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Abstract

Interventions that improve health are often associated with longevity. Reduced growth hormone
signaling has been shown to increase life span in mice by over 50%. Similarly, reductions in
dietary intake of methionine, in rats and mice, result in life-span extension. Many factors affect
metabolic health, mitochondrial function, and resistance to stressors, each of which influence
aging and life span. This paper presents a comparison of these two interventions, as well as the
results of a study combining these interventions, to understand potential mechanisms underlying
their effectiveness in enhancing healthy aging.
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Dietary interventions significantly affect health, aging, and life span. It is well known that
reducing caloric intake, or dietary restriction (DR; including calorie restriction and
intermittent feeding), regardless of content, extends health span and life span in rodents,
non-human primates, and other species.! Plasma hormone levels are influenced by these
nutritional interventions and exert downstream effects on physiological systems. For
example, insulin levels decrease under DR protocols, in turn, affecting systemic glucose
metabolism. The consistent lowering of plasma insulin-like growth factor 1 (IGF-1) in
mammals is thought to be one of the major mechanisms by which DR exerts effects on aging
processes and ultimately life span, although the mechanisms are still unclear. Altering
specific components of the diet, such as the amino acid methionine, has also been shown to
lower IGF-1 and increase longevity in rodents. Our laboratory and others have been
conducting studies to better understand how a single amino acid can affect complex systems
(e.g., the endocrine system) and lead to changes in metabolic pathways influencing health
and aging.

Orentreich and colleagues?~* demonstrated that rats fed low levels of methionine lived
longer than those fed normal chow. Mice have also been shown to live longer when
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subjected to reductions in methionine intake.> Extended health and longevity are also
associated with altered plasma hormone levels. For example, reduced growth hormone (GH)
signaling by either GH deficiency or resistance leads to life-span extension in mice.5-8
Although Ames and Snell dwarf mice lack prolactin and thyrotropin in addition to GH, the
reduced GH signaling is thought to be the primary driver of the improved health and
longevity extensions observed in these mice.®~12 In contrast, the over-expression of GH
(high plasma levels) shortens the life span of GH transgenic mice by 50%.13 Similarly,
dietary methionine in high levels is considered to be toxic;14-18 excessive methionine can be
converted to toxic metabolites and cause oxidative injuries to the liver, hepatic
encephalopathy, and splenic hemosiderosis. Interestingly, the methionine pathway is
differentially affected in mice with altered GH status. Ames dwarf mice exhibit atypical
methionine metabolism in comparison to GH-sufficient wild-type mice.1%20 Animals
resistant to GH, namely, GH receptor knock-out (GHRKO) mice, display differences in this
amino acid pathway with respect to gene and protein expression, as do Ames mice but to a
lesser degree.2! Dwarf mice treated with GH, and GH transgenic mice, exhibit decreased
expression and activities of components of this metabolic pathway, again indicating the
relationship of this hormonal pathway with methionine metabolism.22

There are several shared characteristics between Ames dwarf mice and animals fed
methionine-restricted diets, and these similarities likely contribute to the extended health and
life spans observed in these mice. Both dwarf and methionine-restricted mice exhibit
improvements in metabolic health and mitochondrial function when compared to wild-type
and normal chow-fed mice, respectively. Physiological aspects that contribute to metabolic
health include insulin sensitivity/resistance, body weight maintenance, body composition,
endocrine status, and lipid parameters. A comparative summary of these features in dwarf
versus methionine-restricted animals are shown in Table 1.

Ames dwarf mice begin adult life at about one-third the body size of a wild-type sibling,
typically weighing 10-12 g as adults.23 With regard to body composition, Bartke’s
laboratory showed that lean and fat mass were significantly decreased in dwarf mice when
compared to wild-type mice at young, adult, and old ages.2* The percent fat mass was also
lower in dwarf animals than in corresponding adult and old wild-type mice. Ames mice
consume more food per gram of body weight than their wild-type counterparts.2®> Available
data from studies using methionine-restricted diets in both rats and mice indicate similar
responses among the reports. The studies in rodents used diets reducing methionine by
approximately 80% compared to the levels in normal chow (0.17 vs. 0.86 g/kg, respectively;
based on early work of Orentreich).2 Rodents were lighter in weight following placement on
these diets, whether the food was introduced at 1 month of age or later (12 months).2:526 Fat
mass is routinely decreased in studies of methionine restriction, whereas few differences are
observed in lean mass between methionine-restricted rodents and those fed normal chow.
21-29 Miller and coworkers reported that mice fed a control diet (0.43% methionine)
consumed 3.8 g of food per day, whereas those receiving the methionine-restricted diets ate
4.3 g of food per day, representing a significant increase.> Both groups started at the same
body weight at the beginning of the food consumption study. Similar increases in food
consumption have been reported in rats on methionine-restricted diets when food intake was
expressed in terms of body weight.2:30 Thus, both Ames mice and rodents fed methionine-
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restricted diets consume more food per gram of body weight yet maintain lower body weight
as adults, when compared to their respective controls.

As mentioned previously, the endocrine system plays a multifaceted role in metabolic health,
in which glucose metabolism is a key component. Appropriate glucose and insulin levels in
fasted and fed states lead to optimal levels of insulin sensitivity and general well-being. In
humans, insulin resistance is a well-documented risk factor for diabetes and cardiovascular
disease, among several other age-related diseases.3! Ames dwarf mice exhibit low plasma
glucose and insulin levels throughout life when compared to normal, wild-type mice.32:33
Plasma insulin levels rise acutely in response to a glucose bolus or to refeeding after fasting,
and insulin injection suppresses plasma glucose levels greater, in Ames mice compared to
normal mice.33 Recent hyperinsulinemic—euglycemic clamp studies indicate that the
extreme insulin sensitivity in Ames mice is mediated by enhanced hepatic, skeletal muscle,
and adipose tissue insulin action and improved insulin signaling.34:3> Anthony and
Gietzen3® demonstrated that plasma insulin levels drop within 7 days of feeding methionine-
restricted diets and are fourfold lower after 2 months. Serum glucose levels are also lower in
methionine-restricted rodents.>30 These data, among data from other studies, strongly
suggest that insulin sensitivity is also enhanced in rodents maintained on methionine-
restricted diets.27:37:38

Reduced GH/IGF-1 signaling in mammals and invertebrates has been shown to increase
longevity, indicating the evolutionary significance of this endocrine pathway.?:39-41 Ames
mice lack plasma GH, resulting in circulating IGF-1 levels that are extremely low.23 The low
IGF-1 levels are reflected in the delayed onset of cancer, lower incidence of tumors and
tumor burden, as well as reductions in mammalian target of rapamycin (mTOR) and
downstream effects on protein translation and in organ-specific alterations in apoptosis.424
Similarly, plasma IGF-1 levels decrease significantly (40%), and lower levels are maintained
in mice and rats following introduction to low-methionine diets.>3%:46 Although IGF-1
levels are markedly reduced, no advantage of consuming methionine-restricted diets has
been observed for neoplastic disease, when compared to control mice. There is some
evidence suggesting that low methionine in combination with choline deficiency increases
hepatic steatosis and hepatocellular carcinoma.*”48 Further evidence suggests that low
levels of methionine, S-adenosylmethionine, or glutathione (GSH) can lead to liver injury
and disease.*? In contrast, several studies also indicate that methionine deficiency may
improve cancer outcomes by depriving tumor cells of this essential amino acid, and thus
increasing their vulnerability to chemotherapeutic agents.>%-55 Thus, reductions in IGF-1
concentrations in methionine restriction may or may not affect cancer development, as this
essential amino acid influences other contributing pathways.

Hormones involved in lipid metabolism are affected by dietary methionine. For example,
adiponectin and fibroblast growth factor 21 are increased by methionine restriction, and each
contributes to enhanced insulin sensitivity.3% Plasma leptin levels are lower, likely due to the
reduction in fat mass initiated by the restricted diets, while serum cholesterol and
triglycerides are also decreased in rats on methionine-restricted diets compared to animals
fed normal chow.39-%5 Similarly, Ames and Snell dwarf mice exhibit higher plasma
adiponectin levels and low cholesterol, triglyceride, and free fatty acid levels.44.56-59
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Adiponectin levels remained higher in dwarf mice even following GH treatment.4 The level
of circulating leptin was not found to be different between genotypes in young females or
adult males, but leptin was lower in adult and old female dwarfs compared to age-matched
wild-type females.24 Two other research groups also measured plasma leptin in Ames and
wild-type mice and found no significant differences, possibly reflecting age and sex
differences in the animals used.#46 Collectively, these reports suggest that the endocrine
system of dwarf and methionine-restricted rodents appear to exhibit somewhat similar
profiles with respect to metabolic health.

Energy expenditure has been studied in detail in both of these long-living groups of animals.
Methionine restriction reduces growth and the deposition of fat by increasing energy
expenditure.38 Since neither lean body mass nor activity appears to be affected by
methionine restriction, various methods to calculate energy expenditure have provided
similar answers. Overall, it appears that DR of methionine increases energy expenditure by
increasing the energy costs of maintenance and growth.27:36-38 With regard to substrate
utilization, the data to date suggest that metabolic flexibility is enhanced by this dietary
intervention.2”-38 Ames dwarf mice exhibit increases in oxygen consumption per unit body
weight and significant reductions in respiratory quotient, suggesting that energy utilization is
shifted from growth and reproduction to maintenance and repair.89-52 There are several
reports indicating increased fatty acid oxidation in dwarf mice, further supporting these
results.57:63-67 Hepatic fatty acid oxidation, however, appears to be downregulated in
methionine-restricted animals, indicating a significant deviation from that observed in dwarf
mice.58

Nutrient signaling and growth factor signaling pathways are integrated. Nutrient sensing is
controlled by several factors, including GH/IGF-1, insulin, AMP-activated protein kinase
(AMPK), mTOR, and sirtuinl, and levels of amino acids are detected by these nutrient
sensors. For example, low concentrations of specific amino acids are detected by mTOR, an
intracellular sensor of nutrient status and regulator of protein synthesis, cell growth, and
proliferation. Excess methionine is also sensed and is sometimes toxic because of the
inability of the system to redistribute excess amino acids effectively. TORCL1, one of two
mTOR effectors, has multiple functions related to coordinating anabolic and catabolic
processes in response to growth, nutrients, and energy status.9 TORC1 is activated by
insulin, IGF-1, and nutrients and is repressed by AMPK, a sensor of cellular energy status.
70-72 The actions of mTOR and mTORC1 are diminished in multiple tissues of dwarf
(Ames, Snell, and GHRKO) mice.12:44:45.73.74 |t has been shown that mTORC2 activity is
enhanced in liver tissue of dwarf (Snell) and GHRKO mice, indicating a potential
compensatory response to low mTORC1 levels; the functions of mMTORC2 are much less
clear than mTORC1.12 In animals fed methionine-restricted diets, phosphorylated mTOR
remains unaltered when compared to animals on diets containing normal levels of
methionine; this contrasts with the findings in DR and in dwarf (Ames and Snell) and
GHRKO mice showing decreased mTOR levels, indicating another difference between these
long-living mice.12:26:44.54,73-75 AMPK levels are elevated in dwarf and GHRKO mice and
may result from the higher levels of adiponectin.>”:76 In addition, since AMPK is a mediator
of fatty acid oxidation, elevated levels are indicative of the enhanced beta-oxidation reported
in dwarf mice. In contrast, dietary methionine restriction does not appear to alter AMPK
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levels and may explain the described downregulation of components of fatty acid oxidation.
77

Mitochondria contribute to numerous aspects of health and aging. Tissues from animals
consuming methionine-restricted diets exhibit increases in energy expenditure owing to
increased uncoupled respiration.2”-37 Similarly, liver mitochondria from Ames dwarf mice
are more uncoupled in comparison to wild-type tissue and produce less H,O, (Brown-Borg,
unpublished data).”8 Many components of the electron transport chain are upregulated
(mRNA, protein, or activity) in Ames mice, while in mice fed methionine-restricted diets,
many of these oxidative phosphorylation components are decreased or unchanged (Brown-
Borg, unpublished observations).>8:79-81 |n methionine-restricted human fibroblasts, mild
uncoupling of respiration (decreased RCR) is observed along with decreased ROS
production and a decrease in complex 1V activity because of a decrease in the
mitochondrially encoded complex IV subunit COX1.82

Dietary methionine restriction decreases mitochondrial ROS generation and oxidative
damage to proteins and DNA.80.81.83-85 Similarly, GSH is decreased in liver tissues of
animals fed low-methionine diets.3:84 Oxidative stress is also reduced with methionine
restriction but not because of changes in the activities of antioxidative enzymes, as these
activities are unaltered. Ames dwarf mice exhibit similar decreases in mitochondrial ROS
production and oxidative damage to proteins and DNA, but antioxidative enzymes such as
catalase, GSH peroxidase, and superoxide dismutase are upregulated (activities, protein, and
mRNA).86 In addition, liver GSH levels are elevated in dwarf animals at 3, 12, and 24
months of age when compared to age-matched wild-type controls. These findings contrast
with those reported in methionine-restricted rodents. Therefore, these two interventions
result in longer living animals using potentially different mechanisms underlying
mitochondrial function.

It has been widely reported that enhanced stress resistance is common among long-living
species. Miller and colleagues have studied cellular resistance, using skin fibroblasts, in a
variety of long-living animals and have shown that these animals tend to share an enhanced
capacity to withstand various types of stress.87:88 Cells from Ames and Snell dwarf mice
exhibit elevated resistance to more than one of the following: cadmium, heat, ultraviolet
light, H,0,, paraquat, and some carcinogenic agents.8”88 Studies using other compounds
have confirmed and extended this evidence, suggesting various mechanisms for the elevated
responses observed in long-living mice, including differences in the expression of Nrf2,
other ARE genes, FOXO, heat shock proteins, peroxisome proliferator activated receptors,
glutathione S-transferases, ATF4, autophagy, among others.10.63.8%-96 | sharp contrast,
fibroblasts from mice on methionine-restricted diets do not exhibit resistance to cytotoxic
agents /n vitro.%” However, hepatocytes from these mice were resistant to the effects of
acetaminophen, whereas dwarf mouse cells were not, suggesting that while cellular stress
resistance was common to long-living mice, the tissue, type of resistance, and thus, the
mechanism may vary.

With respect to other health span parameters, there are differences between GH-deficient
and methionine-restricted mice. Ames dwarf mice exhibit a delayed occurrence of fatal
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neoplastic and non-neoplastic disease, including glomerulonephritis.*298 Less data are
available on neoplastic disease in methionine-restricted animals. Mice fed methionine-
restricted diets were shown to exhibit the same types of illnesses as control mice but at
slightly later ages (45 days), while others have shown that methionine restriction delays the
development of prostate cancer in an animal model of this disease and inhibits chemically
induced colon cancer in the rat.>>499 Both Snell dwarf and methionine-restricted mice
exhibit a retardation in age-dependent T cell subset patterns, as well as a delay in the
development of aging-related eye lens opacity.5100101 Overall, some similarities in health
span parameters have been observed in animals with GH deficiency and methionine
restriction, but the corresponding measures are not always the same across studies, making
direct comparisons difficult. Collectively, these interventions appear to delay many age-
sensitive endpoints.

Knowing that the ultimate outcome of these two interventions, reduced GH signaling and
dietary methionine restriction, was similar, we designed studies to determine whether
combining these strategies would produce an additional longevity benefit, as has been
demonstrated in dietary-restricted Ames dwarf mice.192 We found that, in marked contrast to
animals with sufficient plasma GH and GH signaling, Ames dwarf and GHRKO mice do not
live longer when fed a methionine-restricted diet (80% restriction).193 Wild-type mice from
each of these lines responded with increased longevity, similar to previously reported
observations in rodents. We also tested two other levels of methionine representing a 50%
restriction and a 50% supplementation. Ames and GHRKO mice did not exhibit any
differences in longevity on these diets when compared to dwarf and knock-out mice on an
80% restricted diet or to their wild-type counterparts. Therefore, the absence of GH
signaling prevents these animals from discriminating levels of amino acid in their diet. This
inability to detect amino acid abundance may result, in part, from the low levels of mTOR in
these animals. Short-living mice expressing high levels of GH (average life span of 12
months) and fed a methionine-restricted diet displayed a 50% increase in life span (18
months) over those on low- or high-methionine diets, further supporting that the presence of
GH is necessary to respond to diets low in methionine.193

In further studies assessing the biochemical responses to methionine restriction, we found
that, in general, Ames dwarf mice demonstrated an overall lack of responsiveness to the
different diets when compared to their wild-type controls.6 Metabolite expression was
examined in liver tissue, and gene and protein expression were examined in liver and other
tissues of dwarf and normal mice consuming 0.16%, 0.43%, or 1.3% methionine. The body
weights of dwarf mice were maintained on these diets, while the high-methionine diets
increased body weights of wild-type mice. Methionine pathway and transsulfuration
enzymes were elevated in dwarf mice regardless of methionine intake. Ames mice were also
able to maintain high levels of GSH on methionine-restricted diets. Elevations in measures
of fatty acid oxidation as well as coenzyme A were also observed in dwarf mice, which were
unaffected by diet.® Using liver tissue generated from this published study, we examined
mTOR and show here that phosphorylated mTOR/total mTOR protein levels were decreased
in Ames mice regardless of diet (Fig. 1), similar to previous reports in Ames dwarf mice fed
with normal rodent chow. When diets and genotypes were compared by two-way ANOVA,
only genotype was significant (interaction, A= 0.6919; diet, P= 0.4188; genotype, P=
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0.0118; n = 4/diet/genotype; data not shown). In addition, TORC1 protein expression was
found to be decreased in dwarf mice on each diet (0.16%, 0.43%, and 1.3% methionine),
while TORC2 levels were elevated in animals on diets containing 0.43% and 1.3%
methionine when compared to corresponding wild-type mice (Fig. 2), indicating that the
differential methionine contents in the diets did not override the genotype differences
established on normal rodent chow.

As a point of comparison, there has been one study showing that DR extends life span, and
one study showing that methionine restriction does not extend life span, in Ames mice.
102,103 A additional report by Ikeno and colleagues®® compared pathology of Ames mice
on DR and ad /ibitum fed Ames and DR wild-type mice, and found that Ames and DR mice
have both independent and shared mechanisms underlying their extended longevity. In
methionine-restricted (0.16%) Ames mice, we evaluated pathology on a gross level and
found that these mice had fewer liver tumors compared to dwarf mice on a diet containing
higher levels of methionine (0.43% and 1.3%), but no comparison was made to chow-fed
Ames.103

In conclusion, many similarities exist between two longevity interventions, reduced GH
signaling and dietary methionine restriction. The observed differences in some of the
measures between the two interventions may result from the species studied, the background
strains within species, as well as tissue specificities, as many reports focus on single-tissue
responsiveness. Both interventions were shown to result in improved metabolic health,
reduced oxidative stress and damage, and some indices of mitochondrial function and stress
resistance, each of which contribute to the observed extensions of health span and life span.
The research to date suggests that intact GH signaling is necessary to “sense” differences in
dietary amino acid levels. The mechanisms underlying these responses have been partially
identified and require further study.
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Phosphorylated mTOR/mTOR protein expression (optical density (OD) units) in dwarf and
wild-type mice consuming 0.16%, 0.43%, or 1.3% methionine for 8 weeks, beginning at 8
weeks of age (7 =11-13/genotype/diet). Data are presented as means + SEM. (See Ref. 46
for information on the experimental conditions, including diets, tissue collection, and protein
isolation.) Phospho-mTOR and mTOR antibodies were obtained from Cell Signaling
Technology (Beverly, MA). Standard techniques that have been previously developed and
published were employed.2293 Chemiluminescence (Bio-Rad, Hercules, CA) and
densitometry (Omega-Lum, Aplegen) were used for the detection and analysis of protein
levels. Unpaired Student’s #tests were used to determine significant differences among

means.
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Figure 2.
TORC1 and TORC?2 protein expression (optical density (OD) units) in dwarf and wild-type

mice consuming 0.16%, 0.43%, or 1.3% methionine for 8 weeks, beginning at 8 weeks of
age (n=11-13/genotype/diet). Data are presented as means + SEM. (See Ref. 46 for

information on the experimental conditions, including diets, tissue collection, and protein
isolation.) TORC1 and TORC?2 antibodies were obtained from Proteintech (Chicago, IL).

Standard techniques that have been previously developed and published were employed.22:93
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Chemiluminescence (Bio-Rad, Hercules, CA) and densitometry (Omega-Lum, Aplegen)
were used for the detection and analysis of protein levels. Unpaired Student’s #tests were
used to determine significant differences among means.
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Phenotypic characteristics of GH signaling mutant dwarf mice and methionine restricted animals. Parameters
measured in liver unless otherwise indicated. Arrows indicate direction of change compared to respective wild

type or normal chow—fed controls.
N <> =no difference from controls.

Genotype Characteristic
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Insulin sensitivity
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Fat mass
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Food consumption

mTOR

AMPK

Fatty acid oxidation
Respiratory control ratio (liver)
Mitochondrial H202 generation
Oxidative damage (protein, DNA)
Glutathione

Antioxidative enzymes (catalase, superoxide dismutase, glutathione
peroxidase)

Cellular stress resistance
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