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Over the past century, life expectancy in the United States has dramatically
increased leading to an increasingly aging population with people reaching, and
spending more years in ‘old age’. While this unprecedented shift in population
demographics represents great strides for humanity, it is not without cost. One
consequence of longer life is the increased accrual of age-associated diseases and
chronic pathophysiological conditions. This is evident in the fact that over 80%
of Americans over the age of 65 have at least one chronic medical condition
[275]. Thus, lifespan has outpaced ‘healthspan’, or the time of one’s life spent

free from disease and disuse syndromes.



The work in this dissertation is defined by the investigation of “health
assurance” biochemical pathways, the failure of which lead to heightened risk
for age-related diseases. In particular, I have focused on why resiliency to
oxidative stresses decline significantly with age. This focus has led to a research
project that ultimately pinpoints a loss in glutathione-dependent defenses as an
underlying aging factor, which could enhance risk for a variety of age-related

diseases.

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a major transcriptional
regulator of numerous anti-oxidant, anti-inflammatory, and metabolic genes. We
observed that, paradoxically, Nrf2 protein levels decline in the livers of aged rats
despite the inflammatory environment evident in that organ. To examine the
cause(s) of this loss, we investigated the age-related changes in Nrf2 protein
homeostasis and activation in cultured hepatocytes from young (4-6 months)
and old (24-28 months) Fischer 344 rats. While no significant age-dependent
change in Nrf2 mRNA levels was observed, Nrf2 protein content was attenuated
by ~40% with age (p<0.05 , N=4). Treatment with anethole trithione (A3T),
along with bortezomib to inhibit degradation of existing protein, caused Nrf2 to
accumulate significantly in cells from young animals (p < 0.05), but not old,
indicating a lack of new Nrf2 synthesis. We hypothesized that the loss of Nrf2
protein synthesis with age may partly stem from an age-related increase in

microRNA inhibition of Nrf2 translation. miRNA-146a, increases by > 2-fold with



age and is predicted to bind Nrf2 mRNA. Transfection of hepatocytes from young
rats with a miRNA-146a mimic caused a 55% attenuation of Nrf2 translation
that paralleled the age-related loss of Nrf2. Overall, these results provide novel
insights for the age-related decline in Nrf2 and identify new targets to maintain
Nrf2-dependent detoxification with age. Having established that this major
transcriptional regulator is attenuated with age, we next examined what effects

this would have on toxicological resilience.

Isolated hepatocytes from young and old rats were exposed to increasing
concentrations of menadione, a vitamin K derivative and redox cycling agent, an
LCso for each age group was established, and results showed a nearly 2-fold
increase in susceptibility to menadione (LCso for young: 405 uM; LCso for old:
275 uM) with age. Examination of the known Nrf2-regulated pathways
associated with menadione detoxification revealed, surprisingly, that
NAD(P)H:quinone oxido-reductase 1 (NQO1) protein levels and activity were
induced 9-fold and 4-fold with age, respectively (p=0.0019 and p=0.018; N=3),
but glutathione peroxidase 4 (GPX4) declined by 70% (p=0.0043; N=3). These
results indicate toxicity may stem from vulnerability to lipid peroxidation
instead of inadequate reduction of menadione semi-quinone. GSH declined by a
3-fold greater margin in old versus young rat cells given 300 pM menadione
(p<0.05 and p<0.01 respectively; N=3), and providing GSH synthesis substrates

(400 pM N-acetyl-cysteine ) to hepatocytes from old before menadione resulted



in a >2-fold reduction in cell death, suggesting that the age-related increase in
menadione susceptibility likely stems from attenuated GSH-dependent defenses.
Additionally, young rat hepatocytes maintained ~30% of their GSH content
which suggested the possibility that mitochondrial GSH preservation may be

critical for cell survival.

In order to determine the role of mitochondrial GSH (mGSH) loss in increased
susceptibility to xenobiotic insult with age, markers of mitochondrial function
were measured in intact and digitonin permeabilized isolated hepatocytes from
young and old rats under a redox cycling challenge (300 uM menadione; ~LCso
for old). Preliminary results show that, while the rate of mGSH loss under
menadione challenge was similar in both age groups, the difference in basal
mGSH with age (68 vs 36 nmol GSH/mg protein, N=1) ultimately resulted in a
50% loss of mGSH in old rat hepatoctyes versus only 28% in young within 10
minutes of exposure. Examination of mitochondrial membrane potential (Ayim),
which is acutely regulated by mGSH content, showed a distinct loss in basal
mitochondrial membrane potential (Aym) (~21%). Additionally, within five
minutes of menadione treatment, Ayym was not markedly reduced in young but
had collapsed and passed the threshold for mitochondrial permeability
transition pore opening (~100 mV) in old rat hepatocytes. Further
characterization demonstrated that basal respiration and respiratory reserve

capacity, indicators of cellular bioenergetic capacity, were both significantly



reduced upon menadione treatment in old rat hepatocytes (34% and 72%
respectively, N=4, p<0.05) but not in young. These results suggested that the
age-related difference in mitochondrial function under menadione challenge
might stem from mGSH regulated electron transport chain (ETC) components.
We therefore examined proton leak, complex I, and complex II contributions to
mitochondrial oxygen consumption rates under menadione challenge in both
age groups. Results showed no marked effect in young rat hepatocytes, while old
rat hepatocytes demonstrated significant increases in proton leak and complex I1
contributions to oxygen consumption rate (4.2 and 3.6-fold respectively, N=4,
p<0.05), along with a significant decline in complex I contribution (4.8-fold, N=4,
p<0.05). This data clearly demonstrates an age-related increase in mitochondrial
susceptibility to menadione challenge, particularly in complex I, and provide a
plausible mechanism that links this vulnerability to age-related mGSH

perturbations.
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Age-related Decrease in Resilience Against Acute Redox Cycling Agents: Critical
Role of Declining GSH-dependent Detoxification Capacity

Chapter 1

Introduction



1.1 Aging Population

Over the past century, life expectancy in the United States has dramatically
increased leading to an increasingly aging population with people reaching, and
spending more years in ‘old age’. In the next forty years, the percentage of
Americans over the age of 65 is projected to grow from approximately one in
seven (15%), to nearly one in four (24%). In contrast to that, the percentage of
those between the ages of 18 and 65, or the working-age population, and those
under 18 years old, are projected to decline by 5% and 3% respectively [1]. This
is an unprecedented shift in the age demographics of America, and is a general
reflection of aging populations across the developed world. This so-called “age-
wave” will undoubtedly bring dramatic changes to the economic and social
fabric of this country. But nowhere will the advancing age demographic display
itself more prominently than in the burden on public healthcare it will engender.
This is because increasing life expectancy also brings along with it significant
increases in healthcare costs associated with age-related chronic diseases. Age
itself is the leading risk factor for the main chronic diseases (cardiovascular
diseases, cancers, obstructive pulmonary disorders, Kkidney disease,
neurodegenerative diseases, diabetes, and sarcopenia) that currently elevate
morbidities and drive public healthcare outlays [2-17]. Public healthcare costs

are projected to increase dramatically along with the aging of the population



[18]. Thus, lifespan has outpaced ‘healthspan’, or the time of one’s life spent free

from disease and disuse syndromes.

To compress the morbidities that limit health in older adults, it will be vital to
assess the molecular and cellular factors the lead to disease burden with age. By
doing so, it is envisioned that novel preventative strategies can be developed in
order to lengthen healthspan by lowering the risk for overt diseases of aging. My
work is defined by the investigation of “health assurance” biochemical pathways,
the failure of which lead to heightened risk for age-related diseases. In
particular, I have focused on why resiliency to oxidative stresses decline
significantly with age. This focus has led to a research project that ultimately
pinpoints a loss in glutathione-dependent defenses as an underlying aging factor,

which could enhance risk for a variety of age-related diseases.

Based on this general outline, the following sections will provide a brief

overview of the main roles where compromised GSH-dependent detoxification

may impart greater susceptibility to cellular dysfunction: the biochemical

mechanisms how glutathione mitigates oxidant and toxicant stresses.

1.2 Glutathione

Glutathione (GSH) is a phylogenetically conserved molecule that is nearly



ubiquitous throughout aerobic life, and arose at the same time oxygen became
an appreciable part of the atmosphere [19-22]. Glutathione is a tripeptide
consisting of y-glutamate, cysteine, and glycine, and it represents the most
abundant low molecular weight, aqueous, sulfur-containing compound present
in most living cells. Cellular concentrations of GSH range from 0.1 - 10 mM. The
liver typically contains the highest amounts of GSH in mammalian organs (5 - 10
mM), owing to the very high synthetic capacity associated with the liver’s role in
detoxification of xenobiotic compounds from the diet [23-29]. GSH accumulates
to such a high degree because cellular peptidases cannot hydrolyze the unusual
v-glutamyl bond between the glutamate and cysteine moieties. Instead, GSH
must be exported from the cell where it can be acted upon by y-

glutamyltransferase located on the outer leaflet of cell membranes [30-34].

1.2.1 Cellular GSH homeostasis

Because of its ancient origins, GSH is believed to be one of the founder
“antioxidants”, and is part of an array of protecting molecules (vitamins E and C
are others) that limit oxidative damage against insults which are part of living in
a high oxygen environment. GSH can be synthesized in nearly all aerobic
organisms and in virtually every mammalian cell [24,25,35,36]. Synthesis of GSH
is performed by the consecutive action of two cytosolic enzymes, ¢v-

Glutamylcysteine ligase (y-GCL) and GSH synthetase (GS). Both enzymes are



ATP-dependent with y-GCL representing the rate limiting reaction. y-GCL can
exist as just a catalytic subunit (GCLC), but it is much more catalytically efficient
when associated with a modulatory protein (GCLM). GCLC knockout animals are
not viable, due to embryonic lethality, but transgenic mice where gclm has been
ablated, do survive to maturity. However, GCLM knockouts typically have only
10-20% of the GSH seen in the wildtype animals, and they are highly sensitive to
oxidative stress [35,37-39]. Enzymatic studies on the catalytic subunit and
holoenzyme have shown that interaction of GCLC with GCLM decreases the Kn,
for glutamate and ATP by over 3 and 5-fold, respectively, and the Vmaxincreases
by over 4-fold [37]. The Kca for the enzyme is very fast, which facilitates rapid

GSH synthesis [37].

While GSH synthesis occurs constitutively under normal physiological
conditions, it can also be upregulated when cells are under oxidative stress
[23,35,40,41]. The y-GCL enzyme acts as a redox sensor through the formation of
a reversible intermolecular disulfide bond during oxidizing conditions. This
leads to a gain of function conformational change that increases enzyme
specificity for glutamate binding. This disulfide bond can be reduced when
sufficient quantities of GSH are present, thus reducing enzyme function back to
basal levels. In this way, GSH can regulate its own synthesis whenever sufficient
substrates are available through feedback inhibition [42]. Under prolonged

oxidizing conditions in the cell, transcriptional upregulation of both the GCLC



and GCLM subunits occurs [43,44].

1.2.2 Nrf2-dependent transcriptional regulation of y-GCL and GSH Synthetase

Both the catalytic and modulatory subunits of y-GCL, as well as GSH synthetase,
are transcriptionally regulated by Nuclear factor (erythroid-derived 2)-like 2,
also known as NFE2L2 or Nrf2 [45-47]. Nrf2 is a member of the Cap ‘n’ Collar
(CNC) family, and contains a basic-leucine zipper (bZIP) DNA binding motif. Nrf2
is ubiquitously and constitutively expressed in most tissues, especially those
frequently exposed to xenobiotics and exogenous reactive oxygen species (ROS)

such as the liver, lungs, and gastrointestinal system [48-52].

Upon translocation to the nucleus, Nrf2 forms a complex with other proteins,
binds to AREs in the 5’-flanking regions of detoxification genes and recruits
transcriptional machinery to enhance gene expression. Nrf2 also recruits several
other proteins necessary for transcriptional activation, including chromatin
remodelers, and histone acetylases, deacetylases, and methyltransferases [53-
55]. In the case of both GCLC and GCLM, studies by our lab and others have
shown that Nrf2 regulates both the basal and inducible expression of these genes
[56,57]. Additionally, Nrf2 knockdowns show significant reductions in both
mRNA transcripts and the over-expression of Nrf2 or cellular treatment with

Nrf2 inducers such as lipoic acid (LA) or anetholetrithione (A3T) increase



transcription [58,59]. While no AREs for GS have been identified, recent
experiments have identified that overexpressing Nrf2 induces GS promoter
activity while ablation of the Nrf2 gene decreases GS promoter activity by 66%

[36].

1.2.3 GSH cellular compartmentalization

Due to its high concentration, and redox active sulfhydryl group, GSH is involved
in many physiological functions throughout the entire cell. These roles include
detoxification (see sections 1.2.5-6), enzyme regulation, and regulation of
cellular functions such as differentiation and apoptosis [35,36]. With such a
wide-ranging influence on so many diverse cellular processes, it is no surprise
that GSH is located in nearly every cellular compartment including the nucleus,
cytosol, endoplasmic reticulum (ER), and mitochondria. More importantly, it is
now apparent that GSH exists, sub-cellularly, as different pools, which aid in

specific tasks of particular organelles.

The main cellular GSH fraction is located in the cytosol. There, it is critical in
cytosolic redox balance through the regulation of protein thiol-disulfide
exchange and as an electron donor for multiple detoxification enzymes [25,60].
The cytosolic GSH/GSSG redox balance is approximately 1:30 - 1:100 in

mammalian cells but has been measured up to 1:3000 in some yeast models. As



such, GSH maintains cysteine thiolates in cytosolic proteins in a reduced and
functionally active redox state. In contrast to the cytosol, GSH is typically highly
oxidized (GSH/GSSG redox couple =1:1 to 1:3) in the ER [61]. The low redox
ratio of GSH in the ER facilitates the formation of disulfide bonds, likely by
maintaining the correct activity of protein disulfide isomerases (PDIs), which
catalyze disulfide bond formation along with the ER flavoprotein Erol [62-64].
There is also evidence that nucleus contains a distinct fraction of mitochondria
that is not in equilibrium with the main cytosolic GSH pool. Nuclear GSH plays an
important regulatory role in DNA synthesis, chromosome consolidation, nuclear
matrix organization, redox maintenance of the cysteine residues in zinc finger

motifs, and of course, protecting DNA from oxidative stress[65-67].

Of particular importance to the research involved in this dissertation,
mitochondria also contain a distinct GSH pool that is not directly linked to the
cytosolic GSH fraction. Mitochondrial GSH (mGSH) levels typically reflects the
concentrations evident in the cytosolic pool, 1-10 mM, and -constitute
approximately 15% of the total cellular GSH levels. However, no GSH synthesis
occurs in mitochondria, which instead must be obtained from the cytosol. To
date, both the 2-oxoglutarate carrier (OGC) and the dicarboxylate carrier have
been identified as transporters for GSH [68-72]. However, it is currently
controversial as to the extent that these are the sole means for GSH uptake into

mitochondria [73-75]. Thus, the regulation and uptake of GSH is still relatively



unclear. Despite this, it is well established that there is little or no passive
diffusion of GSH into or out of the mitochondria; rather, uptake into the matrix of
mitochondria is dependent on generation of a proton motive force. When the
membrane potential is experimentally collapsed, even in the presence of ATP,
GSH is not transported [76,77]. Additionally, loss of membrane fluidity, as seen
in alcohol-fed rats, decreases GSH transport but the effect can be reversed

through the addition of AzC, a fluidizing fatty acid [78].

1.2.4 Chemical reactivity of GSH

Regardless of its cellular locale, the ultimate chemical reactivity of GSH is
conferred by the free sulfhydryl from the cysteinyl residue. Thiols are
considered “soft nucleophiles” due to the relative polarizability of the sulfur
atom, and as such react preferentially and rapidly with “soft electrophiles” such
as the imidoquinone of acetaminophen [79]. Most reactive metabolites are
electrophiles and the GSH tripeptide is the principle soft nucleophile in the cell
[80]. While GSH has no more reactivity than cysteine, the carboxylates of the
glutamyl and glycyl residues pose a steric hindrance on the holo-tripeptide
which results in a heightened pKa of ~9.4 versus thiolates general (pKa ~8.2)
[81]. This increases the protonation of the thiol group at physiological pH and
reduces the reactivity. Thus, GSH is not a particularly strong terminator of ROS

in its own right. However, despite this, GSH is considered a key antioxidant and
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can react with both oxidants and reductants [79,80]. GSH is a good chelator of
redox-active iron and copper, which would prevent conversion of superoxide to
more deleterious free radicals. Also, GSH chelates heavy metals, such as Hg and
Pb, which also limits their ability to induce oxidative stress and cellular damage

[79,80,82].

In addition to metal chelation, GSH is a prominent player in maintaining the
cellular reduction/oxidation (redox) environment of the cell. GSH (reduced
form) forms a redox couple with glutathione disulfide (GSSG) with a reported Eh
value between -200 and -320 mV depending on cell type and cell cycle status.
This places the GSH/GSSG couple high in the pecking order of other redox pairs,
which include NADPH/NADP+, thioredoxin-SH/thioredoxin-SS, and
Cysteine/Cystine. Only, the NAD(P)H/NADP* redox pair has a higher reducing
power in biological systems, and the amount of reduced to oxidized GSH is often
considered a surrogate for measuring NADPH/NADP+ [83-90]. Considering that
GSH concentrations are in the millimolar range, the GSH/GSSG redox pair readily
interacts with the other redox couples, and participates in reversible oxidation
and reduction reactions that, by-and-large, keep critical cysteine thiols in a
reduced and active state. Thus, maintaining a high GSH/GSSG ratio maintains
cellular metabolic homeostasis. In fact, GSH is considered to be an important
redox “rheostat” that markedly affects cell cycle regulation, signal transduction,

and also serves as a regulator for apoptotic and necrotic processes
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[83,84,86,88,90].

One important mechanism, through which the GSH/GSSG ratio regulates the
processes listed above, is via protein glutathionylation, or the formation of
protein-GSH mixed disulfides. Glutathionylation has been shown to be a critical
modulator of cellular signaling cascades and enzyme function, the latter of which
is particularly evident in mitochondria [91-93]. Mitochondrial glutaredoxin
(Grx2) can catalyze the reversible glutathionylation of protein thiols on
complexes I, III, and IV of the electron transport chain. Complex [ appears to be
particularly sensitive to glutathione-mediated redox regulation [93-99].
Glutathionylation via a thiol-disulfide exchange between a protein thiol and
GSSG can operate as a thiol protectant under periods of oxidative stress, as well
as a mechanism for signal transduction [7,100]. Deglutathionylation is achieved
by a thiol-disulfide exchange between a glutathionylated protein and GSH. As

such, GSH is a critical substrate both as an antioxidant, and for redox signaling.

As oxidants and oxidative damage directly affect the degree of reduced to
oxidized GSH, the tripeptide is a fundamental sensor and signal transducer for
cellular response to ROS and RNS. Oxidative and nitrosative stresses are
fundamental in the GSH/GSSG redox status, and as such GSH is a fundamental
element of the signaling cascade evoked by ROS and reactive nitrogen species
(RNS) [34,67,82,101]. When cells are under oxidizing conditions, GSH tends to
decline and/or GSSG increases. Maintenance of the GSH/GSSG couple is

performed by various enzymatic activities including synthesis of GSH, reduction
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of the GSSG disulfide to 2 GSH via GSSG reductase, and export and degradation of
GSSG. If cellular maintenance is insufficient, GSH loss and disruption of the

GSH/GSSG redox couple can lead to irreversible cell damage and death.

The redox environment is frequently altered in disease states and imbalances in
redox status are also known to result in disease. Decreased GSH levels are
known to be associated with many diseases including lung, liver, cardiovascular,
and neurological diseases. Supplemental or pharmaceutical therapies for
regulating and improving GSH status could offer exciting avenues in disease

prevention or delay.

1.2.5 GSH as a substrate for antioxidant enzymes.

A hallmark of aging evident across mammalian species is an increased
appearance of highly reactive oxygen (peroxides, hydroxyl radical) and nitrogen
(peroxynitrite) species [102-105]. Typically, increases in ROS and RNS has been
assigned to enhanced superoxide emanating from increased inefficiencies in
mitochondrial electron transport, from elevated activities of NADPH-dependent
oxidases, and from accumulation of lipofuscin and inclusion bodies. Superoxide
is relatively inert but can be converted into more deleterious and long-lived ROS
and RNS, which may interact with and oxidize critical cellular components: DNA,

proteins, and lipids, which lead to losses of function at the cellular, organ, and
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organismal level. A large body of research across many aging models from
invertebrates like drosophila and C. elegans to higher mammals like the rhesus
macaque and chimpanzees clearly indicates that increases in ROS and oxidative
damage play a critical role in the etiology and progression of age-related

diseases [103,104,106-110].

GSH plays an important role in cellular defenses against ROS and RNS by acting
as a substrate for vital cellular defense enzymes. In particular, GSH strongly
regulates the amounts of harmful peroxides by providing reducing equivalents
for the glutathione peroxidases (GPxs), which are a ubiquitous set of enzymes
that detoxify an array of peroxides that arise as by-products of normal
metabolism or that result from exposure to certain xenobiotic compounds. The
role of GSH as an anti-peroxidant is represented by the following basic reaction

scheme:

2GSH + ROOH - GSSG + ROH + H20

Thus, it takes two GSH equivalents to provide the electrons necessary for each
peroxide to be converted to a non-reactive alcohol. While this reaction could
involve any compound containing a free thiolate, the high concentrations of GSH
and the prevalence of enzymes such as the GPxs that have evolved to utilize it as

a substrate make it the predominant player. There are currently 8 known human
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GPx isoforms named simply Gpx 1-8. Five of these are seleno-dependent
enzymes (GPx1-4, and 6) whereas three are not (GPx5, and 7). High levels of Gpx
activity are generally found in tissues that are exposed to high levels of oxygen
such as the lungs and in red blood cells. However, activity is also high in tissues
such as the liver and kidneys [39,111-115]. In particular, mitochondria contain
both GPx1 and 4, the latter of which serves a vital role in preventing lipid
peroxidation of the inner mitochondrial membrane [112,116-118]. The different
isoforms of GPx have varying tissue distributions as well as substrate
specificities. In most cases, excepting GPx7 and 8 which lack GSH binding sites,
GSH concentration is the most important determining factor in enzymatic rate
and the Michaelis constants (Kn values) are in the micromolar range, making
them excellent peroxide terminators. Of particular note for this dissertation, one
particular GPx isoform (GPx4), is unique in that it associates with cellular
membranes and detoxifies harmful phospholipid hydroperoxides and
cholesterol hydroperoxides; therefore, GSH and GPx4 comprise one of the chief
protectant systems against xenobiotics that exert their toxicity through lipid
peroxidation and resultant cell death pathways that result from compromised

membrane integrity.

1.2.6 Glutathione and detoxification enzymes

Detoxification is the biological process that cells use to neutralize and/or
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remove reactive or pro-reactive compounds, which are introduced from
endogenous or exogenous sources and would normally damage or inhibit
biological processes. In addition to the endogenous oxidant load, humans are
constantly exposed to exogenous environmental challenges (drugs and
compounds) that may cause toxicity. Many of these compounds, termed
xenobiotics, are lipophilic which requires conversion to a water-soluble form in
order to facilitate detoxification and elimination. These processes are catalyzed
by phase I and Il detoxification enzymes [119-121]. Phase I enzymes, which
include the cytochrome P450 family, typically oxidize, reduce, or hydrolyze a
compound in order to facilitate conjugation by phase II enzymes and
antioxidants. Conjugation reactions include glutathionylation, glucuronidation,
sulfation, methylation, and acetylation as well as others. Detoxification occurs
throughout the body, but the majority of the reactions are located in tissues that
act as barriers of entry for exogenous compounds. These tissues include the
eyes, nose, mouth, skin, lungs, gastrointestinal tract and perhaps to the largest

extent and most importantly to this work, the liver.

Glutathione-S-Transferases (GSTs) are a particularly important family of phase II
detoxification enzymes that catalyze the conjugation of GSH with many potent
electrophiles, metabolites and xenobiotics. These GSH-conjugates are then
converted to mercapturic acids and excreted [122,123]. Through this

mechanism, GSTs perform a critical role in the metabolism, detoxification, and
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elimination of both endogenous and exogenous compounds including peroxides,
drugs, and pesticides. This process prevents these compounds from potentially
binding to proteins, DNA, or other cellular molecules and causing oxidative
damage. There are three major families of GSTs: cytosolic, mitochondrial, and
microsomal [124]. GST enzymes form homo and heterodimers of 25 kDa
subunits. GST monomer subunits are organized into 10 classes with Greek letter

designations.

There are seven mammalian classes of cytosolic GSTs: alpha, mu, omega, pi,
sigma, theta, and zeta. They are ubiquitously expressed with liver, kidneys,
intestine, adrenal glands, and testis showing the highest activity. In addition to
catalyzing conjugation reactions for compound elimination, cytosolic GSTs can
play a role in intracellular transport by binding hydrophobic ligands such as
hormones [34,125,126]. Many of the cytosolic GSTs have overlapping function
and substrate specificity, which is unsurprising in a critical and redundant
detoxification system. Additionally, this overlap could serve to mitigate the
propensity toward genetic polymorphisms in human cytosolic GSTs [124]. The
effectiveness of glutathione conjugation depends of a several factors, but the first
and most important is the sufficient cellular content and production of

glutathione.
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1.2.7 Age-related Loss of GSH

It is well established that aging animals have an increased susceptibility to
toxins. Additionally, in humans, many drugs are tolerated at a lower threshold in
the elderly than in the young [127-129]. GSH loss with aging has been
demonstrated in many species, and is associated with an increased risk for age-
related diseases such as chronic renal failure, diabetes, Alzhiemer’s and
Parkinson’s diseases, and atherosclerosis [102,127,130-132]. Maintenance of
higher GSH concentrations is directly correlated to good health with increasing
age, and people with chronic age-related diseases have lower mean levels of

plasma GSH than healthy age-matched individuals [39,56,128,130,133,134].

The rate of GSH decline is often linked to what is known as an organism’s
intrinsic rate-of-aging. In humans, GSH levels remain stable for the first 40-45
years of life followed by a linear decline in GSH levels and a shift in the
GSH/GSSG couple toward the oxidized state [102,135,136]. Much research has
been devoted to identifying the mechanisms of GSH loss with aging. Our lab and
others have investigated age-related changes in the mechanisms of GSH
regulation extensively. We previously showed that in rodent tissues, ~30% of
total GSH and as much as 50% of mGSH is lost with age [56,57]. Furthermore, we

found that this loss can largely be attributed to age-related declines in the
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activity of both the catalytic and modulatory subunits of y-GCL as well as GSH

synthetase.

Our group further identified that the age-related loss of GSH synthetic capacity is
causally linked to an age-related decline in their transcriptional activator, Nrf2
[56,57]. The identification of Nrf2’s role in GSH loss with age is an important
discovery as to why GSH and GSH-dependent stress response mechanisms
decline with age as Nrf2 regulates both the basal and inducible expression GSH
synthesis enzymes as well as many, if not all, of the GSH-dependent
detoxification enzymes such as the GSTs, GPxs, and GRxs. Thus, age-related
vulnerability to both chronic diseases and acute toxicological challenge may
result from a loss in GSH synthesis enzyme transcription and lower basal levels

of GSH in cells and plasma.

1.3 Dissertation Hypothesis and Specific Aims

In the elderly, there is an age-related attenuation of many phase II detoxification
pathways [120,137,138]. The Hagen lab was the first to identify that the major
transcriptional regulator of many of these pathways, Nrf2, is reduced by as much
as 50% in the aging rat liver and it has since been shown that this loss is evident
in humans as well [56,59,106,120,139]. Additionally, while the mechanism of

Nrf2 loss has not been fully explored, it results in a concomitant decline in the
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synthesis and basal level of the important antioxidant and detoxification
substrate glutathione, though intracellular concentrations can still be in the
millimolar range. Despite ample literature reports on the importance of GSH in
detoxification, cell signaling, maintenance of cellular redox balance, regulation of
apoptosis, and a multitude of pathophysiologies, whether this basal decline
increases vulnerability to acute toxicological stressors, to what extent, and whether
it can be remediated has not been thoroughly investigated. This gap in knowledge
represents a critical lack of understanding of the role of one of the most
important small molecular weight antioxidant and detoxification substrates in
age-related decline in detoxification capacity and prevents the potential
development of remediation strategies. Thus, identifying the underlying causes
of GSH loss with age and the consequences for resilience against acute
toxicological challenge is necessary for identifying preventative and/or

protective therapies.

To fill this gap, my work investigates the mechanism of why protein homeostasis
of the transcriptional regulator of GSH synthesis enzymes, Nrf2, declines with
age, the consequences of the basal GSH loss for cellular resilience against acute
toxicological challenge, and the mechanism through which GSH loss increases

cellular vulnerability. My project is based on two hypotheses:

i) Age-related GSH loss is regulated by loss of Nrf2 protein homeostasis.
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In order to test this hypothesis, we explore two questions:

a. Why is there a decline in Nrf2 protein with age when a pro-oxidant
environment in cells would suggest the opposite? We will answer
this question using isolated hepatocytes from young (4-6 months)
and old (24-26 months) Fischer 344 rats. This model recapitulates
the aging phenotype of Nrf2 loss and can be used to identify

potential lesions in Nrf2 regulation.

b. If Nrf2 levels are remediated, can the GSH synthesis genes
(Gcle/Gcelm) it transcriptionally regulates also be restored? This
question will be addressed by overexpressing Nrf2 in isolated
hepatocytes from young and old F344 rats for 24 hours before

assaying Gclc/Gclm via qPCR.

The age-related decline in basal GSH pools will increase vulnerability
to acute redox cycling compounds. This hypothesis advances several

key questions:

a. Is there an age-related increase in toxicity of an acute redox
cycling compound that is detoxified in a GSH-dependent manner?

We will address this question by acutely challenging isolated
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hepatocytes from young and old F344 rats with increasing
concentrations of menadione, a redox cycling compound that is
detoxified through several GSH-dependent mechanisms, and
evaluating cellular viability and the capacity relevant
detoxification pathways (Cytochrome P450 (CYP), NqO1, GSH,

GPx4).

Does maintaining GSH levels in cells from old animals preserve
detoxification capacity against acute redox cycling challenge? In
order to assess the importance of GSH-dependent detoxification,
we will pretreat old rat hepatocytes with N-acetyl-cysteine (NAC),
a GSH synthesis precursor, and then reevaluate cell viability under

acute menadione challenge.

What role, if any, does age-related loss of mitochondrial GSH play
in age-related loss of detoxification capacity? We will explore this
question by challenging young and old rat hepatocytes to an acute
menadione challenge and evaluating the effects on mitochondrial
function (membrane potential, basal respiration, respiratory
reserve capacity, mGSH, flux through complexes I and II of the

ETC) in each age group.
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Chapter 2

Age-related loss of hepatic Nrf2 protein homeostasis: Potential role for
heightened expression of miR-146a

Eric J. Smith, Kate P. Shay, Nicholas O. Thomas, Judy A. Butler, Liam F. Finlay,
Tory M. Hagen

Free Radical Biology and Medicine
89 (2015) 1184-1191
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2.1 Abstract

Nrf2 regulates the expression of numerous anti-oxidant, anti-inflammatory, and
metabolic genes. We observed that, paradoxically, Nrf2 protein levels decline in
the livers of aged rats despite the inflammatory environment evident in that
organ. To examine the cause(s) of this loss, we investigated the age-related
changes in Nrf2 protein homeostasis and activation in cultured hepatocytes from
young (4-6 months) and old (24-28 months) Fischer 344 rats. While no age-
dependent change in Nrf2 mRNA levels was observed, Nrf2 protein content, and
the basal and anetholetrithione (A3T)-induced expression of Nrf2-dependent
genes were attenuated with age. Conversely, overexpression of Nrf2 in cells from
old animals reinstated gene induction. Treatment with A3T, along with
bortezomib to inhibit degradation of existing protein, caused Nrf2 to accumulate
significantly in cells from young animals (p < 0.05), but not old, indicating a lack
of new Nrf2 synthesis. We hypothesized that the loss of Nrf2 protein synthesis
with age may partly stem from an age-related increase in microRNA inhibition of
Nrf2 translation. Microarray analysis revealed that six microRNAs significantly
increase > 2-fold with age (p < 0.05). One of these, miRNA-1464, is predicted to
bind Nrf2 mRNA. Transfection of hepatocytes from young rats with a miRNA-
146a mimic caused a 55% attenuation of Nrf2 translation that paralleled the

age-related loss of Nrf2. Overall, these results provide novel insights for the age-
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related decline in Nrf2 and identify new targets to maintain Nrf2-dependent

detoxification with age.

2.2 Introduction

The transcription factor Nuclear Factor, Erythroid Derived 2, Like 2 (NFE2L2 or
Nrf2) is a gatekeeper of stress resistance without which cells succumb to both
exogenous and endogenous toxins. Over 200 genes responsible for protein
homeostasis, antioxidants, and detoxification are under the control of Nrf2
through the Antioxidant Response Element (ARE) binding site. While Nrf2
knockout mice are viable, they display a dramatically lowered ability to detoxify
potential carcinogens [140]. Nrf2 is vital for protection against the molecular
damage that leads to neoplasia, a risk that increases with age. Unfortunately,
Nrf2 protein levels do not appear to be maintained during aging. In fact, we
showed previously that Nrf2 levels decline in the aging rat liver [56], which
reveals a problematic age-related deficit in the very organ that is responsible for

detoxification.

In addition to this loss of detoxification capacity, aging is also characterized by
an increase in endogenous reactive oxygen and nitrogen species, and a loss of
endogenous antioxidant production [141-143]. It is now recognized that this
pro-oxidant cellular environment, which 1is characterized by chronic

inflammation, may be an intrinsic part of the aging process. This so-called
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“inflammaging” contributes to a heightened risk for age-associated diseases (e.g.
atherosclerosis, cancer, and dementias) and disuse syndromes (e.g. sarcopenia
and frailty) [144]. As Nrf2 plays a key role in coordinating the cellular response
to numerous pro-inflammatory insults, electrophilic xenobiotics, and metabolic
perturbations, its decline during aging only exacerbates the already heightened
risk for chronic pathophysiologies. However, we currently do not know why
Nrf2 steady-state levels are lowered with age at the time of life when the need
for detoxification is effectively increasing, nor do we know whether its induction

with age is compromised.

Nrf2 homeostasis is regulated by an array of interconnected transcriptional,
translational, and post-translational mechanisms that allow it to fine-tune gene
expression to an array of divergent stress stimuli [52]. Under quiescent
conditions, this basic leucine zipper, cap-“N”-collar transcription factor is
normally maintained at very low steady-state levels [145]. The basal content of
Nrf2 is sufficient for its binding to cis-acting AREs located in the 5'-flanking
regions of target antioxidant and ARE-containing genes. Under acute pro-oxidant
conditions or in the presence of electrophilic compounds, Nrf2 rapidly
accumulates in the nucleus and enhances expression of detoxification genes. The
accumulation of Nrf2 is due in part to its dissociation from Keapl, a Cul3
ubiquitin ligase adaptor protein, thus attenuating its proteasomal degradation.

However, this mechanism is only able to preserve existing Nrf2 protein, which is
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present at very low levels. This seemingly contradictory phenomenon has been
explained by several reports showing that increased translation is a critical
means to quickly adjust Nrf2 protein levels for adequate cellular response
[58,146,147]. For example, Nrf2 mRNA contains an internal ribosomal entry site
(IRES), which allows its translation even during a catabolic state when global

cap-dependent translation is reduced [148].

An additional layer of translational control over Nrf2 mRNA may be mediated by
microRNAs (miRNAs), a class of small RNAs derived from distinctive hairpin
transcripts that are ubiquitous across the plant and animal kingdoms. Once
processed, miRNAs average approximately 21-22 nucleotides in length and
associate with Argonaute proteins as part of an RNA-induced silencing complex.
These complexes primarily serve to control gene expression through post-
transcriptional repression of translation. Several miRNAs can regulate the
translation of Nrf2 mRNA and therefore lower its steady state levels [149,150].
However, it has never been shown that miRNAs are responsible for the age-

related loss of Nrf2.

Despite the importance of Nrf2-mediated response with age, and the complexity
of Nrf2 proteostasis, there have been few studies to date that have examined the
potential mechanism (s) involved. In this study, we sought to elucidate the

mechanism (s) that results in the age-related loss of Nrf2 protein levels using
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hepatocytes from old and young rats. We hypothesized that Nrf2 protein
synthesis declines with age, resulting in the loss of basal Nrf2 protein levels and
stress response. Herein, we also describe the contribution of an miRNA, miR-

1464, that lowers Nrf2 translation.

2.3 Materials and methods

2.3.1 Reagents

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless
otherwise noted. Collagenase type IV was purchased from Worthington
Biochemical Corporation (Lakewood, NJ). Anti-Nrf2 (sc-13032) and anti-Keap1
(sc-15246) were ordered from Santa Cruz Biotechnology (Santa Cruz, CA).
Bortezomib was obtained from Millennium Pharmaceuticals (Cambridge, MA).
PVDF transfer membrane was purchased from Millipore (Billerica, MA). Dual

Luciferase Assay Kit was purchased from Promega (Madison, WI).

2.3.2 Animals

Fischer 344 male rats, both young (4-6 months) and old (25-28 months), were

purchased from the National Institute on Aging animal colonies. The rats were

allowed to acclimatize in the Linus Pauling Institute animal facility for a
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minimum of 1 week on a 12 h light cycle (7 am-7 pm) and fed standard chow ad
libitum. All animal work was approved and in accordance to IACUC guidelines

(Assurance number: A3229-01). The AAALAC-accredited Laboratory Animal

Resources Center (LARC) provided management and veterinary care.

2.3.3 Hepatocyte isolation and cell culture

Hepatocyte isolation was performed as described previously [151]. Briefly, the
liver was perfused with Hank's balanced salt solution, and disassociated to a
single cell suspension using a collagenase solution (1 mg/ml). The resultant cell
suspension was filtered through sterile gauze to remove connective tissue and
debris. Parenchymal cells were isolated using gravity filtration and washed four
times with Krebs-Henseleit solution, pH 7.3. Cell count and viability were
assessed using trypan blue exclusion. Freshly isolated hepatocytes were
suspended in a modified Williams' E media (5% FBS, 1 mM dexamethasone, 100
ng/ml insulin, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml
streptomycin), dispensed onto collagen coated cell culture plates and incubated
for 16 h at 37 °C in 5% CO2 atmosphere before being used in experiments.
Hepatocytes were seeded at 2.5 x 105 cells/ml of media for regular cell culture,
or 1.25 x 10 cells/ml of media for culture transfection. We have demonstrated
that these outlined culture conditions maintain the age profile of hepatocytes

with respect to Nrf2 for at least three days in culture [120].
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2.3.4 Transfections

Plasmid transfections of hepatocytes were achieved with the jetPEl-hepatocyte
transfection reagent (Polyplus-transfection SA, Illkirch, France). Hepatocytes
were incubated with 2 pg plasmid and the recommended amount of jetPEI after
hepatocytes had been in culture for 30 h. Transfection efficiency was assessed to
be 260% by parallel transfection of EGFP vector and cell counting. miRNA
transfection of hepatocytes were achieved with mirVana miRNA mimic
(Ambion) using RNAiMax (Life Technologies) following the manufacturer's
protocol. The miRNA levels were measured using the Tagman MicroRNA Assay

(Life Technologies).

2.3.5 Nrf2 half-life

Hepatocytes were transfected with a human influenza hemagglutinin-tagged
Nrf2 (isoform BC061724) expression vector (pHA-Nrf2) with jetPEI as detailed
above. After 20 h, hepatocytes were treated with 100 pM cycloheximide.
Hepatocytes were harvested every 20 min and the proteins were isolated as
described. Immunoblots were used to quantify Nrf2 levels. Statistical analysis

was done by a two-way ANOVA.
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2.3.6 ARE-gene induction and quantitative PCR

Hepatocytes were transfected with a human influenza hemagglutinin tagged
Nrf2 (isoform BC061724) over-expression vector (pHA-Nrf2) or empty vector
with jetPEI as detailed above. Cells were harvested 16 h after transfection, total
RNA was collected from hepatocytes with Trizol (Life Technologies, Carlsbad,
CA), and reverse transcription was performed using the Retroscript Kit (Life
Technologies) following the manufacturer's protocol. The PCR was done on a
StepOnePlus PCR machine (Life Technologies) using Tagman Universal
Mastermix. Relative quantities were calculated based on AACt between cells
transfected with pHA-Nrf2 and empty vector and assuming an amplification
efficiency of 2. All primer-probe mixtures were purchased from Life
Technologies except for Nrf2, which were ordered from Eurofins MWG Operon
(Huntsville, Alabama) with the following sequence and modifications:
TTTTCCAGTGAGGGGATCGATGAG, GTCAGCTACTCCCAGGTTGCCCA, and [6-
FAM]ACCACTGTCCCCAGCCCAGAGGCCAC [BHQ1aQ]. Quantification was

normalized to the housekeeping gene EIF2A.

2.3.7 ARE activity

Hepatocytes in culture were transfected with 1.95 pg ARE-Luc, a Gclc-promoter

driven PGL4 luciferase vector, and 0.05 pg of a Renilla expression vector (pRL-
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CMV). Cells were incubated 18 h after transfection and then treated with either
vehicle control (DMF), 50 pM 5-(4-methoxyphenyl)-3H-1,2-dithiole-3-thione
(A3T), or 100 pM R-a-Lipoic Acid (LA) (Makwood). After 16 h cells were
harvested and assayed for luciferase activity using the protocol provided with

the Dual Luciferase Assay Kit (Promega).

2.3.8 Lysate preparation and immunoblots

Cultured hepatocytes were washed twice with PBS, pH 7.4, and then collected by
scraping. Nuclear and cytoplasmic protein extracts were collected by the use of
Sigma-Aldrich CelLytic NuCLEAR isolation kit following the manufacturer's
protocol. Protein samples were denatured by addition of 2X Laemmli loading
buffer and heating at 90 °C for 5 min. Protein separation was performed using a
neutral Bis-Tris acrylamide gel and following the BioRad XT Bis-Tris PAGE XT-
Mes protocol. Transfer was accomplished using the Bjerrum Schafer-Nielsen
transfer buffer with 20% methanol on a semi-dry transfer apparatus. Proteins
were deposited on PVDF transfer membrane. All blots were blocked with a 5%
milk (w/v) TBS-T solution overnight at 5 °C. Primary and secondary antibodies
were each incubated on the membranes for 2 h. Densitometry, performed with
the Image] software package (http:// imagej.nih.gov/ij/), was used for graphical

representation and to perform statistical analysis.
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2.3.9 miRNA microarray

Liver tissue from young and old rats was collected and miRNAs isolated using
the PureLink miRNA Isolation Kit (Life Technologies). Samples were frozen in
liquid nitrogen and shipped to LC Sciences (Houston, TX) for analysis.
Microarray analysis covered the entire Rattus norvegicus miRBase set (miRBase
release 12.0). Background subtraction, normalization, and statistical analysis
where provided by LC Sciences. Significance was calculated by ANOVA and

corrected for multiple comparisons.

2.3.10 Statistical analysis

All statistical analysis was performed using Excel (Microsoft, Inc.) and Prism 7
(GraphPad Software, Inc.) For comparisons between two samples, two-sided
Student's t-test was used. Differences between samples that resulted in a p-value
of < 0.05 were considered statistically significant. Statistical analysis between
multiple endpoints was analyzed by two-way ANOVA and multiple comparisons

were evaluated by Tukey's post-hoc method.

2.4 Results
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2.4.1 Nrf2 protein declines with age in rat hepatocytes

We previously showed that constitutive Nrf2 binding to a core consensus ARE
sequence declines with age, indicating that basal expression of ARE-mediated
genes may be compromised [151]. Fig. 1a and b shows a marked decline of Nrf2
protein with age; overall steady-state Nrf2 levels were 42+12% lower in livers of
24-month old rats than in young controls (p < 0.05). Moreover, Nrf2 loss was
coincident with a significant attenuation of expression of genes that are
constitutively regulated by Nrf2. As shown in Fig. 1c, mRNA content of Gclc,
Gclm, and Gst2a exhibited age-dependent declines of 19.6%, 31.4%, and 40%,
respectively. Because Nrf2 mRNA levels vary in tissues [152] and in response to
certain toxicological stressors [153-155], we sought to determine whether
lowered Nrf2 transcript levels may be responsible for the age-related loss of
Nrf2 protein content. On the contrary, hepatic Nrf2 mRNA values exhibited no
significant age-dependent changes (Fig. 1c; p = 0.14), indicating that
dysregulation of Nrf2 transcription with age does not account for attenuation of

Nrf2 protein levels.

2.4.2 Increasing Nrf2 levels remediates lost ARE gene expression

To determine whether replenishing Nrf2 hepatic protein content may remediate

the observed declines in ARE-dependent gene expression, we transfected
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hepatocytes isolated from young and old rats with a CMV-driven pHA-Nrf2
expression vector. Under Nrf2 overexpression, the decline in ARE-associated
target gene expression was reversed, where Gclc and Gclm mRNA content were
at least 3-fold higher than observed in hepatocytes transfected with an empty
vector (Fig. 2; p < 0.05), and there were no longer any age associated differences
in their mRNA levels. These results show that the lower steady-state levels of
Nrf2 primarily drive the observed loss of ARE-mediated detoxification gene

expression with age.

2.4.3 Aging compromises NrfZ activation of ARE-mediated gene expression

Our results point to a connection between lower Nrf2 steady state levels and
decrements in stress response genes with age. However, it is not known whether
Nrf2 levels are still sufficient to initiate a proper response to stress stimuli. To
determine the extent of any age-dependent changes in Nrf2 stress response, we
transfected hepatocytes from young and old rats with an ARE-containing
luciferase reporter (ARE-luc), then treated the cells with known inducers of
ARE-mediated Nrf2 gene expression. Treating cells from young animals with 100
uM R-a-lipoic acid (LA) [56] or 50 uM anethole trithione (5-[4-methoxyphenyl]-
3H-1,2-dithiole-3-thione; A3T) [156], yielded a robust activation of the ARE-luc
reporter vector, indicating a strong induction of the Nrf2-mediated stress

resistance response in these cells. However, hepatocytes derived from old
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animals showed only a small induction in luciferase activity with either LA or
A3T, which was 6.5- and 7.0-fold lower, respectively, than what was observed in
cells from young rats (p < 0.05) (Fig. 3). These results show that the age-related
loss of Nrf2 not only compromises basal expression of certain ARE-mediated
genes, but also has the potential for limiting the induction of ARE-mediated

stress response from xenobiotic and stress stimuli.

Nrf2 steady-state levels are an interplay between its rates of synthesis and
degradation. Considering that Fig. 1c shows no decrements in Nrf2 mRNA levels
with age, we next examined the accumulation of the Nrf2 protein itself under
stress stimuli in cells pretreated with bortezomib (BTZ), an inhibitor of the 26S
proteasome, to prevent Nrf2 turnover. While Nrf2 levels accumulated in cells
from young animals both basally and with LA or A3T stress induction, the same
was not true in cells from old animals (Fig. 4A and B). In fact, no significant
increase in Nrf2 occurred in cells from old animals, and the use of BTZ shows
that this was not due to increased Nrf2 proteasomal degradation. In a follow-up
experiment, we measured the levels of Keap1 by immunoblot. As Keap1 is a Cul3
ubiquitin ligase that facilitates Nrf2 degradation by the 26S proteasome, a
significant increase in Keap1 in cells from old animals vs young would suggest
that more Nrf2 degradation occurs with age. Contrary to this, we found that
Keap1 levels declined 42% on an age basis (Fig. 4C) (p < 0.05). This surprising

result prompted us to measure Nrf2 half-life in both sets of hepatocytes. We
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overexpressed Nrf2 in hepatocytes from young and old rats and directly
quantified the rate of Nrf2 turnover using cycloheximide as a means to block
protein degradation. Results showed marked differences in Nrf2 turnover rates
between young and old rat hepatocytes. A single-phase decay model to fit the
data revealed that Nrf2 half-life increased >5-fold with age (p < 0.05; Fig. 4D),
with Ti2 estimates of 21.6+3.0 and 119.8421.5 min in young and old
hepatocytes, respectively. These results, along with the age-related loss of
Keap1, suggest a markedly slower rate of Nrf2 degradation, showing that Nrf2
degradation is not responsible for the steady-state decline in hepatic Nrf2 levels
with age, and may even be a mechanism used by the cell to compensate for Nrf2
loss. All of these results are in accordance with our previous data in
immortalized cells [58] showing that Nrf2 mRNA translation is an important
aspect of its ability to respond quickly to oxidative or xenobiotic stress, whereas
it was formerly supposed that all Nrf2 entering the nucleus was being rescued
from Keapl-mediated degradation. However, our current data suggests for the
first time that the age-related loss of Nrf2 may be due to a change in its

translation.

2.4.4 MicroRNA 146a targets Nrf2 translation and is increased with age

While Nrf2 translation is lower with age, the partial induction of Nrf2 with A3T

shows that new synthesis of Nrf2 is still functional, albeit at a markedly lower
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rate. Because of growing evidence that mRNA translation in general and Nrf2
translation in particular are fine-tuned to environmental conditions via short
non-coding interfering RNA (miRNA) [150], we hypothesized that the sharp
attenuation of hepatic Nrf2 mRNA with age stemmed from an increase in
miRNA-dependent inhibition. Accordingly, a top-down analysis of age-
dependent changes to microRNA was performed using tissue extracts from
young and old rat liver. Of the microRNA analyzed, only thirteen transcripts met
both the 2-fold statistical threshold for significance. Most of these miRNA species
exhibited an age-associated decline (data not shown), which is in agreement
with other reports showing dicer-dependent decline in miRNA maturation with
age [157]. However, a small cadre of miRNA transcripts significantly increased
on an age-related basis (Fig. 5a). While there are currently few reports
identifying genes associated with many of these miRNAs, it does appear that
most, if not all, of the miRNA species that become elevated with age (34a, 1464,
28, and 101a) are also known to be induced under chronic inflammatory
conditions [158-161]. The oxidant-enriched milieu common in aging tissues has
been hypothesized to contribute to a sterile chronic necro-inflammatory
environment that goes unresolved by cellular stress response pathways

[162,163].

Using mirSVR sequencing analysis and available literature reports, six miRNAs

were identified [148,163-165] that increased significantly with age and/or
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could theoretically bind to the 3’ region of Nrf2 mRNA. A preliminary test was
performed by transfecting chemically modified double-stranded RNAs that
mimic these miRNAs into the rat hepatoma cell line H4IIE to determine their
potential for inhibiting Nrf2 translation (data not shown). While the other
miRNAs failed to inhibit Nrf2 expression in this immortalized cell line, the rno-
miR-146a mimic (rno = Rattus norvegicus) markedly reduced Nrf2 protein and
thus was selected for further experimentation. In order to confirm the array
results, liver tissue from young and old rats was harvested, microRNA isolated,
and RT-qPCR was performed (Fig. 5b). This analysis revealed a 2.7 + 0.3-fold
increase in miR-146a in aging rat liver versus young controls, providing strong

evidence this is an age-affected miRNA in the liver.

In order to investigate whether miR-146a influences the expression of Nrf2,
hepatocytes from young rats were transfected with the mimic of the endogenous
version, as used above in immortalized cells. Immunoblot analysis showed that
Nrf2 protein levels were significantly lower in mimic-transfected cells versus
those transfected with a scrambled control (Fig. 5c). As miRNAs either affect
mRNA translation or bind and elicit message degradation, additional
experiments examined whether rno-miR-146a altered Nrf2 mRNA levels and
Nrf2-controlled genes (Fig. 5d). qPCR analysis revealed that rno-miR-146a
treatment resulted in no significant difference in Nrf2 mRNA levels between the

control and rno-miR-146a-treated samples. This is despite the observed change
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in its protein accumulation, which suggests that rno-miR-146a inhibits
ribosomal association of Nrf2 mRNA but does not induce its degradation.
However, mRNA levels of the Nrf2-mediated genes, Gclc and Gelm, were lowered
by the mimic treatment, 32.1 + 4.5% and 13.4 + 2.6% respectively. These data
reflect the loss of Nrf2 protein synthesis in spite of preserved mRNA levels seen
in liver tissues and isolated hepatocytes from old rats. Thus, the elevated level of

miR-146a with age is consistent with a role in the attenuated translation of Nrf2.

2.5 Discussion

Nrf2 is not only involved in detoxification, but is increasingly recognized as an
important longevity-assurance transcription factor because it regulates
expression of numerous genes involved in stress resistance and also metabolism
genes associated with longevity and health. Even some of the longevity
enhancing effects of dietary restriction may stem from Nrf2-mediated gene
regulation [166]. In accordance with our previous work [58] showing complex
control of Nrf2 levels through mRNA translation, we found that the age-related
lesion in Nrf2 proteostasis and inducibility is attenuated Nrf2 translation. Given
the attenuated response to LA and A3T (Fig. 3), our data clearly point to a deficit

in synthesis of Nrf2 protein with aging.
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Decline in protein translation appears to be a trait of aging, and our data
indicates that the decline in Nrf2 synthesis is in keeping with this general trait
[167]. However, because Nrf2 has such a short half-life, Nrf2 levels and the genes
that it regulates may be more adversely affected than other proteins with longer
half-lives. We show that steady-state Nrf2 levels fall by approximately 40% with
age despite a significantly slower turnover rate. Thus, adaptive mechanisms to
maintain steady-state amounts of Nrf2 are not adequate as the aging process

gathers pace.

The precise mechanism(s) that lower overall steady-state Nrf2 with age are yet
to be completely defined. Our current data indicates that miRs, which arise
during pro-inflammatory conditions, may be at least one cause for attenuated
Nrf2 translation. We show that miR-146a reduces Nrf2 translation directly or
indirectly due to its own increase with age, though it is likely one of several
miRNAs with this influence. Herein, we showed that only miRNAs associated
with inflammation increase with age in rat liver, while miRNA species connected
to other metabolic pathways actually decline. miR-146a was the most abundant
inflammation-induced miRNA that increased with age, and has a predicted
binding sequence in the 3'-flanking region of Nrf2. Moreover, mimicking the age-
related increase in miR-146a in hepatocytes from young animals partially
recapitulates the loss of Nrf2 seen with age. While these results do not rise to the

level of a cause-and-effect relationship, it does suggest the possibility that the
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pro-inflammatory environment of the aging rat liver chronically induces

expression of miR-146a, which in turn, adversely affects Nrf2 translation.

The loss of steady-state Nrf2 with age may be a compensatory mechanism for
the increased risk of neoplasia. Although Nrf2 is responsible for xenobiotic
detoxification and is therefore protective against potentially DNA-damaging
compounds [50], the end result of Nrf2 activation is cytoprotection and, in many
cases, escape from apoptosis [168]. Increased Nrf2 has been found in some
cancers, and Nrf2 has also been implicated in cancer progression via its
activation of metabolic enzymes in the pentose phosphate pathways [140]. Thus,
lower Nrf2 at a basal level would not be detrimental as long as the system is still
inducible. Unfortunately, this is not the case; when we induced Nrf2-regulated
gene expression with A3T or LA, Nrf2-dependent stress response was severely
attenuated compared to that in young animals (Figs. 3 and 4). While it remains
to be fully elucidated the extent to which Nrf2 translation is activated under
stress stimuli, these results do indicate that the attenuated Nrf2 translation of
aging may be an underlying factor in the well-known age-dependent loss of
xenobiotic and oxidant-induced stress response. In agreement with this, we
previously showed that old animals are more vulnerable to exposure to lipid
hydroperoxides, which are detoxified in a glutathione- and Nrf2-mediated
manner [169]. Other studies have also demonstrated an age-related

vulnerability to various drugs including H2-receptor antagonists (antacids),
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anesthetics, acetaminophen, and alcohol. All of these drugs are detoxified via
Nrf2-dependent genes [170-172]. Thus, the age-related loss of Nrf2 translation
may play a pivotal role in vulnerability to a variety of xenobiotic insults, further
justifying the growing public health concerns associated with polypharmacy in
the elderly [173,174]. As definitive examination of age-related changes in
detoxification capacity, and its potential consequences on the therapeutic
threshold of pharmacological agents in older individuals are scant, further work
will be necessary to elucidate the extent and precise nature that the loss of Nrf2
protein homeostasis plays in increased susceptibility to environmental and

pharmacological insults with age.

Outside of its involvement in susceptibility to acute toxicological insults,
attenuated Nrf2 translation may be a factor in increasing the risk for chronic
age-dependent pathophysiologies. For example, we previously demonstrated
that significant age-related changes occur to hepatic gene expression where an
ontological analysis of transcript changes revealed enrichment of immune
response, immune cell infiltration, pro-inflammatory, and tissue remodeling
genes [162]. Most importantly, there was no apparent coincident increase in
expression of antioxidant/detoxification genes. Therefore, the loss of Nrf2 could
directly contribute to perpetuation of the low-grade inflammation associated
with aging. Nrf2 directly regulates numerous genes that act as negative feedback

inhibitors to down-regulate cytokine and NFkB-mediated inflammation, which
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suggests that loss of Nrf2-mediated target genes may play a critical role for
numerous pathophysiologies where chronic inflammation is part of the
underlying etiology (e.g. dyslipidemia, fibrosis, cirrhosis, and cancer). Given the
prevalence of miR-146a in inflammation, it is also interesting to note that the
loss of Nrf2 translation may not only potentiate chronic inflammation, but may
be perpetuated by the necro-inflammatory environment of the aging liver. The
advantages of “cross-regulation” between inflammation and Nrf2, via miRNA, are
presently unclear; however, it may be an example of antagonistic pleiotropy.
Elevated miR-146a is a normal response to inflammation and appears to be a
feedback mechanism to lower inflammatory response. Normally, inflammation is
a transient condition and therefore so is the increased expression of miR-146a;
however, in the aged animals inflammation persists. The age-related loss in Nrf2
translation may thus be an indirect consequence of persistent upregulation of
pro-inflammatory cytokines. The resulting attenuation of Nrf2 would ironically

limit the means to resolve the inflammatory response.

In summary, we have identified, for the first time, an age-related change that
results in the attenuation of Nrf2 protein levels in the liver of old rats. Chiefly,
Nrf2 protein synthesis declines with age. This observation can, in part, explain
why Nrf2 levels decline despite the age-related increase in ROS. This results in
the increased susceptibility to acute stressors that rely on basal levels of Nrf2 for

detoxification and likely chronic challenges as well. Further research will be
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required to characterize the consequence of the loss of Nrf2 translation in
regards to chronic inflammatory conditions. Finally, restoration of Nrf2
synthesis, perhaps via disruption of miR-146a, and the effects of this reversal

continue to be investigated.
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Figure 2.1. Nrf2 protein levels but not mRNA levels decline with age in rat liver.
(A) Liver tissue lysate from young (Y) and old (O) rats were assayed for Nrf2
protein content by immunoblot. Actin was utilized as a loading control and
housekeeping gene. (B) Densitometry graph for the expression of Nrf2 protein, N
=4; * p < 0.05. (C) QPCR was utilized to assay the relative expression of the Nrf2
regulated genes: gamma glutamyl cysteine ligase catalytic and modulatory
subunits (Gclc and Gclm), and glutathione S transferase subunit a2 (Gsta2), as
well as Nrf2 itself. Graph shows old relative to young (Y = 1.0). Messages that
decline significantly with age are noted by * (p < 0.05; N = 7).
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Figure 2.2. Nrf2 over-expression results in similar induction of ARE regulated
genes with age. Cultured hepatocytes from young and old rats were transfected
with pHA-Nrf2. After 24h, qPCR was utilized to assay the relative expression of

genes regulated by Nrf2. Analysis shows that there is no significant difference
between young and old samples (p = 0.05).
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Figure 2.3. Stress response of the ARE is attenuated with age. Hepatocytes
isolated from young and old rats were transfected with the ARE-Firefly
luciferase and Renilla-PLG4 (control) luciferase reporter vectors. After 24h, cells
were treated with vehicle control (C), 100 mM lipoic acid (LA), or 50 mM A3T for
16h, then lysed and assayed for luciferase activities (N = 3; *p < 0.05). Control
values were normalized to 1.0 for both young and old in order to show the
relative increase.
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Figure 2.4. Both Nrf2 synthesis and degradation decline with age. (A)
Hepatocytes from young and old rats were treated with 50 mM A3T,100mM
lipoic acid (LA), and/or 100 nM bortezomib for 6h.Nuclear fractions were
isolated from the harvested samples and assayed for Nrf2 content. Samples were
quantitated by densitometry relative to the loading control Actin. Statistical
analysis was done by two-way ANOVA and Tukey's post-hoc method. *p < 0.05
vs young control without BTZ (N = 3). (B) Graphic representation of Keapl
immunoblots using liver tissue from young and old rats N = 4; *p < 0.05. Actin
loading control is from the same western blot membrane shown in Fig.1A. (C)
Half-life of Nrf2 protein was determined by transfecting primary hepatocytes
from young and old rats with the pHA-Nrf2 expression vector, then adding100
mM cycloheximide 20h post-transfection. Samples were taken every 20 min and
protein was extracted. Nrf2 protein levels were determined by immunoblot,
quantified by Image ], and used to create the graph (N = 3).
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Figure 2.5. Increased miR-146a with age reduces Nrf2 protein levels. (A) Liver
tissue from 6 young (6 months) and 6 old (24 months) rats were analyzed on a
miRNA array. Results were limited to p values of less than 0.05 and corrected for
multiple comparisons. The miRNAs predicted and/or experimentally
determined to modulate Nrf2 are shown. (B) Liver tissue from 6 young and 6 old
rats were analyzed by RT-qPCR for levels of miR-146a. The difference between
young and old is significant by Student's t-test *p < 0.05. (C) Hepatocytes
isolated from young rats were transfected with rno-miR-146 a miRNA mimic or
scrambled RNA oligomer, treated with BTZ for 6h, and compared to vehicle-
treated hepatocytes (N = 3 for each condition). Nrf2 protein levels and loading
control Actin were measured by immunoblot analysis and quantitated by
densitometry. Graph shows Nrf2 fold increase over non-BTZ-treated cells (= 1)
(*p < 0.05). (D) mRNA levels were measured and compared to hepatocytes
transfected with a scrambled RNA oligomer (= 1.0). Although no significant
difference was seen in the RQ of the Nrf2 mRNA, both Gclc and Gclm decrease
significantly, *p < 0.05.
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3.1 Abstract

Isolated hepatocytes from young (4-6 mo) and old (24-26 mo) F344 rats were
exposed to increasing concentrations of menadione, a vitamin K derivative and
redox cycling agent, to determine whether the age-related decline in Nrf2-
mediated detoxification defenses resulted in heightened susceptibility to
xenobiotic insult. An LCso for each age group was established, which showed that
aging resulted in a nearly 2-fold increase in susceptibility to menadione (LCso for
young: 405 uM; LCso for old: 275 uM). Examination of the known Nrf2-regulated
pathways associated with menadione detoxification revealed, surprisingly, that
NAD(P)H:quinone oxido-reductase 1 (NQO1) protein levels and activity were
induced 9-fold and 4-fold with age, respectively (p=0.0019 and p=0.018; N=3),
but glutathione peroxidase 4 (GPX4) declined by 70% (p=0.0043; N=3). These
results indicate toxicity may stem from vulnerability to lipid peroxidation
instead of inadequate reduction of menadione semi-quinone. Lipid peroxidation
was 2-fold higher, and GSH declined by a 3-fold greater margin in old versus
young rat cells given 300 pM menadione (p<0.05 and p<0.01 respectively; N=3).
We therefore provided 400 pM N-acetyl-cysteine (NAC) to hepatocytes from old
rats before menadione exposure to alleviate limits in cysteine substrate
availability for GSH synthesis during challenge. NAC pretreatment resulted in a
>2-fold reduction in cell death, suggesting that the age-related increase in

menadione susceptibility likely stems from attenuated GSH-dependent defenses.
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This data identifies cellular targets for intervention in order to limit age-related
toxicological insults to menadione and potentially other redox cycling

compounds.

Keywords: Glutathione; Menadione; Redox-cycling; Detoxification
Capacity; Aging
Chemical Compounds: BSO (PubChem CID: 119565), DMF (PubChem CID:

6228), NAC (PubChem CID: 12035), Menadione (PubChem CID: 4055)

Abbreviations: ARE (Antioxidant Response Element), BSO (Buthionine-S,R-
Sulfoximine), CPR (Cytochrome P450 reductase), DCPIP
(Dichlorophenolindophenol), GPX4 (Glutathione Peroxidase 4), LDHA (Lactate
dehydrogenase A), LOO- (Lipid peroxide), MDA (Malonyldialdehyde), NQO1
(NAD(P)H:quinone oxido-reductase 1), NQO2 (NAD(P)H:quinone oxido-
reductase 2), Nrf2 (Nuclear factor (erythroid-derived 2)-like 2), RIPA

(Radioimmunoprecipitation assay), TRE (TPA-Response Element)
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3.2 Introduction

A major hallmark of aging, and a key driver for the onset of age-related
pathophysiologies across multiple species, including primates, is the disruption
of cellular redox homeostatic mechanisms that protect against a variety of
environmental,  oxidative, = pathological, and  toxicological insults
[3,8,9,12,175,176]. Nrf2-dependent phase II detoxification mechanisms in
particular, tend to decline with age [56,177-181]. The age-related decrease in
these detoxification pathways and ensuing increase of reactive oxygen and
nitrogen species (ROS and RNS) is well established and is causally linked to
various pathologies such as cardiovascular and neurodegenerative diseases,
cancer and diabetes [6,10,13,15,130,182-186]. The mechanisms associated with
this loss are poorly understood; however, we have found that hepatic Nrf2
protein synthesis declines with aging and that phase II detoxification gene
expression is limited [56,58,59]. However, despite the age-related decline in
basal expression of Nrf2 regulated detoxification enzymes, it remains unknown
whether this loss magnifies the toxicological exposure effect of ROS and RNS and
xenobiotics detoxified through these pathways. Of particular interest to this
work are the age-associated changes to resilience against acute exposure to a

redox cycling challenge.
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Redox cycling compounds are prooxidant catalysts, which facilitate the transfer
of electrons onto oxygen to produce reactive oxygen species (ROS) [187,188].
These compounds are highly abundant as substituents in xenobiotic compounds
(e.g. redox active metals and pesticides) [189-193], redox active
pharmacophores (e.g. anesthetics) [194], and especially, their use in
pharmacochemotherapeutic drugs (e.g. menadione, anthracycline, adriamycin,
and doxorubicin) [195-199]. A decreased capacity to detoxify redox cycling
agents in the liver could potentially increase vulnerability to xenobiotic
exposures, as well as limiting some medical treatment options such as
antibiotics and anti-cancer chemotherapeutics [129,200-202]. This is of
particular importance as cancer incidence increases exponentially with age
[203]. Thus, it is important to determine whether there is an age-related decline
in detoxification of redox cycling compounds and if so, which of these types of

drugs, toxins, or environmental xenobiotics have a heightened toxicity profile.

In order to test our hypothesis that there is an age-related decline in resilience to
redox cycling compounds in the liver, we employed an acute menadione
challenge. Menadione, a derivative of vitamin K and a redox cycling agent, and its
mechanism of action is well characterized. Herein, we show that hepatocytes
from aged rats are acutely more susceptible to menadione insult. Moreover,
while certain detoxification enzymes involved in menadione metabolism actually

increase with age, the observed age-associated vulnerability to menadione
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appears to stem from a marked attenuation of Nrf2-regulated GSH-dependent

detoxification pathways.

3.3 Materials and methods

3.3.1 Reagents

NAC (Cat# 616-91-1), menadione (Cat# 58-27-5), NADPH (Cat# 2646-71-1),
dichlorophenolindophenol (DCPIP; Cat# 620-45-1), and protease inhibitor
cocktail (Cat# P8340) were ordered from Sigma-Aldrich (St. Louis, MO).
Collagenase type IV was purchased from Worthington Biochemical Corporation
(Lakewood, NJ). PVDF transfer membrane was purchased from Millipore
(Billerica, MA). Dicumarol (Cat# 66-76-2) was ordered from Calbiochem

(Darmstadt, Germany).

3.3.2 Animals

Both young and old male F344 rats were from the National Institute on Aging
animal colonies. The rats were housed in the Linus Pauling Institute animal
facility and allowed to acclimatize for at least 1 week prior to any
experimentation. Animals were maintained on a 12 h light cycle (7am to 7pm)

and fed standard chow ad libitum. All animal work was approved and in
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accordance to IACUC guidelines (Assurance Number: A3229-01). The AAALAC-
accredited Laboratory Animal Resources Center (LARC) provided management

and veterinary care.

3.3.3 Hepatocyte Isolation

Hepatocyte isolation was performed as described previously [120]. Briefly, after
animal sacrifice via IACUC-approved protocols, the liver was perfused via a
cannula in the portal vein with Hank’s balanced salt solution, pH 7.4. Following
removal of blood, liver cells were disassociated using collagenase solution (1
mg/ml). The resultant cell suspension was filtered through sterile gauze to
remove connective tissue and debris. Parenchymal cells were isolated using
gravity filtration and washed three times with Krebs-Henseleit solution, pH 7.4.
Cells were resuspended in Kreb-Henseleit solution and placed in a round bottom
flask and rotated at room temperature for 1 h before cell count and viability

were assessed using trypan blue exclusion.

3.3.4 Cell and Tissue Lysates

For whole cell lysates, suspended cells were harvested by centrifugation at 100 x

g, washed in Krebs-Henseleit solution, pH 7.4, and sonicated in lysis buffer

(50 mM Tris, pH 7.5, containing 1% NP-40 (v/v), 100 mM NaCl, 2 mM EDTA,
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2 mM sodium ortho-vanadate) with added protease inhibitors. For tissue, lysates
were obtained as previously described by Siegel et al. [204]. Briefly, tissue was
homogenized using a dounce homogenizer in RIPA buffer with a volume to
weight ratio of 5:1. The homogenate was sonicated 3 times and centrifuged for
15 minutes at 10,000 x g centrifugation (4°C) before supernatants were collected
for assays. For the NQO1 assay, supernatants from tissue lysates were subjected
to an additional ultracentrifugation step (30,000 x g for 1h at 4°C). Protein
concentrations of samples were determined either by the Bradford Assay (Cat#

500-0006, BioRad) or Pierce 660 nm assay (Cat# 22660, Thermo Scientific).

3.3.5 Assessment of Menadione Toxicity

Hepatocytes were diluted to 4x10° cells/mL using Kreb-Henseleit solution, pH
7.4, and rotated on a MACSMIX (Miltenyi Biotec) rotator placed in a cell culture
incubator (5% CO2 at 37° C) to maintain the cells in suspension. Hepatocytes
were treated with increasing concentrations of menadione (0, 100, 200, 300,
400, 500, and 600 uM) for 2 h before being assayed for viability using trypan
blue exclusion. Menadione was solubilized in dimethylformamide (DMF). DMF
was also used as the vehicle control and total DMF in treated cell suspensions

was 0.05% by volume for all treatment experiments.
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3.3.6 NQO1 Activity Assay

NQO1 activity of samples was assayed as described previously by Siegel et al
[204]. Briefly, tissues from young and old animals were prepared as described
above before being assayed for the NAD(P)H-dependent reduction of DCPIP by
NQO1 in the presence and absence of dicumarol (a reversible NQO1-specific
inhibitor). DCPIP reduction was assayed using a DU800 spectrophotometer at
600 nm over 1 minute, and NQO1 activity was measured as the dicumarol
inhibitable portion of the reduction. Final concentrations of reagents in reaction
solution were 0.2 mM NAD(P)H and 40 uM DCPIP with and without 20 uM

dicumarol.

3.3.7 Malondialdehyde Quanitification

Measurement of the lipid peroxidation product, malonyldialdehyde (MDA), was
performed as previously described by Wong et al. [205] and modified by
Sommerburg et al. [206]. Briefly, 200 uL of suspended cells (4x10° cells/mL) was
mixed with 750 pL of 440 mM phosphoric acid, 250 pL of 42 mM thiobarbituric
acid (TBA), and 300 pL of water prior to being boiled for 1 h. The reaction was
quenched by placing samples into an ice bath. Samples then had an equal volume
(1.5 mL) of 1 M NaOH added before being centrifuged at 16,000 x g for 5 minutes

at 10° C. Malondialdehyde was separated from other metabolites by HPLC using
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a Luna C18(2)] Phenomenex #00G-4252- E0) column in isocratic mode (25 mM
potassium phosphate buffer, pH 6.5/methanol [50:50]as eluents) and detected
by fluorescence (excitation, 532 nm; emission, 553 nm). Malondialdehyde was

quantified relative to a tetramethoxypropane (TMP) standard curve.

3.3.8 Immunoblotting

Lysates were prepared as described above, sonicated, and proteins were
solubilized for SDS-PAGE in Laemmli loading buffer containing SDS. Samples
were heat-denatured for 5 min at 100°C. Normalized amounts of protein
(30 pg/lane) were run on SDS-PAGE and transferred to PVDF membranes with a
semi-dry blotter. Membranes were blocked in PBS containing 1% Tween-20
with either 5% nonfat dry milk or 3% BSA, incubated with primary antibodies
for 2 h at room temperature, washed, and incubated with secondary antibodies
for 1h at room temperature, washed, incubated with chemiluminescence
reagents, exposed to film, and developed. Images shown were cropped for
size/space considerations. Antibodies made to the following proteins were used:
GPX4 (Protein Tech - Cat# 14432-1-AP), NQO1 (Abcam - Cat# ab2346),
Cytochrome P450 Reductase (CPR, EC 1.6.2.4; Abcam - Cat# 13513), Lactate
Dehydrogenase A (LDHA; Cell Signaling Technology - Cat# 2012) and Actin
(Sigma-Aldrich - Cat# A5044). Blots were densitometrically analyzed with

Image] software from NIH.
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3.3.9 Glutathione Analysis

Glutathione (GSH) content of suspended cells was determined according to the
methods of Fariss and Reed [207] as modified by Smith et al. [56]. Briefly,
suspensions were homogenized in an equal volume of 10% (w/v) perchloric
acid (PCA) containing 10 mM EDTA. After deproteinization, 200 puL of the
supernatant containing internal standard (y-glutamyl glutamate) was mixed
with 50 pL iodoacetic acid (100 mM dissolved in 0.2 mM m-cresol purple) and
the pH was adjusted to 10 by using KOH-KHCO3 buffer (2 M KOH:2.4 M KHCO3).
Samples were placed in the dark, at room temperature for 1 h. The resulting S-
carboxymethyl derivatives were subjected to further chemical modification by
addition of an equal volume of 1-fluoro-2,4-dinitrobenzene (1% v/v in absolute
ethanol). The solution was incubated overnight in the dark and at room
temperature. Samples (75 pL) were separated by HPLC using a Thermo Scientific
(Eugene, OR) APS-2 Hypersil column and detected on a Shimadzu (Kyoto, Japan)
SPD-10AVP UV-VIS spectrophotometer with the absorbance set at 365 nm.

Quantitation was obtained by integration relative to GSH and GSSG standards.

3.3.10 Statistical Analysis
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All statistical analysis was performed using Excel (Microsoft, Inc.) and Prism 6
and 7 (GraphPad Software, Inc.). Error bars represent standard error of the
mean. For comparisons between two samples, two-sided Student’s t-test was
used. Differences between samples that resulted in a p-value of < 0.05 were
considered statistically significant. Statistical analyses for multiple comparisons

were evaluated by Student’s t-test with the Sidak-Bonferroni post-hoc method.

3.4 Results

3.4.1 Acute menadione challenge causes hepatocelluar damage and loss of

viability.

To establish the relative age-associated susceptibility to menadione challenge,
aliquots of freshly isolated hepatocytes from young and old rats were incubated
with increasing concentrations of menadione, and viability was assessed after 2
h of challenge. Results in Figure 1 show that regardless of age, increasing
concentrations of menadione corresponded with heightened indices of cell
damage and loss of viability. For hepatocytes from young rats, the lowest
concentration of menadione employed (100 uM) resulted in no changes in
toxicity versus vehicle control; in contrast, hepatocytes isolated from old rats
lacked any resilience to menadione, demonstrating viability loss at all

concentrations tested. The LCso for menadione was calculated to be 405 uM and
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275 uM for young and old rat hepatocytes, respectively (Figure 1). These results
indicate a significantly higher susceptibility to menadione with age (p<0.05,
N=3), and suggest that basal cellular defenses to this redox cycling agent are

compromised.

3.4.2 Increased vulnerability to menadione with age is not caused by a loss in NQO1

or increase in Cytochrome P450 Reductase (CPR).

Considering the mechanisms associated with its detoxification (Figure 2),
heightened age-dependent vulnerability to menadione may stem from altered
activities of one or more antioxidant or phase Il detoxification enzymes. As
almost all of these enzymes are primarily regulated by Nrf2 [45,47,112,208-
211], we sought to define potential lesions in menadione detoxification, which

might serve as the basis for its enhanced toxicity with age.

CPR converts menadione from the quinone to semiquinone state; therefore, any
age-related increase in the reductase would lead to higher levels of redox
cycling. However, we found that the CPR protein decreased by ~2-fold in
hepatocytes from old animals (Figure 3A, p=0.0137, N=3). These results suggest
that, if anything, there may be less menadione redox cycling with age

progression.
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Because CPR could not account for the elevated toxicity from menadione, we
examined the hepatic levels and activity of NQO1, as this enzyme catalyzes the
two-electron reduction of menadione to the fully reduced hydroquinone state
(Figure 2). Full reduction limits redox cycling and initiates menadione
detoxification and removal from cells. Rather than the hypothesized decline in
NQO1 levels with age, we observed that NQO1 protein content and enzyme
activity in livers from old rats increased markedly compared to that seen in
young animals. As shown in Figure 3B, NQO1 activity was nearly 4-fold higher
with age (p = 0.0185, N=3), which is consistent with heightened hepatic protein
content of the enzyme (9.3-fold increase, p = 0.0019, N=3) in Figure 3C. While
this significant elevation in steady-state NQO1 activity may represent an
adaptation toward the heightened pro-oxidant cellular milieu of the aging rat
liver, these results nevertheless suggest that NQO1 is not likely a part of the

mechanism associated with vulnerability to menadione.

3.4.3 Age-related decline in hepatic GSH and GPX4 contribute to menadione-

mediated cytotoxicity.

Menadione and the reactive oxygen species initiated by its redox cycling are
primarily detoxified by GSH-dependent mechanisms (cf. Figure 2), which we
previously reported to decline significantly with age [56]. In order to determine

whether hepatic GSH levels become limiting under menadione insult,
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hepatocytes from young and old animals were treated with menadione at
approximately the LCso for old rats (300 puM). Results show that menadione
rapidly eliminates GSH in both age groups, but it caused a markedly greater loss
of GSH hepatocytes from old rats. As shown in Figure 4, menadione resulted in
>80% decline in GSH within one minute in old rat hepatocytes. The menadione-
mediated loss of GSH was significantly less severe in cells from young animals
(~60% decline). GSH levels at all time points were significantly different
between young and old (p<0.01, N=3). Moreover, GSH levels in the young rat
hepatocytes never decreased below a threshold of ~35%. Thus, reserves of
hepatic GSH are more rapidly and extensively lost with age, and this precipitous

decline in GSH precedes indices of cellular damage and loss of viability.

To further determine age-associated differences in GSH-dependent
detoxification of menadione, we examined hepatic concentrations of glutathione
peroxidase 4 (GPX4). This enzyme is a primary protectant against phospholipid
hydroperoxides, and is also known to play a significant role in protection against
redox cycling [116,117]. Western blot analysis revealed that GPX4 protein levels
were significantly lower in old than in young hepatocytes (Figure 5A; 70%, p =
0.0043, N=3), which is consistent with reports of age-related loss in GPX4 levels

in multiple tissues, including the liver [115,212].
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Because GPX4 chiefly protects against lipid peroxidation, we measured hepatic
levels of malondialdehyde (MDA), a biomarker of the oxidation of
polyunsaturated lipids, through its derivatization with thiobarbituric acid (TBA).
Because TBA derivatization may overestimate lipid peroxidation levels, we
employed a well-characterized HPLC method to minimize ex vivo artifacts so
that relative differences in lipid peroxidation with age and menadione could be
discerned. [213] It is interesting to note that, without menadione, no age-
associated differences in MDA levels were observed, indicating that basal lipid
oxidation and its detoxification are maintained despite the age-related loss of
GPX4 (Figure 5B). However, exposure to menadione at the approximate LCso for
old rat hepatocytes (300 uM), resulted in a rapid appearance of MDA in cells
from both age groups (Figure 5C). Hepatocytes from aged rats were
demonstrably more vulnerable to menadione-mediated lipid peroxidation.
Initial increases in MDA levels for cells from both young and old animals was
observed, followed by a brief stabilization of MDA levels between the 2 and 5
minute time points. After this, MDA levels in cells from young animals returned
to baseline. In contrast, hepatocytes from old rats displayed a rapid increase in
MDA levels after the 2 through 5-minute stabilization period. After 15 minutes,
MDA levels were 147.4 + 13.8 and 274.2 + 35.1 pmol/mg protein in liver cells
from young and old animals, respectively. Moreover, lipid peroxidation levels in
hepatocytes from young animals never increased by more than 5%, whereas the

extent of lipid oxidation in hepatocytes isolated from old rats were 78% higher
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and still rising 15 minutes after menadione challenge. The divergence between
young and old is striking and aligns with loss of GPX4, as well as the appearance

of cellular damage and loss of viability.

3.4.4 Age-related menadione toxicity is reversed by GSH precursors.

Because GPX4 works at the expense of GSH, and GSH is also lowered with age in
our model, we hypothesized that providing cells with NAC should relieve the
cysteine substrate limitations for GSH synthesis, and thus increase resistance to
menadione insult. A 1 h pretreatment with NAC (400 pM) before menadione
exposure significantly increased resistance to menadione in old rat hepatocytes.
In fact, our data show that NAC treatment reversed the increased age-associated
vulnerability to menadione (Figure 6, p=0.003, n = 5), making this
indistinguishable from 300 pM menadione-treated hepatocytes from young
animals (Figure 1). Co-pretreating with buthionine sulfoximine (BSO; 400 puM for
1 h), a specific GSH synthesis inhibitor, eliminated the ability of NAC to rescue
hepatocyte viability, which serves as a proof of concept that GSH is the key

component.

3.5 Discussion
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The aging process leads to disparate changes in hepatic detoxification capacity.
For example, many phase I enzymes are unaffected by age, while phase II
detoxification processes are more variable [214-216]. Our data exemplifies this
with NQOT1 levels and activity increasing significantly in aging hepatocytes, but
GPX4 appreciably declines. Therefore, while a general age-related loss in basal
detoxification capacity is apparent, it is not clear if this decline is at least partly
compensatory, or leads to vulnerability to certain classes of xenobiotic
compounds. Our present study is important as our data supports the concept
that, at least for redox cycling compounds, (e.g. menadione) there is a profound

susceptibility with age.

The current study focused on susceptibility to acute menadione insult using
freshly isolated hepatocytes from young and old rats. This cell model is
appropriate for understanding aging differences in detoxification because these
cells retain their aging phenotype with respect to stress resistance. It also allows
for a direct assessment of potential age-induced differences in hepatic
detoxification capacity at the time of animal sacrifice [120]. Using this
hepatocyte model, we previously showed that steady-state Nrf2 levels

significantly decline both in hepatocytes and in the aging rat liver [56,58,59].

We used menadione in the current study because most of the enzymes involved

in its detoxification are Nrf2-dependent. For example, NQO1 maintains
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menadione in its fully reduced hydroquinone state [187,188,217] prior to its
further metabolism and removal from the cell (c¢f. Figure 2). Additionally,
because menadione is a potent redox cycling agent, its mode of acute toxicity
results from a cascade of redox cycling, lipid peroxidation, and membrane
damage [188,218-221]. As such, we chose to examine GSH and GPX4, the
principal glutathione peroxidase that is localized to membranes, as the primary
players in preventing cell damage from acute menadione exposure [222-225].
While GPX1 also plays a major role in peroxide detoxification, it is localized to
the cytosol and thus is not the initial detoxifier of menadione-induced lipid
peroxidation. Thus, xenobiotic disposition and the extent of acute oxidative
damage ensuing from menadione exposure are largely dependent on the
hepatocellular activity of NQO1, GSH, and GPX4—all of which are Nrf2-regulated

mechanisms.

Despite this common tie to Nrf2 associated gene transcription, we found that
aging does not uniformly affect all of the enzymatic components involved in
menadione detoxification. For example, we observed that hepatic levels of NQO1
and its activity significantly increase with age, while CPR activity is diminished.
Overall, these results could be interpreted as an attempt by the hepatocyte to
limit levels of the semiquinone species, thereby lowering the rate of redox
cycling. However, this protective adaptation against menadione insult in the

aging rat liver is counterbalanced by the significant loss of GSH levels and GSH-
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dependent detoxification enzymes (e.g. GPX4). The reason(s) why certain Nrf2-
dependent genes are affected with age while other genes do not change or
decline are not presently known. With respect to NQO1, it has been reported that
with age, NQO1 levels and/or activity decline [226], increase [227], or remain
similar to that seen in young [228]. These results may stem from the varied
methods employed to monitor NQO1. We used the reduction of DCPIP as first
developed by Ernster et al. [229] and recently optimized by Ross et al. [204].
This method has the benefit of highly purifying the cytosolic fraction through
ultracentrifugation and doesn’t assay the reduction of menadione-cytochrome c,
which has confounding NQO2 enzymatic activity. Additionally, the NQO1
promoter region contains an embedded TRE (TPA-response element) within the
ARE enhancer [230,231] and demonstrates higher recruitment and binding
efficiency for Nrf2 both for basal and induced transcription [54,121]. These
factors may account for the increase we observed in spite of Nrf2 decline.
Regardless of the precise mechanism, it is clear that NQO1 is not involved in the

age-related enhanced vulnerability to menadione that we observed in this study.

It is equally clear that GSH-dependent defenses are compromised in hepatocytes
from aging rats. We and others have previously shown that hepatic GSH declines
with age [56,131,134,232-234]; however, GSH remains at millimolar levels even
in very old animals. Thus, it was not known prior to the present study whether

the liver is more susceptible to menadione insult that would result from



72

attenuated GSH concentrations. Our results show that menadione causes a rapid
loss of GSH in hepatocytes from both young and old rats, but the rate and degree
of GSH loss is more extensive in older animals. This lack of capacity to maintain
cellular GSH appears to be the most important factor leading to lost resiliency
against menadione challenge with age. This concept is buttressed by our results
using NAC and NAC+BSO to modulate GSH prior to menadione insult. In
particular, NAC, which supplies L-cysteine for GSH synthesis [235-237],
essentially abrogates the increased vulnerability to menadione in aged rat
hepatocytes. Taken together, the inability to supply GSH for detoxification, along
with diminished GPX4, potentially sets the stage for the aging cell to be

susceptible to a variety of toxins, oxidants, and environmental mutagens.

An additional aspect revealed in this study is that GSH levels in young rat
hepatocytes never decreased below ~35% of initial levels versus the 90% lost
by old. This suggests that when the menadione-mediated oxidation crosses a
critical threshold of GSH, cellular toxicity rapidly ensues. Because mitochondria
contain a separate GSH pool that approximates this threshold level, it is enticing
to suggest that maintenance of mitochondrial GSH is particularly important to
resist menadione insult. In this regard, loss of mitochondrial GSH has been
demonstrated to cause a decline in mitochondrial membrane potential

[70,77,220,238,239], inducing calcium overload and initiating necro-apoptotic
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pathways leading to cell death [240-244]. We are currently investigating the

role of mitochondrial GSH in sensitizing the cell toward oxidative insult in aging.

Finally, the results presented in this study identify a specific cellular target to
potentially improve detoxification and xenobiotic metabolism. There is a
significant clinical history of using NAC to limit toxicity from acute exposure to
drugs and toxins [245-247]. Our data suggest that a similar preventative
strategy of NAC administration may be warranted to increase resistance to
xenobiotic and drug toxicity in older adults. GSH is a principal detoxicant for
environmental xenobiotics, pharmaceuticals, air pollutants, and heavy metals.
Providing NAC to increase substrate supply of cysteine may circumvent the age-
related decline in GSH synthetic enzymes that attenuation of Nrf2 engenders.
Thus, using NAC as a prophylactic instead of an intervention may allow GSH

levels to be maintained for detoxification in older adults.
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Figure 3.1. Acute menadione toxicity is enhanced with age. Isolated hepatocytes
from young and old rats were treated with increasing amounts of menadione (0
- 600 pM). Viability was determined by trypan blue exclusion 2 h after

exposure. N=3, *p<0.05.
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Figure 3.2. Menadione detoxification scheme. Menadione is a potent redox
cycling agent which cycles between the quinone and semi-quinone states,
producing superoxide, which may eventually lead to oxidative and nitrosative
damage. NQO1 detoxifies the menadione quinone by reducing it to the
hydroquinone, which is then eliminated. The major resultant oxidative damage
from redox cycling is lipid peroxidation (LOO"), which is primarily detoxified by
the glutathione-dependent GPX4 enzyme.
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Figure 3.3. CPR protein levels decrease while NQO1 protein levels and activity
increase with age. CPR protein levels (A), and NQO1 activity (B) and protein
levels (C) in liver tissue homogenates from young (Y) and old (O) animals were
evaluated. N=3 for A, B and C, *p = 0.0137, 0.0185 and 0.0019 respectively.
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Figure 3.4. GSH loss during menadione treatment is accelerated with age.
Hepatocytes from young and old rats were treated with 300 pM menadione over
a 15 minute time course and assayed for GSH content. N=3, *p<0.01.
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Figure 3.5. GPX4 protein levels are significantly reduced with age which
correlates with an increased appearance of menadione-induced MDA.
Hepatocytes from young (Y) and old (O) animals were evaluated for GPX4
protein levels by western blot (A). Basal MDA content (B) and MDA
accumulation (C) were assayed after menadione treatment. N=3 for A, B and C,
*p=0.0043, >0.05, and <0.05 for A, B, and C respectively.
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Figure 3.6. Pretreating cells with NAC prior to menadione exposure improves
resistance. Hepatocytes from old animals were pretreated with vehicle (water),
400 uM NAC, or 400 uM NAC & 400 pM BSO for 1 h prior to addition of 300 uM
menadione. Viability was determined 2 h later. N=5, *p=0.003 versus vehicle.
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Chapter 4

The Age-Related Loss of Mitochondrial Glutathione Exacerbates Menadione-
Induced Inhibition of Complex I

Nicholas 0. Thomas, Kate P. Shay, Amanda R. Kelley, Judy A. Butler, and Tory M.
Hagen
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4.1 Abstract

In order to determine the role of mitochondrial GSH (mGSH) loss in increased
susceptibility to xenobiotic insult with age, markers of mitochondrial function
were measured in intact and digitonin permeabilized isolated hepatocytes from
young (4-6 mo) and old (24-26 mo) F344 rats under a redox cycling (300 uM
menadione) challenge (the ~LCso for old). While the rate of mGSH loss under
menadione challenge was similar in both age groups, the difference in basal
mGSH with age (68 vs 36 nmol GSH/mg protein, N=1) ultimately resulted in a
50% loss of mGSH in old rat hepatoctyes versus only 28% in young within 10
minutes of exposure. Examination of mitochondrial membrane potential (Ayim),
which is acutely regulated by mGSH content, showed a distinct loss in basal Ay,
(~21%). Additionally, within five minutes of menadione treatment, Ayi, was not
markedly reduced in young but had collapsed and passed the threshold for
mitochondrial permeability transition pore opening (~100 mV) in old rat
hepatocytes. Further characterization demonstrated that basal respiration and
respiratory reserve capacity, indicators of cellular bioenergetic capacity, were
both significantly reduced upon menadione treatment in old rat hepatocytes
(34% and 72% respectively, N=4, p<0.05) but not in young. These results
suggested that the age-related difference in mitochondrial function under
menadione challenge might stem from mGSH regulated ETC components. We

therefore examined proton leak, complex I, and complex II contributions to
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mitochondrial oxygen consumption rates under menadione challenge in both
age groups. Results showed no marked effect in young rat hepatocytes, while old
rat hepatocytes demonstrated significant increases in proton leak and complex I1
contributions to oxygen consumption rate (4.2 and 3.6-fold respectively, N=4,
p<0.05), along with a significant decline in complex I contribution (4.8-fold, N=4,
p<0.05). This data clearly demonstrates an age-related increase in mitochondrial
susceptibility to menadione challenge, particularly in complex I, and provide a
plausible mechanism that links this vulnerability to age-related mGSH

perturbations.
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4.2 Introduction

Aging is characterized by a decline in cellular redox homeostasis and
detoxification capacity, which is coincident with an increase in risk for age-
related pathophysiologies [8,9,12,56,106,130,178,181,248]. An underlying factor
that has been implicated in aging and age-related diseases is mitochondrial
dysfunction and decay [249]. Characteristics of this decay include a decreased
membrane potential (Aym), basal respiration rate, and respiratory reserve
capacity, as well as increases in oxidant production, mitochondrial DNA damage,
and susceptibility to the formation of the mitochondrial permeability transition
pore (MPTP) leading to apoptotic initiation [70,78,250]. While many possible
factors could be involved in driving mitochondrial dysfunction with age, this
work will focus on the ramification of the age-related loss of mitochondrial
glutathione and glutathione dependent detoxification pathways. Glutathione
(GSH) is a critical regulator of mitochondrial ATP production in that it regulates
critical cysteine sulfhydryl oxidation statuses, which in turn influence both the
NADH and FADH; generation and election flow through the ETC [72,92]. Finally,
GSH constitutes one of the primary defenses against oxidative damage both as an
antioxidant and as a substrate for multiple detoxification enzymes such as the
glutathione-S-transferases (GSTs), glutaredoxins (Grxs), and glutathione
peroxidases (GPxs). Thus, mitochondrial GSH (mGSH) is critical to maintaining

mitochondrial function and thus significantly influences cell and tissue survival.
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In fact, studies done by Fernandez-Checa and Garcia-Ruiz, and others
[70,71,78,251], have shown that while cells can survive near total collapse of the
cytosolic GSH fraction, compromising mGSH to even a small degree, collapses
Ayim, sensitizes cells to oxidative insult and instigates intrinsic apoptotic and
necrotic pathways. Thus, the mGSH pool constitutes a unique subcellular
fraction that is vital to maintain in a narrow equilibrium for proper cell function.
Despite the linkage between maintenance of mGSH and normal cell metabolism,
our lab and others have shown that mGSH decreases by as much as 50% with
age [252-254]. While the age-related loss of mGSH may be attributable to a
variety of factors such as changes in membrane fluidity, decreased transport, or
greater GSH utilization due to an increasingly oxidant rich environment, our lab
has shown that GSH synthesis declines with age, which may also significantly
alter mGSH levels [56]. In this regard, we showed that declines in Nrf2-depedent
expression of GSH synthesis enzymes limit the basal GSH synthesis capacity.
Moreover, as shown in Chapter 3, this decline in steady-state GSH levels
sensitized old rat hepatocytes to acute challenge by menadione, a redox cycling
agent [128]. Specifically, decreased basal levels of GSH and the GSH-dependent
lipid peroxidase, GPx4, led to an increased rate and magnitude of lipid
peroxidation accumulation and a concomitant loss in cell viability. Furthermore,
the importance of GSH-dependent detoxification was demonstrated by the
ability to remediate this increased vulnerability by providing substrates for GSH

synthesis (N-acetyl cysteine). While that study demonstrated that increased
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hepatocellular susceptibility to menadione was through age-related losses of
GSH per se, it did not investigate the role of the distinct mGSH pool in
contributing to the hepatic vulnerability to redox cycling agents. To fill this
important gap in knowledge, the objective of the present work is to determine
whether age-related deficits in mGSH contribute to vulnerability to menadione-
mediated insults. Based on this objective, we hypothesize that age-related
increases in vulnerability to an acute redox cycling challenge are due to a failure

of mGSH capacity to maintain mitochondrial ETC function.

In order to test this hypothesis, we utilized acute menadione challenge in
hepatocytes isolated from young and old male F344 rats and evaluated age-
related differences in measures of mitochondrial function. In addition to the
aforementioned increased vulnerability with age, other studies have shown that
menadione has been demonstrated to directly interact with complex I in the
mitochondria, deplete mGSH, decrease Ay, and induce formation of the MPTP
[219,220,255]. As such, menadione is an appropriate model toxin to explore the
role of age-related decline in mGSH and loss of mitochondrial function in
reduced capacity to respond to acute redox cycling challenge. Herein, we show
that age-related loss in mGSH correlates with increased mitochondrial
vulnerability to acute menadione challenge via loss of ETC Complex I activity, a
concomitant loss in basal respiration, and respiratory reserve capacity, and

finally, collapse of Ayim.
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4.3 Methods and Materials

4.3.1 Reagents

Mitochondrial respiration medium (MiR05) was prepared as described by

Gnaiger et al. on the www.bioblast.at/index.php/MiPNet14.13_Medium-MiR06

website as of January 2016. In brief, MiR05, pH 7.1, contains 0.5 mM EGTA, 3 mM
MgCl2-6H20, 60 mM lactobionic acid, 20 mM taurine, 10 mM KH;PO4, 20 mM
HEPES, 110 mM D-Sucrose, and 1g/L BSA (essentially fatty acid free).
Collagenase, type IV, was purchased from Worthington Biochemical Corporation
(Lakewood, NJ). All other chemicals used for this work were purchased from

commercial sources at analytical grade.

4.3.2 Animals

Both young (4 - 6 months) and old (24 - 28 months) male F344 rats were from
the National Institute on Aging animal colonies. The rats were housed in the
Linus Pauling Institute animal facility and allowed to acclimatize for at least 1
week prior to any experimentation. Animals were maintained on a 12 h light
cycle (7am to 7pm) and fed standard chow ad libitum. All animal work was

approved and in accordance to IACUC guidelines (Assurance Number: A3229-
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01). The AAALAC-accredited Laboratory Animal Resources Center (LARC)

provided management and veterinary care.

4.3.3 Hepatocyte Isolation

Hepatocyte isolation was performed as described previously [120]. Briefly, after
anesthesia via IACUC-approved protocols, the liver was perfused via a cannula in
the portal vein with Hank’s balanced salt solution, pH 7.4. Following removal of
blood, liver cells were disassociated using collagenase solution (1 mg/ml). The
resultant cell suspension was filtered through sterile gauze to remove
connective tissue and debris. Parenchymal cells were isolated using gravity
filtration and washed three times with Krebs-Henseleit solution, pH 7.4. Cells
were resuspended in Kreb-Henseleit solution and placed in a round bottom flask
and rotated at room temperature for 1 h before cell count and viability were

assessed using trypan blue exclusion.

4.3.4 Analysis of Hepatocyte Mitochondrial Oxygen Consumption

Oxygen consumption rates of young and old rat hepatocytes were determined
using an Oxygraph-2k High Resolution Respirometer (Oroboros®, Austria) at
25°C. Isolated hepatocytes were diluted in MiRO5 medium to a cellular density of

0.5x10° cells/mL before being added to the instrument chamber. Following
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assessment of basal respiration, hepatocellular respiratory capacity was
measured by successive 0.05 uM additions of the uncoupler carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP). Additionally, electron flux through
various portions of the electron transport chain was determined. Complex I
activity was measured by addition of 10 mM glutamate, 2 mM malate, and 2 mM
ADP. Complex I and II activity was then measured by addition of 5 mM succinate.
Further differentiation of Complex I and II activity was ascertained by addition
of 0.5 pM rotenone. Electron transport chain coupling and proton leak
respiration were determined by addition of 2.5 uM oligomycin. Non

mitochondrial respiration was measured after addition of 2.5 pM antimycin A.

4.3.5 Digitonin fractionation

In order to allow direct mitochondrial examination by controlling substrate
provision while avoiding issues of mitochondrial isolation such as yield, quality,
and subpopulation selection, we chose to use digitonin permeabilized primary
hepatocytes as first described by Andersson and Jones [256], and later refined

by Hagen, T.M. and Ames, B. [257].

Appropriate digitonin concentrations for young and old hepatocytes were
determined based on successful permeabilization of the plasma membrane while

mitochondrial membranes remained intact. Young and old rat hepatocytes were
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treated with a digitonin concentration gradient (0.01 - 1.0 mg/10¢ cells) over a
time course (1 - 10 minutes). Permeabilization of the plasma membrane was
confirmed via lack of trypan blue exclusion (>90% of cells are blue). Cells were
then pelleted and glutamate dehydrogenase (GDH) activity was measured in the
supernatant and pellet fractions. If mitochondria membranes were
permeabilized, there was significant GDH activity in both the supernatant and
pellet fractions. Mitochondria were considered to be intact and functional when
>90% of total GDH activity was in the pellet and the mitochondrial respiratory
control ratio (RCR), a useful general measure of mitochondrial coupling and
function, was above 5. Concentrations of digitonin that met these criteria varied
slightly between young and old rat hepatocytes (0.1 and 0.08 mg/106 cells
respectively). Time of treatment had little effect on plasma membrane
permeabilization and only affected mitochondrial membranes at higher
concentrations (> 0.2 mg/10° cells). This digitonin:cell ratio remained effective

over varying cellular concentrations tested (0.25 x 106 - 1 x 107 cells/mL).

4.3.6 Analysis of Mitochondrial Membrane Potential in Permeabilized Hepatocytes

Oxygen consumption rates and Aym were simultaneously determined using an
Oxygraph-2k High Resolution Respirometer (Oroboros®, Austria) at 25°C and a
potential-sensitive tetraphenylphosphonium (TPP+) electrode. Permeabilized

cells in MiR05 medium were added to the chamber and state I or substrate
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starved respiration was ascertained. State IV respiration and Ay, were then
measured upon the addition of 10 mM glutamate, and 2 mM malate. State III
respiration and Aym were determined by addition of 2 mM ADP. A TPP+
standard curve was created for each experiment by adding
tetraphenylphosphonium chloride at concentrations of 0.5, 0.1, 1.5, 2, 2.5, and 3

UM prior to the addition of permeabilized hepatocytes to the chamber.

4.3.7 Glutathione Analysis

Glutathione (GSH) content of permeabilized cells was determined according to
the methods of Fariss and Reed [207] as modified by Smith et al. [56]. Briefly,
suspensions were homogenized in an equal volume of 10% (w/v) perchloric
acid (PCA) containing 10 mM EDTA. After deproteinization, 200 puL of the
supernatant containing internal standard (y-glutamyl glutamate) was mixed
with 50 pL of 100 mM iodoacetic acid and the pH was adjusted to 9.0 + 0.2 by
using KOH-K2B407 buffer (1 M KOH : 1.6 M K2B407). Samples were placed in the
dark, at room temperature for 1 h. The resulting S-carboxymethyl derivatives
were subjected to further chemical modification by addition of an equal volume
of dansyl-chloride solution (20 mg/mL in acetone). The solution was incubated
overnight in the dark and at room temperature. The next day, 500uL of
chloroform was added, samples were vortexed and then allowed to incubate for

1 hour in the dark, at room temperature. Samples were then centrifuged at
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15,000 x g for 15 mins at 4 °C. Samples (20 pL) were separated by HPLC using a
Thermo Scientific (Eugene, OR) APS-2 Hypersil column and detected on a
Shimadzu (Kyoto, Japan) SPD-10AVP fluorometric detector set at 335 nm for
excitation and 515 nm emission. Quantitation was obtained by integration

relative to GSH and GSSG standards.

4.3.8 Statistical Analysis

All statistical analyses were performed using Excel (Microsoft, Inc.) and Prism 6
and 7 (GraphPad Software, Inc.). Error bars represent standard error of the
mean. For comparisons between two samples, two-sided Student’s t-test was
used. Differences between samples that resulted in a p-value of < 0.05 were
considered statistically significant. Statistical analyses for multiple comparisons

were evaluated by Student’s t-test with the Sidak-Bonferroni post-hoc method.

4.4 Results

4.4.1 Acute Menadione Challenge Causes Rapid Mitochondrial Glutathione Loss

In a prior study, we established that hepatocytes from old rats were nearly twice

as susceptible to menadione (LCso young: 405 puM; old: 275 uM) with significant

differences in GSH loss and increased markers of lipid peroxidation within
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minutes. To determine whether the enhanced toxicity from menadione insult
was mediated at least in part through mitochondrial dysfunction, we treated
hepatocytes isolated from young and old F344 rats with 300 uM menadione (the
~LCso for old) and assayed mGSH levels both initially and at 10 minutes, the
fastest time point feasible to measure after menadione addition and digitonin
permeabilization. With aging, initial steady-state levels of mGSH in old were
nearly half that for young (Figure 1A, 36 and 68 nmol GSH/mg protein
respectively). Menadione challenge caused a marked loss of mGSH in both young
and old rat hepatocytes. While digitonin permeabilized cells from both age
groups displayed a similar rate of mGSH loss (~1.6 vs.1.8 nmol GSH/mg protein),
the differences in starting levels ultimately resulted in a 50% loss of mGSH
content in old rat hepatocytes within 10 minutes post menadione exposure. In
contrast, hepatocytes from young rats declined by only 28% within that same
timeframe. These results indicate that menadione induces a similar rate of mGSH
decline regardless of age, but the magnitude of overall decline is markedly

higher with age.

4.4.2 AYm Under an Acute Menadione Challenge

As described above, mGSH depletion would be expected to acutely affect

mitochondrial bioenergetics and lead to cell death [170,243,258,259]. To discern

if the degree of mGSH decline evident in the aged rat hepatocytes resulted in an
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exaggerated decline in mitochondrial function, we examined Ay, as a relevant
parameter of overall mitochondrial function as it is the major component of the
proton motive force. Using a TPP-electrode, our data show that digitonin
permeabilized hepatocytes from aged rats display a marked loss of basal Ay
(21% : 31 mV) versus young. This indicates a general decline in key driving
forces for ATP production and correlates with lower mGSH values with age.
Menadione challenge caused a dramatic collapse in old but not young rat
hepatocytes (Figure 3). Within five minutes of menadione challenge, Ay, in
young hepatocytes was not significantly lower while Ay, in old rat hepatocytes
has declined by 27 mV and passed the threshold for mitochondrial permeability
transition pore opening (~100 mV). Sixty minutes after menadione challenge,
Ay in young rat hepatocytes had returned to initial values while Ay in old rat
hepatocytes remained depressed. These results demonstrate a striking
difference in menadione treatment on Ay, with age both in the magnitude of
membrane potential collapse and in the age-related inability to return Aym to

initial levels.

4.4.3 Mitochondrial Basal Respiration and Respiratory Reserve Capacity Under

Menadione Challenge

Having established that age exacerbates menadione’s effects on Aym, we

hypothesized that this should translate to severe decrements in mitochondrial
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oxygen consumption characteristics. A careful examination of oxygen
consumption in young and old rat hepatocytes in the presence and absence of
various substrates was undertaken (Figure 3A). Results showed that basal
oxygen consumption was severely affected both by age and in hepatocytes from
old rats challenged with menadione (Figure 3B: 34%, N = 4, p < 0.05). This
suggests that overall ATP turnover declines with age and collapses under
menadione. For the latter result, this indicates that menadione severely
attenuates the cellular capacity to generate ATP. This interpretation is bolstered
by results shown in Figure 3C, which indicate maximal OCR, a measure of
mitochondrial elasticity to respond to energy challenges, declines dramatically
with menadione in old rat hepatocytes (72%, N = 4, p < 0.05) but not in young.
Based on these results we conclude that mitochondrial lose the capacity to
respond to a menadione challenge with age, which leads to a rapid deficit in cell

bioenergetics.

4.4.4 Acute Menadione Challenge Significantly Effects ETC Complexes I and Il in Old

Rat Hepatocytes

In order to correlate the age-dependent loss in mitochondrial resiliency to
menadione challenge with the severe declines in mGSH also evident with
menadione, we monitored the activities of ETC components in young and old

hepatocytes with and without menadione challenge. This analysis was
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undertaken because of the acknowledged sensitivity of critical cysteine residues
subject to glutathionylation, especially on complex I. Results from examining
oxygen consumption in the presence of complex I substrates showed that there
are significant age-related differences in menadione effects on mitochondria.
Hepatocytes from young and old rats were treated with 300 uM menadione for
15 minutes and then assayed for measures of mitochondrial function. In young
rat hepatocytes, menadione treatment had no effect on the percent contribution
of mitochondrial leak, complex I, or complex II activities to total oxygen
consumption rates. However, in hepatocytes from old rats, the contributions of
all of these measurements were significantly different. Leak and Complex II
contributions were increased by 4.2 and 3.6-fold respectively, while Complex I
activity decreased by 4.8-fold (N = 4, p < 0.05). These findings suggest that there
is an age-related susceptibility to complex I inhibition from redox cycling
oxidative stress, and that there is a potentially compensatory, but insufficient

increase in complex II flux.

4.5 Discussion

The aging process leads to declines cellular function and resilience. Our data
points to loss of GSH as a major factor in the age-related increase in vulnerability
to redox cycling oxidative stressors. While GSH is independently maintained in

many cellular compartments, mitochondrial glutathione is not in equilibrium
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with GSH in the cytosolic compartment. We and others have observed that the
age-related decline in mGSH is more severe than in other cellular compartments
such as the cytosol [260] and the endoplasmic reticulum [253]. Moreover, the
age-related deficits in mGSH may have more severe consequences to cell
survival because it has been demonstrated that while loss of cytosolic GSH can
be compensated for with other antioxidants during an oxidative stress, mGSH is
critical to cellular survival [70]. While this work does not prove a causal
relationship between the age-related decline in mGSH and sensitivity to
menadione, it does strengthen the correlation between the loss of GSH-
dependent measures of function and resilience to menadione challenge. Other
important potential drivers of age-related mitochondrial dysfunction warrant
further exploration such as somatic mitochondrial DNA mutations, and a pro-
oxidant shift in important redox couples such as NADPH/NADP*, reduced and
oxidized thioredoxins (Trx/TrxSS), and Cysteine/Cystine. While these and other
possible factors cannot be ignored, they are beyond the scope of this
examination of the role of age-related loss of GSH and GSH-dependent
detoxification mechanisms in mitochondrial sensitization to acute redox cycling

challenge.

The current study focused on susceptibility to mitochondrial dysfunction during
acute menadione insult in freshly isolated intact and permeabilized hepatocytes

from young and old rats. This cell model is appropriate for understanding aging
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differences in mitochondrial dysfunction because F344 rat hepatocytes reflect
the age-related losses of GSH, mGSH, and mitochondrial function that are seen in
humans [127,233,261]. The use of permeabilized cells offers many of the
advantages of isolated mitochondria and intact cells without suffering from the
disadvantages inherent to each of those methods. For example, permeabilized
cells maintain the mitochondrial network structure, and cellular compartment
interactions seen in intact cell models. Additionally, they allow for the analysis of
mitochondrial effects within minutes of treating cells. It also offers the direct
control of ETC substrate composition and concentrations like in isolated
mitochondria, but avoids mitochondrial damage and selection that often occur

during the isolation [262].

We used menadione in the current study because the mechanisms of its toxicity
and detoxification have been thoroughly explored [219,224]. Menadione is a
potent redox cycling compound that generates a strong, persistent oxidative
stress via the initial generation of superoxide anion radical followed by its
dismutation into more deleterious ROS and RNS. We have previously
demonstrated that the age-related increase in vulnerability to acute challenge
with this compound is GSH-dependent (see Chapter 3). Additionally, menadione
treatment in isolated mitochondria was previously demonstrated to deplete GSH
and inhibit complex I activity [69,220]. However, prior to this report, we are not

aware of any studies showing susceptibility of mitochondria to menadione



98

challenge as a function of age in intact cells. This distinction is important because
it allows us to differentiate age-related effects of detoxification mechanisms in
the cytosolic and mitochondrial compartments. For example, NqO1, the principal
detoxifier of the menadione parent compound, is almost entirely localized to the
cytosol, and has been shown to have 4- and 9-fold higher protein and activity
levels in aged rat hepatocytes [128,263]. In contrast, GPx4 is largely found in
mitochondria, and its protein levels decline by 70% in aged rat hepatocytes
[116,264,265]. Thus, treatment of intact cells followed by rapid permeabilization
and analysis of mitochondrial function gives us a more complete picture into the
relative importance of cytosolic versus mitochondrial toxicity and detoxification

changes with age.

Loss of mGSH happens almost immediately upon menadione challenge in both
young and old hepatocytes. However, menadione-induced mGSH loss in young
was relatively limited and remained above the baseline level of mGSH quantified
in old rat. This is a critical observation because the severe magnitude of mGSH
loss in aged rat cells precedes severe declines in mitochondrial membrane
potential, loss of respiratory capacity and the inhibition of complex I flux. This
suggests that the lower basal level of mGSH plays a critical role in the age-related
loss of detoxification capacity under an acute redox cycling challenge. While a
causal relationship was not determined in this work, mGSH involvement in each

of these markers of mitochondrial function is well established [70,262,266].
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This work clearly demonstrates that there is an age-related increase in
mitochondrial susceptibility to acute redox cycling challenge and that complex I
in particular is more vulnerable to inhibition. Previous studies have
demonstrated an age-related shift toward a more oxidized mitochondrial
environment [103,175]. This includes an increase in the GSSG content and
concomitant glutathionylation of mitochondrial proteins. Reversible
glutathionylation of critical cysteine residues on the 51 and 75 kDa subunits of
complex I have been shown to occur when mGSH is depleted during increased
oxidizing conditions in the mitochondria [91,94,95,99]. Creation of this mixed
disulfide could potentially account for the basal loss of complex I activity, basal
respiration, and Ay, with age [267-269]. Additionally, our lab showed that
activity of glutaredoxin 2 (Grx2), the mitochondrial enzyme that de-
glutathionylates redox active sulfhydryls (like those on complex I), decreases
with age in rat cardiac mitochondria [254] and in cells of patients with Werner
syndrome, a disease characterized by premature aging [270]. Combined with our
previous study, demonstrating that GSH maintenance alone can remediate the
loss of resilience seen with aging, and the established importance of mGSH
regulation of complex I activity, the evidence strongly suggests that age-related
loss of mGSH plays a critical role in the demonstrated mitochondrial

sensitization. Therefore, these results provide a plausible mechanism that links



100

mGSH redox perturbations during aging and menadione insult, and the

significant decline in complex I activity.

In order to further explore the causal nature of mGSH loss and mitochondrial
sensitization, we are currently investigating the age-related differences in
oxidative modification of complex I critical thiols during menadione challenge.
Additionally, we are utilizing a newly patented triphenylphosphonium-GSH
compound to titrate delivery of GSH to the mitochondria. This, in combination
with compounds that specifically deplete mGSH, will allow us to elucidate
whether age-related loss in mGSH is the causal factor in mitochondrial

sensitization to acute redox cycling challenge.
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4.6 Figures
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Figure 4.1. Menadione treatment causes rapid GSH loss in mitochondria from
both young and old rat hepatocytes. A) Mitochondrial GSH markedly declines
with age (47%, N = 1). B) The rate of menadione-mediated loss of mGSH is
similar in young and old rat hepatocytes when challenged with 300 puM
menadione. However, after 10 minutes of menadione challenge, mGSH levels in
young rat hepatocytes are 2.3-fold higher than in old rat hepatocytes and remain
above initial mGSH levels in old rat hepatocytes (N = 1).
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Menadione Effects on Mitochondrial
Membrane Potential (Ay, )

o  -175
% 300 uM Menadione
= 4
S -150
g% m\w /a_Young
z E 125
E 8
ok
G -100
S
S old
-75 T T 1

0 2 5 60
Time (Minutes)

Figure 4.2. Menadione (300 uM) challenge results in the collapse of the
mitochondrial membrane potential only in old rat hepatocytes. There is a 21%
loss of initial Ay, (31 * 2.5 mV, N = 2) with age. Within five minutes of
menadione challenge, Ayn in young rat hepatocytes has not significantly
declined while Ay, in old rat hepatocytes has collapsed (declined by 27 + 1.5
mV, N = 2), which is below the threshold for mitochondrial permeability
transition pore opening (-120 - 100 mV) [262,271-273]. One hour after
menadione challenge, Ay in young rat hepatocytes has recovered to its baseline
while Ay in old rat hepatocytes remains attenuated.



2

Oxygen Consumptino Rate

=z

Basal Respiration

6

(nmol 0,/10 cells*sec)

800+

600+

400+

103

Rotenone &
FCCP Antimycin A

Voo

Respiratory
~ Reserve
Capacity

Oligomycin

200+

(nmol 0,/108 cells*sec)

250+

200+

150+

100+

50+

Basal
Respiration

Time —>

Bl Young
old

300 uM

Menadione



104

o

8007 * Hl Young

‘ Old

=)}

(=3

S
[

6

(nmol 0,/10 cells*sec)
S
=
=
[

Respiratory Reserve Capacity

200+
T
0- [—
300 uM
Menadione

Figure 4.3. There is an age-related increase in menadione-induced loss of
respiratory reserve capacity. A) Representative oxygen consumption profile of
hepatocytes taken from a young rat (5 month old) highlighting the different
substrate and inhibitor controlled oxygen consumption states. B&C) Treatment
of old rat hepatocytes with 300 pM menadione significantly reduces basal
respiration and respiratory reserve capacity (34% and 72% respectively, N = 4,
p < 0.05), while young rat hepatocytes are not significantly affected.
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A) Menadione Effect on Oxygen Consumption
Parameters in Young Rat Hepatocytes
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Figure 4.4. Menadione treatment (300 pM) causes marked age-related
differences in oxygen consumption parameters. In young rat hepatocytes,
menadione treatment had no effect on mitochondrial leak, complex I, or complex
I1 contributions to total oxygen consumption (4A). However, in hepatocytes from
old rats, oxygen consumption contributions for all of these measurements were
significantly different. Leak and Complex II contributions were increased by 4.2
and 3.6-fold respectively, and Complex I contribution decreased by 4.8-fold (N =
4,p < 0.05).
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Chapter 5

Conclusions

Nicholas Thomas



107

Improvements in healthcare, sanitation, and medicine have led to the near
doubling of the average lifespan in the United States over the last century [274].
The number of Americans over the age of 65 is projected to account for roughly
one quarter of the US population by 2060 [1]. While this unprecedented shift in
population demographics represents great strides for humanity, it is not without
cost. One consequence of longer life is the increased accrual of age-associated
diseases and chronic pathophysiological conditions. This is evident in the fact
that over 80% of Americans over the age of 65 have at least one protracted
medical condition, and many are contending with multiple chronic diseases in
the later years of life [275]. As age itself is the leading risk factor for many of
these pathophysiologies, this “age-wave” presages increasingly heavy economic
burdens. As much as 75% of healthcare costs in the United States are already
spent on the elderly, and as this demographic continues to grow, the healthcare

cost implications are overwhelming.

Many age-related diseases (e.g. cardiovascular diseases, atherosclerosis, cancers,
diabetes, obstructive pulmonary disorders, and a variety of neurodegenerative
diseases) are linked to a decline in cellular detoxification capacity and an
increased susceptibility to endogenous and exogenous oxidative stressors. In
order to prevent or delay the onset of these age-related morbidities, we must
understand the molecular and cellular factors that are changing with age, and

how they lead to enhanced vulnerability. Thus, defining “health assurance”
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biochemical pathways will allow us to develop novel strategies to lengthen
average “healthspan” or the time lived free of overt diseases that limit activities

of daily living.

Therefore, in order to ascertain the age-related changes that lead to a decline in
detoxification capacity and increased vulnerability to a variety of toxicological
challenges, this dissertation investigated the causes and consequences of the
age-related loss in basal hepatic glutathione-dependent defenses, and possible
methods of remediating or mitigating these declines. Herein we show that:

* Translation of Nrf2, a principal transcriptional regulator of multiple
stress response pathways, is inhibited with age.

* MicroRNA-146a, an inflammation-induced microRNA, increases with age
and inhibits translation of Nrf2 mRNA into protein.

* There is an enhanced age-related vulnerability to acute toxicological
challenge.

* Age-related loss of GSH-dependent detoxification mechanisms plays a
critical role in this vulnerability and that maintenance of GSH levels is
sufficient for remediation.

* Mitochondrial function is also less resilient to acute toxicological
challenge with age.

* Complex I of the electron transport chain in particular demonstrates

enhanced inhibition upon acute toxicological challenge.
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Thus, we have assembled a comprehensive body of research that pinpoints the
GSH-dependent detoxification systems as critical “health assurance” biochemical
pathways for aging. Furthermore, we have identified the mechanisms
responsible for their age-related decline, the consequences of these losses in
regards to acute toxicological challenge, and we have explored possible methods
to remediate the resultant decrease in detoxification capacity. What follows is a

more in-depth discussion of the findings and implications of this dissertation.

GSH and GSH-dependent detoxification enzymes have a wide-ranging influence
on many cellular mechanisms. These include antioxidant activity, enzyme
regulation, cell cycle regulation, and functioning as a substrate or cofactor for
various detoxification enzymes. GSH itself as well as many GSH-dependent
enzymes decline with age (Chapter 3). While all of the potential consequences of
the age-related losses of GSH and GSH-dependent functions have not been fully
explored, genetic ablation in model organisms has provided some insight. Mice
lacking GSH synthesis genes or genes for GSH-dependent enzymes (such as
GPx4) are not viable, and partial knockdown reduces average lifespan, earlier
onset of and more rapid progression toward some age-related diseases, and
enhanced vulnerability to xenobiotics [37]. Thus we propose that the age-related
loss of GSH would result in similar characteristics and as such, GSH and GSH-
dependent detoxification enzymes responsible for maintaining cellular

homeostasis and function are excellent candidates for “health assurance”
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pathways. In support of this, many age-related diseases present with decreased
GSH levels or GSH-dependent enzyme function, and data from our lab and others
has demonstrated that pharmaceutical repletion of GSH can enhance resilience
to toxicological challenge [130]. Despite the prevalence of research highlighting
the importance of GSH in cellular homeostasis, the causes of consequences of its

age-related loss have still not been fully elucidated.

Previous work in our lab has demonstrated that an age-related loss of Nrf2, the
chief transcriptional regulator of GSH synthesis enzymes, leads to a concomitant
decline in cellular GSH. We also showed that this decline was occurring at the
proteostatic level, as Nrf2 messenger RNA was unchanged with age. However,
the mechanism(s) responsible for Nrf2 protein loss at a time when an
increasingly pro-oxidant cellular environment should dictate Nrf2 induction
remained undefined. In this dissertation, we investigated the age-related
mechanisms that lead to the loss of Nrf2 and the subsequent loss of GSH-
dependent detoxification pathways. Our findings demonstrated that in
hepatocytes isolated from old rats, attenuated translation is the cause for the
loss of Nrf2 protein levels (Chapter 2). While a general decline in protein
synthesis has been shown in aging, Nrf2 loss is more dramatic, with a 40%

decline.
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In further exploring the precise mechanism(s) of Nrf2 loss with age, we found a
role for microRNAs (miRs) that arise during pro-inflammatory conditions. We
show that miR-146a reduces Nrf2 translation directly or indirectly due to its
own increase with age. miR-146a is one of a cadre of inflammation-induced miRs
that we found to increase with age [162]. While these miRs are typically induced
in an acute fashion and help resolve an inflammatory response, the chronically
inflamed environment in the aging rat liver may be creating a detrimental cycle
of Nrf2 repression, and a concomitant loss of detoxification capacity, which leads

to an inability to resolve the inflammation and terminate the cycle.

Thus, we have determined that it is an age-related inhibition of Nrf2 translation
by an inflammation-induced miR that leads to decreased transcription of GSH
and GSH-dependent detoxification genes. While technical limitations prevented
us from determining whether a biochemical inhibition of miR-146a could
remediate Nrf2 levels, over expression of Nrf2 even in age-rat hepatocytes was
sufficient to restore GSH synthesis genes. This implies that GSH and GSH-
dependent pathways could be restored during aging if Nrf2 levels are
maintained. However, it cannot be ruled out that Nrf2 repression is a
compensatory mechanism to reduce the risk of developing cancers. Nrf2
regulates a myriad of cellular detoxification and xenobiotic response genes that
result in cytoprotection and resistance to apoptosis [168]. In support of this,

increased Nrf2 levels have been implicated in the progression of some cancers
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[140]. Thus pharmacological methods to increase Nrf2 levels could conceivably

do more harm than good.

Nevertheless, it is clear that loss of Nrf2 results in a decline in many cell survival
mechanisms including the GSH-dependent detoxification pathways. The extent
to which Nrf2 loss results in an age-related decline in xenobiotic and oxidant-
induced stress response remains to be elucidated. Numerous studies have
demonstrated an age-related increase in vulnerability to drugs that are
detoxified in an Nrf2-dependent method, which supports its pivotal role in
protection against a variety of xenobiotic insults. However, definitive
examinations into the extent that Nrf2 loss influences toxicological resilience
thresholds and which Nrf2-mediated detoxification pathways are most critical

remain scant.

In order to further define which Nrf2-mediated detoxification mechanisms could
be considered “health assurance” pathways, we utilized menadione, a model
redox cycling compound, which is detoxified by several Nrf2-dependent
mechanisms (Chapter 3). We found that menadione was significantly more toxic
in old rat hepatocytes at nearly every concentration used. The aging process
leads to disparate changes in hepatic detoxification capacity even within Nrf2-
regulated genes. For example, many phase I enzymes are unaffected by age,

while phase II detoxification processes are more variable [214-216]. Therefore,
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while a general age-related loss in basal detoxification capacity is apparent,
further examination was performed to identify if certain pathways play a more
important role in the age-related increase in toxicological vulnerability than

others.

We found that although there were compensations in detoxification mechanisms
associated with limiting the production of pro-oxidant species (e.g. decrease in
redox cycling activation enzyme CPR and increase in quinone reducing enzyme
NQO1), these changes were insufficient to protect the cell from the loss of GSH
and the GSH-dependent enzyme GPx4. This suggests that cellular defenses with
aging may be more geared toward attempting to limit the initiation of oxidative
damage due to a loss in the capacity to detoxify and repair the damage once it
occurs. This could conceivably be an effective adaptation to the age-related shift
toward a pro-oxidant cellular environment with age. However, our findings

clearly show that it cannot protect cells from an acute toxicological challenge.

While our data definitively point to losses in GSH and GSH utilizing enzymes as
the crux of this age-related sensitivity, they do not discern at what point limiting
GSH becomes problematic. We and others have previously shown that while
total hepatic GSH declines by as much 30% with age in the rat liver
[56,131,134,232-234], it remains at millimolar levels even in very old animals.

Although a GSH Ky, value for GPx4 has not yet been determined due to the
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technical difficulty of producing and purifying the enzyme [276], GSH Kmn values
for other GPxs have been measured between 0.2 — 2.8 mM in the rat liver [277-
280]. Thus, even though GSH concentrations are quite high in young rat livers
(between 5 - 10mM), the significant age-related decline could limit the

effectiveness of GPx-dependent detoxification.

It was not known prior to this work whether attenuated GSH concentrations in
the liver make it more susceptible to menadione insult. Menadione causes a
rapid loss of GSH in hepatocytes from both young and old rats, but the rate and
degree of GSH loss is more extensive in older animals. Additionally, the ability to
eliminate the age-related vulnerability to acute menadione challenge by
providing GSH synthesis substrates buttresses the notion that GSH and GSH-
dependent detoxification represent the critical “health assurance” pathways
against acute redox cycling challenges, and suggests a larger susceptibility to a
variety of other toxins, oxidants, and environmental mutagens. Another
interesting factor revealed by this work is the effectiveness of preventative GSH
maintenance as a protectant against acute oxidative challenge. This is suggestive
of the possibility to utilize NAC or other GSH enhancing pharmaceuticals in a
prophylactic capacity. Potential uses range from taking NAC before expected
incidence of acute challenge, such as when traveling to smog filled cities, or
before surgery with potentially harmful anesthetics, to daily supplementation.

While the possibilities are intriguing, there are obvious limitations: NAC
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supplementation in combination with some drugs will speed their clearance and
limit their intended effect, supraphysioloical amounts of NAC could lead to toxic
levels of cysteine and cysteine buildup as could the inability to process the
supplement due to impaired liver or kidney function, and NAC and other GSH
enhancers have been shown to increase the resistance of cancers to
chemotherapeutics. Nonetheless, utilization of NAC as a prophylactic bears

further investigation.

An additional aspect revealed in this study is that, after the toxin, GSH levels in
young rat hepatocytes never decreased below ~35% of initial levels, versus the
90% lost by old. This suggests that when the menadione-mediated oxidation
crosses a critical threshold of GSH, cellular toxicity rapidly ensues. GSH is
independently maintained in many cellular compartments. Mitochondrial
glutathione is not in equilibrium with GSH in the cytosolic compartment and
makes up about 15 - 20% of total cellular GSH. This suggests that the
mitochondrial GSH pool may be better protected in hepatocytes from young
animals and that this is the critical difference in age-related resilience. This idea
is bolstered by the fact that mGSH loss is more severe with aging (as much as
50% decline) and that depletion of mGSH is sufficient to induce apoptotic and

necrotic cell death pathways even if cytosolic GSH is maintained.
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Investigation of age-related differences in acute menadione challenge on
markers of mitochondrial function revealed marked differences. Loss of mGSH
was immediately evident in both age groups, but remained relatively limited in
young with levels never dropping to the baseline level of old. Interestingly, these
results suggest that our hypothesis that the mGSH pool is being protected by the
cytosolic GSH pool in young but not old is unlikely to be the case. Instead, results
from both chapters 3 and 4 indicate that there is a threshold of GSH that must be
maintained in order to preserve cell viability. This is supported by research
showing that animal models with the modulatory subunit of the GCL enzyme

knocked out demonstrate enhanced susceptibility to oxidative stress [37].

Furthermore, the effects of menadione on markers of mitochondrial function
revealed that complex [ inhibition is significantly enhanced in old rat
hepatocytes but not in young. This led to a concomitant dissipation of the
mitochondrial membrane potential only in aged rat hepatocytes. GSH is an
important regulator of complex I function, primarily through reversible
glutathionylation and protection of critical sulfhydryl residues during oxidative
stress. While we have not currently explored the oxidation states of these
residues, we hypothesize that the loss of mGSH with age will result in
irreversible oxidation of these thiols rather than glutathionylation. In support of

this, we found that while mitochondria in young rat hepatocytes had returned to
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basal activity levels one hour after menadione challenge, mitochondrial function

in old rat hepatocytes remained suppressed.

Thus, we clearly demonstrate that there is an age-related increase in
mitochondrial susceptibility to acute redox cycling challenge, and that complex I
in particular is more vulnerable to inhibition. This and our previous work
strongly suggest that the age-related loss of GSH and mGSH play a critical role in
enhancing age-related vulnerability to acute toxicological challenge. On a more
speculative note, loss of GSH levels and regulation could be at least partially
responsible for sensitizing cells, tissues, organs, and organisms to oxidative
stress with age. In support of this notion, GSH plays an important role in
maintaining redox sensitive iron-sulfur (FE-S) complexes in critical proteins
such as aconitase in the tricarboxylic acid cycle and complexes I, III, and IV in the
ETC. GSH depletion results in the destabilization of these Fe-S complexes, and
the release of iron from the protein, which can then participate in Fenton
reactions to produce hydroxyl radicals and other highly toxic reactive oxygen
species. Furthermore, loss of GSH and GSH-dependent detoxification systems
could play a substantial role in the onset and progression of many age-related
pathophysiologies due to the importance of GSH as a cell and mitochondrial
protectant from ROS induced damage both as an oxidant scavenger as in the case
of peroxynitrite and as a substrate for detoxification as seen with the GSTs, GPxs,

thioredoxins, and peroxiredoxins. In order to further explore the potentially
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causal nature we are suggesting, further experiments must be performed in
which GSH and mGSH levels are carefully titrated in order to establish whether a
critical threshold exists. Determining this threshold and developing
methodologies to pharmacologically regulate GSH and mGSH levels could help
delay the onset or reduce the severity of age-related diseases. While cytosolic
GSH can be enhanced by providing synthesis substrates as demonstrated in
Chapter 3, mGSH regulation is much more difficult. To that end, our lab is
developing a newly patented triphenylphosphonium-GSH compound to titrate

delivery of GSH to the mitochondria.

In summary, this dissertation has identified the GSH and GSH-dependent
detoxification mechanisms to be critical pathways for maintaining age-related
resilience to acute toxicological challenges. Additionally, we have determined the
molecular mechanisms for the age-related loss of Nrf2, which drives the loss of
these pathways. Thus we have identified multiple lesions that result in age-
related vulnerability to acute oxidant challenge. This work sets the stage to
establish these mechanisms as “health assurance” pathways and identify them as
important pharmaceutical targets for maintaining cellular resilience and organ

function with age.
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