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 Hallmarks of aging include the accumulation of aberrant proteins and a lower 

resistance to stresses. Because the endoplasmic reticulum (ER) functions to fold proteins 

and possesses unique stress sensing pathways, the central hypothesis of this dissertation 

is that the ER is a target of cellular aging and significantly underlies these age-related 

phenotypes. This hypothesis was tested using isolated microsomes from young (3-6 mo) 

and old (24-26 mo) rats and a novel primary hepatocyte cell culture model that maintains 

the aging phenotype.  

 The ER luminal oxidation/reduction (redox) environment, exemplified by the 

glutathione redox ratio (GSH:GSSG), is vital for both ER stress signaling and the 

regulation of ER oxidoreductase activity. Therefore, the hepatic microsomal GSH:GSSG 



 
 
 
 

ratio from young and old rats was determined. Our results showed that the GSH:GSSG 

ratio in young rats was 3.8:1 and that, in contrast to the age-related loss of GSH redox in 

whole liver, microsomal GSH:GSSG increased to 6.4:1 in old rats. This increase is 

sufficient to convert ER oxidoreductases from folding proteins to enzymes involved in 

protein unfolding. These results show that the ER is under an increased stress with age, 

yet no activation of ER stress response pathways was detected. Using the aging cell 

culture model noted above to examine the loss of ER stress response with age, we show 

that following induction of an ER stress by tunicamycin, ER-mediated “pro-apoptotic” 

pathways were in intact with age, but induction of “pro-survival” genes were 

significantly delayed. Taken together, these show that aging leads to: 1) a reductive shift 

in ER thiol redox, and 2) an attenuation of ER stress response. 

 Lastly, previous work showed that (R)-alpha-lipoic acid (R-LA) restores GSH 

levels and redox status in aged rat livers. To determine whether R-LA also reversed the 

age-related changes in ER GSH redox status, young and old rats were supplemented with 

R-LA. Results showed that R-LA reversed both the age-related increase in the ER GSH 

redox state and induced protective ER stress response pathways in a manner similar to 

young animals. Thus, R-LA may be an effective therapeutic to maintain ER homeostatic 

mechanisms with age. 
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1.1.  Background 
 

Preamble 

“All diseases may be by sure means prevented or cured, not excepting even that of 

age, and our lives lengthened at pleasure beyond the antediluvian standard”  

        - Benjamin Franklin, 1780 

 This is the ultimate goal of this dissertation that in whatever way, large or 

small, the content herein will in some way contribute to the understanding of the aging 

process and the means by which we may ultimately increase, not necessarily lifespan, 

but more importantly, healthspan—the time in one’s life which is free of disease and 

full of vitality. 

 

The population of the United States is an aging population 

 The demographics of the United States are rapidly changing. For example, at 

the beginning of the modern calendar (0 A.D.) mean human lifespan was estimated to 

be only 35 years of age. Almost 2000 years later at the turn of the twentieth century, 

the average human lifespan increased to around 53. However, in the past 100 years, 

thanks to advances in sanitation and medical care, human lifespan saw similar gains 

wherein the average lifespan of an American is now approximately 80 years of age. 

 The current demographics of the United States are such that 1 in 5 Americans 

will be over the age of 65 in just 20 years and that by 2030 it is estimated 72 million 

Americans will be 65 or older (1). Even though mean lifespan has increased 

dramatically in recent history, there is a growing concern that human health is not 

keeping pace with longevity. According to a recent survey by the U.S. Department of 

Health and Human Services, 40% of Americans over age 65 exhibit at least one 

chronic disease, disability, or other functional deficit that limits normal daily activity 

(2). This number rises to over 90% of respondents that are 85 and older or 

institutionalized in nursing homes. In light of these facts, it comes as no surprise that 

approximately 75% of all healthcare dollars in the U.S. are spent on the elderly (3, 4). 
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Adding to the problem, the costs of healthcare are rising at a staggering rate. This is 

exemplified when you compare total National healthcare dollars spent versus the 

percentage of the U.S. gross domestic product (GDP) over the last 45 years (Figure 

1.1.). In 1960, only about 5% of the GDP went to healthcare cost, tripling to over 15% 

today. Clearly this trend cannot continue unless dramatic changes are made in the field 

of geriatric medicine, it likely will. 

 The aging population and the poor health that afflicts them will require the 

design of new healthcare strategies to meet the challenges that such a massive increase 

in both healthcare costs and medical infrastructure will engender. Thus, as the elderly 

population continues to grow so will the demand on the economy. To avoid this 

potential healthcare-based implosion on the U.S. economy, it is imperative that 

geriatric medicine moves from treatment-based approaches to preventative-based 

interventions to provide cost-effective alternatives that prolong human healthspan. 

However, to successfully achieve this transition, a better understanding of the 

underlying mechanisms of the aging process is required. 

 

Aging: a complex and multifactorial process. 

 Aging is an ill-defined process that can best be described by phenotypic 

changes at the organismal, tissue, cellular, and subcellular levels relative to their 

younger counterparts. One definition of aging that encompasses its many varied 

characteristics is: 

  The progressive impairment of normal cellular functions that 

  underlie an increasing vulnerability to stresses of all types, which  

  ultimately decreases the ability to survive with time. 

 This definition emphasizes that the aging process, while underscoring a decline 

in cellular function, is still a normal biological condition of living animals and not a 

pathobiology; however, declining cellular function associated with aging predisposes 

the elderly towards diseases traditionally known as “age-related disease”. 
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Figure 1.1.  United States health expenditures as a percentage of gross domestic 
product (GDP) over the past 45 years. Source, Centers for Disease Control and 
Prevention, National Center for Health Statistics, 2006. 
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 The loss of health and increased susceptibility to death that aging causes is 

dramatically illustrated in Figure 1.2. Here, it is evident that all-cause mortality 

increases exponentially as a factor of age (Figure 1.2A). For example, an 85 year old 

person has nearly a 40-fold increased risk of dying versus a middle-aged individual 

(~45 years-of-age). More telling than this simple age-versus-mortality correlation is 

shown in Figure 1.2B where it is evident that chronic debilitating diseases, such as 

cancer, mirror all-cause mortality incidence. This figure illustrates the incidence of all 

types of cancer increases with the 4th power of age where an elderly person is at an 

ever-increasing risk for developing cancer over time (Figure 1.2B). Similar correlates 

can be made with other chronic age-associated pathologies, including cardiovascular 

diseases, stroke, senile dementias, and diabetes (5, 6). Thus, aging is the leading risk 

factor for a number of chronic disorders, first leading to morbidity and ultimately to 

mortality. 

Thus, as mentioned above, it is clear that the significant increase in the elder 

population and the poor health that afflicts them, will require two important and 

intertwined initiatives: 1) a more definitive understanding of the basic cellular and 

molecular mechanisms that comprise the aging process as well as 2) the design of new 

healthcare strategies to meet the challenges that such a significant increase in both 

healthcare costs and medical infrastructure the aging U.S. population will necessitate. 

 

General characteristics of mammalian aging 

As stated above, the hallmarks of aging have largely been characterized as 

phenotypic decrements relative to those found in young adulthood. Typically, these 

aging traits can be divided into gross anatomical changes such as the graying of hair 

and wrinkles; to physiological changes like hearing loss, decreased vision, diminished 

bone density, and muscle atrophy (sarcopenia); to tissue-specific alterations including 

decreased absorption of nutrients, lowered lung capacity, and a suppressed immune 
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Figure 1.2.  Aging increases your likelihood of death over time. Statistics show that 
mortality incidence increases exponentially with age, whether it is from (A) all causes 
of mortality combined or (B) from diseases traditionally considered “late age of onset” 
diseases such as cancer. Statistics collected from the Centers for Disease Control 
(www.cdc.gov ) and users.rcn.com/jkimball.ma.ultranet/BiologyPages/A/Aging. 
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system (5-7). Of the latter, it is noteworthy that the degree of tissue decline is not 

uniform. Metabolically active organs such as the brain, heart, eye, and liver tend to 

decline more significantly than less active organs such as the spleen, thymus, stomach, 

and intestines. Even among the organs that display significant age-associated deficits, 

aging per se is not uniform. For example, certain brain regions such as the 

hippocampus and putamen, and the left ventricle of the heart, are far more 

compromised than other regions of those same organs. 

 

Cellular and molecular aspects of aging 

 Along with the general physiological changes to organs, significant and 

multiple age-related alterations to cellular and sub-cellular organelle function have 

been noted. These changes likely render the cell and tissues they comprise more 

vulnerable to both endogenous and exogenous stress of all types (8). In turn, these 

changes would be expected to increase the risk for pathologies associated with aging. 

Thus, it is likely that dysfunctions at the cellular and molecular level may be 

responsible for the more overt phenotypes of aging previously described. 

 

A brief overview of the cellular and molecular aspects of aging relevant to this 

dissertation will now be described. 

 

Cellular and molecular aspects of aging: oxidative stress 

 It now appears that heightened oxidative insult is a universal aging 

characteristic in animals. The “Free Radical Theory of Aging” was first proposed by 

Denham Harmon in 1956. The underlying postulate of this theory is that free radicals 

produced as a by-product of normal cellular metabolism cause increasing oxidative 

damage to essential biomolecules, ultimately compromising their function, resulting in 

the progressive impairment of cellular function (9). This notion that metabolism 

underlies the aging process is exemplified in Figure 1.3. The group of Sohal et al. 

showed that metabolic rate is inversely correlated to lifespan with few exceptions (10). 
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That is, relative to body weight, the fewer calories burned, the longer life expectancy 

(Figure 1.3A). However, Sohal et al. took this notion one step further and showed that 

mitochondrial oxidant (free radical) production in vitro, in this case superoxide, was 

the better correlate in determining lifespan (Figure 1.3B) providing a strong theoretical 

rationale for the “Free Radical Theory of Aging” (10). This theory has been refined 

over the years as it has become clear that elevated oxidative stress is due to a variety 

of factors. Numerous studies note an exponential increase in the appearance of 

reactive oxygen (ROS) and nitrogen (RNS) species produced and oxidatively modified 

marcromolecules as animals age (11-14). 

 

Cellular and molecular aspects of aging: mitochondria 

 Mitochondria provide the majority of cellular energy needed for basic 

metabolic processes. To do this, mitochondria utilize energy from electrons captured 

from the catabolism of macromolecules in the mitochondrial respiratory chain, 

ultimately donating those electrons to molecular oxygen (O2). However, mitochondria 

have been shown to decay with age and have been strongly implicated in overall 

cellular declines during aging (15). Decayed mitochondria become increasingly 

uncoupled and produce large amounts of oxidants with age (15). As an example, 

Boveris and coworkers suggested that 1% of all O2 consumed is converted to oxidants 

(e.g., superoxide) in young adult rats, but this rate increases to as much as 4% of O2 in 

aged tissue (16). Primarily, the elevated rate of oxidant production is attributed to a 

compromised mitochondrial electron transport chain. While the quantitative rate of 

ROS production from mitochondria is now considered to be much lower than in the 

original studies by Boveris and Chance,nevertheless the current consensus is that 

mitochondrial superoxide production significantly increases with age in all tissues 

studied (17). Oxidative damage has also been noted to occur in the mitochondria. For 

example, oxidatively modified mitochondrial DNA has been shown to increase with 

age as well as membrane damage resulting in a decrease in membrane fluidity (15). 

However, superoxide produced in the mitochondria may not only cause localized 
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Figure 1.3.  Metabolic rate and oxidant production are inversely correlated with 
maximal lifespan. Data modified from Sohal et al. (10). 
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damage to the mitochondria, but because of its relative stability, would also be able to 

diffuse and damage biomolecules in other sub-cellular locales. Thus, oxidants 

produced in the mitochondria could be expected to affect other cellular organelles. 

 

Cellular and molecular aspects of aging: loss of antioxidant status 

 Exacerbating the increased rate of ROS/RNS production, there is a 

concomitant decline in levels of low molecular weight antioxidants (18, 19). In 

particular, the low molecular weight and water-soluble antioxidants, vitamin C and 

glutathione, significantly diminish with age (20). Of the latter, it appears that there is a 

significant age-associated decline in the levels of reduced (GSH) versus oxidized 

glutathione (GSSG), which strongly indicates that aged tissues are chronically 

experiencing a more pro-oxidant state (15, 21-23). In addition to the loss of low 

molecular weight antioxidants, certain antioxidant and detoxification enzymes, 

especially so-called Phase II enzymes (e.g., GSH synthetic enzymes and GSH-S 

transferases [GST]s) appear to be most affected in aging animals (19, 24). Thus, 

handling of oxidants and xenobiotic compounds detoxified via GSH-dependent 

mechanisms in aged tissue appears to be compromised (5, 15, 22, 23, 25). Because of 

the loss of antioxidant and xenobiotic defenses, there is growing evidence to suggest 

that aging animals and humans are significantly more vulnerable to oxidative and 

xenobiotic insult.         

  

Cellular and molecular aspect of aging: protein accumulation  

 Proteins are known to accumulate within the cell with age and this has been 

said to be “…the most common molecular symptom of aging” (26). Rodent studies 

show that steady-state levels of oxidatively damaged lipids, DNA, and protein increase 

in tissues from old versus young animals. In particular, aged tissues display a chronic 

accumulation of oxidatively modified proteins. In support of this, accumulation of 

altered proteins increases significantly with age in all animal species studied (27-35). 

Dysfunctional proteins can arise from erroneous synthesis, spontaneous deamidation, 
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inherently unstable amino acids, glycation, and ROS/RNS damage. Further 

exacerbating this problem, highly modified or oxidized proteins become resistant to 

proteolysis and can inhibit proteosomal and lysosomal function (26, 36-38). 

 

Cellular and molecular aspects of aging: loss of protein catabolic pathways 

 Coincident with elevated protein aggregation is a severe decline in protein 

degradation. Again, increased oxidative damage associated with age has been 

implicated in this lower rate of protein turnover (37, 38).  Thus, a significant and 

universal aspect of mammalian aging appears to be heightened oxidative stress, which 

progressively targets the cellular proteome, and ultimately lowers protein turnover (37, 

38). The end result is that the cell fills with labile proteins, which become “stuck” in 

irreversible conformational intermediates that can neither be folded nor unfolded. 

Once stuck in these misfolded confirmations, traditional unfolding pathways can no 

longer remove these intermediates. As a result, these accumulated proteins 

compromise normal metabolism, contribute to inefficient house-keeping and repair 

mechanisms, and can lead to the chronic induction of stress response pathways (26, 

37, 38). 

 However, the cell is not without further defenses. The 20S and 26S 

proteasomes participate in the selective degradation of altered polypeptide chains (39). 

Degradation of oxidatively damaged proteins is typically carried out by the 20S 

proteasome. However, as noted above, proteosomal function declines with age thus 

compromising the ability of the cell to degrade misfolded proteins with age (37, 38). 

 Lysosomes provide another route for intra-cellular proteolysis. However, 

lysosomes also become significantly affected with age, most notably because of the 

accumulation of lipofuscin, a non-degradable intralysosomal polymeric aggregate 

(40). Thus, as oxidative stress increases with age, so does the level of oxidatively 

modified proteins (38). However, a decrease in overall protein catabolic pathways 

further exacerbates the problem, leading to an accelerated rate of protein accumulation 

with age, ultimately hindering normal cellular functions (37, 38). 
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Cellular and molecular aspect of aging: oxidative stress, protein accumulation and 

the endoplasmic reticulum 

 The endoplasmic reticulum (ER) is a major site of protein folding that folds up 

to 1/3 of the total cellular proteome. Proteins folded in the ER tend to be rich in 

disulfide bonds and facilitate the formation of proper intramolecular disulfide bonding. 

To achieve proper disulfide bonding, the ER is significantly more oxidizing than other 

compartments of the cell. For example, the thiol redox state as measured by the 

reduced glutathione (GSH) to glutathione disulfide (GSSG) ratio has been described to 

be between 1:1 to 3:1 (41, 42). When compared to the cytosolic glutathione redox 

ratio of between 30:1 and 100:1, the thiol redox environment of the ER is between 10-

100 times more oxidizing than the cytosol (43). However, if the ER becomes either 

too oxidized or too reduced, this favors the formation of incorrect intramolecular 

disulfide bonding, resulting in non-native, misfolded protein confirmations. Thus, 

small perturbations in the ER redox status could have dire consequences to overall 

cellular protein homeostasis. 

 Accumulating evidence suggests that protein folding results in the generation 

of ROS as a byproduct of normal ER function and oxidative protein folding. For 

example, Nuss et al. fractionated young and aged liver homogenates and assayed them 

for oxidatively modified proteins (44). They noted significant age-associated increases 

in the oxidation of major proteins of the ER including the ER chaperone grp78/BiP, 

the ER oxidoreductase protein disulfide isomerase (PDI), the ER quality control 

protein calreticulin, and numerous other chaperones known to specifically localize to 

the ER. However, whether direct or indirect, this indiscriminate protein damage is not 

without consequences to cell and organ function. The oxidative modification noted 

above strongly reduced activity of certain enzymes and was shown to abrogate cell 

signaling pathways (44). Furthermore, increased protein oxidative damage has been 

associated with an age-associated impairment in protein folding by inducing 

irreversible disulfide cross-linking, the formation of insoluble and irreversible protein 
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folding intermediates, and aberrant protein glycosylation (44-46).   

 Recent work has also shown that age-related increases in misfolded proteins 

not only affect specific enzyme activities but may also take on additional cytotoxic 

qualities, especially if misfolded proteins aggregate. Protein aggregates, as 

exemplified by ceroid, β-amyloid, huntingtin, CFTR, and lipofuscin are known to 

undertake detrimental “gain-of-function” activities as their respective diseases 

progress. That is, over time the more these proteins aggregate the more they 

compromise cell function (47, 48). The huntingtin protein provides a perfect example. 

Disease onset and severity is highly correlated with both the expansion of the poly-

glutamate region in the gene, protein misfolding, and ultimately protein aggregation in 

the cell (49, 50). Therefore, the larger the repeat, the earlier in life the disease shows  

clinical manifestations and the more rapid the disease progresses. This case illustrates 

that any condition that ultimately disrupts protein folding or protein homeostasis (e.g., 

genetic mutations, oxidative damage, or loss of protein turnover) in the ER increases 

the potential to cause dire consequences to overall cellular homeostasis. 

 

Protein misfolding in the endoplasmic reticulum     

 While protein oxidation has been extensively studied as a root-cause for 

protein aggregation, there is growing evidence that misfolded and aggregated proteins 

in aged tissues may also develop in a non-oxidative manner (48). Evidence for a non-

oxidative component to declines in protein homeostasis come from numerous sources. 

For example, in the aforementioned decrease in activities of the resident ER chaperone 

and oxidoreductase, grp78/BiP and  PDI, not only did enzyme activity decline with 

age, but there was an age-related loss in their levels in mouse liver (44). Additional 

studies now show that amounts of other chaperone proteins involved in nascent 

protein folding and maintenance also decline with age. Erickson et al. showed that 

ERp55, ERp57, ERp72, grp78/BiP, and calnexin, all critical ER chaperones, decrease 

between 30%-50% on an age basis in the rat. Considering the role of ER chaperones in 

ER-dependent protein processing, these data support the concept that their loss could 
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lead to many of the physiological declines associated with aging. The significant 

decline in the proper maturation of proteins would also be  

expected to contribute to toxic protein aggregation both in aged animals as well as 

pathophysiological processes associated with aging (51, 52). Thus, the relative loss of 

chaperone-like activities could directly contribute to the age-dependent increase in 

misfolded and aggregated proteins associated with the endoplasmic reticulum. 

 

The endoplasmic reticulum is an unrecognized site of cellular aging 

 Because ROS and RNS damage is indiscriminate, it would be expected that the 

cell as a whole, and all sub-cellular organelles, would be targets of such damage. 

While theoretically true, most research to date has focused on whole cell, 

mitochondrial, and lysosomal decay. However, relatively little research has examined 

the role of the ER as both a target and progenitor of cellular age-related decay. The 

links between the known cellular hallmarks of aging and the ER include oxidative 

damage to ER chaperones, decline in protein processing and maturation machinery, 

accumulation of aberrant proteins, and protein oxidation. Additionally, as the ER has 

its own sophisticated means of sensing and responding to stresses and accumulation of 

misfolded proteins further implicates a decay in ER function in aged tissues. Given 

that the cellular characteristics of aging and the mechanisms responsible for these 

changes are not well understood, the under-researched nature of the ER is both an 

obstacle for a more precise understanding of cellular aging as well as an opportunity to 

define the cellular targets that ultimately lead to organ decline. 

The following section will provide a sufficient background related to ER function and 

the importance of this organelle to overall cellular homeostasis. 

 

The endoplasmic reticulum 

 The ER is an organelle that comprises 10-30% of overall cellular volume and 

often greater than 50% of the cellular membrane component (53). The ER plays a vital 

role in the maturation, processing, and transport of secretory and membrane-associated 



 
 
 

15 

proteins. Generally, proteins assembled in the ER are rich in disulfide bonds which 

help to promote efficient folding and oligomerization of nascent polypeptide chains 

(54). While disulfide bond formation occurs spontaneously in vitro, to ensure proper 

intramolecular disulfide bonding is achieved, the ER contains numerous chaperones, 

protein disulfide isomerases, and oxidoreductases to facilitate proper protein folding 

and to guard against the formation of irreversible folding intermediates (55-59). 

 

Oxidative protein folding in the ER 

 The activities of resident ER folding enzymes are highly dependent on the 

local reduction/oxidation (redox) environment and even small perturbations in the 

redox status can greatly affect enzymatic activity and, as a result, protein folding 

kinetics (60-63). To help maintain proper protein synthesis, folding, and maturation, 

the thiol redox status of the ER is significantly more oxidizing than other 

compartments of the cell (41, 42). This redox environment likely serves to maintain 

critical enzymes in their preferred redox state to ensure optimal enzymatic activity in 

the mammalian ER (41, 42, 64). Thus, conditions that disrupt the normal redox 

environment of the ER would be expected to disrupt the protein folding machinery, 

other homeostatic ER processes, and even the activation stress response pathways 

(65). 

 

Endoplasmic protein quality control mechanisms 

 The eukaryotic ER is unique from prokaryotic protein processing pathways. In 

bacteria, disulfide bond formation occurs in the periplasm and consists of three distinct 

pathways (66). In eukaryotes, oxidative protein folding occurs in the ER. However, in 

contrast with prokaryotic protein processing, the same enzymes that catalyze protein 

folding in eukaryotes are also responsible for disulfide isomerization, and reduction. 

Thus, the redox state of the ER must be tightly regulated and maintained within a 

narrowly defined range to ensure all enzymatic activities are retained (Figure 1.4). 
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 Glutathione is known to be present in high concentrations within the ER (41, 

64). The thiol redox state of the ER has been defined by measuring the glutathione 

thiol redox couple of reduced (GSH) and oxidized (GSSG) species in this organelle. 

Previous reports have defined the glutathione redox ratio of the ER to be between 1:1 

to 3:1 (41, 42). It has been shown in vitro that the optimal GSH:GSSG ratio to 

facilitate efficient and proper protein folding of model proteins is ~2:1 (67). 

Conversely, it has been shown that optimal unfolding facilitated by ER enzymes 

occurs at a GSH:GSSG ratio of >5.5:1 (68). Thus, the ER likely compromises both of 

these activities, maintaining it in a narrowly defined range, to facilitate all activities 

required in the ER and/or to allow subtle thiol redox modification to favor one 

function over another (e.g., folding versus unfolding). 

 While the precise redox ratio and its role in maintaining ER homeostatic 

mechanisms remains an active area of research, the importance of maintaining the ER 

redox status is becoming clear. A number of pathophysiologies such as diabetes, liver 

disease, and emphysema have been described to have an altered ER thiol redox state 

(48, 62, 63, 65, 69-71). Interestingly, but perhaps counterintuitively, these pathologies 

are characterized by a reductive shift in the ER thiol redox balance that ultimately 

alters ER enzymatic function and would be postulated to destabilize higher order 

proteins structures and result in the misfolding of proteins (Figure 1.4) (63, 72). 

 To date, there have been only a limited number of studies examining the thiol 

redox environment of the ER lumen in mammals (41, 42, 64) and whether conditions 

that alter this redox balance, could adversely affect protein folding. However, to 

ensure proper redox homeostasis is maintained, the ER possesses a unique set of cell 

signaling pathways designed to combat and adapt to stresses that specifically target the 

endoplasmic reticulum.  

 

Endoplasmic reticulum stress 

 The ER is exquisitely sensitive to alterations in protein homeostasis with 

perturbations resulting in a number of responses collectively known as ER stress. 
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Hallmarks of ER stress include: 1) a general inhibition of protein synthesis; 2) 

transcriptional and translational remodeling of the genome and proteome, respectively; 

and 3) activation of specific apoptotic pathways (Figure 1.5). The first two functions 

are aimed at reducing the ER client protein load and, hence, alleviating the stress in 

the ER. The third is aimed at removing cells damaged beyond repair. Interestingly, 

these same pathologies observed during ER stress are also observed during the normal 

aging process suggesting there may be a direct link between the two. However, the 

role that ER stress, or lack thereof, plays in the normal aging process, and the onset of 

age-related diseases, is entirely unknown.  

 

Endoplasmic reticulum stress: pro-survival response 

 To date, the best characterized ER stress response protein is the 

transmembrane receptor PRK-like ER kinase, or PERK. Upon sensing a stress in the 

ER lumen, PERK will homodimerize and become autophosphorylated on its cytosolic, 

extraluminal domains. To date, at least two direct downstream targets of PERK have 

been identified including the eukaryotic translation initiating factor-2 (eIF2-alpha) and 

NFE2-related factor-2 (Nrf2). Phosphorylation of eIF2α prevents the formation of the 

eIF2-GTP-tRNAMet initiation complex that is required for translation, ultimately 

inhibiting novel mRNA transcripts from being translated (inhibition of general protein 

synthesis). However, PERK-mediated phosphorylation of Nrf2 facilitates translocation 

of the latter into the nucleus where it initiates the transcription of Phase II (anti-

oxidant) genes (73). Furthermore, this group showed that PERK-dependent activation 

of Nrf2 was essential for survival following the induction of an ER stress (74). 

Together, these responses (eIF2-alpha and Nrf2) have the net effect of yielding 

cytoprotection following an ER stress. 

 



 
 
 

18 

 
 

Figure 1.4.  Schematic representation of oxidative protein folding in the ER. A 
nascent peptide is co-translated into the ER where it will be held in its primary 
structure by molecular chaperones until “folding enzymes” such as the oxidoreductase, 
PDI, facilitate proper intramolecular disulfide bonding. If the correct folding 
conformation is achieved, the protein is exported to its next cellular locale. 
“Oxidases”, such as ER oxidase-1 (ERO1), then re-oxidize the folding enzymes back 
to their oxidized state. Molecular oxygen has been proposed to be the final electron 
acceptor, whereby the oxidases become re-reduced and the cycle repeats itself. 
However, in the eukaryotic ER, these pathways also work in reverse to isomerize 
incorrectly folded intermediates and/or unfold proteins destined for degradation. These 
multiple activities underscore the importance of the ER redox state in maintaining 
proper enzymatic function. 
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Figure 1.5.  Schematic representation of ER stress response pathways. Stressors 
that disrupt protein folding in the ER and lead to the accumulation of misfolded 
proteins will elicit an ER stress response. Upon sensing a stress, transmembrane 
receptors transduce the stress signal to cytosolic intermediates that ultimately activate 
transcription factors, enter the nucleus, and upregulate ER stress response genes. 
However, both pro-death and pro-survival pathways are initiated simultaneously. 
Thus, the severity of the stress dictates which outcome will prevail. 
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Endoplasmic reticulum stress: pro-death response 

 As mentioned previously, the ER stress response is a competition between two 

directly opposing pathways. Upon induction of an ER stress, both pro-survival 

(discussed above) and pro-death pathways are upregulated. If the stress is mild, the ER 

will be able to adequately respond to the stress and regain homeostasis. However, if 

the stress is severe and the ER cannot adequately respond, pro-death pathways will 

prevail and the cell will undergo apoptosis. One major protein involved in the pro-

death pathway is known as growth arrest and DNA damage-inducible gene 153 

(gadd153) or more commonly known as the C/EBP homologous protein (CHOP) (75, 

76). Along with pro-survival pathways, this bZIP transcription factor becomes 

activated upon an ER stress (77). In addition to its role in inducing the pro-survival 

genes grp78/BiP and Nrf2, PERK has also been shown to activate gadd153/CHOP. 

However, the exact mechanism(s) of the pro-apoptotic effects of gadd153/CHOP are 

currently unclear. Recent evidence suggests that gadd153/CHOP upregulate and/or 

activate caspases and pro-apoptotic members of the bcl-2 family of proteins while 

simultaneously inhibiting the transcription and activation of anti-apoptotic members of 

the bcl-2 family (75, 76). 

 

The endoplasmic reticulum and ER stress response in aging 

 To date, only three reports have implicated ER stress in the aging process. 

First, a study using a human diploid fibroblast cellular senescence culture model of 

aging showed an age-related decline in the expression of the ER chaperone, calnexin, 

an essential component of ER-dependent protein folding, glycoprotein maturation, 

processing, and transport machinery. The authors suggested that an age-related 

decrease in calnexin might contribute to a loss of cytoprotection in a variety of age-

related diseases (78). Second, Nuss et al. have shown that three key ER resident 

proteins, grp78/BiP, protein disulfide isomerase (PDI), and calreticulin exhibit an age-

associated increase in oxidative modifications suggesting an age-associated 

impairment in protein folding, disulfide crosslinking, and glycosylation in the aged 
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mouse liver (44). Third, Li and Holbrook showed using cultured hepatocytes isolated 

from young and old rats that old cells where much more sensitive to cell death 

following pharmacological induction of ER stress than their young counterparts, in a 

c-Jun N-terminal protein kinase (JNK) dependent manner (79). However, the precise 

role the ER and ER stress response mechanisms play in the aging process has never 

been investigated. Because the ER plays such vital roles in regulating overall protein 

homeostasis and cellular stress response pathways and because the redox status is 

essential in regulating these functions, the role of the ER in the normal aging process 

merits further investigation. Therefore, we hypothesize that the ER is a previously 

under defined aspect of compromised cellular function known to occur with age and 

that an age-related ER dysfunction may be a major underlying aspect of the aging 

process. 
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1.2.  Dissertation Hypotheses and Aims 
 

 Based on the previous theoretical rationale, it is the hypothesis of this 

dissertation that ER dysfunction, specifically, changes in the ER thiol redox status and 

lost ER stress signaling mechanisms may be a significant underlying factor in the 

aging process. It is further suggested that R-alpha-lipoic acid, a dietary compound 

known to restore age-related changes in redox status and activate stress signaling 

pathways, may be a potent therapeutic agent to maintain ER homeostasis with age. 

These hypotheses will be explored herein by addressing three specific aims:  

 

 Aim 1. Determine if the thiol redox environment of the ER is affected with 

age. Our laboratory has previously shown that the redox status of the aging liver and 

mitochondria is adversely affected with age. However, the subcellular redox status of 

the ER is ill-defined. The goal of this question is two-fold: 1) develop a method to 

quantify the glutathione redox status in microsomes isolated from rat livers and 2) 

utilizing this method, determine whether the GSH:GSSG ratio is changing with age. 

We will then go on to analyze ER stress response pathways in vivo to determine 

whether the rat liver is experiencing a chronic ER stress with age, possibly as the 

result of an age-related altered ER thiol redox status. 

 

 Aim 2. Determine if R-alpha-lipoic acid (R-LA) can restore indices shown to 

decline in the ER with age. Our laboratory has also shown that supplementation with 

R-LA restores GSH status in old animals and beneficially induces stress signaling 

pathways. The goal of this experimental question is to determine whether or not 

supplementation with R-LA can reverse any of the above indices shown to be 

adversely affected with age. 

 

 The successful completion of these experimental questions in the following 

chapters will show: 1) the ER is a cellular target of the aging process and yield a better 
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understanding of the underlying cellular and molecular mechanisms that contribute to 

the detrimental indices associated with the aging process and that 2) the ER may be a 

novel therapeutic target to prevent morbidity and increase healthspan in the elderly. 
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2.1.  Abstract  

 
The goal of this study was to establish a primary hepatocyte culture system as 

a suitable model to examine age-related changes in Phase II detoxification gene 

expression. Hepatocytes were isolated using a two-step collagenase perfusion 

technique from young (3-6 mo) and old (24-28 mo) rats and placed in primary culture 

using collagen (Type-I)-coated plates as the extracellular matrix. A supplemented 

William’s E Medium was used as the media. This culture system maintained 

hepatocyte viability from both young and old rats for approximately 60 hours, as 

measured by lactate dehydrogenase activity while also maintaining their respective 

phenotypes relative to Phase II detoxification. We thus conclude that a collagen-based 

cell culture system is suitable to study age-associated deficits in Nrf2/ARE-mediated 

Phase II gene regulation provided that experiments can be conducted within 60 hours 

after cell isolation. 
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2.2.  Introduction 

 
 There is growing awareness that Phase II detoxification processes become 

impaired with age.  However, work in this area has been hampered because of the lack 

of experimental models that maintain the physiological aging phenotype and also 

allow molecular manipulation to study gene expression reliably. These criteria exclude 

immortalized cell lines, the main experimental system for molecular biology, as 

transformed cells cannot adequately mimic the cellular aging phenotype of the liver.  

Freshly isolated hepatocytes taken from animals of appropriate ages may be an 

excellent means to study age-related molecular and cellular changes that affect 

detoxification reactions.  Isolated rat hepatocytes only survive for a few hours after 

collagenase dispersion if they are not placed in culture.  Thus, appropriate culture 

conditions must be discerned in order for differentiated primary hepatocytes to be used 

as a cellular model for Phase II-dependent reactions.  Therefore, we have established a 

primary hepatocyte culture system that will permit us to address mechanistic questions 

related to age-associated changes in cell function. 

This unit describes procedures for isolating parenchymal hepatocytes from the 

livers of young and old rats (see Basic Protocol 1), culturing the hepatocytes on 

collagen-coated plates (see Basic Protocol 2), and for assessing their viability by using 

the lactate dehydrogenase (LDH) release assay (see Basic Protocol 3).  

NOTE: All protocols using live animals must first be reviewed and approved by an 

Institutional Animal Care and Use Committee (IACUC) and must conform to 

governmental regulations regarding the care and use of laboratory animals. 

NOTE: All solutions and equipment coming into contact with hepatocytes after the 

isolation procedure is complete must be sterile and aseptic technique used accordingly. 

NOTE: All culture incubations should be performed in a humidified 37°C, 5% CO2 

incubator unless specified otherwise. 
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2.3.  Materials and Methods 
 

BASIC PROTOCOL 1 

 

Isolating hepatocytes from young and old rats 

 This procedure describes the initial isolation of hepatocytes from rat livers and 

purification for parenchymal cells.  Dissection can be conducted on a laboratory 

surgical table and need not be conducted in an aseptic environment for short-term 

culture of the hepatocytes.  The highest number of healthy viable hepatocytes is 

achieved by a well-coordinated dissection when materials and solutions are prepared 

fresh and the total time between anesthesia and purification of isolated hepatocytes is 

minimized.  Hepatocyte isolation from a second rat can be started as soon as the 

dissociation of liver cells from the first rat is underway. 

 A liver from a young rat typically provides 400-500 million hepatocytes, while 

a liver from an old rat yields upwards of 600 million cells.  Depending on the 

experimental protocol, this may be far more hepatocytes than can be conveniently 

used at once.  For example, for viability assessments, gene expression determination, 

and nuclear extract preparation, hepatocytes are plated at 2 million cells/well of a 6-

well plate.  Thus, a single rat would provide hepatocytes for hundreds of cultures.  

Cell suspensions may therefore be cryopreserved and used for other studies (80) 

. 

Materials  

Young (4-6 months) and/or old (24-28 months) Fischer 344 rats 

Hanks’ 10X salt solution (see recipe), ice-cold 

Pre-Hanks’ 1X solution (see recipe), pre-warmed to 37°C and bubbled for 30 minutes 

with carbogen gas 

Hanks’ I solution with BSA and EGTA (see recipe) 

Hanks’ II solution with CaCl2 (see recipe) 

Krebs’ 2X stock solution (see recipe) 
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Krebs’ 1X solution, pH 7.4 (see recipe), bubbled for 30 minutes with carbogen gas 

Heparin (0.2% in saline; sterile filtered) 

Collagenase D (Boeringher-Manheim) 

DNase I (Sigma) 

37°C water bath 

50 ml round bottom flask 

Peristaltic pump and tubing 

Rotavapor 

Glass vial for bubble trap 

Inverted microscope 

Carbogen tank and tubing 

Anesthetizing chamber 

Dissecting steel pan 

Tape 

Dissection tools: 

    Surgeon’s scissors 

    Cross-action forceps 

    Iris scissors 

    Blunt forceps 

    Butterfly clamp 

18 G and 21 G surgical needles for designing cannulae for young and old rats, 

respectively 

23 G needle for heparin injection 

1 ml syringe 

Cotton swabs 

0.4 mm surgical sutures 

Gauze pads 

Vacuum aspirator 

0.4% (w/v) Trypan Blue 
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Hemocytometer and cover-slip 

Kimwipes 

Set-up for surgery 

1. Place Pre-Hanks’ 1X, Hanks’ I, and Hanks’ II solutions in a 37°C water bath.  

Maintain the Krebs’ solution at room temperature.  

2. Secure the bubble trap in the clamp and arrange tubing through the pump teeth 

so that tubing is able to reach the water bath and easily reach the bubble trap 

and surgical area.  

3. Adjust the flow rate to 10 ml/min for a young rat and 13 ml/min for an old rat. 

Transfer the tubing to Pre-Hanks’ 1X Solution. 

It is very important to adjust the flow rate as a too-low flow rate can lead to 

incomplete  perfusion and low hepatocyte yield, while a too-high flow rate can 

compromise hepatocyte viability. 

4. Fill a 1 ml syringe with 0.4 ml (young rat) or 0.6 ml (old rat) heparin solution, 

remove any air bubbles and bend the needle to a 90° angle for injection of 

heparin into the ileac vein. 

Preparing animal for surgery 

1. Charge the anesthetizing chamber and nose cone with ethyl ether for 5 

minutes. 

2. Place the animal in the charged anesthesia chamber. Remove the animal after it 

is immobilized and the eyes stop blinking and place the animal on the sacrifice 

tray under anesthesia (nose cone) being sure to allow enough anesthesia to 

maintain unconsciousness but enough air as not to suffocate the animal. 

Performing the surgery 

1. Secure the animal’s limbs to the tray with tape ventral side up.  Place the nose 

cone over the animal’s nose so that it receives a mixture of anesthesia and air.  

Ensure that the animal is insensate before proceeding by pressing firmly on the 

rear root pads and watching for a reflex response. Use the surgeon’s scissors to 

make a midline incision and lateral incisions on each side. 
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Note: take care not to cut through the diaphragm. 

       2. Expose the ileac vein by separating the musculature using the forceps to 

 remove the connective tissue. Position the bevel of the 90°-bent needle over 

 the ileac vein and gently slide it in. Slowly inject the heparin (0.4 ml for 

 young, 0.6 ml for old rats). Place a Kimwipe over the injection site to minimize 

 exsaunguination while slowly withdrawing the needle. 

3. Use the cross-action forceps to place a loose ligature around the vena cava and 

secure the end of the ligature with a hemostat. Place two more ligatures about 1 

cm apart around the portal vein near the base of the liver, also securing loosely 

with hemostats. 

4. Make a small incision between the two portal vein ligatures being careful not 

to sever the portal vein completely. 

5. Quickly place the cannula into the portal vein incision and secure the cannula 

by tightening the ligature around the portal vein closest to the liver. Tighten the 

ligature around the portal vein furthest from the liver to secure the cannula to 

the vein for additional support. 

6. Use the surgeon’s scissors to cut up completely through the sternum/rib cage.  

Use the iris scissors to cut the diaphragm   and the vena cava above the liver, 

also tightening the vena cava ligature. 

7. Supporting the liver by the cannula, use the iris scissors and the forceps to 

sever the connective tissue between the liver and the stomach and the spleen.  

Cut through any adipose, connective, and vasculature tissue beneath the 

perfusion area.  While holding up the liver by the cannula, sever the connective 

tissue between the liver and the dorsal coelemic area (cut along the spine) to 

completely free the liver. 

Note: use extreme caution to avoid damaging the liver during excision. 

8. Let the liver is perfusing with Hanks’ I solution for another 2-3 minutes to 

remove any residual blood. 
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9. While the liver is perfusing, add collagenase D to the Hanks’ II solution (40-45 

 mg for young and 60-65 mg for old rats in 100 ml Hanks’ I solution). 

10.  Perfuse the liver for 1 minute in the Hanks’ II solution, allowing the liquid to 

 flow onto the tray. This will remove any residual EGTA remaining from the 

 Hanks’ I perfusion. Transfer the liver to the beaker containing Hanks’ II 

 solution and submerge liver completely to maintain temperature and so that the 

 perfusate will continually recirculate; allow the perfusion to continue until the 

 liver feels soft displays a cauliflower-like appearance. 

Isolating and purifying the hepatocytes 

1. Detach the cannula from the tubing. 

2. Using a glass rod, gently massage the liver against the side of the beaker 

containing the Hanks’ II solution and collagenase D to begin to liberate 

hepatocytes. 

 Note: the liver massage for extracting hepatocytes can be continued till the liver 

looks like a  transparent sac. 

3. Filter the cell mixture through gauze into a 500 ml Erlenmeyer flask to remove 

any larger contaminants (connective tissue or undissociated liver).  Rinse the 

gauze with approximately 150 ml of Krebs’ 1X solution. 

4. Allow the cells to settle for 20-30 minutes. 

Note: these steps are undertaken to separate the hepatic parenchymal cells from 

the stellate cells on the basis of differences in their densities.  The hepatic 

parenchymal cells are primarily involved in detoxification reactions. 

5. Aspirate the solution above the settled cells. 

6. Swirl the cells to resuspend. Add 1-2 mg DNase I directly into to the cell 

solution. Swirl again gently until the cell suspension is homogeneous. 

7. Add 100-120 ml Krebs’ 1X solution to the cells, swirling gently to mix. 

8. Repeat the wash cycle one more time for a total of three washes. 
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9. After the final aspiration, measure the volume of the cell suspension (about 20 

ml) and then transfer the cell suspension to a round bottom flask, secure the 

flask to a Rotavapor, and gently rotate the cells. 

Measuring cell viability by Trypan Blue exclusion 

1. In a 0.5 Eppendorf tube, add 90 µl Krebs 1X solution + 90 µl Trypan Blue + 20 µl 

cells. Mix well. 

2. Put 10 µl on hemocytometer.  Count 4 quadrants. 

3. Total cells – blue cells = viable cells. 

 Cell number x 10,000 x dilution factor = cells/ml. 

 Cells/ ml x  number of ml = Total yield. 

4. Viability is typically around 94%.  It should not be less than 85% to carry out 

experiments. 
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BASIC PROTOCOL 2 

 

Culturing primary rat hepatocytes on collagen coated plates 

 There is no general consensus for the optimal set of culture conditions for 

primary rat hepatocytes, in part because the appropriate plating substrate, culture 

medium, additives, and cell density may vary depending on experimental design.  This 

protocol describes plating of hepatocytes on collagen-coated plastic 6-well culture 

dishes in William’s Medium E containing fetal bovine serum and other supplements.  

See Background Information for a brief description of the function of each additive in 

maintaining optimum hepatocyte function.  The following should be performed under 

aseptic conditions. 

Materials  

Collagen-I (rat tail; Sigma) 

50 mM HCl 

Hanks’ Balanced Salt Solution (HBSS; Sigma) 

Hepatocyte cell suspension (see Basic Protocol 1) 

Complete William’s Medium E (Sigma; see recipe) 

Laminar flow hood 

6-well plastic cell culture dishes (such as Corning or Nunc brands) 

Preparing collagen-coated plates 

1. Suspend collagen-In 50 mM HCl for a final concentration of 1 mg/ml. 

2. Incubate the collagen-HCl suspension in a 37°C water bath until the collagen-

Is completely dissolved. 

3. Dilute the collagen solution in sterile water for a concentration of 60 µg/ml. 

4. Place 6-well culture plates in a laminar flow hood. 

5. Pipet 1 ml of collagen solution into each well, replace lids and place in the 

37°C incubator for 4 hours. 

Note: Many other substrates are used for hepatocyte culture, including fibronectin, 

laminin, and combinations of these with collagen. Several companies also sell pre-
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coated dishes (e.g., Biocoat™ dishes from BD Biosciences). Other substrates used 

as matrices in hepatocyte cell culture include proprietary formulations like 

Matrigel™  (BD Biosciences) and AlgiMatrix™ (Invitrogen) provide a three 

dimensional matrix.  

6. Rinse each well three times with 2 ml HBSS to neutralize the acid. Aspirate the 

last rinse. 

Note: if dishes are to be used immediately, proceed to cover the wells with media. 

However, dishes may be used for > 2 weeks after coating, if they are stored dry at 

4°C. 

Culturing hepatocytes 

1. Dispense 2 ml of complete William’s Medium E into each well and leave in 

the incubator for 30 minutes to equilibrate with the matrix. 

2. Determine the desired number of cells per well and calculate the volume of 

hepatocyte suspension needed to achieve this number.  In the laminar flow 

hood, using sterile pipet tips, pipet the appropriate volume of cell suspension 

into each well containing complete William’s Medium E. 

Note: the hepatocyte cell density is crucial for toxicological studies.  For a high 

density plating, two-million cells per well of a 6-well plate was found to be an 

appropriate number. 

Note: the hepatocytes will settle to the bottom of the flask before they are plated.  

If necessary, gently resuspend the cells before drawing them into the pipet. 

3. Replace the medium after 4 hours. This step is especially important for high 

density hepatocyte cultures to remove debris produced during collagenase 

digestion and cell dissociation. Perform all subsequent experiment  only after 

an overnight incubation. 

4. Replace the medium every 24 hours of the entire cell culture period. 



 
 
 

35 

BASIC PROTOCOL 3 

 
Determination of hepatocyte viability by lactate dehydrogenase (LDH) release 

 Cytotoxicity in primary culture of rat hepatocytes can be measured by two 

methods: cytosolic enzyme leakage, and detachment of damaged cells from the 

monolayer culture.  Leakage of LDH, an intracellular enzyme, is typically used for 

hepatocyte viability measurements.  The lactate dehydrogenase method is simple, 

accurate, and yields reproducible results.  When a cell is damaged, LDH is released 

into the culture medium.  Thus, by measuring the intracellular LDH activities of cells 

that remain intact and attached to the collagen substrate, hepatocyte survival in culture 

can be determined.  The protocol presented here is a modification of the method 

developed by Moldeus and co-workers (81).  In this assay, LDH activity is measured 

by following the consumption of NADH during the conversion of pyruvate to lactate.  

Materials 

Phosphate buffered saline (PBS) 

Potassium phosphate buffer (0.1 M, pH 7.4) 

10% Triton X-100 

NADH, 20 mM 

20 mM sodium pyruvate 

UV spectrophotometer 

1. Wash each well twice with 2 ml of PBS. 

2. Add 10 µl of 10% Triton X-100 in 1 ml potassium phosphate buffer to each 

well to lyse hepatocytes. 

3. Scrape cells and transfer to 1 ml Eppendorf tube. 

4. Incubate on ice for 30 minutes. 

5. Pre-warm the spectrophotometer to 37°C and turn on UV bulb to allow beam 

to stabilize. 
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6. Add 50 µl of cell lysate to 2.85 ml of reaction buffer (0.1 M phosphate buffer, 

pH 7.4, 5 mM NADH). 

7. Initiate the reaction by adding 100 µl of 20 mM sodium pyruvate solution. 

8. Measure the rate of decreasing absorbance at 340 nm. 

9. A unit of LDH activity is defined as an optical density change of 0.001 per 

minute.  
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Reagents and solutions 

 Use Milli-Q purified distilled or deionized water in all recipes and protocol 

steps.  All reagents and chemicals in the recipes are from Sigma unless otherwise 

specified. 

1 L Hanks’ 10X stock solution  

 80 g NaCl 

      4 g KCl 

            0.6g Na2HPO4  

            0.6g KH2PO4 

500 ml Pre-Hanks’ 1X solution  

    50 ml 10X Hanks’ stock solution 

          3 g HEPES 

          1 g NaHCO3 

Hanks’ I solution, pH 7.4 

     100 ml Pre-Hanks’ 1X solution 

     2 g bovine serum albumin 

     0.5 ml 120 mM EGTA 

Hanks’ II solution, pH 7.4 

     100 ml Pre-Hanks’ 1X solution 

      1 ml 0.4 M CaCl2  

1 L Krebs’ 2X Stock Solution  

           13.8 g NaCl 

           0.72 g KCl 

           0.59 g MgSO4.7H2O 

           4 g NaHCO3   

           0.26 g KH2PO4 

500 ml Krebs’ 1X solution, pH 7.4  

         250 ml Krebs’ 2X stock solution 
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         1.5 g HEPES 

         0.18 g Glucose 

         0.5 g Glutamate 

Complete William’s Medium E (in William’s E base medium) 

      5% FBS  

     1:100 (v/v) antibiotic/antimycotic mix containing 10,000 U penicillin, 10 mg     

     streptomycin, and 25 µg amphotericin B per ml (ATCC) 

     2 mM L-glutamine  

    100 ng/ml insulin 

    1 µM dexamethasone 
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2.4.  COMMENTARY 

 

Background Information 

 A progressive age-associated decline in stress response mechanisms has been 

noted in many animal species, which leads to heightened risk for both morbidity and 

mortality (6, 14, 82, 83).  However, the molecular mechanisms leading to this overt 

aging phenotype have yet to be elucidated.  In part, this is because of a lack of in vitro 

models that can be molecularly manipulated to discern the precise lesion(s) involved 

in the aging cellular environment.  The present protocol describes a primary 

hepatocyte culture system that fills this gap.  Using this protocol, hepatocytes from 

young and old rats can be kept in primary culture for at least 60 hours.  Thus, this 

model provides a sufficient experimental window to carry out cellular and molecular 

studies related to detoxification mechanisms during aging. 

 Methods for culturing rat hepatocytes have been established for a number of 

years, but to our knowledge no definitive studies have described conditions showing 

this model is suitable for toxicological research related to aging.  Holbrook and 

coworkers successfully used cultured rat hepatocytes to monitor age-associated 

changes to cell signaling cascades.  They found that a similar culture system as 

described herein was suitable for discerning age-related differences in mitogen-

activated protein kinase (MAPK) signaling mechanisms (84) and endoplasmic 

reticulum stress response (79).  In addition to this, studies from other groups utilized 

the collagen matrix in combination with various media to demonstrate that the aging 

phenotype was maintained in culture in a caloric restriction model as well as under 

growth factor stimulation (85, 86).  Thus, these previous studies combined with the 

present method suggest that culturing hepatocytes from old rats is an appropriate 

model to examine a variety of age-dependent changes that affect cell signaling and 

stress response mechanisms.  

Critical Parameters and Troubleshooting 

Acclimatization of animal colonies 
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 It is important that animals be acclimatized in the animal facilities for at least 1 

week prior to the experimental procedures.  Since a major application of the isolation 

and cell culture of the hepatocytes is to assess age-associated differences in 

detoxification capacity, it is critical that the transportation-induced stress does not 

affect these parameters. 

Cell isolation and culture 

 Cell damage and death begin as soon as the animal is anesthetized.  Therefore, 

speed of surgery as well as timely dissociation and purification of cells is of utmost 

importance.  To minimize cell damage, avoid contact with the perfusing liver either by 

hand or pointed surgical instruments.  Instead, support the perfusing liver by the 

cannula and use a cotton swab to reposition the liver if necessary.  After isolation, 

resuspend hepatocytes in buffer by gently swirling the flask.  Do not pipet too 

vigorously or through a narrow-bore pipet.  Viability of hepatocytes before plating is 

the single-most important predictor of suitability for culture.  Discard a hepatocyte 

preparation that has < 85% viability as the survival in culture will not be optimum.  

This is especially true for hepatocytes isolated from old rats.  

 Be sure that the medium is replaced 4 hours after plating.  It is also critical that 

experiments be initiated only after an overnight culture.  After isolation, levels of 

stress-induced transcription factors are especially high, thus confounding differences 

in the aging phenotype.  After the initial 4 hour medium replacement, replace media 

every 24 hours thereafter for the maintenance of cultures.  

 

Anticipated Results  

The percent viability of the final hepatocyte preparation will typically be ≥85% 

with a greater percentage of viable hepatocytes from younger rats than from older rats.  

Thus, there may be a greater sensitivity to collagenase disruption of aged liver and 

subsequent cellular damage.  In this unit, cellular release of lactate dehydrogenase 

(LDH) was used as means of assessing hepatocyte viability over the culture period.  

Experiments have shown that almost no cells from old rats remained viable after 60 
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hours in culture whereas nearly 50% of cells from young rats were alive at this time 

point.  Hence, hepatocytes from old rats can be cultured under similar conditions 

acceptable for maintaining viability for cells from young rats.  However, 

experimentation on isolated hepatocytes from old rats should be conducted within 60 

hours after isolation. 

 

Time Considerations 

 Prepare reagents and set up for isolation and culture ideally a day before the 

surgery.  The first step in this process should be the preparation of collagen solution 

and coating of the plates, so that they have sufficient time to set and be used the next 

day.  If a series of isolations is planned for the whole week, coat all the plates at one 

time and store them appropriately.  Apply the same considerations for the preparation 

of the media. 

 Start the surgery and isolation procedure early in the day to leave enough time 

for plating and the first media change. This also gives a sufficient overnight incubation 

time for the hepatocytes before the start of experiments. Plate the hepatocytes within 3 

hours of isolation to prevent a loss of initial viability prior to plating. 
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3.1.  Abstract 
 

 Glutathione (GSH) and glutathione disulfide (GSSG) form the principal thiol 

redox couple in the endoplasmic reticulum (ER); however, few studies have attempted 

to quantify GSH redox status in this organelle. To address this gap, GSH and GSSG 

levels and the extent of protein glutathionylation were analyzed in rat 

liver microsomes. Because of the likelihood of artifactual GSH oxidation during the 

lengthy microsomal isolation procedure, iodoacetic acid (IAA) was used to preserve 

the physiological thiol redox state. Non-IAA-treated microsomes exhibited a 

GSH:GSSG ratio between 0.7:1 to 1.2:1 compared to IAA-treated microsomes 

that yielded a GSH:GSSG redox ratio between 4.7:1 and 5.5:1. The majority of 

artifactual oxidation occurred within the first 2 h of isolation. Thus, the ER GSH redox 

ratio is subject to extensive ex vivo oxidation and when controlled, the microsomal 

GSH redox state is significantly higher than previously believed. Moreover, in vitro 

studies showed that PDI reductase activity was markedly increased at this higher thiol 

redox ratio versus previously reported GSH:GSSG ratios for the ER. Lastly, we show 

by both HPLC and Western blot analysis that ER proteins are highly resistant to 

glutathionylation. Together, these results may necessitate a re-evaluation of GSH and 

its role in ER function. 
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3.2.  Introduction 
 

 The endoplasmic reticulum (ER) plays essential roles in many vital cellular 

functions including synthesis of macromolecules, regulation of cellular calcium 

homeostasis, and the maturation, processing, and transport of secretory and 

membrane-associated proteins (87). Generally, proteins assembled in the ER are rich 

in disulfide bonds which help to promote efficient folding and oligomerization of 

nascent polypeptide chains (54). While disulfide bond formation occurs spontaneously 

and independently of enzymatic processes, to ensure correct intramolecular disulfide 

bonding is achieved, the ER contains chaperones and oxidoreductases to ultimately 

produce a properly folded protein (55-59). The activities of resident ER folding 

enzymes are highly dependent on the reduction/oxidation (redox) environment and 

even small perturbations in redox status greatly affects enzymatic activity and, as a 

result, protein folding kinetics (60-63). 

 To ensure protein processing, the ER lumen appears to be more oxidizing than 

other compartments of the cell (41, 42). This environment likely serves to maintain 

critical enzymes in their preferred redox state to ensure optimal enzymatic activity in 

mammals (41, 42). For example, members of the ryanodine receptor superfamily, 

responsible for Ca2+ release from ER stores, contain sulfhydryl groups that function as 

a redox “switch” which either induces or inhibits Ca2+ release (88-92). Generally, 

oxidation activates these receptors while thiol reduction is inhibitory (88). 

Furthermore, protein disulfide isomerase (PDI) requires its active site thiols to be 

oxidized to catalyze disulfide bond formation for activity and only a slight reductive 

shift in the ER converts PDI to a reduced state (63). 

 Due to its shear amount, GSH is the principal thiol compound of the ER and 

has been implicated in maintaining the ER thiol redox environment (65). However, the 

precise role of GSH in the ER remains unclear. For example, GSH may act as an 

antioxidant in scavenging reactive oxygen species (93), as a reductant to maintain 

protein sulfhydrals in a reduced state (54), or conversely, as an adjunct in forming 
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native disulfide bonds within proteins entering the secretory pathway (94). Despite the 

lack of a consensus regarding its precise role in the ER, there is a general appreciation 

that GSH is directly tied to normal ER function and changes in the GSH redox state 

have been associated with pathophysiologies that target and disrupt the ER (62, 63, 

65). 

 Because of its importance to the ER, it is surprising that only a few studies 

have attempted to directly quantify ER GSH levels and determine its redox state. An 

initial study by Hwang et al. used a tetrapeptide probe to measure the general ER 

redox environment in a hybridoma cell line (42). This group determined the probe’s 

thiol redox ratio, and thus the ER GSH:GSSG ratio, to be between 1.5:1 to 3.3:1 (42). 

Recently, a more direct measurement of rat liver microsomal ER GSH redox status 

was made using monobromobimane as a thiol derivatizing agent in isolated rat liver 

microsomes (41). The GSH:GSSG ratio was more precisely estimated to be 3:1, which 

again suggested that the ER was a generally more oxidizing environment than other 

compartments of the cell (41). However, both studies failed to control for ex vivo 

oxidation during sample preparation. Thus, the potential exists that thiol oxidation 

occurs during cell culture (95) and microsomal isolation, which may be a confounding 

factor in the proper assessment of thiol redox status. Given the importance of GSH 

redox state as a determinant in ER function, it is the goal of the current study to more 

accurately define the ER glutathione redox status by controlling for the likelihood of 

ex vivo oxidation. 

 By modifying an established method previously used to quantify glutathione in 

other subcellular organelles (25, 96-102), we show that both GSH and GSSG can be 

quantified simultaneously in microsomes isolated from rat liver. As such, iodoacetic 

acid (IAA) was incorporated into the microsomal isolation procedure to preserve the 

GSH redox state. Herein we show that ex vivo oxidation is extensive during 

microsomal isolation and its control reveals the ER GSH:GSSG ratio to be 

significantly higher than previously reported. Moreover, we show that ER protein 

glutathionylation, which was previously shown to be extensive (2), is actually quite 
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small with only a select number of proteins modified. These results may necessitate a 

re-evaluation of the precise role that microsomal GSH:GSSG redox state plays in 

normal ER function. 
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3.3.  Materials and Methods 
 

Materials 

 High performance liquid chromatography (HPLC) solvents were all HPLC 

grade (Fisher Scientific, Pittsburgh, PA). All other chemicals were reagent grade or the 

highest quality available from Sigma-Aldrich (St. Louis, MO). 

 

Isolation of rat liver microsomes 

 Fischer 344 rats (8-11 mo old; National Institute on Aging animal colonies) 

were anesthetized with diethyl ether, the livers perfused with ice-cold phosphate 

buffered saline, pH 7.5 (PBS), to remove blood, and then sacrificed according to 

IACUC-approved guidelines. The livers were quickly excised and placed on ice. 

Microsomes were isolated as previously reported with some modifications (103). 

Briefly, liver was homogenized 1:7 [w/v] in ice-cold homogenization buffer (10 mM 

potassium phosphate [monobasic], 10 mM potassium phosphate [dibasic], 150 mM 

HEPES, 75 nM potassium chloride, 1 mM EDTA; pH 7.5) and microsomes isolated 

by differential centrifugation. The microsomal pellet was further washed (100 mM 

potassium pyrophosphate and 1 mM EDTA, pH 7.4) to remove heme and spun again 

at 100,000 x g for 95 min at 4°C. The microsomal pellet was resuspended in 750 µl of 

100 mM potassium phosphate buffer containing 30% glycerol [v/v] and 1 mM EDTA, 

pH 7.25. Only freshly isolated microsomes were used for experimentation. Assays for 

purity revealed that microsomal preparations using this procedure had minimal 

contamination of Golgi using the 59 kDa Golgi protein (Abcam #ab23932) as a 

marker) but were highly enriched for Calnexin (Abcam #ab22595) (data not shown). 

Thus, the procedure employed in this study results in microsomes relatively free of 

contaminating membranes.  
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Incorporation of iodoacetic acid 

 In some experiments, the portal veins of rats were cannulated, immediately 

perfused with homogenization buffer containing 70 mM iodoacetic acid (IAA; Sigma-

Aldrich) to immediately arrest thiol/disulfide exchange at the time of animal sacrifice, 

and microsomes were isolated. In other studies, livers were perfused to remove blood 

and then homogenized in buffer containing 70 mM IAA. To determine if and when 

artifactual thiol oxidation occurred during microsome isolation, timecourse 

experiments were undertaken where IAA (70 mM, final concentration) was added at 2 

h intervals throughout the ~6 h microsomal isolation procedure.  

 

Preparation of microsomal samples for free glutathione analysis 

 Immediately following isolation of microsomes, 300 µl of the microsomal 

suspension was added directly to an equal volume of 15% (v/v) perchloric acid (PCA; 

Fisher Scientific) containing 10 mM diethylenetriaminepentaacetic acid (DTPA; 

Sigma-Aldrich), and incubated on ice for 15 min. Acidified samples were then spun at 

15,000 x g for 15 min, the supernatant removed, and stored at -20°C until 

derivatization and glutathione analysis. PCA (300 µl of a 15% stock, containing 10 

mM DTPA) was then added back to the pellet, snap-frozen in liquid nitrogen, and 

stored at -80°C for protein-bound glutathione analysis (described below). 

 

Determination of protein glutathionylation 

 To determine the amount of glutathione present as mixed disulfides with 

proteins, three validation protocols were followed. First, freshly isolated microsomes 

treated with or without IAA were incubated with dithiothreitol (DTT; 0.1 mM) for 1 h 

at room temperature and the extent of GSH liberated was quantified by HPLC. 

Second, a stronger thiol reductant, tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP; 10 mM), was similarly used to release GSH bound to proteins (104). Lastly, 

acid-precipitated protein pellets were re-solublized in 0.1 M phosphate buffer, and the 
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pH adjusted to 7.4 with 3 M KOH. These samples were then incubated in the presence 

of 1 mM DTT for 24 h at 4°C and the amount of GSH released determined. 

 

High performance liquid chromatography for glutathione 

 GSH quantification was performed as described using dansyl chloride as a 

fluorophore and γ-glutamylglutamate (γ-GG) as an internal standard for derivatization 

efficiency (100, 102). Analyte separation was achieved using a 3-aminopropyl column 

(200 mm x 2.6 mm i.d.; Custom LC, Houston, TX) using a gradient of two buffers 

(Buffer A, 80/20 methanol/water (v/v); Buffer B, 62.5% MeOH (v/v), 20% acetate 

stock (217.6 g sodium acetate trihydrate [Fisher Scientific] in 400 ml glacial acetic 

acid) and 17.5% glacial acetic acid (v/v). By this means, both GSH and GSSG can be 

simultaneously separated and quantified relative to authentic standards from a single 

biological sample.  

 

Western blot analysis for glutathionylated ER proteins 

 As a negative control, microsomes were incubated in 50 mM Tris buffer, pH 

7.25, containing 5 mM EDTA, 1% Triton-X 100, and 1 mM DTT for 1 h at 25°C to 

release and remove all glutathione present as mixed disulfides. As a positive control, 

microsomal samples were incubated with 1 mM or 10 mM GSSG in identical 

conditions as described above. Freshly isolated rat liver microsomes were added 

directly to 3X loading buffer (0.5 M Tris-HCl, pH 6.8, 10% SDS [w/v], 25% glycerol 

[v/v], and 0.5% bromophenol blue [w/v]). Protein was separated on 10% 

polyacrylamide gels (Pierce, Rockford, IL) and transferred to PVDF membranes 

(Millipore). The levels of glutathionylated proteins were detected using a mouse 

monoclonal antibody (Fitzgerald Industries, Concord, MA), standardized to 

BiP/Grp78 levels as a loading control (Stressgen, Ann Arbor, MI), visualized using 

appropriate horseradish peroxidase-conjugated secondary antibodies (Amersham  
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Pharmacia Biotech, Buckinghamshire, UK) in conjunction with a chemiluminescent 

substrate (Amersham Pharmacia) and Enhanced Chemiluminescent Film (Amersham 

Pharmacia). 

 

Insulin turbidity assay 

 The insulin turbidity assay, a means to assess how modulating GSH redox state 

affects PDI-catalyzed reduction of insulin disulfides, was performed essentially as 

described (105). Briefly, 0.25 µM recombinant PDI (RayBiotech, Norcross, GA) was 

incubated in 0.1 M HEPES buffer, pH 7.25, containing 2 mM EDTA. Aliquots of the 

protein suspension were incubated with 5 mM GSH equivalents but the GSH:GSSG 

ratio in each aliquot was varied from 1:1 to 15:1. The resulting mixture was allowed to 

equilibrate at 25°C for 1 h whereupon the reaction was initiated by the addition of 

insulin (1 mg/ml, final volume). The rate of disulfide bond reduction was monitored 

spectrophotometrically at 650 nm in kinetic mode for 60 min using a DU800 

spectrophotometer (Beckman-Coulter, Fullerton, CA). The rate of the reaction was 

monitored relative to control preparations where either PDI and/or insulin were 

omitted from the reaction mixture. 

 

Statistical analysis 

 Statistical significance between means of two independent groups was 

determined by Student's t test, assuming equal variances. For comparison of treatment 

effects, one-way analysis of variance (ANOVA) with Tukey’s post hoc test was used. 

All of the results were considered significant if the p value was < 0.05. Statistical 

analysis was performed using PRISM 4.0b software (GraphPad Software, San Diego, 

CA). 
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3.4.  Results 

 
Analytical method for microsomal glutathione  

 The well-known method first established by Reed and coworkers was chosen 

to monitor ER GSH status (100, 102). This HPLC technique allows the simultaneous 

determination of both GSH and GSSG from a single sample. Adapting this protocol to 

monitor ER GSH was achieved with minimal changes from the published method (see 

Materials and Methods). As assessed using γ-GG as an internal standard to monitor the 

efficiency of analyte derivatization, acid-soluble thiol-containing compounds of the 

ER were reproducibly derivatized with near complete efficiency (data not shown).  

Baseline separation of both GSH and GSSG standards were also reproducibly 

achieved (Figure 3.1A and B) and easily detectable in microsomal samples (Figure 

3.1C). These results show that the method employed in this study is acceptable to 

quantify free GSH and GSSG in complex microsomal mixtures. 

 

Ex vivo oxidation occurs during isolation of microsomes 

 Quantification of the total microsomal glutathione pool (GSH + 2GSSG) 

shows that the ER contains significant quantities of this tripeptide. Overall microsomal 

GSH equivalents were calculated to be 0.32 nmols/mg protein with a notably small 

(20%) coefficient of variation (data not shown). In contrast to the highly stable nature 

of the overall GSH pool, both GSH and GSSG levels varied markedly, with a 

calculated coefficient of variance of 69% and 34%, respectively (data not shown). 

Variability in the GSH:GSSG ratios ranged over 114% (0.12:1 to 3.0:1; N ≥ 11). The 

extensive range in values was in accordance with Hwang et al. (42) who also observed 

significant variability in the ER thiol redox state. Because of this marked variability, 

the rapid nature of thiol-disulfide exchange, and the long isolation procedure, ex vivo 

oxidation was suspected as a confounding factor in quantifying the GSH:GSSG ratio 

in microsomal preparations. 
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Figure 3.1.  Chromatographic separation of γ-GG, GSH, and GSSG. GSH and 
GSSG standards were prepared and injected (50 µl) onto a 3-aminopropyl column for 
HPLC separation and fluorescence detected at 315 nm excitation/585 nm emission. 
Depicted are representative chromatograms for (A) GSH and (B) GSSG. γ-GG was 
used as an internal standard to monitor derivatization efficiency. (C) Baseline 
separation of microsomal GSH and GSSG by HPLC with fluorescence detection. 
Microsomes (6 mg protein) were acidified with PCA and acid-soluble thiols 
derivatized as described. Results show that baseline separation of the analytes is easily 
achieved using this method. 



 
 
 

53 

Use of iodoacetic acid to preserve ER glutathione and its redox ratio 

 Iodoacetic acid (IAA) is used routinely as a thiol acetylating agent, which 

would chemically preserve GSH redox status by protecting free thiolates from 

oxidation or thiol-disulfide exchange (106, 107). Homogenization of rat livers in the 

presence of 70 mM IAA did not adversely interfere with the chemical derivatization 

method for quantifying glutathione, which was shown by the complete separation of γ-

GG, GSH, and GSSG from IAA-treated microsomes (data not shown). Moreover, 

incorporating IAA into the microsomal isolation method resulted in markedly higher 

reduced GSH levels (0.07 nmoles/mg protein without IAA versus 0.26 nmoles/mg 

protein with IAA), and significantly lower GSSG concentrations (0.12 nmoles/mg 

protein without IAA versus 0.06 nmoles/mg protein with IAA) than observed in 

nonIAA-treated samples (Figure 3.2A and B). This IAA trapping method resulted in a 

microsomal GSH:GSSG ratio over 5-fold higher (4.7:1) than untreated controls (0.7:1) 

(Figure 3.2C). These results reveal that the GSH redox couple in IAA-treated 

microsomes is in a more reduced state than previously observed. 

 

Ex vivo oxidation occurs rapidly during the microsomal isolation procedure 

 To determine the rapidity of ex vivo oxidation, IAA was either directly 

perfused into the liver at the time of sacrifice or added to liver homogenates at 

different stages of microsomal isolation and the GSH:GSSG ratio determined. Figure 

3.3A shows a schematic of the isolation procedure and the times when IAA was added 

to microsomes. Overall, microsomal isolation required 6 h to complete and IAA could 

be conveniently added by perfusion, directly into the homogenization buffer, and at 2 

h intervals thereafter. Immediate perfusion of rat livers with IAA followed by 

microsomal isolation resulted in a GSH:GSSG ratio of 5.6:1 (Figure 3.3B). 

Furthermore, homogenization in the presence of IAA resulted in a GSH:GSSG ratio of 

4.8:1 (Figure 3.3B), which was not significant (p > 0.05) from the observed ratio 

found in the perfusion experiments. Thus, microsomal GSH and its redox state appear 

to be much higher than previously reported in the literature. 
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Figure 3.2.  GSH oxidation during microsomal isolation. Microsomes (6 mg 
protein) were isolated in the presence or absence of IAA and GSH and GSSG 
monitored by HPLC and quantified relative to standards. The presence of IAA resulted 
in significantly (A) higher GSH and (B) lower GSSG than observed when IAA was 
omitted. (C) Calculation of the GSH:GSSG ratio revealed that IAA results in an ~5-
fold higher GSH redox ratio in microsomes containing IAA versus nonIAA-treated 
control samples. Results are expressed as mean +/- SEM; N ≥ 11 animals per group. 
Asterisks indicate p < 0.01 versus nonIAA-treated samples.  
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 Adding IAA at times increasingly closer to final microsome purification 

revealed that extensive ex vivo oxidation occurred rapidly, mostly within the first 2 h 

of the isolation procedure (Figure 3.3B; p < 0.05). Thereafter, only minimal oxidation 

was observed which indicates that steps need to be taken early in microsome isolation 

to minimize ex vivo oxidation and to accurately assess glutathione status. 

 To determine if a loss of GSH and/or an increase in GSSG was responsible for 

the low GSH:GSSG ratio when no IAA is present (compare Figure 3.2C and 3.3B), 

free GSH and GSSG were quantified. To achieve this, IAA was again introduced into 

tissue by immediate perfusion or at various times throughout the isolation procedure 

as described in the Materials and Methods. We observed an initial nonsignificant (p > 

0.05) loss of GSH within the first 2 h which became significant by 4 h post-isolation 

(Figure 3.3C). This loss was accompanied by a concomitant increase in GSSG (Figure 

3.3D) which did not decline further following the 2 h timepoint (Figure 3.3C), and 

plateaued after 4 h (Figure 3.3D). The final result reflected the GSH:GSSG ratio as 

observed in Figure 3.2B when no IAA was added. 

 To further gauge the impact of GSH oxidation during microsomal isolation, 

total GSH equivalents (GSH + 2GSSG) was calculated. Results showed that overall 

GSH levels were lowest in microsomes treated with IAA for the shortest time (2 h and 

0 h timepoints), becoming significant (p < 0.05) at the 0 h timepoint (Figure 3.3E). 

Taken together, samples either directly perfused or homogenized in 70 mM IAA 

display significantly higher levels of GSH, lower levels of GSSG, and increased total 

GSH equivalents relative to non-treated preparations. 

 

Minimal glutathionylation of ER proteins 

 A previous report by Bass et al. indicates that the majority of GSH in rat liver 

microsomes is present as mixed disulfides with proteins (41). However, the general 

loss of GSH and increase in GSSG evident in Figures 3.3C and D suggest that ER 

protein glutathionylation may be a by-product of ex vivo oxidation. First, to 

understand the extent of GSH-protein mixed disulfides in our system, freshly isolated 
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microsomes treated with or without IAA were incubated with dithiothreitol (DTT; 0.1 

mM) and the extent of GSH liberation was quantified. Approximately 5% of total ER 

GSH was bound to proteins in IAA-treated microsomes (data not shown). Second, to 

determine whether this relatively low percentage of glutathionylation was because of 

inadequate reducing power of DTT, a stronger thiol reductant, tris(2-

carboxyethyl)phosphine hydrochloride (TCEP), was used to release protein-bound 

GSH (104). Again < 5% of the total GSH found in the ER was bound to proteins (data 

not shown). Lastly, to further verify low levels of glutathionylation, resolubilized 

PCA-precipitated proteins were incubated with DTT (1 mM) to liberate any protein-

bound GSH. Using this method, only 3.3% of the total ER glutathione is present as 

mixed disulfides with proteins in IAA-treated samples (Figure 3.4A). Interestingly, 

nonIAA-treated microsomes displayed similar amounts of protein glutathionylation 

(5.7%) as IAA-containing controls (Figure 3.4A). This was contrary to expectations 

from the increase in GSSG noted when microsomes were isolated without IAA (see 

Figure 3.3). 

 To further corroborate that only a small percentage of GSH is present as mixed 

disulfides, the soluble ER proteome was quantified immunochemically. Figure 3.4B 

shows a representative blot confirming that there is very little glutathione bound to 

proteins when compared to DTT-treated samples as a negative control (Figure 3.4B, 

DTT lane). Furthermore, this blot also indicates that microsomal proteins may be 

relatively resistant to glutathionylation. When microsomes were incubated with a 

physiological concentration of GSSG (1 mM) as a positive control, only two bands 

near 40 kDa become glutathionylated. It is not until microsomes were incubated with a 

supraphysiological concentration of GSSG (10 mM) that significant glutathionylation 

became overt. Together, these results indicate that there is only a small amount of 

glutathione found present as mixed disulfides with proteins in microsomes isolated 

from rat livers. Furthermore, it appears that the proteins of the ER are not easily 

glutathionylated indicating this may be a highly regulated process. 
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Figure 3.3.  Ex vivo GSH oxidation occurs very rapidly during microsomal 
isolation.  
    (Figure legend continued on next page) 
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Figure 3.3.  Ex vivo GSH oxidation occurs very rapidly during microsomal 
isolation. Rat liver homogenates or microsomal preparations were treated with IAA at 
different times during the isolation of microsomes and GSH redox state monitored by 
HPLC. (A) Schematic representation of the microsomal isolation procedure and the 
times at which IAA (70 mM, final concentration) was added (at perfusion (Per), 
homogenization, or at 2 h intervals). Bars under the timeline indicate the length of 
time that a particular sample was incubated with IAA. (B) The GSH redox ratio falls 
rapidly when liver homogenates are not immediately treated with IAA. Results show 
that the GSH:GSSG ratio was highest when liver tissue was either directly perfused or 
immediately homogenized in IAA-containing buffer (see  Per and 6 h timepoints). 
However, significantly lower (p < 0.05) ratios were observed in all samples that were 
not initially treated with IAA (see 4 to 0 h timepoints). (C) Results show loss of GSH 
within the first 2 h of the microsomal isolation procedure when IAA is not present 
which becomes significant at the 2 h and 0 h timepoints (p < 0.05). (D) The initial loss 
of GSH corresponds to a significant increase in the levels of GSSG (p < 0.05). (E) 
Nonprotein-bound total glutathione (GSH + 2GSSG) levels become lower in the last 
timepoint (0 h) versus longer IAA treatment (6 h timepoint) (p < 0.05). Results are 
expressed as mean +/- SEM; N = 3 animals for perfusion group and N = 6 animals for 
all other groups. Different letters indicate statistical significance (p < 0.05). 
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Figure 3.4.  Minimal glutathione is present as mixed disulfides with proteins in 
rat liver microsomes. Acid precipitated protein pellets were re-solubilized and 
incubated with DTT (1 mM) to liberate any glutathione bound to proteins. (A) Results 
show the distribution of free versus protein-bound GSH. Only minimal glutathione 
was observed bound to protein regardless of the presence or absence of IAA. (B) 
Western blot analysis of microsomal glutathionylated proteins. When compared to the 
DTT control, very little glutathione is bound to proteins regardless of IAA treatment. 
Furthermore, incubation of microsomes with 1 mM GSSG resulted in minimal 
glutathionylation and only addition of supraphysiological GSSG concentrations (10 
mM GSSG) resulted in extensive glutathione-protein mixed disulfides. (N = 3 animals 
per group). 
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Modulating GSH:GSSG ratios significantly alters protein disulfide isomerase (PDI) 

activity  

 To determine the biological relevancy of a higher thiol redox state residing in 

the ER, we performed experiments to directly monitor the consequences of a higher 

GSH:GSSG ratio to protein disulfide reduction, a basic function of ER-dependent 

protein processing. Specifically, an assay was used to determine the effect of varying 

the GSH:GSSG ratio on PDI-dependent reduction of  intramolecular disulfide bonds 

in insulin. Results showed that PDI activity increased rapidly as the GSH:GSSG ratio 

also increased (Figure 3.5A and B). The maximal rate of reduction occurred at a 

GSH:GSSG ratio ≥ 9:1 (Figure 3.5B). Interestingly, the rate of disulfide reduction was 

only 23% lower than the maximum rate when PDI was incubated with a GSH:GSSG 

redox state of 5:1, the approximate ratio observed in our studies. In contrast, PDI-

dependent reduction was significantly impaired when PDI was given a GSH:GSSG 

redox environment at levels previously observed for microsomes (41, 42). As shown 

in Figure 3.5B, when the GSH:GSSG ratios were clamped at either 3:1 or 1:1, the rate 

of disulfide bond reduction was 67% and 76% lower than the maximal activity, 

respectively. Thus, the seemingly small change in the GSH:GSSG ratio described 

herein versus previous literature reports (2, 17) may have profound effects on disulfide 

reductase activity and ER function. 
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Figure 3.5.  Small changes in GSH redox state markedly affect disulfide bond 
reduction by PDI. PDI reductase activity was monitored using the insulin turbidity 
assay of Holmgren (105). PDI (0.25 µM), insulin (1 mg/ml), and glutathione (5 mM) 
concentrations were kept constant while altering the GSH:GSSG ratio (1:1 to 15:1) 
and changes in turbidity was monitored spectrophotometrically at 650 nm. (A) Kinetic 
traces of PDI reduction of insulin intramolecular disulfide bonds. (B) Rates of PDI 
reductase activity were calculated and plotted against varying GSH:GSSG ratios. 
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3.5.  Discussion 

 
 The present work establishes that rat liver microsomes contain very high 

amounts of GSH equivalents. Based on our data showing total ER glutathione (GSH + 

2GSSG) to be between 0.34 and 0.38 nmol/mg protein and literature reports indicating 

that microsomal ER volume is ~4.5 µl/mg protein (108, 109), we estimate that 

microsomal GSH levels are approximately 4.5 mM. Considering parenchymal 

hepatocellular GSH concentrations have been variously reported to be between 1-11 

mM (110), our results suggest that ER GSH levels largely reflect that found in the cell 

as a whole. Thus, GSH may be considered the most abundant low molecular weight 

thiol present in the ER. Even though this has been suggested previously, to our 

knowledge, this is the first report that actually quantifies microsomal GSH. 

 Despite both the cytosolic and microsomal GSH pools being similar in 

concentration, it is thought that the ER GSH redox status may be far more oxidized 

than the cellular thiol redox environment. This was most recently shown by Bass et al. 

who reported a GSH:GSSG ratio to be 3:1. Their results also support those of Hwang 

et al. who indicated that the microsomal thiol redox ratio ranged between 1:1 to 3:1. 

Although we observed a significantly higher GSH:GSSG ratio, our data confirm that 

the ER is indeed a much more oxidizing environment than the cytosol and thus may be 

a uniquely regulated GSH pool. Thus, GSH may also have specific role(s) unique for 

the ER though these putative functions are still ill-defined. 

 The poorly defined role(s) of ER GSH is in part a reflection of the limited 

information on its overall levels and redox state. By incorporating IAA into the 

microsomal isolation procedure, we show that the GSH:GSSG ratio is significantly 

higher than that observed for nonIAA-treated samples. IAA-protected microsomes 

displayed 60% higher GSH, and concomitantly lower GSSG (see Figure 3.3). Overall 

GSH levels (GSH + 2GSSG) were also 30% higher over nonIAA- treated samples (see 

Figure 3.3). It is possible that GSH may have been converted to higher oxidation states 

which could not be detected by the HPLC technique employed or lost during isolation. 
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However, this discrepancy remains unelucidated and subject to future analysis. Our 

data suggests that the unaccounted for GSH equivalents are not the result of artifactual 

protein glutathionylation as there were no differences evident in protein-GSH mixed 

disulfides with or without IAA. One possibility is that GSSG may be exported from 

the ER when levels increase beyond a specific threshold. This is generally supported 

by our data showing that free GSSG levels plateau despite the continued loss of GSH 

during our timecourse experiments (see Figure 3.3). However, much work remains in 

order to elucidate the mechanisms governing steady-state ER glutathione. Regardless, 

the use of IAA provides a strikingly different profile of both the GSH:GSSG redox 

ratio and the overall concentrations of glutathione in the ER. 

 The differences in microsomal GSH redox state reported here versus literature 

values are not trivial. This may best be illustrated by estimating the differences in 

GSH reducing capacity in microsomes with and without IAA treatment. Using the 

Nernst equation (ΔΕ=ΔΕpH7.5.RT/F(2)log [GSH]2/[GSSG]) and a calculated Eo at pH 

7.5 for the GSH:GSSG redox couple of -255 mV, our data would estimate the 

microsomal GSH reducing capacity at -205 mV and -176 mV in microsomes with or 

without IAA treatment, respectively. This 30 mV difference suggests a significantly 

higher reducing capacity in the ER than previously believed which would be expected 

to have a significant impact on the protein dithiol/disulfide ratio. Considering a 

midpoint potential of -200 mV, a more accurate microsomal protein dithiol/disulfide 

ratio would thus be near 1:1 versus 1:10 if the 2GSH:GSSG couple were 30 mV more 

oxidized. For example, protein disulfide isomerases have two active sites with similar 

CXXC motifs and, depending on whether the active site sulfhydryls are in a disulfide 

or dithiol form, converts the enzyme from an oxidase involved in disulfide formation 

to a reductase involved in reducing disulfides (62, 111, 112). Thus, it is important to 

note that the estimated GSH reducing capacity places the GSH:GSSG redox couple in 

closer equilibrium with the midpoint potential of PDI than previously believed. 

 These theoretical calculations are supported by our in vitro studies showing 

that a GSH:GSSG of 5:1 yields a significantly increased reductase activity for PDI 
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versus its activity when the GSH:GSSG redox ratio is clamped at 3:1 or lower. 

Furthermore, it has also previously been reported that PDI-dependent 

refolding/isomerization is optimal at a GSH:GSSG ratio of 5:1 (56, 68, 113). Thus, 

there is little controversy regarding the consequences of glutathione levels and thiol 

redox status on enzymes of the ER. It is our contention that the greater unknown is the 

precise physiological thiol redox status of the ER by which to put these in vitro studies 

into context.  

 Our HPLC studies indicate that protein/glutathione mixed-disulfides to be only 

approximately 5% of the total glutathione found in the ER regardless of the presence 

or absence of IAA. This was further confirmed using Western blot analysis. Because 

only specific proteins appeared to be glutathionylated and that high levels of GSSG 

are needed to increase glutathionylation, one interpretation of these results is that 

steady-state protein glutathionylation in the ER is a highly regulated process. This 

concept is not only consistent with our results but also fits with other work showing 

that mixed disulfides between GSH and ER client proteins is the rate-limiting step in 

enzyme catalyzed folding (68). Therefore, glutathionylation may be normally kept to a 

minimum to limit protein transit time through the secretory pathway; conversely, 

conditions that induce protein/GSH mixed disulfides may increase protein transit time. 

Thus, protein glutathionylation may be a yet heretofore underappreciated aspect of 

regulating both protein maturation and degradation in the ER. However, more work 

will be necessary to understand the potential role of glutathionylation in the ER. 

 

Future perspective 

 The goal of this study was to develop proper methodologies for assessing the 

GSH and the GSH redox balance in the ER. Based on our results, there is the distinct 

possibility that the general function and precise redox nature of microsomal GSH may 

have to be re-evaluated in light of its more reduced state. For instance, outside of 

protein processing, the GSH:GSSG ratio may be a potent “redox switch” that senses, 

and ultimately initiates, an ER stress response through affecting redox sensitive 
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proteins (65). Furthermore, perturbations in the ER thiol redox balance have been 

noted during diabetes and in protein aggregation diseases (48, 62, 63, 65, 70, 71). 

Interestingly, these pathologies have noted a reductive shift in the ER thiol redox 

balance (63). Thus, not controlling for ex vivo oxidation during microsomal isolation 

may fail to detect a critical nuance in the ER GSH:GSSG ratio under normal and 

pathophysiological conditions. Whether alterations in the thiol redox status are a cause 

or consequence for these pathologies remains unknown and should be the focus of 

future studies. 
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4.1.  Abstract 

 
 One hallmark of the aging process is an accumulation of misfolded and 

aggregated proteins. Protein folding, isomerization, and unfolding are dependent on 

oxidation/reduction (redox) processes in the endoplasmic reticulum (ER). To help 

balance these opposing reactions, the redox status of the ER is significantly tilted more 

towards an oxidizing environment than other cellular compartments. Glutathione is 

known to be present at low millimolar concentrations within the ER. As such, the 

reduced glutathione (GSH) to glutathione disulfide (GSSG) ratio likely represents the 

most important thiol redox couple of the ER. Utilizing a method we have shown to 

minimize ex vivo oxidation of ER GSH (Chapter 4) (64), we sought to determine if the 

ER thiol redox status is altered with age. Microsomes were isolated from young (3-4 

mo) and old (24-26 mo) F344 rat livers and the glutathione status determined. Results 

show a significant increase (60%; p < 0.01) in the GSH:GSSG ratio with age, which 

was the result of increased GSH levels (p < 0.01) rather than a loss of GSSG (p > 

0.05). To determine if this age-related increase in the GSH:GSSG ratio affected the 

thiol oxidation state of ER proteins, a fluorescent technique that monitors the extent of 

protein thiol oxidation was employed. Results showed gross alterations in the redox 

status of the soluble ER proteome. A more precise examination of two quintessential 

ER proteins, protein disulfide isomerase (PDI) and ER oxidase-1L alpha (ERO1L-

alpha), showed PDI was more reduced, while ERO1 was more oxidized, with age. 

However, these significant age-associated changes in ER thiol redox environment 

failed to activate ER stress response basally with age. Together, the results indicate a 

significant age-related dysfunction in thiol redox environment occurring in the ER. 
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4.2.  Introduction 

 
 The accumulation of misfolded and aggregated proteins is a hallmark of the 

aging process and is thought to play a significant role in the pathogenesis of age-

related diseases such as diabetes, cardiovascular, and neurodegenerative diseases (47, 

48, 114). However, the molecular events that lead to aberrant protein handling during 

aging are not fully understood. One explanation may be a degradation of endoplasmic 

reticulum function (ER) with age. 

 The ER plays essential roles in many vital cellular functions including 

synthesis of macromolecules, regulation of cellular calcium homeostasis, and the 

maturation of secretory and membrane-associated proteins. In fact, the ER processes 

between 10-30% of the total cellular proteome (115, 116). Proteins folded in the ER 

tend to be rich in disulfide bonds and facilitate the formation of proper intramolecular 

disulfide bonding. Disulfide bonding is critical for the formation of higher order 

protein structures and ensures stability and proper enzymatic activity (115, 116). To 

achieve proper disulfide bond formation, the ER provides a highly oxidizing 

environment relative to the rest of the cell (41, 42). 

 The eukaryotic ER is unique from prokaryotic protein processing pathways. In 

bacteria, disulfide bond formation, isomerization, and reduction occur in the periplasm 

and consists of three distinct pathways for each of these functions (66). However, in 

eukaryotes, oxidative protein folding occurs in the ER and the same enzymes are also 

responsible for both disulfide isomerization and reduction (65, 115, 116). Molecular 

switching of enzymes from “foldases” (oxidases) to isomerases to “unfoldases” 

(reductases) is controlled by the thiol reduction/oxidation (redox) environment of the 

ER (117). Thus, the redox state of the ER must be tightly regulated and maintained 

within a narrowly defined range to ensure that desired enzymatic function is retained. 

To ensure client and resident protein fidelity, the lumen of the ER is significantly more 

oxidizing than other compartments of the cell (Chapter 4) (41, 42, 64). This redox 

environment likely serves to maintain quintessential ER enzymes in their preferred 
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redox state to ensure optimal enzymatic activity and to facilitate proper intra-

molecular disulfide bond formation, isomerization, or unfolding. 

 Glutathione is present in millimolar concentrations within the ER (Chapter 4) 

(41, 64). Considering that glutathione represents the largest redox active sulfhydryl 

pool in the ER, it significantly defines the overall ER thiol redox environment. 

Previous reports have defined the thiol redox ratio of the ER to be between 1:1 to 5:1 

(Chapter 3) (41, 42, 64). In vitro work has shown that the optimal reduced (GSH) to 

oxidized (GSSG) ratio (GSH:GSSG) ratio to facilitate efficient and proper protein 

folding of the model protein, ribonuclease-1, is ~2:1 (67). Conversely, optimal 

unfolding activity occurs at a GSH:GSSG ratio of >5.5:1 (Chapter 3) (64, 68). Thus, 

the regulation of the ER GSH:GSSG ratio must be elastic to facilitate ER folding and 

unfolding. 

 While the precise ER redox ratio and its regulation is not well understood, it is 

clear that perturbations of ER thiol redox has been described as an underlying factor in 

some chronic diseases. A number of pathophysiologies such as diabetes, liver disease, 

and emphysema have been described to have an altered ER thiol redox state (48, 62, 

63, 65, 69-71). Interestingly, but perhaps counter-intuitively, considering that 

oxidative stress is part of these disease etiologies, the perturbation in the thiol redox 

environment tends toward a reductive shift in the ER thiol redox balance. This 

“reductive stress” would be expected to markedly influence protein chaperone and 

oxidoreductase function to favor disulfide reduction and lead to destabilized higher 

order protein structures (63, 72). 

 To date, there have been only limited studies examining the thiol redox 

environment of the ER lumen in mammals (Chapter 4) (41, 42, 64) either on a basal 

level or during disease states, and none have examined the ER GSH:GSSG ratio on an 

age basis. To fill this important gap in knowledge, we sought to determine if the ER 

thiol redox state changes on an aging basis. To this end, the thiol redox status was 

determined in rat liver microsomes isolated from young and old animals and whether 

ER stress signaling pathways were basally induced on an aging basis. 
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4.3.  Materials and Methods 

 
Materials 

 High performance liquid chromatography (HPLC) solvents were all HPLC 

grade (Fisher Scientific, Pittsburgh, PA). All other chemicals were reagent grade or the 

highest quality available from Sigma-Aldrich (St. Louis, MO). 

 

Isolation of rat liver microsomes 

 Young (3-4 mo) and old (24-26 mo) Fischer 344 rats (National Institute on 

Aging animal colonies) were anesthetized with diethyl ether, the livers perfused with 

ice-cold phosphate buffered saline (PBS), pH 7.5, to remove blood, and then sacrificed 

according to Institutional Animal Care and Use Committee (IACUC) approved 

guidelines. The livers were quickly excised, weighed, and placed on ice. Microsomes 

were isolated as previously reported with some modifications (64, 103). Briefly, half 

of each liver (~6-7 g) was homogenized 1:7 [w/v] in ice-cold homogenization buffer 

(10 mM potassium phosphate [monobasic], 10 mM potassium phosphate [dibasic], 

150 mM HEPES, 75 nM potassium chloride, 1 mM EDTA; 70 mM iodoacetic acid 

(IAA) pH 7.5) and microsomes isolated by differential centrifugation. The microsomal 

pellet was further washed (100 mM potassium pyrophosphate and 1 mM EDTA, pH 

7.4) to remove heme and spun again at 100,000 x g for 95 min at 4°C. The microsomal 

pellet was resuspended in 750 µl of 100 mM potassium phosphate buffer containing 

30% glycerol [v/v] and 1 mM EDTA, pH 7.25. Only freshly isolated microsomes were 

used for GSH analysis. Western blot assays for purity revealed that microsomal 

preparations using this procedure had minimal contamination of Golgi using the 59 

kDa Golgi protein (Abcam #ab23932) as a marker but were highly enriched for 

Calnexin (Abcam #ab22595) (data not shown). Thus, the procedure employed in this 

study results in microsomes relatively free of contaminating membranes.  
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Preparation of microsomal samples for free glutathione analysis 

 Immediately following isolation of microsomes, 300 µl of the microsomal 

suspension was added directly to an equal volume of 15% (v/v) perchloric acid (PCA; 

Fisher Scientific) containing 10 mM diethylenetriaminepentaacetic acid (DTPA; 

Sigma-Aldrich), and incubated on ice for 15 min. Acidified samples were then spun at 

15,000 x g for 15 min, the supernatant removed, and stored at -20°C until 

derivatization and glutathione analysis. PCA (300 µl of a 15% stock, containing 10 

mM DTPA) was then added back to the pellet and snap-frozen in liquid nitrogen, and 

stored at -80°C for protein-bound glutathione analysis (described below). 

 

Determination of protein glutathionylation 

 To determine the amount of glutathione present as mixed disulfides with 

proteins, acid-precipitated protein pellets from free GSH analysis (described above) 

were re-solublized in 0.1 M phosphate buffer, and the pH adjusted to 7.4 with 3 M 

KOH. These samples were then incubated in the presence of 1 mM DTT for 24 h at 

4°C and the amount of GSH released determined by HPLC. 

 

High performance liquid chromatography for glutathione 

 GSH quantification was performed as described using dansyl chloride as a 

fluorophore and γ-glutamylglutamate (γ-GG) as an internal standard for derivatization 

efficiency (64, 100, 102). Analyte separation was achieved using a 3-aminopropyl 

column (200 mm x 2.6 mm i.d.; Custom LC, Houston, TX) using a gradient of two 

buffers (Buffer A, 80/20 methanol/water (v/v); Buffer B, 62.5% MeOH (v/v), 20% 

acetate stock (217.6 g sodium acetate trihydrate [Fisher Scientific] in 400 ml glacial 

acetic acid) and 17.5% glacial acetic acid [v/v]). By this means, both GSH and GSSG 

can be simultaneously separated and quantified relative to authentic standards from a 

single biological sample.  
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Quantitative real-time PCR 

 Tissues (approximately 200 mg liver) were immediately placed in RNALater 

(Ambion, Foster City, CA) and stored according to manufacture’s instructions. Total 

RNA was isolated using RNeasy kit (Qiagen, Valencia, CA) according to 

manufacture’s instructions, quantified spectrophotometrically  (260 nm), and assaying 

for purity by determining the 260/280 nm ratio. cDNA was prepared from 12.5 µg of 

total RNA using SuperScript II (Invitrogen, Carlsbad, CA) and oligo(dT) primers 

(Operon, Huntsville, AL) in a 50 µl reaction according to manufacture’s instructions. 

Quantitative real-time PCR (qPCR) analyses were performed using mRNA-specific 

primers spanning exon/exon boundaries using the DNA Engine Opticon II system 

(BioRad, Hercules, CA). Specifically, 62.5 ng of each cDNA pool, 0.3 µM of each 

primer (forward and reverse) and Finnzymes’ DyNAmo Master Mix containing SYBR 

Green (Finnzymes, Espoo, Finland) were used for each qPCR reaction in accordance 

with manufacturer’s instructions. 

Primer Sequences (Operon): 

 

gadd153/CHOP-F; 5’-CAGCTGAGTCTCTGCCTTTCG-3’ 

gadd153/CHOP-R; 5’-GATTCTTCCTCTTGCTTTCCTGG-3’ 

 

grp78/BiP; F; 5’-CAAGTTCTTGCCATTCAAGGTGGTTGA-3’  

grp78/BiP; R; 5’-CAGCTGCTGTTGGCTCATTGATGATC-3’ 

 

beta-actin-F; 5’-CCTTCCTTCCTGGGTATGGAATCC-3’ 

beta-actin-R; 5’-GAGCAATGATCTTGATCTTCATGGTG-3’ 

 

 Thermocycler conditions included an initial incubation at 95.0°C for 00:10:00 

followed by 45 cycles of 94.0°C for 00:00:10; 58.0-61.0°C for 00:00:20 (primer/gene 

specific; see below); incubation at 72.0°C for 00:00:20 followed by a plate read. 

Cycling conditions concluded with a final incubation at 72.0°C for 00:07:00; a melt 
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curve analysis (65.0°C to 95.0°C, reading every 0.2° with a 00:00:01 hold) and a final 

extension step at 72.0°C for 00:10:00. Annealing temperatures were as follows: 

gadd153/CHOP, 58.0°C; grp78/BiP, 61.0°C; and beta-actin; 58.0°C - 61.0°C 

(compatible for all conditions and all genes examined). To obtain appropriate template 

concentrations, samples were run concurrently with standard curves generated using 

plasmid standards (Topo Cloning Kit; Invitrogen). Beta-actin was used as the 

housekeeping control for RNA recovery, reverse transcription efficiency, and template 

concentration. Gene expression was normalized to beta-actin mRNA levels and 

expressed as arbitrary units. Agarose gel electrophoresis and thermal denaturation 

(melt curve analysis) were used to confirm specific replicon formation. 

 

Western blot analyses 

 Whole tissues were homogenized, spun at 15,000 x g for 15 min, and the 

supernatant collected. Whole tissue homogenates or microsomal samples were added 

directly to 3X loading buffer (0.5 M Tris-HCl, pH 6.8, 10% SDS [w/v], 25% glycerol 

[v/v], and 0.5% bromophenol blue [w/v]). Protein was separated on 10% 

polyacrylamide gels (Pierce, Rockford, IL) and transferred to PVDF membranes 

(Millipore, Billerica, MA). The levels of proteins were detected using a polyclonal 

antibody for grp78/BiP (Stressgen, Ann Arbor, MI) and gadd153/CHOP (Santa Cruz 

Biotechnology; Santa Cruz, CA) and standardized to PDI (Stressgen), grp/78 

(Stressgen), or beta-actin (Sigma-Aldrich) levels when appropriate as a loading 

control. Proteins were visualized using appropriate horseradish peroxidase-conjugated 

secondary antibodies (Cell Signaling Technologies, Danvers, MA) in conjunction with 

a chemiluminescent substrate (Amersham Pharmacia Biotech, Buckinghamshire, UK) 

and Enhanced Chemiluminescent Film (Amersham Pharmacia). 

 

Determination of ER protein redox state by fluorescent detection 

 IAA-treated microsomes were incubated in 300 mM HEPES buffer (Sigma) 

containing 10 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP; Sigma) for 1 
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hr to reduce any thiol disulfides present. 1 mM of a Texas Red-conjugated maleimide 

(Invitrogen) was then added to label any free thiols reduced by the use of TCEP for 2 

hr. Reactions were than added to an appropriate volume of dye-free loading buffer, 

heated for 5 min at 95°C, and loaded onto a 10% SDS-PAGE gel. Fluorescent proteins 

were visualized using a BioRad FX Molecular Imager. Proteins were then transferred 

onto PVDF membranes (Millipore) and the levels of grp78/BiP (Stressgen) detected as 

a loading control.  

 

Statistical analysis 

 Statistical significance between means of two independent groups was 

determined by Student's t test, assuming equal variances. For comparison of treatment 

effects, one-way analysis of variance (ANOVA) with Tukey’s post hoc test was used. 

All of the results were considered significant if the p value was < 0.05. Statistical 

analysis was performed using PRISM 4.0b software (GraphPad Software, San Diego, 

CA). 

 



 
 
 

75 

4.4.  Results 

 
Age-related increase in GSH:GSSG redox ratio 

 To determine potential age-related differences in ER GSH status, microsomal 

acid-soluble thiol compounds were derivatized and quantified using the well-known 

method of Reed and coworkers (100, 102). This HPLC technique, with only slight 

modifications (Chapter 4), allows the simultaneous determination of both GSH and 

GSSG from a single microsomal sample when ex vivo oxidation is properly controlled 

(Chapter 4) (64). Results showed that the microsomal GSH:GSSG ratio significantly 

(p < 0.01) increased by 60% with age from 3.8 (+/- 0.23; N=6) in microsomes isolated 

from young rats to 6.4 (+/- 0.63; N=6) in microsomes isolated from old rats (Figure 

4.1A). The increase in the GSH:GSSG ratio was the result of a significant (p < 0.01) 

42% increase in the concentration of GSH (0.21 nmols/mg protein in the young versus 

0.30 nmols/mg protein in the old; Figure 4.1B) and only minimally as a non-

significant (p > 0.05) 15% loss of GSSG (0.056 in the young versus 0.047 in the old; 

Figure 4.1C). As a result of the increase in GSH, the total acid-soluble glutathione 

concentration (GSH + 2GSSG) also significantly (p < 0.05) increased by 22% with 

age (Figure 4.1D). These results show there is an age-related reductive shift in the 

thiol redox status of the ER where the aging ER contains higher overall levels of free 

glutathione. 
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Figure 4.1.  Age-related increase in the ER GSH:GSSG redox ratio. Microsomes 
were isolated from young and old rats and glutathione quantified by HPLC. (A) The 
GSH:GSSG ratio significantly (p < 0.01) increased by 60% with age. (B) The increase 
in the GSH:GSSG ratio was the result of a significant 42% increase (p < 0.01) in the 
concentration of GSH and (C) only minimally because of a non-significant, 15% loss 
of GSSG with age (p > 0.05). (D) As a result of the increase in GSH, the total acid-
soluble glutathione concentration (GSH + 2GSSG) increased by 22% in microsomes 
isolated from old animals (p < 0.05). N=6 for all groups; asterisks (*) indicates 
statistical differences as indicated in the text. 
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Minimal glutathionylation of ER proteins 

 A previous report indicated that most microsomal GSH is present as mixed 

disulfides with proteins (41). However, as shown in Chapter 4, we demonstrated that 

only a small amount of the total ER GSH is bound to proteins (64). To determine 

whether the amount of GSH present as mixed disulfides with proteins in the ER 

changes with age, acid-precipitated protein pellets were re-solublized, incubated with 

1 mM DTT, and the amount of GSH liberated determined by HPLC as described in the 

Materials and Methods. Despite increases in both the ER GSH redox status and overall 

GSH levels, no significant age-dependent changes were observed in the amounts of 

GSH bound to proteins (p > 0.05). Results showed that 11.4% and 10.4% of total ER 

GSH was bound to proteins in young and old rat liver microsomes, respectively 

(Figures 4.2A and B). These results confirm our previous study that only a small 

percentage of the total GSH present in the ER is found a mixed disulfides (Chapter 4) 

(64). Thus, aging does not affect the protein-bound ER GSH pool. 

 

Whole liver GSH:GSSG declines with age 

 Previous work in the Hagen Laboratory as well as others show that there is a 

significant age-associated decline in both hepatic GSH levels and GSH redox state 

(19, 22, 23, 25, 97, 99, 101, 118, 119). As the previous results indicate (see Figure 

4.1), microsomal GSH levels and redox status increase with age. Because this effect is 

contrary to previous reports in whole liver tissue, to rule out differences in overall 

tissue levels of GSH in our specific samples as a confounding factor, we determined 

whole liver GSH status in the same liver samples used for microsomal analysis. This  
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Figure 4.2.  No age-related change in protein-bound GSH. Acid precipitated 
protein pellets were re-solubilized and incubated with 1mM DTT to liberate GSH 
bound to proteins and GSH levels quantified by HPLC. Results show the distribution 
of free versus protein-bound GSH in microsomes isolated from (A) young and (B) old 
rats. Only minimal GSH was observed present as mixed disulfides in both young and 
old microsomes with no significant differences (p > 0.05) between the two groups. 
N=6 animals per group. 
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comparison revealed a significant (p < 0.05) 45.1% decline in the GSH:GSSG ratio in 

whole liver with age (Figure 4.3A). Also, contrary to the results found for GSH levels 

in rat liver microsomes, whole tissue GSH levels were not significantly different in 

young versus old rats (Figure 4.3B). In summary, these results indicate that on a whole 

tissue basis, there is an oxidative shift in the GSH:GSSG ratio, but microsomal GSH 

redox state is affected counter to this oxidative shift, and the ratio actually increases in 

microsomes isolated from old rats. Together, these results suggest that the ER GSH 

pool is unique relative to the cytosol, or at least able to differentially regulate its GSH 

status. 

 

Redox state of the soluble ER proteome is grossly affected with age 

 To determine whether the redox status of proteins found in the ER are 

influenced by the age-related increase in the GSH:GSSG ratio, a fluorescent gel 

technique was employed to assess ER protein thiol redox status. Here, ER protein thiol 

redox state can be generally determined by reducing protein disulfides followed by 

labeling with a fluorescent maleimide as described in the Materials and Methods. 

Thus, microsomes isolated in the presence of iodoacetic acid (IAA) were then reduced 

with 10 mM tris(2-carboxyethyl) phosphine hydrochloride (TCEP) and labeled with a 

Texas Red-conjugated maleimide (see reaction scheme; Figure 4.4). Because of the 

charge added by IAA and the likely heterogeneity of IAA-labeled proteins utilizing 

this method, 1D gel electrophoresis was chosen over 2D gel electrophoresis. 

Unfortunately, this method does not yield high resolution and thus it becomes 

impossible to discern how specific proteins 
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Figure 4.3.  Whole liver GSH:GSSG declines with age. Glutathione status was 
determined in whole hepatic tissue isolated from the same young and old liver samples 
utilized to determine the microsomal GSH status (see Figure 4.1). (A) Results show a 
significant (p <0.05) 45.1% decline in the GSH:GSSG ratio in old relative to young 
rats. (B) Measurement of total hepatic GSH (GSH + 2GSSG) indicated that there was 
no significant change of total GSH equivalents on an aging basis. N=6 per group; 
asterisk (*) indicates statistical significance (p < 0.05). 
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are affected. However, we only sought to determine if the alterations seen in the 

GSH:GSSG ratio were a surrogate for overall protein redox status.  

 Our results show that the redox status of the ER proteome is significantly 

affected with age (Figure 4.5) and shows at least four molecular weight regions of 

approximately 200, 75, 50, and 35 kDa that were differentially fluorescent on an aging 

basis, thus indicating altered protein redox status (Figure 4.5; arrows). Interestingly, 

these four regions of the soluble ER proteome were not affected equally. Contrary to 

our hypothesis that the ER proteome should be increasingly reduced with age as the 

result of the increased GSH:GSSG ratio, the three highest molecular weight regions 

(200 kDa, 75 kDa, and 50 kDa) appear to be more oxidized with age (increased 

fluorescence versus young) with only the lowest molecular weight region (35 kDa) 

becoming more reduced with age (Figure 4.5; arrows). To confirm that altered loading 

of the gel could not account for the differences observed, levels of protein disulfide 

isomerase (PDI) were determined by Western blot analysis following fluorescent 

imaging. Together, these results indicate that the redox status of the proteome in the 

aging ER is dramatically affected by age but that there appears to be a disconnect of 

the redox circuitry between GSH and the proteome in the ER. 
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Figure 4.4.  Schematic representation of the fluorescent protein redox gel 
technique. Utilizing this method, because microsomes were initially isolated in the 
presence of IAA to alkylate free thiols, increased fluorescence is interpreted as a 
protein being more oxidized while a diminution in fluorescence is interpreted as more 
reduced. 
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Figure 4.5.  False-color image showing gross alterations in the redox status of the 
soluble ER proteome occurs in aged animals. A fluorescent gel technique was 
utilized to visualize the redox status of ER proteins (see schematic; Figure 4.4) to 
determine whether alterations in the redox state of the ER proteome mirrored the age-
related changes seen in the ER GSH:GSSG ratio. Arrows indicate general regions on 
the false-color image where redox status (fluorescence) was varied in old versus 
young animals. Relative to young, the three highest molecular weight regions (200 
kDa, 75 kDa, and 50 kDa) showed increased fluorescence (more oxidized) but the 
lowest molecular weight region (35kDa) showed less florescence (more reduced). N=3 
per group. 
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No chronic induction of ER stress response pathways with age 

 Because the ER redox states of GSH, the proteome, and specific 

oxidoreductases were drastically altered with age, we hypothesized that the aging ER 

may be under a chronic ER stress. ER stress response is collectively a well-defined set 

of cell signaling cascades that, among other responses, induces the upregulation of so-

called ER stress response genes. To determine if there was an induction of ER stress 

response during aging, mRNA and protein levels of two well-known ER stress 

response genes, gadd153/CHOP and grp78/BiP, were determined. Using quantitative 

real-time PCR (qPCR) to determine mRNA levels, results showed that there was no 

significant (p > 0.05) increase in either gadd153/CHOP gene expression (Figure 4.6A) 

or protein levels (Figure 4.6B). There was also no significant increase observed for the 

ER stress response gene grp78/BiP in terms of mRNA levels (Figure 4.6C) or protein 

concentration (Figure 4.6D). These results indicate that despite the gross age-related 

changes seen in the overall redox status of the aging ER, there is no induction of an 

ER stress response with age. 
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Figure 4.6.  No chronic induction of ER stress response pathways with age. To 
determine if ER stress response mechanisms are chronically activated during the aging 
process, expression of known ER stress response genes was determined using 
quantitative real-time PCR. (A) No significant increase in either mRNA or (B) protein 
levels of gadd153/CHOP was observed. Furthermore, a similar trend was shown for 
the ER stress response gene grp78/BiP for (C) grp78/BiP mRNA levels or (D) protein 
expression. N=3 per group; plus sign (+) indicates positive control. 
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4.5.  Discussion 

 
 We have previously shown that ex vivo oxidation is a major confounding factor 

in the assessment of microsomal glutathione status and that when controlled, the 

GSH:GSSG redox status is significantly higher than previously reported (41, 42, 64). 

Utilizing this method, the present work establishes that the redox status of the ER is 

compromised with age. 

 One of the most important observations of the present study is the discovery of 

a reductive shift in the thiol redox status in the endoplasmic reticulum. This is contrary 

to expectations, given that previous studies examining redox state in whole liver show 

a more oxidizing environment with age and a progressive accumulation of oxidatively 

damaged biomolecules (12-15, 34, 35). Elevated oxidative damage and resultant 

oxidative stress is evident both in tissues and in specific subcellular compartments (15, 

22, 23, 25, 97-99, 101, 120). Thus, an opposing reductive shift in the microsomal 

redox environment is surprising and exemplifies the need to characterize the redox 

state of specific sub-cellular compartments to fully understand the nuances of normal 

cellular aging. 

 In retrospect, a reductive stress for the aging ER fits with previous reports 

showing a similar elevated reducing environment occurs in “age-accelerated” diseases 

or in some chronic pathologies. For example, Nardai et al. showed that in a chemically 

induced mouse model of diabetes, the ER of these animals experienced a significant 

reductive shift in the thiol redox status (62, 63). Furthermore, this same group showed 

total oxidoreductase activity was also negatively affected stemming from this 

reductive stress. These authors went on to show that oxidizing equivalents 

(dehydroascorbic acid and GSSG) could reverse the reductive shift they observed. 

Together, the authors concluded that diseases causing an overall oxidative stress such 

as diabetes nevertheless resulted in a reductive stress in the ER, and compromised 
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enzymes of the ER. In addition to diabetes, reductive shifts in the ER have been noted 

in liver disease, emphysema (72) and now the normal aging process. 

 Despite the elevated reducing environment, ER protein redox status was 

differentially affected with age (see Figures 4.3 and 4.4). Specifically, the three 

highest molecular weight regions (200 kDa, 75 kDa, and 50 kDa) were more oxidized 

with age (increased fluorescence versus young) with only the lowest molecular weight 

region (35 kDa) becoming more reduced with age (loss of fluorescence; see Figure 

4.5). Nardai et al. also noted heterogeneity in the ER protein redox state in the context 

of an increased thiol redox state in their diabetes model (63). This group used a gel 

retardation assay where free thiols were modified with 4-acetamido-40-

maleimidylstilbene-2,20-disulfonic acid (AMS) to assay for protein redox state, and 

found that generally ER oxidoreductases were more reduced but the ER oxidase, 

ERO1L-alpha, was found to be in a more oxidized state. Utilizing the fluorescent 

redox technique described herein, our findings agree with these previous results (data 

not shown). We found that the ER oxidoreductase PDI, was 69.7% more reduced in 

old versus young microsomes but that ERO1L-alpha was 57.1% more oxidized. 

However, due to the inherent variability induced by this methodology and low relative 

low number of samples (N=3), neither value reached statistical significance in old 

versus young microsomes (data not shown). Nonetheless, these results are intriguing 

and suggest that, because ERO1L-alpha is the direct oxidase of PDI and in light of our 

findings above, PDI and ERO1L-alpha are no longer efficiently interacting whereby 

ERO1L-alpha no long maintains PDI redox status. While the mechanisms associated 

with an altered protein redox state was neither explored by Nardai et al. nor in the 

present study, it is interesting to speculate that the increased concentration of reduced 

GSH, total GSH (GSH + 2GSSG), and increased GSH:GSSG ratio seen in the ER with 

age may be responsible for facilitating this lesion. Thus, a future avenue of research 

should be to explore the causes and its implications of altered ER enzyme redox status. 

 Because the oxidizing environment of the ER is essential for the proper 

(poly)peptide folding and processing and any alteration in protein homeostasis induces 
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an ER stress (115, 116), this organelle has specific stress signaling mechanisms to 

respond to perturbations in its redox environment. We thus hypothesized that ER 

stress response pathways should be chronically activated during aging. This 

hypothesis was developed based not only on the present results but also from previous 

reports showing that altered expression of pro-apoptotic ER stress proteins sensitizes 

aged tissues to xenobiotics and cell death (79, 121). However, no age-associated 

activation of ER stress response was observed. This lack of activation can be 

interpreted two ways. First, it is possible that the increase in the ER redox status is a 

compensatory and protective mechanism. Proteins have been shown to accumulate 

with age, and during the pathogenesis of some diseases; in some cases, specifically in 

the ER (48). However, whether these proteins are functional proteins or proteins 

which have been irreversibly modified remains unclear. The increase in the redox 

status may be a means to help remove accumulated and misfolded proteins from the 

cell by favoring protein unfolding over protein folding by enzymes like protein 

disulfide isomerase (PDI) (64, 68). However, it has also been shown in a transgenic 

mouse model of protein misfolding where a reductive shift was noted in both the thiol 

redox status and in PDI, that unfolding activity was significantly reduced in the ER of 

these animals (72). Thus, a reductive shift may not be indicative of favoring protein 

unfolding pathways but a symptom of compromised ER homeostasis (63, 72). 

 The second interpretation of these results is that the aging ER is experiencing a 

chronic stress but fails to adequately adapt. It is well-known that a loss of stress 

response mechanisms occur with age (19, 79, 122). Thus, it is feasible that the ER is 

indeed compromised with age but fails to activate ER-dependent stress signaling 

pathways to ultimately restore homeostasis. Based on literature precedent, the second 

scenario is more likely. For example, during certain conditions that would be expected 

to activate ER stress response mechanisms, ER stress pathways were not induced (72, 

123-126). It has also been shown that compounds which elicit a mild ER stress can be 

protective by upregulating ER stress response proteins (74, 127, 128). Thus, it is 

interesting to speculate that if dietary compounds could be identified that had similar 
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effects, these compounds might be protective when reduction of the ER is found to 

occur either during certain disease states or during the normal aging process. 

 In summary, this work indicates that the redox circuitry of the ER is a much 

more complicated and a highly regulated process and warrants further studies to 

determine the effects an altered ER redox status has both on ER and overall cellular 

homeostasis. Whether alterations in the ER thiol redox status are a cause or 

consequence also remains unknown but is intriguing to speculate that the ER may be a 

potential therapeutic target for protein aggregation diseases, diabetes, and aging. 
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5.1.  Abstract 
  

 The aging ER displays an increase in the reduced (GSH) to oxidized (GSSG) 

glutathione ratio, disregulated ER protein redox, and a failure to activate ER stress 

response mechanisms (Chapter 5). To determine if R-(alpha)-lipoic acid (R-LA), a 

dietary compound shown to preserve cellular glutathione status, reverses the age-

related increase in the ER GSH:GSSG ratio, a single bolus of R-LA (gavage; 120 

mg/kg) was administered to young and old rats. Supplementation to young rats 

revealed that R-LA initially increased the GSH:GSSG ratio to the levels seen in old, 

unsupplemented animals. This initial R-LA-induced pro-reductive environment was 

followed by a rapid oxidation of ER GSH 6 hr post-gavage. This significant oxidation 

persisted for at least 18 hr and was followed by a slow recovery. In contrast to the 

young animals, R-LA supplementation of old rats did not initially induce a further 

increase in the GSH:GSSG redox ratio but mirrored the oxidation of ER GSH identical 

to that seen in the young. At 48 hr post-gavage, both the young and old ER 

GSH:GSSG redox status returned to levels initially seen in young rats. To determine 

the effects of long-term R-LA supplementation, young (3-4 mo) and old (24-26 mo) 

rats where pair-fed R-LA (0.2% w/w) in the diet for 2 wk prior to sacrifice and 

microsomal isolation. R-LA supplementation led to a more oxidizing environment in 

the ER of old rats, with no significant changes noted in the redox environment of the 

young such that both R-LA supplemented young and old animals were no longer 

different versus young unsupplemented rats. To determine if R-LA also reversed age-

associated differences in ER protein thiol redox status (Chapter 5), a fluorescent probe 

was utilized to determine protein thiol redox status from rats gavaged R-LA (120 

mg/kg) and monitored for 48 hr. Initial results showed R-LA reversed the overall 

protein redox changes observed in aged animals. Furthermore, R-LA induced an ER 

stress response over this same time-course, preferentially inducing the pro-survival ER 

stress response gene, grp78/BiP over the pro-apoptotic ER stress response gene 

gadd153/CHOP. These results show that R-LA supplementation reverses the 



 
 
 

92 

detrimental aging ER phenotypes related to altered thiol redox state and stress 

response mechanisms. Together, these results suggest pharmacological treatment of R-

LA may be an effective strategy to treat conditions associated with a dysfunctional ER 

observed during the normal aging process. 
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5.2.  Introduction 

 
 On average, the ER is responsible for the synthesis of approximately one-third 

of the total cellular proteome. Eukaryotic ER enzymes that facilitate protein folding 

also catalyze protein refolding, isomerization, as well as unfolding and degradation. 

The conundrum as to how these enzymes take on multiple catalytic roles has 

perplexed researchers examining ER-dependent protein maturation and processing. It 

is now clear that protein processing enzymes switch catalytic roles depending on the 

thiol redox environment of the ER (64, 68, 117). The endoplasmic reticulum (ER) 

maintains a significantly more oxidizing environment than other cellular locales 

(Chapter 4) (41, 42, 64). Even very small changes in the GSH:GSSG ratio can have 

profound effects on ER enzyme function. For example, it has been shown that optimal 

protein folding in vitro occurs at a GSH:GSSG ratio approximately 2:1 (67). We and 

others have also shown that optimal reductase activity occurs at a GSH:GSSG greater 

than 5:1 (Chapter 3) (64, 68). Interestingly, the ER GSH:GSSG ratio typically exists 

somewhere in between these two values to tightly regulate all three essential activities 

(e.g., folding, isomerization, and unfolding). Thus, small perturbations in the ER 

GSH:GSSG ratio would favor protein maturation at the expense of degradation or 

protein degradation at the expense of proper protein maturation. 

 As shown in Chapters 4 and 5, the ER GSH:GSSG redox ratio tilts toward a 

more reduced state with age. Briefly, the GSH:GSSG ratio in rat microsomes was 

approximately 4:1, 5.5:1, and 7:1 in microsomes isolated from young (3-4 mo), 

middle-aged (9-11 mo), and old (24-26 mo) rats, respectively. In terms of protein 

processing activity, these results suggest that the catalytic role of ER enzymes may 

shift toward protein disulfide reduction and away from oxidative protein folding. 

Thus, it could be envisioned that the aging ER protein processing machinery is more 

involved in protein refolding (isomerization) and degradation (unfolding), ultimately 

at the expense of nascent peptide synthesis and fidelity.  
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 Proteins are generally considered to accumulate on an aging basis. Recent 

work showed that age-related increases in misfolded proteins, and coincident loss of 

protein degradation, not only affect specific enzyme activities, but can even take on 

toxic gain-of-function qualities, especially if the misfolded proteins aggregate (see 

General Introduction). Protein aggregates, as exemplified by ceroid, β-amyloid, 

huntingtin, cystic fibrosis transmembrane conductance regulator (CFTR), and 

lipofuscin, have been shown to progressively compromise cell function in accordance 

with their rate of accumulation (26, 37, 38, 49, 129, 130). Hence, one therapeutic 

strategy currently being employed for protein folding diseases is to pharmacologically 

induce endogenous cellular chaperones and antioxidant gene expression to restore 

both protein and redox homeostasis. Indeed, there is evidence that inducing chaperone 

expression prevents the accumulation of cytotoxic misfolded intermediates and 

improves cellular function in these diseases. Moreover, upregulation of antioxidant 

genes function to protect proteins from oxidative modification that have been shown 

to disrupt protein folding and also restore redox balance (8, 19, 74, 131). One 

compound which has shown great promise to induce cellular tolerance is trans-4,5-

dihydroxy-1,2-dithiance (DTTox). DTTox is a dithiol compound that specifically 

upregulates the ER chaperone grp78/BiP while simultaneously protecting cells against 

oxidative injury, and thereby providing cytoprotection (127, 128). Moreover, previous 

studies show that other thiol-reactive substances such as 3H-1,2-dithiole-3-thione 

(D3T), pyrrolidine dithiocarbamate (PDTC), sulforaphane, and R-alpha-lipoic acid 

(1,2-dithiolane-3-pentanoic acid; R-LA) act as potent chemoprotective agents (19). In 

particular, R-LA is also known to directly affect cellular and subcellular redox status 

(25, 97, 132, 133). Thus, we pondered whether the dithiol compound, R-LA, would 

also prove to be beneficial in regards to the ER endpoints shown to decline herein 

(Chapters 3 and 5). 
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 To this end, based on the structural and chemical similarities between DTTox 

and R-LA, and because R-LA is known to directly affect cellular and subcellular 

glutathione status (25, 97, 132, 133) and upregulate stress response mechanisms (19), 

we sought to determine whether R-LA can restore redox homeostasis in the ER of old 

animals following both acute and chronic dietary administration and induce 

endogenous chaperones and antioxidant enzymes 
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5.3.  Materials and Methods 

 
Materials 

 High performance liquid chromatography (HPLC) solvents were all HPLC 

grade (Fisher Scientific, Pittsburgh, PA). All other chemicals were reagent grade or the 

highest quality available from Sigma-Aldrich (St. Louis, MO). 

 

Lipoic acid pair-feeding study 

 Young (3-4 mo) and old (24-26 mo) Fischer 344 rats (National Institute on 

Aging animal colonies) were pair-fed as R-alpha-lipoic acid (R-LA) is a well-known 

appetite suppressant (134). Nonsupplemented rats were pair-fed relative to the food 

intake of R-LA-supplemented animals to avoid possible confounding results from 

differences in caloric intake. Following acclimatization at the OSU animal facilities, 

rats were placed on AIN-93M diet supplemented ± R-LA (0.2% [w/w]) for 2 wk 

(N=5-6 animals per group). Rats were sacrificed 4 per day (one from each 

experimental group) for 6 d and liver microsomes isolated as described below. 

 

Isolation of rat liver microsomes 

 Young (3-4 mo) and old (24-26 mo) Fischer 344 rats (National Institute on 

Aging animal colonies) were anesthetized with diethyl ether, the livers perfused with 

ice-cold phosphate buffered saline (PBS), pH 7.5, to remove blood, and then sacrificed 

according to Institutional Animal Care and Use Committee (IACUC) approved 

guidelines. The livers were quickly excised, weighed, and placed on ice. Microsomes 

were isolated as previously reported with some modifications (64, 103). Briefly, half 

of each liver (~6-7 g) was homogenized 1:7 [w/v] in ice-cold homogenization buffer 

(10 mM potassium phosphate [monobasic], 10 mM potassium phosphate [dibasic], 

150 mM HEPES, 75 nM potassium chloride, 1 mM EDTA; 70 mM iodoacetic acid 

(IAA) pH 7.5) and microsomes isolated by differential centrifugation. The microsomal 

pellet was further washed (100 mM potassium pyrophosphate and 1 mM EDTA, pH 
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7.4) to remove heme and spun again at 100,000 x g for 95 min at 4°C. The microsomal 

pellet was resuspended in 750 µl of 100 mM potassium phosphate buffer containing 

30% glycerol [v/v] and 1 mM EDTA, pH 7.25. Only freshly isolated microsomes were 

used for GSH analysis. Assays for purity revealed that microsomal preparations using 

this procedure had minimal contamination of Golgi using the 59 kDa Golgi protein 

(Abcam #ab23932) as a marker but were highly enriched for Calnexin (Abcam 

#ab22595) (data not shown). Thus, the procedure employed in this study results in 

microsomes relatively free of contaminating membranes.  

 

Preparation of microsomal samples for free glutathione analysis 

 Immediately following isolation of microsomes, 300 µl of the microsomal 

suspension was added directly to an equal volume of 15% (v/v) perchloric acid (PCA; 

Fisher Scientific) containing 10 mM diethylenetriaminepentaacetic acid (DTPA; 

Sigma-Aldrich), and incubated on ice for 15 min. Acidified samples were then spun at 

15,000 x g for 15 min, the supernatant removed, and stored at -20°C until 

derivatization and glutathione analysis. PCA (300 µl of a 15% stock, containing 10 

mM DTPA) was then added back to the pellet and snap-frozen in liquid nitrogen and 

stored at -80°C for protein-bound glutathione analysis (described below). 

 

High performance liquid chromatography for glutathione 

 GSH quantification was performed as described using dansyl chloride as a 

fluorophore and γ-glutamylglutamate (γ-GG) as an internal standard for derivatization 

efficiency (64, 100, 102). Analyte separation was achieved using a 3-aminopropyl 

column (200 mm x 2.6 mm i.d.; Custom LC, Houston, TX) using a gradient of two 

buffers (Buffer A, 80/20 methanol/water (v/v); Buffer B, 62.5% MeOH (v/v), 20% 

acetate stock (217.6 g sodium acetate trihydrate [Fisher Scientific] in 400 ml glacial 

acetic acid) and 17.5% glacial acetic acid [v/v]). By this means, both GSH and GSSG 

can be simultaneously separated and quantified relative to authentic standards from a 

single biological sample. 
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Lipoic acid gavage study 

 A single bolus of R-LA (gavage; 120 mg/kg in PBS) was given to both young 

and old rats, the rats sacrificed over-time (0.5, 1, 6, 12, 24, and 48 hr post-gavage), 

microsomes isolated, and the ER GSH:GSSG ratio monitored as described above. The 

remaining liver tissue not utilized for microsomal isolation was either snap frozen on 

liquid nitrogen or stored in RNALater (Ambion) for mRNA analysis of ER stress 

response genes. 

 

Determination of plasma lipoic acid concentrations 

 Plasma levels of R-LA were determined as described previously (135). Briefly, 

100 µl plasma was immediately placed in an equal 15% perchloric acid and 100 µl 

mobile phase (50 mM NaH2PO4 30% acetonitrile, and 20% methanol [pH 2.7]). Using 

a Supelco Discovery C18 column (15cm x 4.6 mm, 5µm ), 50 µl of analyte was 

injected at a flow rate of 1 ml/min. ESA CoulArray EC detector voltage was set at 

0.85-.90 V and plasma concentrations of lipoic acid determined relative to authentic 

standards (Asta Medica; Frankfurt, Mainz, Germany). 

 

Quantitative real-time PCR 

 Tissues (approximately 200 mg liver) were immediately placed in RNALater 

(Ambion, Foster City, CA) and stored according to manufacture’s instructions. Total 

RNA was isolated using RNeasy kit (Qiagen, Valencia, CA) according to 

manufacture’s instructions, quantified spectrophotometrically  (260 nm), and assaying 

for purity by determining the 260/280 ratio. cDNA was prepared from 12.5 µg of total 

RNA using SuperScript II (Invitrogen, Carlsbad, CA) and oligo(dT) primers (Operon, 

Huntsville, AL) in a 50 µl reaction according to manufacture’s instructions. 

Quantitative real-time PCR (qPCR) analyses were performed using mRNA-specific 

primers spanning exon/exon boundaries using the DNA Engine Opticon II system 

(BioRad, Hercules, CA). Specifically, 62.5 ng of each cDNA pool, 0.3 µM of each 

primer (forward and reverse) and Finnzymes’ DyNAmo Master Mix containing SYBR 
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Green (Finnzymes, Espoo, Finland) was used for each qPCR reaction in accordance 

with manufacturer’s instructions. 

Primer Sequences (Operon): 

 

gadd153/CHOP-F; 5’-CAGCTGAGTCTCTGCCTTTCG-3’ 

gadd153/CHOP-R; 5’-GATTCTTCCTCTTGCTTTCCTGG-3’ 

 

grp78/BiP; F; 5’-CAAGTTCTTGCCATTCAAGGTGGTTGA-3’  

grp78/BiP; R; 5’-CAGCTGCTGTTGGCTCATTGATGATC-3’ 

 

beta-actin-F; 5’-CCTTCCTTCCTGGGTATGGAATCC-3’ 

beta-actin-R; 5’-GAGCAATGATCTTGATCTTCATGGTG-3’ 

 

 Thermocycler conditions included an initial incubation at 95.0°C for 00:10:00 

followed by 45 cycles of 94.0°C for 00:00:10; 58.0-61.0°C for 00:00:20 (primer/gene 

specific; see below); incubation at 72.0°C for 00:00:20 followed by a plate read. 

Cycling conditions concluded with a final incubation at 72.0°C for 00:07:00; a melt 

curve analysis (65.0°C to 95.0°C, reading every 0.2° with a 00:00:01 hold) and a final 

extension step at 72.0°C for 00:10:00. Annealing temperatures were as follows: 

gadd153/CHOP, 58.0°C; grp78/BiP, 61.0°C; and beta-actin; 58.0°C - 61.0°C 

(compatible for all conditions and all genes examined). To obtain appropriate template 

concentrations, samples were run concurrently with standard curves generated using 

plasmid standards (Topo Cloning Kit; Invitrogen). Beta-actin was used as the 

housekeeping control for RNA recovery, reverse transcription efficiency, and template 

concentration. Gene expression was normalized to beta-actin mRNA levels and 

expressed as arbitrary units. Agarose gel electrophoresis and thermal denaturation 

(melt curve analysis) were used to confirm specific replicon formation. 
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Western blot analyses 

 Whole tissues were homogenized, spun at 15,000 x g for 15 min, and the 

supernatant collected. Whole tissue homogenates or microsomal samples were added 

directly to 3X loading buffer (0.5 M Tris-HCl, pH 6.8, 10% SDS [w/v], 25% glycerol 

[v/v], and 0.5% bromophenol blue [w/v]). Protein was separated on 10% 

polyacrylamide gels (Pierce, Rockford, IL) and transferred to PVDF membranes 

(Millipore, Billerica, MA). The levels of proteins were detected using a polyclonal 

antibody for grp78/BiP (Stressgen, Ann Arbor, MI) and gadd153/CHOP (Santa Cruz 

Biotechnology; Santa Cruz, CA) and standardized to PDI (Stressgen), grp/78 

(Stressgen), or beta-actin (Sigma-Aldrich) levels when appropriate as a loading 

control. Proteins were visualized using appropriate horseradish peroxidase-conjugated 

secondary antibodies (Cell Signaling Technologies, Danvers, MA) in conjunction with 

a chemiluminescent substrate (Amersham Pharmacia Biotech, Buckinghamshire, UK) 

and Enhanced Chemiluminescent Film (Amersham Pharmacia). 

 

Determination of ER protein redox state by fluorescent detection 

 IAA-treated microsomes were incubated in 300 mM HEPES buffer (Sigma) 

containing 10 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP; Sigma) for 1 

hr to reduce any thiol disulfides present. 1 mM of a Texas Red-conjugated maleimide 

(Invitrogen) was then added to label any free thiols reduced by the use of TCEP for 2 

hr. Reactions were than added to an appropriate volume of dye-free loading buffer, 

heated for 5 min at 95°C, and loaded onto a 10% SDS-PAGE gel. Fluorescent proteins 

were visualized using a BioRad FX Molecular Imager. Proteins were then transferred 

onto PVDF membranes (Millipore) and the levels of grp78/BiP (Stressgen) detected as 

a loading control (Stressgen, Ann Arbor, MI). To determine the redox states of 

specific proteins, immunoprecipitations for protein disulfide isomerase (PDI) or ER 

oxidase 1L alpha (ERO1L-alpha) were performed using Seize-X Immunoprecipitation 

Kit (Pierce, Rockford, IL) followed by the reaction scheme, visualization, and Western 

blotting scheme described above. 
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Statistical analysis 

 Statistical significance between means of two independent groups was 

determined by Student's t test, assuming equal variances. For comparison of treatment 

effects, one-way analysis of variance (ANOVA) with Tukey’s post hoc test was used. 

All of the results were considered significant if the p value was < 0.05. Statistical 

analysis was performed using PRISM 4.0b software (GraphPad Software, San Diego, 

CA). 
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5.4.  Results 
 

Plasma concentrations of R-LA following an acute single bolus dose 

 Based on previous results from our laboratory that dietary supplementation of 

R-LA results in reversal of the age-related loss in overall GSH and its redox state, we 

hypothesized that orally administered R-LA would also alter ER GSH status. 

However, again, based on data from our laboratory for whole liver tissue, R-LA 

increased GSH levels and the GSH:GSSG ratio. Thus, it could be hypothesized that 

feeding R-LA to old rats may actually exacerbate the age-related elevation in GSH 

levels and its reduced state. 

 To determine whether oral supplementation of R-LA reverses the age-related 

increase and GSH:GSSG ratio in microsomes isolated from old rats, or further 

adversely affect the ER GSH environment, young and old rats were given a bolus of 

R-LA (120 mg/kg) by gavage. To determine the extent of R-LA absorption following 

a single dose (120 mg/kg), plasma was isolated from each rat 0.5, 1, 1.5, 2, 6, and 12 

hr post-gavage, and R-LA concentrations measured via HPLC. Results show that R-

LA was detected as early as 0.5 hr post gavage, at which time it reached maximal 

plasma levels in both the young (3.0 pmol/ml plasma [+/- 0.6]) and old (5.7 pmol/ml 

plasma [+/- 0.7]) and quickly declined thereafter. By 6 hr post-gavage almost no R-LA 

was detectable in the plasma (Figure 5.1). These results confirm previous reports 

showing that R-LA is rapidly absorbed into the bloodstream and that maximal plasma 

concentrations are observed 0.5-2 hr post-consumption (136-138). 
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Figure 5.1.  Plasma levels of R-LA following gavage. R-LA was detected as soon as 
0.5 hr post-gavage. Thereafter, R-LA concentrations rapidly declined, becoming only 
negligibly detectable by 6 hr post-gavage. N=3 animals per group. 
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 Acute R-LA supplementation rapidly affects the ER glutathione status 

 To determine whether a single oral dose of R-LA affected ER GSH redox 

status, rats were sacrificed over a timecourse following R-LA gavage, liver 

microsomes isolated, and the GSH:GSSG ratio monitored by HPLC determination. 

HPLC analysis demonstrated that R-LA rapidly affected ER GSH status as early as 0.5 

hr post-gavage. Initially, a reduction in the ER GSH:GSSG ratio was observed in 

young rat microsomes, which was significant (p < 0.05) relative to sham-gavaged 

controls. The reduction of GSH redox state was so extensive such that the ER GSH 

redox environment in young R-LA-treated rats was similar to GSH:GSSG ratio in 

microsomes of old, untreated animals. Thereafter, a rapid and significant (p < 0.05) 

loss in the ER GSH:GSSG ratio was observed at 6 h and persisted for 18 hr thereafter 

(24 h post-gavage; Figure 5.2A). By 48 hr post-gavage, the GSH:GSSG ratio had 

returned to the initial baseline value (Figure 5.2A).  

 In contrast, R-LA treatment to old rats resulted in no immediate reduction in 

GSH redox state. Rather, R-LA induced a marked decline in the GSH:GSSG ratio 

which reached its maximum 12 hr post-gavage. At this time, the GSH:GSSG ratio was 

71.4% lower than pre-gavage levels (Figure 5.2A). Thereafter, there was a small trend 

towards a more reducing GSH:GSSG ratio for the remainder of the timecourse. 

However, even after 48 hr post-gavage, the ER GSH:GSSG ratio was still significantly 

lower than that observed prior to R-LA gavage. In fact, R-LA administration 

ultimately produced a microsomal GSH:GSSG redox environment that was 

remarkably similar to ER GSH:GSSG values normally seen in young untreated rat 

microsomes (Figure 5.2A).  
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Figure 5.2.  R-LA rapidly affects the ER glutathione status in microsomes 
isolated from both young and old rats. To determine how rapidly R-LA affects the 
ER glutathione pool, R-LA was administered in a single bolus via gavage (120mg/kg) 
to young and old rats and the ER GSH:GSSG ratio monitored over time. (A) An initial 
reduction was seen in young rat microsomes followed by a rapid loss in the ER 
GSH:GSSG ratio in both young and old rats at 6 hr post-gavage and persisted for 18 hr 
thereafter (24 hr post-gavage). At 48 hr post-gavage, the GSH:GSSG ratio had 
returned to the baseline value initially seen in the young for microsomes isolated from 
both young and old rat liver. To control for diurnal variations of glutathione, the 
GSH:GSSG ratio was also determined in untreated control animals at 0, 24, and 48 hr, 
and no significant change relative to time 0 controls was observed. (B) The loss of the 
ER GSH:GSSG was the result of both a significant lowering of GSH and (C) a 
significant increase in GSSG levels. (D) A significant loss of total ER glutathione was 
also initially observed but ultimately returned to the levels seen at time 0 for both the 
young and old. N=3 for all groups; asterisks (*) denotes significance (p < 0.05) versus 
young controls. 



 
 
 

106 

 To control for diurnal variations of glutathione, the GSH:GSSG ratio was also 

determined in untreated control animals at 0, 24, and 48 hr (Figure 5.2A). Because no 

differences were observed at any of these timepoints examined, we concluded that this 

effect was the result of R-LA supplementation and not rhythmic variations in ER GSH 

status. The loss of the ER GSH:GSSG was the result of both a significant lowering of 

GSH (Figure 5.2B) and a significant increase in GSSG levels (Figure 5.2C) indicating 

that R-LA is either acting directly or indirectly to provide oxidizing equivalents to the 

ER. Furthermore, a significant loss of total ER glutathione was also initially observed 

but ultimately returned to the levels seen at time 0 in the young (Figure 5.2D). 

 Together, these results suggest that R-LA acts as an overall oxidizing agent to 

ER thiols in both young and old rats. However, for old rats, this decline is more 

persistent where R-LA caused a reversal of the age-related increase in GSH:GSSG 

ratio, even 48 hr post-gavage. 

 

Lipoic acid pair-feeding study 

 Because a single oral R-LA dose resulted in a reversal of the age-related 

increase in microsomal GSH:GSSG ratio even 48 hr post-gavage, we hypothesized 

that a long term supplementation regimen would maintain the ER GSH redox state in 

old rats at levels normally seen in the ER of young rats. To this end, young and old 

rats were pair-fed AIN-93M diet +/- 0.2% R-LA for 2 wk. Analysis of food 

consumption show that rats fed R-LA in the diet (0.2% w/w) resulted in a significant 

decline in food intake (Figure 5.3A). Caloric intake was reduced by 34.8% and 29.1% 

in young and old rats, respectively, from the first day on supplemented diet versus just 

prior to sacrifice. This LA-induced anorectic effect has also been observed previously 

(134). 
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Figure 5.3.  R-alpha-lipoic acid pair-feeding study. Because R-LA is known to 
suppress appetite, young and old rats were pair-fed AIN-93M diet (+/- 0.2% LA) for 
two-weeks. (A) Results show that R-LA had an anorectic affect on food intake but (B) 
there was no significant change in rat body weight over the course of the two-week 
feeding time period. (C) Because food consumption declined so did the amount of R-
LA consumed over the course of the study but (D) even though the old rats consumed 
more total R-LA over the 2 wk study, they actually ate less relative to their larger 
mass. N=6 animals per group. 
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 Despite the consumption of fewer calories, no change in rat body weight 

relative to respective pair-fed controls, over the course of the two-week feeding study, 

was observed (Figure 5.3B). Average R-LA intake for the young was 39.0 mg/day (+/- 

1.7) for the first 4 days and 29.1 mg/day (+/- 0.5) from days 6-13. Thus daily R-LA 

intake was calculated to average 32.3 mg/day (+/- 0.8) over the course of the feeding 

study (Figure 5.1C). Old rats consumed an average of 45.3 mg/day (+/- 1.6) for the 

first 4 days and 34.6 (+/- 0.6) from days 6-13, averaging to 37.7 mg/day (+/- 0.8) for 

the course of the feeding study (Figure 5.3C). While the old animals ate more R-LA 

than the young, on a body weight basis the young actually consumed more R-LA, 

having consumed an average of 0.11 mg R-LA/gram b.w./day (+/- 0.003) compared to 

the old who averaged 0.09 mg R-LA/gram b.w./day (+/- 0.002) (Figure 5.3D). 

Together these results confirm previous studies that R-LA acts as an appetite 

suppressant but that relatively similar amounts of both total calories and R-LA was 

consumed by young and old animals. 

 

A two week lipoic acid supplementation regimen reverses the age-related increase in 

ER GSH:GSSG ratio 

 We have previously shown that supplementation of R-LA improves both 

whole cell and mitochondrial GSH status to the levels originally seen in the young (25, 

97, 132, 133, 139). We also showed in Figure 5.2 (A-D) that a single oral dose of R-

LA ultimately produced an ER GSH:GSSG redox status no different than young 

untreated and treated rat microsomes. To determine if supplementation of R-LA for 

two-weeks in the diet could also remediate ER GSH status, microsomes were isolated 

from rats pair-fed R-LA for 2 wk and the GSH status determined. Old rats exhibit a 

significantly (p = 0.02) higher GSH:GSSG ratio in the ER (Figure 5.4A) that was the 

result of increased GSH (Figure 5.4B) and not a loss of GSSG (Figure 5.2C). 

However, supplementation with R-LA for two-weeks in the diet completely reversed 

the age-related increase in the ER GSH:GSSG ratio (Figure 5.4A). Whether directly or 

indirectly, it appears that R-LA is delivering oxidizing equivalents to the ER as seen 
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by the increase in GSSG in the young supplemented with R-LA (Figure 5.4B and C) 

and a reduction in the levels of GSH in the old supplemented animals (Figure 5.4B). 

However, pair-feeding with R-LA had no effect on total GSH levels (Figure 5.4D). 

These results show that longer-term supplementation with R-LA may be an effective 

way to maintain the ER glutathione status with age. 

 

R-LA supplementation affects the soluble ER proteome 

 To determine whether R-LA supplementation affects the redox status of ER 

proteins in aged rats, we used a fluorescent gel technique (see reaction scheme Figure 

5.4) to assess ER protein thiol redox status up to 48 hr following R-LA 

supplementation (gavage; 120mg/kg). To determine whether the oxidation of ER 

GSH:GSSG ratio induced by R-LA supplementation (Figure 5.2) also affected ER 

protein redox status, microsomal proteins from 0, 12, and 48 hr post gavage were 

fluorescently labeled and visualized. Preliminary results show that R-LA appears to 

affect the redox status of the ER proteome (Figure 5.5). When two of the four 

molecular weight regions previously shown to change with age (35 and 50 kDa; 

Figure 5.5) were examined by densitometry (Figure 5.5; arrows), a reversal of the 

alterations seen in protein thiol redox state was observed following R-LA 

supplementation. Together, these results provide evidence that the redox status of the 

proteome in the aging ER is affected with age but that R-LA supplementation may 

shift the redox status of the ER proteome of old rats towards that observed in young 

rats. 
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Figure 5.4.  Chronic two-week feeding of R-LA reverses the age-related increase 
in ER GSH:GSSG ratio. To determine if R-LA beneficially affects ER glutathione, 
young and old rats were pair-fed AIN-93M diet (+/- 0.2% LA) for two-weeks. (A) R-
LA reversed the 30% increase in ER GSH:GSSG ratio seen in old rat microsomes to 
levels observed in young animals. (B) In old rats, GSH was significantly (p < 0.05) 
elevated relative to young controls but R-LA supplementation completely reversed 
this phenomenon. (C) R-LA dietary supplementation significantly increased free 
GSSG concentrations in the young but had no effects on the old rats. (D) Total GSH 
(GSH + 2 GSSG) was not affected by R-LA supplementation in young or old rats. 
N=5-6 animals per group; asterisks (*) denotes statistical significance (p < 0.05) 
relative to young controls. 
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Figure 5.5.  R-LA supplementation affects the soluble ER proteome. Preliminary 
studies were conducted to determine if R-LA can influence the redox status of ER 
proteins. Microsomal proteins collected at 0, 12 and 48 hr post-gavage (120mg/kg) 
were fluorescently labeled and visualized (false color image shown). When 
fluorescence of the molecular weight regions at 35 and 50 kDa were analyzed by 
densitometry results showed that R-LA appears to at least temporarily reverse any 
age-related changes seen in the protein thiol redox status of the proteome in these 
molecular weight regions (35 and 50 kDa; 12 and 48 hr). N=3 animals per group, at 
each timepoint. 
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Lipoic acid induces ER stress response pathways 

 Because the R-LA-induced changes in the ER GSH redox ratio are consistent 

with that of a thiol oxidizing agent, we hypothesized that R-LA may act as a weak 

stressor that would also be expected to induce a protective ER stress response. Thus, 

quantitative real- 

time PCR (qPCR) was used to measure message levels of known ER stress activated 

genes following R-LA administration (gavage; 120 mg/kg). Initially, there was a 

significant increase in gadd153/CHOP, a gene associated with induction of pro-

apoptotic pathways, at 1 and 2 hr post-gavage in liver tissue of young rats (Figure 

5.6A). A similar induction was also observed for old rats except induction of 

gadd153/CHOP mRNA persisted up to 6 hr following LA treatment (Figure 5.6A). 

For both age groups gadd153/CHOP message levels returned to baseline by 12 hr 

(Figure 5.6A). However, despite the increases in message levels, no significant 

increases in gadd153/CHOP protein levels were observed for any of the timepoints 

examined (Figure 5.7A). Interestingly, message levels of the pro-survival ER 

chaperone, grp78/BiP, also increased significantly following administration of LA in 

both young and old rat liver and this induction persisted up to 24 hr post-gavage 

(Figure 5.6B). Contrary to gadd153/CHOP, increases in grp78/BiP mRNA levels 

resulted in increased protein levels in livers of both young and the old rats treated with 

R-LA (Figure 5.7B). These results indicate that even though R-LA acutely acts as a 

pro-oxidizing agent to ER sulfhydryls, it also induces a largely protective ER response 

to this initial stress. 
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Figure 5.6.  R-LA transiently induces ER stress response genes in both young and 
old rats. To determine if ER stress response pathways are activated following 
administration of R-LA (gavage:120mg/kg), quantitative real-time PCR for message 
levels of known ER stress response genes was performed. (A) There was an initial 
significant increase in gadd153/CHOP at 1 and 2 hr post-gavage in the young and 1, 2, 
and 6 hr post-gavage in the old, returning to baseline by 12 h. (B) grp78/BiP mRNA 
was also significantly increased following administration of LA at 1 and 24 hr post-
gavage. N=3 for all groups; asterisks (*) denotes significance (p < 0.05) versus young 
controls. 
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Figure 5.7.  R-LA preferentially increases pro-survival ER stress response 
protein levels in both young and old rats. To determine if ER stress response 
pathways are activated following administration of R-LA (gavage:120mg/kg), 
Western blot analysis for protein levels of known ER stress response genes was 
performed. (A) Despite the increases in message levels of gadd153/CHOP no 
significant increase in protein expression was observed for any of the timepoints 
examined. (B) Because no protein levels of gadd153/CHOP were detected following 
R-LA supplementation, no densitometry (N.D.) was performed. (C) and (D) levels of 
grp78/BiP were significantly increased in both the young (6, 12, and 48 hr) and the old 
(48 hr). N=3 for all groups; asterisks (*) denotes significance (p < 0.05) versus young 
controls. 
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5.5.  Discussion 
 

 To facilitate protein homeostasis, the cell and ER possess macromolecular 

complexes including chaperones, oxidoreductases, and antioxidant enzymes to 

minimize aggregation (45). To respond when the proteome becomes challenged, the 

cell uses stress sensing mechanisms and inducible pathways to adapt to the stress. 

These include ER stress response pathways that counter unfolded, misfolded, and 

accumulated proteins or under severe stresses, induce apoptosis. As we have shown, 

despite the age-related increase in the thiol redox status of the ER, ER stress signaling 

pathways are not upregulated in older rats. Therefore, treatments aimed at restoring 

redox status, protein homeostasis, and stress signaling pathways in disease states, and 

during the normal aging process, could prove to beneficially influence healthy aging. 

 It is well documented that R-LA can restore both glutathione levels and the 

redox potential in aging animals to that seen in their younger counterparts (19, 25, 97, 

132, 133, 139, 140). Results from our laboratory have shown that R-LA works 

through NFE2-related factor 2 (Nrf2) to upregulate glutathione synthesizing genes 

(19). Interestingly, Nrf2 is known to be activated, and essential for survival, following 

chemical induction of the ER stress response (73, 74). Thus, it is interesting to 

speculate that the ER possesses a “redox switch” to activate stress response pathways 

and further that R-LA may be activating these beneficial stress response genes via 

modulation of the thiol redox status. 

 Previous studies have shown that pharmacological intervention with dithiol 

compounds can beneficially induce stress response pathways, including those 

originating from the ER. The present study, however, goes one step further into 

gaining mechanistic insight into how dithiol compounds, including R-LA, may confer 

cytoprotection against certain toxicants. Perturbations of the thiol-disulfide and/or 

NAD(P)H/NAD(P)+ redox potential in the cytosol or ER is known to activate stress-

response genes (141-143). Herein we show that following a single acute 

administration of R-LA, the ER GSH:GSSG ratio becomes significantly oxidized. 
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However, the likelihood that this effect is mediated by a perturbation in the ER 

NADPH/NADP+ ratio is unlikely since in the ER pyridine nucleotides and thiol redox 

status are uncoupled (144). That is, pyridine nucleotides remain reduced despite the 

oxidizing thiol redox status (144). Thus, more direct effects of R-LA, such as thiol-

disulfide exchange, may be the more likely mechanism. Regardless of the precise 

mechanism, this is the first time that R-LA has been shown to work as a cellular 

oxidant as opposed to its traditional role as an antioxidant. 

 To this end, Nardai et al. have shown that exposing isolated rat liver 

microsomes to oxidizing equivalents such as dehydroascorbic acid and glutathione 

disulfide could reverse the appearance of reductive shifts in protein thiol status in a 

mouse model of diabetes (63). Herein we show that following a single acute 

administration of R-LA, the ER GSH:GSSG ratio becomes significantly oxidized. 

Thus, as shown in vitro (63), if agents such as R-LA can deliver oxidizing equivalents 

to the ER, this may prove to be a novel therapeutic target and a potent means in 

reverse detrimental indices of aging.  

 The mechanism for the R-LA-induced ER-oxidation is entirely unknown. 

Normally, compounds which induce a severe oxidative stress are toxic but in the 

context of the oxidizing environment of the ER, and the reductive shift with age, in 

this case it appears to be beneficial. However, whether this effect is direct or indirect 

would only be speculation. The kinetics of R-LA absorption and excretion are very 

rapid. In fact, >80% of a dietary bolus is excreted via the urine within 24 hr. 

Furthermore, plasma levels only reach <150 µM at peak plasma levels, 0.5-2 hr post-

prandial (see Figure 5.1) (20, 138, 145). Thus, a direct oxidizing effect of R-LA is 

unlikely based on concentration alone. For example, the GSH content in the ER is in 

the low millimolar range (41, 64). Furthermore, the ER is rich in thiol-containing 

proteins. Together, the total thiol content of the ER would be estimated to be in the 

middle-to-high millimolar range. Thus, it seems unlikely that R-LA is acting to 

directly oxidize compounds in the ER. However, whether the ER is a direct cellular 

target of R-LA and whether R-LA will at least transiently accumulate in the ER is 



 
 
 

117 

entirely unknown but in light of the current studies (Chapter 5), should be the 

emphasis of future work. 

 In conclusion, R-LA may be a novel dithiol compound that could be used 

pharmacologically to treat diseases linked to a dysfunctional ER, including the normal 

aging process. Given that redox regulation of gene expression is an important 

physiological mediator of genomic stress responses, our data suggest that by acutely 

modulating the ER thiol redox status, genomic stress response genes can be robustly 

upregulated and likely confer protection. In this sense, because of its extremely short 

half-life in cells and tissues, R-LA may be a superior compound to treat diseases of the 

ER as a weak ER stressing hormetic agent to prophylactically protect against 

toxicological insult. 
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6.1.  General Discussion and Conclusions 
 

 The elderly are currently the fastest growing demographic in the United States 

and because aging itself is associated with an increased risk for morbidity and 

mortality, the elderly are the most vulnerable age-group to all types of degenerative 

diseases. In terms of healthcare spending, this will place a tremendous burden on the 

economy. Therefore, it is imperative that preventative approaches to geriatric 

medicine are employed to prevent, or delay, disease onset and ultimately prolonging 

human healthspan. However, to achieve this goal, it is paramount that the underlying 

mechanisms of the aging process be better understood. Thus, it was the goal of this 

dissertation to provide an increased understanding of the underlying cellular and 

molecular events that may contribute to the detrimental indices associated with the 

aging process and to provide novel therapeutic target(s) to prevent morbidity and 

increase healthspan in the elderly.  

 This work describes detrimental indices that specifically affect the 

endoplasmic reticulum in the context of aging. Together, the novel findings of this 

dissertation work include: 1) hepatocytes isolated from young and old rats placed in 

primary culture is an appropriate model for studying stress response mechanisms 

originating from the ER (Chapter 2); 2) the thiol redox status of the ER is significantly 

higher than previously reported (Chapter 3); 3) there is an age-related increase in the 

GSH:GSSG redox status, alterations in ER protein redox status, and no induction of 

ER stress response pathways basally with age (Chapter 4); and 4) the dietary 

compound R-alpha-lipoic acid (R-LA) reverses the detrimental indices of the aging 

process described in the previous chapters (Chapter 5). Together, these findings can be 

summarized into three general aging deficits: 1) no chronic induction of ER stress 

signaling; 2) alterations in ER thiol redox; and 3) the ability of R-LA to restore the 

negative consequences of each. 
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Loss of ER stress signaling and remediation by R-LA 

 To combat protein accumulation and other stressors, the cell and ER possess 

macromolecular complexes including chaperones and oxidoreductases, to minimize 

aggregation (45). Hence, in response to challenges to the proteome, such as oxidative 

or toxicological insults, the cell utilizes stress sensing mechanisms and inducible 

pathways to adapt to the stress. These include ER stress response pathways that 

function to counter the accumulation of unfolded and misfolded proteins. However, as 

we have shown (Chapter 4), there is an age-related increase in the ER thiol redox 

status and no chronic induction of ER stress signaling pathways. Therefore, treatments 

aimed at restoring redox status, protein homeostasis, and stress signaling pathways 

during the normal aging process could prove to beneficially influence healthspan. 

 A strategy currently employed to combat cellular stress is to pharmacologically 

induce endogenous cellular chaperones and antioxidant enzymes. One example of a 

compound used successfully is trans-4,5-dihydroxy-1,2-dithiane (DTTox) (127, 128, 

146). In vitro and in vivo studies have established that DTTox enters the cell and is 

reduced by cellular oxidoreductases, induces ER stress response pathways, and 

confers resistance to xenobiotic challenge (127, 128, 146). This work established that 

the ER stress response gene, grp78/BiP, was essential for this protective effect. 

 Herein we show that R-LA may be working through a similar mechanism as 

DTTox (Chapter 5). Supplementation of R-LA to young and old rats similarly induced 

ER stress gene expression and preferentially increased grp78/BiP protein levels 

compared to gadd153/CHOP. These results show that R-LA is able to preferentially 

upregulate pro-survival ER stress response genes (i.e., grp78/BiP) and may be an 

effective strategy to upregulate protective ER proteins. However, the mechanism for 

this preferential induction of the pro-survival arm of the ER stress response over the 

pro-death arm (i.e., gadd153/CHOP) is entirely unknown. One possibility is that a 

“redox switch” governs ER stress response induction. For example, following R-LA 

supplementation (gavage; 120 mg/kg), gadd153/CHOP induction was observed early 

in the timecourse when the redox state was increasingly reduced. Conversely, 
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grp78/BiP expression (and protein levels) increased following maximal oxidation of 

the ER. Thus, a more reducing ER may favor induction of pro-death pathways while 

oxidation favors pro-survival pathways. However, the exact nature of the redox 

sensing mechanism(s) is entirely unknown. 

In this regard, it is notable that a progressive age-associated decline in stress 

response mechanisms has been described in many animal species, which leads to 

heightened risk for both morbidity and mortality (6, 14, 82, 83). We recently showed 

the increased vulnerability that aged rats display to oxidative, xenobiotic, and 

toxicological stresses is due to a basal loss of stress response mechanism(s) brought 

about by a decline in Nrf2-mediated gene expression (19), a transcription factor that 

binds and regulates the expression of Phase II detoxification genes (19). As Nrf2 not 

only governs expression of GSH synthesis genes, but also nearly 100 other Phase II 

detoxification and antioxidant genes (147-159), the age-associated loss of Nrf2-driven 

gene expression may represent a significant underlying factor leading to heightened 

risk for a variety of insults in the elderly. 

Nrf2 is known to be upregulated and essential for cellular survival following 

chemical induction of the ER stress response (73, 74). Furthermore, we also found that 

R-LA potently increases hepatic nuclear Nrf2 levels in a time-dependent manner (19). 

Thus, R-LA induction of Nrf2-mediated Phase II gene expression through modulating 

ER stress signaling mechanisms would be a novel mechanism and should be the focus 

of further studies to examine these potential therapeutic affects. 

 It is important to note, however, that two other Nrf2-dependent genes failed to 

be upregulated in hepatocytes derived from either young or old rats, namely GCLM 

and GST2A, thus calling into question the precise role of Nrf2 in the ER stress 

response. One potential explanation of these results is the independent findings of two 

separate research groups. In each instance, it was found that Nrf1, a transcription 

factor closely related to Nrf2 in structure and function, is anchored via its N-terminal 

domain to the membrane of the ER (160, 161). Nrf1 and Nrf2 have significant overlap 

in the genes they regulate (160, 161). Furthermore, Wang and Chan went on to show 
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that after treating cells with the ER stress inducing compound tunicamycin, Nrf1 

translocated to the nucleus. Thus, Nrf1 may be a confounding affector in interpreting 

our results and may account for the heterogeneity of Phase II genes upregulated 

following treatments with R-LA. However, further studies will be necessary to 

delineate the differences in Nrf1- versus Nrf2-dependent gene transcription in the ER 

stress response and their precise roles in upregulation pro-survival Phase II 

detoxification genes. 

 

Alterations in ER thiol redox and remediation by R-LA 

Perhaps the most provocative finding of this research is the reductive shift that 

occurs in the aging ER (Chapter 4). This result is surprising because aging is generally 

considered to be the consequence of progressive and accumulated oxidative damage 

(9). Indeed, significant oxidative stress, as measured by a number of indices including 

the GSH:GSSG ratio, have been noted on a whole cell basis as well as in specific sub-

cellular organelles such as the nucleus and mitochondria (19, 23, 162, 163). Thus, in 

the context of an age-related oxidative stress, the reductive shift in the ER seems 

counterintuitive. It is important to note that oxidative modifications have been noted in 

resident ER proteins; however, whether oxidative damage occurs directly in the ER, 

extra-luminally, or from oxidants that have diffused from other cellular locales is 

entirely unknown. Thus, the mechanism of oxidative damage in the ER warrants 

further study. 

The reason for a higher ER thiol redox state in aging is entirely unknown. 

Furthermore, speculation on the causes of such a reductive shift is difficult because 

there is a significant lack of research surrounding the precise interactions of redox-

active molecules within the ER, particularly with regard to what is ultimately 

providing oxidizing power to the ER. Additionally, transport characteristics of redox 

active compounds into, and out of, the ER are almost entirely unknown. Thus, without 

a fundamental understanding of these basic mechanisms, it is difficult to interpret our 

results. Such gaps in our understanding of ER redox mechanisms can be illustrated by 
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considering the role(s) of glutathione in ER function. There are currently conflicting 

reports surrounding whether reduced (GSH) or oxidized (GSSG) glutathione is the 

particular species of glutathione transported into the ER (41, 42, 88). For example, if 

GSSG is the transported species, one interpretation as to the mechanism of the 

reductive shift in the ER would be a decreased utilization of GSSG if it were providing 

the oxidizing equivalents to the ER. However, a consensus is slowly building in the 

literature that GSH is the actively transported species (41, 65, 88, 164). If GSH is the 

species transported, in light of our results showing increased levels of non-protein 

bound GSH and an increase in the GSH:GSSG ratio (Chapter 4), one interpretation 

would be the oxidizing machinery of the ER is compromised with age. Regardless, it 

is clear, that redox balance is disrupted in the aging ER. 

In support of this latter scenario, previous reports showed a reversal of the ER 

redox status after in vitro additions of oxidized glutathione or dehydroascorbic acid to 

isolated rat liver microsomes (62, 63). Thus, the oxidative machinery of the ER is 

suspect and before precise mechanistic conclusions can be drawn, and the results of 

the current work put into the overall context of the aging ER, a greater understanding 

of ER processes must be ascertained. To date, it is known that the small molecular 

redox systems of both ascorbate/dehydroascorbate and GSH/GSSG are present in 

millimolar concentrations in the ER (41, 64, 65, 165). Interestingly, severe imbalances 

of both redox couples have been well characterized in aging (15, 20, 21, 23, 140). 

Although the amounts of dehydroascorbate and GSSG increase relative to their 

reduced counterparts (an oxidative shift) during aging, the absolute concentration of 

both total glutathione and ascorbate decrease on a whole tissue basis. 

Dehydroascorbate has recently been proposed to be the terminal oxidizing 

compound of the ER (65, 124, 165). Dehydroascorbate transport into the ER occurs in 

a GLUT transporter-dependent mechanism where it is likely reduced and recycled 

back to the cytosol (165). Furthermore, as mentioned above, ascorbate levels are 

known to decline in the aging rat liver despite the fact rats have the ability to 

synthesize vitamin C. Thus, a decline in total ascorbate levels, and presumably the 
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absolute concentration of dehydroascorbate, may contribute significantly to this 

reductive shift by the decreased availability of this potential ER oxidant with age. 

Severe aberrations in GSH metabolism have also been noted during aging. We 

have previously shown that both total glutathione (GSH + 2GSSG) and the 

GSH:GSSG ratio significantly decline with age (Chapter 4) (15, 19, 23, 101). More 

work from our laboratory has revealed that this age-related loss was the result of 

decreased expression of GSH synthesizing machinery as the result of aberrant Nrf2 

signaling—also implicating a loss of ER stress response as a underlying factor in 

altered ER redox. 

GSH is made exclusively in the cytoplasm and transported to various cellular 

locales. Thus, it is interesting to speculate that the adverse synthetic capacity of the 

liver as a whole, may contribute to the redox imbalance in the ER. However, the GSH 

status in the ER shows the exact opposite trends as the liver as a whole (Chapters 4 

and 5). That is, there is a significant increase in total GSH (GSH + 2GSSG) and the 

GSH:GSSG ratio. Several explanation may account for this apparent paradox. 

First, if GSH is the species transported intraluminally, then perhaps it is GSSG 

that is exported out of the ER. The liver is known to rapidly transport GSSG 

extracellularly under times of oxidative stress. Our data in Chapters 3 and 5 provides 

evidence of a GSSG efflux mechanism from the ER. The increase in total ER GSH 

(GSH + 2GSSG) is the result of increased levels of GSH and not GSSG (Chapters 4 

and 5). However, as the ER becomes oxidized, either through ex vivo oxidation 

(Chapter 3) or via R-LA administration (Chapter 5), GSH levels decrease and GSSG 

levels rise. However, GSSG levels only increase to a specific concentration and 

plateau thereafter, while total GSH levels (GSH + 2GSSG) decline as a result. Thus, 

as more and more GSH is presumably converted to GSSG, concentrations of GSSG 

would increase towards the Km of this theoretical GSSG exporter and the net effect 

would be a loss of total GSH (GSH + 2GSSG). Therefore, one possibility for the 

increase in total ER glutathione with age is that GSH is transported intraluminally and 

it is GSSG that is transported extraluminally. However, because of defects in the ER 
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oxidative machinery, GSH remains reduced in the ER and, in-effect, becomes 

“trapped”, having the net effect of increasing GSH, total GSH (GSH + 2GSSG), and 

the GSH:GSSG ratio. However, until transport characteristics of GSH and the precise 

interplay of redox active ER compounds are more fully characterized, the mechanisms 

for aberrant GSH status in the ER will only be conjecture. Nonetheless, it is intriguing 

to speculate that pharmacological compounds capable of oxidizing the ER, such as R-

LA, would prove beneficial to maintain, or even improve, ER redox homeostasis. 

A closer examination of the data reveals a striking nuance of the increased ER 

thiol redox ratio. In our initial studies assessing the involvement of ex vivo oxidation 

on the assessment of ER GSH, 9-11 mo old rats were used (Chapter 3). However, for 

our aging studies 3-5 mo and 24-26 mo old rats were employed (Chapters 4 and 5). 

When the data from these experiments are examined, there appears to be an “aging 

continuum” in the GSH:GSSG redox ratio; that is, the thiol redox ratio of the ER 

becomes increasingly more reduced with age from young to middle-aged to old rats. 

We found that in young rats (3-4 mo), the GSH:GSSG ratio was 3.8:1, in 9-11 mo old 

rats the GSH:GSSG ratio was 5.5:1, and in aged rats 24-26 mo old, the GSH:GSSG 

became almost 7:1 (Chapters 3-5). This data also has an interesting, albeit obscure 

precedent. Nardai et al. examined the thiol redox ratio in their chemically induced 

model of diabetes at various timepoints following initiation (63). Interestingly, they 

found that the reductive shift in the total thiol content developed early in their 

experimental model and was sustained throughout. However, the influence of this 

reductive shift on ER enzymatic activity was not noted until later timepoints. Thus, it 

is intriguing to suggest changes in the ER redox status may be an early event in the 

aging process and that ER redox state may be a predictor of longevity and 

additionally, could provide an early marker of diseases associated with ER 

dysfunction. However, in reality, implementation of clinical diagnostics of ER redox 

status, or markers thereof, will likely prove to be complex and require substantial 

research efforts.  
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The question also arises, is this reductive shift we have observed in this work 

“adaptive” or “causative”? As with many indices described during the aging process, it 

is difficult, if not impossible, to tease out “cause-or-effect”. That is to say, if an indice 

is noted to be changing in the context of aging, is that indice the cause of the decline 

or the result of other cellular deficits? Moreover, one must also consider that the redox 

changes noted in the aging ER are an adaptive response. For example, because 

proteins are known to accumulate with age, a reductive shift in the ER may be a 

compensatory mechanism to preferentially favor unfolding over folding activity. 

However, this would be predicted to severely impact nascent peptide formation. Thus, 

while potentially adaptive, the reductive shift noted in the ER could induce an 

irreversible chain of events that lead inevitably to compromised cellular function with 

age. As proteins accumulate and aggregate with age they become “stuck” in 

irreversible, misfolded intermediates. No amount of ATP or reducing power will 

unfold these protein aggregates. In fact, not even lysosomes can detoxify these 

aggregates.  

Optimal protein folding in vitro has been shown to occur at a GSH:GSSG ratio 

of approximately 2:1 (42, 58, 67). Under increasingly more reductive conditions, 

protein folding kinetics and fidelity decrease, compromising nascent protein synthesis 

and would ultimately lead to more misfolded and aggregated proteins. This cycle 

would likely continue to perpetuate and should induce an ER stress response. 

However, as we showed in Chapter 4, there is no ER stress response basally with age 

and thus, if the cell cannot adequately respond, apoptotic and/or necrotic pathways 

would prevail and ultimately culminate in cell death. If this scenario were to occur in 

post-mitotic tissues such as the brain and heart, removal of these cells could have dire 

consequences to overall organ function, especially over time. However, following cell 

death, the cellular debris is phagocytosed by neighboring cells and these protein 

aggregates that originally caused celldeath now become trapped in the phagolysosome 

of the healthy cell and would ultimately compromising the catabolic activity of that 

cell. This propagation may be one mechanism to explain why proteins continuously 
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and additively accumulate and cells become increasingly vulnerable to stresses with 

age. 

 Therefore, regardless whether or not the redox shift of the aging ER is 

causative or adaptive, perhaps a strategy to promote a more oxidizing ER environment 

may prove beneficial to ensure the fidelity of nascent peptides and break this vicious 

downward spiral. That is, re-oxidize the ER to minimize the accumulation of novel 

misfolded proteins and protein aggregate formation. While this approach would not fix 

the existing problem of protein aggregation, it would interrupt this cycle of continued 

protein accumulation, potentially delaying the detrimental effects. Thus, R-LA may be 

an effect therapeutic to re-equilibrate the redox status of the ER and slow the 

progression of age-related protein aggregation, prolong overall cellular homeostasis, 

and increase healthspan. 

 In conclusion, this dissertation has fulfilled the goals of identifying underlying 

cellular and molecular mechanisms that change with age. Given that redox regulation 

of gene expression is an important physiological mediator of genomic stress 

responses, our data suggests that by acutely modulating the ER thiol redox status, 

genomic stress response genes can be robustly upregulated and in terms of the ER and 

the age-related deficiencies described herein, completely reverse these phenotypes. 

Thus, R-LA would appear to have the multifunctional role of re-oxidizing the ER and 

inducing ER stress response pathways. In this sense, because of its extremely short 

half-life in cells and tissues, R-LA may be a superior hormetic agent to 

prophylactically protect cells against toxicological insults and could further be utilized 

to treat diseases of the ER and delay cellular aging. Thus, this dissertation has fulfilled 

its second goal to provide potential therapeutic target(s) to combat detrimental indices 

of aging. To this end, nutritional interventions with the dietary compound, R-alpha-

lipoic acid, may provide an efficacious and cost-effect means to improve overall 

healthspan in the elderly. 
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