
Ann. N.Y. Acad. Sci. ISSN 0077-8923

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES
Issue: Diet, Sulfur Amino Acids, and Health Span

From yeast to human: exploring the comparative biology
of methionine restriction in extending eukaryotic life span

R. Scott McIsaac, Kaitlyn N. Lewis, Patrick A. Gibney, and Rochelle Buffenstein
Calico Life Sciences, South San Francisco, California

Address for correspondence: Rochelle Buffenstein, Calico Life Sciences, 1170 Veterans Blvd., South San Francisco, CA
94080. rbuffen@calicolabs.com

Methionine restriction is a widely reported intervention for increasing life span in several model organisms. Low
circulating levels of methionine are evident in the long-lived naked mole-rat, suggesting that it naturally presents
with a life-extending phenotype akin to that observed in methionine-restricted animals. Similarly, long-lived dwarf
mice also appear to have altered methionine metabolism. The mechanisms underlying methionine-restriction effects
on life-span extension, however, remain unknown, as do their potential connections with caloric restriction, another
well-established intervention for prolonging life span. Paradoxically, methionine is enriched in proteins expressed
in mitochondria and may itself serve an important role in the detoxification of reactive oxygen species and may
thereby contribute to delayed aging. Collectively, we highlight the evidence that modulation of the methionine
metabolic network can extend life span—from yeast to humans—and explore the evidence that sulfur amino acids
and the concomitant transsulfuration pathway play a privileged role in this regard. However, systematic studies in
single organisms (particularly those that exhibit extreme longevity) are still required to distinguish the fundamental
principles concerning the role of methionine and other amino acids in regulating life span.
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Introduction

Nutrient restriction affects aging
Nutritional and dietary interventions, including
certain genetic manipulations that affect fuel uti-
lization, have repeatedly been shown to modulate
both longevity and healthy aging.1–3 These robust
effects are evident in diverse eukaryotic species,
suggesting that the relationship between nutri-
tion and organismal longevity has been conserved
throughout evolution.4–7 However, the mechanisms
facilitating life-span extension remain incompletely
understood.

Dietary restriction, achieved through daily caloric
shortfalls, intermittent fasting, or perturbations in
macronutrient (i.e., fat, protein, and carbohydrate)
balance, typically improves several components of
energy metabolism, including glucose tolerance
and mass-specific metabolic rate (reviewed in
Ref. 8). Moreover, dietary restriction can attenuate
age-related changes in body composition and

cognitive/physical health span.3,8–11 The onset of
age-associated diseases is also markedly delayed,
further contributing to extended good health and
prolonged longevity.10,12,13 Collectively, the life-
extending effects of caloric or nutrient restriction,
mediated at least in part via signaling networks
related to insulin/insulin-like growth factor 1
(IGF-1), target of rapamycin (TOR), forkhead box
proteins, and nuclear factory (erythroid-derived
2)–like 2 (NRF2) are widely reported.14–17

Despite conserved effects of dietary restriction on
strains of yeasts, worms, fruit flies, and laboratory
mice, these effects are not necessarily universal.
Rather, extended longevity and health span may vary
with the strain and sex of the species, as well as with
other specific environmental conditions.18,19 This
is most apparent when contrasting the long-term
effects of caloric restriction in Rhesus monkeys.19,20

These two studies of caloric restriction in monkeys
span more than 20 years each, and while both

doi: 10.1111/nyas.13032

155Ann. N.Y. Acad. Sci. 1363 (2016) 155–170 C© 2016 New York Academy of Sciences.



Comparative biology of methionine restriction McIsaac et al.

Figure 1. Shared traits among rodent models of extended longevity relative to untreated wild-type laboratory rodents. Calorically
restricted mice/rats, dwarf mice, and naked mole-rats share a similar phenotype, exhibiting attenuation in body temperature, basal
metabolic rate (BMR), blood glucose, and thyroid hormone. Methionine-restricted mice and rats share similar declines in blood
glucose, thyroid hormone, and body fat. A horizontal arrow indicates no difference between the long-lived rodent models and
laboratory rodents on a standard diet. *Data from methionine-restricted mice and rats are mixed, indicating that at some ages
there is a significant increase in core temperature, and at other ages there is no significant difference. †Reproduction in calorically
restricted rodents is delayed. A solid line indicates that no data are available.

studies show prolonged good health, only the
Wisconsin study finds an increase in life span, with
an associated threefold reduction in hazard ratio for
age-associated mortality in monkeys under caloric
restriction intervention.19,20 Although these studies
are not yet complete, after considerable debate at
the 2015 Orentreich Foundation for Advancement
of Science, Inc. (OFAS) symposium and elsewhere,
inter-study differences were tentatively attributed
to divergent macronutrient composition of the
diet utilized and a considerably fatter control
group of ad libitum–fed monkeys in one of the
studies.19,20 These studies, as well as divergent
results in studies of other species,18,19,21 call into
question whether it is reduced energy intake,
altered macronutrient status, or both that modu-
lates longevity. However, the fact that transcription
factors are often required for caloric restriction–
mediated life-span extension argues that caloric
restriction creates a signal that triggers a regulated
response that extends life. It remains unclear
whether species such as humans and naked mole-

rats, which are considered long-lived for their body
size,22 respond to nutrient-limited perturbations
in a similar manner to short-lived species (e.g.,
mice and fruit flies) or whether a pivotal aspect of
their prolonged longevity has been the evolution
of constitutive phenotypes that mimic nutrient
limitation.

Methionine restriction affects aging
The life-extending responses of caloric restric-
tion appear to be linked to protein restriction,
rather than simply a global reduction in energy
intake.3,9 Considerable evidence across traditional
short-lived model organisms, including Saccha-
romyces cerevisiae (budding yeast),23,24 Drosophila
melanogaster,25,26 and Caenorhabditis elegans,27 and
in the laboratory rodents Mus musculus and Rat-
tus norvegicus,9,28–32 shows that low-protein diets,
including those restricting the sulfur-containing
amino acid methionine, extend life span. In rodents,
this effect appears to be at the expense of attenu-
ated growth (Fig. 1). Short-lived species may employ
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different mechanisms to those of species that have
naturally evolved to extend life span, and, as such,
studies on species characterized as being long-lived
are critical to fill this gap. Early reports in rats,33

as well as more recent reports in crickets,34 honey
bees,35 bats,36 and naked mole-rats, suggest that
limiting dietary access to amino acids may play a
critical role in prolonging life span and health span
of both naturally short- and long-lived species.37–39

Understanding the nutrient-sensing networks and
the concomitant mechanisms facilitating the anti-
aging effects of restriction of certain amino acids,
most notably methionine, may lead to the identifi-
cation of potential drug targets. Ideally, therapeutics
could then mediate the beneficial effects of nutri-
ent restriction without the deleterious effects on
growth, bone quality, and reproduction that some-
times accompany nutrient restriction.40

Methionine metabolism
Methionine is one of the two sulfur-containing
amino acids naturally found in proteins (the other
is cysteine), and is notably the first amino acid
present in nuclear-encoded proteins, as the methio-
nine codon also signals the start of protein trans-
lation. Methionine is also one of the nine essential
amino acids, meaning that humans cannot synthe-
size it de novo and require dietary sources. Oft-
overlooked methionine nutrient sources include
gastrointestinal microbes. Microorganisms in the
human microbiome can synthesize methionine,
and it remains unclear what fraction of human
methionine is derived from diet directly compared
to that produced by symbiotic gut microbiota.41

The microbiota of C. elegans has been impli-
cated as an important source of the nematodes’
dietary methionine.27 Similarly, the extensive and
diverse populations of gastrointestinal bacteria, pro-
tozoa, and fungi can serve as critical sources of
select amino acids. Since mammals lack cellu-
lases, the enzymes essential for breaking down
plant cell walls and liberating intracellular con-
tents, they tend to rely upon their gastrointestinal
microbiome for this purpose. Herbivores, which
are solely dependent upon plant material to meet
their nutritional needs, have large microfaunal pop-
ulations that are often localized in morphologi-
cally distinct fermentation vats (rumen, cecum)
within the gastrointestinal tract.42,43 While these
microorganisms are critical for the catabolism of

cellulose into fuel in the form of volatile fatty acids
(e.g., acetic, propionic, and butyric acid42), the
microbiome itself may serve as a food source and
a particularly important source of essential amino
acids.44

Methionine itself acts as the precursor for the
production of cysteine (which, in turn, is the pre-
cursor of glutathione) and S-adenosyl methion-
ine, a critical methyl donor for methylation of
various molecules, including DNA and proteins
(Fig. 2). Conversion of methionine to cysteine
occurs through the transsulfuration pathway, via the
intermediates homocysteine and cystathione. Acti-
vation of the transsulfuration pathway to produce
cysteine also results in the production of hydrogen
sulfide (H2S) gas, another compound implicated in
the beneficial effects of methionine restriction.45

Comparison of methionine restriction
among eukaryotes

Methionine restriction in yeast
Aging studies in S. cerevisiae generally distinguish
two types of aging: chronological life span (the
amount of time a cell can survive after starvation
for a limiting nutrient) and replicative life span
(the number of times a mother cell can give rise
to a daughter bud). High levels of extracellular
methionine have been shown to reduce chronolog-
ical life span,23,29 while the deletion of metabolic
enzymes required for producing methionine from
inorganic sulfur compounds (i.e., methionine aux-
otrophs) can enhance chronological life span.23,29

This longevity effect requires autophagy-dependent
vacuolar acidification.23 Additionally, rapamycin
treatment fails to further enhance the extended
chronological life span of methionine auxotrophs
(unlike in prototrophs, where TOR inhibition
enhances chronological life span), suggesting that
methionine restriction acts in the same pathway as
TOR.23 It was recently reported that reducing extra-
cellular methionine also increased the replicative life
span of S. cerevisiae.25 However, whether methion-
ine plays a privileged role among amino acid restric-
tions in extending chronological life span remains
unexplored.

Not all methionine auxotrophs in yeast are cre-
ated equal.46,47 A methionine auxotroph generated
by deletion of a biosynthetic enzyme (MET6) sur-
vives methionine starvation better (i.e., exhibits
longer chronological life span) than an auxotroph
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Figure 2. Methionine metabolic network. Key metabolites involved in the methionine cycle and transsulfuration pathway. Both
CBS and CSE enzymes can produce H2S using a number of reactions (highlighted).104 Enzymes are shown in italics. SAMS, S-
adenosyl methionine synthase; MT, methyl transferase; SAHH, S-adenosyl homocysteine hydrolase; CBS, cystathionine �-synthase
(uses vitamin B6 as a co-factor); CSE, cystathionase (also called cystathionine �-lyase (CGL); uses vitamin B6/pyridoxine as a
co-factor); GCL, �-glutamyl cysteine synthase; GS, glutathione synthase; MS, methionine synthase (uses vitamin B12/cobalamin as
a cofactor); CD, choline dehydrogenase; BHMT, betaine-homocysteine methyl transferase; MSR, methionine sulfoxide reductase;
ROS, reactive oxygen species.

that was generated by deleting two paralogous tran-
scription factors, MET31 and MET32.47 The gene
products of MET31 and MET32 bind DNA and
recruit a non–DNA-binding transactivator called
Met4p to activate the expression of methionine
biosynthetic genes. Why is there a difference in
life span between these two mutants? Gene expres-
sion profiling revealed that, while the methionine
biosynthetic genes become properly activated in a

met6� strain in response to removal of methion-
ine from the growth medium, these genes remain
uninduced in a met31�met32� strain.47 Further-
more, unlike the met6� strain, the met31�met32�
strain induces genes in the iron regulon (i.e., genes
that are activated in response to iron starvation)
when methionine is removed from the media,
likely through the activation of transcription fac-
tors Aft1p and Aft2p.48 It thus appears that a lack of
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coordination between sulfur, methionine, and iron
metabolism results in reduced organismal fitness
and life span. Two additional pieces of evidence
support this conclusion. First, deletion of CBF1,
which encodes a DNA-binding cofactor required for
full activation of a subset of methionine metabolic
genes, and AFT1 (i.e., RCS1) results in synthetic
lethality.49 Second, yeast that lose their mitochon-
drial DNA (mtDNA) exhibit a transcriptional sig-
nature of iron deficiency, and this loss of mtDNA
results in nuclear genome instability.50 This may
arise through a loss of the membrane mitochondrial
potential and subsequent defects in iron–sulfur clus-
ter (ISC) biogenesis, which inhibits the function of
ISC-containing proteins required for maintaining
genome integrity.50

While a systematic exploration of different
amino acid auxotrophs on life span has yet to be
carried out, some data are available. Total amino
acid reduction increases replicative life span,51

while either removal of asparagine or glutamate or
reduced TOR signaling can increase chronological
life span.52,53 In addition, it has been well estab-
lished that certain non-methionine auxotrophs can
also have a deleterious effect on cell health. Leucine
and uracil auxotrophs that are starved for leucine
and uracil, respectively, do not properly arrest in
the G1/G0 phase of the cell cycle and exhibit poor
survival.54,55 Unlike prototrophic cultures that
are deficient in natural essential nutrients (i.e.,
phosphate, nitrogen, etc.) and met6� cultures
(limited for methionine), cultures that have limited
leucine or uracil completely ferment all excess
glucose available to them (referred to as glucose
wasting).56 The combination of auxotrophic mark-
ers in commonly used lab strains is a confounding
factor in a myriad of chronological life-span studies,
especially given the variety of growth media used
that vary in terms of the limiting nutrient (in most
cases the limiting nutrient is not known).

Methionine restriction in invertebrates
Insights into the role of methionine restriction in
invertebrate life-span extension have been provided
by treatment of C. elegans with a drug for type 2
diabetes, metformin. Metformin, an inhibitor of
the adenosine monophosphate–activated protein
kinase, regulates glucose metabolism and alters
folate metabolism in Escherichia coli, C. elegans’
main laboratory food source. This results in

C. elegans exhibiting greatly reduced levels of
S-adenosyl methionine (SAM), increased
S-adenosyl homocysteine (SAH), and a 36%
increase in life span.27 In a worm strain engineered
not to synthesize methionine owing to disruption of
methionine synthase (metr-1(ok521)), metformin
leads to an even more dramatic 67% increase
in life span.27 Knockdown of the SAM synthase
gene (sams-1) using RNA interference (RNAi) also
extends worm life span by 15%.57 The Kenyon
group also reported in that same paper that sams-1
expression is reduced in caloric-restriction animals
and that caloric restriction does not further extend
the life span of animals exposed to sams-1 RNAi.
Collectively, these results illustrate that alterations
in methionine metabolism––through dietary and
genetic manipulation of the host or possibly
metabolic perturbations in the microbiome––can
affect life span.

Surprisingly, despite the fact that methionine
restriction, like caloric restriction, leads to a 10–
20% extension of life span in D. melanogaster,26

metformin feeding in fruit flies does not produce
the life-span extension observed in C. elegans.58 The
effects of metformin have been attributed to alter-
ations in both insulin and TOR signaling. However,
despite similar effects on metabolism, metformin
treatment at higher doses is toxic to fruit flies.58

Thus, while methionine restriction and metformin
feeding have a shared phenotype in worms, these
effects are not necessarily universal.

Methionine restriction in rodents
Methionine restriction in rodents was first studied
in rats as a part of a larger goal to identify mech-
anisms through which caloric restriction may have
its pro–life span effects.9 Whereas isocaloric restric-
tion of different dietary components does not have a
robust effect on all-cause mortality in F344 rats,59,60

multiple studies on amino acid restriction led to an
extension in life span (reviewed in Ref. 40). Methio-
nine restriction in rats and mice leads to a 10–20%
increase in maximum life span.9,28 In mice, methio-
nine restriction has also been reported to restore
a more “youthful” metabolic phenotype, with bet-
ter maintenance of body composition, insulin sen-
sitivity, and metabolic rate. Despite an increase
in food intake, methionine-restricted mice show
improved glucose tolerance and a � 20% reduc-
tion in body weight within 3 weeks of being on
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the methionine-restricted diet.61,62 This has been
attributed to reduced fat mass and increased serum
levels of fibroblast growth factor 21 (FGF21).61

Chronic exposure to recombinant FGF21 has pre-
viously been shown to stunt growth, promote bone
loss, and extend life63–65 and may contribute to the
observations of low bone density with methionine
restriction.66

Chronic methionine restriction in mice also
results in decreased levels of IGF-1 in the serum.28

Long-lived Ames dwarf mice show a similar
endocrine phenotype to methionine-restricted
mice, as well as resistance to oxidative stress and
increased latency in age-associated cancers.67 Ames
dwarf mice also appear to have altered methionine
metabolism: the transsulfuration pathway and other
methionine metabolic enzymes are markedly upreg-
ulated in these growth-retarded mice (including
methionine adenosyltransferase I, alpha; glycine
N-methyltransferase; S-adenosylhomocysteine
hydrolase; and betaine-homocysteine methyl-
transferase), consistent with the hypothesis that
upregulation of these genes is important for
enhanced longevity.68

Methionine restriction also markedly influences
the lipidomic profiles of mice by altering membrane
phospholipid composition.69 Specifically, mem-
brane phospholipids of methionine-restricted mice,
like those of wild-caught mice, have a lower pro-
portion of polyunsaturated fatty acids (i.e., a lower
double-bond index), thus making these membranes
less susceptible to electron transfer and conferring
a concomitant lower propensity for oxidation (i.e.,
lower peroxidation index). These results suggest that
their membranes are more resistant to oxidative
damage.69,70 Similarly, the long-lived naked mole-
rat71,72 and several longer-lived bird species,73–75

show altered phospholipid composition that could
contribute to a lower peroxidation index.22,73–75

Methionine restriction also appears to directly tar-
get the reduced oxidation of specific lipid molecules
rather than causing a more general random decline
in oxidative damage to membrane and intracellular
lipids.69

Methionine restriction also induces changes
in glycerophospholipids, cholesterol, and sphin-
golipids, thereby modifying lipid raft assembly
and associated intra- and extracellular signaling
processes.69,76 These changes in sphingolipids and
associated ceramide signaling pathways may also

contribute to enhanced stress resistance. Methio-
nine restriction also induces specific changes
in redox signaling through ubiquinone 9 and
NRF2-dependent phase II antioxidants, including
NAD(P)H dehydrogenase, quinone 1, glutathione-
S-transferase, and heme oxygenase 1. Upregula-
tion of these cytoprotective pathways may also
contribute to the improved resilience observed in
methionine-restricted rodents.70,79 These traits are
shared with other long-lived vertebrates,71,77 sug-
gesting that common mechanisms are involved in
their prolonged life spans.

Methionine-restricted mice exhibit increased
average daily energy expenditure compared to
control-fed animals; however, this effect is elim-
inated in mice lacking thermogenin (uncoupling
protein 1 (UCP1)), an uncoupling protein pertinent
to thermogenesis.78 The effects of UCP1 activity on
oxidative phosphorylation and ATP formation may
contribute to the observed decline in oxidative stress
biomarkers in methionine-restricted rats.79,80 UCP1
activity is not directly linked to FGF21 signaling,
nor is it required for FGF21-dependent, methio-
nine restriction–related improvements in glucose
metabolism and insulin sensitivity.78 However,
these features of methionine restriction (i.e., altered
oxidative stress and improved glucose homeostasis)
may contribute to the lower incidence of cancer,
associated enhanced health span, and decline in
onset of several age-associated diseases.12,81

Methionine restriction in humans
Despite limited in vivo data in humans, a recent
study reported that methionine restriction can
increase fat oxidation in obese adults with metabolic
syndrome.82 Methionine restriction has been more
comprehensively examined in human cell cultures.
Reducing the amount of methionine from 30 mg/L
to 1 mg/L in the culture media can increase the num-
ber of cumulative population doublings from � 20
to � 35 in primary human diploid fibroblasts.83 This
extended replicative life span of human cells was
associated with reduced metabolic rate (oxygen con-
sumption) and p16 levels, as well as a slight decrease
in growth rate.83 Though methionine restriction
clearly increases the Hayflick limit (the number
of times a cell can divide before becoming senes-
cent), it is not known whether this is a unique
property of methionine or whether there may be
diverse nutritional routes to increase the Hayflick
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Figure 3. Naked mole-rats have lower levels of circulating cysteine and methionine compared to mice. Analyses by mass spec-
trometry reveal significantly lower levels of circulating cysteine and methionine in naked mole-rat plasma compared to plasma
obtained from mice. Error bars represent standard error of the mean (mice, n = 6; naked mole-rats, n = 9).

limit of different cell types and/or different species.
A comparative biology approach will be necessary
to address this issue.

Other long-lived model organisms
Very little is known about methionine biology and
the effects of methionine restriction on metabolism
in nontraditional model organisms. While some
studies report circulating levels of methionine, it
is not known whether these levels of methionine are
indicative of intracellular or organismal methionine
status. Serum levels of cysteine may be integral in
the beneficial effects of methionine restriction, and
both serum levels of methionine and cysteine are
significantly lower in methionine-restricted rats.84

Similarly, naked mole-rats have markedly lower lev-
els of circulating cysteine, almost half of what is
observed in mice, as measured by mass spectrometry
(Fig. 3). Interestingly, methionine levels are also

significantly lower in naked mole-rats compared
to mice, with methionine levels in mice three-
fold higher than those in naked mole-rats (Fig. 3).
Another study also found less methionine in livers of
naked mole-rats than in those from M. musculus.37

These intriguing data require further exploration
to determine whether low circulating methionine
levels are due to a low dietary intake of methionine
or to divergent regulation. Low methionine levels
reportedly contribute to the profound resistance
to xenobiotic compounds observed in vitro in
cells of genetically engineered long-lived Ames
dwarf mice, methionine-restricted rodents, and
invertebrates.28,85,86 This appears to also hold true
for the preternaturally long-lived naked mole-rat.
Other shared traits among naked mole-rats,
dwarf mice, and methionine-restricted mice
are evident from in vivo studies examining the
hepatotoxin toxicity of acetaminophen (Tylenol/
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paracetamol).28,87 These studies reveal enhanced
resistance to acetaminophen and other stressors
in each of these models of extended longevity.28,87

In the case of the naked mole-rat, resistance to
hepatotoxins is evident from the significantly
higher LD50 concentration than what is needed
in acetaminophen-treated mice, as well as the
lack of liver damage at similar sublethal doses
24 h posttreatment.87 These shared traits among
rodent models of extended longevity––namely,
resistance to acetaminophen toxicity and reduced
methionine levels––may reflect a relationship
between methionine regulation and cytoprotective
NRF2 signaling. NRF2 is a transcription factor that
regulates the expression of hundreds of antioxidant
and detoxification genes, including those involved
in glutathione metabolism, proteasome assembly,
and other cellular repair processes. Both in vivo and
in vitro studies reveal that the NRF2 signaling path-
way is activated under methionine restriction,89,90

thereby enhancing antioxidant and detoxification
capacities, although the exact mechanisms behind
this relationship are not known.

NRF2 has been show play a pivotal role in
longevity, stress resistance, and cancer resistance
across the animal kingdom (reviewed in Ref. 77).
In one comparative biology study, NRF2 activity
was found to correlate significantly with species
longevity;91 on the other hand, methionine lev-
els in the liver and kidney reportedly do not.37

However, levels of methionine sulfoxide, the prod-
uct of methionine oxidation, are significantly lower
in long-lived bats compared to other shorter-lived
mammals.37 Methionine is readily oxidized by reac-
tive oxygen species (ROS) to R- and S-methionine
sulfoxide, which can then be reduced again to
methionine. This methionine recycling is achieved
by methionine sulfoxide reductases, enzymes that
have been implicated in numerous studies to posi-
tively affect both health span and life span.92–95

Methionine and nutrition
In humans, practical exploitation of methionine
restriction requires strict adherence to a vegan diet,
though a recent study found that only � 30% of
the variance in serum levels of methionine could
be explained by diet alone.96 While it is clear that
vegetable diets contain less total protein than meat
diets, we questioned if vegetable-based diets had less
methionine per unit of protein. Using data obtained

from the United States Department of Agriculture
(USDA), we observed that a number of food groups
(candy, fruits, mushrooms, nuts, legumes, and veg-
etables) appear to have systematically lower levels of
methionine, but not cysteine, in the protein com-
ponent (Table 1, Fig. 4). In contrast, cereals, dairy,
eggs, and meat all had proportionally higher lev-
els of methionine in the protein component. Brazil
nuts, commercially prepared pumpkin pie, cream
substitute, bratwurst, and the chuck eye cut of beef
had the highest percentages of methionine (nor-
malized to total protein content). Dried egg whites,
dried cod, sesame flour, and beluga whale meat had
among the greatest total methionine per dry weight
of food (>1.3 g methionine/100 g of dry weight).

We were also interested to know whether the long-
lived naked mole-rat naturally experiences methio-
nine restriction as part of its herbivorous diet. The
naked mole-rat colony in the Buffenstein lab was
originally caught wild in a sweet potato field in
northern Kenya. The staple captive food source of
the naked mole-rat is raw yams, and other com-
ponents of their diet (lettuce, cucumber, peppers,
and corn) are very low in protein. Since mouse
chow contains roughly tenfold more total protein
by weight (mouse chow ingredients obtained from
www.labdiet.com, product 5015) than the mole-rat
diet, methionine intake, like that of other essential
amino acids, is comparatively low in the mole-rat
diet and may contribute to the observed low serum
methionine levels (Fig. 2).

Potential mechanisms of methionine
restriction–based longevity increases

Methionine effects on mitochondrial function
Although the mechanisms of action by which
methionine restriction extends life span remain
incompletely understood, several studies sug-
gest a link between methionine restriction and
mitochondrial ROS production and concomitant
oxidative damage.95,97 In different lineages of mito-
chondria, AUA codes for methionine.98,99 This re-
encoding has increased the methionine content of
mitochondria-encoded proteins.100 In mice, it was
reported that deletion of the gene encoding methio-
nine sulfoxide reductase results in atypical walking
patterns, increased carbonyl derivatives, increased
sensitivity to hyperoxia, and decreased life span;
however, the effects of removing methionine sulfox-
ide reductase on life span may be strain specific.92,94
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Table 1. Nutrient content of common human foods as well as that of the captive naked-mole rat (NMR) and mouse
diets

Food item

Protein

(g per 100 g)

Methionine

(g per 100 g)

Cysteine

(g per 100 g) Methionine (%) Cysteine (%)

Sulfur amino

acids (%)

Animal Beef 25.56 0.657 0.263 2.57 1.03 3.60

Chicken 27.3 0.726 0.364 2.66 1.33 3.99

Pork 23.28 0.593 0.288 2.55 1.24 3.78

Grains Brown rice 2.32 0.052 0.028 2.24 1.21 3.45

Quinoa 4.4 0.096 0.063 2.18 1.43 3.61

Oatmeal 2.54 0.046 0.097 1.81 3.82 5.63

Nuts Brazil nut 14.32 1.124 0.306 7.85 2.14 9.99

Pistachio 20.16 0.36 0.292 1.79 1.45 3.23

Almond 21.15 0.157 0.215 0.74 1.02 1.76

Legumes Lentil 9.02 0.077 0.118 0.85 1.31 2.16

Pea 5.36 0.081 0.032 1.51 0.60 2.11

Kidney bean 4.83 0.05 0.055 1.04 1.14 2.17

Root vegetables Carrot 0.76 0.017 0.068 2.24 8.95 11.18

Beet 1.68 0.019 0.02 1.13 1.19 2.32

Sweet potato 2.01 0.037 0.028 1.84 1.39 3.23

Greens Spinach 2.97 0.05 0.035 1.68 1.18 2.86

Asparagus 2.4 0.034 0.034 1.42 1.42 2.83

Celery 0.69 0.005 0.004 0.72 0.58 1.30

Fruits Apple 0.27 0.001 0.001 0.37 0.37 0.74

Banana 1.09 0.008 0.009 0.73 0.83 1.56

Strawberry 0.67 0.002 0.006 0.30 0.90 1.19

Candy Caramel 4.6 0.107 0.039 2.33 0.85 3.17

Marshmallow 1.8 0.015 0.002 0.83 0.11 0.94

Sweet chocolate 3.9 0.04 0.048 1.03 1.23 2.26

Other NMR chow 1.53 0.021 0.019 1.37 1.24 2.61

Mouse chow 18.9 0.62 0.36 3.28 1.90 5.19

These results suggest that part of the benefit
incurred by methionine restriction is mediated
through a reduction in toxic oxidized derivatives.

The role of methionine as an antioxidizing agent
could also explain its enrichment in respiratory
chain complexes, which are subject to high ROS
load.101 Indeed, Aledo et al. recently reported
that mitochondria-encoded proteins in short-lived
species are enriched for methionine when com-
pared to those from long-lived species.102 Those
authors also report that methionine enrichment
is marginally correlated with increased metabolic
rate, further suggesting that increases in methion-
ine expression in the mitochondria may have been
selected to serve an antioxidant function.102

Alterations in cysteine metabolism
and function
Unlike methionine, the sulfur-containing amino
acid cysteine is depleted in the mitochondria of

longer-lived species.100 This relationship persists
after correction for body mass and phylogeny
but is uncoupled in organisms that maintain
predominantly anaerobic lifestyles.100 One inter-
pretation of this observation is that dysfunctional
proteins arise owing to the specific chemistry of
this oxidant-labile amino acid. Cysteine is sterically
smaller, less hydrophobic, and much more reactive
than methionine. While cysteine is a nonessential
amino acid (not required in the diet of humans), it
is a precursor of a pivotal antioxidant, glutathione.
Oxidized cysteines can readily form errant covalent
interactions both within and between proteins
through the formation of disulfide bonds. Mini-
mizing mitochondrial cysteine levels may reduce
the potential for deleterious interactions, thereby
resulting in the observed negative correlation
between mitochondrial cysteine levels and life span.

The effects of methionine restriction on energy
metabolism and adiposity may be directly linked to
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Figure 4. Methionine and cysteine levels in the protein component of commonly consumed foods. While meats, nuts, and
legumes contain the highest proportion of protein per wet weight of food, common foods differ dramatically in their methionine
and cysteine levels. For example, Brazil nuts have the highest methionine content per unit of protein, and carrots have the highest
cysteine content. When the amino acid content of the diets of the long-lived naked mole-rat and short-lived mouse is compared,
mice diets have more than 20-fold higher levels of sulfur amino acids.

downstream components of the methionine cycle,
whereby methionine is converted to SAM, SAH, and
homocysteine, and thereafter either remethylated
to methionine or converted to cysteine (Fig. 2). The
molecular mechanisms linking the transsulfuration
pathway to the beneficial effects of caloric/protein
restriction remain elusive.45 However, cysteine,
rather than methionine directly, may play a critical
role in ROS production, as well as in alteration
of body size, adiposity, insulin, and endocrine
signaling from adipose tissue. Not surprisingly,
therefore, dietary supplementation with cysteine
abrogates the metabolic and adipose effects of
methionine restriction.84,103

Methionine restriction and production of H2S
In mice, dietary restriction and, in particular, sul-
fur amino acid restriction result in increased lev-
els of H2S,45 which is produced by enzymes in
the transsulfuration pathway called cystathionine
�-lyase (CSE) and cystathionine �-synthase
(CBS).104 CSE and CBS (encoded by CYS3 and CYS4
in yeast) are both strongly upregulated in response
to methionine restriction.48,105 The gene products
of CYS3 and CYS4 are highly conserved in naked
mole-rats,106 and CBS overexpression is sufficient
to extend life span in worms, as is exogenous H2S.45

In animals, it is important to note that gut micro-
biota are known to produce H2S, and it remains
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unclear what biological effects microbiome-prod-
uced versus endogenously produced H2S have on
longevity.107 While in various model systems H2S
production is associated with dietary restriction, the
mechanism (whether direct or indirect) by which it
confers health benefits has yet to be determined.

The increase in transsulfuration pathway activ-
ity and H2S production may induce a hormetic
effect, triggering a signaling cascade that affects
the various nutrient and cytoprotective signaling
pathways (e.g., TOR, eukaryotic initiation factor 2
(eIF2�), NRF2) in both the brain and the vascu-
lar systems of mammals. H2S binds with iron in
mitochondrial cytochrome enzymes, which inhibits
respiration,108 and is associated with protective
effects in invertebrates and torpid animals.109–111

H2S levels are further associated with improved
clinical outcome in response to ischemic reperfu-
sion injury and increased life span across several
model systems.110,112 Indeed, when yeast cells are
grown to stationary phase in media initially contain-
ing 0.5% glucose instead of 2% glucose, more H2S
is produced.45 The cells in 0.5% glucose medium
also have an extended chronological life span.45

Similarly, worms containing a mutant eat-2 allele
(which confers dietary restriction) also produce
more H2S.45 Conversely, increased levels of H2S have
also been shown to confer stress resistance associ-
ated with dietary restriction, and this is attributed
to sulfhydration and antioxidant properties.45 In
addition, methionine restriction activates NRF2 sig-
naling, a key regulator of numerous cytoprotec-
tive pathways that may also contribute to life-span
extension.112,113 Collectively, these results reflect
that H2S levels are phenotypically plastic and can
change significantly depending on the organismal
physiology. In general, a causal role of H2S in the
widespread beneficial effects of methionine restric-
tion remains to be demonstrated, but we speculate
that CSE and CBS may become important therapeu-
tic targets in the quest for ways to retard the aging
process and extend the period of good health.

Links to insulin signaling pathways
While methionine-restricted mice resemble caloric-
restricted mice in some respects, including low
serum levels of insulin, thyroxine, and IGF-1,28

considerable evidence reveals pronounced molec-
ular differences in other pathways. Methionine-
restricted rats also have significantly lower levels of

serum IGF-1 and insulin.30 However, pronounced
differences are evident in phosphorylation of sev-
eral protein kinases between methionine and caloric
restriction; whereas caloric restriction activated the
protein kinases ERK, JNK2, and p38 relative to ad
libitum–fed mice, no such effect was evident in ani-
mals maintained on a methionine-restricted diet.31

Methionine and caloric restriction diverge in their
activation of the TOR pathway and its substrate
4EBP1 in mice.31 Attenuation of TOR activity in
liver tissue has been observed in calorically restricted
but not methionine-restricted mice.31 Methionine-
restricted mice also upregulate a different suite of
mRNAs compared to those upregulated in calor-
ically restricted mice.114 These include transcripts
related to the heat shock response and apoptotic
markers suggesting activation of divergent cytopro-
tective pathways.114 While transcriptomic analyses
provide insight into the link between insulin signal-
ing and methionine restriction, further examination
of these relationships is clearly needed.

Conclusions

Interest in the beneficial effects of methionine
restriction goes back nearly two decades,9,66 yet
questions remain regarding the efficacy and side
effects of limiting access to an essential amino
acid. These include an understanding of how the
effects of methionine restriction are modulated by
microbiome composition, environmental factors,
and genetics. How does methionine restriction dis-
parately affect specific functions within the various
tissues of an animal? Further, it remains unclear
whether all of the effects of methionine restriction
are specific to methionine itself, or whether restric-
tion for other amino acids may produce similar phe-
notypes. Indeed, removal of tryptophan, leucine,
methionine, or all protein from the diet of mice
decreases surgical stress in a renal ischemia model
and suggests that other amino acid restrictions may
act in a manner similar to methionine restriction.115

Finally, the molecular mechanisms that transduce
restriction of methionine to observed phenotypes
remain opaque. While there are many possibili-
ties, including decreased methionine itself, altered
SAM and/or SAH levels, DNA/protein methylation,
methionine sulfoxide levels, hydrogen sulfide pro-
duction, and cysteine levels, future work is required
to determine which effects are causal. Addressing
all these concerns will require in-depth systematic
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exploration of how limiting individual amino acids
affects life span and health span. Nevertheless, the
substantial data to date revealing the pronounced
beneficial effects of methionine restriction are tanta-
lizing. We are optimistic that elucidating the mech-
anistic details of methionine restriction will play a
key role in designing effective treatments to retard
the rate of aging and to delay age-related diseases.

Methods

Young, physiologically age-matched male mice
(4–6 months old, n = 6) and naked mole-rats
(2–3 years old, n = 9) were euthanized via isofluo-
rane inhalation and cardiac exsanguination. Plasma
was isolated from blood via centrifugation for 5
min at 5000 × g and stored at –80 °C until analysis.
Samples were sent to Metabolon

R©
(Durham, NC)

for analysis. Plasma samples were divided into two
samples for gas chromatography/MS and liquid
chromatography/MS analytic platforms and the
metabolites were identified.

Nutrition data presented in Figure 4 were down-
loaded from the USDA National Nutrient Database
for Standard Reference 28 Software v.2.3.2 (with
exception of the mouse diet). Food identities and
preparation details are provided in the supplemen-
tal data. The amino acid fraction in protein was
calculated by dividing the USDA-reported amino
acid levels (reported as g per 100 g of food item) by
the USDA-reported protein levels (also reported as
g per 100 g of food item).
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