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Abstract
Previous studies have shown that dermal fibroblast cell lines derived from young adult mice of the
long-lived Snell dwarf (dw/dw), Ames dwarf (df/df) and growth hormone receptor knockout
(GHR-KO) mouse stocks are resistant, in vitro, to the cytotoxic effects of hydrogen peroxide,
cadmium, ultraviolet light, paraquat, and heat. Here we show that, in contrast, fibroblasts from
mice on low-calorie (CR) or low methionine (Meth-R) diets are not stress resistant in culture,
despite the longevity induced by both dietary regimes. A second approach, involving induction of
liver cell death in live animals using acetaminophen (APAP), documented hepatotoxin resistance
in the CR and Meth-R mice, but dw/dw and GHR-KO mutant mice were not resistant to this agent,
and were in fact more susceptible than littermate controls to the toxic effects of APAP. These data
thus suggest that while resistance to stress is a common characteristic of experimental life span
extension in mice, the cell types showing resistance may differ among the various models of
delayed or decelerated aging.
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1. Introduction
The ability to mount an effective response to environmental and cellular stressors may play
an important role in determining the onset and progression of late-life disease and aging. For
example, in nematodes (Caenorhabitis elegans) and fruit flies (Drosophila melanogaster)
long-lived mutant strains are often significantly more resistant to multiple forms of stress
(Larsen, 1993; Lithgow et al., 1995; Lin et al., 1998; Cheng et al., 2003; de Castro et al.,
2004). Recent studies have shown similar phenomena in long-lived mice. For example, the
homozygous deletion of p66shc, which codes for an essential adapter protein in the insulin-
like growth factor I (IGF-I) signaling pathway, a heterozygous knock-down mutation of the
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IGF-I receptor (IGF1R +/−), and the overexpression of the klotho protein all lead to
significant life span extension while conferring an increased resistance to paraquat-induced
oxidative stress (Migliaccio et al., 1999; Holzenberger et al., 2003; Kurosu et al., 2005). In
addition, antioxidant defense systems are upregulated in long-lived Ames dwarf mice, and
numerous indices of in vivo oxidative damage are significantly lower in these mice relative
to their control littermates (Bartke and Brown-Borg, 2004). Caloric restriction (CR) has a
similar augmenting effect on antioxidant defense systems (Yu and Chung, 2001; Liang et
al., 2003) and leads to lower indices of oxidation in multiple tissue types (Dubey et al.,
1996; Lass et al., 1998; Forster et al., 2000). Mice undergoing CR are also more resistant to
the lethal effects of the hepatotoxins thioacetamide (Apte et al., 2003) and bleomycin (Aidoo
et al., 1999). Finally, studies have suggested that fibroblast cell lines derived from long-lived
mouse stocks, and from long-lived species, may show cellular resistance to a variety of
cytotoxic agents in culture (Migliaccio et al., 1999; Kapahi et al., 1999; Holzenberger et al.,
2003).

Acetaminophen (APAP) is a widely used analgesic that causes acute liver necrosis when
administered in large doses. Injury requires the metabolic conversion of APAP to the toxic
metabolite N-acetyl-p-benzoquinone imine (NAPQI) via cytochrome P450 detoxification
pathways (Ruepp et al., 2002). NAPQI depletes glutathione in hepatocytes and covalently
binds to intracellular proteins resulting in mitochondrial dysfunction and oxidant-induced
stress (Masubuchi et al., 2005). There are significant strain-specific differences in the
susceptibility of mice and rats to APAP-induced injury (Tarloff et al., 1989;Mehendale,
2005), and susceptibility to injury can increase with advancing age (Beierschmitt et al.,
1986, 1989; Tarloff et al., 1991, 1996).

In previous work, we have shown that dermal fibroblast cell lines from long-lived Ames
dwarf (df/df), Snell dwarf (dw/dw), and growth hormone receptor knockout (GHR-KO) mice
exhibit increased resistance to multiple cytotoxic agents (Murakami et al., 2003; Salmon et
al., 2005). Furthermore, we have shown that a low methionine (Meth-R) diet, which leads to
life span extension in mice (Miller et al., 2005) and rats (Orentreich et al., 1993; Richie et
al., 1994), increases resistance of young adult mice to the hepatotoxic effects of APAP
exposure (Miller et al., 2005). Overall, these data suggest that increased stress resistance at
both the cellular and whole animal level is important in determining the onset and
progression of late-life disease and life span in rodents. To see if both forms of stress
resistance are invariably found in multiple models of delayed or decelerated aging in mice,
we have now evaluated stress resistance in dermal fibroblast cell lines derived from CR and
Meth-R mice, and measured APAP hepatotoxicity in CR, Snell dwarf, and growth hormone
receptor knockout (GHR-KO) mice.

2. Methods
2.1. Animal subjects

2.1.1. Snell dwarf mice—Snell dwarf animals were dw/dw mice bred as the progeny of
(DW/J × C3H/HeJ)-dw/+ females and (DW/J × C3H/HeJ)F1-dw/dw males. The sires of our
test mice had been treated with growth hormone and thyroxine to increase their body size
and fertility. Littermates with the (dw/+) genotype were used as controls. Resistance to the
hepatotoxin acetaminophen (APAP) was determined in 5–9 month old females of each
genotype.

2.1.2. Growth hormone receptor knockout (GHR-KO) mice—GHR-KO mice and
normal littermate controls were produced by mating heterozygous (+/−) carriers of the
disrupted GHR/GHBP gene or homozygous knockout (−/−) males with (+/−) females. The
genetic background of these animals is derived from 129/Ola embryonic stem cells and from
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BALB/c, C57BL/6, and C3H inbred strains (Zhou et al., 1997). APAP resistance was
assessed in 10-month-old mice of both sexes.

2.1.3. Methionine and calorically restricted mice—Female (BALB/cJ × C57BL/
6J)F1 mice purchased from the Jackson Laboratories (Bar Harbor, ME) were used. At 6
weeks of age the mice were divided into one of four dietary groups: (1) a diet containing
0.15% methionine (methionine restricted, or Meth-R mice); (2) a diet containing 0.43%
methionine (methionine control, or Meth-C mice); (3) a standard lab chow diet (Purina
5001) administered ad libitum (ad libitum control, or AL-C mice); or (4) a standard lab
chow diet administered in diminished amounts (80% of ad libitum food intake for 2 weeks,
then 70% for 2 weeks, then 60% for the remaining period; calorie restricted, or CR mice).
These diets are described in more detail elsewhere (Miller et al., 2005). CR and AL-C mice
were tested for APAP resistance at 10 months of age. In addition, fibroblast cell lines were
established from 4 to 18-month-old CR and AL-C mice for the assessment of fibroblast
resistance to cytotoxicity. Cell lines from 4-month-old Meth-R to Meth-C mice were also
evaluated.

2.2. Establishment of fibroblast cell lines
Tail skin biopsies approximately 3–5 mm in length were obtained from the last half of the
intact tail of isofluorane-anesthetized mice after skin sterilization with 70% ethanol.
Biopsies were further washed in 70% ethanol, placed in Dulbecco’s modified Eagle medium
(DMEM, high-glucose variant, Gibco-Invitrogen, Carlsbad, CA), diced to less than 0.5 mm
and digested overnight with collagenase type II (400 U/ml, 1000 U total per tail, Gibco-
Invitrogen, Carlsbad, CA) dissolved in DMEM supplemented with 20% heat-inactivated
fetal bovine serum, antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin; Sigma, St.
Louis, MO) and 0.25 µg/ml of fungizone (Biowhittaker-Cambrex Life Sciences,
Walkersville, MD) at 37° in a humidified incubator with 5% CO2 in air. After collagenase
treatment, cells were dislodged, passed through sterilized nylon netting into sterile 14 ml
centrifuge tubes (BD Dickenson, Bedford, MA) and were centrifuged for 5 min at 200 × g.
After centrifugation the collagenase solution was drawn off the cell pellet and the cells were
resuspended in DMEM with 20% heat-inactivated fetal bovine serum, antibiotics and
fungizone as indicated previously. Approximately 2.5 × 105 cells in 3 ml media were seeded
into tissue culture flasks of 25 cm2 surface area (Corning Costar, Corning, NY). After 3
days, approximately 2/3 total volume of medium was removed and replaced with fresh
DMEM with 20% heat-inactivated fetal bovine serum, antibiotics and fungizone. Six-to-
seven days after seeding, initial cultures (designated as first passage, or P1, cells) were split
and seeded at a density of 1 × 105 cells/cm2 flask surface area into tissue culture flasks of 75
cm2 (Corning Costar). Cells were split by first washing flasks with 1 × phosphate buffered
saline solution (PBS, 8.8 g NaCl, 2.25 g Na2HPO4 and 0.26 g NaH2PO4 per 1 l distilled
H2O, pH 7.3), followed by incubation with 3 ml trypsin/100 cm2 surface area of flask using
Trypsin-EDTA (Gibco-Invitrogen) for 5 min at 37° in a humidified incubator with 5% CO2
in air. At the end of the incubation period, trypsin activity was inhibited with an equal
volume of DMEM with 20% heat-inactivated fetal bovine serum, antibiotics and fungizone.
Subsequent passages were split at 6 day intervals, with approximately 2/3 total volume of
media removed at day 3 and replaced with fresh DMEM with 20% heat-inactivated fetal
bovine serum with antibiotics and fungizone. At the end of the third passage (6 days after
seeding), confluent cells were harvested for assessment of stress resistance.

2.3. Assessment of cytotoxicity
Six days after seeding, third passage cells were trypsinized as described. Cells were counted
by hemocytometer and diluted to a concentration of 3 × 105 ml−1 in DMEM with 20% fetal
bovine serum with antibiotics and fungizone and seeded into a 96-well tissue culture-treated
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microtiter plate at a volume of 100 µl per well. After an 18-h overnight incubation, cells
were washed with PBS and incubated in DMEM supplemented with 2% bovine serum
albumin (BSA, Sigma), antibiotics and fungizone for approximately 24 h. Previous work has
shown (Murakami et al., 2003) that this period of incubation in serum-free conditions is
critical for showing differences between mutant Snell dwarf and control cell lines because
the presence of serum greatly increases the stress resistance of cells from both genotypes.
Cells were then exposed to a range of doses of one of the cytotoxic stressors. For UV light
testing, cells were washed, then irradiated with UV light (254 nm at 5.625 J/m2/s) in 100 µl
of Dulbecco’s PBS (Biowhittaker-Cambrex Life Sciences). Cells were then incubated in
DMEM supplemented with 2% BSA, antibiotics and fungizone, and their survival was
measured 18 h later by a test based on reductive cleavage of the tetrazolium dye WST-1
(Roche Applied Science, Indianapolis, IN) to a formazan product, using the protocol
suggested by the manufacturer. For assessment of resistance to hydrogen peroxide (H2O2),
paraquat (methyl viologen), or cadmium (Sigma), the cells in the 96-well plates were
incubated with a range of doses for 6 h in DMEM. Cells were then washed and incubated
with DMEM supplemented with 2% BSA, antibiotics and fungizone, and survival was
measured 18 h later by the WST-1 test. All incubations were at 37° in a humidified
incubator with 5% CO2 in air.

2.4. Assessment of acetaminophen resistance
All mice were deprived of food for approximately 18 h prior to APAP administration to
reduce hepatic stores of glutathione (Neff et al., 2003). Female CB6F1 mice undergoing CR
received a single intraperitoneal injection of APAP (Sigma) at 250 mg/kg body weight (20
ml/kg) in warm (37 °C) sterile PBS. Female Snell dwarf mice received a single
intraperitoneal injection at one of three doses: 125, 200, or 250 mg APAP/kg body weight in
warm PBS. GHR-KO and WT control mice of both sexes were each challenged with 175
mg/kg. Pilot studies indicated that doses greater than 175 mg/kg were often lethal on this
genetic background. Food (Purina 5001 rodent chow) was made available to the mice
immediately after APAP injection, and venous blood samples were withdrawn at 6–8, 24,
and 48 h for comparison to blood withdrawn just prior to APAP administration. Serum
alanine aminotransferase (ALT) and lactate dehydrogenase (LDH) activity in serum samples
(1–5 µl) collected from the APAP-exposed mice were used to assess the degree of resistance
of each stock. ALT and LDH activities were determined using either an in-house assay (for
the AL-C and CR mice) or commercially available kits (Catachem, Inc.) modified to fit a
96-well microtiter plate format (for the study of the dw/dw, dw/+, GHR-KO and GHR wild-
type mice).

2.5. Statistical analyses
2.5.1. Resistance to cytotoxins—Stress resistance of each cell line was expressed as
the LD50, i.e. the dose of agent that reduced WST-1 signal for 50%, as calculated by linear
regression of probit-transformed data using triplicate wells at each tested dose. Differences
between groups in mean LD50 levels were evaluated using Student’s t-test.

2.5.2. APAP resistance—Differences between groups of mice in mean APAP-induced
ALT and LDH activity were assessed using Student’s t-test at each of the indicated times.
Differences in the proportion of animals alive at the end of the 48-h observation period were
calculated using Fisher’s exact test.

Harper et al. Page 4

Mech Ageing Dev. Author manuscript; available in PMC 2010 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. Results
3.1. Resistance to cytotoxicity

We previously showed that fibroblast cell lines isolated from long-lived mouse stocks
harboring mutations in the GH/IGF axis (i.e., Snell dwarf, Ames dwarf, and GHR-KO mice)
were significantly more resistant than cells from littermate controls to multiple cytotoxic and
DNA-damaging agents in vitro (Murakami et al., 2003; Salmon et al., 2005). Hence, we
hypothesized that cell lines isolated from mice exposed to diets that extend life span by
decelerating aging, such as CR or Meth-R diets (Weindruch and Walford, 1988; Orentreich
et al., 1993; Miller et al., 2005), would be similarly resistant.

Unexpectedly, however, cell lines from 4-month-old mice that had been on the 60% CR diet
for 5 weeks (Fig. 1, top) as well as 4-month-old Meth-R mice (Fig. 1, bottom) exhibited no
difference in their resistance to the cytotoxic effects of ultraviolet radiation, H2O2, or
cadmium relative to control mice receiving a normal diet ( p > 0.08 for all). In most cases,
the mean LD50 was indistinguishable between treatments and are consistent with those seen
in previous studies (Murakami et al., 2003;Salmon et al., 2005). Some studies have
suggested that caloric restriction can have both immediate and long-term effects on the
expression of specific hepatic genes (Cao et al., 2001), thus 5 weeks of restriction might
have been insufficient to induce significant differences in cellular stress resistance between
fully fed and CR mice. To evaluate this idea, dermal fibroblast cell lines from a different
group of mice that had been on a CR diet for 15 months were tested for their resistance to
cytotoxic agents in culture. Results of these experiments also showed no evidence of an
effect of CR on cellular resistance to UV, H2O2, cadmium (Fig. 1, middle), or paraquat (data
not shown) relative to AL-C mice (p > 0.2 for all).

3.2. Acetaminophen resistance
Methionine restriction leads to an increased resistance to the hepatotoxic effects of
acetaminophen (Miller et al., 2005), and CR protects against the hepatotoxic effects of
bleomycin and thioacetamide (Aidoo et al., 1999; Apte et al., 2003). This led us to consider
the hypothesis that increased resistance to hepatotoxins in vivo is also associated more
broadly with increased life span.

Consistent with this idea, we found that female CB6F1 mice that had been exposed to the
CR diet for 8 months exhibited dramatically less liver damage than AL-C mice after APAP
challenge (250 mg/kg), as indicated by negligible increases of serum ALT and LDH (Fig. 1,
top). In contrast, however, Snell dwarf mice do not show an increased resistance to APAP-
induced liver injury relative to their control littermates; but instead appear to be more
sensitive than littermate controls. Six hours after intraperitoneal injection of APAP (250 mg/
kg body weight), serum ALT and LDH activities were significantly (p < 0.001) increased in
both mutant dw/dw and control dw/+ mice (Fig. 2, middle panels); however, ALT activity
was significantly (p = 0.003) higher in the dw/dw mice relative to the dw/+ controls. Serum
LDH activity was similarly affected, although the difference at 6 h post-injection did not
reach statistical significance (p = 0.22; Fig. 2, middle). Each of the three dw/dw mice tested
at this dose died within the first 24 h after inoculation, preventing measurements of ALT and
LDH after the 6 h time point. A second experiment (not shown), using 200 mg/kg, resulted
in death of one of the two dw/dw mice tested. None of the five control mice treated with
200– 250 mg/kg APAP died during the 48 observation period. The difference in survival
between dwarf and control mice was significant at p = 0.02. Table 1 presents these survival
statistics. Lower doses of APAP (125 mg/kg) induced equal, low levels of LDH and ALT in
dwarf and control mice, and did not kill mice in either group (not shown).
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A similar study of APAP toxicity was conducted using male and female mice of the long-
lived GHR-KO stock. Male GHR-KO mice challenged with 175 mg of APAP/kg body
weight were, like the Snell dw/dw mice, relatively sensitive to APAP-induced liver injury
when compared to wild-type controls (Fig. 2, bottom). Repeated measures ANOVA
indicated a significant main effect of genotype on serum ALT and LDH activity (p < 0.01)
after APAP challenge; however, despite being two- to five-fold higher at 6 and 24 h after
injection, the difference in serum ALT and LDH activities between GHR-KO and control
mice was only marginally significant (t-test, 0.06 > p < 0.10); most likely due to significant
inter-individual variation in the degree of APAP-induced liver injury. Nonetheless, at 48 h
after APAP injection both serum ALT and LDH activities were significantly higher (p ≤
0.04 for all) in the GHR-KO mice. One (of eight) of the APAP-treated male GHR-KO mice
died within 48 h of injection (Table 1); all male control mice survived. When female GHR-
KO mice were tested at this dose, four of eight died within 6 h, and only three of eight
survived the first 48 h (see Table 1); none of the control females died. Thus both male and
female GHR-KO mice were sensitive to APAP-mediated toxicity.

4. Discussion
We and others have shown that dietary and genetic mouse models of extended longevity, as
well as cells derived from those animals, often exhibit enhanced resistance to various forms
of stress. Some reports, comparing mice (or species) that differ genetically, have
documented cellular stress resistance in primary cultures of dermal (Kapahi et al., 1999;
Murakami et al., 2003; Salmon et al., 2005) and embryonic (Migliaccio et al., 1999;
Holzenberger et al., 2003) fibroblasts. Other studies have evaluated the resistance of intact
animals to hepatotoxins (Aidoo et al., 1999; Apte et al., 2003; Miller et al., 2005),
myotoxins (Usuki et al., 2004), neurotoxins (Bruce-Keller et al., 1999), and the pulmonary
toxin paraquat (Migliaccio et al., 1999; Holzenberger et al., 2003; Kurosu et al., 2005). Here
we sought to measure both fibroblast stress resistance in vitro and hepatotoxic resistance in
vivo in parallel studies of two anti-aging diets, and two mutations that extend maximal life
span. We saw fibroblast resistance to stress in dw/dw and GHR-KO mutants, but not in the
CR or Meth-R mice. Conversely, CR and Meth-R mice showed dramatic resistance to
hepatoxicity, while dw/dw and GHR-KO mice were more sensitive than controls to this
agent. Overall, the results of this study suggest that these models of delayed aging may
differ in the spectrum of cell types and tissues affected.

The life prolonging effect of CR has been repeatedly documented in multiple species of
animal, both vertebrate and invertebrate (Weindruch and Walford, 1988). Previous studies
had also shown that CR confers an increased resistance to the hepatotoxins thioacetamide
and bleomycin (Aidoo et al., 1999; Apte et al., 2003), the excitatory neurotoxin kainic acid
(Bruce-Keller et al., 1999), and the heavy metal cadmium (Shaikh et al., 1999). The toxicity
of each of these compounds is mediated, at least in part, by oxidative stress. Our results
show that CR mice, like the Meth-R mice previously studied (Miller et al., 2005), are
resistant to this oxidative hepatotoxin, consistent with earlier reports using other agents in
intact animals (Fig. 2, top). Fibroblast cultures derived from CR donors, however, did not
show an increase in resistance to any of the cytotoxic agents tested in vitro (Fig. 1), whether
the cells were taken from mice exposed to 60% CR for 5 weeks or 15 months. Similarly, a
diet with a reduced level of the essential amino acid methionine (Meth-R), also failed to
alter responses of dermal fibroblast cell lines to in vitro cytotoxic stress resistance (Fig. 1)
despite its ability to extend life span and to enhance resistance to APAP toxicity (Miller et
al., 2005).

In a previous study (Salmon et al., 2005), we noted that fibroblast cell lines from mice less
than 1 week old were not resistant to UV or cadmium stress compared to cells from control
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mice, and showed only a minimal increase in their resistance to hydrogen peroxide in vitro.
Importantly, the prenatal environment is identical for both Snell dwarf and their littermate
controls, and mice of the two genotypes are indistinguishable in size at birth, after which
dwarf mice grow more slowly than normal mice (Brown-Borg and Rakoczy, 2000). Hence,
it may be that stress resistance in this model is regulated by differences in hormone exposure
during early postnatal development, prior to the age of tissue biopsy (Yu and Chung, 2001),
and that the epigenetic changes induced in dermal fibroblasts by this environment are
manifested by the observed increase in stress resistance in vitro. In our own study, CR was
not begun until the mice were 6 weeks old. It is possible that by this age dermal fibroblasts
may have reached a stage of differentiation at which changes relevant to stress resistance
can no longer be induced. In this context it would be of interest to evaluate properties of
dermal fibroblasts derived from mice exposed to nutritional deprivation starting at an earlier
stage of the life span.

Alternatively, any hypothetical effects of these dietary interventions on the stress resistance
properties of fibroblasts may be transient in nature, or mediated by pathways that are
sensitive to changes induced by cell division in vitro. For example, skin-derived primary
fibroblasts from CR mice have been shown to have enhanced colony formation (Pendergrass
et al., 1995), but show no difference in population doublings or replicative life span in long-
term culture (Pignolo et al., 1992). Similarly, lens epithelial cells isolated from CR mice are
resistant to H2O2-induced cell death (Li et al., 1997) and show enhanced proliferative
capacity, though only for a short time when isolated using standard cell culture techniques
(Li et al., 1998). Further, CR in rats reduces the production of reactive oxygen species
(ROS) from liver mitochondria in vivo (Lambert and Merry, 2004); however this difference
is not maintained in hepatocyte cultures derived from these same animals (Lambert and
Merry, 2005). There is some data to suggest that serum from rodents exposed to a CR diet
can increase the stress resistance of cell lines in vitro (de Cabo et al., 2003; Cohen et al.,
2004), but such systemic factors cannot be involved in our own system, in which both
control and experimental cell lines are maintained in identical culture conditions through
multiple weeks, using fetal bovine serum as a source of growth factors.

We do not know why the Snell dwarf mice and the GHR-KO mice are, contrary to our initial
hypothesis, even more sensitive than control animals to APAP-mediated toxicity. The
pathogenesis of liver cell death in response to acetaminophen (APAP) is multifaceted, and in
addition to intrinsic hepatocyte responses to APAP metabolites, is influenced by
proinflammatory cytokine cascades (Laskin and Laskin, 2001), heat shock proteins (Hsp)
(Tolson et al., 2006), and peroxisome proliferator activated receptor (PPAR)-α activity
(Nguyen et al., 1999; Shankar et al., 2003). The hepatic level of reduced glutathione is also
an important factor in APAP-induced damage (Oz et al., 2005) and may contribute to some
of the animal-to-animal variation in the response to APAP. However, fasting causes a
dramatic reduction in hepatic levels of reduced glutathione (Langley and Kelly, 1992;
Jenniskens et al., 2002), and although the overnight fast (18 h) used in our APAP-toxicity
protocol was expected to minimize differences in basal glutathione levels between mice, we
do not have any direct evidence that levels of this protective factor were indeed similar in
mutant and control mice after fasting.

The effect of CR diets on Hsps, inflammatory cascades and PPAR activity have been well
documented (Nguyen et al., 1999; Yu and Chung, 2001; Shankar et al., 2003; Tsuchiya et
al., 2005), and are consistent with the increased ability of these mice to resist xenobiotic
insults. In dwarf mouse models, it has been shown that constitutive PPAR-α activity and its
related gene products is increased (Stauber et al., 2005; Masternak et al., 2005), and that
Ames dwarf mice exhibit an enhanced resistance to paraquat-induced lethality (Bartke et al.,
2001a) while GHR-KO mice are relatively sensitive to paraquat-induced death (Hauck et al.,
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2002); however little else is known about xenobiotic metabolism in these mouse models. To
what degree nutrient versus genetic models of delayed aging differ in these key pathways
(i.e., Hsps, cytokines) needs to be further evaluated.

In addition, the interpretation of APAP toxicity is further complicated by the need for the
hepatic conversion of APAP, via cytochrome P450 activity, to NAPQI, the proximal cause
of liver cell damage. Although CR can improve cytochrome P450-mediated detoxification in
multiple tissues in rodents (Manjgaladze et al., 1993; Seng et al., 1996), there are no
documented reports of P450 activities in Snell dwarf or GHR-KO mice, and inter-individual
variation in cytochrome P450 activity can have a dramatic influence on the degree of toxin-
induced liver damage (Mathijssen and van Schaik, 2006). In addition, tests using APAP do
not provide information about oxidation resistance in other tissues or to toxins that act
through other pathways, such as the direct liver toxin, diquat (Burk et al., 1980) or the
nephrotoxin gentamicin (Nakajima et al., 1994).

Sex-specific differences are well described in both rat and mouse models of APAP toxicity,
and are the result of variation in biotransformation pathways (Galinsky et al., 1990; Hoivik
et al., 1995; Tarloff et al., 1996; Mugford and Tarloff, 1997) and the abundance of specific
target proteins in cellular membranes (Mattow et al., 2006). Although males are typically
more susceptible to APAP-toxicity, in this study we found that GHR-KO females exhibited
a higher degree of mortality after APAP injection relative to males. What accounts for this
effect remains unknown; however in the absence of normal GH signaling the sex-specific
expression pattern of hepatic cytochrome P450 enzymes is significantly disrupted
(Ahluwalia et al., 2004; Jarukamjorn et al., 2006).

The observation that the life span of Ames dwarf mice can be further extended by a CR diet
(Bartke et al., 2001b), as well as evidence for differences in hepatic gene expression profiles
in dwarf and in CR rodents (Miller et al., 2002), suggest that the pathways by which the
pituitary dwarf mutations lead to longevity overlap only partly with those induced by CR.
Our data provide further points of contrast between dwarf mice, and mice whose longevity
reflects either a low-calorie or a methionine-restricted diet: the former show stress resistance
in tests of skin cell fibroblasts, and the latter show resistance to APAP toxicity, but not vice
versa. Work in worms and flies has suggested that resistance to multiple forms of stress is
characteristic of mutants that confer extended life span (Larsen, 1993; Sorensen and
Loeschcke, 2001; Arking, 2001; de Castro et al., 2004), leading to the plausible idea that
stress resistance itself brings about the retardation of aging and postponement of death, at
least in these invertebrate systems. We take, as our working hypothesis, the idea that stress
resistance in one or more cell types may play a role in the anti-aging effects of dwarf, CR
and Meth-R mice, but acknowledge that much more is still to be learned about the cells and
tissues involved in each of these models, the ways in which stress resistance is induced by
nutritional and hormonal deviations, and the pathways by which altered cellular properties
delay or decelerate age-related injuries in critical tissues.
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Fig. 1.
Mean (±S.E.) LD50 for ultraviolet radiation, hydrogen peroxide, and cadmium in fibroblast
cell lines derived from: young (top panels) and old (middle panels) calorie restricted (CR)
CB6F1 females, as well as young (bottom panels) methionine-restricted (Meth-R) CB6F1
females. There are no significant differences relative to the controls (AL-C, Meth-C) by t-
test (p > 0.08 for all). N = 6–9 mice per group.
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Fig. 2.
Serum alanine aminotransferase (ALT; left) and lactate dehydrogenase (LDH; right) activity
in response to a single acetaminophen (APAP challenge) in AL-C vs. CR female CB6F1
mice (top panels), female Snell dwarf (dw/dw) vs. normal littermate control mice (dw/+;
middle panels), and male GHR-KO vs. wild-type control mice (WT; bottom panels). Each
point represents the mean (±S.E.) for each group at each of the indicated times. *Indicates a
significant difference at p < 0.05 vs. the respective control group. †Indicates all individuals
died as a result of APAP toxicity. N = 8 per group for AL-C and CR mice, three per group
for dw/dw and dw/+ mice, and eight per group for GHR-KO and WT mice. Note that N = 7
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at the 48 h time point for GHR-KO mice due to APAP-induced mortality. See text for
details.
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