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The ability to maintain cellular homeostasis during aging is an important 

determinant of organismal health throughout the lifespan. Understanding key pathways 

that govern homeostatic responses to endogenous and exogenous stressors is an important 

goal in aging research. The Nrf2 (nuclear factor erythroid 2-related factor 2; 

NFE2L2)/Keap1 (Kelch-like erythroid cell-derived protein with CNC homology [ECH]-

associated protein 1) signaling pathway is one of the most important cellular defense and 

survival pathways, and has been shown to interact with a myriad of other signaling 

pathways, including those controlling xenobiotic metabolism, cellular growth, 

proliferation and nutrient sensing (Chartoumpekis and Kensler, 2013). Nrf2 can modulate 

the expression of genes involved in gluconeogenesis, fatty acid β-oxidation and 

lipogenesis, and can enhance (and be enhanced by) the effects of caloric restriction, a 

regimen that is known to promote longevity in many species (Fontana and Partridge, 

2015; Kulkarni et al., 2013; Ruetenik and Barrientos, 2015; Slocum et al., 2016). In this 

regard, Nrf2 and its orthologs have been shown to decrease aging associated pathology 

and increase longevity in a number of organisms (Bruns et al., 2015; Lewis et al., 2015; 

Rahman et al., 2013; Sykiotis et al., 2011). 



	
   iii	
  

Among the most important Nrf2 regulated genes are glutamate cysteine ligase 

catalytic (GCLC) and modifier (GCLM) subunits, which are critical for the synthesis of 

the antioxidant tripeptide glutathione (GSH), a free radical scavenger and cofactor for 

many antioxidant enzymes (Franklin et al., 2009). Gclm null mice are a model of chronic 

GSH deficiency, and have modified expression of a number of antioxidant genes, 

including those regulated by Nrf2 (Chen et al., 2012; Haque et al., 2010; Kendig et al., 

2011), presumably to compensate for their low GSH levels. Moreover, because Gclm null 

mice appear to have chronic Nrf2 activation, they exhibit resistance to some but not all 

environmental stressors (Chen et al., 2012; McConnachie et al., 2007), including ozone 

(Johansson et al., 2010), diesel exhaust (Weldy et al., 2011), and CdSe/ZnS quantum dot 

nanoparticles (McConnachie et al., 2013). Importantly, Gclm null mice are approximately 

20% leaner than Gclm wild-type mice, appear resistant to high fat diet-induced weight 

gain, are more glucose-tolerant and insulin-sensitive than Gclm wild-type mice (Kendig 

et al., 2011; Yang et al., 2002), and may be resistant to the development of Type II 

diabetes mellitus (T2DM), a disease of major public health importance associated with 

aging. While these resistant phenotypes have been shown to occur in younger (10 week 

old) Gclm null mice, it is unclear if they persist with aging.  

Because Nrf2 signaling may be attenuated with aging (Rahman et al., 2013; 

Zhang et al., 2012a), the resistance of young Gclm null mice against metabolic and 

environmental stress may not persist with age. Being both GSH deficient and Nrf2 

inefficient, older Gclm null mice may show greater susceptibility to exogenous stressors, 

such as cadmium. This model toxicant has been chosen because Cd has been associated 

with the development of type II diabetes mellitus (T2DM) in several species (Edwards 
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and Ackerman, 2016) and is known to accumulate in pancreatic β-cells, causing their 

dysfunction (i.e. impaired insulin release) (El Muayed et al., 2012), in addition to its 

more canonical role as a oxidative stress-inducing heavy metal. 

In this work, we addressed whether aging compromises the favorable phenotype 

of increased Nrf2 activity and improved glucose homeostasis observed in younger Gclm 

null mice, and if so, whether such compromise was due to attenuation of Nrf2 signaling 

with aging, which has been reported by others to occur in flies, mice, and rats (Rahman et 

al., 2013; Shih and Yen, 2007; Suh et al., 2004; Zhang et al., 2012a). The main thrust of 

this work was to confirm existing data on the differences in Nrf2 activity and glucose 

homeostasis between young Gclm wild-type and null mice, and to add to these data by 

examining the effects of aging and cadmium exposure on these phenotypes.  

In response to aging and acute cadmium administration, we found Gclm null mice 

maintain improved glutathione redox homeostasis, increased Nrf2 target gene expression 

and inducibility, and improved parameters of glucose homeostasis, relative to Gclm wild-

type mice. These unexpected findings support the notion that chronic adaption to severely 

compromised glutathione levels, primarily via upregulation of Nrf2 stress responses, 

persists throughout the lifespan.  This stands in contrast to the prevailing literature 

suggesting that compensatory cytoprotective responses (particularly antioxidant defense) 

decline with age. This work supports the notion that pharmacologic interventions to 

upregulate the Nrf2 pathway could improve late-life insulin sensitivity, glucose 

homeostasis and promote an improved healthspan. 
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Chapter 1: Introduction 
 

 
1.1. Redox Homeostasis and glutathione. 
 
 
 At the most basic level, redox homeostasis refers to a functional balance between 

reduction and oxidation (i.e. pro- and anti-oxidant molecules) within the cell. Rather than 

having a defined numerical value, redox homeostasis exists on a spectrum, which varies 

depending on cell and tissue type. This is important, because cells require a fair amount 

of ‘redox buffering capacity’(e.g., intracellular antioxidants) to deal with the millions of 

oxidative chemical reactions occurring at any given time. Imbalances in redox 

homeostasis are often associated with cellular dysfunction.  

Tipping the balance towards an overly oxidative state (oxidative stress) is 

associated with macromolecular damage, aging, and multiple disease states, including 

cardiovascular disease, metabolic dysfunction, neurodegeneration, pulmonary fibrosis, 

etc. (Berlett and Stadtman, 1997; Betteridge, 2000; Bhatti et al., 2017; Cheresh et al., 

2013; Coyle and Puttfarcken, 1993; Dhalla et al., 2000; Jadeja et al., 2017; Roberts and 

Sindhu, 2009; Sohal and Weindruch, 1996; Uttara et al., 2009). Cells are under constant 

barrage from oxidants. Reactive oxygen species (ROS), such as superoxide and hydroxyl 

radicals, are some of the most common oxidants, and are regularly produced as a result of 

cellular respiration. Oxidative stress can also contribute significantly to the formation of 

other damaging molecules or states, such as advanced glycation end products (AGEs) and 

protein carbonylation, which can in turn stimulate production of ROS, compounding the 

state of oxidative stress (Coughlan et al., 2009; Guimaraes et al., 2010; Yan et al., 2008).  

Conversely, an overly reductive state (reductive stress) is also problematic, 
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potentially leading to impaired signal transduction, abnormal cell growth and 

differentiation, and defective host defense—processes which require oxidants 

(D'Autréaux and Toledano, 2007; Ray et al., 2012; Veal and Day, 2011; Winterbourn and 

Kettle, 2013). While the importance of low-level oxidants for normal cellular function is 

becoming more readily recognized, oxidative stress remains more of a concern than 

reductive stress, as evidenced by the fact that the redox state of most mammalian cell 

types is slightly reduced at equilibrium. The sheer abundance of highly-conserved 

enzymes which exist to detoxify oxidative molecules, such as catalase, superoxide 

dismutases (SODs), glutathione S-transferases (GSTs), glutathione peroxidases (GPXs) 

etc. also point to the importance of combating oxidation in all types of life, from archaea, 

to prokaryotes, to eukaryotes. 

Two principal thiol-based redox buffering systems exist within mammalian cells: 

the thioredoxin (Trx) and glutathione (GSH) systems (Lu and Holmgren, 2014). These 

systems use redox-sensitive cysteine residues to control their functions, of which there 

are many, perhaps the most important being their role as antioxidants. These systems are 

similar in a number of aspects, including that both have enzymes for regenerating 

reduced cysteine residues (Trx uses thioredoxin reductase (TrxR), and GSH uses 

glutathione reductase (GR)). TrxR1 and GR are dependent on NADPH pools for reducing 

power. Within mammalian cytosol and nuclei, the thioredoxin system provides an 

electron to Trx-dependent peroxidases (Prx), which can remove ROS, similar to the 

action of glutathione peroxidase (GPx1) (Lu and Holmgren, 2014). Under stress, GSH 

can regulate protein function by S-glutathionylation through glutaredoxins (Grx). Both 

systems are important for “recharging” ribonucleotide reductase (RNR), a protein 
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essential for DNA synthesis. In addition to sharing overlapping functions, there is 

significant crosstalk between the GSH and Trx systems. Under conditions where TrxR is 

unable to provide reducing equivalents to Trx, GSH and Grx can provide electrons to 

Trx, and the reverse is also true (i.e. the Trx system can reduce glutathione disulfide 

(GSSG), the oxidized form of GSH), providing a basis for the redundancy of these 

systems (Du et al., 2012; Tan et al., 2010). The duality of these systems in higher 

organisms points to their extreme importance in maintaining mammalian cellular 

homeostasis, proliferation, and defense. 

 

1.2. Gclm null mouse model. 

 

Though the Trx and GSH systems share many similarities, they do diverge in 

some important ways. The work presented herein focuses on the GSH system. 

Glutathione is an abundant, low molecular weight antioxidant present within mammalian 

cells at millimolar levels. GSH serves several vital functions, including detoxification, 

free radical scavenging, maintenance of protein redox status, providing a reservoir for 

cysteine, modulating critical processes such as DNA synthesis, and protein modification 

(S-glutathionylation) (Franklin et al., 2009; McConnachie et al., 2007).  

 Glutathione is a tripeptide comprised of the amino acids glutamate, cysteine, and 

glycine, and is synthesized de novo using a two-step, ATP-dependent enzymatic process 

(Figure 1) (Meister and Anderson, 1983). The first, and rate-limiting, step involves the 

conjugation of glutamate and cysteine by the enzyme glutamate-cysteine ligase (GCL; 

also known as γ-glutamylcysteine synthetase) to form gamma-glutamylcysteine (γ-GC) 
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(Franklin et al., 2009; Meister and Anderson, 1983). GCL is comprised of two subunits: 

GCLc and GCLm. GCLc (“c” for catalytic subunit, also referred to as the heavy chain 

subunit) provides all the catalytic activity for GCL, while GCLm (“m” for modifier or 

modifying subunit, also known as the light chain subunit) essentially allows the 

conjugation of Glu and Cys to occur more efficiently and quickly by lowering the Km for 

glutamate and ATP, while also increasing the Ki for GSH feedback inhibition (Franklin et 

al., 2009). The second enzymatic step of GSH biosynthesis is the conjugation of glycine 

to γ-GC by the enzyme glutathione synthetase (GS). GSH can also regulate its own 

production through negative feedback inhibition of GCL activity when cellular GSH 

levels are sufficient.  

 Functional differences in GCL expression and activity in humans exist. Though 

instances in which endogenous GSH levels are severely compromised (i.e. GCL 

deficiency) are exceedingly rare (Ristoff and Larsson, 2007) such cases are associated 

with hemolytic anemia, metabolic acidosis, 5-oxoprolinuria, and susceptibility to 

infection (Beutler et al., 1990; Ristoff and Larsson, 2007). More commonly, polymorphic 

variation in the human GCLC and GCLM genes results in “less severe” outcomes, being 

associated with acetaminophen toxicity, stroke, schizophrenia, myocardial infarction, 

impaired mercury excretion, asthma, pulmonary fibrosis, and diabetes, among others 

Figure 1.1.  Mammalian glutathione biosynthesis pathway. 
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(Baum et al., 2007; Bekris et al., 2005; Custodio et al., 2005; McConnachie et al., 2007; 

McKone et al., 2006; Polonikov et al., 2007; Tosic et al., 2006).  

Given the importance of GSH in the cell, and its clinical relevance to disease, 

animal models of altered GCL activity have been created to more fully elucidate 

molecular and physiological processes involving GSH. Homozygous deletion of the Gclc 

gene in mice results in embryonic lethality (Dalton et al., 2000). However, mice with 

homozygous deletion of the murine Gclm gene (Gclm null mice) are healthy and viable 

(McConnachie et al., 2007; Yang et al., 2002). Gclm null mice display a fascinating 

phenotype. Across tissues, young Gclm null mice display low levels of GSH (~10-20%) 

compared to their Gclm wild-type counterparts (McConnachie et al., 2007). (Gclm 

heterozygotes have approximately 70% of normal GSH levels.) Given GSH’s central role 

in cellular redox homeostasis and antioxidant defense, one would expect Gclm null mice 

to be sensitive to pathophysiological conditions involving environmental and oxidative 

stress. While this holds true for some stressors which specifically require the GSH 

molecule for detoxification, such as acetaminophen-induced liver injury (McConnachie et 

al., 2007), Gclm null mice are unexpectedly resistant to many stressors, including ozone, 

diesel exhaust, certain nanoparticle exposures, methionine and choline-deficient (MCD) 

diet-induced nonalcoholic steatohepatitis (NASH)-like liver injury, and 2,3,7,8-

tetrachlorodibenzodioxin (TCDD)-induced steatosis (Chen et al., 2012; Cole et al., 2016; 

Haque et al., 2010; Johansson et al., 2010; McConnachie et al., 2013; Weldy et al., 2011). 

In contrast, Gclm heterozygous mice are more sensitive than Gclm wild-type and null 

mice to some of the aforementioned stressors. It should be noted that some of these 

findings may be gender-dependent (Cartwright et al., 2016). 
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Why would severely glutathione-deficient mice be paradoxically resistant to 

oxidative stressors? The answer likely boils down to Gclm null mice having compensated 

for chronic low GSH levels by upregulating a number of genes involved in antioxidant 

response and detoxification. Many of these genes are controlled by the activity of the 

transcription factor Nrf2, and consistent with this, the most highly upregulated pathway 

in the livers of Gclm null mice is the Nrf2/Keap1 pathway (McConnachie et al., 2007). 

The overexpression of Nrf2-regulated genes in the livers of Gclm null mice, such as Gclc, 

Gsr, Gstm1, Nqo1, Hmox1, Trx, and Cbr3, likely allows these mice to maintain 

antioxidant response capacity in the face of low GSH. (This hypothesis also helps to 

explain why Gclm heterozygotes are often more susceptible to exogenous stress—they 

have diminished GSH levels, but not to a severe enough degree to have chronically 

increased homeostatic and antioxidant defense systems.) Interestingly, the Nrf2 pathway 

is also highly increased in a related mouse model of chronic thiol insufficiency, 

conditional hepatic knockdown of Txnrd1 (Bondareva et al., 2007; Suvorova et al., 

2009). In fact, both Txnrd1 and Gclm null mice share the same most highly upregulated 

gene, Cbr3, whose endogenous function remains unresolved (Bondareva et al., 2007; 

Schaupp et al., 2015). Similar compensatory responses to Gclm and Txnrd1 deletions in 

mice further highlight the interplay between the Trx and GSH systems.  

In addition to their surprising resistance to exogenous stressors, Gclm null mice 

also display an altered metabolic phenotype, particularly with regard to glucose 

homeostasis. Previous work has shown that compared to young Gclm wild-type mice, 

young Gclm null mice are leaner, more glucose tolerant and insulin sensitive, have a 

higher basal metabolic rate, and are resistant to high-fat diet-induced diabetes, obesity, 
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and steatosis (Kendig et al., 2011; Lavoie et al., 2016). These differences have been 

partially attributed to reduced expression of lipid biosynthesis genes in Gclm null livers, 

including Fasn, Srebf1, Srebf2, Ppara, and Ppargc1a (Kendig et al., 2011). However, 

this research did not investigate the contributions of the Nrf2 pathway in modulating 

energy homeostasis of Gclm null mice. 

Because GCLC and GCLM variants in humans often result in only modestly 

compromised GSH levels, others have posited that Gclm heterozygous mice represent a 

model with more direct clinical relevance (Weldy et al., 2012). However, while an 

admittedly extreme model, mice with homozygous Gclm ablation are potentially more 

useful than Gclm heterozygotes for studying how the systems responsible for controlling 

responses to endogenous and exogenous stress (e.g., Nrf2) may be perturbed under 

conditions of co-exposure, gender, age, etc., because Gclm null mice are highly 

dependent on these systems to maintain normal cellular homeostasis. 

 

1.3. Cellular antioxidant systems.  

 

The Nrf2/Keap1 antioxidant system is an important cellular defense pathway for 

protecting against oxidative and/or electrophilic stress (Kensler et al., 2007). Nrf2’s 

importance is highlighted by its conservation across vertebrates—compared to human 

Nrf2, mouse Nrf2 has “DNA and protein homology scores of 83.4% and 82.5%, 

respectively; rat Nrf2, 84% and 83%; cow Nrf2, 91% and 89%; dog Nrf2, 89.4% and 

88.9%; chicken Nrf2, 72% and 67%; and zebrafish Nrf2, 55% and 49%” (Ma, 2013). 

Nrf2 is a basic leucine zipper transcription factor which regulates a battery of antioxidant 
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and detoxification (phase II) genes through a cis-acting DNA element called the 

antioxidant, electrophilic, or xenobiotic response element (ARE, EpRE, or XRE) (He and 

Ma, 2009). Mutational and deletion analyses have identified the consensus ARE 

regulatory motif to be 5’-TGACNNNGC-3’ (Malhotra et al., 2010). Under basal 

conditions, Nrf2 is in a state of constant production and degradation (via ubiquitination), 

being repressed in the cytosol by the Keap1 protein (Itoh et al., 2003). Three critical 

cysteine residues on Keap1 (Cys 151, Cys 273, and Cys 288) can be modified by 

electrophilic/oxidative insult to induce dissociation of Nrf2 (Zhang and Hannink, 2003). 

Upon electrophilic or oxidative stress, the Nrf2 protein is thus not ubiquinitated and 

becomes stabilized, and a nuclear localization epitope is revealed, allowing translocation 

to the nucleus. Once in the nucleus, Nrf2 binds to AREs, usually in the 5’ untranslated 

region upstream of antioxidant response genes, it recruits binding partners (e.g., sMaf, 

CBP/p300), and initiates transcription of target genes (Figure 1.2). 

Acetylation/deacetylation of Nrf2 regulates its nuclear export via two main pathways: the 

GSK3β-Fyn pathway and Keap1-mediated export (Kaspar and Jaiswal, 2011; Kawai et 

al., 2011). 

Other non-canonical modes of Nrf2 regulation are also important. Bach1 appears 

to repress Nrf2-regulated gene expression by directly competing with Nrf2 for binding to 

AREs in the promoter region of these genes (Dhakshinamoorthy et al., 2005; Sun et al., 

2004; Zhang et al., 2012a). c-Myc also negatively regulates Nrf2 gene expression, as 

demonstrated in 2010 by Forman and colleagues, who showed that silencing c-Myc 

expression could result in elevated mRNA expression of Nrf2-regulated genes and ARE-

driven reporter constructs as well as an increased half-life of Nrf2 protein (Levy and 
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Forman, 2011; Zhang et al., 2012a). 

Many Nrf2-regulated gene products (e.g., Nqo1, Gclc, Gclm, multiple GSTs, 

UGTs, MRPs, Hmox1, Txnrd1, Gsr, Gpx1, Prx1) eliminate reactive oxidants and 

electrophiles through conjugative reactions and by enhancing cellular antioxidant 

capacity (He and Ma, 2009; Kensler et al., 2007). Nrf2 also controls the expression of 

cellular NADPH-regenerating enzymes, including glucose 6-phosphate dehydrogenase, 

6-phosphogluconate dehydrogenase, and malic enzyme (Kensler et al., 2007), and genes 

involved in glucose metabolism, purine biogenesis and fatty acid oxidation (Harder et al., 

2015). In addition to directly regulating the expression of the aforementioned 

cytoprotective genes, there is a great deal of crosstalk between Nrf2/Keap1 and other 

cellular signaling pathways, including those involved in inflammation (NF-κB), 

autophagy, apoptosis (MAPK), energy metabolism (PGC1α, PPARs), nutrient sensing 

(mTOR, AMPK), and development (Notch) (Bendavit et al., 2016; Cho et al., 2010; Jiang 

et al., 2015; Joo et al., 2016; Sun et al., 2009; Wakabayashi et al., 2016; Wardyn et al., 

2015). 

Given Nrf2’s importance in maintaining cellular homeostasis, dysregulation of 

this pathway (including Nrf2 polymorphisms) and its target genes is, unsurprisingly, 

implicated in myriad human disease states, including Alzheimer's disease, chronic kidney 

disease, chronic liver injury, chronic obstructive pulmonary disease, Friedreich's ataxia, 

multiple sclerosis, non-alcoholic steatohepatitis, hypertension, Parkinson’s disease, and 

many types of cancer (Al-Sawaf et al., 2015). Thus, Nrf2 has become an attractive 

therapeutic target. Many Nrf2 ‘therapeutics,’ such as sulforaphane, curcumin, 

bardoxolone methyl (CDDO-Me), and dimethylfumarate, exert their effects through low-



	
   10	
  

level electrophilic stimulation. Therapeutic interventions targeting the Nrf2 pathway have 

had mixed results, but have shown particular promise in neurodegenerative disease. As an 

example, dimethylfumarate has been recently approved by the United States Food and 

Drug Administration for the treatment of multiple sclerosis, and has shown promise in 

mouse models of Huntington’s disease (Ellrichmann et al., 2011; Harder et al., 2015).   

The (to this point) murky legacy of interventions targeting Nrf2 in disease is 

perhaps not unexpected, given Nrf2’s interaction with, and reliance on, multiple other 

cellular signaling and homeostatic pathways. Rarely do perturbations involving a master 

regulator, such as Nrf2, not have unintended effects. Because of Nrf2’s importance in 

multiple types of disease, there is little doubt that interventions targeting Nrf2 will 

continue to be explored in the future, which will require researchers to more fully 

elucidate the molecular underpinnings of Nrf2 in aging and disease. 

 

 

1.4. Theories of aging.  

 

 Over the years, many different theories have been proposed to explain why 

organisms age (Hayflick, 1998; López-Otín et al., 2013). Perhaps the most famous of 

these, and the first to gain real traction and attention, was the ‘free radical theory of 

aging,’ posited in 1957 by Denham Harman (Harman, 1957). Following Harman’s 

proposition, researchers continued to develop singular theories to decode the aging 

process (Jin, 2010; López-Otín et al., 2013; Warner et al., 1987; Weinert and Timiras, 

2003). None of these theories are without their flaws, and the prevailing view now among 
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scientists is more nuanced—that aging is a complex, multifactorial process, in which 

different elements are inextricably linked. Many aging researchers also recognize that 

both genetic and environmental factors (i.e. ‘programmed’ vs. ‘error’ theories) contribute 

to the aging process (Weinert and Timiras, 2003). López-Otín and colleagues provide a 

good précis of the current prevailing ‘hallmarks’ of aging—genomic instability, telomere 

attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, 

mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered 

intercellular communication (López-Otín et al., 2013). These hallmarks of aging can be 

further divided into three categories: primary hallmarks, antagonistic hallmarks, and 

integrative hallmarks. Oxidative stress (ROS in particular) would fall into the 

antagonistic category, because it has opposing effects, depending on intensity—at low 

levels, it is beneficial for cell signaling and development, but at high levels, it can cause 

cellular damage and promote aging (López-Otín et al., 2013).  

 Because scientists now realize that a singular theory of aging is overly simplistic, 

it would be easy to dismiss Harman’s original ‘free radical’ postulate, but doing so would 

fail to acknowledge that some of the ideas therein are still accepted by the aging research 

community today, namely that (1) an imbalance in anti-oxidants and oxidants occurs with 

aging, resulting in the accumulation of oxidatively damaged macromolecules, and (2) 

accumulating oxidative damage causes a ‘degenerative aging’ phenotype (Zhang et al., 

2015). Evidence for and against the free radical theory of aging exists. Some of the 

strongest support comes from mammalian transgenic studies, particularly genetically 

engineered MCAT mice, in which human catalase (which converts hydrogen peroxide to 

water and oxygen, and is normally expressed in the peroxisome) is localized to 
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mitochondria (Schriner et al., 2005). MCAT mice display significantly longer lifespans, 

and reduction in a number of age-related complications, including cataract development 

and cardiac pathology, compared to wild-type counterparts (Dai et al., 2017; Schriner et 

al., 2005). Murine overexpression of another important redox molecule, human TRX, 

also resulted in extended median and maximum life span, and resistance to oxidative 

stress, compared to wild-type mice (Mitsui et al., 2002). Overexpression studies of other 

antioxidant genes, including Prx3, Prx4, Prx6, Sod1, Sod2, and Gpx4, in mice have 

shown negligible lifespan changes (Perez et al., 2009). However, deletions of Gclc, Prx1, 

Prx2, Sod1, Sod2, and Txnrd1 either reduce lifespan or are embryonic lethal (Hamilton et 

al., 2014). These studies have many caveats, namely that they are generally only indirect 

tests of the free radical theory of aging, and do not account for redundancy and 

compensation that may occur as a result of antioxidant system perturbation. In addition, 

these experiments take place in highly controlled environments, and cannot account for 

cumulative lifetime exposures to various agents that may accelerate the aging process—

organisms in the wild do not live in ‘bubbles’ (Salmon et al., 2010). 

 Variations on Harman’s original proposal have been presented. Some, such as the 

mitochondrial free radical theory, modify the original theory slightly, specifying that 

mitochondrial free radicals, produced as by-products during normal metabolism, cause 

oxidative damage, and accumulation of this damage is the main driving force in the aging 

process (Sanz and Stefanatos, 2008). Recently, NADH/NAD+ imbalance has been 

discussed as a central driver of the aging process (Imai, 2016; Li et al., 2017a). It seems 

unlikely that free radicals, central reducing modulators (i.e. NADPH/NADP+, 

NADH/NAD+, GSH/GSSH, Trx-(SH)2/Trx-S2), and redox reactions can be separated 
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from one another. Thus, others espouse a more holistic reworking of the free radical 

theory—one which does not attempt to dismiss, but rather, consolidate prevailing aging 

theories centered around redox biology. The ‘redox theory of aging’ is one such example, 

which asserts:  

 

“[A]ging is a decline in plasticity of the genome-exposome interaction that 

occurs as a consequence of execution of differentiation and exposure 

memory systems. This includes compromised mitochondrial and 

bioenergetic flexibility, impaired food utilization and metabolic 

homeostasis, decreased barrier and defense capabilities and loss of 

reproductive fidelity and fecundity…this redox theory is not exclusively 

limited to redox reactions, but rather emphasizes the key role of electron 

transfer in supporting central energy currencies (ATP, phosphorylation, 

acetylation, acylation, methylation and ionic gradients across membranes), 

and providing the free energy to support metabolism, cell structure, 

biologic defense mechanisms and reproduction” (Jones, 2015). 

 

Working under this assertion, it would follow that an uncompromised ability to maintain 

redox homeostasis in response to endogenous and exogenous stressors is essential for 

delaying aging. 

Central to the basis of the work presented in this thesis are studies demonstrating 

that the ability to respond to redox stress (i.e. Nrf2 activation) declines with age, and that 

improved expression and responsiveness is correlated with longevity (Bruns et al., 2015; 
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Kubben et al., 2016; Lewis et al., 2015; Nobrega-Pereira et al., 2016; Shih and Yen, 

2007; Suh et al., 2004; Zhang et al., 2012a). If antioxidant responsiveness is indeed 

blunted with age, we hypothesize that Gclm null mice would be especially susceptible to 

exogenous oxidative stressors in old age compared to wild-type counterparts. 

 

1.5. Interplay of Nrf2 and diabetes. 

 

 An important role for Nrf2 in diabetes is supported by many studies. First, 

circulating Nrf2 mRNA is decreased in patients with type II diabetes mellitus (T2DM) 

(Siewert et al., 2013), and second, studies in mice have demonstrated that mild Nrf2 

overexpression or activation via small molecule Nrf2 stimulators (e.g., sulforaphane) can 

prevent T2DM onset (Dieter, 2015). Because oxidative stress is believed to contribute 

significantly to TD2M progression, it follows that reducing oxidative insult via activation 

of antioxidant pathways could potentially prevent or delay the onset of TD2M. 

Additionally, hyperglycemia (a clinical characteristic of T2DM) is associated with ROS 

and AGE production, creating a feedback loop of increasing oxidative stress (Friedman, 

1999; Schulze et al., 2004; Tan et al., 2007; Yao and Brownlee, 2010; Yu et al., 2006). 

While acute hyperglycemia has been shown to increase Nrf2 activity, a state of chronic 

high blood sugar dampens Nrf2 signaling (He et al., 2012; He and Ma, 2009; Ramprasath 

and Selvam, 2013; Tan et al., 2011). Complications of long-term T2DM include 

cardiovascular, renal, and neuropathic sequelae—states associated with oxidative stress.  

There is conflicting data on the role of Nrf2 on T2DM in animal models. Murine 

knockdown of Keap1 induces a T2DM-like phenotype, and constitutive Nrf2 activation 
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has been shown to exacerbate metabolic dysfunction and increase sensitivity to high-fat 

diet-induced obesity (Xu et al., 2012; Yore et al., 2011; Zhang et al., 2012b). However, 

Uruno and colleagues showed that hypomorphic Keap1 knockdown suppressed T2DM 

onset (Uruno et al., 2013). They found that when Keap1flox/− mice were crossed with 

leptin receptor-deficient diabetic db/db mice, circulating glucose levels decreased through 

improved insulin secretion and sensitivity (Uruno et al., 2013). Keap1flox/− also 

prevented HFD-induced diabetes and obesity, at least partially through suppression of 

hepatic gluconeogenesis (Uruno et al., 2013). Furthermore, oral administration of CDDO-

Im (a potent NRf2 activator) attenuated diabetes in db/db mice by protecting β-cells and 

improving insulin sensitivity (Uruno et al., 2013). Interestingly, preliminary data from the 

Kavanagh lab suggests that crossing db/db mice with Gclm null mice results in 

significant weight reduction and decreased serum triglycerides, relative to db/db mice 

with unmodified Gclm status (unpublished data). Other in vitro and in vivo mouse and rat 

studies have shown Nrf2 activation can reduce glomerular injury and cardiomyopathy in 

diabetic mice (Bai et al., 2013; Bitar and Al-Mulla, 2011; Li et al., 2011).  

 While Nrf2 remains an attractive therapeutic target for T2DM (de Haan, 2011; 

Tan and de Haan, 2014), animal studies suggest a delicate balance in antioxidant activity 

is needed to maintain normal glucose homeostasis. This was highlighted in a recent 

clinical trial targeting Nrf2—Bardoxolone Methyl Evaluation in Patients With Chronic 

Kidney Disease and Type 2 Diabetes: the Occurrence of Renal Events (BEACON), 

which was terminated prematurely in phase III due to severe adverse toxicities, including 

albuminuria, hypertension, and heart failure (de Zeeuw et al., 2013). Bardoxolone 

methyl, a synthetic triterpenoid derived from oleanolic acid, is known to be a potent Nrf2 
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inducer, and its anti-cancer and anti-inflammatory properties have been studied 

extensively in laboratory models (Dinkova-Kostova et al., 2005; Patlolla and Rao, 2012; 

Yates et al., 2007). However, there are over 500 off-target, candidate binding proteins for 

bardoxolone methyl, so it is quite possible that improved specificity may have mitigated 

the safety concerns associated with its clinical use (Wang et al., 2014; Yore et al., 2011). 

Additionally, the patients in the BEACON study had late-stage chronic kidney disease 

and/or advanced TD2M, and thus, the prospect of significant disease regression was 

unlikely. Regardless, further investigation into the role of Nrf2 in diabetes and its 

potential use as a therapeutic target is necessary. 

 

1.6. Cadmium as a model toxicant.  

 

Cadmium is a ubiquitous toxicant with environmental health relevance. A 

transition metal used in the battery and electroplating industries, it is also notably 

important for use in colored glass manufacturing and biotechnology. Tobacco smoking is 

the source of greatest exposure to cadmium. Smoking roughly doubles cadmium body 

burden in comparison to not smoking (ATSDR, 2011). For nonsmokers, the primary 

source of cadmium exposure is dietary. In general, leafy vegetables such as lettuce and 

spinach, potatoes and grains, peanuts, soybeans, and sunflower seeds contain relatively 

high levels of cadmium; these plants readily absorb and accumulate cadmium from the 

soil (ATSDR, 2011). Cadmium is consequently an unwanted contaminant formed in the 

preparation of fertilizers made from sewage sludge, decomposing plant material and other 

waste streams.  Fish consumption may also be a significant source of cadmium, 
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especially of high trophic level species. The average daily intake of Cd is estimated to 

range from 8 to 25 µg (Jarup and Akesson, 2009). In addition to food, exposure to 

cadmium may occur via the air and water. Occupational exposure to cadmium is also 

important, where the major route of exposure is inhalation of dust and/or fumes resulting 

from smelting and electroplating.  

Chronic, low-level oral exposure to cadmium is associated with renal toxicity, 

while acute, high-level exposure is associated with hepatotoxicity (Klaassen et al., 2008; 

Wu et al., 2012). The U.S. Department of Health and Human Services and the 

International Agency for Research on Cancer have categorized cadmium as a human 

carcinogen, due to its potential to induce pulmonary tumors (ATSDR, 2011; Waalkes, 

2003). The mechanisms that underlie Cd toxicity include induction of oxidative and 

endoplasmic reticulum stress, inflammation, genotoxicity, and interference with the 

biochemical functions of essential metals (e.g., zinc) (Klaassen et al., 2008; Tinkov et al., 

2017). 

 Oxidative stress (or more specifically, the production of ROS) is known to play a 

critical role in cadmium-induced hepatotoxicity. Cd-induced ROS can produce lipid 

peroxidation, and result in damage to other macromolecules, such as DNA and proteins 

(Klaassen et al., 2009; Liu et al., 2009; Oh and Lim, 2006; Waalkes and Goering, 1990). 

While induction of Nrf2-regulated metal-binding proteins called metallothioneins is the 

canonical cadmium detoxification pathway, the immediate line of defense against 

cadmium toxicity is the binding of Cd to sulfhydryls of GSH (Delalande et al., 2010; 

Fuhr and Rabenstein, 1973; Klaassen et al., 2009; Singhal et al., 1987; Stillman et al., 

1987). This is especially important to emphasize given that protein production resulting 
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from gene response to an environmental stress generally occurs on the timescale of 

minutes to hours (de Nadal et al., 2011). Thus, in an acute, high-dose heavy metal 

exposure scenario, the availability of GSH to quench Cd cations is an important 

determinant in the severity of hepatic cadmium toxicity (Hassoun and Stohs, 1996). 

Increasing evidence points toward associations between cadmium exposure and 

diabetic-like phenotypes. T2DM is characterized by decreased insulin sensitivity, altered 

glucose transport, and β-cell dysfunction (Petersen et al., 2017). Chronic exposure to 

cadmium in mice and rats has been shown to induce insulin resistance, increase the 

expression of gluconeogenic enzymes, and decrease glucose transport by downregulation 

of Glut4 receptors (Edwards and Ackerman, 2016; Han et al., 2003; Merali and Singhal, 

1975; Rajanna et al., 1984; Tinkov et al., 2017; Trevino et al., 2015). In both laboratory 

mammals and humans, cadmium has been shown to accumulate in β-cells and induce 

pancreatic islet dysfunction, potentially through disruption of calcium channels and/or 

oxidative stress (Edwards and Prozialeck, 2009; El Muayed et al., 2012; Gavazzo et al., 

2005; Kurata et al., 2003; Lei et al., 2007; Merali and Singhal, 1980; Nilsson et al., 1986; 

Sato et al., 1997). In humans, early life exposure to cadmium is associated with low birth 

weight and susceptibility to obesity and metabolic syndrome later in life (Park et al., 

2017). Some human observational studies demonstrate a positive association between 

early to mid-life cadmium exposure and obesity, in addition to cardiovascular disease or 

metabolic syndrome (Lee and Kim, 2013; Li et al., 2017b; Pizzino et al., 2014). Blood 

and urinary cadmium levels from the have been found to be significantly associated with 

impaired fasting glucose and pre-diabetes (Nie et al., 2016; Schwartz et al., 2003; Wallia 

et al., 2014). However, these observations do not always hold, likely owing to the 
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complex nature of metal exposure, which can be influenced/confounded by genetic 

susceptibility, dose, timing, co-exposure with other metals, and other factors such as 

smoking status (Menke et al., 2016). Nonetheless, there is sufficient evidence to suggest 

that in addition to being a carcinogen, cadmium may act as a ‘diabetogen,’ exerting its 

effects (at least partially) via induction of oxidative stress and disruption of islet β-cell 

function (Chang et al., 2013; Chen et al., 2009; Cuypers et al., 2010). 

 

1.7. Rationale, hypotheses, and specific aims. 

 

 Glutathione is an important antioxidant and co-factor for combating exogenous 

stresses—mice with severely compromised (but not complete absence of) GSH levels 

(i.e. Gclm null mice) compensate by increasing expression and activity of the Nrf2/Keap1 

cytoprotective pathway. As a result, young Gclm null mice display increased resistance to 

many stressors, an overall favorable metabolic profile, and resistance to diabetes and 

obesity. However, to date, no study has investigated the influence of aging on the Gclm 

null phenotype. Because previous work suggests that an organism’s ability to respond to 

oxidative stress and maintain glucose homeostasis declines with age, we hypothesized 

that Gclm null mice would be uniquely susceptible to age-related dysfunction of the 

cellular stress pathway Nrf2. Cadmium chloride was employed as an exogenous stressor 

to test both resistance to oxidative insult and favorable parameters of glucose 

homeostasis.  

These data will serve to significantly augment the current literature surrounding 

responsiveness of the Nrf2 system with aging. As such, the specific aims of this 
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dissertation are to: (1) Determine if Gclm genotype status predicts susceptibility or 

resistance to Cd-induced toxicity relative to wild-type mice, and whether this effect 

is age-dependent, and (2) determine if improved parameters of glucose and 

metabolic homeostasis observed in young Gclm null mice relative to wild-type mice 

(i.e. insulin sensitivity, glucose tolerance, lean phenotype) are maintained through 

old age.   
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Chapter 2 

 
Glutathione redox homeostasis and antioxidant system plasticity in Gclm mice in 

response to age and cadmium. 
 

2.1. Introduction 

 

Numerous laboratory and clinical studies have contributed to a scientific 

consensus that aging alters glutathione redox homeostasis, shifting the cell to a more pro-

oxidative state (Brandes et al., 2013; Calabrese et al., 2010; Feleciano and Kirstein, 2016; 

Giustarini et al., 2006; Liu et al., 2004; Maher, 2005; Rebrin and Sohal, 2008; Toroser 

and Sohal, 2007). At the biochemical level, data indicate perturbation of GCL catalysis, 

increased oxidized glutathione, and accumulation of L-homocysteine from the 

transsulfuration pathway contribute to altered GSH redox homeostasis and may adversely 

affect de novo glutathione biosynthesis during aging (Toroser and Sohal, 2007). 

However, cells are resilient, and there are redundant pathways which can offset changes 

to the redox state (Du et al., 2012). Importantly, age-induced changes in glutathione 

redox homeostasis are often accompanied by decreased antioxidant enzyme activity—the 

effects of altered GSH redox homeostasis and reduced cytoprotective pathway 

responsiveness likely influence each other and are difficult to separate. 

Among antioxidant pathways, Nrf2/Keap1 functions as a critical regulator of the 

cell's defense against endogenous and exogenous stress by controlling the expression of 

many cytoprotective proteins (Lau et al., 2010; O'Connell and Hayes, 2015). Many 

studies have investigated changes in Nrf2/Keap1 activity, including in its nuclear level 

and binding to the EpRE transactivation motif, in older organisms (Lewis et al., 2015; 



	
   22	
  

Shih and Yen, 2007; Suh et al., 2004; Zhang et al., 2015). Although variability exists 

with regards to the effects of age on the basal expression of these enzymes, there is 

general agreement that the ability to induce these enzymes by electrophiles declines with 

age. Accumulating data suggest that this age-dependent decline in the antioxidant enzyme 

response is caused by declining efficiency of Nrf2/EpRE signaling (Zhang et al., 2015; 

Zhang et al., 2012a). Data from Henry Forman and colleagues, in which they studied 

Nrf2 activation in response to nanoparticles, found that although the basal Nrf2 level was 

increased in 21-month compared to 6-month mice, Nrf2/EpRE activation and further 

induction of Nrf2 target genes were lost in the liver, lung, and cerebellum in late middle-

aged mice (21 months) compared with that of young adults (6 months) (Zhang et al., 

2012a). Their work provides convincing evidence that Nrf2 activity/responsiveness to 

electrophilic/oxidative stressors decreases with age, making cells more susceptible to 

deleterious insult. Thus, although Gclm null mice may very well maintain elevated basal 

expression of Nrf2-regulated genes into old age, we predict that Gclm null mice will be 

more susceptible to an exogenous exposure that induces oxidative stress, such as 

cadmium, due to decreased Nrf2 responsiveness, relative to wild-type mice, with age. 

We hypothesize that young Gclm null mice will be resistant to Cd-induced 

hepatotoxicity and perturbation of metabolic and redox homeostasis relative to wild-type 

mice due to increased Nrf2 activity, but this trend will reverse with age, and Gclm null 

mice will become more sensitive to Cd-induced toxicity relative to wild-type mice due to 

a decline in responsiveness of the Nrf2 system.  

To test this hypothesis, we quantified hepatic glutathione redox homeostasis in 

Gclm wild-type (WT), heterozygous (Het), and null (KO) mice, via quantitation of total 
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GSH, GSSG, and % GSSG , and examined expression of Nrf2-regulated genes at the 

transcriptional and protein levels in Gclm WT, Het, and null mice into 24+ months of age 

by treatment. 

 

2.2. Materials & Methods 

 

Reagents 

All reagents were purchased from Life Technologies (Carlsbad, CA) and/or 

Sigma-Aldrich (Saint Louis, MO), unless otherwise noted. 

 

Establishment of an Aging Gclm Mouse Colony 

We performed all animal experiments in accordance with the National Institutes 

of Health Guide for the Use and Care of Laboratory Animals (NRC, 2011) and with the 

approval of the University of Washington Institutional Animal Care and Use Committee 

(IACUC; protocol #2384-08). We made all efforts to minimize animal distress and 

suffering. Gclm null mice were derived by homologous recombination techniques in 

mouse embryonic stem (ES) cells, as previously described (McConnachie et al., 2007). 

Eight cohorts of male Gclm wild-type, heterozygous, and null mice were 

established representing four ages (10-13 weeks, 6 months, 18 months, and 24+ months) 

and two treatments (saline and 2 mg/kg cadmium chloride, i.p. injection), with an n of 5-

6 for each age, genotype, and treatment. 
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Experimental Design 

Once mice reached the desired age (10-13 weeks, 6 months, 18 months, or 24+ 

months), baseline measurements of glucose homeostasis were initiated; no longer than 

two weeks post-baseline measurements were mice sacrificed. 

 

Treatments 

One week following baseline GTT and ITT measurements, mice were 

intraperitoneally injected with either 0.9% sterile saline for animal injection, or 2 mg/kg 

cadmium chloride in sterile saline (0.9% sodium chloride injection, USP; injection 

volume of 100-200 μl). Due to the dearth of toxicology studies examining acute heavy 

metal treatments (particularly cadmium) in aged mice, we performed a small dose-

escalation study to determine an appropriate sublethal dose using 20 month old Gclm 

mice. We wanted to select an acute dose which also allowed us to perform functional 

tests of glucose homeostasis following dosing and prior to sacrifice. Based on our internal 

dose escalation study, and literature review of LD50 values for oral CdCl2 administration 

in different strains of laboratory mice (ranging from 5 to 183 mg/kg), a 2 mg/kg CdCl2 

dose of cadmium chloride was chosen (ATSDR, 2011; Basinger et al., 1988; Zhao et al., 

2006). Ideally, a chronic dosing regimen would have been used to interrogate the effect 

of cadmium exposure. However, mice in some of the cohorts had already aged 

significantly, which precluded us from beginning a chronic dosing protocol.   

Twenty-four hours post-dosing, GTT measurements were taken, and 48 hours 

post-injection, ITT measurements were recorded as previously described (Kendig et al., 

2011; Lavoie et al., 2016). Mice were then sacrificed the following morning (~66-72 
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hours post-dosing). The aforementioned tests and timepoints were designed and chosen to 

maximize the data collected from each mouse without causing undo harm, while 

minimizing the number of mice needed. 

 

Necropsies 

Animals were sacrificed by placing them under CO2 narcosis, followed by 

cervical dislocation. Fresh blood was obtained via heart puncture and collected in plasma 

separator tubes, placed on ice, centrifuged at 8000 rpm for 10 minutes at room 

temperature, then stored at -20°C. Following blood collection, tissues were collected and 

either flash frozen in liquid nitrogen, fixed in 10% neutral buffered formalin, and/or 

embedded in OCT. Tissues collected include liver, kidney, spleen, duodenum, testes, 

abdominal and epididymal fat, heart, lung, brain, eye, and gastrocnemius muscle.  

 

Protein Isolation 

Total protein concentration in S9 liver homogenate fractions was determined 

using the Bio-Rad Protein Assay Dye Reagent (Bio-Rad Laboratories Inc., Hercules, 

CA), in 96-well microtiter plates, following the manufacturer’s protocol, a modified 

version the Bradford assay (Bradford, 1976). 

 

Measurement of Glutathione Redox Homeostasis 

Immediately following heart puncture and collection of left and right median 

lobes of the liver, the right anterior and posterior liver lobes were collected and 

homogenized in either 1:10 weight:volume of 2 mM N-ethylmaleimide (NEM) for the 
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GSSG fraction, or monobromobimane (MBB) for the GSH fraction, in mitochondrial 

isolation buffer (210 mM sucrose, 2 mM EGTA, 40 mM NaCl, 30 mM HEPES; pH=8). 

Samples were allowed to rock for 4 hours at RT in the dark. They were then prepared as 

previously described, with GSH and GSSG content measured by HPLC (Siegel et al., 

2013). GSH and GSSG levels were then normalized to protein concentrations.  

 

RNA Isolation 

 Total RNA was extracted from RNAlater®-stabilized liver and kidney samples 

with the miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands). 

 

Multiplex PCR specific target amplification 

cDNA samples were pre-amplified following Fluidigm’s (South San Francisco, 

CA) Specific Target Amplification (STA) protocol, to increase target gene template 

cDNA for gene expression reactions.  Reactions were conducted in 5 µl volumes 

containing 1.25 µl diluted cDNA, 1.25 µl of 0.2X pooled TaqMan assay mix, and 2.5 µl 

of TaqMan PreAmp Master Mix 2X (Applied Biosystems Inc.). Pre-amplified PCR 

products were then diluted 1:5 with DNA Suspension Buffer (10 mM Tris, pH 8.0, 0.1 

mM EDTA). 

 

RT- PCR for measurement of antioxidant and energy homeostasis gene expression 

Fluidigm GE Dynamic Array 96.96 plates were primed on the Fluidigm IFC 

Controller prior to loading.  Four µl of each 10X assay mix were loaded onto each assay 

well and 5 µl of each Sample Pre-Mix were loaded onto each sample well of the GE 
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Dynamic Array (Fluidigm). Assays were run in triplicate. The GE Dynamic Array was 

loaded onto the IFC Controller before thermocycling with the following profile: 98°C for 

40s followed by 40 cycles, consisting of 95°C for 10s and 60°C for 40s. Data were 

collected using the Fluidigm BioMark Data Collection Software 2.1.1 and analyzed using 

the Fluidigm Real-Time PCR Analysis Software 1.1.0. 

 

Semi-quantitative Analysis of Protein Expression 

Western immunoblotting was performed using standard techniques, as previously 

reported (McConnachie et al., 2007). Briefly, ∼15 µg protein per sample were separated 

by electrophoresis using 12% Tris-Glycine mini-gels in a Novex XCell SureLock Mini-

Cell (Life Technologies, Carlsbad, CA). Following electrophoresis, proteins were 

transferred to polyvinylidine difluoride (PVDF) membranes (Immobilon-P, Millipore, 

Billerica, MA). Membranes were blocked with 5% milk in the appropriate buffer and 

incubated with primary antibodies raised against Gclc (1:20,000; rabbit polyclonal 

antisera, as described previously (McConnachie et al 2007), Gclm (1:1000; rabbit 

polyclonal antisera (McConnachie et al 2007)), Cbr3 (1:1000 dilution; rabbit polyclonal 

antisera; Gary F. Merrill, Oregon State University, unpublished), β-actin (1:1000 

dilution; Cell Signaling, Beverly, MA), Nqo1 (1:1000 dilution; rabbit polyclonal; Abcam, 

Cambridge, UK), and Gstm1 (1:2000; rabbit polyclonal; Abbexa, Cambridge, UK). 

Protein expression was normalized to the expression of the loading control, β-

actin. Following a brief wash, membranes were incubated with horseradish peroxidase-

conjugated secondary goat anti-rabbit IgG antibody (Millipore, Billerica, MA), and 

protein expression was detected using an enhanced chemiluminescence system (GE 
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Healthcare UK, Buckinghamshire, UK) with X-ray film exposure. The optical densities 

of the appropriate-sized bands were then analyzed using NIH Image J software v1.48 

(National Institutes of Health, Bethesda, MD). The optical density of each band was 

adjusted to the density of the β-actin band. Quantification and statistical analyses are the 

result of three independent experiments. 

 

Statistical Analyses 

Data are expressed as the mean and SEM, unless otherwise noted. Data were 

analyzed by one- or two-way ANOVA, followed by a Dunnett’s post hoc test, or a 

Student’s t-test (for pair-wise comparisons) using a statistical software package (Prism, 

GraphPad, Inc., San Diego, CA). Differences yielding a p value of less than 0.05 were 

considered statistically significant. 
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2.3. Results 

 

Glutathione redox homeostasis 

Three parameters were measured via HPLC to examine changes in glutathione 

redox status with aging and cadmium treatment in the livers of Gclm mice: total 

glutathione (GSH), oxidized glutathione (GSSG), and percent oxidized glutathione 

(%GSSG). In saline and cadmium treated mice, a general trend of decreasing total GSH, 

and increasing GSSG and %GSSG was observed with age (Figures 2.1 – 2.12). There 

was a significant effect of age on total GSH and GSSG in all Gclm genotypes (Figures 

2.6 – 2.8, 2.10 – 2.12). However, while age had a significant effect on %GSSG in Gclm 

WT and Het mice (Figures 2.2, 2.3), Gclm null mice did not show an overall increase in 

%GSSG with age (Figure 2.4). Two-way ANOVA confirmed that age had a significant 

effect on %GSSG in WT and Het mice (p<0.0001, n=6 mice/group), but not in null mice 

(p=0.1586, n=6 mice/group) (Figures 2.2 – 2.4). While the trends in total GSH and GSSG 

are important to consider, percent GSSG is an integrated measure and potentially more 

reflective of an organism’s ability to maintain redox homeostasis. 

 We also investigated temporal changes in glutathione redox status by examining 

GSH, GSSG, and %GSSG at 8 hr post saline or cadmium dosing in 24+ month old Gclm 

mice, comparing these values to those observed at ~72 post-dosing (i.e. data shown in 

Figures 2.1 – 2.12). In all Gclm genotypes, GSSG decreased, total GSH increased, and 

%GSSG decreased at 8 hr, relative to 72 hr (Figures 2.13 – 2.15). Interestingly, Gclm null 

mice restored GSSG, GSH, and %GSSG to saline levels by 72 hr post-Cd (Figures 2.13 – 

2.15). Gclm WT and Het mice, however, did not fully restore %GSSG levels to 72 hr 
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saline levels (Figures 2.13 – 2.15), suggesting that Gclm null mice are able to maintain 

GSH redox more efficiently, even after CdCl2 treatment, at 24+ months of age, compared 

to WT and Het mice. 

 

RT-PCR for measurement of antioxidant and energy homeostasis gene expression 

 We quantified hepatic mRNA expression of eight Nrf2-regulated genes— Gclc, 

Gclm, Cbr3, Gstm1, Hmox1, Mt1, Mt2, and Nqo1—from 6 and 24+ month saline and 

cadmium-treated Gclm WT, Het, and null mice. Analysis revealed significantly increased 

mRNA expression of Cbr3, Gclc, Gstm1, and Nqo1 in saline-treated null mice at both 6 

and 24+ months (Figure 2.16, panels C, I, K, O). Curiously, following cadmium 

treatment of 6 month old mice, none of these genes were overexpressed in null mice 

relative to WT (Figure 2.16, panels D, J, L, P). However, at 24+ months, cadmium 

treatment significantly increased expression of all genes examined (except Gclc and 

Gclm) in Gclm null mice, including Mt1, Mt2, and Hmox1, which were not differentially 

expressed in null mice following saline treatment (Figure 2.16, panels F, H, J, L, N, P). 

Interestingly, Cbr3, Gstm1, and Nqo1 are significantly repressed following cadmium 

treatment in Gclm null mice at 6 months (Figure 2.16; analysis not shown here). Further 

investigation into this phenomenon is warranted. 

 These data suggest that following acute exposure to cadmium chloride, Nrf2 

inducibility is retained in 24+ month Gclm null mice, relative to WT and Het counterparts 

(Figure 2.16). 
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Western immunoblot analysis of Nrf2-regulated protein expression 

 Five canonical Nrf2-regulated proteins—Gclc, Gclm, Cbr3, Nqo1, and Gstm1—

were examined in liver homogenates for expression at 6 and 24+ months in Gclm mice of 

all genotypes following saline or cadmium treatment. All of these proteins (except for 

Gclm) are quite clearly overexpressed in nulls relative to WT and Het mice (Figure 2.17). 

As expected, Gclm expression was highest in WT mice, with about 50-60% expression in 

Het mice, and essentially no expression in null mice (any densitometry values in null 

mice resulted from background).  

Densitometry analysis revealed that following saline treatment, Cbr3 and Nqo1 

were significantly upregulated in null mice at 6 and 24+ months, with a similar, but not  

significant, trend observed for Gclc and Gstm1 (Figure 2.18, panels A, E, G, I). 

Following cadmium treatment, Gclc, Cbr3, and Nqo1, were significantly induced in 6 

month old Gclm null mice, (the only exception being Gstm1, which did not reach 

statistical significance, but still followed the overall trend) (Figure 2.18, panels B, F, H, 

J). In 24+ month old cadmium-treated mice, Gclc, Cbr3, Nqo1, and Gstm1 were all 

significantly overexpressed in Gclm nulls, relative to WT and Het (Figure 2.18, panels B, 

D, F, H, J). 

 

 

2.4. Discussion 

 

 In this aim, we first examined the effect that aging had on hepatic redox 

homeostasis in mice with varying levels of glutathione. The results do not support the 
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hypothesis that age would have a more detrimental effect on redox homeostasis and Nrf2 

activity in Gclm null mice compared to wild-type and heterozygous counterparts, as 

proposed in Aim 1. In fact, the opposite appears to occur—Gclm null mice retain high 

expression of Nrf2 regulated proteins into old age, and, importantly, this system remains 

responsive to exogenous stress (Figures 2.16, 2.17, 2.18). This finding stands in direct 

contrast to the prevailing literature suggesting that Nrf2 activity and responsiveness 

declines in mice with age (Zhang et al., 2015; Zhang et al., 2012a). 

 The unexpected ability of Gclm null mice to maintain hepatic glutathione redox 

status may be explained by elevated glutathione reductase (Gsr) activity (i.e. increased 

ability to recycle GSSG to GSH. While not directly tested here, previous microarray data 

suggests that Gsr activity is higher in the livers of Gclm null mice (Haque et al., 2010). 

Importantly, Gsr requires NADPH to carry out the two-electron enzymatic reduction of 

GSSG. Thus, Gclm null mice must also be maintaining sufficient NADPH pools (or other 

reducing equivalents) into old age. The primary NADPH-generating pathway in 

mammals is the pentose phosphate shunt (PPP), in which the nucleotide synthesis 

precursor ribose-5-phosphate is produced from glucose-6-phosphate, and NADPH is 

generated as a consequence. Glucose-6-phosphate dehydrogenase (G6PD) is a major 

enzyme in this pathway, and previous work from the Kavanagh lab showed that G6PD 

mRNA is increased approximately 1.5 to 2-fold in Gclm null mouse livers, relative to 

Gclm wild-type (unpublished data). Further investigation into PPP activity and reducing-

equivalent pools in Gclm mice (and how age and cadmium affect them) is warranted.  

The data presented here provides strong support that the compensatory 

upregulation of Nrf2/Keap1 in Gclm null mice remains active into old age. However, 
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another potential explanation could be that alternative pathways which partially overlap 

in function or share complementary roles with Nrf2 (e.g., NF-κB, HIF1) are active into 

old age, and are able to “pick up the slack” of reduced Nrf2 activity in these mice. 

Another factor to consider is that our “old” (24+ months) mice may not have progressed 

to an age where Nrf2 activity declines. A well-known confounding variable in murine 

aging studies is genetic background. However, a study that has guided our first 

hypothesis studied mice with the same background as Gclm mice—male C57BL/6J—and 

found that Nrf2 activity was significantly impaired at only 18-21 months of age in 

response to chronic ambient nanoparticle exposure (Zhang et al., 2012a). In light of this, 

the idea that 24+ month Gclm mice are not “old enough” is unlikely. While it is possible 

that the mice that reached 24+ months of age represent healthy survivors, when overall 

survival is assessed, there were two, six and three premature deaths (i.e. did not reach 24 

months of age, or were culled because of morbidity) for WT, Het and null mice, 

respectively. Most of these mice did have hepatomegaly, splenomegaly, or both (likely 

lymphoma), and this was not genotype dependent. 

Finally, we observed only a marginal effect of CdCl2 treatment on glutathione 

redox with age. Though our dosing regimen (single intraperitoneal injection) would be 

classified as acute, the mild dose used (2 mg/kg) was specifically chosen to allow for 

functional testing of glucose homeostasis 24 and 48 hours post-dosing (see Chapter 3), 

which is stressful and requires mice to maintain a relatively normal phenotype. A dearth 

of literature exists relating to acute heavy metal dosing in age, and though a dose 

escalation study was performed to help in this regard, we did not have enough extra aged 

Gclm mice allocated for this purpose. A different dose, or range of doses, may have been 
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more optimal for this experiment. In addition, glutathione redox status and Western 

blotting analysis of redox-sensitive proteins was mainly observed at 72 hr post-dosing, 

which may have masked some of the effects of cadmium treatment. We attempted to 

address this by administering cadmium to a small cohort of 24+ month mice and 

sacrificing at 8 hr post-dosing (Figures 2.13 – 2.15). Data from the 8 hr cohorts support 

the broader finding that GSH redox is maintained in the null mice at 24+ months of age.  
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2.5. Figures 
 

	
  
Figure 2.1. Hepatic % GSSG in (A) saline and (B) cadmium treated Gclm WT, Het, and 
null mice at 12 weeks, and at 6, 18, and 24+ months (n=6 mice/group). 
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Figure 2.2. Hepatic % GSSG in saline and cadmium treated Gclm WT mice at 12 weeks, 
and at 6, 18, and 24+ months (n=6 mice/group). Data analyzed using One- and Two-Way 
ANOVA. # = Dunnett’s for saline by age: #p<0.05, ##p<0.01, ###p<0.001; ^ = Dunnett’s 
for CdCl2 by age: ^p<0.05, ^^p<0.01, ^^^p<0.001; * = Two-Way ANOVA for age and 
treatment (with Bonferroni correction): *p<0.05, **p<0.01, ***p<0.001. 
 
One-Way ANOVA 
Saline: p<0.0001 
CdCl2: p=0.0051 
Two-Way ANOVA 
Interaction: p=0.0413 
Treatment: p=0.3245  
Age: p<0.0001 
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Figure 2.3. Hepatic % GSSG in saline and cadmium treated Gclm Het mice at 12 weeks, 
and at 6, 18, and 24+ months (n=6 mice/group). Data analyzed using One- and Two-Way 
ANOVA. # = Dunnett’s for saline by age: #p<0.05, ##p<0.01, ###p<0.001; ^ = Dunnett’s 
for CdCl2 by age: ^p<0.05, ^^p<0.01, ^^^p<0.001; * = Two-Way ANOVA for age and 
treatment (with Bonferroni correction): *p<0.05, **p<0.01, ***p<0.001. 
 
One-Way ANOVA 
Saline: p<0.0001 
CdCl2: p=0.0072 
Two-Way ANOVA 
Interaction: p=0.0098 
Treatment: p=0.2367  
Age: p<0.0001 
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Figure 2.4. Hepatic % GSSG in saline and cadmium treated Gclm null mice at 12 weeks, 
and at 6, 18, and 24+ months (n=6 mice/group). Data analyzed using One- and Two-Way 
ANOVA. # = Dunnett’s for saline by age: #p<0.05, ##p<0.01, ###p<0.001; ^ = Dunnett’s 
for CdCl2 by age: ^p<0.05, ^^p<0.01, ^^^p<0.001; * = Two-Way ANOVA for age and 
treatment (with Bonferroni correction): *p<0.05, **p<0.01, ***p<0.001. 
 
One-Way ANOVA 
Saline: p=0.6440 
CdCl2: p=0.0199 
Two-Way ANOVA 
Interaction: p=0.7457 
Treatment: p=0.6241  
Age: p=0.1586 
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Figure 2.5. Hepatic GSH in (A) saline and (B) cadmium treated Gclm WT, Het, and null 
mice at 12 weeks, and at 6, 18, and 24+ months (n=6 mice/group). 
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Figure 2.6. Hepatic total GSH in saline and cadmium treated Gclm WT mice at 12 
weeks, and at 6, 18, and 24+ months (n=6 mice/group). Data analyzed using One- and 
Two-Way ANOVA. # = Dunnett’s for saline by age: #p<0.05, ##p<0.01, ###p<0.001; ^ = 
Dunnett’s for CdCl2 by age: ^p<0.05, ^^p<0.01, ^^^p<0.001; * = Two-Way ANOVA for 
age and treatment (with Bonferroni correction): *p<0.05, **p<0.01, ***p<0.001. 
 
One-Way ANOVA 
Saline: p=0.1933 
CdCl2: p=0.1465 
Two-Way ANOVA 
Interaction: p=0.9618 
Treatment: p=0.2918 
Age: p=0.0210 
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Figure 2.7. Hepatic total GSH in saline and cadmium treated Gclm Het mice at 12 weeks, 
and at 6, 18, and 24+ months (n=6 mice/group). Data analyzed using One- and Two-Way 
ANOVA. # = Dunnett’s for saline by age: #p<0.05, ##p<0.01, ###p<0.001; ^ = Dunnett’s 
for CdCl2 by age: ^p<0.05, ^^p<0.01, ^^^p<0.001; * = Two-Way ANOVA for age and 
treatment (with Bonferroni correction): *p<0.05, **p<0.01, ***p<0.001. 
	
  
One-Way ANOVA 
Saline: p=0.0013 
CdCl2: p=0.0113 
Two-Way ANOVA 
Interaction: p=0.0267 
Treatment: p=0.8878  
Age: p=0.0001 
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Figure 2.8. Hepatic total GSH in saline and cadmium treated Gclm null mice at 12 
weeks, and at 6, 18, and 24+ months (n=6 mice/group). Data analyzed using One- and 
Two-Way ANOVA. # = Dunnett’s for saline by age: #p<0.05, ##p<0.01, ###p<0.001; ^ = 
Dunnett’s for CdCl2 by age: ^p<0.05, ^^p<0.01, ^^^p<0.001; * = Two-Way ANOVA for 
age and treatment (with Bonferroni correction): *p<0.05, **p<0.01, ***p<0.001. 
 
One-Way ANOVA 
Saline: p=0.0055 
CdCl2: p=0.0898 
Two-Way ANOVA 
Interaction: p=0.1780 
Treatment: p=0.0074 
Age: p=0.0025 
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Figure 2.9. Hepatic GSSG in (A) saline and (B) cadmium treated Gclm WT, Het, and 
null mice at 12 weeks, and at 6, 18, and 24+ months (n=6 mice/group). 
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Figure 2.10. Hepatic oxidized glutathione in saline and cadmium treated Gclm WT mice 
at 12 weeks, and at 6, 18, and 24+ months (n=6 mice/group). Data analyzed using One- 
and Two-Way ANOVA. # = Dunnett’s for saline by age: #p<0.05, ##p<0.01, ###p<0.001; ^ 
= Dunnett’s for CdCl2 by age: ^p<0.05, ^^p<0.01, ^^^p<0.001; * = Two-Way ANOVA for 
age and treatment (with Bonferroni correction): *p<0.05, **p<0.01, ***p<0.001. 
	
  
One-Way ANOVA 
Saline: p=0.0009 
CdCl2: p=0.0479 
Two-Way ANOVA 
Interaction: p=0.3908 
Treatment: p=0.6580  
Age: p<0.0001 
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Figure 2.11. Hepatic oxidized glutathione in saline and cadmium treated Gclm Het mice 
at 12 weeks, and at 6, 18, and 24+ months (n=6 mice/group). Data analyzed using One- 
and Two-Way ANOVA. # = Dunnett’s for saline by age: #p<0.05, ##p<0.01, ###p<0.001; ^ 
= Dunnett’s for CdCl2 by age: ^p<0.05, ^^p<0.01, ^^^p<0.001; * = Two-Way ANOVA for 
age and treatment (with Bonferroni correction): *p<0.05, **p<0.01, ***p<0.001. 
	
  
One-Way ANOVA 
Saline: p=0.0022 
CdCl2: p=0.0218 
Two-Way ANOVA 
Interaction: p=0.0409 
Treatment: p=0.0393  
Age: p=0.0015 
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Figure 2.12. Hepatic oxidized glutathione in saline and cadmium treated Gclm null mice 
at 12 weeks, and at 6, 18, and 24+ months (n=6 mice/group). Data analyzed using One- 
and Two-Way ANOVA. # = Dunnett’s for saline by age: #p<0.05, ##p<0.01, ###p<0.001; ^ 
= Dunnett’s for CdCl2 by age: ^p<0.05, ^^p<0.01, ^^^p<0.001; * = Two-Way ANOVA for 
age and treatment (with Bonferroni correction): *p<0.05, **p<0.01, ***p<0.001. 
 
One-Way ANOVA 
Saline: p=0.0069 
CdCl2: p=0.0018 
Two-Way ANOVA 
Interaction: p=0.0076 
Treatment: p=0.3084  
Age: p=0.0005 
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Figure 2.13. Hepatic % GSSG in saline and cadmium treated 24+ month Gclm WT, Het, 
and null mice at 8 and 72 hours post-dosing (n=6 mice for saline and 72 hr CdCl2 groups 
for all genotypes; n=4 mice for WT and Het and n=2 mice for null for 8 hr CdCl2 
groups). 
	
  
Two-Way ANOVA 
Interaction: p=0.1205 
Treatment: p=0.0002  
Genotype: p=0.0079 
* = Two-Way ANOVA for genotype and treatment: *p<0.05, **p<0.01, ***p<0.001 
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Figure 2.14. Hepatic total GSH in saline and cadmium treated 24+ month Gclm WT, Het, 
and null mice at 8 and 72 hours post-dosing (n=6 mice for saline and 72 hr CdCl2 groups 
for all genotypes; n=4 mice for WT and Het and n=2 mice for null for 8 hr CdCl2 groups). 
	
  
Two-Way ANOVA 
Interaction: p<0.0001 
Treatment: p<0.0001 
Genotype: p<0.0001 
* = Two-Way ANOVA for genotype and treatment: *p<0.05, **p<0.01, ***p<0.001 
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Figure 2.15. Hepatic glutathione disulfide (GSSG) in saline and cadmium treated 24+ 
month Gclm WT, Het, and null mice at 8 and 72 hours post-dosing (n=6 mice for saline 
and 72 hr CdCl2 groups for all genotypes; n=4 mice for WT and Het and n=2 mice for 
null for 8 hr CdCl2 groups). 
 
Two-Way ANOVA 
Interaction: p=0.1261 
Treatment: p=0.0245 
Genotype: p<0.0001 
* = Two-Way ANOVA for genotype and treatment: *p<0.05, **p<0.01, ***p<0.001 
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Figure 2.16. Hepatic mRNA expression of select Nrf2-regulated genes Gclm (A, B), 
Gclc (C, D), Mt1 (E, F), Mt2 (G, H), Cbr3 (I, J), Gstm1 (K, L), Hmox1 (M, N), and Nqo1 

I J 

K L 

M N 

O P 
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(O, P) using qRT-PCR in the livers of 6 and 24+ month old saline and CdCl2 treated 
Gclm mice. Expression values are reported as means and SEM (n=4 for all cohorts, 
except for the 6 month WT, Het, and null CdCl2 groups, which had an n=3), normalized 
to β-actin mRNA expression. Data analyzed by Two-Way ANOVA for genotype and 
treatment (using 6 month WT saline as ‘control’ group), with Bonferroni corrections. 
*p<0.05, **p<0.01, ***p<0.001. 
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Figure 2.17. Representative immunoblots of Nrf2-regulated proteins in the livers of 
Gclm WT, Het, and null mice. “Y,” young (6 months); “O,” old (24+ months); “Sal,” 
saline treated; “Cad,” cadmium treated. β-actin was used as loading control. Blots were 
from the same membranes, which were stripped and re-probed. 
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Figure 2.18. Densitometric analysis of Western blots for expression of Nrf2-regulated 
proteins Gclc (A, B), Gclm (C, D), Cbr3 (E, F), Gstm1 (G, H), and Nqo1 (I, J) in liver 
homogenates from male Gclm WT, Het, and null mice, following treatment with saline or 
CdCl2. Homogenates used for Westerns were derived from the same animals as those 
used for RNA expression. The results are expressed as means and SEM (n=3 
mice/group), adjusted to the loading control, β-actin, and calculated as the fold-change 
relative to the mean of the control group (6 months WT saline) for each protein. * = Two-
Way ANOVA: *p<0.05, **p<0.01, ***p<0.001. 
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Chapter 3	
  
 

Persistence of improved glucose homeostasis in Gclm null mice with age and 
cadmium treatment. 

 
 
 

3.1. Introduction 
 
 

Data from colleagues at the University of Cincinnati, who have also developed 

Gclm null mice that closely mirror the phenotypes of our Gclm null mice, show that 

young (~10 weeks) Gclm null mice exhibit improved measures of glucose homeostasis 

relative to Gclm wild-type mice, as well as a lean phenotype which is resistant to HFD-

induced obesity and development of T2DM (Dalton et al., 2004; Kendig et al., 2011; 

Yang et al., 2002). Another study examining Gclm null mice found they display reduced 

hepatic glycogen storage (Lavoie et al., 2016)—this finding stands in contrast to mice 

with hepatocyte-specific Txnrd1-knockdown (another model of chronic thiol 

insufficiency), which display increased hepatic glycogen storage (Iverson et al., 2013). 

Furthermore, both our lab’s and the Cincinnati group’s Gclm null models display 

increased Nrf2 activity and subsequently, increased expression of Nrf2-regulated genes 

(Kendig et al., 2011; McConnachie et al., 2007). Gclm null mice are also resistant to 

methionine and choline deficient (MCD) diet- and 2,3,7,8-Tetrachlorodibenzo-p-dioxin 

(TCDD)-induced steatosis, lending further evidence to the idea that adaptive responses in 

chronically GSH-deficient mice are protective (Chen et al., 2012; Haque et al., 2010). 

The lean phenotype observed in Gclm null mice likely results from a switch in 

hepatic energy utilization in response to GSH deficiency. In the liver, Gclm null mice 

display decreased expression of genes involved in lipogenesis and gluconeogenesis, and 
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increased expression of genes involved in glycogenesis and lipid catabolism (unpublished 

data). The dysregulation of these pathways relative to WT mice may be central to the 

T2DM and obesity resistant phenotype observed in young Gclm null mice. Notably, Nrf2, 

the most highly upregulated pathway in Gclm null mice, is believed to have a protective 

effect in delaying T2DM and metabolic dysfunction (including impaired glucose 

homeostasis). 

Therefore, we surmise that compensatory hepatic Nrf2 upregulation contributes 

significantly to the improved metabolic state observed in Gclm null mice. We expect 

young Gclm null mice (≤ 6 months) to display improved parameters of glucose 

homeostasis relative to wild-type mice. If cytoprotective pathway activities decline with 

age, as has been previously reported (Zhang et al., 2012a), we hypothesize that Gclm null 

mice will show signs of metabolic dysfunction (i.e. increased fasting blood glucose 

levels, impaired glucose tolerance, and decreased insulin sensitivity) relative to wild-type 

mice by 24+ months of age, especially following treatment with the toxicant and 

‘diabetogen’ cadmium.  

The aim of this section was to determine if improved parameters of glucose and 

metabolic homeostasis observed in young Gclm null mice relative to wild-type mice (i.e. 

insulin sensitivity, glucose tolerance, lean phenotype) are maintained through old age and 

in response to cadmium treatment. We hypothesize that Gclm null mice will be unable to 

maintain a favorable metabolic phenotype into old age compared to wild-type and 

heterozygotes, owing to an age-related decline in Nrf2 activity. 
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3.2. Materials and Methods 

 

For Reagents, Establishment of an Aging Gclm Mouse Colony, Experimental 

Design, Treatments, Necropsies, and Statistical Analyses, see Chapter 2.2. 

   

In Vitro Assessment of Glucose Homeostasis 

Plasma was collected from 6 and 24+ month wild-type and null mice by 

saphenous vein puncture and centrifuged in heparin-coated tubes, then stored at -20°C. 

Fasted plasma insulin levels were measured using the Mouse Ultrasensitive Insulin 

ELISA kit, following the manufacturer’s instructions (ALPCO Diagnostics, Salem, NH). 

 

In Vivo Functional Assessment of Glucose Homeostasis 

For each cohort, baseline data for functional measures of glucose homeostasis—

glucose tolerance test (GTT) and insulin sensitivity (ITT)—were assessed. Prior to GTT, 

mice were fasted for 8 hours, from 6 a.m. to 2 p.m. At the time of testing, baseline blood 

glucose levels were taken, immediately followed by i.p. injection of 1.5 g glucose/kg 

body weight (D-(+)-Glucose, Sigma G8270, solubilized and sterile filtered in 0.9% 

sodium chloride injection, USP) after which blood glucose was measured at 15, 30, 45, 

60, and 120 min post-injection (Figure 3.1). We used a glucometer and glucose strips 

purchased from a retail pharmacy (Walgreen’s, Inc., Seattle, WA). 

For 6 and 24+ month Gclm wild-type and null mice, blood was collected at the 

time of baseline measurement for fasting plasma insulin analysis. The following day, 

mice were fasted for 4-6 hours in preparation for an ITT (8-10 a.m. to 2 p.m.).  Baseline 
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blood glucose levels were measured, followed by IP injection of 1 U human insulin/kg 

body weight (Humulin R, Eli-Lilly, solubilized in 0.9% sodium chloride injection, USP). 

Blood glucose was monitored at 15, 30, 45, 60, and 120 minutes post-insulin 

administration (Figure 3.1).  

Following baseline measurements of glucose homeostasis, mice were allowed to 

recover for a week, then treated with either saline or cadmium chloride (Cadmium 

chloride, Sigma 202908, in 0.9% sodium chloride injection, USP) one to two weeks after 

baseline data was recorded. Mice were subjected to the same GTT and ITT on subsequent 

days beginning 24 hours post CdCl2 (or saline) treatment (Figure 3.1). 

 

 

3.3. Results 

 

 The first parameter of metabolic health we examined was body weight in Gclm 

mice. Our data shows that Gclm null mice display a leaner phenotype throughout old age 

compared to WT and Het mice (Figure 3.2). At 18 and 24+ months, this difference was 

statistically significant by Two-Way ANOVA , and the data also suggest that null mice 

display less variability in weight at 18 and 24+ months compared to WT and Het mice 

(Figure 3.2). This suggests that the downregulation of fatty acid synthesis observed 

previously in young Gclm null mice (Kendig et al., 2011) is likely maintained through 

24+ months. 

Next, we examined functional parameters of glucose homeostasis—glucose 

tolerance and insulin sensitivity. At baseline, Gclm null mice were more glucose tolerant 
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and insulin sensitive than WT and Het mice at all ages (Figures 3.3, 3.4, 3.7, 3.8). Saline 

did not have much of an effect on this general trend (Figures 3.3, 3.5, 3.7, 3.9), the only 

exception being ITT at 24+ months, where there was no observable difference in insulin 

sensitivity between any Gclm genotype (Figure 3.9). Surprisingly, cadmium treatment 

had no effect on the baseline GTT trend (Figures 3.3 and 3.6). Overall, ITT was also 

unaffected by cadmium administration, except at 18 months, where Gclm null mice were 

not more insulin sensitive than WT or Het mice (Figure 3.10). However, at 24+ months, 

cadmium-treated Gclm null mice were back to being more insulin-sensitive than Gclm 

WT and Het mice (Figure 3.10).  

To complement GT and IT testing, we measured fasting plasma insulin levels in 

Gclm WT and null mice at 6 and 24+ months of age, following saline or cadmium 

treatment (Figure 3.11). At 24+ months, WT mice displayed a statistically significant 

increase in fasted insulin levels by two-way ANOVA (p<0.05 for saline; p<0.0001 for 

cadmium) (Figure 3.11). In contrast, Gclm null mice displayed a statistically significant 

decrease in fasted plasma insulin by 24+ months (Figure 3.12B, F). Cadmium treatment 

did not enhance this effect in nulls, but it did enhance the trend seen in WTs (Figure 

3.12C, D). 

 

 

3.4. Discussion 

 

We settled on two functional parameters to examine general glucose homeostasis 

in Gclm mice of differing genotypes: glucose tolerance and insulin sensitivity tests. 
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During these tests, mice are challenged with a bolus of either glucose (GTT) or insulin 

(ITT), and blood glucose is periodically measured to see how mice respond to each 

challenge (i.e. how quickly blood glucose levels return to baseline). Impaired glucose 

tolerance and insulin sensitivity are associated with a T2DM phenotype and general 

metabolic dysfunction. Previous work (Kendig et al., 2011) demonstrated that young 

Gclm mice are more insulin sensitive (as indicated by the calculation of the homeostasis 

model assessment of insulin resistance; HOMA-IR), and glucose tolerant than WT mice, 

a trend we replicated here. However, this is the first study to examine how these findings 

are affected in Gclm Het mice, and with age and in response to a toxicant challenge.  

Unexpectedly, our results contradict the hypothesis that age would have a 

significant effect on the ability of Gclm null mice to maintain improved insulin sensitivity 

and glucose tolerance relative to WT mice (Figures 3.3 to 3.10). Because recent evidence 

points to an important role for Nrf2/Keap1 in maintaining metabolic homeostasis and 

preventing T2DM-like phenotypes, the data presented here are consistent with Nrf2 

activity not declining with age. The idea that Gclm null mice are protected from 

metabolic dysfunction with age is further supported by the finding that WT mice have 

increased fasted plasma insulin at old age, while null mice actually decrease fasting 

insulin with age (Figures 3.11, 3.12). High circulating insulin in a fasted state is 

indicative of insulin resistance, as it suggests that beta-cells within pancreatic islets need 

to produce and export more insulin to the periphery in order to maintain normal blood 

glucose. 

A possible explanation for the improved glucose homeostasis observed in Gclm 

null mice is through Nrf2 acting as an effector of the AMPK axis. AMPK is an energy 
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sensor that maintains energy homeostasis and interacts with several cellular metabolic 

pathways, including Nrf2. AMPK activation results in suppressed hepatic lipogenesis and 

gluconeogenesis (Xu et al., 2013)—changes known to occur in the livers of Gclm null 

mice. Importantly, the improved metabolic phenotype observed in Gclm null cannot be 

attributed exclusively to differences in gluconeogenesis and lipogenesis in the liver. 

Tissues such as muscle, adipose, and pancreas also likely contribute to the increased 

glucose tolerance, insulin sensitivity, and increased basal metabolic rate Gclm null mice 

display. The role(s) of these tissues in glucose signaling warrant future investigation. 

 Our data go against the prevailing literature regarding glucose homeostasis 

changes with age in laboratory mice. Numerous studies have reported increasing insulin 

resistance and declining glucose tolerance concurrent with altered insulin secretion as 

characteristics of aging (Oh et al., 2016). However, notable exceptions have been 

documented in both humans and experimental animals (Bourey et al., 1993; Broughton et 

al., 1991; Chakraborty et al., 2009; Pacini et al., 1988). A study from 1988 which 

examined glucose homeostasis in male C57BL/6J mice (the same background strain as 

Gclm mice), came to the following conclusion: “the findings that glucose tolerance [does] 

not deteriorate with age, coupled with the lack of evidence for impaired beta cell 

responsiveness to glucose in old males, suggest that deterioration in glucose homeostasis 

is not an inevitable consequence of aging in the mouse”  (Leiter et al., 1988). The results 

of a more recent study went further, showing glucose tolerance improving with age in this 

strain (Oh et al., 2016). In contrast, in the same study, Oh and colleagues found that 

insulin sensitivity declined with age (Oh et al., 2016).  
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It remains unresolved as to why insulin sensitivity improves with age in Gclm 

mice. These mice were derived from a C57BL/6J background many years ago, and even 

with backcrossing, it is quite possible that unknown factors, genetic, epigenetic, or 

otherwise, may have become fixed over time. Another potential explanation may be 

environmental differences that could alter gut microbiota in mice housed at UW 

compared to other institutions. 
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3.5. Figures 
 

 
	
  
Figure 3.1. (A) Overall design schematic for functional tests of glucose homeostasis, and 
(B) daily experimental schematic for blood glucose reading and plasma collection. 
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Figure 3.2. Body weights of Gclm WT, Het, and null mice at 12 weeks, and at 6, 18, and 
24+ months (n=12-24 mice/group). Data analyzed using two-way ANOVA with 
Bonferroni corrections; #, p<0.05; ##, p<0.001; ###, p<0.0001.  
	
  
	
  



	
   66	
  

	
  
Figure 3.3. Measurements of glucose tolerance in Gclm WT, Het, and null mice at 12 
weeks, 6, 18, and 24+ months at baseline or following saline/cadmium treatment. Errors 
bars represent the standard error of the mean. Green and italicized lettering indicates 
AUC significantly different from WT AUC by one-way ANOVA. 
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Figure 3.4. Measurements of baseline glucose tolerance in Gclm WT, Het, and null mice 
at 12 weeks, 6, 18, and 24+ months (n=12-24 mice/group). Data analyzed by one-way 
ANOVA (Dunnett’s): *, p<0.05; **, p<0.001; ***, p<0.0001. Errors bars represent the 
standard error of the mean. 	
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Figure 3.5. Measurements of glucose tolerance following saline dosing in Gclm WT, 
Het, and null mice at 12 weeks, 6, 18, and 24+ months (n=4-8 mice/group). Data 
analyzed by one-way ANOVA (Dunnett’s): *, p<0.05; **, p<0.001; ***, p<0.0001. 
Errors bars represent the standard error of the mean. 	
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Figure 3.6. Measurements of glucose tolerance following cadmium dosing in Gclm WT, 
Het, and null mice at 12 weeks, 6, 18, and 24+ months (n=4-8 mice/group). Data 
analyzed by one-way ANOVA (Dunnett’s): *, p<0.05; **, p<0.001; ***, p<0.0001. 
Errors bars represent the standard error of the mean.	
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Figure 3.7. Measurements of insulin sensitivity in Gclm WT, Het, and null mice at 12 
weeks, 6, 18, and 24+ months at baseline or following saline/cadmium treatment. Errors 
bars represent the standard error of the mean. Green and italicized lettering indicates 
AUC significantly different from WT AUC by one-way ANOVA.  
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Figure 3.8. Measurements of baseline insulin sensitivity in Gclm WT, Het, and null mice 
at 12 weeks, 6, 18, and 24+ months (n=12-24 mice/group). Data analyzed by one-way 
ANOVA (Dunnett’s): *, p<0.05; **, p<0.001; ***, p<0.0001. Errors bars represent the 
standard error of the mean.   
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Figure 3.9. Measurements of insulin sensitivity following saline dosing in Gclm WT, 
Het, and null mice at 12 weeks, 6, 18, and 24+ months (n=4-8 mice/group). Data 
analyzed by one-way ANOVA (Dunnett’s): *, p<0.05; **, p<0.001; ***, p<0.0001. 
Errors bars represent the standard error of the mean.  
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Figure 3.10. Measurements of insulin sensitivity following cadmium dosing in Gclm 
WT, Het, and null mice at 12 weeks, 6, 18, and 24+ months (n=4-8 mice/group). Data 
analyzed by one-way ANOVA (Dunnett’s): *, p<0.05; **, p<0.001; ***, p<0.0001. 
Errors bars represent the standard error of the mean.	
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Figure 3.11. Measurements of plasma insulin levels in selected cohorts of mice (n=6 
mice/group). * = Two-Way ANOVA for genotype and treatment (Bonferroni): *p<0.05, 
**p<0.001, ***p<0.0001. 
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Figure 3.12. Comparisons of plasma insulin levels in selected cohorts of mice (n=6 
mice/group). * = Student’s t-test: *p<0.05, **p<0.001, ***p<0.0001. 
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Chapter 4	
  
 

Hepatic and renal cadmium burden in Gclm+/+, Gclm+/-, and Gclm-/- mice. 
 
 
 
4.1. Introduction 
 
 
 Glutathione is known to be an important line of defense against cadmium toxicity. 

In vitro studies consistently show that low glutathione levels leave cells susceptible to 

cadmium-induced oxidative damage (Gaubin et al., 2000; Ochi et al., 1988). 

Metallothioneins (MTs), low-molecular weight, heavy metal-binding proteins, are 

induced following cadmium exposure (Kennette et al., 2005). MT-I and II (the main MTs 

expressed in liver) null mice are sensitive to acute Cd-induced hepatotoxicity and chronic 

Cd-induced nephrotoxicity, highlighting the importance of these proteins in mediating 

cadmium toxicity (Klaassen and Liu, 1998). However, MT induction requires 

transcriptional activation by Nrf2/Keap1 to accumulate in protective amounts, meaning 

that sufficient MT expression is not achieved until hours after exposure. Thus, 

glutathione and metallothioneins act as complementary defense mechanisms against 

cadmium toxicity; GSH acts as an initial defense, and MTs acts as a second-stage defense 

(Klaassen and Liu, 1998; Ochi et al., 1988). 

 In this study, we wanted to examine the effect that chronic glutathione depletion 

has on hepatic and renal cadmium accumulation, and how age might modify this effect. 

We hypothesized that young Gclm WT and null mice would not display a significant 

difference in hepatic and renal cadmium burden at a relatively young age (6 months) 

following acute Cd exposure, because even though WT mice have ~10 times higher basal 

GSH, null mice have increased Nrf2 activity (which regulates MT expression) to make up 
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for decreased GSH. However, given that GSH and MTs share cooperative roles in 

defending against Cd-induced toxicity, we hypothesized that old Gclm null mice would 

be at a disadvantage in clearing cadmium from the liver and kidney compared to WT 

mice, owing to the fact that both GSH levels and Nrf2 activity have been shown to 

decline with age (Bruns et al., 2015; Giustarini et al., 2006; Liu et al., 2004; Maher, 2005; 

Rebrin and Sohal, 2008; Zhang et al., 2015; Zhang et al., 2012a).  

 

 

4.2. Materials and Methods 

 

For Reagents, Establishment of an Aging Gclm Mouse Colony, Experimental 

Design, Treatments, Necropsies, and Statistical Analyses, see Chapter 2.2. 

   

ICP-MS analysis for hepatic and renal metal content 

 Inductively coupled plasma mass spectrometry (ICP-MS) was performed using a 

modified version of the EPA protocol 6020a Rev.1 2007 to analyze tissue for cadmium, 

selenium, and zinc, as previously described (Scoville et al., 2015). 

 

 

4.3. Results 

 Following saline treatment, background hepatic cadmium and zinc levels, and 

Cd/Zn ratio were higher at 6 months in Gclm null mice compared to WT (Figures 4.1- 

4.3).  At 24+ months of age, cadmium and Cd/Zn ratio remained higher in null mice 
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(Figures 4.1- 4.3). In the kidney, old Gclm null mice displayed much higher background 

cadmium levels and Cd/Zn ratio than WT mice. 

 Interestingly, cadmium treatment reversed the trend observed in saline-treated 

mice. After Cd exposure at 24+ months of age, Gclm null mice had lower cadmium and 

Cd/Zn burden in both liver and kidney tissues (Figures 4.1, 4.3). No statistical difference 

in Zn burden was seen following cadmium treatment at any age, genotype, or tissue 

(Figure 4.2). 

 

 

4.4. Discussion 

 

 It seems curious that the trends in cadmium burden would reverse following 

cadmium treatment. However, an easy explanation for this is that when exposed to higher 

than background levels of cadmium (which likely result from the diet in this study), Gclm 

null mice are able to more effectively induce MTs (which are Nrf2 regulated) as a 

consequence of higher Nrf2/Keap1 activity. Indeed, we observed a statistically significant 

increase in Mt1 and Mt2 mRNA expression in 24+ month old Gclm null mice (Figure 

2.16), which correlates quite well with hepatic cadmium burden (Figures 4.1, 4.3).  

Because cadmium levels and Cd/Zn ratio are statistically lower in 24+ month 

Gclm null mice relative to WT mice of the same age, and Mt1 and Mt2 expression is 

increased in these animals, these data provide further evidence that Nrf2 remains 

responsive into old age in Gclm null mice. This is particularly important in the liver, as it 

is the primary location for MT transcription. However, other endpoints would also be 
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useful to fully elucidate importance of MT expression/induction in these mice, such as 

data on MT expression at the protein level, and investigation of differences in Cd-MT 

complexes between Gclm genotypes. It would also be interesting to examine the effect of 

other metals on inducing MT expression in young and aged Gclm mice, as well as 

different exposure levels, pathways, and time courses. 

MTs are increased in some long-lived nematodes and mice, and have been shown 

to be important in age-related changes to immune plasticity and cardiac function, but the 

role of MTs in aging remains understudied (Mocchegiani et al., 2007; Swindell, 2011). It 

is also well known that metal homeostasis and transport is altered with age. However, 

changes in MT expression are usually observed in the context of altered Nrf2 and/or 

metal transcription factor-1 (MTF-1) expression and activity (Wang et al., 2004). Current 

data make it difficult to parse out a mechanistic role for MTs in aging, which are likely 

context-dependent and vary depending on tissue type. Regardless, the importance of MTs 

in protecting against oxidative stress, modulating intracellular metal content, and 

detoxifying exogenous heavy metal stressors, suggests an important function for them in 

aging.  
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4.5. Figures 

	
  
Figure 4.1. Cadmium burden in the livers and kidneys of 6 and 24+ month Gclm+/+, 
Gclm+/-, and Gclm-/- mice, following (A) saline and (B) cadmium treatment. Data 
analyzed by Two-Way ANOVA within tissue type; for liver, *p<0.05, **p<0.01, 
***p<0.0001; for kidney, ^p<0.05, ^^p<0.01, ^^^p<0.0001. 
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Figure 4.2. Zinc burden in the livers and kidneys of 6 and 24+ month Gclm+/+, Gclm+/-, 
and Gclm-/- mice, following (A) saline and (B) cadmium treatment. Data analyzed by 
Two-Way ANOVA within tissue type; for liver, *p<0.05, **p<0.01, ***p<0.0001; for 
kidney, ^p<0.05, ^^p<0.01, ^^^p<0.0001. 
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Figure 4.3. Ratio of Cd/Zn burden in the livers and kidneys of 6 and 24+ month Gclm+/+, 
Gclm+/-, and Gclm-/- mice, following (A) saline and (B) cadmium treatment. Data 
analyzed by Two-Way ANOVA within tissue type; for liver, *p<0.05, **p<0.01, 
***p<0.0001; for kidney, ^p<0.05, ^^p<0.01, ^^^p<0.0001. 
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Chapter 5 
 

Conclusions and future directions 
 
 

 Functional cellular antioxidant mechanisms are essential for organismal defense 

against the deleterious effects of endogenous (e.g., oxidative byproducts of aerobic 

metabolism) and exogenous (e.g., drugs, pathogens) stresses. Regulation of antioxidant 

capacity includes the maintenance of adequate levels of antioxidants and the localization 

of antioxidant compounds and enzymes (Sies, 1993). At the core of redox homeostasis 

are the thiol disulfide-based glutathione and thioredoxin systems. These complementary 

systems buffer against perturbations in redox homeostasis by acting as electron donors 

for reducing enzymes, scavenging oxidants directly, and signaling to other molecules. 

Despite the common perception that oxidants are damaging, they are not intrinsically 

harmful—the roles of oxidants and electrophiles are more nuanced. In fact, low-level 

oxidants and electrophiles are necessary for signaling and defense within the cell. Pro-

oxidant enzymes, such as NADPH oxidase, complexes within the mitochondrial electron 

chain, and NO synthases are critical for maintaining healthy mammalian physiology, but 

can produce deleterious effects if overstimulated, or in the context of decreased 

antioxidant capacity. On the other hand, it is clear that oxidative stress contributes 

significantly to disease and aging. Thus, redox homeostasis can be conceptualized as a 

“rheostatic” mechanism, rather than an on/off switch, through which the cells maintain a 

proper balance of pro- and anti-oxidant molecules (Ursini et al., 2016). 

Given the myriad roles glutathione plays in the cell, including detoxification of 

electrophiles, free radical scavenging, maintenance of the essential thiol status of 

proteins, providing a cysteine reservoir modulating critical cellular processes such as 
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DNA synthesis, and post-translational protein modification, all of which contribute to 

preservation of redox homeostasis, we sought to examine long-term adaptation(s) to 

decreased GSH in mice. One might expect that severe GSH deficiency, as is seen in Gclm 

null mice, would be highly detrimental to an organism. In some contexts, such as 

exposure to acetaminophen, which specifically requires GSH for detoxification, this 

holds true. In general, however, Gclm null mice are surprisingly resilient and resistant to 

endogenous and exogenous stress, owing to a compensatory upregulation of 

cytoprotective genes, particularly those in the Nrf2/Keap1 pathway (Dalton et al., 2000; 

Kendig et al., 2011; McConnachie et al., 2007). In addition to increased antioxidant 

defense, ablation of the Gclm gene results in improved metabolic fitness, as measured by 

glucose homeostasis. This favorable phenotype stems from a switch in energy 

production, including decreased fatty acid synthesis, leading to decreased body fat, 

improved glucose tolerance and insulin sensitivity, and increased basal metabolism and 

mitochondrial oxygen consumption. 

A central figure in the Gclm null mouse’s adaptation to chronically diminished 

GSH is Nrf2, a master regulator of cellular defense and metabolism. Gclm null mice rely 

on increased Nrf2 activity and expression of Nrf2-regulated genes to maintain normal 

cellular physiology and redox homeostasis. Impaired Nrf2 function is associated not only 

with sensitivity to oxidative stress, but also metabolic dysfunction, which can lead to 

T2DM-like changes in endogenous glucose homeostasis. As mentioned previously, Gclm 

null mice have shown resistance to these states of cellular distress. 

Aging is known to compromise cellular redox status, defense mechanisms, and 

energy homeostasis. Given the public health impact that an ever increasing aged populace 
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presents, it is important to more fully understand how the aging process affects the ability 

of organisms to respond and adapt to stress. Here, we examined how aging affects the 

Gclm null phenotype. Importantly, we also exposed these mice to a stressor, cadmium, in 

order to assess the function of exogenous defense pathways with age. Because Gclm null 

mice rely so heavily on compensatory changes in cytoprotective pathways (especially 

Nrf2) which previous studies suggested exhibit functional decrements with age, our 

overarching hypothesis held that Gclm null mice would be sensitive to cadmium-induced 

toxicity. 

The principal findings presented here do not support such a hypothesis. In the first 

aspect of this study, old (24+ months) Gclm null mice maintained normal glutathione 

redox homeostasis, under basal conditions and in response to acute cadmium treatment. 

In contrast, Gclm wild-type mice displayed detrimental age-related changes in GSH 

redox homeostasis. Increased basal Nrf2 target gene and protein expression observed in 

young Gclm null mice persisted into old age. Furthermore, Cbr3 and Gstm1, two 

important Nrf2-regulated genes, increased with cadmium treatment at 24+ months, 

suggesting Nrf2 inducibility is also maintained into old age in Gclm null mice.  

In the second part of this work, we examined whether the favorable metabolic 

phenotype and resistance to diabetes observed in young Gclm null mice endured with age 

and in response to cadmium, a toxicant believed to hasten development of T2DM. 

Unexpectedly, compared to old Gclm wild-type mice, old Gclm null mice retained 

elevated insulin sensitivity and glucose tolerance. In addition, whereas wild-type mice 

showed increased plasma insulin at 24+ months relative to 6 months, under basal 

conditions, Gclm null mice actually had lower fasted insulin levels from 6 to 24+ months. 
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Together with the glucose and insulin tolerance tests, this suggests glucose homeostasis is 

perturbed with age in wild-type mice, but not Gclm null mice. Cadmium administration 

did not have much of an overall effect on these phenotypes. 

Finally, we assessed the ability of Gclm wild-type, heterozygous, and null mice to 

detoxify and clear cadmium from the liver and kidney. Both young and old Gclm null 

mice showed higher background cadmium (presumably from trace amounts in their diet) 

retention in the liver, and higher renal retention at 24+ months, relative to wild-type and 

heterozygous mice. This finding was reversed following cadmium treatment at 24+ 

months, with Gclm null displaying lower hepatic and renal cadmium retention when 

normalized to zinc levels. As GSH and MT comprise the principal lines of defense 

against heavy metal toxicity, aged Gclm null mice express higher levels of 

metallothionein than wild-type mice, because they certainly are at a disadvantage in 

regards to GSH levels. 

There are a few important caveats to consider for this work. First, a chronic 

dosing protocol would have been more relevant to ‘real-world’ human exposure. 

However, as noted previously, this was not feasible, given the age of some of these mice 

at the beginning of the study. Second, more time points for tissue collection and 

subsequent HPLC, RNA, and Western analysis would have been ideal. By electing to use 

what is essentially a 72 hr time point (and limited 8 hr data at 24+ months), we miss some 

of the temporal nuances in antioxidant response in these mice. The main 72 hr time point 

allowed us to collect functional data (see chapter 3) and maximize the data collected from 

each mouse within budget and manpower constraints. The results observed here may not 

hold in the contexts of alternative dosing regimens. 
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It is also necessary to point out that male Gclm null mice display reduced 

epididymal sperm abundance and motility, and lack of maternal Gclm decreases oocyte 

GSH concentrations and disrupts preimplantation development (Nakamura et al., 2011; 

Nakamura et al., 2012). Especially in the biology of aging field, these findings bring to 

mind the idea of antagonistic pleiotropy, i.e. that multiple effects of a gene have opposing 

effects on organismal fitness. Though we observe a favorable redox and metabolic 

phenotype in Gclm null mice that is maintained with age, there is a trade-off in 

reproductive fitness; this is a common finding in states of increased lifespan, and is a way 

to explain why some genetic changes that appear to be beneficial in one context (e.g., 

aging) are in fact selected against in another (e.g., reproduction). 

 Nonetheless, the results of this work suggest that compensatory changes to 

antioxidant defense and cytoprotective mechanisms are potentially less susceptible to 

age-related decline than previously suggested (Lewis et al., 2010; Suh et al., 2004; Zhang 

et al., 2012a). Moreover, in the context of life-long adaptation to altered GSH status, our 

findings directly challenge the notion presented by others that inducibility of defense 

pathways predictably degrades with age. 
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Appendix A: Abbreviations and acronyms 
 

ANOVA – Analysis of Variance 
AGE – Advanced glycation end product 
AMPK – 5' adenosine monophosphate-activated protein kinase 
ARE – Anti-oxidant Response Element 
ATP – Adenosine triphosphate 
BEACON – Bardoxolone Methyl Evaluation in Patients With Chronic Kidney Disease 
and Type 2 Diabetes: the Occurrence of Renal Events 
BSO – L-Buthionine-[S,R]-Sulfoximine 
CBP – CREB-binding protein 
CBR3 – Carbonyl reductase 3 
CDDO-Me – 1[2-Cyano-3,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole-methyl; 
bardoxolone methyl 
Cd – Cadmium 
CdCl2 – Cadmium chloride 
CdSe – Cadmium selenide 
CO2 – Carbon dioxide 
Cys – Cysteine 
DNA – Deoxyribonucleic acid 
ELISA – Enzyme-linked immunosorbent assay 
EPA – Environmental Protection Agency 
EpRE – Electrophilic response element 
γ-GC – γ-glutamylcysteine 
G6PD – Glucose-6-Phosphate Dehydrogenase 
GCL – Glutamate Cysteine Ligase 
GCLC – Glutamate Cysteine Ligase Catalytic Subunit 
GCLM – Glutamate Cysteine Ligase Modifier Subunits 
Glu – Glutamate 
GPx – Glutathione peroxidase 
GR – Glutathione reductase 
Grx – Glutaredoxin 
GS – Glutathione synthetase 
GSH – Glutathione 
GSK3β – Glycogen synthase kinase 3 beta 
GSSG – Glutathione Disulfide 
Gsr – Glutathione reductase (gene) 
GST – Glutathione S-transferase 
GTT – Glucose tolerance test 
Het – Heterozygous 
HPLC – High pressure liquid chromatography 
i.p. – Intraperitoneal 
ITT – Insulin tolerance/sensitivity test 
Keap1 – Kelch-like erythroid cell-derived protein with CNC homology [ECH]-associated 
protein 1 
Ki – Inhibitory constant 
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KO – Knockout 
MAPK – Mitogen-activated protein kinase 
MCAT – Mitochondrially-targeted catalase 
MCD – Methionine and choline-deficient 
mRNA – Messenger ribonucleic acid 
MTF1 – Zinc-regulated metal transcription factor 1 
mTOR – Mechanistic target of rapamycin 
NAD+ – Nicotinamide adenine dinucleotide, oxidized 
NADH – Nicotinamide adenine dinucleotide, reduced 
NADP+ – Nicotinamide adenine dinucleotide phosphate, oxidized 
NADPH – Nicotinamide adenine dinucleotide phosphate, reduced 
NASH – Nonalcoholic steatohepatitis 
NF-kB – Nuclear factor kappa-light-chain-enhancer of activated B cells  
Nrf2 – Nuclear factor (erythroid-derived 2)-like 2 
OCT – Optimal cutting temperature 
PBS – Phosphate Buffered Saline 
PGC1α – Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 
PPAR – Peroxisome proliferator-activated receptors 
Prx – Peroxiredoxin 
RNA – Ribonucleic acid 
RNR – Ribonucleotide reductase 
RNS – Reactive Nitrogen Species  
ROS – Reactive oxygen species 
RT-PCR – Reverse transcriptase Real Time Polymerase Chain Reaction 
SEM – Standard Error of the Mean 
sMAF – Small musculoaponeurotic fibrosarcoma protein 
SNP – Single Nucleotide Polymorphism 
SOD – Superoxide dismutase  
SPF – Specific pathogen free 
TCDD – 2,3,7,8-tetrachlorodibenzodioxin 
T2DM – Type II diabetes mellitus 
Trx – Thioredoxin 
TrxR – Thioredoxin reductase 
WT – Wild-type 
XRE – Xenobiotic response element 
Zn – Zinc 
ZnS – Zinc sulfide 
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Abstract 
 
 

Doxorubicin is highly effective at inducing DNA double-strand breaks in rapidly 

dividing cells, which has led to it being a widely used cancer chemotherapeutic. 

However, clinical administration of doxorubicin is limited by off-target cardiotoxicity, 

which is thought to be mediated by doxorubicinol, the primary alcohol metabolite of 

doxorubicin. Carbonyl reductase 1 (CBR1), a well-characterized monomeric enzyme 

present at high basal levels in the liver, is known to exhibit activity toward doxorubicin. 

Little is known about a closely related enzyme, carbonyl reductase 3 (CBR3), which is 

present in the liver at low basal levels but is highly inducible by the transcription factor 

Nrf2. Genetic polymorphisms in CBR3, but not CBR1, are associated with differential 

cardiac outcomes in doxorubicin treated pediatric patients. Cbr3 mRNA and CBR3 

protein are highly expressed in the livers of Gclm −/− mice (a mouse model of 

glutathione deficiency) relative to wild type mice. In the present study, we first 

investigated the ability of CBR3 to metabolize doxorubicin. Incubations of doxorubicin 

and purified recombinant murine CBR3 (mCBR3) were analyzed for doxorubicinol 
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formation using HPLC, revealing for the first time that doxorubicin is a substrate of 

mCBR3. Moreover, hepatocytes from Gclm −/− mice produced more doxorubicinol 

than Gclm +/+ hepatocytes. In addition, differentiated rat myoblasts (C2C12 cells) co-

cultured with primary Gclm −/− murine hepatocytes were more sensitive to doxorubicin-

induced cytostasis/cytotoxicity than incubations with Gclm +/+ hepatocytes. Our results 

indicate a potentially important role for CBR3 in doxorubicin-induced cardiotoxicity. 

Because there is likely to be variability in hepatic CBR3 activity in humans (due to either 

genetic or epigenetic influences on its expression), these data also suggest that inhibition 

of CBR3 may provide protection from doxorubicinol cardiotoxicity. 

 

1.1. Introduction 

The anthracycline doxorubicin (also known as Adriamycin) is indicated for a broad range 

of malignant neoplasms, including blood cancers, carcinomas, and sarcomas. Its central 

role in hematological cancer regimens also makes it one of the most widely prescribed 

chemotherapeutics in children [1,2]. Despite the general effectiveness of doxorubicin in 

destroying cancer cells, its use is dose-limited by off-target complications, namely 

cardiomyopathies [1,3]. A dose-dependent increase in cardiomyopathy risk is observed in 

patients; approximately 50-60% of patients given high doses of doxorubicin develop 

cardiomyopathies [1,4]. The risk of developing cardiomyopathy resulting from 

administration represents a major impediment to the continued use of doxorubicin in 

chemotherapy regimens. Elimination of doxorubicin-associated cardiotoxicity would thus 

represent a major advance in the clinical setting, especially in the context of chronic 

doxorubicin administration. 
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Doxorubicinol, an alcohol metabolite of doxorubicin, has been implicated in the 

cardiotoxicity observed in doxorubicin-treated patients, largely due to doxorubicinol 

targeting Na+/K+ channels present in cardiac sarcolemma [5,6]. The NADPH-dependent 

two-electron reduction of doxorubicin to doxorubicinol is shown in Figure 1. Carbonyl 

reductase 1 (CBR1) has been shown to catalyze the reduction of doxorubicin to 

doxorubicinol [7]. However, another carbonyl reductase, CBR3, has been less well 

characterized [8]. Interestingly, in childhood cancer patients treated with doxorubicin, a 

relatively common polymorphism in the CBR3 gene (present in ~30% of Caucasians) 

encodes for a non-synonymous amino acid change (V244M), which is associated with 

decreased risk of developing cardiomyopathy, while a polymorphism in the gene 

encoding CBR1 (1096 G>A) is not associated with differential cardiomyopathy risk [3]. 

Furthermore, another CBR3 variant (11 G>A) has been shown to influence the relative 

expression of CBR3—and subsequent doxorubicinol formation—in a cohort of Southeast 

Asian breast cancer patients [9].  Though the importance of specific CBR3 variants 

remains controversial, currently available data taken as a whole suggest an important role 

for this protein in doxorubicin-induced cardiotoxicity [3,9,10,11]; factors such as tissue-

specific expression, polymorphisms present in other genes, patient age, duration of 

treatment, dosage, and co-therapies, among others, likely influence the relative role of 

CBR3. 

 

While CBR1 and CBR3 share high amino acid identity (~78%) and are both NADPH-

dependent, the endogenous substrate(s) and function(s) of these enzyme appear distinct, 
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and the endogenous role of CBR3 remains unknown. We were initially drawn to CBR3 

due to our lab’s interest in the tripeptide glutathione (GSH), an abundant low-molecular 

weight antioxidant thiol within cells. GSH synthesis is rate-limited by the conjugation of 

glutamate to cysteine by glutamate cysteine ligase (GCL), which is composed of catalytic 

(GCLC) and modifier (GLCM) subunits. The level of GSH synthesized in the livers of 

mice lacking two copies of Gclm (Gclm -/-) is only ~10% relative to that of wild-type 

mice [12]. To compensate for low GSH levels, Gclm -/- mice have up-regulated a number 

of genes, especially those involved in antioxidant defense. Cbr3 mRNA is the most 

highly up-regulated gene in the livers of Gclm -/- mice.  On average, primary transcripts 

of Cbr3 are increased approximately 10-fold relative to Gclm +/+ mice, a trend mirrored 

in another model of thiol insufficiency—conditional hepatic knockout of Txnrd1 [13,14]. 

This is especially relevant in the context of doxorubicin metabolism, given the liver’s 

critical role in xenobiotic biotransformation and detoxification.  

 

While we are currently working to identify the endogenous substrate(s) of CBR3, which 

currently remain unknown, we present here evidence that doxorubicin is an exogenous 

substrate of mouse CBR3, a previously undocumented finding. We demonstrate a 

significantly higher rate of doxorubicinol formation in doxorubicin-treated Gclm -/- 

mouse hepatocytes relative to Gclm +/+ mouse hepatocytes, and also show that 

differentiated rat myoblasts (C2C12 cells) co-cultured with primary Gclm -/- mouse 

hepatocytes are more sensitive to doxorubicin-induced changes in cell growth and/or 

viability relative to those co-cultured with Gclm +/+mouse hepatocytes. Our findings are 

important for the ongoing elucidation of mechanisms of doxorubicin-induced 
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cardiotoxicity, and, given the central role of doxorubicin use in chemotherapy regimens, 

our results may prove clinically relevant upon further investigation.  
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2. Materials and Methods 

2.1 Chemicals 

All reagents for cell culture and biochemical analyses were purchased from Life 

Technologies (Carlsbad, CA) and/or Sigma-Aldrich (Saint Louis, MO), unless otherwise 

noted. 

2.2 Purification of recombinant murine CBR3 

The Cbr3 expression plasmid was made in two steps.  First, the complete open reading 

frame (ORF) was amplified by polymerase chain reaction (PCR) using a RIKEN cDNA 

clone as template and primers that placed a Nde1 site overlapping the AUG start 

codon.  The PCR product was blunt end-ligated into Sma1-cut pBluescipt II KS 

(Stratagene California, La Jolla, CA).  The Nde1 site and a downstream Hind3 site in the 

polylinker were then used to move the ORF into a similarly cleaved pET28a expression 

vector (EMD Millipore, Billerica, MA).  The plasmid was shuttled to BL21, and a 500 ml 

culture was induced by addition of 1 mM isopropyl β-D-1-thiogalactopyranoside when it 

reached an A600 of 0.6.  Six hours later, cells were collected by centrifugation, and 

disrupted by sonication (five one-minute bursts, on ice) in 20 ml of extraction buffer (300 

mM NaCl, 50 mM Na2HPO4, pH 7), containing 20 mM imidazole and protease inhibitors 

(1 mM PMSF, 1µg/ml leupeptin, 1µg/ml pepstatin).  Lysate was clarified by 

centrifugation (15 min at 15,000 rpm, SS-34 rotor) and mixed on a rotating wheel with a 

1 ml slurry of Talon resin (Clontech Laboratories, Inc., Mountain View, CA).  After 

collecting the resin by centrifugation and washing twice with 50 ml extraction buffer 

containing 20 mM imidazole, the resin was transferred in small volume of washing buffer 

to a nickel mini-column, and protein was eluted in extraction buffer containing 150 mM 
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imidazole.  The first milliliter of eluate contained the highest concentration of 

recombinant protein and was used for gel and enzymatic analyses. 

 

2.3 Animals 

All procedures for animal use were in accordance with the National Institutes of Health 

Guide for the Use and Care of Laboratory Animals and were approved by the University 

of Washington Institutional Animal Care and Use Committee (IACUC). Female Gclm -/- 

mice were derived by homologous recombination techniques in mouse embryonic stem 

(ES) cells, as previously documented [12]. Mice were anesthetized with 0.02 ml/g of a 

mixture of ketamine and xylazine prior to liver perfusion and/or liver excision.  

 

2.4 Liver excision and homogenization 

Livers were excised from anesthetized mice and placed in TES/SB buffer (20 mM Tris, 1 

mM ethylenediaminetetraacetic acid, 250 mM sucrose, 20 mM sodium borate, 2 mM 

serine) with protease inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis, IN) 

on ice, and homogenized. Homogenates were then centrifuged at 9000 x g for 20 minutes 

at 4°C; the resulting supernatant was extracted and prepared for dialysis.  

2.5 Primary murine hepatocyte isolation 

Mouse livers were perfused and hepatocytes isolated by cannulating the hepatic portal 

vein and perfusing with Hanks’ Balanced Salt Solution (HBSS) containing 0.5 mM 

ethylene glycol tetraacetic acid (EGTA) for 4 minutes, after which livers were perfused 

with 15 mg TH Research Grade Liberase (Roche, Madison, WI) per 100 ml perfusion 

medium (William’s E medium supplemented with 2 mM L-glutamine, 10 mM HEPES 
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(pH 7.55), and 5 ug/ml ITS+ Premix (BD Biosciences, Bedford, MA)) for 6 minutes. 

Digested liver lobes were immediately placed in William’s E Medium (supplemented 

with 2 mM L-glutamine, 5 ug/ml ITS+ Premix, 100 U penicillin and 100 ug/ml 

streptomycin, and 25 mM dexamethasone; WECM), on ice and then centrifuged at 130 x 

g for 5 minutes at 4 °C. Following centrifugation, enriched cell pellets were resuspended 

in Hepatozyme medium (Life Technologies) supplemented with 2 mM L-glutamine,100 

U penicillin and 100 ug/ml streptomycin. Hepatocyte yields were assessed by trypan blue 

exclusion using a hemacytometer. A typical perfusion yielded approximately 20-30 

million hepatocytes per liver. 

2.6 Cell culture 

All cells were cultured in 5% CO2/95% air in a humidified incubator at 37 °C . 

2.6.1 Primary hepatocytes. 

Murine hepatocytes were seeded on collagen (25 ug/well)-coated six well plates (Corning 

Inc., Corning, NY) at a density of ~500,000 cells/well. After 4 hours incubation at 37 °C 

to allow for attachment, fresh WECM was added to each well.  

2.6.2 C2C12 culture and differentiation. 

Undifferentiated mouse C2C12 myoblasts were cultured in 75 cm2 flasks at 37 °C for 24 

hours using Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum and 100 IU penicillin plus 100 ug/ml streptomycin . C2C12 cells were then 

trypsinized and re-seeded onto 6-well Transwell Permeable Supports (0.4 µm polyester 

membrane; Corning Inc., Corning, NY), at a density of 75,000 cells/well, at which time 

medium was switched to DMEM supplemented with 2% horse serum and 100 U 
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penicillin plus 100 µg/ml streptomycin (differentiation medium) to allow for 

differentiation. Differentiation medium was replaced every 24 hours for 3 days. 

2.7 Treatment and co-culture of primary mouse hepatocytes with C2C12 cells 

After four hours incubation at 37 °C in Hepatozyme to allow for attachment, primary 

mouse hepatocytes were given 2 ml of fresh WECM, and treated with 0 (vehicle control), 

2, 5, or 10 µM doxorubicin hydrochloride (dissolved in dimethyl sulfoxide (DMSO) 

vehicle; volume of DMSO did not exceed 0.2% for any treatment). Concomitantly, 

transwell inserts containing differentiated C2C12 cells were placed in wells containing 

hepatocytes cultured on the bottom of the wells. Medium within each insert was replaced 

with fresh differentiation medium (1.5 ml/insert). Underlying doxorubicin-treated 

hepatocytes and overlying C2C12 cells were co-cultured for 18 hours following 

treatment, after which time metabolic and toxicological endpoints were assessed. 

2.8 High pressure liquid chromatography 

HPLC analyses for hepatocyte lysates, culture media, and liver homogenate incubations 

were performed using a Shimadzu LC6A reverse-phase HPLC, with an RFIOAxI 

fluorescence detector and a C-R5A integrator (Kyoto, Japan). Samples were loaded in 50 

mM monobasic potassium phosphate buffer (pH 2.5) and eluted under isocratic 

conditions, with the mobile phase containing 27% acetonitrile, 73% 50 mM monobasic 

potassium phosphate (pH 2.5) and a flow rate of 1 ml/minute through a 150-mm Synergi 

5u Hydro – RP 80A column (Phenomenex, Torrance, CA). HPLC analysis of purified 

mCBR3 incubations was performed on a Waters 2690 Separations Module, with a Waters 

474 Scanning Fluorescence Detector (Waters Corporation, Milford, MA). A slightly 

modified gradient to more effectively separate doxorubicin and doxorubicinol peaks was 
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employed—22% Acetonitrile, 78% in 50 mM monobasic potassium phosphate (pH 2.5) 

and a flow rate of 1 ml/minute through a 150-mm Synergi 5u Hydro – RP 80A column 

(Phenomenex, Torrance, CA). Excitation and emission wavelengths were 470 nm and 

590 nm, respectively, and Waters Millenium Software V2.0 was used for data processing 

(Waters Corporation, Milford, MA). 

2.8.1 Detection of doxorubicinol in media and primary mouse hepatocytes. 

Following 18 hours doxorubicin treatment, 5% 5-sulfosalicylic acid (SSA) was added to 

culture media in microfuge tubes, on ice, for 10 min and then centrifuged at 14,000 x g 

for 2 minutes at room temperature. Resulting supernatants were analyzed by HPLC. For 

hepatocytes, cells were washed with phosphate-buffered saline and trypsinized for 15 min 

at 37 °C using 0.25% trypsin/2.21 mM EDTA in HBSS (Cellgro, Corning Inc., Corning, 

NY). They were then removed from the dishes by scraping, triturated 3-5 times and 

transferred to microfuge tubes. Next, hepatocytes were centrifuged for five minutes at 

130 x g, 4°C, resuspended in TES/SB and sonicated on ice. Cell lysates were centrifuged 

for 2 minutes at 14,000 x g (4°C) and the resulting supernatant was added to 5% SSA, 

incubated on ice for 15 minutes, and centrifuged again at 14,000 x g (room temperature) 

for 2 minutes. Resulting supernatants (pH=2.5) were used for HPLC analyses. 

2.8.2 Detection of doxorubicinol formation in liver homogenates. 

Aliquots of liver cytosolic fractions prepared by centrifugation of liver homogenates at 

9000 x g (S9 fraction) from female Gclm +/+ and Gclm -/- mice were placed in 3.0 mL 

dialysis cassettes (Thermo Scientific, Waltham, MA) overnight in a solution of 100 mM 

monobasic potassium phosphate, pH 7.4. The following day, 20 µl of the dialyzed liver 

S9 fraction (approximately 50-70 mg/ml concentration) were transferred to microfuge 
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tubes containing 15 µl of 10 mM nicotinamide adenine dinucleotide phosphate (NADPH) 

in 100 mM monobasic potassium phosphate (pH 7.4), 1.5 µl of 1 mg/ml doxorubicin 

hydrochloride (in DMSO), and 113.5 µl of 100 mM monobasic potassium phosphate 

buffer (pH 7.4). Samples were briefly vortexed, then placed on a rocker in the dark at 37 

°C, and allowed to incubate for one hour. Next, 50 µl of 5% SSA was added to each 

sample, on ice, for 15 minutes, and samples were centrifuged at 14,000 x g for 2 minutes. 

Resulting supernatants were used for HPLC analysis. 

2.8.3 Detection of doxorubicinol formation using purified recombinant murine CBR3. 

Incubations with purified recombinant mouse CBR3 (mCBR3), followed the same 

protocol as incubations with liver homogenates. Briefly, 1 µl of 55 mM mCbr3, 1 µl of 1 

mg/ml doxorubicin, 15 µl of 10 mM NADPH, and 133 µl 100 mM monobasic potassium 

phosphate buffer (pH 7.4) were briefly vortexed, then placed on a rocker in the dark at 37 

°C, and allowed to incubate for one hour. Next, 50 µl of 5% SSA was added to each 

sample, on ice, for 15 min, and samples were centrifuged at 14,000 X g for 2 minutes. 

Resulting supernatants were used for HPLC analysis. For control experiments, the same 

protocol was followed, with the additional step of boiling mCBR3 for ten minutes prior 

to incubation with doxorubicin and NADPH. 

 

2.9 Liquid Chromatography/Mass Spectrometry (LC/MS) 

Gclm WT and null murine liver homogenates were incubated with 0.067 µg (1 µg/150 µl 

total incubation volume) doxorubicin for 60 minutes at 37 °C in the dark, as described in 

section 2.8.2 of Methods. Following incubation and derivitization, samples were analyzed 

using LC/MS to confirm the presence of the doxorubicinol metabolite. Samples were run 
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on an Agilent Technologies (Santa Clara, CA) MS QQQ Mass Spectrometer using a 

Poroshell SB-C18 (3.0mm x 50mm x 2.7 µ) column at 0.4 ml/minute flow rate (0.1% 

formic acid buffer). An internal standard of epirubicin (4’-epimer of doxorubicin) was 

used to differentiate between doxorubicinol and doxorubicin. The mass to charge (m/z) 

ratio for the precursor ions of doxorubicin and epirubicin were 544.2, and 546.1 for 

doxorubicinol (determined using standards of each compound). The m/z of the product 

ions were 361.1 and 397.1 for epirubicin and doxorubicin, respectively, and 363.1 and 

399.2 for doxorubicinol. Analyses were performed in triplicate for each Gclm genotype. 

 

2.10 Assessment of C2C12 cell viability 

Cellular cytostasis and/or cytotoxicity of C2C12 cells following 18 hour co-culture with 

doxorubicin-treated primary mouse hepatocytes was determined spectrophotometrically 

by measuring the reduction of the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) to formazan as previously described [15]. 

2.11 Protein isolation 

Total protein concentration in cell lysates from primary mouse hepatocytes and S9 liver 

homogenate fractions was determined using the Bio-Rad Protein Assay Dye Reagent 

(Bio-Rad Laboratories Inc., Hercules, CA), in 96-well microtiter plates, following the 

manufacturer’s protocol. 

2.12 Western Blotting 

Western blotting was performed using standard techniques. Briefly, ~15 ug protein per 

sample were separated by electrophoresis using 12% Tris-Glycine mini-gels in a Novex 

XCell SureLock Mini-Cell (Life Technologies, Carlsbad, CA). Following electrophoresis, 
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proteins were transferred to polyvinyldiene difluoride (PVDF) membranes (Immobilon-P, 

Millipore, Billerica, MA). Membranes were blocked with 5% milk in tris-buffered saline 

with Tween 20 (TBS-T) and incubated with primary antibodies raised against mouse 

Cbr3 (1:1000 dilution; rabbit polyclonal antisera; GFM, unpublished), β-actin (1:1000 

dilution; Cell Signaling, Beverly, MA), and Gclm (1:50000; rabbit polyclonal antisera, as 

described previously [12]), followed by incubation with horseradish peroxidase-

conjugated secondary rat anti-rabbit antibody (Millipore, Billerica, MA), diluted 1:10,000 

in 5% milk TBS-T. 

2.13 Statistical Analyses 

Data are expressed as the mean and SEM, unless otherwise noted. Data were analyzed by 

one- or two-way ANOVA, followed by a Dunnett’s post-hoc test (for cytotoxicity 

experiments), or a Student’s t-test (for pair-wise comparisons) using a statistical software 

package (Prism, GraphPad, Inc., San Diego, CA). Differences yielding a p value of less 

than 0.05 were considered statistically significant. 
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3. Results 

3.1 Carbonyl reductase 3 levels in the livers of Gclm -/- and Gclm +/+ mice 

Western blotting of primary hepatocyte lysates and dialyzed liver homogenates (S9 

fraction) confirmed that CBR3 protein is highly up-regulated in the livers of Gclm -/- 

mice relative to Gclm +/+ mice (Figure 2). 

3.2 Assessment of the ability of mCBR3 to metabolize doxorubicin to doxorubicinol  

We report here that doxorubicin is a substrate of murine CBR3. Incubation of purified 

mCBR3 with doxorubicin and NADPH, revealed the formation of doxorubicinol with 

HPLC analysis, at the expected elution time of approximately 10 minutes (Figure 3).  

3.3 Doxorubicinol formation in primary mouse hepatocytes and liver homogenates 

Primary Gclm -/- mouse hepatocytes treated for 18 hours with 2, 5, or 10 uM doxorubicin 

had significantly higher levels (~2.5- to 3.5-fold) of both cellular and extracellular 

doxorubicinol than Gclm +/+ mouse hepatocytes, as measured by HPLC (Figure 4; n=12, 

p < 0.001 for all doses). A graded dose-response of doxorubicinol formation was 

observed with increasing doxorubicin treatment (Figure 4). Additionally, dialyzed liver 

S9 homogenates (cytosolic + microsomal fraction) from Gclm -/- mice produced 

approximately 2.5-fold more doxorubicinol than S9 fractions from Gclm +/+ 

homogenates (Figure 5; n=4, p < 0.05). 

3.4 LC/MS Analysis of doxorubicinol formation in liver homogenates 

Analysis of doxorubicinol formation using mass spectrometry confirmed the identity of 

the putative doxorubicinol peak observed in HPLC analyses. Additionally, following the 

trend observed in HPLC analyses, 2- to 3-fold more doxorubicinol was formed in 



	
   118	
  

incubations containing Gclm -/- liver homogenate relative to Gclm +/+ liver homogenate 

(Figure 6).  

 

3.5 Co-culture of differentiated mouse myoblasts with doxorubicin-treated primary 

murine hepatocytes 

C2C12 cells differentiated on transwell inserts were placed on top of primary Gclm -/- or 

Gclm +/+ mouse hepatocytes and then treated with doxorubicin to assess the effect of 

hepatocyte genotype on the production of compound(s) affecting myocyte viability, an in 

vitro proxy of liver-mediated metabolism resulting in cardiotoxicity. Significantly 

decreased C2C12 cell viability and/or cell growth (as measured by the MTT assay) was 

observed in C2C12 cells co-cultured with primary Gclm -/- hepatocytes relative to those 

co-cultured with primary Gclm +/+ hepatocytes (Figure 7; n=6 per dose and genotype, p 

< 0.001 by two-way ANOVA and Dunnet’s post-hoc analysis). 
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4. Discussion 

In this study, we investigated the potential role of a poorly characterized enzyme, mouse 

CBR3, in doxorubicin metabolism. Preliminary epidemiological data implicate human 

CBR3 polymorphisms as being important in predicting doxorubicinol formation 

[3,9,16,17]. Because doxorubicinol is believed to contribute significantly to 

cardiotoxicity in cancer patients given doxorubicin as part of chemotherapy regimens, 

further investigation into the role of CBR3 in doxorubicin metabolism was warranted [6]. 

 

We first tested the ability of purified recombinant mCBR3 to metabolize doxorubicin. 

Our results indicate that murine CBR3 is indeed able to convert doxorubicin to 

doxorubicinol, a previously undocumented finding. The Nrf2-regulated CBR3 enzyme 

[18] is highly up-regulated in Gclm -/- mice (a model of glutathione deficiency) relative 

to Gclm +/+ mice. Accordingly, we evaluated the ability of primary mouse hepatocytes 

and liver homogenates from Gclm -/- and Gclm +/+ mice to produce doxorubicinol. 

Gclm -/- hepatocytes produced significantly higher levels of doxorubicinol following 18 

hours of doxorubicin treatment in a dose-dependent fashion, relative to Gclm +/+ 

hepatocytes. Additionally, dialyzed liver homogenates from Gclm -/- mice produced 

significantly higher amounts of doxorubicinol following incubation with doxorubicin. 

 

Following these observations, we expanded our focus to a physiologically-relevant in 

vitro system to model cardiotoxicity induced by doxorubicin treatment. We used 

differentiated C2C12 cells (a murine myoblast cell line) as a surrogate for 

cardiomyocytes, and co-cultured them with primary murine hepatocytes from Gclm -/- 



	
   120	
  

and Gclm +/+ mice. As anticipated, a greater impact on C2C12 cell viability/numbers 

was observed in co-cultures with doxorubicin-treated Gclm -/- mouse hepatocytes relative 

to cultures with Gclm +/+ mouse hepatocytes. Moreover, there was an inverse 

relationship between doxorubicinol concentration and cell numbers and/or viability in 

these in vitro cell culture studies. 

 

Because of their enhanced CBR3 expression, Gclm -/- mice are likely to exhibit increased 

sensitivity to doxorubicin-induced cardiomyopathy, relative to Gclm +/+ mice, a 

hypothesis that we are currently in the process of investigating with in vivo studies..  

 

Ultimately, the overarching goal of this research is to reduce doxorubicin-induced 

cardiomyopathy to a level at which doxorubicin administration is not dose-limited by off-

target cardiotoxicity. Doxorubicin continues to be and will likely remain a widely used 

chemotherapeutic central to numerous chemotherapy regimens [1]. Despite the discovery 

and use of targeted, less toxic therapies for specific cancer types (e.g., Trastuzumab), 

little progress has been made in reducing off-target cardiotoxicity induced by 

anthracyclines since their clinical introduction nearly 40 years ago [1,19]. Our findings 

not only implicate CBR3 in doxorubicin metabolism, but underscore the potential 

importance of CBR3 inhibition in the context of doxorubicin-containing therapies.  

Finally, if validated in appropriate pre-clinical models, such inhibition would represent a 

novel advancement in the treatment of a wide variety of cancers. 
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Figures 

 
Figure 1. Two-electron reduction of doxorubicin to the putative cardiotoxic alcohol 
metabolite, doxorubicinol, at the 13th carbon. NADPH-dependent monomeric carbonyl 
reductase CBR1 is known to mediate this reaction. Here, we demonstrate that this 
reaction is also carried out by a protein that shares high sequence identity with Cbr1, 
carbonyl reductase 3. 
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Figure 2. Representative Western blot analyses of GCLM, CBR3, and β-actin (loading 
control) proteins in (A) primary murine hepatocytes and (B) dialyzed liver homogenates 
from Gclm -/- and Gclm +/+ mice. 
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Figure 3. HPLC chromatograms showing doxorubicinol formation with (A) catalytically 
inactive and (B) catalytically active purified mCBR3. Doxorubicinol eluted at ~10 
minutes, while doxorubicin eluted at ~15 minutes. 
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Figure 4. Doxorubicinol formation in Gclm -/-  and Gclm +/+ hepatocytes. (A) 
Representative HPLC chromatograms of doxorubicinol formation in Gclm -/-  (top panel) 
and Gclm +/+ (bottom panel) hepatocytes. (B) Quantification by HPLC of doxorubicinol 
formation (area units, AU) in hepatocytes and (C) media taken from doxorubicin 
treatments; n=12 for each treatment. *** indicates p < 0.001 for Student’s t-test relative 
to wild-type for each dose. 
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Figure 5. Doxorubicinol formation by Gclm -/-  and Gclm +/+ liver homogenates. (A) 
Representative HPLC chromatograms of doxorubicinol formation in Gclm -/-  (top panel) 
and Gclm +/+ (bottom panel) dialyzed liver homogenates. (B) Quantification by HPLC 
of doxorubicinol formation (area units, AU) in dialyzed liver homogenates following 
incubation with 50 mM doxorubicin; n=4 per genotype. *indicates p < 0.05 for Student’s 
t-test relative to wild-type. 
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Figure 6. LC/MS analysis of liver homogenate-doxorubicin incubations. Confirmation of 
doxorubicinol formation in (A) Gclm +/+ and (B) Gclm -/- liver homogenates. Precursor 
ions for doxorubicin and epirubicin had a m/z of 544.2, while the precursor ion for 
doxorubicinol had a m/z of 546.1. The mass-to-charge ratio of the product ions for 
doxorubicin and epirubicin were 397.1 and 361.1, respectively, while doxorubicinol had 
two product ions with m/z ratios of 399.2 and 363.1.  
 



	
   130	
  

 
Figure 7. Cytotoxicity in C2C12 cells following co-culturing with either Gclm -/- or Gclm 
+/+  primary hepatocytes. Two-way ANOVA analysis, *** indicates p < 0.001 relative 
to controls, # indicates p < 0.001 relative to wild-type at each; representative of two 
independent experiments, n=3 per dose and genotype per experiment; n.s. - not 
significant. 
 


