcc4 as a genetic regulator of the cortical GSH 

system, thus expanding our knowledge of the genetic architecture of the glutathione redox 

system.  

 

Table 4.1. Results for high-resolution association mapping of cortical GSH redox system. 

QTL peaks with LOD scores > 6 are listed within the table. Peak information includes LOD 

score, QTL position (in Mbp) on mouse chromosome, and respective Bayesian credible intervals. 

Specific marker identification from the GigaMUGA listed for each peak. 

Phenotype LOD Chr QTL Position (Mbp) Marker ID 

GSH  6.452 13 87.364942 (83.908994 - 89.354169) UNCJPD005456 

Total 

Glutathione 

6.781 13 87.316743 (83.983279 - 89.354169) UNCHS036670 

GSH/GSSG 6.091 6 112.422549 (104.813291 - 112.481351) JAX00145465 

GSH/GSSG 7.284 6 112.491205 (112.481351 - 112.496201) UNCHS018579 

GSH/GSSG 6.299 6 112.523643 (112.498928 - 112.967579) UNCHS018581 

GSH/GSSG 6.674 11 90.585428 (90.188681 - 93.674856) UNCHS031836 

GSH/GSSG 6.153 19 58.73912 (48.103472 - 59.07224) UNCHS048099 

Eₕ 7.154 11 90.585428 (90.218619 - 91.74591) UNCHS031836 

Eₕ 6.321 19 58.743035 (58.653947 - 59.053912) UNCHS048100 
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Table 4.2. Cortical GSH candidate genes and their relevant annotations (𝐂𝐡𝐫𝟏𝟑:𝟖𝟑. 𝟗𝟎𝟗 − 𝟖𝟗.𝟑𝟓𝟒 ± 𝟏⁡𝐌𝐛𝐩; ⁡𝐆𝐑𝐂𝐦𝟑𝟖/
𝐦𝐦𝟏𝟎).𝐚 
a Resource abbreviations: EEA, EBI Expression Atlas; PW, PheWeb; GO, Gene Ontology; GXD, Gene eXpression Database; MGI, 

Mouse Genome Informatics; MP, Mammalian Phenotype. 

                 Expression Functional  Phenotypic 

MGI Gene 

Symbol 

Genome 

Coordinates 

(strand) 

MGI 

Gene/Marker 

ID 

Feature Type EEA 

(EMBL-

EBI) 

GXD (MGI) GO (MGI) MP PW 

2310067P03Rik 
Chr13:83065457-

83194347 (+) MGI:1917536 
lncRNA 

gene X X X 
 

 

Gm33073 
Chr13:83071742-

83120537 (-) MGI:5592232 
lncRNA 

gene    
 

 

Gm48156 
Chr13:83189565-

83189709 (-) MGI:6097525 Pseudogene X X  
 

 

Gm33217 
Chr13:83314533-

833564 (-) MGI:5592376 
lncRNA 

gene    
 

 

Gm33274 
Chr13:83427681-

83446408 (-) MGI:5592433 
lncRNA 

gene    
 

 

Gm33317 
Chr13:83498349-

83503901 (-) MGI:5592476 
lncRNA 

gene    
 

 

Mef2c 
Chr13:83504017-

8366708 (+) MGI:99458 
protein 

coding gene X X  
 

              

Gm52043 
Chr13:83592977-

83625269 (-) MGI:6366025 
lncRNA 

gene    
 

 

Gm10759 
Chr13:83601246-

83602668 (+)  
unclassified 

gene    
 

 

Gm52044 
Chr13:83636274-

83662307 (-) MGI:6366027 
lncRNA 

gene    
 

 

Gm48067 
Chr13:83687222-

83687441 (+) MGI:6097396 Pseudogene X X  
 

 

Gm52046 
Chr13:83714932-

83721655 (-) MGI:6366031 
lncRNA 

gene    
 

 

C130071C03Rik 
Chr13:83721381-

83884194 (+) MGI:2443574 
lncRNA 

gene X X  
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Gm26803 
Chr13:83723442-

83729582 (-) MGI:5477297 
lncRNA 

gene X X  
 

 

Gm33366 
Chr13:83734709-

83738535 (-) MGI:5592525 

unclassified 

non-coding 

RNA gene X X  

 

 

Mir9-2 
Chr13:83738814-

83738885 (+) MGI:3619442 
miRNA 

gene  X  
 

 

Gm51268 
Chr13:83738821-

83738876 (-) MGI:6364935 
miRNA 

gene    
 

 

Gm6411 
Chr13:83761132-

83762335 (-) MGI:3643659 Pseudogene X X  
 

 

Gm5452 
Chr13:83832241-

83833845 (+) MGI:3645281 Pseudogene X X  
 

 

Gm52045 
Chr13:83872776-

83883184 (-) MGI:6366029 
lncRNA 

gene    
 

 

2810049E08Rik 
Chr13:83891208-

8392871 (+) MGI:1919927 
lncRNA 

gene X X  
 

 

Gm4241 
Chr13:83971355-

83987991 (-) MGI:3782418 
lncRNA 

gene X X  
 

 

Gm8447 
Chr13:83987991-

83998485 (-) MGI:3647954 Pseudogene X X  
 

 

Gm17750 
Chr13:84025297-

84064774 (-) MGI:5009828 
lncRNA 

gene X X  
 

 

Gm8456 
Chr13:84166453-

84166911 (+) MGI:3647453 Pseudogene X X  
 

 

Gm24331 
Chr13:84182278-

84182344 (+) MGI:5454108 
miRNA 

gene    
 

 

A230107N01Rik 
Chr13:84219581-
84219581 (-) MGI:2445042 

lncRNA 
gene X X  

 
 

Tmem161b 
Chr13:84222195-

84296141 (+) MGI:1919995 
protein 

coding gene X X X 
 

X              X 

Gm49223 
Chr13:84274844-

84280817 (+) MGI:6118679 
lncRNA 

gene X X  
 

 

Gm46432 
Chr13:84281176-

84281876 (-) MGI:5826069 Pseudogene X X  
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Gm26927 
Chr13:84339149-

84340113 (-) MGI:5504042 Pseudogene X X  
 

 

Gm41011 
Chr13:84343893-

84357771 (+) MGI:5623896 
lncRNA 

gene    
 

 

Gm17618 
Chr13:84404839-

84405472 (+)  
protein 

coding gene    
 

 

Gm34196 
Chr13:84573766-

84906191 (-) MGI:5593355 
lncRNA 

gene    
 

 

Gm34246 
Chr13:84675411-

84699672 (+) MGI:5593405 
lncRNA 

gene    
 

 

Gm26913 
Chr13:8469021-

84690941 (-) MGI:5504028 Pseudogene X X  
 

 

Gm4059 
Chr13:84973709-

84974317 (-) MGI:3782234 Pseudogene X X  
 

 

Gm4066 
Chr13:85024162-

85025436 (-) MGI:3782241 Pseudogene X X  
 

 

Gm47745 
Chr13:85094335-

85095373 (+) MGI:6096889 Pseudogene X X  
 

 

Gm4076 
Chr13:8512655-

85127514 (-) MGI:3782251 Pseudogene X X  
 

 

Gm47746 
Chr13:8514072-

85141102 (+) MGI:6096890 Pseudogene  X  
 

 

Ccnh 
Chr13:85189377-

85223469 (+) MGI:1913921 
protein 

coding gene X X X 
 

 

Rasa1 
Chr13:85214699-

85289486 (-) MGI:97860 
protein 

coding gene X X  
 

               

Gm37641 
Chr13:85411681-

85411919 (-) MGI:5610869 
unclassified 

gene  X  
 

 

Gm47635 
Chr13:85516402-

85516619 (+) MGI:6096708 Pseudogene X X  
 

 

Gm5666 
Chr13:85572776-

85573677 (-) MGI:3648664 Pseudogene X X  
 

 

Gm47636 
Chr13:85865112-

85865333 (-) MGI:6096709 Pseudogene X X  
 

 

Gm46396 
Chr13:85891742-

85892128 (+) MGI:5826033 Pseudogene X X  
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Gm34526 
Chr13:86017038-

86037981 (-) MGI:5593685 
lncRNA 

gene    
 

 

Cox7c 
Chr13:86044798-

86046904 (-) MGI:103226 
protein 

coding gene X X X 
 

 

Gm22574 
Chr13:86044989-

86045048 (-) MGI:5452351 
snoRNA 

gene X X  
 

 

Gm27025 
Chr13:86235827-

86237727 (+) MGI:5504140 Pseudogene  X  
 

 

Gm25700 
Chr13:86725823-

86725932 (-) MGI:5455477 
miRNA 

gene    
 

 

Gm51420 
Chr13:86748548-

86748616 (-) MGI:6365007 Pseudogene    
 

 

Gm47642 
Chr13:87234439-

87234594 (-) MGI:6096719 Pseudogene X X  
 

 

Gm18265 
Chr13:87307726-

87308524 (+) MGI:5010450 Pseudogene X X  
 

 

Gm24935 
Chr13:87456778-

87456887 (+) MGI:5454712 
miRNA 

gene    
 

 

Gm21232 
Chr13:87782971-

87783976 (+) MGI:5434587 Pseudogene X X  
 

 

Gm41012 
Chr13:87793851-

87799957 (-) MGI:5623897 
lncRNA 

gene    
 

 

Gm19239 
Chr13:87826532-

87827257 (+) MGI:5011424 Pseudogene X X  
 

 

Gm47649 
Chr13:87977497-

87980299 (-) MGI:6096731 
unclassified 

gene X X  
 

 

Gm27044 
Chr13:88184661-

88185456 (-) MGI:5504159 Pseudogene X X  
 

 

Gm47651 
Chr13:88382346-

88382622 (+) MGI:6096734 Pseudogene  X  
 

 

Gm8526 
Chr13:8847858-

88479054 (+) MGI:3645225 Pseudogene X X  
 

 

Gm47653 
Chr13:88480632-

88480791 (+) MGI:6096737 Pseudogene X X  
 

 

Gm19139 
Chr13:8850928-

88511428 (-) MGI:5011324 Pseudogene X X  
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Gm34585 
Chr13:8852119-

88578175 (+) MGI:5593744 
lncRNA 

gene X X  
 

 

Gm5667 
Chr13:88547216-

8854827 (+) MGI:3648667 Pseudogene X X  
 

 

Edil3 
Chr13:88821472-

89323225 (+) MGI:1329025 
protein 

coding gene X X  
 

               

Gm38504 
Chr13:88824224-

8883612 (+) MGI:5621389 
lncRNA 

gene    
 

 

Gm18317 
Chr13:88843574-

88844576 (+) MGI:5010502 Pseudogene    
 

 

Gm46433 
Chr13:88870746-

88887998 (+) MGI:5826070 
lncRNA 

gene    
 

 

Gm34699 
Chr13:8949922-

89539669 (-) MGI:5593858 
lncRNA 

gene    
 

 

Hapln1 
Chr13:89539796-

89611832 (+) MGI:1337006 
protein 

coding gene X X X 
 

 

Gm8546 
Chr13:89576959-

89578463 (-) MGI:3647346 Pseudogene X X  
 

 

Vcan 
Chr13:89655309-

89743027 (-) MGI:102889 
protein 

coding gene X X  
 

               

Gm16318 
Chr13:89662669-

89663573 (+) MGI:3826563 Pseudogene X X  
 

 

Gm4117 
Chr13:89733697-

89887166 (+) MGI:3782293 
lncRNA 

gene X X  
 

 

Xrcc4 
Chr13:89774027-

90089608 (-) MGI:1333799 
protein 

coding gene X X X 
 

X              X 

A430063P04Rik 
Chr13:89902607-

89905712 (-)  
lncRNA 

gene    
 

 

Gm24498 
Chr13:89927442-

89927543 (-) MGI:5454275 
snRNA 

gene    
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Table 4.3. Cortical total glutathione candidate genes and their relevant annotations (𝐂𝐡𝐫𝟏𝟑:𝟖𝟑. 𝟗𝟖𝟑 − 𝟖𝟗.𝟑𝟓𝟒 ±
𝟏⁡𝐌𝐛𝐩; ⁡𝐆𝐑𝐂𝐦𝟑𝟖/𝐦𝐦𝟏𝟎).𝐚 
a Resource abbreviations: EEA, EBI Expression Atlas; PW PheWeb; GO, Gene Ontology; GXD, Gene eXpression Database; MGI, 

Mouse Genome Informatics; MP, Mammalian Phenotype. 

                 Expression Functional  Phenotypic 

MGI Gene 

Symbol 

Genome 

Coordinates 

(strand) 

MGI 

Gene/Marker 

ID 

Feature Type EEA 

(EMBL-

EBI) 

GXD (MGI) GO (MGI) MP PW 

2310067P03Rik 
Chr13:83065457-

83194347 (+) MGI:1917536 
lncRNA 

gene X X X 
 

 

Gm33073 
Chr13:83071742-

83120537 (-) MGI:5592232 
lncRNA 

gene    
 

 

Gm48156 
Chr13:83189565-

83189709 (-) MGI:6097525 Pseudogene X X  
 

 

Gm33217 
Chr13:83314533-

833564 (-) MGI:5592376 
lncRNA 

gene    
 

 

Gm33274 
Chr13:83427681-

83446408 (-) MGI:5592433 
lncRNA 

gene    
 

 

Gm33317 
Chr13:83498349-

83503901 (-) MGI:5592476 
lncRNA 

gene    
 

 

Mef2c 
Chr13:83504017-

8366708 (+) MGI:99458 
protein 

coding gene X X  
 

               

Gm52043 
Chr13:83592977-

83625269 (-) MGI:6366025 
lncRNA 

gene    
 

 

Gm10759 
Chr13:83601246-

83602668 (+)  
unclassified 

gene    
 

 

Gm52044 
Chr13:83636274-

83662307 (-) MGI:6366027 
lncRNA 

gene    
 

 

Gm48067 
Chr13:83687222-

83687441 (+) MGI:6097396 Pseudogene X X  
 

 

Gm52046 
Chr13:83714932-

83721655 (-) MGI:6366031 
lncRNA 

gene    
 

 

C130071C03Rik 
Chr13:83721381-

83884194 (+) MGI:2443574 
lncRNA 

gene X X  
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Gm26803 
Chr13:83723442-

83729582 (-) MGI:5477297 
lncRNA 

gene X X  
 

 

Gm33366 
Chr13:83734709-

83738535 (-) MGI:5592525 

unclassified 

non-coding 

RNA gene X X  

 

 

Mir9-2 
Chr13:83738814-

83738885 (+) MGI:3619442 
miRNA 

gene  X  
 

 

Gm51268 
Chr13:83738821-

83738876 (-) MGI:6364935 
miRNA 

gene    
 

 

Gm6411 
Chr13:83761132-

83762335 (-) MGI:3643659 Pseudogene X X  
 

 

Gm5452 
Chr13:83832241-

83833845 (+) MGI:3645281 Pseudogene X X  
 

 

Gm52045 
Chr13:83872776-

83883184 (-) MGI:6366029 
lncRNA 

gene    
 

 

2810049E08Rik 
Chr13:83891208-

8392871 (+) MGI:1919927 
lncRNA 

gene X X  
 

 

Gm4241 
Chr13:83971355-

83987991 (-) MGI:3782418 
lncRNA 

gene X X  
 

 

Gm8447 
Chr13:83987991-

83998485 (-) MGI:3647954 Pseudogene X X  
 

 

Gm17750 
Chr13:84025297-

84064774 (-) MGI:5009828 
lncRNA 

gene X X  
 

 

Gm8456 
Chr13:84166453-

84166911 (+) MGI:3647453 Pseudogene X X  
 

 

Gm24331 
Chr13:84182278-

84182344 (+) MGI:5454108 
miRNA 

gene    
 

 

A230107N01Rik 
Chr13:84219581-
84219581 (-) MGI:2445042 

lncRNA 
gene X X  

 
 

Tmem161b 
Chr13:84222195-

84296141 (+) MGI:1919995 
protein 

coding gene X X X 
 

X              X 

Gm49223 
Chr13:84274844-

84280817 (+) MGI:6118679 
lncRNA 

gene X X  
 

 

Gm46432 
Chr13:84281176-

84281876 (-) MGI:5826069 Pseudogene X X  
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Gm26927 
Chr13:84339149-

84340113 (-) MGI:5504042 Pseudogene X X  
 

 

Gm41011 
Chr13:84343893-

84357771 (+) MGI:5623896 
lncRNA 

gene    
 

 

Gm17618 
Chr13:84404839-

84405472 (+)  
protein 

coding gene    
 

 

Gm34196 
Chr13:84573766-

84906191 (-) MGI:5593355 
lncRNA 

gene    
 

 

Gm34246 
Chr13:84675411-

84699672 (+) MGI:5593405 
lncRNA 

gene    
 

 

Gm26913 
Chr13:8469021-

84690941 (-) MGI:5504028 Pseudogene X X  
 

 

Gm4059 
Chr13:84973709-

84974317 (-) MGI:3782234 Pseudogene X X  
 

 

Gm4066 
Chr13:85024162-

85025436 (-) MGI:3782241 Pseudogene X X  
 

 

Gm47745 
Chr13:85094335-

85095373 (+) MGI:6096889 Pseudogene X X  
 

 

Gm4076 
Chr13:8512655-

85127514 (-) MGI:3782251 Pseudogene X X  
 

 

Gm47746 
Chr13:8514072-

85141102 (+) MGI:6096890 Pseudogene  X  
 

 

Ccnh 
Chr13:85189377-

85223469 (+) MGI:1913921 
protein 

coding gene X X X 
 

 

Rasa1 
Chr13:85214699-

85289486 (-) MGI:97860 
protein 

coding gene X X  
 

              

Gm37641 
Chr13:85411681-

85411919 (-) MGI:5610869 
unclassified 

gene  X  
 

 

Gm47635 
Chr13:85516402-

85516619 (+) MGI:6096708 pseudogene X X  
 

 

Gm5666 
Chr13:85572776-

85573677 (-) MGI:3648664 pseudogene X X  
 

 

Gm47636 
Chr13:85865112-

85865333 (-) MGI:6096709 pseudogene X X  
 

 

Gm46396 
Chr13:85891742-

85892128 (+) MGI:5826033 pseudogene X X  
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Gm34526 
Chr13:86017038-

86037981 (-) MGI:5593685 
lncRNA 

gene    
 

 

Cox7c 
Chr13:86044798-

86046904 (-) MGI:103226 
protein 

coding gene X X X 
 

 

Gm22574 
Chr13:86044989-

86045048 (-) MGI:5452351 
snoRNA 

gene X X  
 

 

Gm27025 
Chr13:86235827-

86237727 (+) MGI:5504140 pseudogene  X  
 

 

Gm25700 
Chr13:86725823-

86725932 (-) MGI:5455477 
miRNA 

gene    
 

 

Gm51420 
Chr13:86748548-

86748616 (-) MGI:6365007 pseudogene    
 

 

Gm47642 
Chr13:87234439-

87234594 (-) MGI:6096719 pseudogene X X  
 

 

Gm18265 
Chr13:87307726-

87308524 (+) MGI:5010450 pseudogene X X  
 

 

Gm24935 
Chr13:87456778-

87456887 (+) MGI:5454712 
miRNA 

gene    
 

 

Gm21232 
Chr13:87782971-

87783976 (+) MGI:5434587 pseudogene X X  
 

 

Gm41012 
Chr13:87793851-

87799957 (-) MGI:5623897 
lncRNA 

gene    
 

 

Gm19239 
Chr13:87826532-

87827257 (+) MGI:5011424 pseudogene X X  
 

 

Gm47649 
Chr13:87977497-

87980299 (-) MGI:6096731 
unclassified 

gene X X  
 

 

Gm27044 
Chr13:88184661-

88185456 (-) MGI:5504159 pseudogene X X  
 

 

Gm47651 
Chr13:88382346-

88382622 (+) MGI:6096734 pseudogene  X  
 

 

Gm8526 
Chr13:8847858-

88479054 (+) MGI:3645225 pseudogene X X  
 

 

Gm47653 
Chr13:88480632-

88480791 (+) MGI:6096737 pseudogene X X  
 

 

Gm19139 
Chr13:8850928-

88511428 (-) MGI:5011324 pseudogene X X  
 

 



 

93 

Gm34585 
Chr13:8852119-

88578175 (+) MGI:5593744 
lncRNA 

gene X X  
 

 

Gm5667 
Chr13:88547216-

8854827 (+) MGI:3648667 pseudogene X X  
 

 

Edil3 
Chr13:88821472-

89323225 (+) MGI:1329025 
protein 

coding gene X X  
 

               

Gm38504 
Chr13:88824224-

8883612 (+) MGI:5621389 
lncRNA 

gene    
 

 

Gm18317 
Chr13:88843574-

88844576 (+) MGI:5010502 pseudogene    
 

 

Gm46433 
Chr13:88870746-

88887998 (+) MGI:5826070 
lncRNA 

gene    
 

 

Gm34699 
Chr13:8949922-

89539669 (-) MGI:5593858 
lncRNA 

gene    
 

 

Hapln1 
Chr13:89539796-

89611832 (+) MGI:1337006 
protein 

coding gene X X X 
 

 

Gm8546 
Chr13:89576959-

89578463 (-) MGI:3647346 pseudogene X X  
 

 

Vcan 
Chr13:89655309-

89743027 (-) MGI:102889 
protein 

coding gene X X  
 

              

Gm16318 
Chr13:89662669-

89663573 (+) MGI:3826563 pseudogene X X  
 

 

Gm4117 
Chr13:89733697-

89887166 (+) MGI:3782293 
lncRNA 

gene X X  
 

 

Xrcc4 
Chr13:89774027-

90089608 (-) MGI:1333799 
protein 

coding gene X X X 
 

X              X 

A430063P04Rik 
Chr13:89902607-

89905712 (-)  
lncRNA 

gene    
 

 

Gm24498 
Chr13:89927442-

89927543 (-) MGI:5454275 
snRNA 

gene    
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Table 4.4. Compilation of renal, hepatic, and cortical GSH system QTL intervals.  

 Phenotype LOD Chr QTL Position 

(Mbp) 

QTL Position (cM) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Renal 

Total 

Glutathione 

6.298 2 52.657 

(19.817 – 61.128) 

30.193 

(14.085 – 35.317) 

Total 

Glutathione 

6.428 11 100.804 

(100.059 – 101.369) 

63.671 

(63.395 – 64.832) 

Total 

Glutathione 

7.105 X 51.602 

(49.234 – 51.892) 

28.205 

(25.870 – 28.316) 

GSH 6.249 2 52.657 

(19.817 – 64.003) 

30.193 

(14.085 – 37.364) 

GSH 6.664 11 100.810 

(100.059 – 101.369) 

63.682 

(63.395 – 64.832) 

GSH 6.962 X 51.602 

(49.234 – 51.892) 

28.205 

(25.870 – 28.316) 

GSSG 6.044 1 144.970 

(143.603 – 148.590) 

63.069 

(62.513 – 63.371) 

GSSG 6.048 16 62.938 

(61.291 – 72.202) 

36.457 

(36.121 – 40.793) 

GSH/GSSG 6.032 13 71.522 

(71.458 – 72.209) 

38.009 

(37.975 – 38.731) 

Eₕ 6.258 14 22.959 

(22.359 – 23.926) 

12.791 

(12.204 – 14.152) 

BUN 6.06 6 127.602 

(125.386 – 128.618) 

62.438 

(59.395 – 63.065) 

 

 

 

Total 

Glutathione 

6.748 14 22.506 

(22.058 – 22.528) 

12.355 

(12.035 – 12.377) 
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Hepatic 

Total 

Glutathione 

6.011 18 51.537 

(35.120 – 76.532) 

28.097 

(18.887 – 51.726) 

GSH 6.755 14 22.506 

(22.058 – 22.528) 

12.355 

(12.035 – 12.377) 

GSSG 6.283 1 21.043 

(18.793 – 22.050) 

6.502 

(5.847 – 8.186) 

GSSG 6.178 2 91.523 

(78.897 – 91.656) 

50.598 

(47.166 – 50.641) 

GSSG 6.149 18 53.075 

(50.199 – 82.487) 

28.328 

(27.234 – 55.913) 

GSH/GSSG 6.407 11 6.017 

(5.568 – 7.583) 

3.906 

(3.664 – 4.782) 

GSH/GSSG 8.224 16 8.998 

(8.865 – 10.077) 

4.779 

(4.433 – 5.470) 

Eₕ 6.48 16 6.997 

(3.526 – 8.225) 

3.373 

(2.074 – 3.621) 

Eₕ 8.598 16 8.998 

(8.865 – 10.324) 

4.779 

(4.433 – 5.579) 

NADPH 6.352 2 173.408 

(173.133 – 174.508) 

96.424 

(95.769 – 97.976) 

NADPH 6.612 12 28.626 

(28.578 – 29.450) 

10.987 

(10.975 – 11.927) 

NADPH 6.287 17 51.366 

(50.164 – 52.542) 

26.684 

(25.861 – 27.425) 

NADP+ 7.032 3 110.517 

(109.677 – 115.729) 

48.547 

(48.380 – 50.024) 
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NADP+ 6.59 8 61.237 

(60.722 – 65.378) 

30.937 

(30.901 – 32.757) 

NADP+/NADPH 7.637 12 28.626 

(28.562 – 29.394) 

10.987 

(10.972 – 11.864) 

NADH 6.062 14 100.731 

(99.320 – 102.809) 

50.508 

(49.350 – 52.844) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cortical 

GSH 6.45 13 87.365 

(83.909 – 89.354) 

45.155 

(44.142 – 45.434) 

Total  

Glutathione 

6.78 13 87.317 

(83.983 – 89.354) 

45.15 

(44.171 – 45.434) 

GSH/GSSG 6.09 6 112.423 

(104.813 – 112.481) 

52.26 

(48.728 – 52.284) 

GSH/GSSG 7.28 6 112.491 

(112.481 – 112.496) 

52.288 

(52.284 – 52.29) 

GSH/GSSG 6.30 6 112.524 

(112.499 – 112.978) 

52.302  

(52.292 – 52.719) 

GSH/GSSG 6.67 11 90.585 

(90.189 – 93.675) 

55.199 

(54.873 – 58.815) 

GSH/GSSG 6.15 19 58.739 

(48.103 – 59.072) 

54.494 

(41.116 – 54.587) 

Eₕ 7.51 11 90.585 

(48.103 – 59.054) 

55.199 

(54.893 – 56.567) 

Eₕ 6.32 19 58.74 

(58.654 – 59.054) 

54.495  

(54.448 – 54.582) 
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Figure 4.3. High-resolution association mapping for cortical total glutathione 

concentrations reveals a suggestive peak on chromosome 13. A) Genome-wide scan of 

cortical total glutathione concentrations (nmol/mg protein) exhibits a QTL with a peak LOD 

score 6.781 at 87.317 Mbp (45.15 cM) on mouse chromosome 13. Permutation-derived 

significance thresholds are indicated by colored lines at significance (𝛼) levels 0.05 (blue), 0.1 

(red), and 0.2 (purple). B) The founder allele QTL effects indicate that the PWK, 129, NOD, and 

WSB alleles contribute to a higher cortical total glutathione concentration (nmol/mg protein), 

while the NZO and B6 alleles contribute to a lower cortical total glutathione concentration 

(nmol/mg protein). Each colored line represents one of eight DO founder alleles as indicated in 

the legend. The differences between strains are considered significant when the LOD score 

(bottom plot) crosses significance thresholds established in panel A. C) Candidate genes found 

within the QTL interval relative to the MGI database. The cortical GSH genome scan resulted in 

the same suggestive QTL interval on mouse chromosome 13 compared to cortical total 

glutathione (Figure 4.2) 
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Figure 4.4. High-resolution association mapping for cortical GSH/GSSG reveals a 

suggestive peak on chromosome 6. A) Genome-wide scan of cortical GSH/GSSG exhibits a 

QTL with a peak LOD score 7.284 at 112.491 Mbp (52.288 cM) on mouse chromosome 6. 

Permutation-derived significance thresholds are indicated by colored lines at significance (𝛼) 

levels 0.05 (blue), 0.1 (red), and 0.2 (purple). B) Founder allele QTL effects for this locus. Each 

colored line represents one of eight DO founder alleles as indicated in the legend. The 

differences between strains are considered significant when the LOD score (bottom plot) crosses 

significance thresholds established in panel A. C) Candidate genes found within the QTL 

interval relative to the MGI database. 
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Figure 4.5. High-resolution association mapping for cortical GSH/GSSG reveals a 

suggestive peak on chromosome 11. A) Genome-wide scan of cortical GSH/GSSG exhibits a 

QTL with a peak LOD score 6.674 at 90.585 Mbp (55.199 cM) on mouse chromosome 11. 

Permutation-derived significance thresholds are indicated by colored lines at significance (𝛼) 

levels 0.05 (blue), 0.1 (red), and 0.2 (purple). B) Founder allele QTL effects for this locus. Each 

colored line represents one of eight DO founder alleles as indicated in the legend. The 

differences between strains are considered significant when the LOD score (bottom plot) crosses 

significance thresholds established in panel A. C) Candidate genes found within the QTL 

interval relative to the MGI database. 
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Figure 4.6. High-resolution association mapping for cortical GSH/GSSG reveals a 

suggestive peak on chromosome 19. A) Genome-wide scan of cortical GSH/GSSG exhibits a 

QTL with a peak LOD score 6.153 at 58.738 Mbp (54.494 cM) on mouse chromosome 19. 

Permutation-derived significance thresholds are indicated by colored lines at significance (𝛼) 

levels 0.05 (blue), 0.1 (red), and 0.2 (purple). B) Founder allele QTL effects for this locus. Each 

colored line represents one of eight DO founder alleles as indicated in the legend. The 

differences between strains are considered significant when the LOD score (bottom plot) crosses 

significance thresholds established in panel A. C) Candidate genes found within the QTL 

interval relative to the MGI database. 
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Figure 4.7. High-resolution association mapping for cortical redox potential reveals a 

suggestive peak on chromosome 11. A) Genome-wide scan of cortical redox potential exhibits 

a QTL with a peak LOD score 7.514 at 90.585 Mbp (55.199 cM) on mouse chromosome 11. 

Permutation-derived significance thresholds are indicated by colored lines at significance (𝛼) 

levels 0.05 (blue), 0.1 (red), and 0.2 (purple). B) Founder allele QTL effects for this locus. Each 

colored line represents one of eight DO founder alleles as indicated in the legend. The 

differences between strains are considered significant when the LOD score (bottom plot) crosses 

significance thresholds established in panel A. C) Candidate genes found within the QTL 

interval relative to the MGI database. 
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Figure 4.8. High-resolution association mapping for cortical redox potential reveals a 

suggestive peak on chromosome 19. A) Genome-wide scan of cortical redox potential exhibits 

a QTL with a peak LOD score 6.321at 58.743 Mbp (54.495 cM) on mouse chromosome 19. 

Permutation-derived significance thresholds are indicated by colored lines at significance (𝛼) 

levels 0.05 (blue), 0.1 (red), and 0.2 (purple). B) Founder allele QTL effects for this locus. Each 

colored line represents one of eight DO founder alleles as indicated in the legend. The 

differences between strains are considered significant when the LOD score (bottom plot) crosses 

significance thresholds established in panel A. C) Candidate genes found within the QTL 

interval relative to the MGI database. 
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Figure 4.9. Investigating founder allele effects on genes involved in glutathione metabolism 

using high-resolution mapping for cortical total glutathione.  

Each colored line represents one of eight DO founder alleles as indicated in the legend. The 

differences between strains are considered significant when the LOD score (bottom plot) is large 

enough to surpass phenotype-specific permutation-derived significance thresholds. The founder 

allele QTL effects indicate that there are no alleles found in proximity to the A) Gpx1 gene 

location (Chromosome 9, 59.24 cM), B) Glcl gene location (Chromosome 9, 43.36 cM), C) 

Gclm gene location (Chromosome 3, 52.94 cM), D) Gx gene location (Chromosome 2, 77.26), 

and E) Gr gene location (Chromosome 8, 20.69) that contribute to a significantly lower or higher 

total glutathione concentration.  
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Figure 4.10. Investigating founder allele effects on genes involved in glutathione 

metabolism using high-resolution mapping for cortical GSH.  

Each colored line represents one of eight DO founder alleles as indicated in the legend. The 

differences between strains are considered significant when the LOD score (bottom plot) is large 

enough to surpass phenotype-specific permutation-derived significance thresholds. The founder 

allele QTL effects indicate that there are no alleles found in proximity to the A) Gpx1 gene 

location (Chromosome 9, 59.24 cM), B) Glcl gene location (Chromosome 9, 43.36 cM), C) 

Gclm gene location (Chromosome 3, 52.94 cM), D) Gx gene location (Chromosome 2, 77.26), 

and E) Gr gene location (Chromosome 8, 20.69) that contribute to a significantly lower or higher 

total glutathione concentration.  
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Figure 4.11. Investigating founder allele effects on genes involved in glutathione 

metabolism using high-resolution mapping for cortical GSSG.  

Each colored line represents one of eight DO founder alleles as indicated in the legend. The 

differences between strains are considered significant when the LOD score (bottom plot) is large 

enough to surpass phenotype-specific permutation-derived significance thresholds. The founder 

allele QTL effects indicate that there are no alleles found in proximity to the A) Gpx1 gene 

location (Chromosome 9, 59.24 cM), B) Glcl gene location (Chromosome 9, 43.36 cM), C) 

Gclm gene location (Chromosome 3, 52.94 cM), D) Gx gene location (Chromosome 2, 77.26), 

and E) Gr gene location (Chromosome 8, 20.69) that contribute to a significantly lower or higher 

total glutathione concentration.  
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Figure 4.12. Investigating founder allele effects on genes involved in glutathione 

metabolism using high-resolution mapping for cortical GSH/GSSG.  

Each colored line represents one of eight DO founder alleles as indicated in the legend. The 

differences between strains are considered significant when the LOD score (bottom plot) is large 

enough to surpass phenotype-specific permutation-derived significance thresholds. The founder 

allele QTL effects indicate that there are no alleles found in proximity to the A) Gpx1 gene 

location (Chromosome 9, 59.24 cM), B) Glcl gene location (Chromosome 9, 43.36 cM), C) 

Gclm gene location (Chromosome 3, 52.94 cM), D) Gx gene location (Chromosome 2, 77.26), 

and E) Gr gene location (Chromosome 8, 20.69) that contribute to a significantly lower or higher 

total glutathione concentration.  
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Figure 4.13. Investigating founder allele effects on genes involved in glutathione 

metabolism using high-resolution mapping for cortical redox potential.  

Each colored line represents one of eight DO founder alleles as indicated in the legend. The 

differences between strains are considered significant when the LOD score (bottom plot) is large 

enough to surpass phenotype-specific permutation-derived significance thresholds. The founder 

allele QTL effects indicate that there are no alleles found in proximity to the A) Gpx1 gene 

location (Chromosome 9, 59.24 cM), B) Glcl gene location (Chromosome 9, 43.36 cM), C) 

Gclm gene location (Chromosome 3, 52.94 cM), D) Gx gene location (Chromosome 2, 77.26), 

and E) Gr gene location (Chromosome 8, 20.69) that contribute to a significantly lower or higher 

total glutathione concentration.  
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CHAPTER 5 

CONCLUSION 

 Glutathione (GSH), a ubiquitous tripeptide composed of cysteine, glutamate, and glycine, 

is an essential antioxidant that functions to protect major tissues from oxidative stress and 

maintain redox homeostasis. GSH is known to be the most abundant non-protein thiol and can be 

found in its reduced form (GSH) and oxidized form (GSSG). GSH and GSSG form a redox cycle 

to neutralize free radicals and prevent damage to lipids, carbohydrates, proteins, and nucleic 

acids. An imbalance in the cell’s antioxidant defense system can elevate levels of oxidative 

stress, which is implicated in numerous chronic diseases. It is evident in inbred mice studies that 

GSH regulation is dictated by canonical GSH genes, however, recent literature suggests that 

genes outside of the canonical GSH pathway may have tissue-specific effects on GSH status. 

Due to limited genetic diversity in inbred mice, findings have limited translatability to the human 

population, therefore this work utilizes a Diversity Outbred (DO) mouse stock to first, compare 

levels and regulation of glutathione in the brain and other major tissues, and second, investigate 

genes in the genome influencing brain glutathione regulation.  

 Chapter 3 of this thesis explores the statistical relationships between GSH phenotypes of 

the cortical GSH system, as well as its relationship to other major tissues – specifically the 

kidneys and liver. Previous work in our laboratory have established correlations between the 

hepatic and renal GSH systems using a large cohort of DO mice, so this present study builds 

upon current knowledge within the same DO cohort by assessing the correlation of the cortical 

GSH system to those of the kidneys and liver. We found significant variation in all cortical GSH 
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phenotypes, regardless of sex, in addition to numerous significant associations discovered among 

variables. Between the cortical, hepatic, and renal GSH phenotypes, statistical analysis reveal 

cortical GSH variables significantly associated with multiple renal GSH variables but not as 

significant with the hepatic GSH system. The substantial variation found in cortical GSH 

phenotypes and associations found between cortical, renal, and hepatic GSH status suggest 

genetic regulatory mechanisms in play, which will support future studies using the DO mouse 

stock to further understand the genetic background of GSH redox systems.   

 Chapter 4 of this thesis uncovers potential candidate genes governing the cortical GSH 

system by using a high-resolution genetic mapping approach. Within a large cohort of DO mice, 

we identified a novel QTL peak underlying cortical GSH and total glutathione concentrations on 

murine chromosome 13 at 87.365 Mbp and 87.317 Mbp, respectively. Expression, functional, 

and phenotypic annotations were utilized to narrow down candidate genes. which revealed 

transmembrane protein 161B (Tmem161b) and X-ray repair complementing defective repair in 

Chinese hamster cells 4 (Xrcc4) to be the most plausible candidate genes controlling cortical 

GSH regulation based on their relevance to brain function. The discovery of these two genes 

expands our knowledge of the complex genetic background inherent to the cortical GSH systems 

and serves as the cornerstone for future studies to further interrogate Tmem161b and Xrcc4 as a 

genetic regulator of cortical GSH status. 

 Overall, this work harnesses the DO mouse stock to present findings that are translatable 

to human health. We provide unique findings pertaining to the cortical GSH system, which 

include significant variation among its GSH phenotypes, its relationship with GSH systems of 

the kidneys and liver, and novel candidate genes associated with cortical GSH regulation. Future 

studies are advised to use the DO mouse model to explore statistical analysis of the GSH redox 
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system in other tissues, such as adipose tissue, to expand on existing knowledge of GSH 

variation and relationships with cortical, renal, and hepatic GSH systems. The discoveries found 

in the entirety of this thesis supports future research efforts to develop therapeutic interventions 

and treatments for improving human health.   
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