
	

	

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	

	

AN ABSTRACT OF THE DISSERTATION OF 
 
 
 

Pamela R. Beilby for the degree of Doctor of Philosophy in Biochemistry and 
Biophysics presented on May 5, 2017. 
 
Title: Oxidative Stress in Amyotrophic Lateral Sclerosis: The Role of Cellular 
Senescence and Glutathione. 
 
 
 
Abstract approved: 
 
 
 
             
 

Joseph S. Beckman 
 
 
 

 Amyotrophic lateral sclerosis (ALS) is a devastating neurological disorder 

characterized by neuromuscular junction decay, motor neuron death, progressive 

paralysis, and eventually death of the individual, usually by respiratory failure. 

Oxidative stress is a prominent hallmark of the disease and is often accompanied 

and exacerbated by mitochondrial dysfunction and neuroinflammation. This 

dissertation examines the role of glial cell senescence, a potential mechanism 

underlying oxidative stress in ALS. Microglia play a prominent role in ALS 

pathology. The data presented here provide the first evidence that microglia of 

transgenic rats bearing an ALS phenotype undergo senescence, which becomes 

more pronounced as the disease progresses, and is also associated with aberrant 

glial cell phenotypes. 



	

	

 The dissertation also highlights the importance of glutathione in the disease 

process and how alterations in glutathione metabolism eventually fail to 

compensate for accumulating oxidative damage. This revelation informed 

development of a novel glutathione derivative as a potential therapeutic for ALS 

and other diseases, where oxidative stress and glutathione loss combine to impair 

proper cellular function. The new derivative was created by altering glutathione 

disulfide through esterification of the carboxylic acid groups, followed by 

conjugation of 4-(Carboxybutyl)triphenylphosphonium bromide (TPP), a 

mitochondrial targeting moiety, to the amino groups. A further modification 

exchanged the bromide counterion for a mesylate group to enhance the water 

solubility of the glutathione derivative. 

 Finally, as a first step in the characterization of this new therapeutic, nuclear 

magnetic resonance (NMR) was used to study the dynamics of the derivatives in 

solution. Glutathione is a relatively flexible molecule in solution. This study 

demonstrated that the esterification of glutathione carboxylic acids and amino 

group coupling with TPP significantly reduce the motion of mitochondrially-

targeted glutathione. 
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2 

1.1 Amyotrophic Lateral Sclerosis 

 Amyotrophic lateral sclerosis (ALS) was first described by that name in the 

scientific literature in the late nineteenth century by Jean-Martin Charcot [2]. ALS, 

also known as Lou Gehrig’s disease in the United States, is an age-related, 

relentlessly progressive neurodegenerative disease leading to the death of motor 

neurons of the brain and spinal cord. Onset typically occurs between the ages of 

50 and 70, although most cases appear when the patient is over 60. ALS has been 

designated an orphan disease, with an incidence rate of approximately 1.89 per 

100,000/year, and prevalence recorded at 5.2 per 100,000/year [3].  

 The majority of cases are sporadic in nature with unknown etiology (sALS). 

Less than 10% of cases have a familial inheritance as the basis of disease (fALS). 

In 1993, the first genetic mutation associated with ALS disease pathogenesis was 

discovered - the G93A mutation to the gene coding for superoxide dismutase-1 

(SOD1) [4]. Since then, more than 150 mutations to this gene have been identified, 

accounting for approximately 20% of all fALS cases (2-5% of all cases). Several 

other proteins with missense mutations have also been found, including the TAR 

DNA-binding protein 43 (TDP-43), Fused in Sarcoma (FUS), optineurin, and 

dynactin [5-8].  

 Outside of genetic inheritance, many mechanisms have been identified as 

having a role in the disease process. Spinal cord mitochondria exhibit 

morphological abnormalities early in the ALS disease process [9], and 

mitochondrial dysfunction alters calcium buffering, fusion/fission processes, and  
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energy metabolism, leading to motor neuron death [10-15]. Endoplasmic reticulum 

(ER) stress also exhibits a pronounced role early in pathogenesis, enhancing 

motor neuron vulnerability [16, 17]. Neuromuscular junction decay leads to 

muscular denervation, typically preceding symptom onset and neuronal loss [9, 

18]. Abundant evidence also testifies to the involvement of glial cell toxicity in ALS 

[19-23].  

 Oxidative stress is a fundamental component of ALS disease pathology and 

is a common underlying theme present with most other mechanisms. In 

comparison with healthy controls, elevated oxidative stress has been observed in 

ALS patients as increased protein tyrosine nitration [24], higher levels of oxidized 

DNA, as measured by 8-hydroxy-2´-deoxyguanosine [25], and increased 4-

hydroxynonenal, as a marker of lipid peroxidation [26]. Transgenic rodent and cell 

culture models have also indicated a direct link between oxidative stress and motor 

neuron death [27-29], as well as demonstrated oxidative damage to neurons 

mediated through astrocytes and microglia [19, 23, 30, 31]. 

 Reactive oxygen species (ROS), such as superoxide (O2
•-), hydrogen 

peroxide (H2O2), and nitric oxide (•NO), are constantly generated within the cell, 

as signaling molecules or byproducts of metabolism. Superoxide and nitric oxide 

combine quickly in a diffusion-limited reaction, creating peroxynitrite (ONOO-) [32]. 

In pathological states, generation of reactive oxygen species increases. Thus, if  

rates of creation of •NO and O2
•- each increase a hundredfold, the rate of formation 

of peroxynitrite increases ten thousandfold. 
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1.2 Cellular senescence 

Levels of oxidative stress increase with age, and the accompanying 

changes alter basal function of many cellular mechanisms. In 1961 Hayflick and 

Moorhead first described cellular senescence as a cessation of the replicative life 

cycle of a normal cell after multiple population doublings. It was postulated that 

these changes leading to growth arrest were indicative of changes due to aging of 

the organism [33]. Additionally, cellular senescence might serve as a cancer-

suppressing mechanism in vivo.  Since then, many advances have been made in 

understanding fundamental features of the function of senescence, which is often 

observed in contrary roles, restricting cell growth in some cells and fostering 

proliferation in others.  For example, we now know that senescence suppresses 

cancer development, but unrestricted accumulation of senescent cells can 

contribute in other circumstances to tumorigenesis [34]. Factors involved in the 

induction of senescence include telomere dysfunction, DNA damage, oncogene 

activation, and oxidative stress [35].  

Recently, researchers have discovered evidence of enhanced 

accumulation of senescent cells in tissues of aging primates and rodents [36, 37]. 

Cellular senescence also appears to have an increasing role in many age-related 

pathologies in addition to cancer [38]. Pancreatic b-cell senescence contributes to 

type II diabetes - researchers observed that beta cells in mice fed a high-fat diet 

demonstrate increasingly higher levels of senescence markers [39]. Senescent 

osteoblasts, through creation of a proinflammatory bone microenvironment, 
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promote the development of osteoporosis [40].  Muscle stem cell senescence has 

been shown to be a contributing factor in sarcopenia, and inactivation of p16 [41] 

or inhibition of the p38 pathway [42, 43] restored muscle regenerative potential.   

Within the field of cellular senescence, relatively little is understood about 

the contribution of senescent cells to neurodegenerative diseases. Glial cell 

senescence has been proposed as having a role in Parkinson’s disease, but that 

has yet to be fully studied [44]. One recent study evaluated astrocyte senescence 

in Alzheimer’s disease (AD) [45]. They discovered that beta-amyloid peptides 

induced senescence in human astrocytes, as determined by senescence-

associated beta-galactosidase (SA-bgal) and p16INK4a expression. Additionally, 

they found increased populations of senescent astrocytes in the brains of 

autopsied older patients and those having AD.  Senescence markers were 

accompanied by astrocytic production of a robust senescence-associated 

secretory phenotype (SASP). The SASP is a complex, cell- and context-dependent 

mixture of inflammatory cytokines and chemokines, extracellular matrix-altering 

proteins, and growth factors. These secreted proteins can be beneficial, i.e., 

stimulating tissue repair and relaying damage signals [46]. But the SASP also may 

cause damage when chronically present or persistent by disrupting tissue structure 

and stimulating growth of undesired cell populations [47]. A core set of conserved 

SASP proteins exists, but the characteristic SASP of glial cells remains to be 

determined. 
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Neuroinflammation underlies many age-related neurodegenerative 

disorders, including ALS.  Inflammation is maintained by prolonged production of 

proinflammatory factors at an elevated level. The cause of increased inflammation 

with age is still not totally clear. Recent evidence incriminates cellular senescence 

as a contributor to chronic inflammation, primarily through production of the SASP. 

Many SASP proteins (e.g.,  IL-6, IL-8, granulocyte macrophage colony stimulating 

factor (GM-CSF), and multiple monocyte chemotactic proteins) stimulate 

inflammation [48]. Neuroinflammation in ALS involves activated microglia and 

astrocytes that are instrumental in the death of motor neurons, yet glial cell 

senescence remains essentially unexplored this disease. Increased knowledge of 

glial cell senescence in ALS will assist in providing understanding of the impact of 

these cells in the disease process and provide a potential solution to the mystery 

of unidentified secreted toxic proteins, as well as reveal a prospective therapeutic 

target.  

Age, along with the accompanying changes that accrue, is a fundamental 

concern when studying many degenerative diseases. Advancing age leads to the 

accumulation of senescent cells [49]. Age is a risk factor for ALS and it is known 

that over time glial cells experience a negative transformation from neuroprotective 

to neurodestructive behavior in ALS. Our lab has cultivated and depicted the toxic 

glial cell type known as aberrant glial cells. These aberrant cells are microglia 

isolated from adult symptomatic SOD1G93A rats. After ten days in vitro, these 

microglia begin to transition to a cell expressing an astrocyte-like phenotype and 
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begin rapidly proliferating. This rapid disease progression is paralleled in vivo. 

Unlike G93A mice, which become symptomatic around 90-100 days and slowly 

deteriorate over the course of weeks, the SOD1G93A rats become symptomatic at 

approximately 120-125 days and then die in less than a week. Although aberrant 

glial cells cannot be cultured from age-matched SOD1WT or non-transgenic rats, 

we serendipitously discovered that cells with a similar phenotype grow and 

transform when harvested from old (age > 1 year) wild-type or non-transgenic 

animals. This pointed to the aging process itself as playing a role in driving this 

phenotype development. In particular, it suggested that glial cell senescence and 

the accompanying senescence-associated phentoype fuel this transformation. 
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1.3 Glutathione and ALS 

1.3.1 Introduction 

 Glutathione (GSH), the most abundant intracellular non-protein thiol and 

cellular antioxidant, is found in most mammalian cell types. In 1888, Joseph de 

Rey-Pailhade discovered a compound in yeast that reacted with elemental sulfur 

and generated hydrogen sulfide, and he called this new compound “philothion” 

[50]. Sir Frederick G. Hopkins, was a British biochemist, who shared a Nobel Prize 

with Christiaan Eijkman for the discovery of vitamins. In 1921, he described a 

compound, which he considered a dipeptide containing glutamate and cysteine. 

Based on its reactive properties, he concluded that this was the same compound 

discovered by de Rey-Pailhade. He selected the name glutathione because of its 

glutamate residue and the historic connection to philothion [50].   GSH plays a 

critical role in many aspects of the healthy function of the cell, including 

detoxification of xenobiotics, maintenance of intracellular oxidation-reduction 

balance, and cysteine storage/transport.  

 Glutathione is produced in a two-step synthesis mediated by ATP and 

catalyzed by g-glutamylcysteine ligase (GCL), followed by the incorporation of 

glycine by GSH synthase (Figure 1.1) [51-53]. The GCL heterodimer consists of a 

73-kDa catalytic subunit (GCLC) and a 28-kDa regulatory subunit (GCLM). 

Cytosolic concentrations of glutathione are generally present in millimolar 

amounts, but this varies from organ to organ, with liver typically maintaining the 

highest levels, at 5-10 mM. Within the central nervous system (CNS), glutathione 
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levels tend to be lower. In the cerebrospinal fluid (CSF), for example, GSH exists 

in µM concentrations [54]. In the brain itself, concentrations differ somewhat 

depending on region, with levels usually around 2-3mM [55]. Glial cells contain 

greater amounts of glutathione than do neurons, with astrocytes and 

oligodendrocytes having approximately equal levels, but both lower than microglia 

[56, 57]. In addition to the cytosol, three organelles maintain their own pool of 

glutathione: the nucleus, endoplasmic reticulum, and mitochondria [58-62].  

 The redox potential for glutathione oxidation/reduction couple 

(GSH/GSSG), Eh, is defined 

as: Eh = Eo + 

(RT/NF)ln([GSSG]/[GSH]2). 

The square of the GSH 

concentration suggests that the 

absolute concentration of GSH 

must be taken into account 

when examining the redox 

state, not just relying on an 

estimation of the GSH/GSSG 

ratio [63]. The glutathione redox couple exists in a non-equilibrium steady 

condition, i.e, it is not at equilibrium with other redox couples and the glutathione 

redox potentials vary among intracellular compartments, such as mitochondria or 

the nucleus [64, 65]. 
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 Glutathione levels and the functioning of glutathione-dependent enzymes 

decline with age humans, other primates, and rodents [66-68], as well as in many 

pathologies, including Parkinson’s disease, multiple sclerosis, chronic kidney 

disease, Huntington’s disease, Alzheimer’s disease, cystic fibrosis, diabetes, 

schizophrenia, and ALS [69-83], critically diminishing the cell’s ability to respond 

to oxidative insults. This complex system utilizes glutathione as a stand-alone 

defense in response to redox imbalance. It also employs GSH as a co-factor or 

substrate in enzymatic oxidative stress countermeasures (Figure 1.2). This review 

summarizes current understanding of the complex role of the glutathione 

antioxidant system in ALS.  
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Figure 1.2 Glutathione metabolism. Glutathione serves as a substrate or co-factor for several 
antioxidant enzymes. A. Glutathione interaction mechanisms with glutathione reductase (GR), 
glutathione peroxidase (GPx), glutaredoxin (Grx), and glutathione S-transferase. B. Glutathione 
interaction with peroxiredoxin.  
 
 
1.3.2 Glutathione Levels in ALS 
 
 In ALS patient erythrocytes, glutathione levels were significantly less than 

healthy controls, with a growing decline as disease duration progressed from 6-24 
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months [76]. Likewise, serum GSH levels of ALS patients from samples drawn at 

two separate times, 6 months apart, revealed a severe reduction compared to 

controls at both times [79]. Magnetic resonance spectroscopy imaging of the motor 

cortex in ALS patients and age-matched healthy controls examined for the first 

time in vivo GSH levels and disclosed a 31% lower level of glutathione in ALS 

patients [78]. 

 Decreased delivery of synthesis substrates and enzymes necessary to 

produce glutathione can result in a decline in glutathione levels. When examining 

GSH synthesis and enzymatic Km values and substrate concentrations in the 

central nervous system, cysteine is considered to be the rate-limiting reagent [55]. 

In an NSC-34 cell culture model, cells expressing SOD1G93A demonstrated a 56% 

reduction in cysteine levels versus untransfected cells. Glycine and glutamate 

levels were elevated, glutamate significantly [84].  

 The transcription factor, nuclear factor erythroid 2-related factor (Nrf2) is 

encoded by the NFE2L2 gene and regulates cellular response to oxidative stress 

through interactions with the antioxidant response element (ARE) binding site. Nrf2 

protein levels decrease with age, weakening the ability of the cell to respond to 

stressors and attenuating the expression of ARE-associated genes [85]. One of 

the approximately 200 Nrf2-ARE-controlled genes is GCL.  

 Diminished activity of either GCL subunit erodes glutathione stores, leading 

subsequently to neuronal death [86]. Two enzymes are involved in GSH synthesis 

(see Fig. 1.1), with GCL being the rate-controlling step in the process. GCL 



	

	

13 

expression is regulated at several levels in response to the redox environment of 

the cell, including feedback inhibition by glutathione itself and increased activation 

of nuclear factor erythroid 2-related factor (Nrf2) [87, 88].  

 In ALS, decreased activity of GCL is observed. In a conditional fALS model, 

long-term exposure to high levels of mutant SOD1 engendered a reduction in 

activity of the regulatory subunit of GCL and a 30% drop in GSH levels [89]. In 

primary motor neuron cultures derived from high-expressing SOD1G93A transgenic 

mice, mRNA expression levels for both GCL subunits were significantly reduced 

compared to non-transgenic controls [27]. To examine the effects of further 

diminution of glutathione levels on disease progression in the SOD1G93A mouse 

model, a double transgenic model was created, incorporating a knockout of the 

regulatory subunit of GCL (a KO of the GCLC is lethal). This model demonstrated 

a remarkable acceleration of the disease process and significant decline in 

antioxidant defense: 70-80% drop in GSH levels in the CNS. Remarkably, spinal 

cord mitochondrial GSH levels also declined by 80%. This resulted in a 55% 

reduction in the lifespan of these animals compared with controls [77]. 

 Decreased activity of synthesis enzymes and reduction in synthesis 

substrates results in altered glutathione levels in ALS, impacting motor neuron 

health. Several animal and cell culture models testify to the concomitant decrease 

in GSH levels with increasing symptom progression. Accumulation of TAR DNA-

binding protein 43 (TDP-43) is a pathological hallmark of TDP-43 proteinopathies, 

including frontotemporal lobar degeneration with ubiquitinated inclusions (FTLD-
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TDP) and ALS [90]. Under pathological conditions, TDP-43 distributes to the 

cytoplasm and aggregates composed of phosphorylated C-terminal fragments 

develop.  

 Ethacrynic acid depletes cellular glutathione levels through direct 

conjugation to GSH mediated by glutathione S-transferase [91]. In NSC34 cells 

and mouse primary cortical neurons, depletion of glutathione initialized by 

treatment with ethacrynic acid led to C-terminal phosphorylation of TDP-43, 

insolubilization, and TDP-43 distribution to the cytosol [92]. GSH depletion induced 

by ethacrynic acid treatment also promotes motor neuron apoptosis [93].  

 Decreased glutathione in neurons isolated from SOD1G93A mice renders 

these neurons vulnerable to p75 neurotrophin receptor-mediated apoptosis, but 

increasing GSH forestalls death [27]. Astrocytes isolated from SOD1G93A rats are 

toxic to motor neurons, but increasing GSH levels by activation of Nrf2 counters 

this harmful effect and fosters neuronal survival [94]. Similarly, treatment of 

astrocytes from ALS rats with nitro-fatty acids prevented neuron death again by 

boosting overall GSH levels through activation of Nrf2 [95]. Animal models reflect 

a similar trend. In spinal cords from mice overexpressing SOD1G93A, GSH levels 

were increasingly reduced as disease progressed, while GSSG levels rose 

significantly, generating a precarious redox imbalance [93].  
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1.3.3 Glutathionylation 

 Glutathione can also interact as a reversible form of post-translational 

modification of protein cysteine residues, particularly when the local redox 

environment is altered during conditions of oxidative stress [96]. This occurs 

spontaneously, but also can be catalyzed by glutaredoxin or glutathione S-

transferase, with the reverse reaction catalyzed by glutaredoxin or thioredoxin. A 

study by Wilcox, et al., in 2009 

showed that glutathionylation of 

SOD1 occurs at C111 in human 

erythrocytes from healthy 

subjects, destabilizing the dimer 

interface, and they postulated that 

glutathionylation might contribute 

to protein aggregation (Figure 1.3) 

[97].  They found that glutathionylated SOD1 has a greater tendency to form 

monomers, thereby increasing the likelihood of developing SOD1 aggregates [97].  

 Previous studies in erythrocytes from fALS patients had also shown 

glutathione adducts to SOD1, but not the site of glutathionylation, although C111 

was a suggested as a possible residue [98, 99]. Investigations of yeast- and 

bacteria-purified SOD1, both wild-type and several mutants have revealed 

evidence of glutathionylation at C111, and that this modification leads to dimer 

destabilization and contributes to pathological SOD1 aggregation [100-103]. Our 
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mass spectrometry analysis of SOD1G93A mouse tissue, including that from spinal 

cord, brain, kidney, and liver indicated little or no glutathione modifications to SOD1 

[104]. However, it is readily detected in tissue treated with diamide [104]. In 

astrocytes from SOD1G93A mice, post-translational glutathione modification of the 

stromal interaction molecule 1 (STIM1), a calcium sensor localized to the 

endoplasmic reticulum, was observed [105]. This STIM1 glutathionylation was 

hypothesized to be responsible for ER calcium overload in SODG93A astrocytes 

[105].  

 

1.3.4 Enzymatic reactions requiring glutathione 

Glutathione reductase (GR)  

 Many of the antioxidant roles of glutathione result in the oxidation to the 

disulfide form of the peptide. The flavoenzyme, glutathione reductase, catalyzes 

the reduction of GSSG, utilizing NADPH as co-factor: 

GSSG + NADPH + H+  →		NADP+ + 2GSH 

The GR crystal structure has been well studied [106, 107]. Its catalytic cycle 

proceeds through several steps: NADPH binding, FAD reduction, Cys58 - Cys63 

disulfide reduction, GSSG binding and formation of mixed disulfide with Cys58 and 

release of one GSH, and Cys63 attack on Cys58 releasing second GSH [106]. GR 

plays a vital role in the maintenance reduced glutathione levels in the cell, and at 

least two isoforms exist in humans, one directed to the cytoplasm and one to 

mitochondria [108, 109]. 



	

	

17 

 In the context of ALS, glutathione reductase has primarily been examined 

as marker of disease, and there is not a clear consensus on how GR activity levels 

are affected during the disease. One study revealed no difference compared with 

healthy controls [110], one showed significantly reduced GR activity levels [76], 

and one demonstrated elevated activities [111]. All studies analyzed GR activity 

levels in erythrocytes. Two groups used sALS patients, and the group showing 

higher GR activity which used a combination of fALS and sALS. Each group used 

slightly different methods for measuring GR activity which may also have 

contributed to the lack of agreement on GR levels in ALS patients versus controls. 

Glutathione S-transferase (GST) 

 GSTs represent a complex and diverse group of enzymes, consisting of 

seven distinct classes of soluble isoforms in mammals: alpha, zeta, theta, mu, pi, 

sigma, and omega [112]. They catalyze the conjugation of GSH to electrophilic 

substrates, frequently for removal of xenobiotics from the cell, but also participate 

in other activities such as post-translational modifications to proteins and 

elimination of cellular oxidants [113]. A simplified reaction mechanism is shown 

below, using a typical GST model substrate (described in [114]), 1-Chloro-2,4-

dinitrobenzene (CDNB): 

CDNB + GSH + H+  →		GS-DNB + HCl 

GST binds GSH, which is then deprotonated, followed by CDNB binding and 

thiolate attack and conjugation, chlorine elimination, and finally production of GS-

DNB [112]. 
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 A handful of studies have looked at the role of GSTs in ALS. DNA from 

blood samples from Caucasian fALS patients from Sweden, Great Britain, and 

Australia were examined for polymorphisms in the genes for GST-omega 1 and 2 

(GSTO1 and GSTO2) to determine if there was any association between these 

and age of disease onset or survival [115]. They found no association between 

sequence variation and survival in any of the three groups, none for the British and 

Australian group for age of onset, and only a weak association in the Swedish 

group between single nucleotide polymorphisms (SNPs) for either gene and age 

of onset. They concluded, however, that this association could only be suggestive 

at this point without further study and larger sample sizes [115]. 

 Others evaluated GST-pi (GSTP) activity and expression. GSTP RNA 

extracted from formalin-fixed spinal cord and sensory and motor brain cortex tissue 

of ALS patients was compared to that age-matched controls without evidence of 

neurodegenerative disease and was found to be significantly lower and was 

supported by decreased protein levels observed in Western blotting [116]. 

Cerebrospinal fluid (CSF), blood serum, and peripheral blood mononuclear cells 

(PMBCs) of ALS patients, in contrast to healthy controls, exhibited a significantly 

lower GSTP activity and decreased mRNA and protein expression levels only in 

the PMBCs, but not CSF or blood [117]. A follow-up study to these examined 

GSTP1 polymorphisms in ALS and found that the A114V but not I105V 

polymorphism was indicative of increased risk for motor neuron disease [118]. 
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GSH peroxidase (GPx)  

 Glutathione peroxidases are ubiquitous in the cell, with the GPx1 isozyme 

being the most common and found in almost all tissues. GPx reduces hydrogen 

peroxide and lipid peroxides to water and lipid alcohols: 

2GSH + H2O2  →		GSSG + 2H2O 
2GSH + ROOH  →		GSSG + ROH + H2O 

 
These enzymes typically have either a cysteine or selenocysteine at the active site. 

The mechanism proceeds with oxidation of the selenocysteine residue by 

hydrogen peroxide, followed by two GSH-mediated reductive steps to regenerate 

the selenocysteine residue [112]. In addition to the dependence on glutathione, 

GPx levels are known to decline with age [119, 120]. Because age is a risk factor 

for ALS, GPx has become an irresistible focus of inquiry in the elucidation of ALS 

disease mechanisms. 

 Many studies have reported no difference in GPx activity in either spinal 

cord tissue homogenates or blood samples from ALS patients (without treatment) 

versus controls [76, 121-123]. Erythrocyte samples from patients harboring the 

D90A mutation to SOD1 also demonstrated no difference in GPx activity [124]. 

However, samples from brain tissue exhibited significantly reduced GPx activity in 

ALS patients compared to controls [125]. In an examination of erythrocyte 

antioxidant enzyme function in sALS and fALS patients, GPx activity was 

decreased only in fALS patients bearing the Leu144Phe mutation to SOD1 [111]. 

Decreased astrocytic support to motor neurons was also observed in the 

SOD1G93A mouse model in decreased GPx transcript expression [126]. A recent 
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study observed that serum GPx activity was significantly reduced in sALS patients 

compared to controls and remained so during disease progression, with a further 

decline seen in patients with a more rapid disease progression rate [110]. An 

analysis of differentially expressed proteins in serum from healthy controls, 

patients with Alzheimer’s disease, Parkinson’s disease, muscular dystrophy, ALS, 

and SOD1H46R symptomatic rats revealed GPx3 protein levels to be significantly 

lower in sera from ALS patients and the SOD1H46R rats [127]. 

 GPx4 is an inhibitor of a specific type of iron-dependent cell death known 

as ferroptosis [128], which has been linked to ALS and other forms of 

neurodegeneration [129, 130]. Ferroptosis is a type of iron-dependent, non-

apoptotic cell death characterized by the accumulation of lipid-based reactive 

oxidative species [131]. Attempts to alter GPx activity and expression have had 

mixed results. Overexpression of GPx4 in motor neuron-like NSC-34 cells 

transfected with SOD1G93A reduced mutant SOD1-mediated cell death [132]. On 

the other hand, SOD1G93A mice crossed with mice overexpressing GPx four-fold in 

the brain or mice with targeted reduction of brain GPx activity demonstrated no 

difference in disease onset, progression, or survival compared with the transgenic 

SOD1G93A mouse model [133]. But, this effect may be due to the GPx isozyme 

selected. In a recent investigation, creation of a GPx4 neuronal inducible knockout 

mouse demonstrated, upon Tamoxifen treatment, development of rapid paralysis 

and spinal cord motor neuron degeneration [134].  
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Glutatredoxin, Thioredoxin, and Peroxiredoxin (Grx, Trx, Prx) 

 Members of the thioredoxin superfamily, the small (around 100 amino acid 

residues), abundant, and manifold glutatredoxins and thioredoxins are responsible 

for the reduction of intracellular disulfides, including reversal of glutathionylation 

[135]. This is shown for Grx below:  

ProteinS-SG + GSH  →		ProteinSH + GSSG 

Glutathione supplies electrons to Grx, which then catalyzes disulfide reduction, 

either through a monothiol or dithiol pathway for glutathionylated proteins or protein 

disulfides, respectively [112, 136]. GSSG is then recovered by NADPH and 

glutathione reductase. The Trx mechanism does not rely on GSH for reducing 

power, but rather on NADPH-dependent interaction with Trx reductase [137]. It is 

discussed here, not only due to its similarities with Grx, but also because 

thioredoxins play a vital role in maintenance of appropriate cellular sulfhydryl and 

disulfide levels, and thus are intimately connected with the glutathione antioxidant 

system.  

 Peroxiredoxins are critical to the cellular antioxidant defense system. They 

can influence circadian rhythm, and while the circadian clock regulates the cellular 

redox state, the reverse may also be true [138]. Reversible hyperoxidation of Prx3 

participates in a signaling pathway mediating circadian fluctuations in cortisone 

levels [139]. Peroxiredoxins can activate an inflammatory response by behaving 

as pathogen-associated molecular patterns (PAMPs) and damage-associated 

molecular patterns (DAMPs) (reviewed in [140]). Importantly for this review, 
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peroxiredoxins exhibit peroxidase activity leading to the reduction and 

detoxification of hydroperoxides and peroxynitrite [141], catalyzing the following 

reaction: 

ROOH + 2e-  →		ROH + H2O  

A peroxide binds the cysteine-bearing active site and is attacked by the cysteine, 

forming a sulfenic acid and water or alcohol [142, 143]. Regeneration of the thiol 

may occur through Trx, GSH, or ascorbate, depending on the Prx enzyme class 

[112, 142].  

 Although these enzymes are critical to cellular success in maintaining a 

healthy redox environment, not much is known about the roles of these enzymes 

in the ALS disease process. Lentiviral delivery Prx3 to NSC-34 cells expressing 

SOD1G93A increased cell survival 27% and decreased oxidative stress levels 42% 

as measured by the dichlorofluorescein assay [144]. Unfortunately, in vivo delivery 

with an adeno-associated virus type 6 to SOD1G93A mice provided no delay in 

disease onset, amelioration of disease progression, or increase in survival [144]. 

One study examined mRNA expression levels in postmortem spinal cord tissue 

from ALS patients and age-matched controls, and found that Trx expression was 

elevated 600% over controls, which the authors considered a response to 

increased oxidative stress [145]. An in vitro investigation in NSC-34 cells 

demonstrated that overexpression of Grx2 reduced mutant SOD1 aggregation 

formation in mitochondria and prevented mitochondrial fragmentation and cell 

death induced by mutant SOD1 [146]. A recent set of experiments using 
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recombinant SOD1, either WT or with the G93A or A4V mutations, showed that 

the oxidized mutant forms of SOD1 were very susceptible to reduction by the Trx 

and Grx systems, while the WT protein was not [147]. Additionally, they noted that 

in schwannoma cells expressing GFP-tagged versions of each of the three 

proteins, inhibition of the Trx and Grx systems resulted in a significant increase in 

aggregation of mutant SOD1 in cells expressing A4V and G93A proteins [147]. 

This recent research provides some more tantalizing evidence of the potential role 

of thioredoxins and glutatredoxins in ALS, but a great deal remains to be learned 

about these enzymes, as well as peroxiredoxin, and their impact on the disease 

process. 

 

1.3.5 Glutathione and copper homeostasis 

 Copper is an essential transition metal and is an important cofactor for 

catalysis in many enzymes. In ALS, many copper-containing proteins are involved 

in the disease process. Genetic mutations to Cu,Zn-superoxide dismutase 1 

(SOD1) frequently are associated with ALS, and mice bearing mutations to SOD1 

frequently encounter perturbations in copper homeostasis [148-150]. As disease 

progressed, spinal cord levels of copper-trafficking proteins, Atox1, CCS (the 

copper chaperone for SOD1), and Cox17 (copper chaperone for cytochrome c 

oxidase) all increased in correspondence with increased copper in the cell [149]. 

Expression levels of the copper efflux pump, ATP7A, are decreased in ALS models 

[151], enhancing copper accumulation in the cell. Overexpression of CCS in mice 
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with mutant SOD1 leads to severe mitochondrial pathology and dramatic 

acceleration of the disease, decreasing survival by 85% [152]. Treatment of these 

mice with the copper complex, Diacetyl-bis(4-methylthiosemicarbazonato) copper 

(II) [CuATSM], increases survival an average of 18 months [28]. The increase in 

survival is unprecedented. In 25 years, no one had been able to extend survival of 

these mice by even a month. 

 Glutathione plays an important role in copper homeostasis. Chaperone-

mediated delivery of copper to SOD1 is performed by the copper chaperone for 

SOD1 (CCS). In the absence of CCS, copper is delivered by glutathione [153]. 

Glutathione depletion results in downregulation of the copper transporter, CTR1 

[154]. Glutathione regulates the ability of Atox1 to bind copper through redox 

modification of Atox1 thiols [155, 156]. It has been proposed that glutathione binds 

copper from the Ctr1 transporter and delivers it to cellular copper chaperones, such 

as ATP7A and CCS [157]. Despite glutathione’s prominent role in copper 

homeostasis, this relationship continues to offer opportunities for exploration, 

particularly with regard to glutathione metabolism and copper handling in ALS. 

 

1.3.6 Glutathione-related therapies in ALS 

 Many attempts have been made in animal models and human clinical trials 

to impact the ALS disease process by raising levels of glutathione. Intramuscular 

delivery of 600mg GSH/day for 12 weeks in a random, crossover trial 

demonstrated no significant effect in disease progression [158]. Over 30 years 
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ago, Alton Meister described the development of glutathione esters, which were 

designed to enhance cellular GSH levels as the esterification facilitates compound 

uptake by the cell [159]. In a rat model of motor neuron degeneration caused by 

chronic α-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) infusion, 

glutathione ethyl ester failed to prevent motor deficits or protect spinal motor 

neurons [160].  Likewise, a random, double-blind trial of N-acetylcysteine (NAC), 

a cysteine prodrug, at 50mg/kg/day subcutaneously for 12 months in ALS patients 

saw no significant increase in survival or mitigation of disease progression 

compared with healthy controls [161]. SH-SY5Y cells transfected with SOD1G93A 

cell saw an improvement in mitochondrial function, as measured by the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolimium (MTT) assay, after 24-hour 

exposure to 1mM NAC [162]. High-expressing SOD1G93A mice treated with 1% 

NAC in drinking water (approximately 2mg/kg/day) starting at 4-5 weeks, 

experienced a nine-day extension of life and slight preservation of rotarod 

performance [163]. Cystine, a cysteine precursor, has also been investigated. 

High-expressing SOD1G93A mice were fed a cystine-rich whey supplement (3.3% 

solution in drinking water) starting at day 60. The supplement maintained 

erythrocyte and spinal cord tissue GSH levels, comparable to that seen in non-

transgenic controls, and delayed disease onset, but did not extend survival [164]. 

In addition to trying to boost GSH levels through direct administration of 

glutathione or precursors, attempts have also addressed activation of the 

Nrf2/ARE pathway. Two triterpenoids, 2-cyano-3,12-dioxooleana-1,9-dien-28-oic 
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acid (CDDO) ethylamide and CDDO trifluoroethylamide (CDDO-TFEA) were 

tested in both NSC-34 cells expressing SOD1G93A and SOD1G93A mice. The 

researchers found that Nrf2 was activated in both cell culture and in the spinal 

cord, and an upregulation in antioxidant gene expression was observed, 

including levels of glutathione reductase and GST [165]. When treatment began 

at 30 days, survival was extended 20 days for CDDO-EA and 17.6 days for 

CDDO-TFEA, while treatment started at symptom onset (approximately 85 days) 

increased survival only slightly less, 17 and 16 days, respectively, for CDDO-EA 

and CDDO-TFEA [165]. Another investigation employed an acylaminoimidazole 

derivative, 2- [mesityl(methyl)amino]-N-[4-(pyridin-2-yl)-1H-imidazol-2-yl] 

acetamide trihydrochloride (WN1316) to address oxidative stress in ALS [166]. In 

SH-SY5Y cells, WN1316 activated Nrf2 and increased GSH levels. WN1316, 

administered at symptom onset in SOD1H46R mice, slowed disease progression, 

suppressed oxidative damage and glial cell inflammation, reduced spinal cord 

motor neuron loss, and extended survival 7-10 days in a dose-dependent 

manner (1µg/kg, 10µg/kg, 100µg/kg) [166]. This same group, in a drug screen for 

oxidative stress-induced apoptosis inhibitors, also discovered bromocriptine 

methylate (BRC), a dopamine D2 receptor agonist, which demonstrated a similar 

level of protection as seen with WN1316, albeit at higher dosage levels (1mg/kg, 

10mg/kg, 100mg/kg) and with a 5-day extension in survival [167]. A recent 

clinical trial using riluzole and BRC or riluzole and placebo in Japanese ALS 

patients found only marginal efficacy of BRC treatment versus the placebo [168].  
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Another candidate for treatment of ALS is the combination of lithium 

carbonate and valproic acid (Li+VA) [169]. The ALS functional rating scale, 

revised version (ALSFRS-R) was determined at the start, measured at 1 month, 

and then every 4 months until death or other adverse event. Encouragingly, 

ALSFRS-R scores were maintained for the 21 months of the trial. The 

progression rate measured at baseline was 0.499, but after 17 months of 

treatment was 0.325. When matched by age, gender, and disease progression, 

the survival of those taking Li+VA was significantly higher than controls [169]. 

After six months of treatment, the Li+VA group also demonstrated increased 

levels of antioxidant defense, including higher levels of GSH, and glutathione 

peroxidase and SOD1 activity, although the authors could not conclude 

definitively if this recovery of the antioxidant protection was responsible for 

success achieved [169].  

 

1.3.7 Therapeutic directions with glutathione 

Therapies that raise glutathione levels have met with mixed success in 

treating ALS. One aspect that needs to be addressed is how specific pools of 

glutathione are impacted during ALS. NSC-34 cells transfected with SOD1G93A 

have cytosolic levels of GSH equivalent to untransfected cells, but mitochondrial 

GSH is markedly decreased [170]. Spinal cords of SOD1G93A mice also have 

reduced mitochondrial GSH, and even though a treatment, such as a cystine-rich 
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supplement, may increase cytosolic GSH levels, they may still fail to rescue 

mitochondrial glutathione levels and thus not succeed in extending survival [164].  

 

1.3.8 Conclusion  

 Myriad mechanisms are involved in ALS and the presence of oxidative 

stress is a common factor. In this review, we have explored the crucial role of 

glutathione and associated enzymes that are so vital in effectively combating 

oxidative threats. Levels of cytosolic and mitochondrial glutathione in motor 

neurons and glial cells are diminished in ALS. Several enzymes, including 

glutathione reductase, glutathione peroxidase, and glutathione S-transferase 

exhibit reduced activity levels. Current therapies designed to replete glutathione 

levels have had little success, in part because they fail to increase the 

mitochondrial pool of glutathione. Mitochondrial glutathione has a half-life of 

several days, which is on the same order as the turnover of mitochondria 

themselves [62]. Cytosolic glutathione turnover, on the other hand, is fifteen times 

faster, on the order of minutes [62]. Although it was thought that glutathione is 

transported into the mitochondria via the mitochondrial dicarboxlate and 2-

oxoglutarate transporters, recent data indicate that this may not be the case [171]. 

Better understanding of how glutathione, and compartmentalization of glutathione, 

particularly in mitochondria, is moderated in ALS and the impact of this on oxidative 
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stress defense, could promote the development of new therapies for inhibiting 

disease progression and protecting motor neurons. 
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1.4 Mitochondrial Targeting of Antioxidants 

 Mitochondria, double membrane-bound organelles, are crucial to proper 

function of most eukaryotic cells. The number of mitochondria in each cell can vary 

considerably depending on location and function of the cell. Red blood cells, for 

example, have no mitochondria, whereas hepatocytes may have thousands. 

Mitochondria are involved in cell signaling, calcium homeostasis, and cellular 

death and differentiation. Their most important role, however, is to generate energy 

for the cell in the form of adenosine triphosphate (ATP) through a process known 

as oxidative phosphorylation. Free radicals are frequently generated as a 

byproduct of respiration and mitochondrial oxidative damage often accrues at a 

faster rate than the rest of the cell. Oxidative damage-related mitochondrial 

dysfunction underlies many diseases of aging, including ALS [9-15]. 

To address oxidative damage in the mitochondria, compounds need to be 

able to accumulate there. A mitochondrial-targeting moiety such as 

triphenylphosphonium (TPP), a lipophilic cation, has been used in recent years to 

propel compounds into the mitochondrial matrix driven by the membrane potential 

(Figure 1.4) [172-175].   
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Figure 1.4. Uptake of triphenylphosphonium (TPP) cations by mitochondria [172]. Figure 
adapted from [172]. Antioxidants, such as glutathione, may be coupled with TPP, a lipophilic cation, 
to enhance delivery to mitochondria. In response to the membrane potential, the TPP compound 
accumulates 5-10-fold in the cytosol and 100-500-fold inside the mitochondrial matrix. These 
compounds pass through lipid bilayers without a need for active transport.    
 
 To date, several antioxidants have been covalently linked with TPP and 

successfully delivered to mitochondria, including Coenzyme Q (MitoQ) [174], lipoic 

acid [176], and vitamins C [177] and E [178]. With the exception of the ascorbate 
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derivative, these antioxidants have been largely hydrophobic, facilitating delivery 

across membranes. Hydrophilic antioxidants present a challenge when attempting 

to target to the mitochondria. Ascorbate, for example, is polar, hydrophilic, and 

negatively charged under physiological conditions. Although there is still some 

controversy, ascorbate transport to the mitochondria is thought to require delivery 

through glucose transporter 10 (GLUT10) of dehydroascorbate followed by 

reduction to ascorbate, or sodium-coupled ascorbic acid transporter-2  [179, 180]. 

However, coupling with TPP and increasing the hydrophobicity of the linker region 

provided a way to overcome the challenges presented by the antioxidant and 

permitted accumulation of this ascorbate derivative in the mitochondrial matrix 

[177]. 

 Glutathione is another hydrophilic, charged antioxidant that plays a critical 

role in cellular defense. As discussed in Section 1.3, glutathione levels decline with 

age and its loss plays a role in many pathologies. Mitochondrial glutathione levels 

drop even more dramatically in these situations, leaving the mitochondria 

increasingly vulnerable to oxidative stress. One attempt has been made to target 

glutathione to mitochondria by appending a choline ester moiety [181] (Figure 1.5). 

Some preliminary data showed that this compound delayed H2O2-induced 

mitochondrial depolarization in rat ventricular myocytes and may offer some 

defense against oxidative insult [181]. No further studies have appeared. 
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Figure 1.5. Structure of glutathione choline ester (MitoGSH). 
 

Designing and synthesizing a mitochondrially-targeted glutathione 

derivative to combat oxidative stress experienced in ALS and other degenerative 

diseases has formed a significant part of my research. We have developed unique 

glutathione derivatives, targeted to mitochondria using the TPP lipophilic cation. 
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1.5 Nuclear Magnetic Resonance and Solution Dynamics 

 Nuclear magnetic resonance (NMR) is a powerful analytical tool that allows 

examination of small molecules and proteins at the atomic level. The underlying 

principle of NMR concerns a property of an atomic nuclei known as spin (I). Nuclei 

with spin ½, including 1H, 13C, and 31P, are the most useful for NMR.  

A nucleus with spin I will have 2I + 1 available orientations in an applied 

magnetic field. A nucleus with spin ½ will therefore have 2 possible orientations 

and energy levels associated with these positions. Spins aligned with the magnetic 

field will populate the +½ energy state, while spins opposed to the field populate 

the -½ state (Figure 1.6).  

              

Figure 1.6. Applied magnetic field effect on spin populations. When 
a magnetic field, B, is applied, the energy levels split. Spins aligned with 
the magnetic field occupy the +½ energy level, and spins opposed the -
½ level [1]. 
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 Particles do not necessarily remain at a given level. A proton, for example, 

can transition energy levels by absorbing energy matching the difference 

separating the two levels. The energy, E, is equivalent to hn, where h is Planck’s 

constant (6.62x10-34 J•s), and n is the resonance frequency. 

 The direction of the applied magnetic field, B, lies in the z-direction of three-

dimensional space at equilibrium. At equilibrium, magnetization of the 13C spins 

are aligned with the magnetic field. After a pulse of energy is applied, the 

magnetization vector of the nuclear spin system is displaced from its equilibrium 

position along the z-axis into the xy-plane.  Without further energy input, the spins 

will relax and precess around the z-axis until finally reaching its equilibrium 

position. The time required to achieve the original equilibrium state is known as 

longitudinal, or spin-lattice relaxation time (T1). Increasing size and complexity tend 

to reduce T1. 

 In Chapter 4, NMR is used to examine how the modifications to oxidized 

glutathione alter its dynamic properties in solution under simulated physiological 

conditions (PBS, pH 7.4). To accomplish this, 13C relaxation of protonated carbons 

was measured with 1H-13C HSQC in a pseudo-3D experiment, implementing the 

Bruker pulse sequence, hsqct1etgpsi3D (Figure 1.7).  
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Figure 1.7. Bruker pulse program hsqct1etgpsi3D [182]. This is a standard program for 
acquiring a series of HSQC spectra with increasing delay times for each acquisition. In the 
diagram, d-values are various delay times, p- and sp-values are power levels for specific 
channels. In our experiment the 15N channel is not used. Gz is the gradient strength, which 
reflects the amount of current in the gradient coil that generates the magnetic field. GARP is a 
decoupling scheme.   
 
 Once data are acquired, the intensity of each carbon peak is measured for 

each plane and plotted versus time. The resulting plot represents a decaying 

exponential with the following equation: f(t) = Io * e-t/T1, from which T1 may be 

determined. Smaller T1 values for a specific carbon reflect a smaller degree of 

motion.  
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1.6 Dissertation Contents 

 The following four chapters examine aspects of oxidative stress in ALS and 

a potential means of mitigating the damage caused thereby. Chapters 2-4 are 

research chapters. Chapter 5 summarizes the research in which I have 

participated over the last five years. 

Chapter 2: Microglial cell senescence in amyotrophic lateral sclerosis. 
Pamela R. Beilby, Emiliano Trias, Romina Barreto-Núñez, Sofia Ibarburu, Pablo 
Díaz-Amarilla, C. Samuel Bradford, Luis Barbeito, Joseph S. Beckman 
 
 This chapter elucidates the role of senescence of microglia in ALS. We 

demonstrated that microglia isolated from the spinal cords of adult SOD1G93A 

transgenic mice undergo cellular senescence over the course of the disease. As 

the disease progresses this phenotype becomes more pronounced. This 

represents the first time that senescent microglia have been identified in ALS 

transgenic animals. 

Chapter 3: Design and synthesis of mitochondrially-targeted glutathione. 
Pamela R. Beilby, Tory M. Hagen, Joseph S. Beckman 
 
 The loss of cytosolic glutathione occurs with age and in many pathological 

conditions, and the mitochondrial pool of glutathione suffers an even greater loss. 

Therapies that attempt replenish cellular stores of glutathione often fail to increase 

the mitochondrial pool. Glutathione is a hydrophilic molecule, with several reactive 

functional groups. Our design addresses these challenges by esterification of the 

carboxlates of oxidized glutathione, followed by a peptide coupling reaction which 

appends a mitochondrially-targeting moiety, triphenylphosphonium, a lipophilic 

cation, to the amino groups of the glutamate residues. 
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Chapter 4: NMR characterization of mitochondrially-targeted oxidized 
glutathione. Pamela R. Beilby, Patrick N. Reardon, and Joseph S. Beckman 
 
 To begin characterization of this new therapeutic, nuclear magnetic 

resonance (NMR) was used to study the dynamics of the derivatives in solution. 

Using 1H-13C-HSQC NMR, we determined T1 spin-lattice relaxation times. 

Glutathione is a relatively flexible molecule in solution. This study demonstrated 

that the esterification of glutathione carboxylic acids and amino group coupling with 

TPP significantly reduce the motion of mitochondrially-targeted glutathione. 

Chapter 5:  Conclusions 

 This chapter summarizes my research career in the Beckman lab, provides 

context for the directions I have taken, and offers conclusions that may be drawn 

from these efforts. It also provides a framework for future work examining oxidative 

stress in ALS and potential therapeutic targets and solutions.  
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2.1 Abstract 

Age is the primary risk factor for amyotrophic lateral sclerosis (ALS). A 

hallmark of aging is the accumulation of senescent cells that enlarge and cannot 

proliferate, but secrete trophic factors and cytokines that promote inflammation and 

alter the surrounding cellular microenvironment. We previously reported that a 

population of rapidly proliferating microglial cells can be isolated from the spinal 

cord of adult transgenic rats expressing the ALS-linked G93A mutation to 

superoxide dismutase-1 (SOD1G93A). These cells exhibit an aberrant phenotype 

and selectively kill motor neurons in vitro. We hypothesized that at least some 

features of aberrant glial cell behavior in ALS could be associated with 

senescence.  Using primary cultures of microglia isolated from symptomatic adult 

SOD1G93A rats, we identified a cell population that expressed senescence-

associated-beta-galactosidase (SA-β-gal) activity, a well-established marker of 

senescence. SA-β-gal-positive cells co-existed with a rapidly proliferating 

population of smaller cells that were negative for SA-β-gal. In the spinal cord of 

symptomatic SOD1G93A rats, we observed increased expression of two other 

markers of senescence, p16INK4a and matrix metalloproteinase 1, that in part co-

localized with aberrant glial cells that typically surrounded motor neurons. 

Together, these results demonstrate an association between a population of 

senescent microglia cells with the increased proliferation and phenotypic changes 

in surrounding glial cells. Glial cell senescence could drive microgliosis and 
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promote the emergence of aberrant glia phenotypes, contributing to the rapid 

progression of motor neuron demise in ALS.  
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2.2 Introduction 

Amyotrophic lateral sclerosis (ALS) is a devastating, fatal disease resulting 

from the relentless progressive death of motor neurons. While the causes of ALS 

are unknown, approximately 10% of all cases have a familial inheritance. The first 

gene linked to ALS harbored a mutation to the antioxidant enzyme copper-zinc 

superoxide dismutase-1 (SOD1). A causal connection was established when 

mutant SOD expression was shown in mice and rats to induce a progressive motor 

neuron disease [183, 184]. Motor neuron degeneration is associated with 

increased oxidative stress, mitochondrial dysfunction, and disruption of protein 

homeostasis. These stresses are well known to induce cellular senescence, where 

irreversibly damaged senescent cells can profoundly alter tissue behavior to 

promote inflammation. Senescent cells accrue with age in many different tissues 

[35], but the role of senescence remains obscure in neurodegenerative disease.  

Although senescent cells are unable to proliferate, they remain 

metabolically active and alter the surrounding tissue microenvironment. Cellular 

senescence is characterized by permanent cell-cycle arrest without cell death. 

Prominent biomarkers of cellular senescence include senescence-

associated beta-galactosidase (SA-b-gal) activity and expression of the tumor 

suppressor/cell cycle regulator protein, p16INK4a. SA-b-gal activity reflects specific 

activity at pH 6 that is strongly associated with senescent cells [185]. Cells also 

enlarge and frequently develop a senescence-associated secretory phenotype 

(SASP), releasing trophic factors, pro-inflammatory signaling molecules, 
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proteases, and other factors such as extracellular matrix components [46]. Non-

neuronal cells contribute to motor neuron death and many studies have 

demonstrated the prominent role of glial cells in the pathology of ALS [22, 23, 186-

189]. Previous reports showed that a subpopulation of aberrant microglia could be 

isolated from the degenerating spinal cords of adult symptomatic transgenic 

SOD1G93A rats that could rapidly proliferate and secrete neurotoxic factors [20, 

190]. Recent research suggests that accumulation of senescent non-neuronal 

cells in the central nervous system corresponds with neurodegeneration [191-195]. 

Senescent astrocytes and microglia have been identified in Alzheimer’s disease 

[45, 196] and hypothesized to exist in Parkinson’s disease [44]. ALS astrocytes 

have recently been shown to exhibit markers of senescence, and that the 

increased accumulation of senescent cells with heightened SA-b-gal activity 

corresponds to disease progression and reduced support for motor neurons [197] 

. Because age is the primary risk factor for ALS, we hypothesized that a 

subpopulation of senescent cells might contribute to the aberrant behavior 

observed in these glial cells. In this study, we examined glial cells from the spinal 

cord of adult symptomatic SOD1G93A rats for expression of three senescence 

biomarkers: SA-b-gal activity, p16INK4a, and matrix metalloproteinase 1 (MMP1).   
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2.3 Materials and Methods 

2.3.1 Animals 

All procedures using laboratory animals were performed in accordance with 

the international guidelines for the use of live animals and were approved by either 

the Oregon State University Institutional Animal Care Use Committee or for 

experiments performed in Uruguay in strict accordance with the requirements of 

the IIBCE Bioethics Committee under the ethical regulations of the Uruguayan Law 

N° 18.611 governing animal experimentation. Uruguayan law follows the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health (USA). 

Male hemizygous NTac:SD-TgN(SOD1G93A)L26H rats (Taconic), originally 

developed by Howland et al. [198], were bred locally by crossing with wild-type 

Sprague-Dawley female rats. Male SOD1G93A progenies were used for further 

breeding to maintain the line. Rats were housed in a centralized animal facility with 

a 12-h light-dark cycle with ad libitum access to food and water. Symptomatic 

disease onset was determined by periodic clinical examination for abnormal gait, 

typically expressed as subtle limping or dragging of one hind limb. Rats were killed 

well before they reached the end stage of the disease.  

 

2.3.2 Primary microglia culture 

Microglia cells were isolated from adult symptomatic SOD1G93A rats as 

previously described [199] with slight modifications. Rats were terminally 

anesthetized and the spinal cords were dissected with the meninges carefully 
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removed. The cords were mechanically chopped then enzymatically dissociated in 

0.25% trypsin for 10 minutes at 37°C. Fetal Bovine Serum (FBS) 10%(vol/vol) in 

Dulbecco’s Modified Eagle Medium (DMEM) was then added to halt trypsin 

digestion. Repetitive pipetting thoroughly disaggregated the tissue, which was then 

strained through an 80-µm mesh and spun down. The pellet was resuspended in 

culture medium [DMEM + FBS 10%(vol/vol), HEPES buffer (3.6 g/mL), penicillin 

(100 IU/mL), and streptomycin (100 µg/mL)] and plated in 25-cm2 tissue culture 

flasks.  Culture medium was replaced every 72 hours. 

 

2.3.3 Flow cytometry analysis of senescence-associated-b-galactosidase 
(SA-b-gal) activity 
 

After 14 days in vitro, microglia were quantitatively analyzed for SA-b-gal 

activity as described [200]. Briefly, cells were treated with Bafilomycin A1 to inhibit 

lysosomal acidification, followed by incubation with C12FDG (Molecular Probes/Life 

Technologies), a fluorogenic substrate for b-galactosidase for 2 hours at 37°C with 

5% CO2.  Microglia were then rinsed with PBS, harvested by trypsinization, 

centrifuged, and resuspended in ice-cold PAB.  Cells were immediately run on a 

Beckman-Coulter FC500 flow cytometer.  Data were analyzed using Winlist (Verity 

Software). 

 

2.3.4 Flow cytometry analysis of cell cycle progression 

Cells were trypsinized, washed, and centrifuged.  The cell pellet was then 

resuspended in ice-cold 70% ethanol and incubated at -20°C for 30 minutes for 
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fixation. Subsequently, cells were washed, centrifuged, then resuspended in 0.1% 

Triton X-100 in Dulbecco’s Phosphate-Buffered Saline (DPBS). RNase A (10 

µg/mL) and propidium iodide (20 µg/mL) were added and cells were incubated for 

60 minutes at room temperature. They were then filtered through a 37-µm mesh 

and run on Beckman-Coulter FC500 flow cytometer and analyzed using Multi-

Cycle (Phoenix Software). 

 

2.3.5 Immunohistochemical staining of rat spinal cords 

Animals were deeply anesthetized and perfused transcardially with 0.9% 

saline and 4% paraformaldehyde in 0.1 M PBS (pH 7.2–7.4) at a constant flow of 

1 mL/min. Fixed spinal cord was removed, post-fixed by immersion for 24 h, and 

then cut into transverse serial 30–40 μm sections with a vibrating microtome. Serial 

sections were collected in PBS for immunohistochemistry. Free-floating sections 

were permeabilized for 30 min at room temperature with 0.3% Triton X-100 in PBS, 

passed through washing buffered solutions, blocked with 5% BSA:PBS for 1 hour 

at room temperature, and incubated overnight at 4 °C in a solution of 0.3% Triton 

X-100 and PBS containing the primary antibodies, mouse anti-p16 (1:200, Abcam), 

rabbit anti-glial fibrillary acidic protein (GFAP) (1:500, Sigma), rabbit anti-Iba1 

(1:300, Abcam). After washing, sections were incubated in 1:1,000-diluted 

secondary antibodies conjugated to Alexa Fluor 488 and/or Alexa Fluor 633 

(1:1000, Invitrogen). Antibodies were detected by confocal microscopy using a 

confocal LEICA TCS-SP5-DMI6000. 
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2.3.6 Quantitative Analysis of p16+, GFAP+/p16+ and Iba1+/p16+ cells 
in the ventral horn of the spinal cord 
 

The number of cells co-labeled with the senescence marker p16 and the 

astrocytic marker GFAP or co-labeled with p16 and the microglial marker Iba1, 

were assessed by counting the double-positive cells in the gray matter of the 

lumbar cord of non-transgenic, asymptomatic or symptomatic SOD1G93A rats. 

Quantification was performed only in the ventral horn, comparing the cell numbers 

in Rexed laminae VII versus those in Rexed laminae IX. These regions 

respectively display a low versus high density of large motor neurons. The analysis 

was performed using 10 histological sections per animal (with three different rats 

for each condition) using the cell counter tool of the Image J software. Values were 

expressed as the percentage of p16-expressing cells or double-positive cells 

relative to non-transgenic animals. Statistical studies were performed using 

statistical tools of Origin 8.0. Descriptive statistics were used for each group, and 

one-way ANOVA, followed by Scheffé post hoc comparison if necessary, was used 

among groups. All experiments were performed in duplicate or triplicate and were 

replicated at least three times. All results are presented as mean ± SD, with p < 

0.05 considered significant. 

 

2.3.7 Western blot analysis 

For extraction of protein, spinal cords were completely dissected and 

embedded in lysis buffer [50 mM HEPES (pH 7.5), 50 mM NaCl, 1% Triton X-100, 

and complete protease inhibitor mixture] (Sigma) and then sonicated six times for 
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3 s. Protein concentration was measured with a bicinchoninic acid (BCA) kit 

(Sigma). Protein extracts were placed in loading buffer containing 15% SDS, 0.3 

M Tris (pH 6.8), 25% glycerol, 1.5 M β-mercaptoethanol, and 0.01% bromophenol 

blue. Protein samples (40 μg) were resolved on 12% SDS-polyacrylamide gel and 

transferred to PVDF membrane (Amersham). Membranes were blocked for 1 h in 

Tris-buffered saline (TBS), 0.1% Tween-20, and 5% non-fat dry milk, followed by 

overnight incubation with the corresponding primary antibody, rabbit anti-MMP1 

(1:1000, Novus), mouse anti-p16 (1:1000, Cell Signaling), mouse anti-p53 

(1:1000, Abcam) and mouse anti-β-actin (1:4000, Sigma), diluted in the same 

buffer. After washing with 0.1% Tween in TBS, the membrane was incubated with 

peroxidase-conjugated secondary antibodies (goat anti-mouse-HRP and goat anti-

rabbit-HRP 1:5000, Thermo) for 1 h and washed and developed using the ECL 

chemiluminescent detection system (Thermo). MMP1, p53, p16 and β-actin bands 

were used to quantify the data. The intensities of all protein bands were normalized 

with β-actin using ImageJ software. 
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2.4 Results 

2.4.1 SOD1G93A spinal cord microglia demonstrate senescence-associated 
b-galactosidase (SA-b-gal) activity 
 

Microglial cells in vitro show two distinct subpopulations two weeks after 

isolation from the spinal cord of symptomatic SOD1G93A rats, based on size as 

seen in the scatter diagram of the cells (Figs 2.1A, C, F). When examining the 

entire cell population, approximately 50% of the cells demonstrated activation of a 

senescence program as measured by β-galactosidase activity (Fig 2.1B). Only 8% 

of the subpopulation of smaller microglial cells (Fig 2.1D) expressed b-gal staining 

compared to 92% of the subpopulation of larger cells (Fig 2.1G). SA-b-

galactosidase activity determination was consistent with the FACS analysis of the 

cell cycle progression. The smaller microglia subpopulation demonstrated normal 

cell cycle behavior (Fig 2.1E), corresponding to the large number of non-senescent 

cells. The larger cells, with a higher percentage of senescent cells, revealed 

significant S-phase arrest (Fig 2.1H), indicative of inhibition of cell growth and 

proliferation. In vitro senescent microglial cells demonstrate an enlarged, flattened 

morphology and exhibit positive chromogenic SA-b-gal staining (Fig 2.1I, J, red 

arrows).  
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Figure 2.1. Senescence-associated beta-galactosidase activity in SOD1G93A microglia.  
Transitioning microglia population two weeks after culturing from spinal cord of G93A adult 
symptomatic rats display dramatic SA-β-galactosidase activity. (A) The scatter diagram, a 
population density heat map, indicates the gate for the sample and includes the entire population 
of cells. (B) Approximately 50% of the cells demonstrate SA-β-gal activity. (C) The scatter diagram 
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for the smaller population (inside white outline, R1 indicates percentage of total population 
encompassed by this subset). (D) The gate for the smaller cell population (R2) indicates almost 8% 
of these cells are senescent. (E) Cell cycle analysis for smaller cell population. (F) Scatter diagram 
for larger cell population (inside white outline, R1 as in C). (G) In the larger cell population (R2), 
over 90% of the cells demonstrate SA-β-gal activity. The R2 value in diagrams D and G is gated 
on the R1 scatter and shows the percentage of the subset demonstrating senescence as measured 
by SA-β-galactosidase activity. (H) Cell cycle analysis for the larger cell population showing 
significant S-phase arrest. (I) Representative chromogenic SA-β-gal stain of microglia in culture. 
Note that bigger cells show SA-β-gal activity (red arrows) when compared with smaller cells (yellow 
stars) (J) Quantitative analysis of SA-β-gal staining (percentage relative to total). 
 
 
 
2.4.2 High expression of senescence markers in the spinal cord of SOD1G93A 
rats 
 

Having found that microglia from SOD1G93A rats experience senescence as 

determined by SA-b-gal activity in vitro, we examined spinal cord tissue of 

asymptomatic and symptomatic SOD1G93A rats for evidence of a senescent 

phenotype. Immunohistochemistry revealed greater p16 expression in the ventral 

horn of the spinal cord of asymptomatic and symptomatic rats compared to non-

transgenic animals (Figs 2.2A-B). Matrix metalloproteinase 1 (MMP1), a secreted 

protease that modifies the surrounding extracellular [201], is also frequently up 

regulated as part of the senescent associated secretory phenotype (SASP) [46]. 

Western blot analysis demonstrated elevated MMP1 levels in SOD1G93A rats when 

compared with non-transgenic littermates (Fig 2.2C). 
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Figure 2.2. Senescence markers are highly expressed in SOD1G93A ALS rats during the 
symptomatic phase of disease. Representative figures showing the expression of p16 and MMP1 
by immunohistochemistry and western blot analysis, respectively, in the degenerating spinal cord 
of SOD1G93A animals and non-transgenic controls. (A) Note the increased levels of p16+ cells 
(green) in the ventral horn of the spinal cord in a symptomatic rat compared with asymptomatic or 
non-transgenic controls (white dotted lines indicate separation of white from grey matter). (B) 
Quantitative analysis of the p16+ cells in the degenerating spinal cord. Note the progressive 
increase of p16 expression that accompanies the progression of the disease. Data are expressed 
as mean ± SEM *p<0.05. (C) Western blot that shows the increased expression of p16 and MMP1 
in the spinal cord during the symptomatic phase of ALS, with respect to non-transgenic and SOD1 
asymptomatic rats. The graph in the right panel shows the quantitative analysis of the western blot. 
Data are expressed as mean ± SEM *p<0.05. 
 
 
 
2.4.3 SOD1G93A microglia and aberrant glial cells express high levels of the 
senescence marker p16INK4a  
 
A subpopulation of GFAP+ aberrant glial cells also express higher levels of p16 in 

asymptomatic and symptomatic ALS rats. Aberrant glial cells could not be 



	

	

53 

identified in non-transgenic rats, and only a few astrocytes are positive for p16 (Fig 

2.3A). Next we analyzed the expression of p16 in Iba1+ microglia surrounding 

motor neurons in the SOD1G93A rat spinal cord. During the symptomatic phase, 

p16 expression was significantly augmented in a subpopulation of microglia 

compared to non-transgenic or SOD1G93A asymptomatic rats (Fig 2.3B).  

 

Figure 2.3. A sub-population of aberrant glial cells and microglia express high levels of the 
senescence marker p16. Representative confocal images showing the expression of p16 (green), 
GFAP (red, A) and Iba1 (red, B) in non-transgenic, SOD1G93A asymptomatic and symptomatic rats. 
White dotted lines in upper panels of A and B indicate separation of white and grey matter. White 
dotted lines in lower panels of A and B outline motor neurons. (A) Photomicrographs showing 
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p16/GFAP stained lumbar spinal cord sections measured in non-transgenic, asymptomatic and 
symptomatic SOD1G93A rats. Low magnification panels (upper panels) show the increase in the 
number of p16+/GFAP+ cells in the symptomatic rats, as compared to low markers co-expression 
in asymptomatic or non-transgenic rats. Note the expression of p16 marker in a sub-population of 
aberrant glial cells that surround motor neurons in the degenerating spinal cord of SOD1G93A 
symptomatic animals. In the quantitative analysis (lower panel) note the significant increase of the 
co-expression of GFAP with the senescence marker p16 as the disease progresses (white arrows). 
Data are expressed as mean ± SEM *p<0.05. (B) The confocal representative image shows the 
expression of microglia marker Iba1 and the senescence marker p16 in the non-transgenic, 
asymptomatic and symptomatic SOD1G93A spinal cord. A significant increase of p16+/Iba1+ cells 
during the symptomatic stage of the disease is observed compared to NonTg animals or SOD1G93A 
asymptomatic stage. Note the increased number of swollen microglia cells that express p16 and 
that surround motor neurons in the degenerating symptomatic spinal cord. The quantitative analysis 
(lower panel) of the expression of p16/Iba1 shows a marked increase of the co-expression of p16 
in Iba1 cells during the end stage of the disease (white arrows). Data are expressed as mean ± 
SEM *p<0.05.   
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2.5 Discussion 

Glial cell senescence may be an important contributor to disease pathology 

in neurodegeneration [45, 196, 197]. Although microglia play a prominent role in 

ALS pathology and can directly contribute to the demise of motor neurons.  [20, 

22, 187], the role of senescence in microglia-associated neuroinflammation 

remains largely unknown.   

The research presented in this report provides a stronger link between 

microglial and aberrant glial cell senescence and ALS. Senescence was strongly 

associated with microglia and astrocytes in rats symptomatic for motor neuron 

disease. However, there was also a population of microglia capable of multiplying 

in the symptomatic spinal cord. Remarkably, these cells could be isolated and 

continued to proliferate when cultured [199].  We have demonstrated previously 

that these microglia undergo a phenotype transition during the course of disease 

progression and ultimately exhibit an anomalous glial cell phenotype [20, 199]. 

Transitioning microglia isolated from the degenerating spinal cords of adult 

symptomatic SOD1G93A rats proliferate in culture and are extremely toxic to motor 

neurons [199]. This alteration to a different glial cell phenotype is consistent with 

the gradual disappearance of a microglial signature and spinal cord presence with 

disease progression [202]. The driving force behind this transition is unknown, 

although the accumulation of senescent microglia may dramatically influence this 

process.  In this current study, we found that only half of the isolated population of 

microglial cells from rat spinal cord proliferated. These cells tended to be the 
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smaller cells and <10% expressed senescence markers. In contrast, most of the 

larger microglia were positive for senescence-associated b-galactosidase (SA-b-

gal) activity and did not proliferate.  

SA-b-gal activity at pH 6, commonly used to distinguish senescent cells 

[185], is perceptible due to the increased lysosomal content present in senescent 

cells [203] and to the activation of autophagy that occurs upon senescence 

induction [204].  Our result of significantly increased SA-b-gal activity in 

symptomatic SOD1G93A rats is consistent with increased induction of autophagy at 

disease onset in SOD1 transgenic mice [205].  Cell cycle arrest provides further in 

vitro confirmation of potential senescence.  

Levels of matrix metalloproteinases increase with age in many tissues and 

organs and are associated with the senescence-associated secretory phenotype 

(SASP) [48].  MMP1 levels have been shown to be higher in glial cells in 

Alzheimer’s disease pathology [45].  Here we demonstrate an increased 

expression level of MMP1 in the spinal cord, even when animals are 

asymptomatic, suggesting the development of a SASP as influential in the ALS 

disease process.  Recent studies also suggest that metalloproteinases become 

increasingly dysregulated during disease progression in ALS, although this has not 

yet been considered in relationship to the SASP [206, 207].  

We found that rats carrying the SOD1G93A human transgene expressed 

higher levels of p16INK4a compared to non-transgenic animals. As animals became 

symptomatic, this difference became much more prominent and coincided with 
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disease progression.  Clearance of p16+ cells has been demonstrated to inhibit the 

progression of age-related disorders [41]. Accumulation of these senescent cells, 

on the other hand, enhances the decline of healthy function [41].   

 Cellular senescence through the p16 pathway is accompanied by up 

regulation of many microRNAs, including miR-146b [208].  Dysregulation of 

microRNAs underlies the development and progression of many 

neuroinflammatory diseases such as ALS [209].  In fact, miR-146b has been 

shown to be significantly upregulated in ALS [202, 210], and is driven by activation 

of the P2X7 receptor [210].  This purinergic receptor has been long understood to 

play a prominent role in microglial pathology in ALS [211], as well as in the death 

of motor neurons, where nitration of Hsp90 leads to activation of the P2X7 receptor 

and subsequently the FADD-mediated Fas pathway [212, 213]. miR-146b has also 

been observed to increase in senescent fibroblasts with vigorous IL-6 production 

[214].  Increased IL-6 and IL-8 levels are also observed in senescent glial cells in 

ALS [197]. 

 Critical for p16 expression and senescence-related growth arrest is 

activation of the p38 mitogen-activated protein kinase (p38MAPK), likely due to its 

downstream influence on the nuclear factor-kappa B (NF-κB) activity [215]. As with 

other MAPK family members, phosphorylation and activation of p38 occurs in 

response to cellular stress [216]. Additionally, activation of the p38 pathway is 

required for induction of the SASP and blocking this pathway using SB203580, a 

known p38 inhibitor, suppresses generation of the SASP in cultured primary 
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human dermal fibroblasts [217]. In ALS, the loss of motor neurons in the ventral 

spinal cord occurs in conjunction with an increase in p38 activation in both neurons 

and microglia [218]. In vitro microglial activation with accompanying production of 

nitric oxide and neuronal apoptosis were prevented with SB203580 treatment. Our 

work in this study suggests a link between microglial senescence and motor 

neuron death mediated by the p38/NF-κB pathway. 

 NF-κB is a key controller of inflammation and is upregulated in the spinal 

cords of ALS patients [219], and also in the glial cells surrounding motor neurons 

in SOD1G93A  mice [23, 220]. However, it is only NF-κB activity in microglia that has 

been associated with disease progression and motor neuron death [23]. NF-κB is 

also implicated in the induction of miR-146b and is required for generation of the 

SASP [215, 221].   

Neuroinflammation underlies many age-related neurodegenerative 

diseases, including ALS.  Inflammation is maintained by prolonged production of 

proinflammatory factors. Recent evidence incriminates cellular senescence as a 

contributor to chronic inflammation, primarily through production of the SASP, as 

many SASP proteins, such as IL-6, IL-8, and multiple monocyte chemotactic 

proteins, stimulate inflammation [48].  Although not yet defined within the context 

of cellular senescence, SASP proteins such as CCL2, MCP-1 and IL-1b are 

expressed by microglia during the ALS disease process [202, 222, 223]. 

 Chronic inflammation is accompanied by oxidative stress, which delivers a 

slow, but progressively lethal blow with age and in disease progression. This stress 
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has been shown to hasten the onset of senescence [224]. Oxidative stress has 

also been shown to be instrumental in neurodegeneration, including ALS, 

particularly in anomalous glial cell phenotypes [10, 225, 226]. While we have 

demonstrated senescence in SOD1G93A-derived microglia, the precise relationship 

between senescent glial cells and motor neuron degeneration remains to be 

elucidated. However, based on the evidence presented in this paper, we suggest 

that senescent microglia in the spinal cord contribute prominently to ALS 

pathology.  
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3.1 Abstract 

 Glutathione is the primary non-enzymatic antioxidant in mitochondria. The 

mitochondrial pool of glutathione diminishes significantly with age and in many 

disease states, including cardiovascular disease, neurodegeneration, and 

diabetes. Traditional efforts to elevate cellular glutathione levels typically raise 

cytosolic levels, but mitochondrial pools are regulated independently.  Therefore, 

customary methods to elevate cytosolic glutathione fail to impact the mitochondrial 

pool of glutathione. To address this limitation, we have developed a novel 

synthesis of glutathione derivatives for enhanced delivery directly to mitochondria. 

The preferred synthesis begins with esterification of the carboxylic acids, followed 

by conjugation to a triphenylphosphonium mitochondrially-targeting moiety. A final 

step accomplishes a counterion exchange, significantly improving water solubility. 
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3.2 Introduction 

 Glutathione is the most abundant non-protein thiol and cellular antioxidant 

found in mammalian cells. This nearly ubiquitous tripeptide plays a prominent role 

in redox cycling, protein folding, regulation of cellular proliferation, and metabolism 

of heavy metals. Glutathione is synthesized in the cytosol in a two-step, ATP-

mediated process [51-53]. Glutamate-cysteine ligase catalyzes the first step, the 

conjugation of glutamate and cysteine to form γ-glutamylcysteine, and is the rate-

limiting step. The generation of glutathione follows through the linkage of glycine 

to γ-glutamylcysteine, which is catalyzed by glutathione synthase. Cytosolic 

glutathione exists in millimolar concentrations, mostly in the reduced state. The cell 

also maintains three specific compartmentalized pools of glutathione in the 

nucleus, endoplasmic reticulum, and the mitochondria [58-62]. This 

compartmentalization is essential for addressing organelle-specific redox 

requirements. 

Oxidative damage to mitochondria is a hallmark of many pathological 

conditions, including cancer, diabetes, and neurodegenerative disorders such as 

amyotrophic lateral sclerosis, Alzheimer’s disease and Parkinson’s disease [227-

232]. Mitochondria are a source of oxidative stress through generation of reactive 

oxidative species, such as superoxide from the respiratory chain, and are 

themselves exposed and susceptible to oxidative overload. A complex antioxidant 

defense system exists to combat the continuous oxidative onslaught within 

mitochondria. The premier non-enzymatic defense is glutathione.  
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Mitochondrial glutathione plays a critical, fundamental role in mitigating 

oxidative stress generated during normal aerobic metabolism, as well as 

responding to additional reactive oxidative species (ROS) created under toxic 

insult or other pathological conditions. The mitochondria do not produce 

glutathione, but instead must import glutathione from the cytosol. Turnover of the 

mitochondrial pool of glutathione is slower than the cytosolic pool and constitutes 

10-15% of the total glutathione content of the cell [62]. Levels of mitochondrial 

glutathione decrease with age much more dramatically than cytosolic levels [66-

68].  

Several strategies have been implemented to increase glutathione levels in 

the cell, including treatment with glutathione and its precursors, such as N-

acetylcysteine and other GSH derivatives like glutathione ethyl esters [160, 164, 

233]. Many succeed in raising cytosolic levels but all fail to increase mitochondrial 

glutathione levels. We sought to overcome this difficulty by designing a glutathione 

derivative specifically targeted to mitochondria. In this study, we describe the 

design and synthesis of novel glutathione derivatives targeted to mitochondria. 

Triphenylphosphonium (TPP) is a lipophilic cation capable of delivering an 

antioxidant to the mitochondrial matrix and allowing accumulation, driven by the 

membrane potential. Most TPP derivatives developed as mitochondrially-targeted 

antioxidants have modified hydrophobic molecules, such as Coenzyme Q, [174], 

lipoic acid [176] or vitamin E [178]. However, glutathione is a slightly larger, 

hydrophilic molecule and thus presents some formidable obstacles to overcome to 
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be delivered efficiently to mitochondria. For example, glutathione has two 

negatively charged carboxylic acid functional groups and a positively charged 

amino group. These charged moieties will prevent crossing plasma and 

mitochondrial membranes if left unmodified. Additionally, glutathione has a very 

reactive sulfhydryl moiety. The challenge we address here is how to specifically 

couple the TPP moiety to glutathione while also efficiently modifying the charged 

moieties with groups that can be efficiently cleaved in vivo. 
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Figure 3.1. Synthesis of mitochondrially-targeted glutathione in its oxidized form (TPP-
GSSG).  
 
 
 



	

	

66 

     
 
Figure 3.2. Synthesis of mitochondrially-targeted glutathione in its reduced form (TPP-
GSH). This requires one step following completion of synthesis step shown in Figure 3.1. 
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3.3 Results and Discussion 

The overall strategy for producing a TPP-modified glutathione is shown in 

Figure 3.1. The thiol group was protected by using the oxidized form of glutathione, 

GSSG. The carboxyl groups were esterified with ethanol. Through a standard 

peptide coupling reaction, the amino groups were conjugated to carboxybutyl-TPP. 

The final step involved replacing the bromine counterion from TPP with a mesylate 

group to improve water solubility (this was done over a column and is not shown 

in Figure 3.1). The reduced compound results from treatment with Tris(2-

carboxyethyl)phosphine hydrochloride (Figure 3.2).   

Esterification of glutathione is well known to be an effective way to block the 

carboxylic acids and enhance transport across cell membranes. This concept was 

first explored in the 1980s by Alton Meister and colleagues [159, 234]. They 

produced the diethyl ester of glutathione by the acid-catalyzed reaction of 

glutathione dissolved in ethanol. The reaction was initiated by adding sulfuric acid 

that was then left to react for several days at 4 °C. The yields were diminished 

because the acidic conditions also hydrolyzed the peptide backbone of glutathione. 

This required a complicated workup to remove degradation products that reduced 

the yield to only 20-30%. However, Levy, et al., established that the glutathione 

diethyl ester was swiftly taken up by mammalian cells and could be de-esterified 

within minutes in the cytosol [234].  
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Due to the low yield and multiple undesired side reactions, we investigated 

alternative approaches. 

Several articles 

reported that rapid 

esterification of 

carboxylic acids in aqueous solution, with good yield (> 75%), could be achieved 

through the use of the oxygen-directed alkylating agent known as Meerwein’s 

Reagent (Figure 3.3) [235-237]. It did, indeed, work in alkylating glutathione. 

However, we realized after several attempts resulted in alkylation of the sulfhydryl 

and amino groups, despite carefully controlling pH, that we would first need to 

block these groups before proceeding.  

 The sulfhydryl was successfully protected by simply using the oxidized, 

disulfide form of glutathione. Amino group protection was achieved through 

reaction with tert-butyloxycarbonyl (t-Boc). However, once the amines were 

protected, the Meerwein’s reagent was no longer as efficient in completely 

alkylating the third and fourth carboxylates of GSSG.  

 During our investigations with Meerwein’s reagent,  Vogel, Jackson, and 

Masterson published a straightforward method using thionyl chloride (Cl2S=O) to 

efficiently produce methyl or ethyl esters of oxidized glutathione [238]. (Note that 

thionyl chloride is tightly controlled under the Chemical Weapons Convention and 

is also quite hazardous as it reacts violently with water to generate hydrochloric 

acid and sulfur dioxide). Based on the Vogel, et al., method, 5 mL thionyl chloride 

Figure 3.3. Meerwein’s Reagent – triethyloxonium tetrafluoroborate. 

O+
B-F

F

F

F
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was added dropwise over several minutes to 500 mg GSSG in 100 mL absolute 

ethanol at 0 °C in a round-bottomed flask. The reaction was allowed to proceed for 

an additional nine days at 4 °C. While the original paper noted that this reaction in 

ethanol should go to completion in six days, we found the additional time was 

necessary for complete reaction because we had used twice the amount of 

glutathione and other reagents. The reaction was quite efficient and yielded greater 

than 95% esterification of the four carboxylates of GSSG without modifying the 

unprotected amino groups (Figure 3.4). Impurities included some ethanol and 

GSSG with incomplete esterification. 
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Figure 3.4. Mass spectrometry analysis of glutathione disulfide tetraethyl ester (Et4GSSG). 
Compounds were analyzed under positive ESI-MS conditions. Et4GSSG showed an [M+H]+ ion at 
m/z 725 and [M+2H]2+ at m/z 363.   
 

 The next step was to add the TPP moiety to target this glutathione derivative 

to mitochondria. We selected a relatively inexpensive, commercially available 

form, 4-(Carboxybutyl)triphenylphosphonium bromide, to conjugate with the free 

amino groups, through a standard peptide coupling reaction [239]. O-(7-Aza-1H-

benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU) 

was selected to catalyze this reaction due to its efficient performance. 
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This coupling reaction works quite well, catalyzing almost complete 

conversion to our desired product, Triphenylphosphonium glutathione disulfide 

tetraethyl ester dibromide (Et4GSSGTPP2Br2 in 90 minutes (Figure 3.5). The yields 

(60-65%) do not reflect the efficiency of the coupling procedure. In part, this is due 

the several washes (three with sodium bicarbonate and one with sodium bromide) 

and trituration steps of the workup protocol. Also, we start out with less than the 

molar amounts of carboxybutyl-TPP necessary for the reaction to preclude side 

coupling reactions with any of the unreacted reagent.  
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Figure 3.5. Mass spectrometry analysis of Triphenylphosphonium glutathione disulfide 
tetraethyl ester dibromide (Et4GSSGTPP2Br2) . Compounds were analyzed under positive ESI-
MS conditions. TPP-GSSG-Br showed an [M+2H]2+ ion at m/z 707. 

 

To create a reduced form of the compound, we stirred the crude product, 

after the first washing step, with 3 equivalents of Tris(2-carboxyethyl)phosphine 

hydrochloride (TCEP-HCl) for 24 hours. This resulted in complete reduction of 

Et4GSSGTPP2Br2 (Figure 3.6). 
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Figure 3.6. Mass spectrometry analysis of Triphenylphosphonium glutathione diethyl ester 
bromide (Et2GSSGTPPBr) . Compounds were analyzed under positive ESI-MS conditions. TPP-
GSSG-Br showed an [M+2H]2+ ion at m/z 708. 
 

 The bromine salts of TPP-glutathione derivatives were essentially insoluble 

in water. To make a water-soluble version that might perform better under 

physiological conditions, we chose to displace bromine with mesylate (CH3SO3
-). 

Mesylate formulations are widely employed to make pharmaceutical preparations 

more soluble. These are generally considered to be safe when produced with 

appropriate considerations of experimental procedure [239]. We first attempted to 

accomplish a counterion exchange as described in other syntheses of TPP-
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containing compounds, by mixing the compound with sodium mesylate [240]. We 

tried collecting both aqueous and non-aqueous layers with little success. Anything 

recovered from the organic layer remained insoluble in water. Any TPP-glutathione 

converted to the mesylate salt and found in the aqueous layer proved to be difficult 

to separate from the sodium mesylate salt itself. 

 We succeeded using an anion exchange column to exchange the 

counterion [241]. A column was constructed using about 2.5-3 g of AmberlystÒ A-

26 (OH form) ion exchange resin. The column was then treated with a 1% solution 

of methanesulfonic acid until the eluate was of the same pH as the original acid 

solution. The conversion of TPP-GSSG-Br worked well for small amounts with an 

approximately 70% yield. Care must be taken with TPP-GSSG-Mes to keep it dry 

as it is hygroscopic. 

 

 

 

 

 

 

 

 

  



	

	

75 

3.4 Conclusion 

The design of an efficient synthesis of mitochondrially-targeted glutathione 

derivatives proved to be delightfully challenging. However, once the development 

was completed, the final synthesis pathway is relatively straightforward, and 

resulted in good yields with few side products. The procedure, though, is slow due 

to the long incubation necessary to complete esterification. The synthesis is 

flexible, allowing the ethyl groups to be replaced with methyl groups. Furthermore, 

the length of the linker to TPP can be altered to affect the hydrophobicity of the 

modified glutathione. Further work with these variants of TPP-glutathione in cell 

culture and mice will help identify the optimal modification to protect against toxic 

and oxidative insults affecting the mitochondria pool of glutathione. 
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3.5 Materials and Methods 

3.5.1 Reagents 

 Glutathione disulfide (G4376) was purchased from Sigma-Aldrich (St. 

Louis), and O-(7-Aza-1H-benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium 

hexafluorophosphate from Alfa Aesar. 

Thionyl chloride (T2040), triethylamine (T0424), N, N-diisopropylethylamine 

(D1599), 4-(carboxybutyl) triphenylphosphonium bromide (C1061), and Tris(2-

carboxyethyl)phosphine hydrochloride (T1656) were purchased from TCI America 

(Portland, OR). 

Anhydrous methanol (MX0472-6) and ethyl acetate (EX0241-6) were 

purchased from EMD Millipore, absolute ethanol (111000200CSPP) from 

Pharmco-Aaper, and dichloromethane (BDH23373.100E) from VWR. 

AmberlystÒ A-26 (OH) ion exchange resin was acquired from Sigma Aldrich. 

 

3.5.2 General Experimental 

Proton NMR spectra were acquired on a Bruker Ascend 800 MHz NMR 

spectrometer. Multiplicities in the 1H NMR spectra are described as follows: s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet. Carbon NMR spectra were 

recorded on a Bruker Ascend 800 MHz spectrometer. Phosphorus NMR spectra 

were recorded on a Bruker Ascend 500MHz spectrometer. Chemical shifts are 

reported in parts per million (ppm) (d) and are referenced to sodium 2,2-dimethyl-

2-silapentane-5-sulfonate. Sample concentration was 10mM in phosphate-
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buffered saline (PBS), pH 7.4 with 10% D2O. TPP-GSSG-Br and TPP-GSH-Br are 

insoluble in water and were run in CD3OD, referenced to tetramethylsilane (TMS). 

Mass spectrometry. ESI-MS was performed on a ThermoFisher LTQ ESI-

ion trap mass spectrometer in positive ion mode using LC-MS grade acetonitrile 

and water (1:1) with 0.1% formic acid.   

 

3.5.3 Syntheses 

Glutathione disulfide tetraethyl ester (Et4GSSG). To a solution of glutathione 

disulfide (500 mg, 0.816 mmol) in dry ethanol (100mL) at 0 °C, thionyl chloride (5.0 

mL, 68.8 mmol) was added very slowly by syringe. The solution was swirled and 

allowed to react for 9 days at 4 °C. The reaction mixture was concentrated under 

reduced pressure, and used without further purification (571 mg, 96% yield). ESI-

MS of [M + H]+ calculated [C28H48N6O12S2]+, 725.28, found 725.58. 1H NMR 

(800MHz, PBS, pH 7.4 with 10% D2O) d 4.3 (m), 4.20 (q), 4.12 (q), 4.01 (m), 3.25 

(dd), 3.00 (dd), 2.59 (m), 2.24 (m), 1.31 (overlapping t), 1.25 (t). 13C NMR d 176.7, 

175.1, 173.6, 172.4, 66.0, 65.0, 62.8, 55.0, 54.8, 44.0, 41.0, 33.2, 28.0, 17.0, 15.7. 

 

Triphenylphosphonium glutathione disulfide tetraethyl ester dibromide 

(Et4GSSGTPP2Br2). To a solution of glutathione disulfide tetraethyl ester (592 mg, 

0.818 mmol) in dichloromethane (80 mL) was added 4-(carboxybutyl) 

triphenylphosphonium bromide (709 mg, 1.6 mmol), O-(7-Aza-1H-benzotriazol-1-

yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate 777 mg, 2.04 mmol), and 
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N,N-Diisopropylethylamine (500 µL, 2.9 mmol). The reaction mixture was stirred 

at room temperature for 90 minutes. The organic layer was washed three times 

with saturated aq. NaHCO3 (80mL), NaBr (80mL), dried over Na2SO4, and 

concentrated under reduced pressure to yield an oily crude. This was dissolved in 

a minimum of DCM and triturated with EtOAc. The solvents were removed under 

reduced pressure to yield the final compound (802 mg, 62.5% yield). ESI-MS of [M 

+ H]2+ calculated [C74H92Br2N6O14P2S2]2+ 1574.4, found 1574.6. 

 

Triphenylphosphonium glutathione diethyl ester (Et2GSSGTPPBr). To the 

crude reaction mixture from the synthesis of triphenylphosphonium tetraethyl ester 

was added Tris(2-carboxyethyl)phosphine hydrochloride (3 molar equivalents), 

after the first washing step. The solution was stirred for 24 hours at room 

temperature. The organic layer was washed two more times was washed with 

saturated aq. NaHCO3 (80mL), one time with NaBr (80mL), dried over Na2SO4, 

and concentrated under reduced pressure to yield a white solid (57% yield). ESI-

MS of [M + H]+ calculated [C37H47BrN3O7PS]+ 788.21, found 788.33.  

 

Triphenylphosphonium glutathione disulfide tetraethyl ester mesylate 

(Et4GSSGTPP2Mes). To exchange the counteranion and render the compound 

water-soluble, we performed a halide exchange as described [241]. In brief, a small 

column was packed with 2.5g Amberlyst A-26 (OH form) anion exchange resin. 

The column was washed with 1% methanesulfonic acid until the eluate had the 
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same pH as the original 1% solution. The column was then washed with methanol 

until the eluate had a constant pH. A solution of TPP-GSSG-Br (145 mg, 0.1 mmol) 

in 3 mL methanol was slowly applied to the column. The column was then washed 

with 100 mL methanol. Each 20 mL fraction was checked by mass spectrometry 

and the collected eluates were concentrated under reduced pressure to yield TPP-

GSSG-Mes (100 mg, 68% yield). ESI-MS of [M + H]2+ calculated 

[C76H98N6O20P2S4]2+ 1606.52, found 1606.6.1H NMR (800MHz, PBS, pH 7.4, 

10%D2O) d 7.85 (t), 7.70 (d), 4.23 (m), 4.17 (q), 4.05 (q), 3.98 (d), 3.30 (m), 3.23 

(dd), 2.91 (dd), 2.81 (s), 2.32 (t), 2.26 (m), 2.07 (m), 1.90 (m), 1.81 (t), 1.68 (m), 

1.23 (t), 1.14 (t). 13C NMR (201 MHz, PBS, pH 7.4, 10%D2O) d 175.8, 174.8, 173.1, 

172.6, 171.2, 135.1, 133.6, 130.2, 118.2, 117.8, 62.5, 52.4, 41.6, 38.6, 38.0, 34.3, 

31.5, 26.2, 21.3, 13.4   31P NMR (500MHz, PBS, pH 7.4, 10% D2O) d 23.06. 
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4.1 Abstract 

 We previously described the design and synthesis of a mitochondrially-

targeted derivative of oxidized glutathione (Triphenylphosphonium glutathione 

disulfide tetraethyl ester mesylate). The alterations to glutathione include 

esterification of the carboxylic acid functional groups and append a large 

triphenylphosphonium moiety to the amino groups, which more than double the 

size of the original tripeptide. In this paper, we characterize the changes in 

dynamics of oxidized glutathione derivatives and examine how the ethyl groups 

and mitochondrial-targeting moiety alter the dynamic behavior of glutathione in 

solution. The cysteine residue remained the most restricted region throughout, with 

little dynamic change as modifications occurred. The glutamate Ca carbon 

experiences largest alteration in its motion, from being the most freely moving 

region of glutathione to the most restricted after cysteine. 
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4.2 Introduction 

Glutathione (GSH) is the primary cellular antioxidant and plays a critical role 

in the maintenance of the intracellular redox balance, as well as defending the cell 

against toxic insults. This ubiquitous tripeptide is formed in a two-step process 

mediated by ATP and catalyzed by g-glutamylcysteine ligase (GCL), followed by 

the incorporation of glycine by GSH synthase [51-53]. Under physiological 

conditions, it exists primarily in the reduced form at millimolar concentrations 

depending on cell type and location, and at 10 to 100 times greater amounts than 

oxidized glutathione (GSSG).  

 Glutathione levels decline with age and in many pathological conditions, 

including Parkinson’s disease, multiple sclerosis, Huntington’s disease, 

Alzheimer’s disease, and ALS [69, 70, 72, 73, 76-78], but mitochondrial glutathione 

levels are depleted even more dramatically [66-68]. This specific redox pool does 

not correspondingly increase as cytosolic levels of glutathione are raised. One 

previous attempt has been made to target glutathione to mitochondria through a 

covalent addition of a choline ester to the glycine carboxylic acid [181]. No studies 

have appeared, however, to demonstrate efficacy of this modification in increasing 

mitochondrial glutathione levels.  

The mitochondrial-targeting functional group, triphenylphosphonium (TPP), 

has been conjugated to several antioxidants including vitamin E, lipoic acid, and 

Coenzyme Q (MitoQ) [174, 176, 178] to successfully direct these compounds to 
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mitochondria. TPP compounds accumulate several hundredfold in mitochondria, 

driven by the membrane potential (Figure 4.1) [172].  

             

 

Figure. 4.1. Uptake of triphenylphosphonium (TPP) cations by mitochondria [172]). Figure 
adapted from [172]. Antioxidants, such as glutathione, may be coupled with TPP, a lipophilic cation, 
to enhance delivery to mitochondria. In response to the membrane potential, the TPP compound 
accumulates 5-10-fold in the cytosol and 100-500-fold inside the mitochondrial matrix. These 
compounds pass through lipid bilayers without a need for active transport.    
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We have utilized this strategy in developing our glutathione derivative and 

conjugated this moiety to the amino groups of glutathione disulfide (Figure 4.2) 

[242]. The use of glutathione disulfide effectively protects the reactive sulfhydryl. 

Additionally, esterification of the carboxylic acids masks the negative charge of 

these groups at physiological pH and enhances cell penetration.  

 NMR has been used in many conformational and dynamics studies of 

glutathione, but only one study so far examined oxidized glutathione [243]. GSSG 

can be created by reactions of GSH with electrophiles, as well as through catalysis 

of hydrogen peroxide reduction by glutathione peroxidase (GPx). The disulfide 

influences copper homeostasis, particularly during neuronal development [244]. It 

also participates in non-enzymatic interconversion disulfide exchange with 

thiolynated proteins [245], and the Cu(II)-GSSG is an inhibitor of the opiate 

receptor site [246]. 

The reduced form of glutathione is a conformationally flexible molecule in 

solution, glutathione disulfide somewhat less so. The previous study of GSSG 

found the cysteine region to be most restricted in motion. Glycine Ca was less 

hindered than the two inner glutamate carbons, but the glutamate Ca was the least 

restrained [243].  

However, our new compound increases the molecular weight significantly 

to more than double that of GSSG alone, and alters all the reactive functional 

groups as well. In this study, 13C relaxation of protonated carbons was measured 

with 1H-13C HSQC in a pseudo-3D experiment, for GSSG, glutathione disulfide 
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tetraethyl ester, and TPP-GSSG to determine changes in dynamic behavior. We 

report that these modifications to glutathione result in an overall enhanced 

restriction of motion for the molecule, with the most significant change observed in 

the Glu Ca carbon. 
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4.3 Results and Discussion 

Three compounds were evaluated in this study: GSSG, Et4GSSG, and 

Et4GSSGTPP2Mes (Figure 4.2). 

        

 
Figure 4.2. Glutathione derivatives. The three increasingly complex glutathione compounds are 
shown above. A. Glutathione disulfide (GSSG) is composed from three amino acids (from left to 
right along the bottom half of the molecule): glutatmate, cysteine, and glycine. All references in this 
study are made with respect to the a, b, and/or g carbons of these residues. B. GSSG is modified 
by the esterification of the carboxylic acids. C. Triphenylphosphonium glutathione disulfide 
tetraethyl ester mesylate contains a mitochondrial-targeting TPP moiety on the amino groups. 
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The dynamic properties were analyzed by examination of the carbon spin-lattice 

relaxation times through a series of 1H-13C HSQC spectra. In Figure 3, six carbons 

forming the basic structure are labeled for their position in the amino acid residue. 

Carbonyl carbons are not included in these measurements because they do not 

share a bond with hydrogens, and thus will not appear in HSQC spectra. Also, 

because the experiments were performed in phosphate-buffered saline (PBS) at 

pH 7.4 to approximate biological conditions, the Cys Ca is unobservable, because 

the chemical shift of its proton is lost in the water peak. Therefore, five carbons 

that can be measured: Glu Ca, Cb, and Cg; Cys Cb; and Gly Ca.           

 In each experiment for a single compound, eight measurements (HSQC 

spectral planes) were made for each of the five carbons. Each HSQC 

measurement had a different delay time, resulting in a correspondingly changed 

spin-lattice relaxation time, T1. The intensities for the carbon peaks fit the function 

f(t) = Io * e-t/T1. The graphs for each of the five carbons were plotted as the natural 

log of the intensities (normalized to I0) versus delay time (Figure 4.3 and 4.4). 
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Figure 4.3. Dependence of carbon relaxation rate on delay time for glutamate residue of 
GSSG, Et4GSSG, and Et4GSSGTPP2Mes. Dependence of carbon peak intensity on increasing 
pulse sequence delay time for pseudo-3D 1H-13C HSQC spin-lattice relaxation time. The fit function 

of the original data is f(t) = Io * e-t/T1. Data shown as the natural log of this function (normalized 
to I0) plotted versus delay time. The negative inverse of the slope is equal to the spin relaxation 
time, T1. The a, b, and/or g carbons are as shown in Figure 4.2. All samples in PBS, pH 7.4, 10% 
D2O.  
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Figure 4.4. Dependence of carbon relaxation rate on delay time for cysteine and glycine 
residues of GSSG, Et4GSSG, and Et4GSSGTPP2Mes. Dependence of carbon peak intensity on 
increasing pulse sequence delay time for pseudo-3D 1H-13C HSQC spin-lattice relaxation time. The 

fit function of the original data is f(t) = Io * e-t/T1. Data shown as the natural log of this function 
(normalized to I0) plotted versus delay time. The negative inverse of the slope is equal to the spin 
relaxation time, T1. The a, b, and/or g carbons are as shown in Figure 4.2. All samples in PBS, pH 
7.4, 10% D2O.  
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From these graphs spin-lattice relaxation times for the five carbons from 

each carbon may now be determined and are summarized in Table 4.1. 

 

Table 4.1. Carbon spin-lattice relaxation times, T1 (s), for GSSG, Et4GSSG, and 
Et4GSSGTPP2Mes in PBS, pH 7.4, 10 % D2O. 
 

Carbon 
Chemical 

Shift 
(C/H) 

GSSG 
T1 (s) 

Chemical 
Shift (C/H) 

Et4GSSG 
T1 (s) 

Chemical 
Shift (C/H) 

Et4GSSGTPP2Mes 
T1 (s) 

Glu Ca 54.5/3.73 0.949 51.9/4.04 0.781 52/4.18 0.448 

Glu Cb 26.1/2.08 0.519 26.3/2.15 0.456 26.2/1.73 0.29 

Glu Cg 31.4/2.45 0.452 31.3/2.5 0.432 31.4/2.23 0.309 

Cys Cb 39/3.2/2.9 0.276 39/3.17/2.92 0.255 39/3.14/2.83 0.228 

Gly Ca 41.7/3.85 0.568 41.7/3.94 0.484 41.7/3.85 0.400 

 

As previously reported with GSSG, the cysteine carbon experiences the greatest 

restriction in motion. The a-carbon of glutamate has the most freedom, followed 

by glycine, while the other carbons experience roughly equivalent flexibility.  

 As oxidized glutathione was modified, the glutamate carbons exhibited 

reduced flexibility, with the Ca carbon in particular becoming significantly more rigid 

with the addition of the bulky TPP moiety. Glycine, too, experienced restricted 

motion with the modifications, but less dramatically than the glutamate carbons. 

Cysteine underwent little change with modification, as this region was already 
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characterized by restricted movement. Overall, this novel mitochondrially-targeted 

glutathione experiences dramatic loss of flexibility in the glutamate residue 

compared to unaltered oxidized glutathione.  
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4.4 Conclusion 

This study offers a first look at how alterations to oxidized glutathione 

affect its dynamic behavior. A next step would examine also proton relaxation for 

corresponding changes in motion. A T1 13C relaxation experiment determined 

with inversion recovery could also provide confirmation of the results presented 

here. This would also allow visualization of the Cys Ca. The studies could also be 

extended to acidic and alkaline conditions to understand impact of pH.  

 Changes in the dynamic behavior of glutathione are observed, which 

potentially could impact biological processes. The flavoenzyme, glutathione 

reductase, catalyzes the reduction of GSSG, utilizing NADPH as a cofactor. The 

primary recognition site is the glutamate group on glutathione [247]. In addition to 

the TPP moiety alteration to the glutamate amino group, the increased restriction 

of motion may prevent access to the binding site, ultimately preventing reduction 

of GSSG. Glutathione plays a role in copper transport and sequestration in the cell. 

The alterations to glutathione, and the accompanying changes in dynamic 

behavior, may modify interactions with copper and affect binding constants. 
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4.5 Experimental 

Glutathione disulfide (G4376) was purchased from Sigma-Aldrich. 

Glutathione disulfide tetraethyl ester and TPP-GSSG were synthesized as 

described [242] . The compounds were prepared in phosphate-buffered saline 

(PBS), pH7.4, with 10%D2O, at a final concentration of 10mM. 

NMR spectra were recorded at 25°C on a Bruker Ascend 800MHz 

spectrometer, operating at 800 MHz for 1H and 201 MHz for 13C. Carbon spin-

lattice relaxation times (T1) were determined using 1H-13C HSQC in a pseudo-3D 

experiment. 

Spectra were processed using TopSpin3.5pl6 (Bruker). The peak 

intensities were plotted against time in Excel and the resulting exponential curve 

is described by the following equation: f(t) = Io * e-t/T1, from which T1 may then be 

calculated. 
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Research in the Beckman lab has revolved around understanding oxidative 

stress-mediated mechanisms in the ALS disease process. These investigations 

have focused on essential biological processes and support systems that can go 

rogue with age and disease progression. What once was necessary to survive, 

metamorphoses into something that harms and exacerbates the pathological 

progression.  

 Astrocytes make up a large portion of the glial cell population. They perform 

functions critical in maintaining neuronal homeostasis, and provide many trophic 

factors for neurons, as well as for endothelial cells comprising the blood-brain 

barrier. They play a role in neurotransmitter signaling, regulating synaptic cleft 

transmissions. But what happens when astrocytes no longer function adequately? 

 Astrocytosis characterizes the regions around motor neurons in ALS 

patients [248]. Oxidative stress plays a role in the transformation of astrocytes to 

a toxic phenotype. Astrocytes from wildtype rat pups undergo a transition to an 

inflammatory phenotype when treated with peroxynitrite and become lethal to 

motor neurons [226]. Prior work from our lab has shown that expression of 

SODG93A in astrocytes leads to the death of co-cultured wildtype motor neurons 

[94]. Although adult motor neurons do not typically express the p75NTR receptor, it 

is induced in the motor neurons of ALS patients [249]. We discovered that reactive 

astrocytes surrounding p75NTR- expressing motor neurons in the spinal cord of 

SOD1G93A mice expressed nerve growth factor (NGF) which activates the receptor 

and leads to neuron death [21].  
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 A long-term goal is to understand how glial cells transform and develop a 

deleterious phenotype harmful to motor neurons. Glial cells derived from adult 

animals typically are incapable of further growth. We found, however, that glial 

cells isolated from the spinal cords of symptomatic adult SOD1G93A rats do indeed 

rapidly proliferate [30]. These cells expressed some astrocytic markers, such as 

S100b and glial fibrillary acidic protein (GFAP), but not others like glutamate 

transporter 1. The aberrant glial cells also secreted soluble factors that were highly 

toxic to co-cultured non-transgenic motor neurons [30]. Further study of the 

aberrant glial cells revealed that, not only do they express astrocytic markers, but 

also markers characteristic of microglia, such as Iba1 and CD11b [20]. When cells 

were first plated, they exhibited the microglial markers, but after two weeks in cell 

culture undergo a transition to a more astrocyte-like phenotype. This dual 

phenotype was also observed in the rat spinal cord of symptomatic animals [20]. 

The underlying cause of this transition was unclear. 

 Although glial cells isolated from adult animals generally fail to thrive, our 

lab found that glial cells isolated from the spinal cord of SOD1WT rats older than 

one year can also proliferate and appear to express a phenotype similar to the 

aberrant glial cells described above cells (unpublished data). Age is a risk factor 

for ALS and these cells can be cultured only from older SOD1WT rats. This led us 

to postulate the possible involvement of cellular senescence in the anomalous 

behavior observed in these glial cells. 
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Cellular senescence is a generally irreversible process whereby cells stop 

replicating, but continue to function and produce a variety of proinflammatory 

factors including cytokines, chemokines, and proteases. This inflammatory cocktail 

is known as the senescence-associated secretory phenotype (SASP). Through the 

SASP, senescent cells can alter the surrounding tissue microenvironment and 

trigger pathogenic mechanisms. Recently, cellular senescence has been 

recognized as an intrinsic component of age-related pathologies, including 

atherosclerosis, Alzheimer’s disease, and cancer.  Senescent cells accumulate 

with age in various tissues and, although ALS risk rises with age, the role of 

senescent cell accumulation in nervous tissue has not been explored in this 

context.   

My objective was to understand how the accumulation of senescent glial 

cells impacts ALS disease progression and alters the tissue microenvironment, 

thereby creating an environment in which toxic glial cells may flourish.  The 

fundamental hypothesis for this project was that a subset of SOD1G93A glial cells 

activates a formidable senescence program compared to glial cells isolated from 

SOD1WT or non-transgenic rats and that this drives the transition from a healthy 

neuroprotective glial cell phenotype to a toxic one within the framework of ALS.    

As depicted in Chapter 2, we successfully demonstrated that SOD1G93A 

spinal cord microglia from symptomatic rats are associated with senescence in the 

context of ALS. This is the first study to support the age-associated accumulation 

of a senescent microglial cell population as a driver for spinal cord tissue 
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microenvironment alterations that lead ultimately to the development of the 

deleterious glial cell phenotype observed in ALS. However, we have not yet shown 

that senescence drives the transition. Future studies should include a full 

examination of the SASP for evidence of factors that may stimulate the 

development of this aberrant phenotype. 

The Beckman lab has also been interested in processes that accelerate the 

disease process. The most frequently studied mouse model of ALS is the line 

bearing the G93A mutation to SOD1. SOD1G93A mice become symptomatic around 

90 days and then die a few weeks later. The disease process in characterized by 

mitochondrial dysfunction, gliosis, spinal cord motor neuron loss, and 

neuromuscular junction decay. Overexpression of the human SOD1, with its 

requirement for a copper at the active site, creates a demand for copper that the 

mouse CCS cannot supply. Facilitating copper delivery to SOD1 by increasing 

CCS would be expected to enhance the activation of SOD1 and ameliorate the 

disease progression. The exact opposite occurs. Overexpression of CCS in the 

SOD1G93A mouse line exacerbates the pathology, leading to severe mitochondrial 

dysfunction and death in about 30 days [152].  

 In our hands the results are even more dramatic. We have been studying 

the SOD1G93A x CCS mouse model for several years and the mice rarely live 

beyond two weeks. A promising compound for treating ALS emerged just a couple 

years ago - diacetyl-bis(4-methylthiosemicarbazonato) copper (II) [CuATSM]. It 

had been tested in the SOD1G37R and low-expressing SOD1G93A models, achieving 
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extension in survival of 26% and 15%, respectively. We began experiments in our 

accelerated mouse model in 2013 and had remarkable results. When treated from 

day 5 after birth, mice that should have been dead within three weeks lived over 

18 months. In addition to the incredible life extension, astrogliosis and protein 

nitration were reduced, and cytochrome c oxidase activity levels were restored 

[28]. This experiment involved nearly three years of work requiring treatment of 

mice twice daily with careful coordination. Our success with CuATSM has provided 

a strong rationale for therapy development and the early safety studies in humans 

showing promising trends. Currently, we are designing CuATSM derivatives to 

enhance the effects provided by CuATSM. 

Another route to exacerbate the disease process is through glutathione 

depletion. Glutathione homeostasis is necessary for motor neuron survival. 

SOD1G93A transgenic astrocytes are toxic to motor neurons in part through an 

NGF-p75NTR-mediated pathway [21]. We found that these astrocytes produced 

equivalent amounts of glutathione as non-transgenic astrocytes, but produced 

almost twice as much nitric oxide [94]. When they were treated with tert-

butylhydroquinone (tBHQ), a well-characterized activator of Nrf2, for 24 hours prior 

to motor neuron plating, it resulted in prevention of motor neuron loss. This 

protection was negated by treatment of the cells with buthionine sulfoximine 

(BSO), an inhibitor of glutathione synthesis [94]. Additionally, we know that 

administration of ethacrynic acid or BSO to motor neuron-like cells depletes 

glutathione and leads to motor neuron apoptosis [93]. As described in chapter 1, 
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all enzymes involved in glutathione metabolism are affected to some degree in the 

disease process, and glutathione levels in motor neurons and glial cells are 

frequently lower than in healthy, age-matched controls.   

To directly study how glutathione depletion accelerates the disease process 

in ALS, a double transgenic animal was created that expressed both the SODG93A 

mutation and a knockout of the gene coding for the regulatory subunit of gamma-

gultamyl cysteine ligase (GCL).  GCL is the enzyme catalyzing the first step in 

glutathione biosynthesis, and the ensuing formation of g-glutamylcysteine is rate 

limiting [250]. GCL is composed of two subunits, a catalytic subunit (GCLC) and a 

regulatory one (GCLM). Deletion of GCLC is lethal, but knockout mice for GCLM 

are viable with significantly reduced glutathione levels [251]. SOD1G93A x GCLM (-

/-) mice have significantly reduced lifespans compared to the G93A mutation alone 

and severe mitochondrial pathology [77]. Survival is decreased from 136 days to 

59 days, and astrocyte reactivity is also accelerated, appearing at 30 days. Total 

glutathione levels are decreased 70-80% in the central nervous system, with a 

reduction in spinal cord mitochondrial glutathione of 80%. 

The fundamental importance of glutathione in the ALS disease process has 

motivated our development of cell-penetrant, mitochondrially-targeted glutathione 

derivatives. The many attempts to raise glutathione levels as a therapy for ALS 

have had limited success. This is presumably due to mitochondrial levels of 

glutathione being unaffected in these treatments.  
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My goal when starting this project was to synthesize a mitochondrially-

targeted glutathione derivative and then validate this compound in cell culture and 

animal models, including the SOD1G93A x GCLM (-/-) line. A synthesis process has 

been designed and is described in the patent [252], but understanding how this 

compound functions in cell culture and in vivo requires further optimization. 

Evaluating mitochondrial uptake of the glutathione derivatives, and success in 

defending against oxidative insult caused by age, disease, or chemical 

interventions, will be crucial in informing the evolution of subsequent generations 

of compounds.  

Strategies to enhance delivery of these compounds include modifying the 

alkyl linker of the TPP moiety, changing the location of the TPP conjugation, adding 

additional TPP units, and further modification of other charged residues. Adjusting 

the TPP-alkyl linker length impacts how the compound interacts with plasma and 

mitochondrial membranes. The location of the TPP moiety could alter how closely 

the TPP-glutathione can imitate unmodified glutathione in serving as an enzyme 

substrate or co-factor. We have also begun to develop fluorescent derivatives to 

more easily allow observation of cellular uptake and localization.   

In an ideal world, the research presented here would come full circle, and 

mitochondrially-targeted glutathione would mitigate accumulation of senescent 

cells with age and in degenerative diseases of aging, like ALS. Oxidative stress 

and mitochondrial dysfunction are associated with increased senescence [253]. 

Disturbances in glutathione homeostasis also contribute to cellular senescence. 
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As fumarate accumulates, it binds glutathione, forming succinicGSH. Chronic 

glutathione depletion due to long-term succination of glutathione leads to 

senescence in cell culture and in fumarate hydratase (FH)-deficient mice [254]. 

Caveolin-1 inhibition of Nrf2, a regulator of glutathione synthesis, fosters initiation 

of oxidative stress-induced premature senescence [255]. In colorectal cancer cells, 

glutathione depletion is accompanied by increased senescence [256]. It is to be 

hoped that this link between glutathione and senescence will continue to be 

examined, particularly in the context of aging and neurodegeneration.  

A potential scenario describing the interconnection between oxidative 

stress, glutathione, and cellular senescence is shown below (Figure 5.1). In the 

context of ALS, this cycle likely occurs in the glial cells, and contributes to their 

toxicity towards motor neurons. Oxidative stress in glial cells has a reciprocal 

relationship with both glutathione and senescence. However, although some 

studies do indicate a direct link between glutathione depletion and senescent cell 

accumulation, this has not yet been shown in ALS or other neurodegenerative 

diseases. 



	

	

103 

        

Figure 5.1. Relationship between glutathione, oxidative stress and cellular senescence. As 
glutathione levels decline, oxidative stress increases as the primary cellular antioxidant is no longer 
functioning optimally. Chronic oxidative stress drives accumulation of senescent cells over time, 
which in turn increases oxidative damage in the surrounding tissue microenvironment. Increasing 
oxidative stress precipitates further glutathione depletion, restarting the damaging cycle. The dotted 
lines depict a tentative link that requires further elucidation. 
 

As we continue to enhance the mitochondrially-targeted glutathione and 

deliver glutathione derivatives to the cell, I anticipate augmented deterrence to 

oxidative stress and cellular senescence, and development of a new therapeutic 

agent for neurodegeneration and other rogue inflammatory conditions. 
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