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PREFACE

The experimental research conducted during my tenure at the University
of Michigan can be summarized as a work in two acts: (A) a collaborative
research study with postdoctoral researcher Dr. Liou Y. Sun on the biochemical
changes that occur in response to stress in long-lived dwarf mice, which
identified the mitogen-activated protein kinase (MAPK) signal cascade as being
differentially regulated in dwarf mice, and (B) an independent study of the
changes that occur in xenobiotic metabolism in response to genetic, dietary, and
pharmacological interventions associated with delayed aging in mice.

The majority of the work presented in this thesis was conducted
independently, but it most be noted that select experiments were performed in
collaboration with other members of the Miller laboratory. In particular, Figure
2-5, Figure 2-6, and Figure 2-7, Figure 2-11, Figure 2-12, Table 3-9, and Table
3-16 were the result of work conducted by both myself and Dr. Sun. The data
presented in Figure 4-3 and Figure 4-4 were a collaborative effort with research

assistant Varol Ulas Ozkurede.
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1-1.

CHAPTER 1

Introduction

Aging is a process in which young adult organisms becoming increasingly
susceptible to injury, illness, and death (1). Following this definition, age-
associated changes begin at maturity, even though age-related pathologies do
not emerge until late in life. Changes associated with aging occur in most, if not
all, cell types and tissues in humans (2). Many theories have been proposed for
the biochemical processes that promote aging, such as free radical damage or
genomic instability, but a unified theory that explains how organisms can live
anywhere from days to decades and still experience similar age-related declines

in vitality has not been achieved (3).

Theories of aging

Multiple theories have been proposed for the biochemical basis of aging,
over 300 by one estimate (4). Many have been formed without a strong
foundation of empirical evidence. The most relevant theories of aging in relation
to the work presented in this thesis are the free radical theory, somatic mutation

theory, and the waste accumulation theory.



Free radical theory of aging

The free radical theory of aging proposes that long-term damage caused
by reactive oxygen species (ROS) generated during cellular metabolism is the
central force behind aging (5). According to this theory, aging is regulated as a
balance of free radical-mediated damage, cellular defenses that modify toxic
intermediates, and repair systems that fix damaged macromolecules. An
important modification to this theory was the discovery that the most commonly
produced free radical, superoxide, is generated by oxidative phosphorylation
reactions in mitochondria (6). Mitochondrial ROS has been proposed to damage
mitochondrial DNA, leading to dysfunctional mitochondria that generate higher
levels of ROS, which eventually damage the genome and other organelles (7).
This model has garnered support since its inception, backed by indirect evidence
obtained from studies of caloric restriction and long-lived genetic mutants that
demonstrate reductions in lipid peroxidation and DNA damage. However, there is
little direct evidence to support the basis of ROS as the main driver of aging,
since short-lived free radicals are difficult to measure. According to this model,
two predictions should hold true: (A) increasing anti-oxidant defenses should
reduce long-term oxidative damage and increase lifespan; and (B) decreasing
anti-oxidant defenses should increase long-term oxidative damage and shorten
lifespan. Studies of model organisms treated with antioxidants and genetic
mutants with increased or decreased expression of antioxidant enzyme do not

report consistent changes in lifespan (8-11). Oxidative stress appears to play a



role in regulation of healthspan but contributes to the rate of aging in a much

more limited role than initially proposed.

Somatic mutation theory of aging

Maintenance of the genome has been proposed to be a critical regulator of
aging (12). The genome can be modified by chemical damage, such as ROS and
UV light, or by polymerase-mediated copy errors during replication. DNA damage
can lead to permanent mutations that affect gene regulation or protein function
and activate cellular responses associated with cell death or senescence (13),
both of which have been proposed to contribute to age-related pathologies.
Double-stranded breaks accumulate during aging in multiple tissues in mice (14).
An increase in genomic translocations has been observed in the lymphatic
system in old mice compared to young mice (15) and mutation frequencies
increase in T cells with age (16). Clearer support for the role of DNA damage in
aging could come from interventions that modify protection or repair systems and
show a reduction in damage levels as well as an extension of lifespan. However,
to date there are no published studies demonstrating lifespan extension in
transgenic mouse models that overexpress DNA repair genes, suggesting that
DNA repair is unlikely to be the rate-limiting step in aging.

Age-related changes of cellular components likely differ for cell types with
differing proliferative capacities. Post-mitotic cells experience “chronological
aging,” characterized by a gradual loss in structure and function over time. Highly

proliferative cells, such as those that constitute epithelia and the lymphatic



system, are under additional pressure of “replicative aging,” which includes
genomic instability and telomere shortening, and may be more susceptible to
ROS-mediated damage and replicative senescence (17). Adult stem cells
maintain organismal regenerative capacity and are subject to both chronological
and replicative aging effects (18). There is no evidence that the longevity of an
organism is limited by stem cell regenerative capacity; adult stem cells either
maintain an excessive replicative capacity or have a way to replenish using
another source (19). Stem cell functional potential decreases with age but is
strongly influenced by extracellular factors in the surrounding niche.
Supplementation of the microenvironment from young adult organisms can
restore regenerative capacity and function of aged stem cells (20, 21). Stem cell
populations may both respond and contribute to aging. However, it remains to be
seen whether enhancement of stem cell function in select tissues or multiple

tissue types has an effect on lifespan.

Waste accumulation theory of aging

The waste accumulation theory of aging proposes that damage caused by
free radicals and other reactive chemicals is neutralized in young animals by
detoxification enzymes, molecular chaperones, the ubiquitin/proteasome system
(UPS) and autophagy, but that the ability of these systems to effectively deal with
intracellular toxic species declines with age. As a result, damaged molecules
build up inside the cell and are responsible for accelerating the aging process

(22). Like the somatic mutation theory of aging, the damage that occurs over time



is driven by reactive free radicals but it is the breakdown in cellular repair
machinery that is responsible for age-related pathologies.

The xenobiotic-metabolizing enzymes (XME) are a diverse group of
detoxification enzymes responsible for neutralizing carcinogens, drugs, and other
toxins. They are also responsible for disposal of endobiotics, some of which, but
not all, are generated by free radicals. Their activity is primarily localized to the
smooth ER, which acts as an intracellular filter for toxins, utilizing phase | and Il
metabolism enzymes for conjugation and export from the cell in association with
phase Ill transporters. Multiple XME genes have been identified to be
upregulated in slow-aging worms (23) and mice (24). Xenobiotic metabolism is
the primary topic of my thesis research and is covered in more extensive detail in
Section 1-7.

In addition to detoxification enzymes, cells possess multiple systems to
regulate intracellular protein and organelle quality, including molecular
chaperones, the UPS, and autophagy (25). Proteins are synthesized and
degraded in a continuous renewal process that serves to maintain functionality
(26). Decline of protein homeostasis is observed in multiple tissues in aged
organisms, which may be attributed to progressive decline of these quality control
systems along with increased generation of cytotoxic byproducts during cellular
metabolism (27).

Heat-shock proteins (Hsp) are molecular chaperones that serve as active

or passive facilitators of protein folding, as well as sensors of protein quality (28,



29). Increasing chaperone expression has been shown to enhance longevity and
stress resistance in invertebrates (30-34). However, lifelong elevation of
chaperone expression may be detrimental in the context of mammalian aging,
since it has been shown that long-term upregulation of chaperones can promote
malignancy, based on stimulation of cell proliferation and survival pathways (35).
Additionally, higher constitutive expression of chaperones found in tissues from
old organisms can be reversed by caloric restriction (CR) (36, 37). Maintenance
of the chaperone adaptive response to stress, rather than constitutive elevation,
may better protect against age-associated decline of protein homeostasis.

The UPS is responsible for cytosolic degradation of damaged or misfolded
proteins. Misfolded proteins in organelles can also be retrotranslocated into the
cytosol, in order to maintain organelle integrity (38). Downregulation of
proteasome subunits and functional decline of the proteasome system has been
observed in multiple tissues in aged rodents (39-43). Interestingly, CR has been
shown to be effective at preventing age-associated functional decline in
proteasome activity in rodents (40, 44-47).

In addition to molecular chaperones and the UPS, the lysosome plays a
major role in maintenance of the proteome and organelle integrity. Lysosome-
mediated degradation of intracellular components is known as autophagy, which
can be grouped into 3 distinct types: macroautophagy, microautophagy, and
chaperone-mediated autophagy (48, 49). Macroautophagy is the best studied

type of autophagy in the context of aging. Upregulation of macroautophagy has



been identified in multiple invertebrate models with extended lifespan, particularly
in mutants with altered 1S (50, 51) or TOR signaling (52). Additionally, mutants
with feeding defects that mimic CR have elevations of macroautophagy (50-54).
Morphological changes of the lysosome consistent with dysregulation have also
been observed in aged organisms, including expansion of the lysosomal
compartment and accumulation of lipofuscin, which interferes with lysosome

function by decreasing acidification (55).

Caloric intake is a regulator of aging

Sustained research on caloric restriction (CR) in the context of aging has
been conducted since the 1930s. The first published study compared ad libitum
fed rats to reduced energy intake groups restricted for 700 or 900 days. Both
restricted groups lived longer than controls and the authors concluded that
growth retardation was responsible for the changes observed in lifespan (56).
Four years later, the same research group showed that the reduction in caloric
intake rather than slowed growth rate was responsible for the previously reported
increase in lifespan (57). Similar lifespan extension is observed when CR is
started at both 6 weeks and 6 months of age, and aging is delayed by CR started
at 12 months of age (58, 59). CR has been shown to effectively increase
longevity in multiple rodent stocks (60), as well as in genetically heterogeneous
mice (61).

CR extends lifespan and decreases the risk of cancer and other age-

associated pathologies in rodents, including signs of oxidative damage (60, 62-



64). Long-term CR in rodents increases insulin sensitivity (glucose uptake and
utilization) and reduces circulating insulin levels ~2-fold in comparison to control
animals (65, 66). Improved insulin responsiveness may be a factor that
contributes to delayed aging (67). Cells cultured with serum obtained from CR
animals have been reported to be resistant to H.O. and heat shock (68), but
primary dermal fibroblasts cultured from mice on long-term CR were not found to
be resistant to H,O,, CdCl,, or UV-C light at 4 and 18 months of age (69).
However, mice on CR have elevated antioxidant defenses (70, 71) and are
resistant to multiple hepatotoxins (69, 70). Reduction in vitamins (72), lipids (73),
minerals (73), or protein (74) are not responsible for CR-mediated lifespan
extension. CR-induced effects on gene function have been described for over 25
years (75) and numerous microarray studies have been published characterizing
detailed mRNA expression changes associated with CR, with some of the largest
changes seen in xenobiotic metabolism genes (76, 77).

Specific restriction of the amino acid methionine (MR) has been shown to
extend lifespan in both rats and mice (78-80), and like CR, reduces serum levels
of IGF-1, insulin, glucose, and thyroid hormone T4. MR mice are also resistant to
acetaminophen-induced hepatotoxicity (81). However, unlike CR mice, MR mice
were not found to have increased phosphorylation of ERK1/2 and p38 or reduced
TOR and 4E-BP1 phosphorylation (80). Therefore, while CR and MR mice have
much in common, the beneficial effects of dietary restriction cannot be attributed

solely to a reduction in specific amino acids.



Short-term CR specifically during early development has been shown to
enhance longevity in mice (80). Transient nutrient restriction can be imposed
prior to weaning by manipulating the number of pups per mother. Crowded litter
(CL) mice have been produced by expanding the normal liter size of
8 pups/mother to 12 pups/mother during the 3 weeks before weaning. The CL
intervention is only applied during the first 3 weeks of life and yet these mice
have an 18% increase in median lifespan (80). Additionally, these mice were
reported to have lower serum IGF-1 levels during development and also maintain
a small, but significant reduction in body weight throughout adulthood (80). The
biochemical processes altered by CR during development have not been
identified but have been proposed to result in epigenetic reprogramming of pro-

aging pathways.

Invertebrate models implicate insulin signaling as a regulator of aging

The discovery that single gene mutations can significantly alter the rate of
aging has enabled gerontologists to study differences in the aging process by
comparing young adult long-lived mutants to littermate controls, rather than
young versus old cohorts of the same genotype. This approach is advantageous
in two ways: (A) it reduces the influence of age-associated pathologies,
deconfounding aging from the effects of disease, and (B) it allows for
identification of causal pathways that are altered early in life that directly
regulated the aging process. Multiple conserved genetic mechanisms of aging

have been identified with invertebrate models, thanks in part to their rapid



developmental life cycles and short lifespans. Genetic manipulation of the
nematode worm (Caenorhabditis elegans), budding yeast (Saccharomyces
cerevisiae), and fruit fly (Drosophila melanogaster) has implicated several
specific genes and protein signaling networks in aging (82-85) (Figure 1-1).
Genetic studies in C. elegans have yielded multiple significant discoveries
that have shed light on the biology of aging (86, 87). Genetic knockout and RNA
interference (RNAI) lifespan screens have identified over 300 genes that extend
lifespan in worms (88). C. elegans is a powerful tool for studying aging due to its
relative ease of maintenance, simple body plan (959 somatic cells), rapid
development (3 days), and short lifespan (2-3 weeks). Endocrine signaling,
genomic maintenance, metabolism, reproduction, and stress resistance have all
been implicated in controlling the rate of worm aging. Random mutagenesis
studies first isolated long-lived mutants with defects in development, food intake,
movement, and reproduction (89). The specific genes mutated in these long-lived
C. elegans strains were initially unknown but found to be heritable and segregate
as single gene mutations. The first single gene longevity-associated mutation
identified was age-1, which encodes the ortholog of phosphoinositide 3-kinase
(PI3K) p110 catalytic subunit (90, 91). Ablation of daf-2, which encodes the
ortholog of the insulin/IGF-1 receptor, was later found to double the lifespan of
C. elegans (92). Daf-2 and age-1 were then identified as components of an
insulin signaling cascade in worms that is conserved in mammals (93). Signaling

initiated through DAF-2 activates a transcriptional response regulated by DAF-16,
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the ortholog of mammalian FOXO transcription factors (94, 95). DAF-16
regulates expression of stress-response genes, detoxification genes, and genes
that control metabolism (96-100). Lifespan extension in daf-2 worms is
dependent on daf-16 (92, 93), which supports the hypothesis that enhanced
resistance to cytotoxic stress delays aging.

Insulin or IGF-1R activation results in downstream signaling through the
IRS-PI3K-Akt-FOXO pathway (Figure 1-1). In C. elegans, mutation of daf-2
(IGF-1R ortholog) increases lifespan and elevates the level of active DAF-16
(FOXO ortholog) (93, 95, 101). In the absence of insulin or growth factors, FOXO
is localized to the nucleus and can transcriptionally activate stress resistance,
cell cycle arrest, or cell death-associated programs. Conversely, upon activation
of the insulin signaling cascade, phosphorylated AKT translocates to the nucleus
and suppresses FOXO by phosphorylation. Nuclear p-FOXO interacts with 14-3-
3 and subsequently RanGTP, which facilitate export to the cytosol, where FOXO
maintains an inactive state (102, 103). In nematodes, DAF-16 serves as a
regulator of entry into the stress-resistant dauer larvae. Mammalian FOXO
transcription factors have not been conclusively linked with aging but have been
shown to be associated with enhanced stress resistance (104).

Long-lived single gene mutants have also been identified in
D. melanogaster (105). The first long-lived fly mutant methuselah (mth) was
generated with P-element transposon insertional mutagenesis (106). Molecular

cloning of methuselah cDNA revealed that the gene encodes a protein with G-
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protein coupled receptor (GPCR)-like function. Mutation of Indy, an ortholog of
sodium dicarboxylate cotransporters, was found to extend lifespan, and may play
a role in regulating metabolism (107). Chico, the ortholog of insulin receptor
substrate, was the first component of the insulin signaling cascade to be
associated with longevity (108). Heteroallelic recombination of InR alleles was
shown to produce viable, dwarf flies that are long-lived, but this effect was sex-
specific to females (109). Overexpression of antioxidant genes (catalase,
Cu/ZnSOD) and hsp70 also have been reported to extend lifespan and be
associated with enhanced stress resistance in D. melanogaster (31, 110, 111).
Similar lifespan extension was observed in yeast with deletion of SOD1 or SOD2
(112, 113).

These studies demonstrate that diminished insulin signaling extends
lifespan and delays aging in worms and flies (114, 115). A common hallmark of
many of these long-lived single gene mutants is enhanced resistance to multiple
forms of cytotoxic stress (e.g. oxidation, heavy metals, UV light, heat) (30, 116-
118). Conversely, organisms selected for their enhanced resistance to stress

also tend to be long-lived (119).

The somatotropic axis regulates mouse aging

Single gene mutations associated with reduced growth hormone (GH)
and/or IGF-1 action (Figure 1-2; Figure 1-3) have some of the largest reported
effects on mouse lifespan (120) (Table 1-1). Long-lived GH/IGF-1-deficient mice

also tend to have increased resistance to multiple types of cytotoxic stress (121-
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126). These observations have raised the possibility that reduction in steady-
state levels of the somatotropic hormone axis alter downstream protein signaling
cascades in a manner that leads to elevated stress resistance and delayed aging
(127, 128).

Snell dwarf mice (129) are homozygous for the dw mutant allele at the
pituitary-specific positive transcription factor 1 (Pit1) locus, rendering them
defective in the pathway responsible for development of pituitary lactotrophs,
somatotrophs, and thyrotrophs (130). These mice are unable to produce GH,
thyroid-stimulating hormone (TSH), and prolactin; as a result they have low
circulating levels of IGF-1 and thyroid hormones. The dw/dw genotype extends
lifespan ~40% depending on gender and genetic background when compared to
non-dwarf heterozygous littermate controls (131, 132). Ames dwarf mice, first
characterized in 1961 (133), are homozygous for the df mutant allele at the
prophet of Pit1 (Prop1) locus and are also long-lived (134-136). Ames mice on
CR live longer than ad libitum-fed controls, suggesting that CR and mutations
affecting pituitary function extend lifespan at least partially through different
mechanisms (137).

Elevated systemic resistance to oxidative toxins, such as acetaminophen,
3-nitropropionic acid (3-NPA), and paraquat, is a hallmark of long-lived dwarf
mice (126, 138-140) (Table 1-1). Primary dermal fibroblasts cultured for 3 weeks
maintain a stable enhanced stress resistance response to multiple cytotoxic

agents, including cadmium chloride, hydrogen peroxide, methyl
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methanesulfonate (MMS), paraquat, and UV-C light (122, 123, 141). Additionally,
Snell dwarf fibroblasts are resistant to metabolic stresses such as glucose
deprivation and rotenone exposure (142). These fibroblasts are resistant to
oxygen-induced growth arrest at both low oxygen (3%) and high oxygen (20%)
culture conditions (143). DNA repair of UV-induced lesions (e.g. cyclobutane
pyrimidine dimers, 6-4 photoproducts) is enhanced in Snell dwarf fibroblasts
(144). The enhanced multiplex stress resistance phenotype of dwarf mice is
dependent on reduced circulating GH. Ames dwarf mice injected with GH once
daily for 6 weeks starting at 2 weeks of age have similar median lifespan as
littermate control mice and no difference in cellular stress resistance to cadmium,
glucose deprivation, MMS, paraquat, or rotenone exposure (145). Additionally,
catalase and SOD activity are reduced in hepatocytes treated with GH or IGF-1
and in transgenic mice overexpressing GH (146, 147). These experiments
demonstrate that reduced circulating GH/IGF-1 enhances resistance to cytotoxic
stress in a primary fibroblast culture model and in vivo.

Improper pituitary development in Snell and Ames dwarf mice results in
impaired secretion of GH and subsequent IGF-1 production by the liver. Targeted
knockout of the growth hormone receptor (Ghr/bp™ or “GHRKO”) increases
lifespan in mice (148, 149) (Table 1-1). Cultured GHRKO fibroblasts are resistant
to multiple cytotoxic stresses (e.g. hydrogen peroxide, paraquat, UV), similar to
cells from long-lived Snell dwarf mice (123). Genetic knockout of growth hormone

releasing hormone (GHRH) receptor (Ghrh/™" or “Little”) impairs GHRH-
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mediated secretion of GH by somatotrophs (150). These Ghrhr-null mice are
long-lived (131) and resistant to hepatotoxins (acetaminophen, bromobenzene,
and carbon tetrachloride) as well as paralyzing agents (zoxazolamine) (140).
Targeted disruption of GH production extends lifespan and increases stress
resistance, similar to that observed in Snell and Ames dwarf mice.

IGF-1 receptor knockout mice (IGF-1R"*) were initially reported to be long-
lived (33% increase in females; 16% but statistically insignificant increase in
males) and resistant to paraquat-induced oxidative stress in vivo (121). Recently,
this mutation was tested in a new lifespan study by an independent laboratory,
which found that the differences in lifespan were much smaller than initially
reported (less than 5% and insignificant for females; no difference for males)
(151). Although IGF-1R"* mice are not invariably long-lived, mice lacking the
insulin receptor in specifically in adipose tissue (fat-specific insulin receptor
knockout or “FIRKO”) live longer (18%) than wild-type mice in both sexes (152).
Heterozygous deletion of insulin receptor substrate 1 (IRS17*) has been reported
to extend lifespan in female mice (32%) but not in males (153). Whole body or
brain-specific deletion of IRS2 (/RS2”) has been shown to increase lifespan
(18%) in both sexes (154). Therefore, although heterozygosity of IGF-1R may not
be sufficient to extend lifespan in mice, there is additional strong evidence from
studies of mice with mutations in the insulin receptor and insulin/IGF-1R signal

cascade (e.g. IRS proteins) that support the role of IGF-1 signals in aging. These
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studies are in agreement with published reports of long-lived C. elegans and
D. melanogaster mutants with reduced insulin signaling.

Maintenance of local IGF-1 availability to the IGF-1 receptor may also play
a role in aging. IGF binding proteins (IGFBP) can sequester IGF-1 and regulate
local IGF-1 concentrations available to interact with the receptor. Pregnancy-
associated plasma protein A (PAPPA) is a protease that cleaves IGFBPs
(IGFBP-4, possibly IGFBP-2,5) (155). PAPPA knockout (PAPPA” or
“PAPPA-KO”) mice are long-lived (30-40% increase) but do not have decreased
circulating GH and IGF-1 in the blood (156) (Table 1-1). These mice are an
attractive new long-lived model because their enhanced lifespan is linked to
IGF-1 signaling, like the Snell dwarf mouse, but they do not have systemic
alterations in endocrine function. However, the tissues where local IGF-1 is

reduced and that exhibit diminished IGF-1R signaling have not been identified.

TOR is a nutrient-sensing protein kinase that regulates aging

Target of rapamycin (TOR) acts as an evolutionarily conserved
intracellular rheostat that integrates diverse inputs associated with nutrient levels,
growth factors, and stress response (157, 158) (Figure 1-3). TOR signaling
controls multiple biochemical processes including cell growth, rate of translation,
autophagy, and stress response. Rapamycin, first extracted from Streptomyces
hygroscopicus in soil from the island of Rapa Nui, is a compound with potent
antifungal and immunosuppressive properties (159). Rapamycin treatment

studies in S. cerevisiae identified FK506-binding protein of 12 kDa (FKBP12 or
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FRP1 gene) as the intracellular drug-binding receptor (160, 161). Genetic
screens of rapamycin-resistant mutants identified dominant gain-of-function point
mutations in TOR1 and TORZ2 that do not bind complexed FKBP12 and
rapamycin (162, 163). Yeast with reduced TOR activity were reported to be long-
lived in chronological lifespan experiments (164, 165). The TOR proteins are
integrated into two complexes with distinct functions that are conserved in
mammals: TORC1 (rapamycin sensitive) regulates cell growth and TORC2
(rapamycin insensitive) controls spatial aspects of growth, such as regulation of
the actin cytoskeleton (166, 167).

In contrast to yeast, only a single TOR ortholog is encoded in worms
(168), flies (169, 170), and mammals (171-175). Deletion of TOR in these models
results in developmental arrest and lethality (168, 169, 176). Mutants that
express a dominant negative form of TOR are long-lived in D. melanogaster
(177), and downregulation of TOR by RNAi during adulthood extends lifespan in
C. elegans (178). TOR is activated in multicellular organisms in response to the
insulin/IGF-1 signaling (IIS) cascade, but also functions in parallel to growth
factor signaling (179, 180). In mammals, TORC1 regulates protein synthesis
primarily through activation of S6K1 and inhibition of 4E-BP1 (181). Since TOR
inhibition is associated with enhanced longevity in invertebrate models, TOR has
been proposed to also be a regulator of aging in mammals. In agreement with
this hypothesis, Ames dwarf mice have reduced hepatic phosphorylation of S6K1

and increased expression of 4E-BP1 (182). Additionally, knockout of S6K1 in
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mice extends lifespan in mice in a sex-specific manner, with a 20% increase in
longevity reported in females (183). S6K1 knockout mice are also more insulin
sensitive and resistant to high-fat diet-induced obesity (184).

Pharmacological repression of the TOR pathway by rapamycin has
recently been shown to extend lifespan, protect against high-fat diet-induced
obesity, and enhance hematopoietic stem cell function in mice (185-189).
Rapamycin was first reported by the National Institute on Aging Interventions
Testing Program (ITP) (190) to extend lifespan in a genetically heterogeneous
mouse population (UM-HET3), when the drug was given in the diet starting at 20
months of age. The effect was seen in both males (9% increase in mean
lifespan) and females (14%) (187). Similar lifespan extension was observed in
HETS3 cohorts administered rapamycin starting at 9 months of age (187, 188).
Intermittent feeding of rapamycin (2 weeks per month) starting at 2 months of
age was also recently reported to increase longevity in female 129/Sv mice (189).

TOR activity is controlled by upstream AMP-dependent kinase (AMPK)
signaling (Figure 1-3). AMPK can inhibit TORC1 signaling through TSC2 and
raptor (191, 192). AMPK is activated by a decrease in cellular energy and
inhibited by sestrins, which are induced by genotoxic stress through p53-
mediated transcription initiation (193). AMPK activity is increased by the
pharmacological agonist metformin, a biguanide compound with anti-diabetic

effects. Metformin has been reported to extend lifespan in female mice by ~10%
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(males were not reported) in two studies (194, 195) but does not extend lifespan

in rats (196).

MAPK signal cascades may influence the rate of aging

Ras GTPases play an important role in the regulation of cell growth,
differentiation, and stress resistance. RAS71 and RAS2 orthologs have been
shown to regulate longevity in S. cerevisiae. Deletion of RAS1 extends replicative
lifespan and deletion of RAS2 extends chronological lifespan (113, 197).
However, deletion of RAS2 has been shown to shorten replicative longevity
(197). Attenuated Ras signaling is also associated with enhanced stress
resistance in yeast (165, 198). Ras functions downstream of the insulin/IGF-1
receptor in mammals and its GTPase activity is regulated by Ras-guanine
nucleotide exchange factors (GEF) and Ras-GTPase-activating proteins (GAP).
Ras-GEFs have been proposed to play a conserved role in the regulation of
aging (199). Recently, homozygous deletion of the Ras-GEF RasGrf1 was found
to extend lifespan 19% in mice (200, 201). Decreased Ras-GEF activity is
associated with a reduction in downstream Ras pathway activation.

A major downstream mediator of Ras function is the MEK/ERK MAPK
cascade. MAPKs comprise a ubiquitous group of signaling proteins that play a
prominent role in regulating cell proliferation, differentiation and adaptation.
Members of each major MAPK subfamily, the extracellular signal regulated
protein kinases (ERK), the c-Jun N-terminal kinases (JNK) and p38 MAPK, have

been implicated in cell injury and disease (202, 203). The MAPK signaling
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module is defined by a three-tiered kinase cascade, resulting in phosphorylation
of a conserved Thr-X-Tyr activation motif by an upstream dual specificity MAPK
kinase (202). In particular, ERK1 and ERK2, which are activated by the
MAPK/ERK kinase-1/2 (MEK1/2), are important regulators of cellular responses
to various stimuli (204).

ERK signaling is tightly regulated at multiple levels to achieve signaling
specificity that controls diverse cellular functions. This is proposed to be
controlled in the following ways: (A) distinct duration and strength of the signal,
(B) presence of components with differing specificities in each level of the
cascade, (C) interaction with scaffold proteins, (D) crosstalk with other signal
cascades, and (E) distinct subcellular localizations that may compartmentalize
MEK/ERK cascade components (205, 206). ERK signal duration is tightly linked
to the localization of pathway activation, which is thought to be influenced by
MEK/ERK scaffold proteins. MEK/ERK scaffolds have been shown to be
localized to multiple places inside the cell, including the plasma membrane, early
endosome, and Golgi (207). Scaffold proteins are capable of inducing faster
kinetics of activation, different duration and intensity, and cross talk with other

signaling components.

Intracellular detoxification may contribute to the rate of aging

The waste disposal theory of aging postulates that the ability of organisms
to deal with intracellular toxic byproducts declines with age. XMEs, which are

primarily active in the liver, play a major role in detoxification of a diverse range of
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damaging agents (Figure 1-4). Xenobiotic metabolism is divided into three
phases: (A) phase I, in which cytochrome P450s and flavin monooxygenases
add reactive or polar groups onto compounds targeted for removal, and
metallothioneins regulate metal ion homeostasis, (B) phase Il, in which
glutathione S-transferases (GST), sulfotransferases (SULT), UDP-
glucuronosyltransferases (UGT) conjugate charged species (e.g. glutathione,
sulfate, glucuronic acid) onto the activated metabolites produced by phase |
biotransformation, and (C) phase lll, in which multidrug resistance proteins
(MDR) and ATP-binding cassette (ABC) transporter proteins facilitate export of

the conjugates and metabolites produced by phase Il reactions.

Phase | biotransformation

The largest and best studied group of phase | enzymes are the
cytochrome P450 (CYP) monooxygenases. CYP enzymes catalyze the first step
in metabolism of lipophilic xenobiotics by making them more water-soluble. The
CYP enzymes play a major role in drug metabolism and bioinactivation, and
induction or inhibition of these enzymes are responsible for most drug
interactions in humans (208, 209). CYP enzymes were first studied in the context
of drug, carcinogen, and steroid metabolism in the 1940s (210) and later isolated
by purification in the 1970s (211, 212). 102 putatively functional and 88
pseudogenes have been identified in mice, whereas 57 putatively functional and
58 pseudogenes have been identified in humans (213). There are 9 named

clusters or “clans” of related CYP enzymes in vertebrates: CYP2 clan
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(CYP1,2,17,21 genes), CYP3 clan (CYP3,5 genes), CYP4 clan (CYP4 genes),
CYP7 clan (CYP7,8,39 genes), CYP19 clan (CYP19 genes), CYP20 clan
(CYP20 genes), CYP26 clan (CYP26 genes), CYP51 clan (CYP51 genes), and
the mitochondrial clan (CYP11,24,27 genes) (213, 214). The CYP2, CYPS3,
CYP4, and mitochondrial clans are also functionally conserved in invertebrates
(214, 215).

The CYP2 and CYP3 clans are primarily involved in drug and steroid
metabolism. Phenobarbital is a potent inducer of CYP2 gene expression (216-
218). CYP2 genes are positively regulated by Ca®* release via calmodulin-
dependent kinase as well as protein kinase C but are negatively regulated by
GH, cytokines, and the cAMP/PKA pathway (219-221). In humans, Cyp3a4 has
been reported to account for 30-80% of total CYP expression in the liver, as well
as to catalyze the metabolism of over 50% of drugs in clinical use (222). CYP4
enzymes are hydroxylases that metabolize fatty acids and arachidonic acid
(223). CYP4 genes are transcriptionally upregulated in response to aberrant
hepatic lipid metabolism and increased levels of lipid peroxidation (224, 225).
While there is significant overlap in the functions of CYP clans between humans
mice, individual genes can behave very differently between these species (209).

Flavin-containing monooxygenases (FMO) are flavin adenine dinucleotide
(FAD) or reduced nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent enzymes that activate sulfur or nitrogen-containing xenobiotics by

oxidation or hydroxylation reactions (226). Mammals encode 5 FMO variants
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(Fmo1-5) (227). Fmo3 is the best characterized of the 5 variants, since it highly
polymorphic in humans and has been proposed to contribute to differential drug
response (228). Fmo3 expression is upregulated during post-natal development,
which may serve to protect the liver from early exposure to environmental toxicity
(229). Additionally, Fmo3 has been shown to affect sulfoxidation of methionine
(230, 231), which is of interest in the context of aging, since long-lived dwarf mice
have elevated methionine metabolism (232).

Metallothioneins (MT) are stress-responsive regulators of metal ion
homeostasis, cell survival, and pathways associated with inflammation or
apoptosis (233-235). Ten MT isoforms are encoded in humans, grouped into four
families (MT-1, MT-2, MT-3, MT-4). Only four MT genes are encoded in the
mouse genome (Mt1, Mt2, Mt3, Mt4). Mt1 and Mt2 are best conserved across
species and expressed across most tissues in the mouse (235). MT genes
include response elements for multiple transcription factors, including the metal
response element, antioxidant response element (ARE), glucocorticoid response
element, and well as binding sites for transducers and activators of transcription
(STAT). Mice that overexpress metallothionein, especially the human
metallothionein-lla gene (236), were reported to have increased resistance to
doxorubicin (236) and a 14% increase in mean lifespan (237). In addition, cells
that overexpress MT have been shown to be resistant to multiple forms of
cytotoxic stress, including paraquat and tert-butyl hydroperoxide (238-240).

Conversely, mice that do not express metallothionein 1 and 2 (Mt1/2”) were
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found to be more susceptible to high-fat-diet-induced obesity (241) and cells from
MT-null mice have been shown to be susceptible to multiple oxidative stress

agents (242, 243).

Phase Il biotransformation

GSTs mediate detoxification of electrophilic xenobiotics activated by
phase | biotransformation, as well as endogenous epoxides, hydroperoxides, and
quinones formed as secondary metabolites during oxidative stress, through
conjugation, reduction, and isomerization reactions (244). Three families of GSTs
exist in mammals, defined primarily by their localization to the cytosol,
microsomes, or mitochondria. Microsomal GSTs, also referred to as membrane-
associated proteins in eicosanoid and glutathione (MAPEG) metabolism (245),
do not structurally resemble cytosolic and mitochondrial GSTs. Cytosolic GSTs
are the best characterized family in the context of xenobiotic metabolism. Based
on amino acid sequence similarities, seven classes of cytosolic GSTs have been
defined in mammals: Gsta (a, alpha), Gstz (C, zeta), Gstt (0, theta), Gstm (|,
mu), Gstp (1, pi), Gsts (o, sigma), and Gsto (w, omega) (246-249). Cytosolic
GST isoenzymes, on average, share > 40% identity within a class between
rodents and humans. These enzymes catalyze nucleophilic attack along with
reduced glutathione (GSH) on nonpolar compounds that contain an electrophilic
carbon, nitrogen, or sulfur atom (244).

Sulfotransferases are another major class of phase Il enzymes involved in

detoxification, drug metabolism, and hormone regulation (250). Sulfotransferases
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perform sulfurylation reactions through catalytic transfer of a sulfuryl group (SOs)
from a donor molecule, typically 3’-phosphoadenosine 5’-phosphosulfate (PAPS)
to amine or hydroxyl substrates on the target molecule. The formation of these
sulfate conjugates is an effective method to detoxify carcinogens or inactivate
hormones (251). Sulfotransferases are classified into cytosolic or membrane-
associated groups based on their localization in the cell. Cytosolic
sulfotransferases are better characterized in the context of xenobiotic metabolism
and their nomenclature is defined primarily by substrate specificity (250).
Cytosolic sulfotransferases can metabolize a wide variety of substrates, including
phenols and catecholamines (Sult1ial, Sult1a2, Sult1a3), thyroid hormones
(Sult1b1), aryl hydroxylamines (Sult1c1, Sult1c2), estrogens (Sult1iel), and
hydroxysteroids (Sult1al, Sult2a1, Sult2a2).

UGT-catalyzed glucuronidation is considered to be the most common
phase Il reaction, accounting for up to 35% of phase Il biotransformation (252-
254). Similar to cytochrome p450s, UGT enzymes are localized on the ER. UGTs
are responsible for metabolism of a wide variety of phenolic compounds,
environmental toxins, and carcinogens (255, 256). UGTs most commonly utilize
UDP-glucuronic acid (UDPGA) as a co-substrate. Natural phenolic compounds
including flavonoids (e.g. epigallocatechin gallate) and stilbenes (e.g. resveratrol)
are primarily metabolized by UGT enzymes. Additionally, synthetic phenolic
compounds including nonsteroidal anti-inflammatory drugs (e.g. acetaminophen),

immunosuppressants, and decongestants are targeted by UGTs (254). After
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UGT-mediated transformation, phenolic glucuronides are much more hydrophilic
and readily transported out of the cell by phase Il biotransformation. Mammalian
UGTs are classified into four families: UGT1, UGT2, UGT3, and UGT8, based on
amino acid sequence identity (257). The most important drug-conjugating UGTs
belong to UGT1 and UGT2 families. In mice, the UGT1 subfamily consists of 9
enzymes (Ugtial, Ugt1a2, Ugtia5, Ugt1ia6a, Ugt1a6b, Ugtlia7c, Ugtias8,
Ugt1a9, and Ugt1a10) and five pseudogenes (Ugt1a3, Ugtia4, Ugtia7a,
Ugtia7b, and Ugt1ai1). The 7 UGT2 genes in mice include Ugt2b1, Ugt2b5,

Ugt2b34, Ugt2b35, Ugt2b36, Ugt2b37, and Ugt2b38 (257, 258).

Regulation of xenobiotic metabolism by intracellular receptors

Nuclear receptors (NR) mediate the intracellular adaptive response to
xenobiotics. Pregnane X receptor (PXR), constitutive androstane receptor (CAR),
and peroxisome proliferator activated receptors (PPAR) are the major regulators
of cytochrome P450 enzymes (259). NRs have a shared modular structure
characterized by a ligand-binding/dimerization domain, a DNA-binding/weak
dimerization domain, and a transactivation domain (260). In general, PXR and
CAR regulate CYP2 and CYP3 genes, and PPARa regulates CYP4 genes (261).
Additionally, the aryl hydrocarbon receptor (AhR), a basic helix-loop-helix/Per-
ARNT-Sim (bHLH/PAS) transcription factor, is a key regulator of CYP1 gene
expression (259). NRs are also capable of regulating phase 1l XMEs, including

GST, ST, and UGT enzymes (262).

26



PXR is the most studied NR regulator of cytochrome P450s, since it has
been identified to induce CYP3A genes, the most abundantly expressed
cytochrome P450 family in humans (263). The ligand-binding specificity of PXR
varies greatly between species. For example, phenobarbital and rifampicin
activate PXR in humans but have little effect in rodents. Conversely,
pregnenolone 16a-carbonitrile activates PXR in rodents but not in humans.
Differential activation of NRs between mice and humans has been a major
problem for successful drug development. Transgenic mice that express only the
human NR variant have been reported to have a more “humanized” xenobiotic
response that may be useful for pharmacological studies (264). In both rodents
and humans, PXR transcriptional activity is dependent upon heterodimerization
with the retinoid X receptor (RXR) and subsequent binding of the xenobiotic
responsive enhancer module (XREM) (263, 265, 266). In addition to playing a
major role in drug metabolism, PXR is a regulator of bile acid metabolism. In
response to high intracellular bile acid concentrations, PXR induces CYP3A
genes and represses CYP7A genes, which catalyze the conversion of cholesterol
to bile acids (267).

CAR is a phenobartibal-responsive NR that regulates XME gene
expression through the phenobarbital responsive enhancer module (PBREM)
(268, 269). Similar to PXR, activated CAR translocates from the cytosol to the
nucleus, where it heterodimerizes with RXR and acts as a transcription factor,

primarily of CYP2B and CYP3A gene expression (270). CAR exhibits a high
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degree of redundancy with PXR in regulation of XME gene expression,
particularly with regard to CYP2B and CYP3A genes (271, 272). CAR also
functions as a regulator of bile acid and thyroid hormone metabolism. Wild-type
mice treated with CAR activator TCPOBOP have lower circulating levels of
thyroxine (T4) relative to CAR” mice treated with TCPOBOP, attributed, at least
in part, to induction of UGT1 and SULT enzymes (273, 274). Additionally, CAR
plays a role in metabolism of phenolic compounds (e.g. acetaminophen). CAR-
null mice have increased susceptibility to acetaminophen-induced hepatotoxicity,
due primarily to deficiency in the induction of phase Il GSTp enzymes (275).
Along with PXR, CAR protects against bile acid-induced toxicity (e.g. lithocholic
acid exposure) (276) and accumulation of bile acid precursors (267, 277, 278),
but this appears to be secondary to the farnesoid X receptor (FXR), which is a
regulator of CYP7 and CYP8 gene expression (279, 280). PXR and CAR function
as broad regulators of XME gene expression, with both parallel and overlapping
effects on phase | and phase Il enzymes (260).

PPARs regulate XME gene expression, in addition to carbohydrate and
lipid metabolism, insulin action, inflammation, and the immune response (281).
Mammals encode three subtypes of PPAR proteins, expressed in different
tissues and at different times during development: PPARa, PPARB/d, and
PPARYy (282). PPARYy is a key regulator of adipogenesis (283, 284) and has
been extensively studied in the context of diabetes treatment, since activation of

PPARY has been shown to increase insulin sensitivity (285). The function of
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PPAR[B/d is still unclear, but it may contribute to regulation of lipid metabolism
(286). PPARAa is enriched in tissues that perform fatty acid oxidation, particularly
in hepatocytes (260). Similar to PXR and CAR, PPARa forms a heterodimeric
complex with RXR in the nucleus that interacts with PPAR response elements
(PPRE) (287). Natural PPARa ligands include arachidonic acid, lineolic acid,
oleic acid, and palmitic acid. PPARa can also be activated by hypolipidemic
drugs (e.g. clofibrate, ciprofibrate), phthalates, and steroids (e.g.
dehydroepiandrosterone) (260). PPARa is a regulator of XME genes including
the CYP4A family, which are involved in hydroxylation of fatty acid derivatives
and cholesterol metabolism, and the SULT2 family (288-290).

The AhR is a soluble, ligand-activated bHLH/Per-ARNT-Sim transcription
factor that regulates xenobiotic metabolism through the dioxin-responsive
element (DRE, also referred to as AHRE or XRE) (291, 292). AhR is normally
sequestered in the cytosol in a complex with Hsp90 and X-associated protein 2
(XAP2). Upon ligand binding, the nuclear localization sequence (NLS) on AhR is
exposed by release of XAP2 (293, 294). The AhR-Hsp90 complex then
translocates to the nucleus, where Hsp90 is displaced by the AhR nuclear
translocator (ARNT) (295, 296). The AhR-ARNT complex is then able to bind
DNA at the DRE. Similar to the NRs PXR, CAR, and PPARaq, AhR regulates the
adaptive response of XME genes. Cyp1al was the first XME identified to be

regulated by AhR, in response to 2,3,7,8-tetrachlorodibenzo-p-dioxin exposure
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(297-299). AhR also regulates other CYP1 genes including Cyp1a2 and Cyp1b1,

as well as phase Il Gsta, NQO1, and UGT1 enzymes (300).

Regulation of xenobiotic metabolism by Nrf2

NF-E2-related factor 2 (Nrf2) is a Cap’n’Collar (CNC) transcription factor
that regulates several enzymatic pathways, phase | and phase Il
biotransformation (301-304). Other members of the CNC family include Nrf1,
Nrf3, and p45 NF-E2, as well as two distantly related proteins named Bach1, and
Bach2 (302, 305-307, 307-311). These proteins contain a DNA-binding CNC
domain and a conserved basic-region leucine zipper (bZip) domain that interacts
with small Maf proteins (303, 312). Nrf2 was initially identified as the transcription
factor whose binding motif interacts with the ARE (313). The ARE is a cis-acting
promoter element that found in many phase Il detoxification genes (314).
Microarray studies have identified over 200 genes that are under transcriptional
control of Nrf2/ARE, and are involved primarily in the maintenance of intracellular
redox balance (302).

Nrf2 activity is regulated post-translationally through rapid turnover by the
proteasome. Nrf2 has an estimated half-life time of 30 min (315) and is repressed
under homeostatic conditions (312, 316). Nrf2 is regulated via its trans-activation
domain, which is the binding site of Kelch-like ECH-associated protein 1 (Keap1)
(317). Keap1 binds Nrf2 as a dimer and sequesters it in the cytosol by interaction
with the actin cytoskeleton, where Keap1 then functions as an adaptor for Cul3-

based E3 ligase to regulate proteasomal degradation of Nrf2 (318). In response
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to oxidative stress, Nrf2/Keap1 binding is disrupted, and Nrf2 translocates to the
nucleus where it acts as a transcription factor (302, 319) (Figure 1-5). This model
is supported by studies of Nrf2 activator compounds, which have been reported
to increase steady-state Nrf2 protein levels but not mRNA levels (320-322).
Keap1 association with Nrf2 is mediated by conserved cysteine residues (C151,
C273, and C288) that are affect the protein conformation and binding affinity of
Keap1 (302). Keap1 monitors intracellular oxidative stress levels through these
thiol groups, which form disulfide linkages under high oxidative stress conditions
(302, 323-325). Nrf2 activators (e.g. tert-butylhydroquinone [tBHQ] and
sulforaphane [SFN]) induce Nrf2 through modification of these cysteines on
Keap1 (326-329). Therefore, Keap1 likely functions as a molecular switch,
maintaining low Nrf2 protein expression when cellular redox status is in balance,
and promoting Nrf2/ARE-regulated transcriptional upregulation of XME genes
when oxidative stress is high (330).

In addition to Keap1, Nrf2 activation has been proposed to be regulated by
phosphorylation, which may stabilize Nrf2 and prevent proteasomal degradation
(302). Phosphorylation of Nrf2 has been linked to PIBK, MAPK, and PKC signal
transduction pathways (331), but whether Nrf2 activity is regulated through a
Keap1-independent mechanism remains controversial. The studies that implicate
these signal cascades in the regulation of Nrf2 have been largely correlative and
non-mechanistic, often using broad spectrum inhibitors. Inhibition of PI3K with

wortmannin or LY 294002 has been reported to prevent induction of Nrf2-
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regulated target genes (332, 333). Nrf2 is tethered to the membrane by Keap1-
actin association under basal conditions, possibly allowing for PI3K or PKC to
directly phosphorylate Nrf2 at the membrane (333). ERK has been also
implicated as a potential regulator of Nrf2 activity, based on data showing that
some Nrf2 activators increase phosphorylation of ERK1/2 (334, 335), and that
PD98059-mediated inhibition of MEK/ERK decreased Nrf2/ARE-regulated gene
expression (336). However, there are conflicting reports that Nrf2 activity is
unaffected by MAPK inhibitors (337, 338). The best-defined signal transduction
pathway responsible for Nrf2 activation is the protein kinase C (PKC) pathway.
PKC has been reported to phosphorylate Nrf2 at Ser40 (339), and activation of
PKC has also been reported to increase Nrf2/ARE activation (337). Conversely,
PKC inhibition has been reported to suppress Nrf2/ARE activation (337). These
studies provide preliminary evidence that Nrf2 activity may be regulated by
multiple pathways, but Keap1 is best supported by experimental evidence as the
primary regulator of Nrf2 activity.

Studies of transgenic mice with altered Nrf2 or Keap1 expression have
provided direct evidence in support of the role of Nrf2 as a key regulator of
xenobiotic metabolism in vivo. Nrf2-null mice are viable, suggesting that Nrf2 is
not required during development (340). Nrf2-null mice have increased sensitivity
to multiple xenobiotics (341), including acetaminophen (342), benzo(a)pyrene
(343), butylated hydroxytoluene (344), diesel exhaust (345), dimethyl-

benz(a)anthracene (346), cigarette smoke (347), and 3-nitropropionic acid (348).
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Whole body knockout of Keap1 is lethal due to lesions from hyperkeratotic
outgrowth of the esophagus and forestomach (349-351), but mice with
hepatocyte-specific knockout of Keap1 (Alb-Cre::Keap1™*") are phenotypically
normal (351). Alb-Cre::Keap1™ mice were reported to have increased Nrf2
nuclear localization and enhanced resistance to acetaminophen toxicity (351).
These data support the role of Nrf2 as a key mediator of cytotoxic stress
resistance in vivo (342, 352). Additionally, mice with Nrf2 or Keap1 mutations
have altered expression of multiple phase Il enzymes, including
NAD(P)H:quinone oxidoreductase (Nqo1) (351, 353-355), heme oxygenase 1
(Hmox1) (356), glutathione peroxidases (GPX) (351, 357), peroxiredoxins (358,
359), GSTs (321, 351, 351, 360-363), and SULTs (351). Interestingly, these
studies have revealed that Nrf2 also regulates heat shock proteins Hsp40 (364)
and Hsp70 (365), as well as multiple phase | XMEs (304), including CYP1 genes
(366), CYP2 genes (351, 366, 367), FMOs (351, 368, 369), and carbony!
reductases (351, 370). The mechanism of Nrf2-regulated phase | gene
expression is not well understood but may be associated with NR activation. In
Nrf2-null mice, mRNA levels of PXR, CAR, and AhR were reported to be lower

relative to littermate control mice (366).

Xenobiotic metabolism in the context of aging

Xenobiotic metabolism genes were first identified as being transcriptionally
upregulated in long-lived organisms in a C. elegans microarray study of daf-2

mutants (23). CYP, UGT, and short-chain dehydrogenase/reductase (SDR)
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enzymes were found to be elevated in the insulin signaling-deficient daf-2
mutants. Similar results were obtained in microarrays performed on long-lived
mouse models, including Ames (371, 372), GHRKO (373), Little (371), Snell (372,
374, 375), and CR mice (376, 377). XMEs were found to have some of the
largest changes in gene expression in long-lived mice relative to control mice.
Meta-analysis of CR and long-lived dwarf mice microarrays revealed that phase |
enzymes in particular were elevated in liver tissue (378). Additionally, Fmo1 and
Fmo5 were reported to be transcriptionally upregulated in Irs1” mice, implicating
the IGF-1R-IRS pathway in regulation of FMOs (379, 380). The phase | DMEs
shown to be differentially expressed in long-lived dwarf mice have been reported
in other models to be regulated by CAR and/or PXR (381-387). However,
experiments utilizing Ghrhr™" mice crossed with CAR/PXR or FXR knockouts
showed that FXR and not CAR/PXR is the nuclear receptor that predominantly
regulates phase | gene expression in Ghrhr™" mice (140). Regulation of
xenobiotic metabolism has not been tested using nuclear receptor knockout
crosses in other dwarf models, but there is additional data that suggests phase |
gene expression may be controlled by multiple factors. PPAR and RXR levels are
elevated in Ames dwarf and GHRKO liver tissue (281), and multiple Nrf2-
regulated genes are also elevated in Ames and Snell dwarf liver tissue (388,

389). However, there are hundreds of genes involved in xenobiotic metabolism,

many of which exhibit redundancy, making single gene analysis of effects on
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lifespan difficult. Presently, the influence of xenobiotic metabolism and aging is
poorly characterized with regard to transgenic mouse models.

The role of Nrf2 in aging has been studied primarily in the context of the
C. elegans ortholog SKN-1. In worms, SKN-1 functions in the intestines and ASI
neurons, in support of a neuroendocrine regulatory circuit of life-span control.
SKN-1 is negatively regulated by IIS in parallel to the DAF-16, which can also
inhibit SKN-1 directly (390). Unlike mammalian Nrf2, SKN-1 functions as a
homodimer in worms and is activated in response to stress by p38 and GSK-3
(391, 392). Skn-1 is also necessary for DR-mediated lifespan extension, and
overexpression of SKN-1 has been shown to increase longevity and oxidative
stress resistance (390, 393, 394). SKN-1 regulates glutathione synthesis and
quinone reduction, similar to Nrf2 in mammals, and downstream targets of SKN-1
have been shown to overlap with DR-responsive signal pathways (390). An
ortholog of Nrf2 in D. melanogaster has only been recently identified and is not
well characterized (395). However, heterozygous knockout of the Keap1 ortholog
increases stress resistance and lifespan in male flies (395). These findings in
invertebrate models demonstrate a direct role for SKN-1 in aging, as well as
mediating lifespan extension through DR and reduced IIS signaling.

Nrf2 has not been shown to directly regulate aging in mammals but has
been shown to be a potent regulator of the stress response and protect against
cancer (330). Nrf2-null mice on CR still exhibit improved insulin sensitivity and

lifespan extension but are more susceptible to cancer (396). Interestingly, Nrf2
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steady-state levels have been shown to decrease with age in multiple human and
rodent tissues (397-399). Nrf2 has also been shown to play a protective role in
multiple age-related diseases, including Alzheimer’s disease, Parkinson’s
disease, cardiovascular disease, emphysema, and macular degeneration (400).
Nrf2 can be activated by a chemically diverse group of pharmacological agents
(401), and clinical studies of Nrf2 activators have reported potent
chemopreventive effects, suggesting that Nrf2-mediated regulation of XMEs may
be a promising approach to prevent age-related disease, cancer, and possibly

aging (402, 403).
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Figure 1-1. Nutrient signaling pathways associated with aging (404).

Insulin/IGF-1 and TOR signaling in four model organisms (from left): the yeast
S. cerevisiae, the nematode worm C. elegans, the fruit fly D. melanogaster, and
the mouse M. musculus. Ras is only indicated in yeast and mice, where
manipulation of Ras signaling has been shown to extend lifespan. Black lines
with arrowheads denote activating interactions and red lines with arrowheads
denote inhibitory interactions.

37




CLY
e

Pit1

SOMATOTROPH

Figure 1-2. Components of GH, IGF-1, and TOR signal networks that affect
longevity in mice.

Factors that have been shown to extend lifespan in transgenic mouse models are
colored in red (GHR, GHRHR, IGF-1R, IRS1, IRS2, PAPPA, Pit1, Prop1,
RasGrf1, S6K1). Pharmacological agents that have been shown to extend
lifespan in mice are colored in orange (metformin, rapamycin). Black lines with
arrowheads denote activating interactions and red lines with arrowheads denote
inhibitory interactions.
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Figure 1-3. TOR signaling in mammals (185).

TOR acts as an intracellular rheostat of signals from growth factors (insulin,
IGF-1), nutrients (glucose) and stress to regulate cell growth and autophagy
through TORC1, and cellular morphology through TORC2. Black lines with
arrowheads denote activating interactions and red lines with arrowheads denote
inhibitory interactions.
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Figure 1-4. Model of hepatic xenobiotic metabolism regulation in GH/IGF-1-
deficient dwarf mice (405).

GH and IGF-1 signaling are proposed to regulate bile acid levels and Nrf2
activation, which in turn influence nuclear receptor expression (PXR, CAR, AhR,
FXR) and XME transcriptional activation (phase I-Ill). Solid black lines with
arrowheads denote activating interactions and dashed red lines with arrowheads
denote proposed but unconfirmed interactions.
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Figure 1-5. Nrf2 activation in response to stress in mammals.

Under basal conditions, Nrf2 is sequestered in the cytosol by interaction with
dimeric Keap1. Keap1 serves as an adaptor for E3 ligase, which facilitates
proteasomal degradation. In response to stress, cysteine residues on Keap1 are
oxidized, resulting in a conformational change that releases Nrf2. Nrf2 has also
been proposed to be activated via phosphorylation by ERK. Unbound Nrf2
translocates to the nucleus, where, in association with small Maf proteins, binds
the ARE and induces transcription of XME gene expression.
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1-9.

Tables
Ames Snell Little GHRKO | PAPPA-KO

Gene Prop-1 Pit-1 Ghrhr Ghr/bp Pappa
Lifespan (3) 49% > 40% > 20% > 35% > 25%
Lifespan (?) 68% > 40% > 25% > 35% > 25%

. aw/d x 129/0Ola x C57BL/6J x
Strain Heterogen. CaH/MeJ C57BL/6J BALB/G 1295V/E
Body weight ] ] ] ! !
Plasma GH ! ! ! 1 NC
Plasma IGF-1 ! ! ! l NC
Insulin 1 1 1 1 ND
sensitivity
Fibroblast
stress 1 1 ND ] NC
resistance
In vivo stress 1 1 ND ND ND

resistance

Table 1-1. Phenotypes of long-lived mice with altered GH/IGF-1 signaling.
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CHAPTER 2

Differential activation of the MAPK pathway in long-lived dwarf mice

Abstract

Primary dermal fibroblasts from long-lived dwarf mice, including Snell and
growth hormone receptor knockout (GHRKO) mice, are resistant to multiple
forms of cytotoxic stress, but the molecular mechanisms for their enhanced
resistance are unknown. This study demonstrates that ERK1/2, but not JNK or
p38 phosphorylation, induced by hydrogen peroxide (H-0), cadmium chloride
(CdCly), or paraquat is attenuated in fibroblasts from Snell dwarf and GHRKO
mice. UV-C light, hyperosmolarity (excess NaCl), and tumor necrosis factor alpha
(TNF-a) induce ERK phosphorylation in Snell and GHRKO cells to a similar
extent as littermate control cells. Attenuation of ERK phosphorylation is also
observed in liver tissue from Snell dwarf mice exposed to diquat. Portions of this
data set (Figure 2-5; Figure 2-6; Figure 2-7) were previously published in Free

Radical Biology and Medicine (1).

Introduction

Loss-of-function mutations that diminish GH/IGF-1 signaling action have
been shown to delay aging and increase mouse lifespan (2, 3). The Snell

(Pit19""®) and Ames (Prop1?"®™) dwarf mouse models are the best-studied slow-
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aging mutants with altered circulating GH/IGF-1 levels (4, 5). Multiple age-
associated phenotypes are delayed in these mice, including cataracts, collagen
cross-linking, immunosenescence, kidney disease, and neoplasia, as well as
impaired learning ability, locomotion, or memory (5-8). Snell and Ames dwarf
mice undergo improper embryonic development of the anterior pituitary, resulting
in impaired secretion of GH, prolactin, and TSH. This results in additional
reduction of circulating IGF-1 and thyroid hormones (TH) levels. The Snell and
Ames mutations increase lifespan ~40% in both sexes and in multiple genetic
backgrounds (4, 5, 8). GHRKO mice were developed by targeted disruption of
the Ghr/Ghrbp gene and do not express the GH receptor (9). These mice have
elevated levels of circulating GH levels but are GH resistant due to a lack of
functional GH receptor. Similar to Snell and Ames mice, GHRKO mice have
diminished circulating levels of IGF-1 and insulin, increased lifespan, and multiple
indices associated with delayed aging (8-10).

Dysregulation of IGFBPs has also recently been shown to extend lifespan
in mice. Targeted disruption of PAPPA, an IGFBP protease that regulates
function of IGFBPs (IGFBP-4, possibly -2,5) through cleavage, increases
longevity in mice (11) (Table 1-1). Interestingly, these mice are long-lived but
have no observed decrease in circulating GH or IGF-1 levels. PAPPA-KO mice
have been proposed to be long-lived due to a reduction in local, rather than

circulating IGF-1 concentration, due to increased expression of IGFBPs (12, 13).
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Whether cells from PAPPA-KO mice are resistant to cytotoxic stress, similar to
Snell, Ames, and GHRKO mice, has not been determined.

Longevity extension has previously been shown to be associated with
increased resistance to multiple forms of stress in yeast, worms, and flies (14-
16). Enhanced multiplex stress resistance may also play a role in mammalian
aging (17). Primary dermal fibroblasts of adult Snell, Ames, and GHRKO mice
are resistant to death induced by oxidative (H.O., paraquat), nonoxidative (MMS,
UV-C light), and mixed (CdCl,, heat) stresses (18, 19). Cells from Snell mice are
also resistant to metabolic stress induced by glucose deprivation or rotenone
exposure (20), are better protected against oxygen stress-induced senescence
(21), and are faster to resume transcription after UV irradiation (22). Resistance
to stress has been shown to be positively associated with lifespan across
specials of mammals (23, 24) and birds (25). However, the molecular basis of
enhanced cellular stress resistance is not defined.

Since mutations that affect insulin signaling and increase longevity in
worms and flies have been shown to be associated with enhanced stress
resistance (26), we hypothesized that altered insulin/IGF-1R signaling is
responsible for the multiplex enhanced cellular stress resistance phenotype of
long-lived dwarf fibroblasts. The insulin/IGF-1R signaling cascade forks into two
main branches: (A) the PIBK-AKT pathway controls nutrient metabolism including

glucose uptake and suppression of gluconeogenesis, and (B) the Ras-MAPK
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pathway mediates gene expression. These two pathways have also been shown
to interact to regulate cell growth and differentiation (27).

Activation of Akt by the insulin/IGF-1 receptor is mediated by the IRS-
PI3K-Akt kinase cascade (28). Akt can act as a negative regulator of stress
resistance primarily through inhibitory phosphorylation of the Forkhead Box-O
(FOXO) transcription factor (29). In worms and flies, lifespan extension observed
in insulin receptor mutants has been shown to be dependent on FOXO activity
(30-32). In contrast, there is little direct evidence in support of the IRS-PI3K-Akt-
FOXO pathway regulating mammalian aging (2). Some insight has been obtained
from dietary restriction studies. Akt phosphorylation has been shown to be
reduced in liver samples from CR and MR mice (33). The observations that
IRS17* (34) and IRS2"* (35) mutant mice are long-lived suggests that this
pathway may play a role in regulation of mammalian aging.

MAPKs comprise a ubiquitous group of signaling proteins that play a
prominent role in regulating cell proliferation, differentiation, and adaptation (36).
The MAPK signaling module is defined by a three-tiered kinase cascade,
resulting in phosphorylation of a conserved Thr-X-Tyr activation motif by an
upstream dual-specificity MAPK kinase (37). ERK, JNK, and p38 are the major
subfamilies of the MAPK signal network. ERK1/2 is canonically activated by the
Ras/Raf/MEK pathway, and Ras has been implicated as a regulator of longevity

in yeast (38). Ras activity is controlled in mammals by insulin/IGF-1 receptor
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signaling mediated through IRS1/2 and Grb2-Sos, parallel to the PISK-Akt
pathway (27).

The multiplex stress resistance phenotype of dwarf mice appears to be
valid in vivo as well. IGF-1R*" mice are resistant to intraperitoneal (IP)
administration of the oxidative toxin paraquat compared to littermate control mice
(39). Ames mice also survive exposure to diquat and paraquat longer than
littermate control mice (40). Resistance in both the IGF-1R” and Ames studies
were measured as survival time in response to a single, lethal stress dose. The
enhanced resistance of IGF-1R” mice to paraquat was only observed in females
(39), but both sexes of Ames mice were resistant to stress (40). Diquat and
paraquat are frequently used to generate oxidative stress in cells and whole
animals (41, 42). Diquat is a redox cycler that can be converted to a free radical
intermediate, which upon combination with molecular oxygen generates
superoxide anions. Paraquat catalyzes oxidation of intracellular NADPH as well
as superoxide formation (43). In addition, both diquat and paraquat can
peroxidize lipid membranes (42).

The goal of this component of my research project was to test the
hypothesis that the enhanced stress resistance phenotype of dwarf mice is
associated with altered Akt pathway or MAPK cascade activation. Akt
phosphorylation was measured in Snell skin-derived fibroblasts in response to
IGF-1 or insulin stimulation, and MAPK phosphorylation was evaluated in Snell

and GHRKO skin fibroblasts in response to cytotoxic stress exposure (CdCly,
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H.O,, paraquat, UV-C light). Additionally, differential activation of the MAPK
pathway was examined in multiple tissues of Snell dwarf mice challenged with a

single IP injection of diquat.

Materials and Methods
Animals

Snell dwarf (dw/dw) and heterozygote (dw/+) control mice were bred as
the progeny of (DW/J x C3H/HeJ)F1 dw/+ females and (DW/J x C3H/HeJ)F1
dw/+ males; the sires had been treated with growth hormone and thyroxine to
increase their fertility (44).

GHRKO mice and littermate controls were maintained in the laboratory of
Dr. Andrzej Bartke at Southern lllinois University from stock produced by Dr.
John Kopchick's group at Ohio University, as previously described (9). The
genetic background of these animals is derived from 129/0Ola embryonic stem
cells and includes contributions from BALB/c, C57BL/6, and C3H inbred strains.

PAPPA-KO mice used in this study were generated from breeding
colonies at the University of Michigan, initiated from a breeding pair generously
provided by Dr. Cheryl A. Conover at the Mayo Clinic. These mice were originally
generated using targeted disruption of the PAPPA gene at exon 4 (11).
PAPPA-KO were maintained on a mixed C57BL/6-129SV/E genetic background.

Tail skin biopsies for fibroblast culture were taken from male Snell and
PAPPA-KO mice 3-4 months of age. Tail skin biopsies GHRKO mice were

obtained from male mice 3-6 months of age shipped overnight on ice to the
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University of Michigan in Dulbecco's modified Eagle’s medium (DMEM)
supplemented with 20% heat-inactivated fetal calf serum (FCS), penicillin,
streptomycin, Fungizone, and 10 mM Hepes.

Diquat dibromide monohydrate (Chem Service, West Chester, PA, USA)
was dissolved in 0.9% saline and delivered via intraperitoneal injection in a
volume adjusted to deliver 50 mg per kg body weight, as previously described
(40). After 6 h of treatment, diquat and saline-treated control mice were
euthanized by CO, asphyxiation. Tissues were immediately dissected, snap
frozen in liquid nitrogen, and stored at -80°C.

Animal use in these experiments was approved by the University
Committee on the Use and Care of Animals (UCUCA) at the University of

Michigan.

Cell culture

Fibroblasts from Snell, GHRKO, and PAPPA-KO, and respective littermate
control tail skin biopsies were isolated following our standardized, previously
published protocol (18). Tail snips of ~5 mm in length were minced with a scalpel
and placed into a 35-mm dish with 1.5 mL of “complete” medium (high glucose
DMEM variant without sodium pyruvate [Gibco/Life Technologies, Carlsbad, CA,
USA], 1X Antibiotic-Antimycotic solution of penicillin/streptomycin/Fungizone
[Gibco], 10% heat-inactivated FCS [Hyclone/Thermo Scientific, Logan, UT, USA])
containing collagenase (1000 U/ml; Gibco) in a humidified CO, incubator at 37°C

with 20% O.. After overnight collagenase digestion, the cell suspension was
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pipetted repeatedly to dislodge fibroblasts, passed through a sterile nylon cell
strainer (BD Biosciences, San Jose, CA, USA) into 50 mL tubes to remove
debris, and centrifuged for 5 min at 200 g in 15 mL tubes. The resulting cell pellet
was resuspended in 3 mL of complete medium, transferred to a 25-cm? flask
(passage 0). Every 3 days, 2/3 of cell culture medium was replaced with fresh
complete medium. When cells approached confluence ~1 week later, the
monolayer was trypsinized, resuspended in complete medium, and counted with
a hemacytometer. 0.75 x 10° cells were then passaged into 75-cm? flasks
(passage 1). The following week, when cells approached confluence, the cultures
were passaged into T175 flasks at a density of 1.75 x 10° cells per flask
(passage 2). The same duration and flask volume was used for passage 3 cells.
All fibroblast experiments described used cell cultures at passage 3 from Snell,
GHRKO, PAPPA-KO, and respective littermate control mice propagated and
tested independently in parallel. Serum deprivation was conducted in DMEM
containing 2% bovine serum albumin (BSA; Gemini Bio-Science, Logan, UT,

USA) without FCS for 18-24 h.

Multiplex cellular stress resistance assay

Snell and PAPPA-KO fibroblast survival was measured with a test based
on metabolic conversion of WST-1 reagent, as previously described (18). Cells
were seeded in triplicate in clear, flat bottom 96-well plates at a density of 30,000
cells/well. After 24 h incubation in complete medium, cells were washed 2x with

PBS and incubated in serum-free medium for 18 h. Chemical stressors (CdCls,
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H.O. , NaCl, paraquat [all from Sigma-Aldrich, St. Louis, MO, USA]) were
prepared in serial dilutions the day of the experiment in DMEM without BSA or
FCS and applied to cells for 6 hours. For UV stress, cells were incubated in PBS
and briefly exposed to UV-C light using a Stratagene Stratalinker. Cells were then
allowed to recover in serum-free medium for 18 hours. Colorimetric change due
to reduction of the tetrazolium dye WST-1 (Roche Applied Science, Indianapolis,
IN, USA) after 4 hours was measured by spectrophotometry (Molecular

Dynamics) following the recommended protocol specified by the manufacturer.

Antibodies

Antibodies for immunoblotting were obtained as follows: p38 MAPK,
phospho-p38 MAPK (Thr180/Tyr182), ERK, phospho-ERK (Thr202/Tyr204),
JNK, phospho-JNK (Thr183/Tyr185), phospho-Akt (Ser473), phospho-Akt
(Thr308), and Akt (pan) were from Cell Signaling Technology (Beverly, MA,
USA); B-actin was from Sigma-Aldrich (St. Louis, MO, USA); and goat anti-rabbit
and goat anti-mouse antibodies were from Santa Cruz Biotechnology (Santa

Cruz, CA, USA).

Western blot analysis

After stress or mock treatment, cells were washed in cold PBS and
harvested by scraping in 1 mL of RIPA lysis buffer (Pierce/Thermo Scientific,
Rockford, IL, USA) containing 1X HALT protease inhibitor cocktail (Pierce) and
PhosSTOP phosphatase inhibitor cocktail (Roche). Lysates were centrifuged at

12,000 rpm for 40 min at 4°C and stored at -80°C. Protein concentrations were
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determined using the bicinchoninic acid (BCA) assay (Pierce) according to the
manufacturer's recommended microplate protocol. Samples were then prepared
for immunoblot by adding Laemmli buffer and boiling for 5 min. Sodium dodecy!
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed using
40 ug protein per lane and Criterion XT gels (Bio-Rad, Hercules, CA, USA) at
100 V. Wet-transfer was then performed for 1 h at 100 V using 0.45 yM PVDF
membrane (Millipore). Membranes were briefly incubated in pH 7.6 Tris-buffered
saline (TBS) and blocked with 3% BSA in TBS plus 0.05% Tween 20 (TBST) for
1 h at room temperature. Blots were briefly washed with TBST and incubated
with primary Ab diluted at the manufacturer’s recommended concentration in 1%
BSA/TBST solution overnight at 4°C. After primary Ab incubation, blots were
washed for 15 min 3X with TBST and then incubated with secondary Ab in 1%
BSA/TBST overnight at 4°C. Enhanced chemiluminescence (ECL) substrate
(Pierce) and X-OMAT film was used for visualization of phospho-Akt and total
proteins. Phospho-MAPK proteins were visualized with enhanced
chemifluorescence (ECF) substrate (GE Healthcare) and digital image
processing using a STORM 860 molecular imager (Molecular Dynamics,
Sunnyvale, CA, USA). Quantification of immunoblot band intensities was

performed using ImageQuant 5.2 software (Molecular Dynamics).

Statistical analyses

All graphs show mean values + SEM. Differences between normal and

dwarf fibroblasts in the levels of protein phosphorylation were evaluated using a
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paired t-test, with each time point considered separately, at a criterion of p <0.05
for statistical significance. For analysis of diquat-treated tissue samples,
differences between dwarf and control mice were performed using an unpaired t-
test. Interaction of genotype and diquat exposure was calculated using 2-way
analysis of variance (ANOVA) in Prism 5 software (GraphPad Software, La Jolla,

CA, USA).

Results

Phosphorylation of Akt in response to IGF-1 and insulin treatment does not
differ between Snell dwarf and control fibroblasts

The insulin/IGF-1 receptor has been implicated in stress response control
and delayed aging in multiple models of aging. Snell mice have reduced
circulating IGF-1 and insulin resulting from improper pituitary development and
subsequent reduction of GH secretion. The enhanced stress resistance
phenotype of Snell dwarf fibroblasts is epigenetically stable, and thus maintained
through multiple passages in culture containing high levels of growth factors,
including insulin. We hypothesized that part of this epigenetically stable
phenomenon that contributes to enhanced stress resistance in fibroblasts is
altered insulin/IGF-1R sensitivity. To test this hypothesis, we treated cultured
fibroblasts with IGF-1 or insulin and evaluated downstream PI3K-Akt signaling
activity via Akt phosphorylation. PDK1, regulated by PI3K, phosphorylates Akt at
the Thr308 residue. Additionally, the TORC2 complex regulates Akt activity by

phosphorylation at the Ser473 residue. We measured phosphorylation at both of
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these sites to determine if differential activation of downstream Akt signaling
occurs through PI3K or TOR-dependent mechanisms.

Cells were deprived of serum for 24 h and then exposed to graded doses
of IGF-1 (1, 10, 100 ng/ml) or insulin (1, 10, 100 pg/ml) for 15 or 60 min.
Equivalent, dose-dependent increases in Akt phosphorylation were observed in
response to IGF-1 at both Thr308 (Figure 2-1A) and Ser473 (Figure 2-1B).
Follow-up analysis with additional time points (2, 4, 8, 30, 60, 240 min) confirmed
that the kinetics of IGF-1-mediated Akt phosphorylation are the same between
Snell and control fibroblasts (Figure 2-2). IGF-1 induced robust Akt
phosphorylation after only 2 minutes of treatment, with a diminution in Akt
phosphorylation observed starting at 30 minutes. Insulin stimulation induced
similar changes in Akt Thr308 phosphorylation between Snell and control cells
(Figure 2-3), consistent with the IGF-1 treatment experiments (Figure 2-1). These
results suggest that cultured dwarf and normal fibroblasts maintain the same

responsiveness to IGF-1 and insulin.

Primary dermal fibroblasts from PAPPA-KO mice are not resistant to
multiple forms of stress

Since Snell dwarf fibroblasts do not maintain stable, increased sensitivity
to IGF-1 or insulin as initially hypothesized, we sought to determine whether
diminished GH/IGF-1 action is in fact associated with enhanced stress resistance
in long-lived mice. PAPPA-KO mice are long-lived but do not have reduced
circulating levels of IGF-1. PAPPA is a protease that cleaves IGFBP-4, and

possibly IGFBPs-2,5. In the absence of PAPPA, IGFBP activity is increased
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resulting in tissue-specific reductions of local IGF-1 concentration (12, 13).
PAPPA-KO mice have normal circulating levels of GH and IGF-1 (Table 1-1). We
hypothesized that tissue-specific reduction of IGF-1 would still enhance cellular
stress resistance in multiple tissues of PAPPA-KO mice. We measured cytotoxic
stress resistant in primary dermal fibroblasts cultured from PAPPA-KO and
littermate control mice. We observed no difference in resistance to CdCl,, (Figure
2-4A), H-O, (Figure 2-4B), paraquat (Figure 2-4C), and UV-C light (Figure 2-4D)
with the WST-1 assay. No significant difference in resistance was observed
between PAPPA-KO and littermate control cells to any of the stressors tested.
These data contradicted our initial hypothesis, but are consistent with the
observations that enhanced cellular stress resistance is specific to long-lived

dwarf mice with reduced circulating GH or IGF-1 action.

ERK phosphorylation is attenuated in Snell dwarf and GHRKO fibroblasts
in response to multiple cytotoxic stresses

Since IGF-1 and insulin increased Akt phosphorylation similarly in Snell
and control cells (Figure 2-1; Figure 2-2; Figure 2-3), we shifted focus to whether
differential activation of MAPK family members may contribute to the resistance
to stress in dwarf fibroblasts. We examined the levels of the phosphorylation of
ERK1/2, JNK1/2, and p38 in response to 100 yM H.O. (Figure 2-5A,B), 10 uM
CdCl, (Figure 2-5C,D), 10 mM paraquat (Figure 2-6A,B), and 40 mJ/cm? UV-C
light (Figure 2-6C,D). The stressor concentrations evaluated were approximately
equal to the LDsp values obtained in the previously published multiplex stress

resistance experiments (18, 19). We found that H,O, exposure increased
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phosphorylation of ERK1/2 in a dose-dependent manner in both Snell dwarf cells
and control cells. Interestingly, the phosphorylation of ERK1/2 by H.O, was
dramatically attenuated in dwarf fibroblasts compared with normal fibroblasts
(Figure 2-5A,B). By 60 min, phosphorylation levels had increased in control cells
3-fold, compared to a 50% increase in dwarf cells. Cadmium and paraquat
induced similar levels of ERK1/2 phosphorylation, which were also significantly
attenuated in dwarf cells compared to controls (Figure 2-5C,D and Figure
2-6A,B). This effect appears to be ERK-specific, since phosphorylation of JNK1/2
or p38 was not increased by H»,O, exposure, and there was no observed
difference in basal phosphorylation levels (Figure 2-5A,B). Cadmium, paraquat,
and UV-C light also did not induce JNK phosphorylation in Snell or control cells
(Figure 2-5; Figure 2-6).

Skin-derived primary fibroblasts from GHRKO mice also show diminished
ERK phosphorylation in response to H.O. and paraquat

GHRKO mice are not responsive to GH signals and have suppressed
circulating levels of IGF-1 and insulin (Table 1-1). Similar to Snell and Ames
mice, fibroblasts from GHRKO mice were found to be resistant to 100 yM H>O,,
10 mM paraquat, and 40 mJ/cm? UV-C light compared to fibroblasts from
littermate control mice, but for unknown reasons do not show differential
sensitivity to CdCl, (19). We sought to determine whether attenuated ERK
phosphorylation is a conserved phenotype in multiple long-lived mouse mutants
(Table 1-1) with enhanced cellular stress resistance. We observed that H.O, and

paraquat selectively induced phosphorylation of ERK1/2, but not of JNK or p38,
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in GHRKO and control cells (Figure 2-7). Similar to the results from cells from
Snell dwarf mice, stress-induced ERK1/2 activation was significantly attenuated

in GHRKO cells compared with controls (Figure 2-7).

ERK phosphorylation is equivalent in Snell dwarf and control cells in
response to UV-C light, NaCl, and TNF-a

The blunted ERK phosphorylation response was observed in dwarf
fibroblasts exposed to H,O, (Figure 2-5A,B; Figure 2-7A,B), paraquat (Figure
2-6A,B; Figure 2-7C,D), and cadmium (Figure 2-5C,D). However, UV-C light
induced ERK phosphorylation to a similar extend in both Snell and control cells
(Figure 2-6C,D). Cells were exposed to a single pulse of UV irradiation and
harvested at various times after treatment instead of being under continuous
stress exposure as in the tests of soluble agents. Similar results were obtained in
Snell and control cells exposed to osmotic stress by exposure to 0.5 M NaCl
(Figure 2-8) or stimulated with 10 ng/ml TNF-a (Figure 2-9). The time course of
the increase in ERK phosphorylation after TNF-a was very different from that
seen using the other stressors. The peak of TNF-a-induced ERK phosphorylation
was observed at 5 min, instead of in the 30-90 min range. Snell and control
fibroblasts were equally susceptible to death induced by osmotic shock (Figure
2-10), consistent with the ERK phosphorylation results (Figure 2-8). Additionally,
Snell and control fibroblasts are equally susceptible to death induced by TNF-a
(Yasumura and Miller, unpublished). These data suggest that the attenuated

ERK phosphorylation response in dwarf cells is specific to oxidative stress.

90



Blunted ERK phosphorylation is observed in vivo in diquat-treated Snell
dwarf liver tissue

Based on experiments with Snell and GHRKO fibroblasts that
demonstrated phosphorylation of ERK1/2 was attenuated in dwarf cells
compared to controls (Figure 2-5; Figure 2-6; Figure 2-7), we hypothesized that
differential activation of the ERK pathway would also be observed in vivo in a
tissue-specific manner, and serve to identify organs that may directly contribute
to enhancing stress resistance. Initial analysis of MAPK phosphorylation in
response to stress in vivo was evaluated in diquat-treated liver samples from
Ames dwarf mice (45). There was no observable difference in basal hepatic ERK
phosphorylation (i.e. prior to diquat exposure) between Ames and control mice.
However, as seen in the fibroblast studies, ERK phosphorylation was robustly
increased by diquat exposure in control mouse liver tissue, but no change was
observed in dwarf mouse liver tissue (45).

To address the question of whether differential MAPK activation was
observed in multiple tissues of long-lived dwarf mice, we injected Snell mice with
diquat following the same protocol used for the Ames diquat exposure survival
study (40). Snell mice were injected with a single IP dose of 50 mg/kg diquat and
sacrificed 6 h after initial exposure. We first measured diquat-induced changes in
ERK phosphorylation in Snell and control mouse liver tissue. There was no
observable difference in basal ERK phosphorylation between Snell and control
mice, but ERK phosphorylation was increased in diquat-treated control mouse

liver tissue with no change in dwarf mouse liver tissue (Figure 2-11). These
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results were consistent with the data obtained from diquat-treated Ames mouse
liver tissue (45), as well as Snell (Figure 2-5; Figure 2-6) and GHRKO (Figure
2-7) fibroblast experiments, suggesting that differential MAPK activation might be

a conserved phenotype in multiple long-lived dwarf stocks.

Differential ERK phosphorylation is not a conserved, multi-organ
phenotype in Snell mice

Since differential activation of ERK was observed in Snell liver tissue, we
next sought to address whether such a phenotype was also apparent in other
tissue types. We measured ERK phosphorylation in hippocampus (Figure 2-12),
heart (Figure 2-13), skeletal muscle (Figure 2-14), lung (Figure 2-15), and kidney
tissue (Figure 2-16) from Snell dwarf and control mice exposed to diquat for 6 h.
The pattern of ERK phosphorylation seen in dwarf liver and dermal fibroblasts
was not observed in any of the other tissue types we evaluated. Diquat induced
robust and equivalent ERK phosphorylation in both Snell and control mouse
hippocampi (Figure 2-12). No change in ERK phosphorylation was seen in Snell
and control cardiac tissue (Figure 2-13). The study of skeletal muscle tissue did
not yield consistent or statistically significant results: one control mouse did show
high levels of ERK phosphorylation in skeletal muscle, but there were no
significant differences between dwarf and control mice when all of the data were
combined (Figure 2-14). In lung tissue, dwarf baseline ERK phosphorylation was
found to be elevated, unlike liver, but with no statistical difference from littermate
control baseline levels. In control mice, ERK was found to be phosphorylated in

response to diquat, just as observed in the liver. Diquat also stimulated ERK
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phosphorylation in dwarf mice, but with much variation and no statistical
difference from baseline levels (Figure 2-15). Therefore, although diquat
increased ERK phosphorylation in the lung, the overall pattern of phosphorylation
changes were very different from that observed the liver. In kidney, diquat
produced a small and statistically insignificant increase in control mice, with no
change in phosphorylation observed in dwarf kidney tissue (Figure 2-16). We
were able to detect only a single ERK isoform in both hippocampus and kidney
samples (Figure 2-12; Figure 2-16). These results do not support our initial
hypothesis that blunted phosphorylation of ERK in response to stress is a
conserved phenotype across Snell dwarf organs. Instead, we propose that
differential activation of MAPK signal cascades may instead be associated with
tissue-specific IGF-1 expression levels. Local IGF-1 expression in the liver is
markedly reduced in Ames mice (46). However, no difference in IGF-1 mRNA
expression is observed in the hippocampus between Ames and control mice (46).
Similar patterns of IGF-1 expression have been observed in liver and
hippocampus tissue of Snell dwarf mice, and reductions in IGF-1 mRNA
expression have been observed in other somatic tissues in Snell mice (Sun LY;
personal communication). These alterations in local IGF-1 expression may
mediate the observed differences among tissues in the extent to which ERK

signals are modified in Snell dwarf mice.
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2-5.

Discussion

The association of mutations that increase lifespan in worms and flies with
enhanced resistance to multiple forms of lethal stress (47) suggests that the
lifespan extension observed in these mutants is a consequence of their
protection from stress. Gene expression studies of CR and GH or insulin/IGF-1-
deficient signaling mutants have revealed that specific regulatory networks are
altered in slow-aging organisms (48, 49). These factors may regulate coordinated
resistance to multiple forms of cytotoxic stress, including oxidative damage and
genotoxic insults. The underlying model here is that the rate of aging, whether
influenced by diet (50, 51), single gene mutations (4, 5, 52), or evolutionary
divergence might also reflect modulation of cellular stress resistance properties
(17).

Fibroblasts from long-lived dwarf mice have been shown to be resistant in
culture to multiple forms of cytotoxic stress and injury (18, 19). Multiplex stress
resistance has also been shown to be correlated with maximal lifespan in studies
that compare cells from different species (23, 25, 53, 54). These findings provide
indirect evidence in support of the idea that stress resistance influences the rate
of aging. However, the biological processes responsible for enhancing stress
resistance and the extent to which increased stress resistance of fibroblasts in
culture mimics whole organ responses are not well defined. The goal of the
experiments described in this chapter was to identify biochemical pathways that

might mediate the enhanced stress resistance phenotype of long-lived dwarf
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mice and to determine whether such changes were conserved throughout
multiple tissue types.

We directed our initial search for signaling networks that may be
differentially regulated in dwarf mice to cascades implicated in stress response
regulation downstream of the insulin/IGF-1 receptor. First, we sought to measure
PI3K-Akt pathway activation, since downstream factors such as FOXO proteins
have been shown to regulate insulin receptor-mediated lifespan extension and
stress resistance in C. elegans and D. melanogaster (30-32). We treated Snell
and littermate control fibroblasts with IGF-1 or insulin and found no detectable
differences in Akt phosphorylation intensity or kinetics between Snell and control
cells (Figure 2-1; Figure 2-2; Figure 2-3). These results demonstrate that Snell
fibroblasts do not have differential sensitivity to IGF-1 or insulin and that the
downstream PI3K-Akt pathway is not differentially activated in primary cultured
fibroblasts of Snell mice in response to hormonal stimulation.

MAPK activation is associated with resistance to oxidative damage both in
vitro and in vivo (55, 56). ERK is partially regulated through the insulin/IGF-1
receptor by the Grb2-Sos-Ras-Raf-MEK cascade (57). ERK activation has
differing effects on stress resistance and apoptosis depending on the duration,
intensity, and intracellular localization of activation (58). For example, ERK has
been shown to promote cell survival (59, 60) or increase sensitivity to oxidative
stress (61). In Snell and GHRKO fibroblasts, ERK phosphorylation is attenuated

in response to multiple forms of cytotoxic stress (H2O,, CdCl,, paraquat) (Figure

95



2-5; Figure 2-6; Figure 2-7). Differential ERK phosphorylation is stress-specific
and not observed in Snell fibroblasts treated with UV-C light (Figure 2-6C,D),
hypertonic NaCl (Figure 2-8), or TNF-a (Figure 2-9). Similar changes in ERK
phosphorylation were observed in liver homogenates from Snell (Figure 2-11)
and Ames (45) dwarf mice injected with diquat.

These results have several implications concerning the mechanism of
multiplex stress resistance in long-lived dwarf mice. It is not well characterized
how chemical stress (e.g. H.O,, CdCl,, paraquat) induces ERK phosphorylation,
and it is likely that the activation process differs for each agent. Paraquat
augments oxidative damage caused by mitochondrial free radicals (41, 42).
Hydrogen peroxide induces cellular damage primarily by lipid peroxidation (62).
Our experiments show that early activation of ERK phosphorylation is not
observed in dwarf cells in response to oxidative stress (H>O,, CdCl,, paraquat)
but can be rapidly increased by other forms of stress (UV-C light, NaCl, TNF-a).
Therefore, dwarf fibroblasts are likely less susceptible to early stage activation in
one or more of these damage-detection pathways. For example, dwarf cells may
be less susceptible or rapidly repair H.O>-mediated membrane peroxidation that
normally triggers the ERK cascade in control cells. Experiments that evaluate
early stage damage and upstream MAPK kinase activity will be needed to
address these concerns.

Immediate early genes (IEG) are rapidly and transiently synthesized in

response to stress or mitogenic stimuli (63, 64). PI3K-Akt and MAPK signaling
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have been shown to regulate IEG induction (65). Expression of the IEGs Egr-1,
Fos, and Jun was evaluated in Snell dwarf fibroblasts exposed to 100 yM H>O»
for 1 h and found to increase more in dwarf cells in response to stress. This
response was dependent on MEK activity, since increased mRNA expression
was not observed in fibroblasts pretreated with the MEK inhibitor PD98059 (1).
Similar trends of IEG expression were reported in HoO,-treated GHRKO
fibroblasts, with the exception that Jun induction did not differ from control cells
(1). These observed results in fibroblasts are paradoxical, since ERK
phosphorylation was found to be attenuated in Snell and GHRKO mice in
response to stress, and suggest that a MEK/ERK-independent mechanism is
responsible for the adaptive response of these IEGs. However, a different pattern
of IEG expression in response to diquat-induced oxidative stress was observed in
Ames dwarf liver tissue. Basal expression of Egr-1, Fos, and Jun mRNA was
found to be elevated in Snell (Sun LY; personal communication) and Ames (45)
liver tissue compared to control mice. Increased hepatic expression of Egr-1 and
Fos but not Jun were observed in diquat-treated Snell mice (Sun LY; personal
communication). Egr-1, Fos, and Jun expression was found to significantly
increase more in diquat-treated control mice compared to Snell mice (Sun LY;
personal communication). In Ames mice, No significant change in hepatic IEG
expression was detected in diquat-treated animals, but control mice had
increased expression of Egr-1 and Fos mRNA (45). These experiments

demonstrate that in addition to altered ERK phosphorylation observed in

97



fibroblast cell culture and in liver tissue lysates, IEG expression differs between
dwarf and control mice.

No detectable change in JNK or p38 phosphorylation was observed in
Snell, GHRKO and littermate control-matched fibroblasts exposed to stress
(Figure 2-5; Figure 2-6; Figure 2-7) or in tissue lysates from diquat-treated Snell
and littermate control mice (not shown). However, a blunted p38 response,
similar to that we observed with ERK, was detected in diquat-treated Ames liver
tissue (45). Additionally, differential activation of p38 was reported in Ames dwarf
fibroblasts in response to H-O,, 3-NPA, antimycin A and rotenone (66). JNK
phosphorylation was observed to increase in liver samples from Ames mice
exposed to diquat compared to controls, opposite to what was observed with
ERK. Therefore, it remains plausible that differential activation of JNK and p38
MAPKSs also contributes to enhanced stress resistance. Experiments that
evaluate additional time points and test other forms of stress will be required to
test the proposed hypotheses that differences in the activation pattern of ERK,
JNK, and p38 contribute to enhanced stress resistance and delayed aging in
dwarf mice.

Although long-lived dwarf mice are able to survive oxidative stress
challenge (e.g. diquat, paraquat) longer than littermate controls (39, 40),
increased apoptosis and toxicity has been observed in the liver of these mice in
response to stress (40). Ames mice challenged with diquat had a ~3-fold

increase in apoptosis as measured by double strand DNA breaks (40).
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Additionally, Snell and GHRKO mice are more sensitivity to acetaminophen
exposure than littermate control mice (53). This is in contrast to Little (67) and CR
(53) mice, which have been reported to be resistant to acetaminophen challenge.
The mechanistic basis for this difference in chemical stress resistance is not
known, but may be due to differences in intracellular redox homeostasis,
xenobiotic metabolism, or control of apoptosis. Multiple proapoptotic genes, such
as Bad and Bax, have been reported to be constitutively elevated at the mRNA
level in dwarf mice (45, 68). Snell fibroblasts are also more susceptible to
chemical agents (thapsigargin, tunicamycin) that induce ER stress-mediated
apoptosis (22). Higher expression of CHOP, enhanced caspase 3 and 12 activity,
and diminished Xbp1 splicing, all associated with a shift in favor of apoptosis, are
observed in Snell dwarf fibroblasts (69). CHOP (Gadd153), which is induced by
oxidative stress and mediates ER stress-induced programmed cell death (70-72),
is upregulated in Ames liver tissue in response to diquat (45). Higher apoptosis in
proliferative tissue, such as liver, has been proposed to promote regeneration of
new, undamaged cells in response to cytotoxic stress (73). Therefore, the
observed increase in apoptosis in Ames liver may provide an advantage to the
mice by eliminating damaged cells more rapidly.

The experiments described in this chapter demonstrate that differential
MAPK activation is a conserved phenotype across multiple long-lived dwarf mice
of different genetic backgrounds (Snell, Ames, GHRKO) both in fibroblast culture

models in response to multiple cytotoxic stresses and in vivo in response to
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diquat. We propose that this effect is due to reduced circulating GH/IGF-1 levels
and subsequent alteration of insulin/IGF-1R signaling. In long-lived PAPPA-KO
mice, which do not have lower circulating levels of IGF-1, there is no observed
difference in cellular stress resistance (Figure 2-4). Similarly, Ames dwarf mice
injected with GH for 6 weeks starting at 2 weeks of age have similar median
lifespan as littermate control mice and no observed difference in cellular stress
resistance (74), consistent with the model that reduced circulating GH/IGF-1 is
required to establish an epigenetically stable enhanced stress resistance
phenotype in skin-derived fibroblasts. In Snell mice treated with diquat,
attenuation of ERK phosphorylation was only observed in liver tissue, which has
a low level of local IGF-1 expression (Sun LY, personal communication). In
contrast, robust ERK phosphorylation was observed in the hippocampus, which
maintains a normal level of local IGF-1 (46, 75). Therefore, we propose that
differential MAPK phosphorylation in dwarf mice in response to stress is
influenced by local IGF-1 concentration. These in vivo stress experiments were
performed at a single dose and time point, and serve as a preliminary first step
toward developing a comprehensive picture of how stress resistance is
differentially regulated in throughout the whole dwarf mouse. The differential
activation of these signaling components likely reflects a single aspect of a more
complex network of homeostatic circuits, with survival of both specific cell types,

and survival of the mouse itself, influenced by cellular repair processes,
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inflammation, redox balance, and the rate of stressor detoxification mediated by

xenobiotic metabolism.
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2-7. Figures
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Figure 2-1. Similar phosphorylation of Akt at Thr308 and Ser473 observed
in Snell and control fibroblasts in response to IGF-1.

Actin eusasE——— e as et apase

After overnight serum removal, cells were treated with IGF-1 for 15’ or 60’ at 3
doses (1, 10, 100 ng/mL). Phospho-Akt controls: Jurkat cells treated with
LY294002 (-) or calyculin A (+). Serum lane denotes cells that underwent serum
removal and subsequent addition of serum-containing complete medium.
Complete lane denotes cells that were kept in complete medium without serum
removal. Representative immunoblots of p-Akt and actin at the 15’ and 60’ time
points are shown. IGF-1 induced Akt phosphorylation at both residues and both
time points in a dose-dependent manner, but no significant difference was
observed between Snell dwarf and littermate control cells (n = 4).
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Figure 2-2. Snell dwarf and control fibroblasts have similar Akt
phosphorylation kinetics at Thr308 in response to IGF-1.

After overnight serum removal, cells were treated with IGF-1 (10 ng/ml) and lysed
at multiple time intervals (0, 2’, 4, 8’, 30’, 60’, 240’). (A) Representative
immunoblots of p-Akt and actin are shown. Akt is rapidly phosphorylated in
response to IGF-1 stimulus, with high levels of phosphorylation observed at 2-8
minutes. Phosphorylation levels are attenuated after 30 minutes of treatment.

(B) No significant difference was observed between Snell dwarf and littermate

control cells (n = 2).
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Figure 2-3. Similar phosphorylation of Akt at Thr308 in Snell and control
fibroblasts is observed in response to insulin.

After overnight serum removal, cells were treated with insulin for 15’ or 60’ at 3
doses (1, 10, 100 yg/mL). (A) Representative immunoblots of p-Akt and actin are
shown. Insulin induced Akt phosphorylation at both time points. (B) Means and
SEMs for ratio of p-Akt to actin in normal and dwarf cells at the indicated doses
and time points. No significant difference was observed between genotypes
(n=4).
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Figure 2-4. PAPPA-KO dermal fibroblasts are not resistance to multiple
forms of cytotoxic stress.

PAPPA-KO and control cells were allowed to adhere for 24 h and deprived of
serum overnight. The cells were exposed varying doses of (A) CdCly, (B) H20,,
or (C) paraquat for 6 h. (D) UV-treated cells were exposed to a single pulse and
then incubated in serum-free media for 6 h during the stress period. LDs, the
dose of stress that led to death of 50% of the cells, was calculated from the dose-
response curve. No significant difference in resistance was found between
PAPPA-KO and controls. PAPPA-KO and littermate control cells have LDsg
values that resemble those previously obtained from Snell dwarf littermate
controls (18, 19).
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Figure 2-5. Phosphorylation of ERK1/2, JNK1/2, and p38 in skin-derived
primary fibroblasts from Snell dwarf and normal mice in response to
(A,B) H.0, and (C,D) cadmium.

After overnight serum removal, cells were treated with H>O, (100 yM, equivalent
to 600 nmol of H202 per 10° cells) or cadmium (10 uM) for the indicated time
intervals. (A,C) Representative immunoblots for phosphorylated and total forms
of ERK1/2, JNK1/2 and p38 proteins are shown. (B,D) The means and SEM,
presented as ratios to unstressed control cells at the start of treatment (n = 6;

p <0.01*).
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Figure 2-6. Phosphorylation of ERK1/2 and JNK1/2 in skin-derived primary
fibroblasts from Snell dwarf and normal mice in response to (A,B) paraquat
and (C,D) UV-C light.

After overnight serum removal, cells were treated with paraquat (10 mM) or
exposed to UV-C light (40 mJ/cm?) for the indicated time intervals.

(A,C) Representative immunoblots for phosphorylated and total forms of ERK1/2
and JNK1/2 proteins are shown. (B,D) The means and SEM, presented as ratios
to unstressed controls at the start of treatment (n = 6; p < 0.01**).
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Figure 2-7. Phosphorylation of ERK1/2, JNK1/2, and p38 signaling in skin-
derived primary fibroblasts from GHRKO and normal mice in response to
(A,B) H20, and (C,D) paraquat.

After overnight serum removal, cells were treated with H>O, (100 yM; equivalent
to 600 nmol of H20: per 10° cells) or paraquat (10 mM) for the indicated time
intervals. (A,C) Representative immunoblots for the phosphorylated and total
forms of ERK1/2, JNK1/2, and p38 proteins are shown. (B,D) The means and
SEM, presented as ratios to unstressed control cells at the start of treatment
(n=5;p<0.01™).
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Figure 2-8. Delayed and transient ERK1/2 phosphorylation is observed in
Snell and control fibroblasts in response to osmotic stress.

Snell and control fibroblasts were allowed to adhere for 48 h and deprived of
serum overnight. The cells were exposed to 0.5 M NaCl added to base DMEM
(320-355 mOsm/kg). (A) Representative immunoblots of p-ERK1/2 and total
ERK1/2 proteins are shown. (B) Relative pERK/ERK intensity was expressed in
comparison to levels seen in normal cells at the 10’ time point. No significant
genotypic difference between normal and dwarf cells was observed in signal
intensity or kinetics (n = 4).
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Figure 2-9. Rapid and transient ERK1/2 phosphorylation is observed in
Snell and control fibroblasts in response to TNF-a.

Snell and control fibroblasts were allowed to adhere for 48 h, and then deprived
of serum overnight. Cells were treated with TNF-a (10 ng/ml). (A) Representative
immunoblots of p-ERK1/2 and total ERK1/2 proteins are shown. (B) Relative
pERK/ERK intensity was normalized to the ratio seen in normal cells at the 5’
time point. No significant genotypic difference between normal and dwarf cells
was observed in peak levels or kinetics of ERK phosphorylation (n = 3).
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Figure 2-10. Snell dwarf dermal fibroblasts are not resistant to osmotic
stress-induced death by sodium chloride.

Snell and control fibroblasts were allowed to adhere for 24 h and deprived of
serum overnight. The cells were exposed to NaCl added to base DMEM (320-
355 mOsm/kg) at various doses for 6 h. Cells were then washed with PBS and
allowed to recover overnight in serum-free media. WST-1 was added for 3 h and
analyzed by spectrophotometry. No significant difference in dose-sensitivity was
observed between normal and dwarf cells (n = 2).
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Figure 2-11. Phosphorylation of ERK1/2 in the liver of Snell and control
mice in response to diquat exposure.

Snell and control mice were injected with diquat (50 mg/kg body weight) or saline
and sacrificed after 6 h exposure. (A) Representative immunoblots of p-ERK1/2
and total ERK1/2 liver proteins are shown. (B) The means and SEM, presented
as ratios to saline-injected control mice (n = 6; p <0.01**).
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Figure 2-12. Phosphorylation of ERK1/2 in the hippocampus of Snell and
control mice in response to diquat exposure.

Snell and control mice were injected with diquat (50 mg/kg body weight) or saline
and sacrificed after 6 h exposure. (A) Representative immunoblots of p-ERK1/2
and total ERK1/2 hippocampal proteins are shown. (B) The means and SEM are
presented as ratios to saline-injected control mice (n = 6; p < 0.05%).
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Figure 2-13. Phosphorylation of ERK1/2 in the heart of Snell and control
mice in response to diquat exposure.

Snell and control mice were injected with diquat (50 mg/kg body weight) or saline
and sacrificed after 6 h exposure. (A) Representative immunoblots of p-ERK1/2
and total ERK1/2 cardiac proteins are shown. (B) The means and SEM are
presented as ratios to saline-injected control mice (n = 3).
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Figure 2-14. Phosphorylation of ERK1/2 in skeletal muscle of Snell and
control mice in response to diquat exposure.

Snell and control mice were injected with diquat (50 mg/kg body weight) or saline
and sacrificed after 6 h exposure. (A) Representative immunoblots of p-ERK1/2
and total ERK1/2 muscle proteins are shown. (B) The means and SEM are
presented as ratios to saline-injected control mice (n = 3).
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Figure 2-15. Phosphorylation of ERK1/2 in the lung of Snell and control
mice in response to diquat exposure.

Snell and control mice were injected with diquat (50 mg/kg body weight) or saline
and sacrificed after 6 h exposure. (A) Representative immunoblots of p-ERK1/2
and total ERK1/2 lung proteins are shown. (B) The means and SEM are
presented as ratios to saline-injected control mice (n = 5; p < 0.05%).

116



Normal Dwarf
vDVvDVDVDVDVD

PERK -~
.

ERK " %% t wn wp = wo 0 o= an 90 &5

B
2.0+ [ Vehicle
Il Diquat
1.5+
X
: T
w
Y 1.0 -1
14
w
o
0.5+
O.C 1} L}
Normal Dwarf

Figure 2-16. Phosphorylation of ERK1/2 in the kidney of Snell and control
mice in response to diquat exposure.

Snell and control mice were injected with diquat (50 mg/kg body weight) or saline
and sacrificed after 6 h exposure. (A) Representative immunoblots of p-ERK1/2
and total ERK1/2 kidney proteins are shown. (B) The means and SEM are
presented as ratios to saline-injected control mice (n = 5).
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CHAPTER 3

Activation of genes involved in xenobiotic metabolism is a shared
signature of mouse models with extended lifespan

Abstract

Xenobiotic metabolism has been proposed to play a role in modulating the
rate of aging. XMEs are expressed at higher levels in calorically restricted mice
(CR) and in GH/IGF-1-deficient long-lived mutant mice. In this study, we show
that many phase | XME genes are similarly upregulated in additional long-lived
mouse models, including “crowded litter” (CL) mice, whose lifespan has been
increased by food restriction limited to the first 3 weeks of life, and in mice treated
with rapamycin. Induction in the CL mice lasts at least through 22 months of age,
but induction by rapamycin is transient for many of the mRNAs. Cytochrome
p450s, flavin monooxygenases, hydroxyacid oxidase, and metallothioneins were
found to be significantly elevated in similar proportions in each of the models of
delayed aging tested, whether these are based on mutation, diet, drug treatment,
or transient early intervention. The same pattern of mRNA elevation can be
induced by 2 weeks of treatment with tert-butylhydroquinone, an oxidative toxin
known to activate Nrf2-dependent target genes. These results suggest that

elevation of phase | XMEs is a hallmark of long-lived mice and that elevation of
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these mRBRNAs may facilitate screens for agents that could be tested for effects on

health and lifespan in mice.

Introduction

Lifespan, including maximum lifespan, can be extended in mice by
genetic, dietary, and pharmacological interventions. Mutations associated with
reduced action of GH and/or IGF-1 can increase mouse lifespan by 40% or more
(1). Ames dwarf (Prop1?” (2) and Snell dwarf (Pit1?*™*) (3) mice carry
spontaneous loss-of-function mutations that result in improper pituitary
development and a reduction in somatotrophs. Growth hormone receptor
knockout (Ghr/bp” or “GHRKO?”) (4) and growth hormone releasing hormone
receptor (Ghrh/™ or “Little”) mice (3) are also long-lived compared to their
respective controls, and additional mutations affecting GH and/or IGF-1 action
have been shown to be associated with extended longevity (5).

Slow aging and extended lifespan can also be induced by dietary
interventions. Long-term CR has been shown to extend lifespan in multiple
rodent stocks (6), as well as in genetically heterogeneous mice (7). Short-term,
transient nutrition restriction imposed during the developmental period prior to
weaning extends lifespan in mice (8). An enlargement of litter size by 50%
(“crowded litter” or CL model) to 12 pups per mother instead of the normal 8 pups
per mother during the first 3 weeks of postnatal development has been shown
increase median lifespan by 18% in a heterogeneous mouse population (8). In

addition, these mice were reported to have lower circulating IGF-1 and maintain a
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small, but significant reduction in body weight throughout adulthood (8). Ames
mice on CR diets live longer than the same mutants fed ad libitum, suggesting
that CR and the Ames mutation may extend lifespan at least partially through
different mechanisms (9), although CR diets apparently do not further increase
lifespan in GHRKO mice (10). Pharmacologic interventions that extend mouse
lifespan have only recently been described, with evidence that rapamycin can
extend longevity in several stocks (11-14), presumably through reduced TOR
function.

In this study, we sought to identify biochemical pathways that might be
regulated in similar ways in mice in which lifespan has been extended by drugs,
diets, or mutations. We focused on expression of genes that encode XMEs,
based on previous publications that have indicated elevated expression of these
genes in slow-aging mice. Meta-analysis of CR and long-lived dwarf mice
microarrays revealed that phase | enzymes, particularly cytochrome p450s, flavin
monooxygenases, hydroxyacid oxidase, and metallothioneins were found to be
elevated in liver tissue (15). These enzymes play a protective role against
environmental toxins and interact with phase |l conjugation enzymes, enhancing
hydrophilicity and excretion rate of compounds, which are then exported into bile
by downstream phase lll transporters (16). Elevated systemic resistance to
oxidative toxins, such as acetaminophen or paraquat, is a hallmark of long-lived
dwarf (17-19) and diet-restricted mice (20), but has not been evaluated in CL or

rapamycin-treated mice.
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Materials and Methods
Animals

The CL, CR, rapamycin-treated, and tBHQ-treated mice were of UM-HET3
stock; they were the offspring of crosses between (BALB/cByJ x C57BL/6J)F1
females and (C3H/Hed x DBA/2J)F1 males (21).

Snell dwarf (dw/dw) and heterozygote (dw/+) control mice were bred as
the progeny of (DW/J x C3H/HeJ)F1 dw/+ females and (DW/J x C3H/HeJ)F1
dw/+ males; the sires had been treated with growth hormone and thyroxine to
increase their fertility (22).

GHRKO mice and littermate controls were maintained in the laboratory of
Dr. Andrzej Bartke at Southern lllinois University from stock produced by Dr.
John Kopchick's group at Ohio University, as previously described (23). The
genetic background of these animals is derived from 129/0Ola embryonic stem
cells and includes contributions from BALB/c, C57BL/6, and C3H inbred strains.

All mice evaluated in this study were male. Animals were weaned at 3
weeks of age and housed 3 mice (HET3, Snell) or 5 mice (GHRKO) per cage. All
animals were given free access to food and water, except for the CR cohort. Mice
were maintained using standard specific pathogen-free (SPF) husbandry
techniques; sentinel animals were exposed to spent bedding on a quarterly basis
to check for possible pathogens, and all such tests came up negative over the

course of the study.
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CL, CR, and rapamycin-treated cohorts

CL mice were generated following the procedure described previously (8).
HETS3 litters were culled to 8 pups (control mice) or supplemented by transfer of
newborn mice to produce litters of 12 mice (CL mice). Litters were weaned at 3
weeks of age and housed thereafter at 3 mice per cage. To control for the
potentially confounding effect of differing levels of nutrition experienced in utero,
litters originally including fewer than 8, or more than 10, pups were not used.
After weaning, both groups were fed control Purina 5LG6 chow ad libitum. CL
mice were euthanized at 12 or 22 months of age.

CR mice were given 80% of the amount of food consumed by AL control
mice starting at 6 weeks of age. At 10 weeks of age, CR mice were switched to
60% AL diet and then kept at that level until sacrifice at 12 months of age.
Previous studies have demonstrated a robust CR effect on lifespan using this
protocol (9), and a similar regimen extends longevity in HET3 mice (7).

The rapamycin-treated cohort was administered 14 ppm of
microencapsulated rapamycin in 5LG6 chow, starting at 9 months of age,
following the same protocol used in our previous reports (12, 13). Rapamycin-

treated mice were sacrificed at 12 or 22 months of age.

tBHQ administration

Tert-butylhydroquinone (tBHQ)-treated food was prepared fresh weekly in
500 g batches in our laboratory using powdered Purina 5001 chow. tBHQ

(Sigma-Aldrich) was added into powdered chow at 1% w/w. A Knox gelatin
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solution (4% w/w, relative to chow weight) was prepared in ddH.O, heated to
60°C and allowed to cool to 30°C. The gelatin solution was then added to the
powdered chow/tBHQ mix and refrigerated overnight. Young adult male HET3
mice, 6 months of age, were administered 1% tBHQ-treated food, or control food

prepared in the same manner without drug, for 2 weeks prior to euthanasia.

RNA isolation from liver

Liver tissue was washed with ice-cold PBS, snap frozen in liquid nitrogen,
and stored at -80°C. Sectioned liver samples were suspended in TRIzol reagent
(Life Technologies), homogenized for 30 s, and then sonicated for 30 s using
10 s pulse, 5 s rest intervals on ice. RNA was isolated by phenol/chloroform
extraction to yield total RNA following the manufacturer’s instructions. Samples
were dissolved in 500 pyL of RNase-free ddH-O, and RNA concentration was
quantified by spectrophotometry using a NanoDrop 1000. Samples were then

stored at -80°C until later use.

Real-time RT-PCR

Quantitative real-time PCR analysis was performed by two-step reaction,
by first generating cDNA with the iScript cDNA synthesis kit (Bio-Rad
Laboratories). Amplification was measured using SYBR Green | (Bio-Rad
Laboratories) and a RotorGene 6000 cycler (Corbett Research). After an initial
denaturation step (95°C for 180 s), amplification was performed over 45 cycles of
denaturation (95°C for 10 s), annealing (58°C for 6 s), and elongation (72°C for

13 s). The AAC; comparative method (ACiuge - ACt.cin) Was used to determine
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relative gene expression levels. Primer sequences are available in Table 3-1 and

Table 3-2.

Cytochrome P450 enzymatic activity assay

CYP1A and CYP2B activity was measured by resorufin conversion from
methoxyresorufin (MROD), ethoxyresorufin (EROD), or pentoxyresorufin
(PROD), as previously described (24). Liver samples were collected from mice
fed chow containing 1% tBHQ or control chow for 50 days that were exposed to
50 mg/kg diquat or saline for 6 h prior to dissection. Unfrozen liver samples were
briefly homogenized with a Potter-Elvehjem homogenizer and suspended in
sucrose buffer. Microsomes were isolated via ultracentrifugation with the
commercially available Endoplasmic Reticulum Isolation Kit (ER0100; Sigma).
Changes in resorufin fluorescence were measured in 96-well microtiter plates
following the protocol outlined in the commercially available Cytochrome P450 2B

Fluorescent Detection Kit (CYTO2B; Sigma).

Assessment of diquat-induced hepatotoxicity

Serum alanine aminotransferase (ALT) and lactate dehydrogenase (LDH)
activity was measured in plasma samples collected from diquat or saline-treated
male HET3 mice fed either tBHQ-treated or control chow for 50 days. ALT and
LDH activity was measured using commercially available kits (Catachem, Oxford,
CT, USA) in a 96-well microtiter plate following the manufacturer’s recommended

protocol.
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Statistical Analyses

All bar graphs show mean values + SEM, normalized to the levels seen in
the corresponding control animals. Differences between treatment groups were
evaluated using a two-tailed, unpaired t-test, with p < 0.05 as the criterion for
statistical significance. Scatterplot correlation analysis was performed using
Spearman's rank correlation coefficient, with p < 0.05 as the criterion for

significance.

Results

Litter crowding during weaning results in stable upregulation of xenobiotic
metabolism genes

Previous work had shown that CL mice, given limited access to food for
the 3 week period between birth and weaning, lived 18% longer than control mice
(8). To evaluate the extent to which patterns of gene expression in CL mice might
resemble those in CR mice, we measured mRNA levels in liver for genes
involved in phase | (Table 3-1) and phase Il (Table 3-2) biotransformation. Of 19
such phase | mRNAs evaluated, 17 were found to be elevated in liver of
12-month-old CL mice, and 6 of these were significantly elevated in a comparison
of 6 CL mice to 6 controls (Table 3-3). In parallel, we measured mRNA levels in
12-month-old CR mice of the same genetically heterogeneous stock (Table 3-4).
Comparison of the mRNA levels in CL and CR mice showed a close
correspondence (Figure 3-1A), with a correlation R = 0.79 (p <0.001). These

results show that a brief period of food restriction limited to the first 3 weeks of life
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is sufficient to establish an altered pattern of liver gene expression that is
retained for at least 11 months after the end of the intervention, and that the
pattern resembles that produced by long-term CR.

To see whether similar over-expression of genes involved in phase |
xenobiotic metabolism also affected mice in which slowed aging was due to
genetic or pharmacologic interventions, we evaluated the same set of mRNAs in
12-month-old Snell mice, and in HET3 mice given a diet containing rapamycin
(12, 13) from 9 months of age. Results shown in Figure 3-2B,C demonstrate that
the pattern of genes overexpressed in CL and CR mice also characterizes age-
matched Snell and rapamycin-treated mice. The gene expression pattern in the
CL mice is also similar to that seen in mice exposed to cholic acid (CA), a known
inducer of xenobiotic detoxification genes; Figure 3-1D compares our results from
CL mice with published levels (18) for 2-4 month old mice of the C57BL/6J
background, tested after 7 days of exposure to 2% CA. Means and standard
errors for mRNA for the rapamycin-treated and Snell mice are listed in Table 3-5
and Table 3-6. Thus, elevation of genes involved in phase | xenobiotic
detoxification is characteristic of CL, CR, Snell, and rapamycin-treated mice, and

is similar to the pattern induced by short-term exposure to a bile acid.

Elevated levels of many xenobiotic metabolism genes are seen at both 12
and 22 months of age in CL mice

To see if the gene expression pattern observed in 12-month-old CL mice
remained stable through adult life, we measured gene expression in

22-month-old animals and compared the mRNA levels to control mice at 12 or 22
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months (Figure 3-2). All 6 phase | genes that were significantly elevated at 12
months of age in CL liver remained elevated in 22-month-old CL mice relative to
12-month-old control mice. 4 of these 6 MRNAs, i.e. Cyp2b2, Cyp2b13, FmoS3,
and Hao3, were also found to be significantly higher in 22-month controls than in
12-month controls (Table 3-7). These 4 genes are thus increased in the first year
of life by the CL intervention, and then in later life by the aging process itself in
mice not subjected to CL. The majority of phase | enzymes that were not
significantly elevated in CL mice at 12 months of age did not change at 22
months of age, but Cyp1a2 and Cyp3a41 were found to be significantly

decreased in 22-month-old CL mice (Figure 3-3).

The duration of rapamycin treatment has differential effects on xenobiotic
metabolism gene expression

Mice treated with rapamycin for 3 months, starting at 9 months of age, had
elevated expression of 14 of the 19 phase | xenobiotic metabolism genes
evaluated in liver of 12-month-old mice (Table 3-5), and 9 of these were
significantly elevated compared to age-matched controls. To see whether
rapamycin, like the CL intervention, leads to long-lasting activation of these
mMRNAs, we evaluated liver of 22-month-old mice that had been treated with
rapamycin from 9 months onward. Figure 3-4 shows the results for each of the 9
mRNAs found to be significantly elevated in the 12-month-old rapamycin mice.
Seven of these 9 mRNAs were at lower levels in 22-month-old rapamycin mice
than they had been at 12 months of age, and 4 were significantly lower. Three

genes, Cyp2c38, Cyp4a10 and Por, were at significantly lower levels in
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22-month-old rapamycin-treated mice than in age-matched controls, and a fourth
mRNA (Hao3) was also significantly lower in the rapamycin treated mice than in
22-month-old controls. Other mRNAs elevated by rapamycin in the 12-month-old
mice, however, such as Cyp1al and Fmo3, remained elevated in the
22-month-old mice. Among the 9 mRNAs significantly activated by rapamycin at
12 months of age, 6 showed a significant age-associated increase among control
mice, reminiscent of age-related increases in genes sensitive to CL (Figure 3-2).
Additionally, Cyp2b10 and Cyp3a41, which were not significantly increased by
rapamycin at 12 months of age, were found to be significantly downregulated at
22 months of age (Figure 3-5). Thus it appears that the effects of rapamycin
treatment seen after 3 months are, for many genes, transient, with mRBNA levels
returning to baseline levels or even, in some cases, below the levels seen in

young or old control mice.

The Nrf2 activator tBHQ increases xenobiotic metabolism

To see if some of mMRNAs that were elevated in these slow-aging mice
could be activated acutely, we evaluated hepatic phase | XME mRNAs in young
adult HET3 mice after 2 weeks of exposure to tBHQ, which induces the
transcription factor Nrf2 (25). All 19 of the phase | mRNAs tested showed an
elevation in tBHQ-treated mice, and 13 of these showed statistically significant
increases (Table 3-8). The scatterplots shown in Figure 3-6 compare the patterns
of phase | xenobiotic mRNAs in tBHQ-treated mice to those of 12-month-old CR,

CL, Snell, and rapamycin-treated mice, together with data from a published study
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of young adult CA-treated mice (18). There are strong and significant correlations
with tBHQ exposure and the pattern of mRNAs seen in the CR, CL, Snell and
CA-treated models, but changes in xenobiotic metabolism in rapamycin-treated
mice do not resemble those seen in tBHQ-treated mice (Figure 3-6D). For a more
comprehensive test of similarities among these various models, we calculated
the correlation coefficients for each of the systems studied in our laboratory,
together with our data on GHRKO mice (Table 3-9) and published data for Little
mice and CA-treated mice (18). Figure 3-7 tabulates these correlation
coefficients, and shows the expected high correlation (R > 0.7) among the
mutants with blocks in the GH/IGF-1 pathway, i.e. Snell, GHRKO, and Little mice.
The two dietary interventions, CR and CL, are well correlated (R > 0.5) with one
another and with each of the GH/IGF-1 mutant mice, and the same is true for
mRNAs in mice subject to short-term exposure to CA (18) or tBHQ. The
exception is rapamycin, for which there are significant correlations with CR, CL
and CA-treated mice, but less agreement with mRNA patterns in the tBHQ-
treated mice, or with the Snell, GHRKO, and Little mice.

In addition to changes in mMRNA expression, we evaluated hepatic
cytochrome P450 activity and liver damage in tBHQ-treated mice in response to
challenge with the oxidative stressor diquat, following the same protocol
described in Section 2-3. Resorufin formation from methoxyresorufin (MROD),
ethoxyresorufin (EROD), and/or pentoxyresorufin ethers is indicative of CYP1A

and CYP2B enzymatic activity. tBHQ-treated mice were found to have
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significantly increased MROD both before and after exposure to diquat (Figure
3-8A). EROD and PROD were significantly higher in tBHQ-treated mice exposed
to diquat relative to mice on control food exposed to diquat (Figure 3-8B,C).
These results indicate that the Nrf2 activator tBHQ increases both XME mRNA
levels and xenobiotic metabolism activity. tBHQ-treated mice exposed to an
oxidative stress agent (e.g. diquat) were found to have increased hepatotoxicity
(as measured by plasma ALT, LDH levels) relative to diquat-treated mice on
control food (Figure 3-9), similar to Ames, Snell and GHRKO mice (19, 20).
tBHQ-treated mice, like GH/IGF-1-deficient dwarf mice, may have increased liver
damage in response to toxins due to an enhanced rate of xenobiotic metabolism
that rapidly depletes reduced glutathione stores, and is discussed in greater
detail in Section 4-2.

In addition, mice with hepatocyte-specific deletion of Keap1
(Alb-Cre::Keap1™") have similar elevations of XME mRNAs (26) as Snell (Figure
3-10A), GHRKO (Figure 3-10B, and Little mice (Figure 3-10C). No significant
correlation in XME gene expression was observed between
Alb-Cre::Keap1™/ mice (26) and CR mice (Figure 3-10D), CL mice (Figure
3-10E), tBHQ-treated mice (Figure 3-10F), or rapamycin-treated mice (data not
shown). These results indicate that the changes observed in XME gene
expression in GH/IGF-1-deficient dwarf mice are a result of increased Nrf2
activity. The poor correlation between Alb-Cre::Keap1™" mice (26) and tBHQ-

treated mice (Figure 3-10F) is paradoxical, but was performed using only 9 XME
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genes, and may also be reflective of differences in the kinetics of Nrf2 activation

17" mice have a constitutive increase

between these two models. Alb-Cre::Keap
in Nrf2 activity in the liver (26), whereas tBHQ-treated mice may have a more

transient pattern of Nrf2 activation in response to feeding cycles.

Phase | XME genes are similarly expressed in genetic, dietary, and
pharmacological interventions that extend lifespan

Table 3-10 assembles phase | gene expression data for each of these 8
model systems, listing in each case the ratio of mRNA levels in the slow-aging
mice to levels in the corresponding set of control mice. As a crude index of the
extent of mMRNA elevation, the table also includes the geometric mean value for
the set of ratios in each column. From this perspective the elevation of phase |
genes is strongest in the mutant and CR mice, which also show the largest
increase in longevity, and smaller in the CL and rapamycin mice, where the
longevity effect is significant but not as large as in dwarf or CR animals. Some
mRNAs, including Cyp2b13, Cyp2b9, Cyp4ai4, Fmo3 and Hao3 show strong
elevations, at least 3-fold and as high as 7500-fold, in each of the mouse models
known to be long-lived, in addition to mice treated with tBHQ or CA. Other

mRNAs, however, such as Cyp1a2, show only minor and inconsistent changes.

Parallel analyses of phase Il XME mRNAs

In addition to phase | XME genes, we also measured changes in phase |
gene expression in CL mice (Table 3-11), CR mice (Table 3-12), rapamycin-

treated mice (Table 3-13), tBHQ-treated mice (Table 3-14), Snell mice (Table
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3-15), and GHRKO mice (Table 3-16), summarized in Table 3-17. Phase || XMEs
were found to be slightly upregulated in CL mice (16 out of 17 genes evaluated),
but only 2 genes (Gsto2, Mgst3) were significantly elevated in a comparison of 6
CL mice to 6 controls (Table 3-11). In contrast, long-term CR induced a more
robust increase in expression of phase Il enzymes, seen in 16 out of 17 genes,
with 10 genes found to be significantly elevated in relative to control mice fed ad
libitum (Table 3-12). The Nrf2 activator tBHQ also robustly induced phase I
enzymes, seen in 16 out of 17 genes measured, with 8 genes reported to be
elevated relative to untreated littermate control mice (Table 3-14). However,
rapamycin treatment, like the CL intervention, was found to weakly induce

phase Il XMEs, with a small increase observed in 16 of the 17 genes evaluated.
Only 3 genes (Gsto2, Mgst3, Ngo1) were found to be significantly upregulated by
rapamycin in comparison to untreated control mice (Table 3-13).

Age-associated changes in 9 out of 10 phase Il XMEs were also observed
between 12-month-old and 22-month-old control HET3 mice, with significant
increases seen in Gstm3, Gsto, and Ngo1 mRNA expression (Table 3-18).
However, similar to phase | XME genes, phase || XMEs were largely unaffected
by age in CL mice. Only a CL-specific decrease in Ugt1a9 expression was
observed in 22-month-old mice compared to 12-month-old mice (Figure 3-11).
Therefore, the CL intervention appears to induce a stable change in XME gene
expression that is largely maintained at both 12 and 22 months of age. Age-

associated downregulation of multiple phase Il XMEs (Cyt19, Gsta2, Gsta4,
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Gstt2, and Papss2) was also observed in 22-month-old mice compared to
12-month-old mice treated with rapamycin (Figure 3-12).

Phase Il genes, like phase | XMEs, are elevated by multiple genetic,
dietary, and pharmacological interventions that extend lifespan (Table 3-17).
However, these changes are generally smaller in magnitude, with the exception
of Sult2a2, which is elevated >2000-fold in Snell, GHRKO, and Little mice.
Similar upregulation of phase Il XME genes was only observed between Snell
and Little (Figure 3-13) mice, as well as tBHQ and CA-treated mice, based on the

panel of 17 genes evaluated (Figure 3-14).

Discussion

Xenobiotic metabolism enzymes have been reported to be transcriptionally
upregulated in long-lived dwarf mice and mice on long-term CR (15). In this
study, we show that rapamycin, tBHQ, and CL also lead to transcriptional
activation of both phase | and phase Il XMEs in mice, consistent with the patterns
previously reported in CR and long-lived dwarf models. Whether xenobiotic
metabolism activity contributes to extension of lifespan in mammals is unknown,
but microarray studies in C. elegans support such a hypothesis (27). Based on
our data, we propose that transcriptional elevation of XME genes is a common
signature of delayed or decelerated aging in mice, whether based on dietary,
pharmacological, developmental or genetic changes, and we suggest that
activation of this and related detoxification systems may contribute to slower

aging in these animal models.
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Long-term CR elevates XME expression in mouse liver tissue, depending
on the age of the mice and the duration of restriction (15, 28). CR extends
lifespan and decreases the risk of cancer and other age-associated pathologies
in rodents (6, 29, 30). Physiological and biologic studies have produced a large
and growing list of differences between CR and control mice. Mice on CR have
elevated antioxidant defenses (31, 32) and are resistant to multiple hepatotoxins
(20, 31). The extent to which such changes contribute to increased lifespan in
each case is uncertain, and the mechanism of slowed aging in CR rodents is still
an area of active investigation. Whether CR can extend lifespan and delay aging
in humans has not been evaluated, but an ongoing study of monkeys on CR
suggests that results generated in rodents and other model organisms may also
be applicable to primates (33).

Short-term CR during weaning by increasing the number of pups nursed
by an individual mother produces “crowded litter” (CL) mice that are long-lived
(8), presumably because of restricted nutrient availability at this early period in
post-natal life. The mechanism behind CL-mediated lifespan extension is not
understood, but presumably reflects stable epigenetic changes in gene
expression in one or more cell types. Early, transient alterations in hormone
levels can have strong, long-lasting effects on aging and lifespan. For example,
short-term, intensive exposure of Ames mice to GH starting at 2 weeks of age
reverses both their extended lifespan and cellular stress resistance (34).

Circulating IGF-1 is reduced, at least at weaning, in CL mice (20), as it is in
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young CR mice (85), suggesting that reduced GH/IGF-1 levels in early life may
produce long-lasting changes that postpone aging and extend lifespan in both CL
and CR mice.

The observation that diet-based interventions associated with lifespan
extension upregulate XMEs led us to ask whether such changes would be seen
in mice in which extended longevity was produced pharmacologically. Research
conducted by the ITP (36) has shown that rapamycin extends mean and maximal
lifespan in mice, whether started at 9 or 20 months of age (12, 13). Our data
show that phase | gene expression is also upregulated, after 3 months of
rapamycin treatment initiated at 9 months of age, in a pattern similar to that
observed in CR and CL mice. Surprisingly, however, longer exposure to
rapamycin (i.e. from 9 to 22 months of age) resulted in a significant repression of
many of these mRNAs, in some cases to levels significantly below those seen in
12-month-old control animals. Thus, at least some of the changes in gene
expression induced by rapamycin are transient, and it is not clear whether the
health benefits seen in rapamycin-treated mice are due to its initial effects (such
as elevation of protective enzyme levels), to compensatory down-regulation of
these same genes, or to more complex feedback circuits. The transience of the
effects seen in rapamycin-treated mice was not observed in aged CL mice; in the
CL system, genes elevated in 12-month-old mice remained high at least through

22 months of age.
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Nuclear receptors are the best-characterized regulators of phase | XMEs.
A study utilizing Little mice crossed with CAR/PXR or FXR knockouts showed
that FXR but not CAR or PXR is the nuclear receptor that primarily regulates
phase | XME expression in Little mice (18). Mechanisms for regulation of
xenobiotic metabolism have not been evaluated in other mouse models, but there
is circumstantial evidence to suggest alteration of phase | gene expression by
additional factors. PPAR isoforms, for example, are elevated in Ames and
GHRKO liver tissue (37), and multiple Nrf2-regulated genes show increased
transcription in liver of Ames, Snell, and CR mice (38-40).

Nrf2 plays a role in regulating xenobiotic metabolism by controlling XME
gene expression through the ARE. During unstressed conditions, Nrf2 is
sequestered in the cytosol by Keap1, which maintains Nrf2 in an inactive state,
subject to rapid degradation by the proteasome. In response to oxidative stress,
Nrf2/Keap1 binding is disrupted, and Nrf2 translocates to the nucleus where it
acts as a transcription factor. Studies on the C. elegans Nrf2 ortholog skn-1 have
shown that overexpression of SKN-1 can increase worm lifespan and that skn-1
is necessary for CR-mediated lifespan extension (41, 42). Nrf2 has also been
shown to be necessary for the anti-carcinogenic effects of CR in mice (38).
Hepatocyte-specific knockout of Keap1 increases Nrf2 nuclear localization and
phase | XME expression in a similar pattern to that we have seen in our long-
lived mice (26) and Nrf2” mice have lowered XME expression in the liver (24).

Hepatic activation of Nrf2 is also associated with increased resistance to
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acetaminophen toxicity (26). Conversely, Nrf2” mice are sensitive to chemical
stress, suggesting that Nrf2 is a key mediator of stress resistance (43, 44).

Nrf2 can be activated by a chemically diverse group of pharmacological
agents (45). Clinical studies of Nrf2 activators have reported potent
chemopreventive effects, suggesting that regulation of Nrf2 activity may be a
promising approach to delay cancer and possibly aging (46). Our data show that
short-term exposure to tBHQ can upregulate phase | genes, and that the pattern
of genes activated is similar to that seen in CR and CL mice, in mice treated with
CA (18), and in GH/IGF-1-deficient dwarf mice, although correlation with gene
expression patterns in rapamycin-treated mice is less striking.

The results of this study support the hypothesis that expression of
xenobiotic metabolism genes is associated with many models of extended
longevity in mice. An important next step is to determine whether chronic
elevation of xenobiotic metabolism genes influences lifespan duration and aging.
This could potentially be accomplished through pharmacological interventions
with Nrf2 activators or bile acid compounds, genetic models of elevated Nrf2
activity such as the tissue-specific Keap1” mouse or upstream nuclear receptors

that are known to regulate xenobiotic metabolism.
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Figure 3-1. Scatterplots of mRNA levels for enzymes involved in phase |
detoxification of xenobiotics in liver, expressed as ratios to their
respective control mice, for CL mice as compared to (A) CR mice, (B) Snell
mice, (C) rapamycin-treated mice, and (D) published effects of exposure to
CA (18).

Each symbol represents a different mRNA. All mice were 12 months old, except
2-4 months for the CA group. Each panel also shows the Spearman correlation
coefficient R, and its associated p-value. Calculated values are means of n = 6
experimental mice compared to n = 6 of the relevant age-matched control.
Diagonal lines show best least-squares linear fit. Note that vertical axis scales
differ among panels, to provide legible detail for each of the data sets compared.
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Figure 3-2. CL mice maintain elevated levels of liver phase | mRNAs
through 22 months of age.

Each panel shows one of the 6 mMRNA species that was significantly elevated in
12-month-old CL mice. Bars indicate mean + SEM for CL and age-matched
control mice, in each case normalized to the average level of mBNA in
12-month-old control animals. n = 6 mice per treatment; except n = 5 for
22-month-old CL mice. Asterisks over CL bars indicate significant differences
from age-matched controls (two-tailed t-test; p < 0.05*, p < 0.01**). Horizontal
lines indicate significant effects of age in either CL or control populations.
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Figure 3-3. Age-associated changes of phase | xenobiotic metabolism
genes that were not elevated at 12 months of age in CL mice.

Bars indicate mean + SEM for CL and age-matched control mice, in each case
normalized to the average level of mRNA in 12-month-old control animals. n = 6
mice per treatment; n = 5 for 22-month-old CL mice. Asterisks over CL bars
indicate significant differences from age-matched controls (two-tailed t-test,

p < 0.05). Horizontal lines indicate significant effects of age in either CL or control

populations.
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Figure 3-4. Rapamycin-dependent elevation of many phase | xenobiotic
genes is reversed later in life.

Mice were given food containing rapamycin starting at 9 months of age and
euthanized either at 12 or 22 months of age. Bars indicate mean + SEM for
rapamycin-treated and age-matched control mice, in each case normalized to the
average level of mRBNA in 12-month-old control animals. n = 6 mice per
treatment. Asterisks over rapamycin bars indicate significant differences from
age-matched controls (two-tailed t-test; p < 0.05%, p < 0.01**). Horizontal lines
indicate significant effects of age in either rapamycin-treated or control

populations.
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Figure 3-5. Age-associated changes of phase | xenobiotic metabolism
genes that were not significantly elevated at 12 months of age in
rapamycin-treated mice.

Mice were given food containing rapamycin starting at 9 months of age and
sacrificed either at 12 or 22 months of age. Bars indicate mean + SEM for
rapamycin-treated and age-matched control mice, in each case normalized to the
average level of mRNA in 12-month-old control animals. n = 6 mice per
treatment. Asterisks over rapamycin bars indicate significant differences from
age-matched controls (two-tailed t-test, p < 0.05). Horizontal lines indicate
significant effects of age in either rapamycin-treated or control populations.
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Figure 3-6. Acute exposure to tBHQ mimics mRNA patterns seen in CR, CL,
Snell, and CA-treated mice, but not rapamycin-treated mice.

Scatterplots show mRNA levels for xenobiotic metabolism genes in liver of mice
after 2-week exposure to tBHQ, compared to (A) CR mice, (B) CL mice, (C) Snell
mice, (D) rapamycin-treated mice, and (E) CA-treated mice. Each symbol
represents a different mRNA, plotted to show the ratio of the mean level in
experimental mice to their respective controls. All mice were 12 months old,
except for the published data on CA (18), which represent mice 2-4 months of
age. Each panel also shows the Spearman correlation coefficient R with its
associated p-value. Diagonal lines indicate least-square fits. Note that the
correlation of tBHQ effects with rapamycin is not statistically significant.
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Figure 3-7. Correlation matrix of hepatic phase | xenobiotic metabolism
gene expression.

Each box shows the Spearman correlation coefficient R for the populations of

0.79
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mice in the corresponding row and column header. Values of R > 0.5 are

statistically significant at p < 0.05. Dark gray shading denotes an R-value greater
than 0.8, light gray denotes an R-value ranging from 0.5 to 0.8. Note that no
significant relationship was observed for the comparisons of rapamycin and
tBHQ, Snell, GHRKO, or Little mice. CA and Little data were obtained from a

previously published study (18).
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Figure 3-8. tBHQ increases functional cytochrome p450 activity.

Mice were administered 1% tBHQ in chow for 50 days and treated with 50 mg/kg
diquat or saline control for 6 hours. Change in resorufin fluorescence per minute
was measured in liver microsomes by spectrophotometry. Significantly higher
changes in methoxyresorufin (MROD), ethoxyresorufin (EROD), and
pentoxyresorufin (PROD) fluorescence were detected in the tBHQ-fed diquat-
treated group compared to the control-fed diquat-treated group. Additionally,
significantly higher MROD change was found between tBHQ-fed saline-treated
and control-fed saline-treated mice (n = 3 saline; n = 6 diquat).
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Figure 3-9. tBHQ increases sensitivity to diquat-induced oxidative stress.

Mice were administered 1% tBHQ in chow for 50 days and treated with 50 mg/kg
diquat or saline control for 6 hours. tBHQ-treated mice exposed to diquat have
significantly higher levels of ALT and LDH in the blood that control-fed mice

(n = 3 saline; n = 6 diquat).
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Figure 3-10. Mice with liver-specific knockout of Keap1 (AIb-Cre::Keap1”°"/' )

have elevated expression of XME mRNAs that resemble (A-C) GH/IGF-1-
deficient dwarf mice, but not (D) CR, (E) CL, or (F) tBHQ-treated mice.

Each symbol represents a different mRNA, plotted to show the ratio of the mean
level in experimental mice to their respective controls. Phase | XMEs are labeled
white and phase Il XMEs are labeled solid black. Each panel also shows the
Spearman correlation coefficient R with its associated p-value. Diagonal lines
indicate least-square fits. Note that the correlations of Alb-Cre::Keap 1™ mice to
CR, CL, or tBHQ-treated mice were not statistically significant. Gene expression
data from Little (18) and Alb-Cre::Keap 1™ (26) mice were obtained from
previously published studies.
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Figure 3-11. Age-associated changes of phase Il xenobiotic metabolism
genes in CL mice.

Bars indicate mean + SEM for CL and age-matched control mice, in each case
normalized to the average level of mRNA in 12-month-old control animals. n = 6
mice per treatment; n = 5 for 22-month-old CL mice. Asterisks over CL bars
indicate significant differences from age-matched controls (two-tailed t-test,

p < 0.05). Horizontal lines indicate significant effects of age in either CL or control

populations.
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Figure 3-12. Age-associated changes of phase Il xenobiotic metabolism
genes in rapamycin-treated mice.

Mice were given food containing rapamycin starting at 9 months of age and
sacrificed either at 12 or 22 months of age. Bars indicate mean + SEM for
rapamycin-treated and age-matched control mice, in each case normalized to the
average level of mBRNA in 12-month-old control animals. n = 6 mice per
treatment. Asterisks over rapamycin bars indicate significant differences from
age-matched controls (two-tailed t-test, p < 0.05). Horizontal lines indicate
significant effects of age in either rapamycin-treated or control populations.
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Figure 3-13. Snell and Little mice have similar (A) phase | and (B) phase I
xenobiotic metabolism gene expression.

Each symbol represents a different mRNA, plotted to show the ratio of the mean
level in experimental mice to their respective controls. Each panel also shows the
Spearman correlation coefficient R with its associated p-value. Diagonal lines
indicate least-square fits. Gene by gene comparison is available in Table 3-10
and Table 3-17.
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Figure 3-14. Correlation matrix of hepatic phase Il xenobiotic metabolism
gene expression.

Each box denotes the Spearman correlation coefficient R and is shaded if
statistically significant (p < 0.05). Light gray shading denotes an R-value ranging
from 0.5 to 0.8. Statistically significant, similar upregulation of phase Il genes was
observed between tBHQ and CA-treated mice, and between Snell and Little
mice. Significant negative association of phase Il gene expression was observed
between GHRKO and rapamycin-treated mice. CA and Little mouse expression
data was obtained from a previously published study (18).
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3-8.

Tables

Gene Name Forward Reverse

Actin B-actin (housekeeping) CTGCTCTGGCTCCTAGCACC CGCTCAGGAGGAGCAATGA
Cypial ggé?:g:%mae E;igé:;ﬁgys © | GACTTTAAAACACGCCCGCT GAAGACCGCATCTGCACTTG
Cypia2 ggé?:g:%mae 53‘;’2&;?32@ * | AACTCGGCCATCGACAAGAC CAAGCCGAAGAGCATCACCT
Cyp2a4 ggé?:g:%mae g;ig;ﬁﬁgyf’ GGGCTGCATGAGGTTAAAGG CAACCCCTGACTTGTCTGGTCT
Cyp2a5 ggé?:g:%m: g;igé;ﬁgysz’ TGGTCCTGTATTCACCATCTACC ACTACGCCATAGCCTTTGAAAA
Cyp2b10 ggé?:g:%mbe E;‘:’/gégi’ggyé’ CTGCCCTTCTCAACAGGACAA GCGCTTTCCCACAGACTTTT
Cyp2b13 ggé?:g:%mbe E;igé;ﬁgyfs’ GCCCCACTTTTGTTGAGAATG GCAGCTCTCTCAGAGGCACA
Cyp2b9 ggé?:g:%mbe E;‘;’/gégi’ggygz’ TCCACAACTCATGCTGAGTCACT ACACTTGGACTGTTGGGAGGA
Cyp2c37 ggé?:g:%mce g;igé;‘ﬁgy;’ CTGCATGACAGCACGGAGTT GTGGCCAGGGTCAAATTTCTC
Cyp2c38 ggé?::}:%"f g;igé;?ﬁgysg’ CAAGGAGTTCCCCAACCCA GCGTCTAGAAAGTGGCCAGG
Cyp3ail ggé?:g:%mae ch:f/géLﬁgyff GACAAACAAGCAGGGATGGAC CCAAGCTGATTGCTAGGAGCA
Cyp3a4i ggé?:g:%mae g;ig;;ﬁgyf{ AAAGCCGCCTCGATTCTAAGC ACTACATCCCGTGGTACAACC
Cyp4al0 ggé?:g:%m: g;igé;ﬁgyfg TGCATCAAGGAGGCCCTAAG TCTGACAATGCCTGGGACAG
Cyp4dais ggé?:g:%mae g;f/gé§$2y1i’ AGCCAGAGCAGTTTTGGCAA TAGGGACCAGATGGCAACATG
Fmo3 Eg‘;'{;‘&iggg‘gg 5 AACGCCATCCTAACACAGTGG ACGCGTCTTCATAGGCTTCAG
Fmo4 Eg‘;'{;‘&iggg‘gg 4 CTGATCAGCCTTAATGGGTCG TCGTGCTTGGAACTCTGTGC
Hao3 Hydroxyacid oxidase 3 ACAAGCTTTCAACATAGTGTGTGATG | TATGAATGGGACCCAAGAAGAAC
Mt1 Metallothionein 1 CCTTCTCCTCACTTACTCCGTAGCT | TCCATTCCGAGATCTGGTGAA
Mt2 Metallothionein 2 ATGCAAATGTACTTCCTGCAAGA CTGGGAGCACTTCGCACAG
Por Cytochrome p450 reductase ACCCCTCGCTCCCTGTAATC GTGGAGGTCGGCAGAAGGA

Table 3-1. Primers used for qPCR analysis: phase | genes.

Some of these sequences were previously published (18).
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Gene Name Forward Reverse

Cyt19 Arsenite methyltransferase TCTTAGCCTGCTCTTCGCCA TGGCTTTGCCACCTTCACA

Gsta2 Glutathione S-transferase, a2 CAGCCTCCCCAATGTGAAGA GGCTTTCTCTGGCTGCCAG

Gstad Glutathione S-transferase, a4 GTGCAGCGTGCTTTAAGGTG GGTGACACTGCAATTGGAACC

Gstm3 | Glutathione S-transferase, pu3 TCTGCTGCAGTCCCGATTTT TGGCCTTCAAGAACTCTGGCT

Gsto2 Glutathione S-transferase, w2 TAAGGTCCCGCCTTTAAGCA CTTCCGCATCTCAGCGCTA

Gstt2 Glutathione S-transferase, 82 CTGACAGCATGGCGAGAGAG ACACAGCTCAGCACCCAAGA

Hmox1 | Heme oxygenase 1 GCCACCAAGGAGGTACACAT GCTTGTTGCGCTCTATCTCC

Mgst3 | Microsomal glutathione S- GGATCAGACCAGGCTTAGGCT CACCTCAGTGGTGGCAGGAT
transferase 3

Nqgo1 ma(o?;d)ehydroge”ase AGGATGGGAGGTACTCGAATC TGCTAGAGATGACTCGGAAGG

Papss2 | 2 Phosphoadenosine 5- GGGCCCTGCCTACCCTAGA GCTTCAGGAAATCGGAACCTCT
phosphosulfate synthase 2

Sultial | Sulfotransferase family 1A, TGTCCTATGGGTCGTGGTACC GTCTCAGCTCCCACCACTCC
phenol-preferring, member 1

Sult1d1 aﬂ;‘:g::‘fferase family 1D, CCTGGCACCTGGGAAGAGT GCTCACTTGTCCAGCCATGAA
Sulfotransferase family 1E,

Sultlel | oo o oning. member 1 GCAGCAGATGAAGGATTGCA GTGGCTCAGAGCTCCATTCTAAA

Sult2a2 | Sulfotransferase family 2A, GATCGGGTTACTAATGGCTTGAA | GTCCCCAGTTGTACCTTTTCTCAT
DHEA-preferring, member 2
Indolethylamine N-

Temt methyltaneferase AGCCTACGACTGGTCCTCCA TCTCCCTCCAGCTCACATGC
UDP glucuronosyltransferase 1

Ugttal | o0 peptide Al TGGTGGAACTTGGACGGACT CGCGCAGCAGAAAAGAATCT

Ugtlag | UDPglucuronosyltransierase 1| qr6rGGaTTAATTGTCGCCA CAAAGATCACTGATGGGAGCG

family, polypeptide A9

Table 3-2. Primers used for qPCR analysis: phase Il genes.

Some of these sequences were previously published (18).
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Gene Fold change | SEM | N | P value
Cypiat 1.9 0.3 |6 |0.06
Cypia2 1.6 | 0.2 |6 | 0.07
Cyp2a4 1.8| 0.2 |6 |0.03
Cyp2a5 1.8| ©.3|6 | 0.07
Cyp2b10 2.1 0.6 |6 |0.17
Cyp2b13 2.6 0.5|6 | 0.02
Cyp2b9 4.7 | 1.5|6 | 0.004
Cyp2c37 0.5| 0.1|6 |0.31
Cyp2c38 1.4 0.2 |6 |0.23
Cyp3ait 0.8 0.2 |6 | 0.65
Cyp3a41 1.4 0.2 |6 |0.26
Cyp4ai0 3.0| 1.4|6 |0.19
Cyp4al4 24 19 6 | 0.05
Fmo3 5.7 2.1 |6 | 0.02
Fmo4 1.9 0.5 6 | 0.04
Hao3 3.6 1.1 | 6 | 0.009
Mt1 2.3 1.5 6 | 0.63
Mt2 1.8 1.4 6 | 0.86
Por 1.5 0.3 (6 (0.11

Table 3-3. Expression of mRNAs for phase | xenobiotic enzymes in liver of
12-month-old CL mice, expressed as a ratio to age-matched controls.

Fold change is expressed as a ratio to control samples normalized for each
sample to B-actin levels in the same sample. SEM = standard error of the mean.
n = number of mice in each group. P-values reflect two-tailed unpaired t-tests.
Boldface indicates p < 0.05.
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Gene Fold change | SEM | N | P value
Cyp1iai 2.9 0.4 |6 | < 0.001
Cypia2 1.4 .16 0.09
Cyp2a4 9.0 1.8 |6 | < 0.001
Cyp2a5 9.4 2.2 |6 | < 0.001
Cyp2b10 6.0 1.2 |6 | < 0.001
Cyp2b13 368 359 6 0.01
Cyp2b9 276 115 6 | < 0.001
Cyp2c37 1.6 .56 0.38
Cyp2c38 1.6 0.2 |6 0.04
Cyp3ait 0.6 .16 0.20
Cyp3ad1 1.8 0.2 |6 0.05
Cyp4ai0 4.6 1.3 |6 0.002
Cyp4ais 210 76 6 | < 0.001
Fmo3 379 109 6 | < 0.001
Fmo4 3.3 0.5 6 | < 0.001
Hao3 9.1 4.8 6 0.002
Mt1 4.9 1.6 | 6 0.01
Mt2 1.9 1.4 16 0.57
Por 5.8 0.9 6 | < 0.001

Table 3-4. Expression of mRNAs for phase | xenobiotic enzymes in liver of
12-month-old CR mice, expressed as a ratio to age-matched controls.

Fold change is expressed as a ratio to control samples normalized for each
sample to B-actin levels in the same sample. SEM = standard error of the mean.
n = number of mice in each group. P-values reflect two-tailed unpaired t-tests.
Boldface indicates p < 0.05.
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Gene Fold change | SEM | N | P value
Cyp1iai 2.4| 0.4 |6 |0.007
Cypia2 0.9 0.1|6 |0.95
Cyp2a4 1.2 ©0.3|6 |0.70
Cyp2a5 1.2 | ©.3|6 |0.65
Cyp2b10 0.7 | 0.3 |6 |0.18
Cyp2bi3 6.4| 2.2 |6 |0.005
Cyp2b9 12 8.0 | 6 | 0.009
Cyp2c37 0.9 0.3 |6 |0.89
Cyp2c38 1.5 0.1 |6 |0.02
Cyp3ait 1.8 0.3 |6 |0.06
Cyp3a41 1.5 0.3 |6 |0.21
Cyp4ai0 3.0| 0.8(6 |0.01
Cyp4ais a4 32 6 | 0.007
Fmo3 4.0 1.1 | 6 | 0.006
Fmo4 1.4| 0.2 |6 |0.08
Hao3 4.7 1.5 | 6 | 0.008
Mt1 0.8 0.2 (6 |0.92
Mt2 0.6 0.2 6 |0.85
Por 1.8 0.3 |6 | 0.02

Table 3-5. Expression of mRNAs for phase | xenobiotic enzymes in liver of
12-month-old rapamycin-treated mice, expressed as a ratio to age-matched
controls.

Fold change is expressed as a ratio to control samples normalized for each
sample to B-actin levels in the same sample. SEM = standard error of the mean.
n = number of mice in each group. P-values reflect two-tailed unpaired t-tests.
Boldface indicates p < 0.05.
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Gene Fold change | SEM | N | P value
Cyp1ai 1.4 | 0.3 |3 0.32
Cypla2 1.4 | 0.2 |3 0.20
Cyp2a4 6.8| 0.5]|3 0.004
Cyp2b10 2.0 0.2|3 0.07
Cyp2bi3 205 42 3 | < 0.001
Cyp2b9 16 1.4 |3 0.003
Cyp2c37 5.7 | 0.5|3 0.004
Cyp2c38 2.7| 0.4 |3 0.005
Cyp3aii 1.1 0.1 |3 0.61
Cyp4al0 11 1.0 |3 0.005
Cyp4ai4 20 2.8 |3 0.02
Fmo3 314 52 3 |< 0.001
Fmo4 1.8 0.3 |3 0.03
Hao3 11 1.5 3 0.002
Mt1 25 7.5 13 0.004
Mt2 29 16 3 0.02
Por 1.1 0.2 (3 0.66

Table 3-6. Expression of mRNAs for phase | xenobiotic enzymes in liver of
6-month-old Snell mice, expressed as a ratio to age-matched controls.

Fold change is expressed as a ratio to control samples normalized for each
sample to B-actin levels in the same sample. SEM = standard error of the mean.
n = number of mice in each group. P-values reflect two-tailed unpaired t-tests.
Boldface indicates p < 0.05.
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Gene Fold change | SEM | N | P value
Cyp1iai 2.9 0.7 |6 | 0.009
Cyp1a2 0.8 0.1(6 |(0.81
Cyp2a4 1.1 0.3 |6 |0.94
Cyp2b10 0.7 0.2 |6 | 0.20
Cyp2b13 7.2| 2.5|6 | 0.002
Cyp2b9 4.6 | 2.7 |6 |0.02
Cyp2c37 1.2 0.3 |6 |0.52
Cyp2c38 1.2 0.2 6 |0.57
Cyp3a41 0.9 0.2 |16 |0.85
Cyp4ail0 3.3| 1.3 |6 |0.01
Cyp4ai4 1.3 0.2 6 |0.17
Fmo3 2.8 0.7 | 6 | 0.02
Fmo4 2.2 0.8 6 | 0.05
Hao3 5.3 1.6 | 6 | 0.004
Mt1 5.5 1.1 | 6 | 0.002
Por 1.3 0.2 |6 | 0.24

Table 3-7. Age-associated changes of phase | hepatic xenobiotic gene
expression in control mice.

Fold change is expressed as a ratio of gene expression in 22-month-old HET3
mice to 12-month-old HET3 mice. samples normalized for each sample to 3-actin
levels in the same sample. SEM = standard error of the mean. n = number of
mice in each group. P-values reflect two-tailed unpaired t-tests. Boldface
indicates p < 0.05.
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Gene Fold change | SEM | N | P value
Cyp1ai 2.4 0.3 ] 3 0.09
Cyp1a2 1.7 | 0.1 |3 0.01
Cyp2a4 2.9 0.1|3 [ < 0.001
Cyp2a5 3.5| 0.1|3 | < 0.001
Cyp2b10 12 2.5|3 | < 0.001
Cyp2b13 9.0| 0©.93 0.008
Cyp2b9 57 3.5|3 | < 0.001
Cyp2c37 3.6 0.4 ] 3 0.05
Cyp2c38 1.9 0.3 |3 0.02
Cyp3ait 1.9 0.4 |3 0.04
Cyp3a41 1.5 0.0 | 3 0.07
Cyp4ai10 3.9 0.2 |3 | < 0.001
Cyp4ai4 43 6.3 |3 | < 0.001
Fmo3 14 4.6 | 3 0.01
Fmo4 1.6 0.3 ] 3 0.13
Hao3 3.5 1.1 1] 3 0.12
Mt1 11 4.2 | 3 0.02
Mt2 30 12 3 0.01
Por 1.1 0.0 | 3 0.39

Table 3-8. Expression of mRNAs for phase | xenobiotic enzymes in liver of
6-month-old mice after 2 weeks of tBHQ treatment, expressed as a ratio to
age-matched controls.

Fold change is expressed as a ratio to control samples normalized for each
sample to B-actin levels in the same sample. SEM = standard error of the mean.
n = number of mice in each group. P-values reflect two-tailed unpaired t-tests.
Boldface indicates p < 0.05.
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Gene Fold change | SEM | N | P value
Cyp1ai 1.2 0.2 |6 0.39
Cyp1a2 0.9 0.1]6 0.46
Cyp2a4 3.5| 0.4|6 | < 0.001
Cyp2b10 8.8 0.6 |5 [ < 0.001
Cyp2b13 201 21 5 | < 0.001
Cyp2b9 61 14 5 | < 0.001
Cyp2c37 0.8 0.1 1|5 0.17
Cyp2c38 2.2 ©.3]6 0.004
Cyp3aii 8.9| 0.1|5 0.19
Cyp3a41 0.7 | 0.1|5 0.04
Cyp4ai10 3.1| 0.3 |5 | < 0.001
Cyp4aia 24 3.6 |5 | < 0.001
Fmo3 11.0 3.4|5 |< 0.001
Fmo4 1.9 0.2 |5 0.002
Hao3 17 2.9 |6 | < 0.001
Mt1 36 13 4 | < 0.001
Mt2 51 5.5|5 | < 0.001
Por 1.4 0.3 ] 6 0.40

Table 3-9. Expression of mRNAs for phase | xenobiotic enzymes in liver of
6-month-old GHRKO mice, expressed as a ratio to age-matched controls.

Fold change is expressed as a ratio to control samples normalized for each
sample to B-actin levels in the same sample. SEM = standard error of the mean.
n = number of mice in each group. P-values reflect two-tailed unpaired t-tests.
Boldface indicates p < 0.05.
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CR CL Rapa tBHQ CA Little Snell GHRKO

Cyp1at 2.9 1.9 2.4 2.4 — 1.7 1.4 1.2
Cyp1a2 1.4 1.6 0.9 1.7 — 1.1 1.4 0.9
Cyp2a4 9.0 1.8 1.2 2.9 5.1 3.4 6.8 3.5
Cyp2a5 9.4 1.8 1.2 3.5 — — — —
Cyp2b10 6.0 2.1 0.7 12 4.4 21 2.0 8.8
Cyp2b13 2.6 6.4 9.0

Cyp2b9 4.7 12 [ 16 |

Cyp2c37 1.6 0.5 0.9 3.6 — 2.6 5.7 0.8
Cyp2c38 1.6 1.4 1.5 1.9 0.9 2.0 2.7 2.2
Cyp3ai1 0.6 0.8 1.8 1.9 — 1.0 1.1 0.9
Cyp3ad1 1.8 1.4 1.5 1.5 — — — 0.7
Cyp4a10 4.6 3.0 3.0 3.9 5.1 6.8 11 3.1
Cyp4a14 |20 |

Fmo3 5.7 4.0 14

Fmo4 3.3 1.9 1.4 1.6 3.4 3.0

Hao3 9.1 3.6 4.7 3.5 — —

Mt1 4.9 2.3 0.8 11 7.5 4.4

Mt2 1.9 1.8 0.6 H — —

Por 5.8 1.5 1.8 1.1 4.0 2.4

GeoMean| 84 | 22 | 24 | 51 | 13 | 12 | 78 | 56 |

Table 3-10. Expression matrix of mRNAs for phase | xenobiotic metabolism
enzymes in liver tissue.

Calculated values are means of gene expression as a ratio of experimental mice
to age-matched control mice, normalized to B-actin levels. Samples are color
coded white to gray with increasing gene expression. Boldface indicates

p < 0.05.
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Gene Fold change | SEM | N | P value
Cyt19 0.7 | 0.1|6 |0.16
Gsta2 1.2 0.2 (6 | 0.46
Gstad 1.3 0.1 (6 | 0.20
Gstm3 1.2 | ©0.3|6 | 0.68
Gsto2 2.1 0.4 |16 | 0.03
Gstt2 1.5 0.3 6 |0.16
Hmox1 1.2 0.2 (6 | 0.52
Mgst3 2.7 | 0.6 |6 |0.01
Nqgo1 2.1| 0.5(6 [0.05
Papss2 1.3| ©0.1(6 [0.15
Sult1at 1.2 0.2 (6 | 0.36
Sult1d1 1.4 0.2 (6 | 0.28
Sulttet 2.2 1.0 6 | 6.52
Sult2a2 1.2 0.3 (6 |0.62
Temt 1.5| 0.4(6 |0.29
Ugtiat 1.3 | 0.2|6 |0.37
Ugtia9 2.0| 0.4(6 |0.07

Table 3-11. Expression of mRNAs for phase Il xenobiotic enzymes in liver
of 12-month-old CL mice, expressed as a ratio to age-matched controls.

Fold change is expressed as a ratio to control samples normalized for each
sample to B-actin levels in the same sample. SEM = standard error of the mean.
n = number of mice in each group. P-values reflect two-tailed unpaired t-tests.
Boldface indicates p < 0.05.
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Gene Fold change | SEM | N | P value
Cyt19 1.4 | 0.2 |6 0.10
Gsta2 2.3 0.4 | 6 0.03
Gsta4 1.9 0.2 |6 0.02
Gstm3 1.3 | 0.3 |6 0.40
Gsto2 1.9 0.2 |6 0.01
Gstt2 4.3 0.4 |6 | < 0.001
Hmox1 1.3 0.3 (6 0.53
Mgst3 3.9 0.7 | 6 0.002
Ngo1 3.0 0.7 | 6 0.007
Papss2 2.3 0.4 | 6 0.009
Sult1at 1.0 0.1 (6 0.68
Sult1d1 1.7 0.3 (6 0.07
Sult1e1 2.0 0.2 |6 0.03
Sult2a2 3.2 1.7 16 0.39
Temt 2.9 0.4 | 6 0.03
Ugtial 2.0 0.2 |6 0.009
Ugtia9 2.1| 0.8|6 0.36

Table 3-12. Expression of mRNAs for phase Il xenobiotic enzymes in liver
of 12-month-old CR mice, expressed as a ratio to age-matched controls.

Fold change is expressed as a ratio to control samples normalized for each
sample to B-actin levels in the same sample. SEM = standard error of the mean.
n = number of mice in each group. P-values reflect two-tailed unpaired t-tests.
Boldface indicates p < 0.05.
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Gene Fold change | SEM | N | P value
Cyt19 1.1| 0.2|6 |0.72
Gsta2 1.4 0.3 6 |0.26
Gstad 1.3 0.1(6 (0.21
Gstm3 1.4 0.1|6 |0.15
Gsto2 2.2 0.4 |16 | 0.02
Gstt2 1.7 0.3 (6 | 0.08
Hmox1 1.4 0.4 6 |0.42
Mgst3 2.0 0.3(6 |0.02
Ngo1 2.4 0.6 | 6 | 0.01
Papss2 1.3| 0.2 |6 [0.23
Sult1at 1.3 0.2 (6 |0.17
Sult1d1 1.2 0.1 (6 |0.22
Sulttet 1.6 0.4 (6 | 0.14
Sult2a2 1.6 0.4 6 | 0.25
Temt 2.4 ©0.3[6 |0.06
Ugtiat 1.6 | ©.2 |6 | 0.05
Ugtia9 0.8 0.4|6 | 0.64

Table 3-13. Expression of mRNAs for phase Il xenobiotic enzymes in liver
of 12-month-old rapamycin-treated mice, expressed as a ratio to age-
matched controls.

Fold change is expressed as a ratio to control samples normalized for each
sample to B-actin levels in the same sample. SEM = standard error of the mean.
n = number of mice in each group. P-values reflect two-tailed unpaired t-tests.
Boldface indicates p < 0.05.
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Gene Fold change | SEM | N | P value
Cyt19 1.7 0.1 ] 3 0.13
Gsta2 6.5 1.4 (3 0.006
Gsta4 1.8 0.1 (3 0.04
Gstm3 5.4 0.3 |3 0.001
Gsto2 1.9 0.3 13 0.20
Gstt2 1.9 0.1 |3 | < 0.001
Hmox1 0.7 0.1 ] 3 0.73
Mgst3 1.7 0.4 ] 3 0.24
Nqgo1 5.5| 0.5 |3 | < 0.001
Papss2 1.3 0.2 |3 0.26
Sultia1 1.8 0.1 (3 0.05
Sult1d1 1.5 0.1 3 0.13
Sulttet 2.4 0.2 |3 0.11
Sult2a2 3.0 0.3 |3 0.03
Temt 1.2 0.1 3 0.32
Ugtiail 1.4| .13 0.01
Ugt1a9 2.1 0.9 |3 0.26

Table 3-14. Expression of mRNAs for phase Il xenobiotic enzymes in liver
of 6-month-old mice after 2 weeks of tBHQ treatment, expressed as a ratio
to age-matched controls.

Fold change is expressed as a ratio to control samples normalized for each
sample to B-actin levels in the same sample. SEM = standard error of the mean.
n = number of mice in each group. P-values reflect two-tailed unpaired t-tests.
Boldface indicates p < 0.05.
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Gene Fold change | SEM | N | P value
Cyt19 1.6 0.2 |3 0.13
Gsta2 2.1 0.2 |3 0.09
Gstad 1.4 0.1 ] 3 0.18
Gstm3 0.8 0.1 |3 0.44
Gsto2 1.5 0.2 |3 0.26
Gstt2 1.9 0.2 (3 0.03
Hmox1 0.5 0.0 | 3 0.11
Mgst3 2.6 0.4 (3 0.004
Nqgo1 2.4 0.5 | 2 0.02
Papss2 1.0 0.1 |3 0.88
Sult1a1 2.1 0.2 (3 0.005
Sultidi 3.4 0.3 (3 0.002
Sultiet 28 0.6 | 3 0.005
Sult2a2 14939 927 3 |< 0.001
Temt 1.4 0.1 (3 0.03
Ugtial 2.1 0.2 |3 0.01
Ugtia9 1.8 0.3 |3 0.08

Table 3-15. Expression of mRNAs for phase Il xenobiotic enzymes in liver
of 6-month-old Snell mice, expressed as a ratio to age-matched controls.

Fold change is expressed as a ratio to control samples normalized for each
sample to B-actin levels in the same sample. SEM = standard error of the mean.
n = number of mice in each group. P-values reflect two-tailed unpaired t-tests.
Boldface indicates p < 0.05.
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Gene Fold change | SEM | N | P value
Gsta2 1.8 0.2 | 6 0.005
Gsta4 2.4 0.3 |6 0.001
Gstm3 1.4 0.5 (6 0.65
Gsto2 1.1 0.3 |6 0.84
Gstt2 1.2 0.1 6 0.34
Mgst3 1.3 0.1 (6 0.12
Papss2 1.8 0.3 |6 0.05
Sultia1 2.0 0.4 | 6 0.02
Sult1d1 1.3 0.1 (6 0.18
Sultie1 58 10 6 | < 0.001
Sult2a2 2304 218 5 (< 06.001
Temt 1.2 0.1 (6 0.43
Ugtiat 1.5 0.2 |6 0.15

Table 3-16. Expression of mRNAs for phase Il xenobiotic enzymes in liver
of 6-month-old GHRKO mice, expressed as a ratio to age-matched

controls.

Fold change is expressed as a ratio to control samples normalized for each
sample to B-actin levels in the same sample. SEM = standard error of the mean.
n = number of mice in each group. P-values reflect two-tailed unpaired t-tests.
Boldface indicates p < 0.05.
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CR CL___Rapa__tBHQ _ CA Little _ Snell _GHRKO
Cyt19 14 0.7 1.1 17 2.2 2.6 16 —
Gsta2 2.3 12 14 6.5 18 4.3 2.1 1.8
Gsta4 1.9 13 13 1.8 9.1 2.1 14 2.4
Gstm3 1.3 1.2 14 54 | 36 | 23 0.8 14
Gsto2 1.9 2.1 2.2 1.9 0.5 3.2 15 1.1
Gstt2 4.3 15 17 1.9 4.6 2.8 1.9 12
Hmox1 13 12 14 0.7 — = 05 -
Mgst3 3.9 2.7 2.0 17 9.7 3.9 2.6 13
Ngo1 3.0 2.1 2.4 5.5 — — 2.4 —
Papss2 2.3 13 1.3 13 2.4 2.1 1.0 1.8
Sult1a1 1.0 12 13 1.8 4.4 2.4 2.1 2.0
Sult1d 17 14 12 15 6.8 2.8 3.4 13
Sultte1 2.0 2.2 16 2.4 5.8
Temt 2.9 15 2.4 12 0.9 3.6 1.4 1.2
Ugt1at 2.0 13 16 14 4.1 4.8 2.1 15
Ugt1a9 2.1 2.0 0.8 2.1 — 3.9 1.8 —
GeoMean[_21 | 15 ] 15 | 24 ] 49 | 70 | 33 ] 35 ]

Table 3-17. Expression matrix of mRNAs for phase Il xenobiotic

metabolism enzymes in liver tissue.

Calculated values are means of gene expression as a ratio of experimental mice
to age-matched control mice, normalized to B-actin levels. Samples are color
coded white to gray with increasing gene expression. Boldface indicates

p < 0.05.
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Gene Fold change | SEM | N | P value
Cyt19 1.7 0.6 | 6 0.31
Gsta2 1.3 0.5] 6 0.55
Gstad 1.5 0.4 ] 6 0.24
Gstm3 2.5 0.7 | 6 0.04
Gsto2 3.4 1.4 | 6 0.03
Gstt2 1.6 0.3 16 0.97
Mgst3 2.3 0.6 | 6 0.05
Ngo1 5.9 1.5| 6 | < 0.001
Papss2 1.1 0.2 |6 0.61
Ugt1a9 1.0 0.3 16 0.88

Table 3-18. Age-associated changes in hepatic phase Il gene expression in

control mice.

Fold change is expressed as a ratio of gene expression in 22-month-old HET3
mice to 12-month-old HET3 mice. samples normalized for each sample to 3-actin
levels in the same sample. SEM = standard error of the mean. n = number of
mice in each group. P-values reflect two-tailed unpaired t-tests. Boldface

indicates p < 0.05.
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CHAPTER 4

Conclusions

The main goal of this thesis research was to uncover specific biochemical
pathways that serve to enhance protection against toxic insults in slow-aging
mice. Previous work in the Miller laboratory demonstrated that primary dermal
fibroblasts cultured from long-lived Snell, Ames, and GHRKO mice are resistant
to multiple lethal stresses (1, 2). Snell, Ames, and GHRKO mice harbor
mutations that affect circulating GH and IGF-1 action (Table 1-1). We
hypothesized that downstream signal cascades controlled by GHR or IGF-1R are
differentially regulated in these mice and may play a role in stress resistance.

First, we evaluated two branches controlled by IGF-1R that have been
associated with stress response: (A) the PI3K-Akt pathway and (B) the Ras-
MAPK pathway (3) (Chapter 2). Second, we looked for conserved alterations in
XME gene expression among multiple slow-aging mouse models (Chapter 3).
Expression of multiple genes involved in xenobiotic metabolism had previously
been shown to be upregulated in microarray data obtained from C. elegans,
dwarf mice, and CR mice. In addition, GH has been shown to be a negative
regulator of multiple XMEs, and GH action is lower in long-lived dwarf mice.
Therefore, we hypothesized that elevation of xenobiotic metabolism is a

conserved phenotype of slow-aging animals.
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Reprogramming during early development likely contributes to enhanced
stress resistance and delayed aging in slow-aging mice

The pre-weaning period of early development appears to have a
significant impact on aging and stress resistance in mice. Previous work in our
laboratory has shown that the enhanced stress resistance phenotype seen in
Snell dwarf fibroblasts is only observed in developmentally mature mice. Cells
obtained from 4-5 day old Snell and littermate control mice have no difference in
resistance to cytotoxic stress (H2O,, CdCl,, or UV-C light), in contrast to 3-4
month old Snell mice, whose cells are resistant to multiple forms of stress (2). In
addition, mice for which calories are restricted specifically during the pre-weaning
period by litter crowding (CL) (12 pups/mother instead of the normal 8
pups/mother) are long-lived (4). These CL mice also have reduced circulating
IGF-1 and glucose levels at weaning and a small, but statistically significant,
reduction in body weight that is maintained throughout adulthood.

The specific changes associated with increased longevity and enhanced
stress resistance that occur in Snell dwarf and CL mice during development have
not been identified. Epigenetic reprogramming of stress response signal
pathways may play a role in mediating this phenotype. Analysis of DNA
methylation patterns in Snell and CL mice compared to their respective littermate
controls may reveal genes that are differentially reprogrammed during weaning.
The timing of this reprogramming is also not known, except that it is restricted to
early development. The CL intervention can be easily manipulated, both by the

number of additional pups in the crowded litters and the duration of litter
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crowding. These alterations in the CL protocol may reveal specific developmental

time points that play a key role in mediated CL-based lifespan extension.

Nrf2 and MAPK activity may contribute to the enhanced stress resistance
phenotype observed in long-lived dwarf mice

Elevated Nrf2 and Nrf2-regulated XME gene expression has been shown
to inhibit carcinogenesis and protect against multiple toxic insults (5-8). Similarly,
overexpression of the Nrf2 ortholog SKN-1 also increases lifespan and stress
resistance in C. elegans (9). Nrf2 expression declines with age in rodent and
human tissues (10). Additionally, age-associated Nrf2 inhibition is observed in
atherosclerosis and neurodegenerative disease models (11, 12). Transgenic
mice harboring mutations that affect Nrf2 function have provided much insight
into the contributions of Nrf2 in CR, as well as protection against cytotoxic
damage and cancer incidence (13, 14).

Nrf2” mice undergo normal development but have a stable reduction in
constitutive expression of XMEs in multiple metabolic tissues, such as the liver,
intestine and forestomach (15-17). As a result, Nrf2” mice are extremely
sensitive to numerous xenobiotics (7), including acetaminophen (18, 19),
butylated hydroxytoluene (20), bleomycin (21), diesel exhaust (22), 3-NPA (23),
and tobacco smoke (24, 25). Nrf2” mice are short-lived and develop severe
multi-organ, lupus-like autoinflammation (26-28). Additionally, Nrf2” mice on CR

have decreased protection against carcinogenesis in comparison to littermate
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control CR mice, demonstrating that Nrf2 activity mediates some of the beneficial
effects of CR (29).

Conversely, Nrf2 activity can be increased by genetic knockout of its
negative regulator, Keap1. However, whole body Keap1-null mutations are
embryonic lethal in mice, due to hyperkeratosis of the esophagus and
forestomach, as a consequence of Nrf2-mediated overexpression of keratins and
loricrin (30). Embryonic lethality can be avoided through tissue-specific knockout
of Keap1 with the loxP/Cre recombinase technique. Mice with hepatocyte-specific
deletion of Keap1 (Alb-Cre::Keap1™*") are viable, have elevated expression of
both phase | and phase Il XME genes that are also induced in GH/IGF-1-deficient
dwarf mice, and are resistant to acute drug toxicity induced by acetaminophen
(31).

Paradoxically, Snell and GHRKO mice have been reported to be sensitive

to acetaminophen (32), while Little mice, like Alb-Cre::Keap 1"

mice, have been
reported to be resistant to acetaminophen-induced hepatotoxicity (33). The
reason for this observed phenotypic difference is not known but may be due in

1% mice were 5-

part to age-associated sensitivity to toxins (Alb-Cre::Keap
6 weeks old, Little mice were 2-4 months old; Snell mice were 5-9 months old,
GHRKO mice were 10 months old), differences in redox buffering capacity,

intracellular levels of reduced glutathione (32), or elevations in pro-apoptotic

signal cascades (34). It has been proposed that a propensity for increased
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apoptosis of damaged proliferative tissues, such as the liver, may serve to rapidly
regenerate fresh and undamaged cells (35).

The direct contribution of Nrf2 to stress resistance in long-lived dwarf mice
has not been tested. Indirect evidence from our laboratory using fibroblast
cultures treated with the Nrf2 activator sodium arsenite support the idea that Nrf2
acts as a potent enhancer of stress resistance in these mice. Primary skin-
derived fibroblasts were pretreated with a low dose of sodium arsenite (5 yM for
24 h) to activate Nrf2, and then exposed to lethal doses of cytotoxic stress
(CdCly, H20,, paraquat, UV-C light). Pretreatment with sodium arsenite was
found to enhance the resistance of littermate control fibroblasts to a similar level
as Snell dwarf cells in response to each of these stresses (36). In addition, Nrf2
protein levels are dramatically elevated in liver tissue of Ames (34) and Snell
(Sun LY, personal communication) mice exposed to diquat. These findings
support a role of Nrf2 in mediating stress resistance in dwarf mice, but a direct
role for Nrf2 cannot be claimed until stress resistance has been evaluated in
dwarf mice lacking Nrf2. We propose that Snell dwarf mice crossed with
Nrf2” mice would produce offspring that have attenuated multiplex cellular stress
resistance in fibroblasts and increased sensitivity to xenobiotic-induced stress
(e.g. acetaminophen, diquat challenge) in vivo.

The ERK MAPK pathway has also been shown to contribute to stress
resistance in mammals, although analysis of ERK1 and ERK2-null mice have not

provided as much insight as genetic manipulations of Nrf2 and Keap1.
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ERK1” mice have been shown to be resistant to high-fat diet induced obesity
and the occurrence of skin carcinoma in response to
9,10-dimethylbenz(a)anthracene or 12-O-tetradecanoylphorbol-13-acetate
treatment (37-39). ERK1”" mice retain functional ERK2 protein but effectively
have a knockdown of total ERK1/2. ERK2” mice are embryonic lethal, and this
has been attributed to the difference in ERK2 protein expression relative to
ERK1. ERK2 has been reported to be more highly expressed than ERK1, by a
factor of ~1.5-fold (39, 40). However, mice with conditional ERK2 alleles have
been reported to be viable (41, 42), including mice with hepatocyte-specific
deletion (43).

We attempted to pharmacologically attenuate the ERK pathway in Snell
and littermate control fibroblasts with the MEK inhibitor PD98059 and measure
resistance to H.O, stress (data not shown). The initial findings of this experiment
were that MEK inhibition selectively raised the resistance to H>O, of normal
fibroblasts to that observed in Snell dwarf fibroblasts. However, this experiment
was not reproducible upon repeated attempts. Therefore, it remains inconclusive
as to whether reduced ERK activation enhances stress resistance in fibroblasts.
Genetic knockout of ERK in Snell mice by crossing with the aforementioned ERK
knockout strains may better address the question of whether ERK activation
contributes to stress resistance than pharmacological approaches. Additionally,
the contribution of altered hepatic ERK signaling to stress resistance in

GH/IGF-1-deficient dwarf mice could be tested in vivo by knocking out ERK
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" stock. Inactivation of the

specifically in the liver using an Alb-Cre::ERK.
upstream Ras signaling component RasGrf1 has been shown to extend lifespan
in mice, and reduce basal levels of oxidative stress markers (44), but survival in

response to an oxidative stress (e.g. diquat or paraquat) has not been evaluated

in these mice.

Comparative approaches to identify pro-aging signal networks
Comparative analysis of microarrays

Comparative analysis of microarray datasets may reveal shared
signatures in gene expression across multiple models that would otherwise be
missed in analysis of individual array datasets. Xenobiotic metabolism genes
were shown to be similarly upregulated in Snell, Ames, GHRKO, and Little mice
through a comparative approach (45). This method is also applicable outside the
context of aging, but is particularly useful for identifying shared alterations in
gene expression to dietary and pharmacological interventions that extend
lifespan. This approach can also be applied to analysis of array data from
multiple tissue types, which may aid in the search for biochemical pathways that
are differentially regulated throughout multiple tissues in slow-aging mice.

A potentially powerful new tool for biogerontologists is a comparative,
"genetical-genomics" approach (46) that combines gene expression microarray
data from differing genetic backgrounds with corresponding lifespan data.
Compatible gene expression array (46) and lifespan (47) datasets have been

published for 21 strains of BxD mice. Interestingly, combined analysis of these
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datasets reported a positive correlation between lifespan and mRNA expression
for multiple XME genes (e.g. Cyp4a14, Fmo3, Hao3). This type of analysis may
help identify genes associated with increased lifespan that cannot be easily
studied through the use of transgenic mouse models. For example, there are
hundreds of genes involved in xenobiotic metabolism with varying levels of
redundancy. To date, no genetic mutation in the xenobiotic metabolism pathway
has been shown to increase lifespan. With this comparative genetical-genomics
approach, genes that have a significant correlation with lifespan (e.g. XMEs),
both negative or positive, may serve as potential candidates for future lifespan

studies in transgenic mice.

Comparative cellular biogerontology

Thus far, the vast majority of experiments on aging in mammals have
been performed in a single species at a time. Evolution through natural selection
has produced phylogenetically related species that differ in the rate of aging.
Comparative analysis of species-specific differences in pro-aging molecular
signaling pathways has largely been unexplored (48). Primary skin-derived
fibroblasts can be cultured from biopsies of multiple species of birds and
mammals (49-51). Resistance to multiple forms of cytotoxic stress has been
reported to be to positively associated with maximal lifespan in birds (CdCly,
MMS, paraquat) (48, 52) and mammals (CdCl,, H.O5) (50). Cultured fibroblasts
from long-lived dwarf mice have been reported to have altered MAPK signaling

(53), Nrf2 signaling (36), ER stress response (54, 55), DNA repair (54), plasma
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membrane redox system (PMRS) activity (50, 56), TOR signaling (Yasumura and
Miller, unpublished), and autophagy (Wang and Miller, unpublished). Whether
changes in these pathways, such as diminished ERK phosphorylation, increased
LC3-Il expression, or altered downstream TOR signaling, correlate with maximal

lifespan in birds and mammals is a promising subject of future study.

Age-associated changes in XME expression observed in rapamycin-treated
mice may be due to differences in TOR complex inhibition

Prolonged exposure to rapamycin causes glucose intolerance and insulin
resistance in mice (57) and humans (58). Rapamycin was initially reported to
selectively inhibit TORC1 (59, 60), but recent work has shown that chronic
rapamycin also inhibits TORC2 in mice (57, 61). Specific inhibition of TORC1 (by
deletion of Raptor) or TORC2 (by deletion of Rictor) demonstrate that rapamycin-
mediated lifespan extension is dependent on TORC1, and that chronic rapamycin
treatment activates TORC2, which is responsible for the previously observed
metabolic abnormalities (57). Similarly, RNAi-mediated knockdown of TORC1
extends lifespan in C. elegans in a skn-1 and daf-16-dependent manner.
However, rapamycin-mediated lifespan extension has been shown to be
dependent upon skn-1 but not daf-16 and appears to inhibit both TORC1 and
TORC2 (Blackwell TK, personal communication). Based on these worm longevity
experiments, rapamycin may extend lifespan through Nrf2 activation in mice,
which may also possibly explain how XME genes are induced in response to

rapamycin treatment. However, it should be noted that poor correlation between
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rapamycin and tBHQ-treated mice was observed for both phase | and Il
biotransformation genes in our analysis. Additionally, these studies may help
resolve the discrepancy seen in XME gene expression data from mice treated
with rapamycin for 3 months (12 months of age) and 13 months (22 months of
age) (Figure 3-4; Figure 3-12). Downregulation of multiple XMEs in rapamycin-
treated mice at 22 months of age, that were previously shown to be upregulated
at 12 months of age (Figure 3-4), may be due to increased activation of the Akt
signal cascade by TORC2, which may affect Nrf2 activation or Jak/Stat-mediated

nuclear receptor activation through crosstalk with the GHR signal cascade (62).

Reductions in GH signaling may enhance xenobiotic metabolism in long-
lived dwarf mice

Regulation of xenobiotic metabolism is influenced by numerous factors,
including age, diet, sex, and hormones (63). As previously mentioned in
Chapter 3, mice with mutations that affect GH and/or IGF-1 responsiveness have
a shared pattern of increased XME gene expression (45). GH is known to be a
potent negative regulator of many XME genes, particularly cytochrome P450s
(63, 64). The observed differences in XME genes are proposed to be influenced
by GH or IGF-1, and not thyroid hormone (TH), since Snell and GHRKO mice
have different concentrations of TH (65, 66) but similar patterns of XME
expression. However, there are some observed differences in XME gene
expression between Snell and GHRKO mice (e.g. Cyp2b9, Cyp4a10, Fmog3,

Sult2a2) (Table 3-10 and Table 3-17) that could be potentially attributed to

190



differences in TH metabolism. Similarly, Hsp genes are known to be differentially
regulated at the mRNA level between Snell and GHRKO mice in multiple tissues
(67). This observed genotype-specific difference may also be due to differences

in the circulating levels of GH, prolactin, and/or TSH.

Similar elevations in expression of XME mRNAs are observed in Snell,
GHRKO, and Little mice (Figure 3-1). If a reduction in GH-stimulated pathways
mediate this effect, then no such changes should be observed in mice without
altered circulating levels of GH. We tested this hypothesis, albeit indirectly in
long-lived mice that do not have altered circulating GH, by comparing XME gene
expression in liver samples from long-lived PAPPA-KO (Figure 4-1A) and
macrophage inhibitory factor knockout (MIFKO) (Figure 4-1B) mice to their
respective littermate controls. No significant change in a panel of 5 mRNAs
shown to be elevated in GH/IGF-1-deficient mice (Cyp2b9, Cyp2b10, Cyp2b13,
Cyp4a10, and Cyp4ai4) was observed in either PAPPA-KO or MIFKO mice.
Future analysis of XME expression in dwarf mice treated with GH or transgenic
mice that overexpress GH (GH-Tg) will better address the role of GH in the
regulation of XME expression in long-lived mice.

In addition, the effects of GH signaling on hepatic xenobiotic metabolism
may be tissue-specific in long-lived mice. We are in the process of addressing
this question with tissue-specific knockout of the GH receptor (GHR). Liver-
specific knockout of GHR increases some but not all of the XME genes observed

to be altered in whole body GHR-null mice (Table 3-9 and Table 3-16). No
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change was observed in Cyp4a10, Cyp4ai4, Fmo3, and Mt1 expression in liver-
specific GHRKO mice (Sun LY, personal communication), although these
mRNAs are elevated in whole body GHRKO mice (Table 3-9). No change was
observed in a panel of hepatic XME genes that are elevated in whole body
GHRKO mice in fat-specific or muscle-specific GHRKO mice (Sun LY, personal
communication). These data suggest that specific impairment of GHR in the liver
results in an increase in hepatic XME gene expression. However, the mechanism
of how GHR signaling regulates xenobiotic metabolism is still not well defined.
The signal transducer and activator of transcription (STAT) pathway has
been implicated in mediating GHR-regulated effects on xenobiotic metabolism.
GH secretion from the pituitary is sexually dimorphic in rodents (68). Adult males
release GH in discrete pulses every ~3.5 h, with little or no GH detectable
between pulses. In contrast, females secrete GH more frequently, resulting in a
continuous level of GH that is lower than peak pulsatile GH levels observed in
males (69, 70). STAT5b has been shown to regulate GH-mediated sexual
dimorphism of cytochrome P450 enzymes (71, 72), but the downstream
regulatory cascade activated by STAT5b that controls hepatic P450 expression is
not well understood (Figure 4-2). We propose that STAT5b signaling may
regulate nuclear receptor activity or Nrf2 activation through an unidentified
pathway. In addition, IGF-1R signaling may potentially influence STAT5b activity

through crosstalk with the GHR signaling pathway (62).
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As mentioned above, sexual dimorphism has been observed in the
regulation of XME genes, primarily with regard to cytochrome P450 enzymes (63,
73). In unpublished studies, we have noted sexual dimorphism for XME mRNA
levels in the HET3 mice used to generate the CR, CL, and tBHQ-treated mice
described in Chapter 3. Females were found to have increased basal expression
of multiple phase | (Cyp1al, Cyp2a4, Cyp2b13, Cyp4a10, Cyp4ai4) and phase Il
(Mgst3, Ngo1, Sult2a2) genes (Figure 4-3) compared to age-matched male
controls. Preliminary analysis of sex-based effects on XME gene expression in
Snell and GHRKO mice is currently in progress. Interestingly, multiple genes that
are elevated in male GHRKO mice relative to littermate control mice (e.g.
Cyp2b9, Cyp2b10, Cyp2b13, Cyp4ail0, Sulta2) are expressed at a similar level in
both female littermate control and GHRKO mice (Sun LY, personal
communication), at levels similar to those seen in male GHRKO mice and thus
much higher than levels in male control mice. Since both male and female
GHRKO mice are long-lived, these data argue against a role for elevated
xenobiotic metabolism in delaying aging, at least in females. However, additional
studies that measure directly measure xenobiotic metabolism activity rather than
simply gene expression are required before such a conclusion can be drawn.
Regardless, sexual dimorphism of xenobiotic metabolism is relevant in the
context of pharmacological-based lifespan extension studies. Observed gender-

specific effects in longevity (74-77) may be a result of sex-specific differences in
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drug metabolism, and sexual dimorphism is also observed in response to many

common drugs in humans (78, 79).

Pharmacological activation of Nrf2 may be a promising new approach to
delay aging in mice

The isothiocyanate sulforaphane (SFN), a naturally occurring organosulfur
compound found in broccoli, is a potent activator of Nrf2 (80). SFN is the best
characterized Nrf2 activator, and is thought to activate Nrf2 by oxidation of the
Cys151 residue of Keap1, similar to tBHQ (81, 82). SFN has potent anticancer
properties, and was recently identified as an inhibitor of cancer stem cell
formation (83). We attempted to measure changes in XME gene expression in
response to dietary SFN but were plagued by degradation of the compound
during food preparation (data not shown). This was observed with two SFN
variants in mice treated at the University of Michigan: synthesized D,L-
sulforaphane (Toronto Research Chemicals #S699115) and natural chiral
product L-sulforaphane (LKT Laboratories #S8046). Therefore, although SFN is a
promising candidate for inclusion in a future ITP lifespan study, the stability
problem must first be resolved.

Protandim (LifeVantage Corporation, Sandy, UT, USA) is an herbal
supplement comprised of milk thistle, bacopa, ashwagandha, green tea, and
turmeric extracts. IP injection of this supplement in rats was reported to increase
Nrf2 and heme oxygenase 1 levels in cardiac tissue (84). In addition, Protandim

was shown to protect against two-stage skin carcinogenesis in mice (85) and
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decrease lipid peroxidation byproducts detected as thiobarbituric acid-reacting
substances (TBARS) in plasma in a human clinical study (86). We found that
HET3 mice administered 1% w/w Protandim in chow for 4 weeks had elevated
expression of multiple XME mRNAs in kidney tissue (Figure 4-4) but not liver
tissue (data not shown), with no observed signs of ill health. Protandim appears
to maintain potency during food preparation and may be a good candidate for

testing in a future ITP longevity study.

Final remarks

One of the major goals of aging research is to develop new therapeutics
that can slow the aging process in humans. Although an effective anti-aging drug
has not yet been developed for humans, research on long-lived mice and
invertebrates implicate IGF-1 and GH as key hormones that influence the aging
process. The experiments presented in this thesis suggest that differential
regulation of MAPKs (Chapter 2) and xenobiotic metabolism (Chapter 3),
potentially in response to altered GH and/or IGF-1 action, contribute to the
regulation of stress resistance in mice Figure 4-2. While additional research is
required to conclusively demonstrate that disruption of GH or IGF-1, elevated
xenobiotic metabolism, or other interventions (e.g. rapamycin, CR mimetics) can
effectively slow aging in humans, this work represents a small step toward that

goal.
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Figure 4-1. Long-lived PAPPA-KO (87) and MIFKO (88) mice do not have
altered hepatic xenobiotic metabolism gene expression.

No significant difference in expression of Cyp2b9, Cyp2b10, Cyp2b13, Cyp4aio,
or Cyp4a14 was observed in male, young adult PAPPA-KO or MIFKO mice. Bars

indicate mean + SEM for (A) PAPPA-KO and (B) MIFKO mice along with age-
matched littermate control mice, in each case normalized to the average level of

mRNA in the littermate control animals (n = 3).
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Figure 4-2. Model of IGF-1R and GHR-mediated regulation of xenobiotic
metabolism and the ERK signal cascade.

Multiple XME genes are negatively regulated by GH in a STAT5b-dependent
manner (63, 89). The downstream regulators of STAT5b that influence XME
gene expression have not been identified but likely influence nuclear receptor
(e.g. CAR, PXR, AhR, FXR, and/or LXR) activity. Nuclear receptors regulate XME
gene expression through multiple binding sites, including XREM (90-92), PBREM
(93, 94), and PPRE (95). Nrf2 regulates XME transcription through the ARE
binding sequence (7) but may also regulate nuclear receptor activity (31, 96).
ERK activity is regulated by the IGF-1R receptor through the IRS-Ras-Raf-MEK
cascade (97). ERK is known to directly regulate Elk-1 (which regulates c-Fos)
and c-Jun IEGs (98), and has been proposed to regulate Nrf2 activity (99).
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Figure 4-3. Sexual dimorphism of (A) phase | and (B) phase Il XME RNAs in
HET3 mouse liver tissue.

Bars indicate mean + SEM for male and female mice, in each case normalized to
the average level of mMRNA in the male mice. Significant elevation of phase |
(Cypiai, Cyp2a4, Cyp2b13, Cyp4al10, and Cyp4ai4) and phase Il (Mgst3,
Ngo1, Sult2a2) was observed in female mice compared to male mice (n = 3;

p <0.05%; p<0.01™).
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Figure 4-4. Short-term Protandim treatment increases (A) phase | and
(B) phase Il mRNA levels in mouse kidney tissue.

Male HET3 mice were treated with 1% (w/w) Protandim in chow for 4 weeks.
Bars indicate mean + SEM for Protandim-treated and age-matched littermate
control mice, in each case normalized to the average level of mMRNA in the
littermate control animals. Significant elevation of multiple phase | (Cyp2b9,
Cyp2b13, Cyp4ail4, Fmo3) and phase Il (Gstm3, Ugt1al) genes was observed in
response to Protandim treatment (n = 6; p < 0.05%)
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