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Dietary restriction in aging and longevity
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M Check for updates

Different types of dietary restriction (DR) have been practiced by humans
forreligious and medical purposes for millennia, but only during the
past three decades has the scientific study of DR at cellular and molecular
levels proliferated. Here we review the evidence testing a variety of DR
paradigms in the context of aging, focusing on mammalian findings. We
discuss potential DR mimetics that modulate autophagy, FGF21, AMPK,
mTORCI, NAD* metabolism, SIRTs, GLP-1R and other pathways as well as
organismal and cellular adaptations to DR, including the roles of fasting,
hunger, changes in body temperature and fat loss. We also consider the
potential negative effects of DR such as increased vulnerability to infections
and impaired wound healing. Further, we discuss preclinical evidence
evaluating the potential of DR to improve healthspan and treat, prevent
or delay age-related diseases including cancer, cardiovascular diseases
and neurodegeneration. Finally, we consider the future opportunities for
translation, and the challenges inherent to this complex research field.

Thescientific study of DRbeganin the early 20th century, but progress
was slow until the 1980s when several major studies unequivocally
demonstrated that caloric restriction (CR) extends lifespan in mice
and rats even when initiated well after maturation'™. These findings
caused a paradigm shift in the biology of aging and established CR as
the field’s gold-standard intervention. Today, DR remains the most
effective nongenetic intervention for extending maximum lifespan
(Fig.1). In rats, feeding animals on alternate days has been shown to

double maximum lifespan’® (Fig.1a), and reduction of caloricintake by
about 80% (80% CR) produced the longest-lived (1,638 days) labora-
tory rat® (Fig. 1b). Similarly, independent studies have reported the
longest mouse lifespans on record under CR: approximately 30% CR
resulted in the longest-lived male mouse (1,742 days)’, while 65% CR
produced the longest-lived female mouse (1,660 days®; Fig. 1c). These
lifespans exceed those reported for dwarf mice on30% CR’. Moreover,
indirect comparisonsin outbred mice suggest approximately 30% CR
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Fig.1|DRinaging. a-d, Survival curves depict male rats fed from weaning containing 14 ppm rapamycin from day 270 (ref. 11) (d). e, The illustration
todeathanad libitum (AL) or an alternate day feeding regimen (83% increase depicts the umbrella of DR, with three major forms containing some of the
mean lifespan)’ (a), male rats fed an ad libitum or an approximately 80% CR most common dietary regimens practiced. f, The illustration depicts the
diet (the longest-lived rat lived 1,638 days)® (b), female mice fed from weaning challenge in comparing dietary interventions labeled as 50% CR, which may
to death an ad libitum, approximately 25% or approximately 65% CR diet differ markedly inimplementation, for example, daily restriction versus feeding
(the longest-lived mouse lived 1,660 days)® (c) and two independent cohorts onalternate days, potentially leading to different physiological outcomes and
merged for comparison: female mice fed from 4-5 weeks of age an ad libitum lifespan extensions. Survival curves were reconstructed using published data
orapproximately 30% CR diet'’, and female mice on a control diet or a diet (Supplementary Methods).
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BOX1

Terminology

The many forms of DR can be broadly classified into three types:
energy restriction (such as CR), nutrient restriction (including
protein and amino acid restriction, ketogenic diet) and different
types of fasting regimens. Unfortunately, these forms have been
described inconsistently or by ambiguous terminology. For
example, '560% CR’ may refer to regimens that differ in protein
content, feeding frequency, or presence or absence of fasting
periods (Fig. 1f). It is now clear that different protocols—with or
without CR—can counteract aging. Emerging evidence indicates
that omitting fasting windows can attenuate the lifespan benefits
of daily CR, and intermittent fasting (IF) without CR can ameliorate
metabolic and age-related diseases'®. Lumping together all the
studies under the term DR, therefore, risks oversimplification and
may obscure mechanistic insights.

Ad libitum Typically refers to continuous, unrestricted access to
food. In most studies, this serves as the control condition,

although mild restrictions may occasionally be applied.

DR Used as a general descriptor when discussing the field
broadly, discussing studies with different methods, or
when the type of restriction is unclear or diverse.

CR Describes a quantitative reduction in caloric intake
relative to ad libitum. For example, 40% CR’ indicates
animals received 60% of the calories consumed by
their ad libitum counterparts. Unless otherwise noted,
we do not distinguish between protein-controlled and
uncontrolled in this context. For a comprehensive
classification of CR studies by protein control, see
Speakman et al.*°.

Caloric dilution  Involves reducing the caloric density of food while
maintaining total volume, often used in invertebrate
studies. Dilution is the common approach for DR in
invertebrates, and similar approaches in rodents have

important implications, which are discussed later.

IF Describes days within a week where there may be
absence of food, for example, ‘'5/2’ refers to 5 days of ad
libitum eating and 2 days of fasting per week.

ADF A specific IF variant in which animals are fasted every

other day and ad libitum on the feeding days.

TRF Refers to the deliberate creation of a daily time at
which food can be eaten. In general, the ad libitum
access is given on those hours. For example, 16:8
refers to a daily 16-h absence of food and a window of
8h for ad libitum feeding.

Nutrient
restriction

This term encompasses restriction of one or more
specific nutrients. Examples discussed here include
protein restriction or restriction of specific amino acids
such as tryptophan or methionine.

extends lifespan more than rapamycin'®" (Fig. 1d). Here, we discuss DR
by identifying gaps and controversies, disentangling DR into distinct
phenomena, and defining key terms for clarity (Fig. 1e,f and Box 1).

Universality of DR on lifespan extension

The geroprotective effects of DR show conservation across the animal
kingdom—dogs, cows, fish and spiders all exhibit substantial lifespan
extension on DR, Even in clonal and non-clonal plants, lifespan is
extended through light restriction'®”. Furthermore, effects of DR on
the different hallmarks of aging are intensely studied, and some of the
key mechanisms are summarized here (Fig. 2). Nevertheless, whether
DRis truly universal or whether certain species or strains do not benefit
remains debated.

Rodents

Strong evidence shows DR extends rodent lifespan across strains,
including multiple mouse and rat strains under 40% CR™ and geneti-
cally heterogeneous mice under approximately 30% CR'. The efficacy
of DRinrodents has been reviewed elsewhere'’; here, we consider the
strength of conflicting evidence.

Genetic models with deficiencies in the growth hormone axis
have provided insight on the mechanisms of longevity. Several stud-
ies have examined whether DR and growth hormone affect aging via
similar mechanisms. Ames dwarf mice display DR-like phenotypes,
including reduced size, temperature and fertility, and live about 50%
longer®>*. Therefore, it was hypothesized that these mice were natu-
rally calorically restricted, and that additional DR might be redun-
dant or harmful®>. However, Ames mice on 30% CR lived even longer.
Interestingly, the slope of the survival curves suggested that while the
Ames phenotype primarily delays the onset of age-related mortality,
CRappeared toreduce its rate, suggesting that the two interventions
influence distinct aspects of aging’. Long-lived mice deficient in growth
hormone-releasing hormone also exhibit even greater longevity on
40% CR*. However, the long-lived growth hormone receptor knock-
out (Laron dwarf) mouse showed no survival benefit from alternate
day feeding (ADF)**, and under 30% CR only females exhibited a small
(about 9%) increase in maximum lifespan®.

Conflicting evidence for the effects of DR on lifespan have come
from additional genetic backgrounds: the ILSXISS strains are agroup
of 40+ recombinantinbred mouse lines developed to study tolerance
foralcohol*.In 2010, Liao et al.” reported that 40% CR did not extend
lifespan of several of these mouse strains and in some even short-
ened lifespan. However, the study was limited by small cohort sizes
(typically n =10 per group) and by group housing, whichmay also have
introduced a ‘survival-of-the-fittest’ dynamic®® (compromising food
restriction in dominant mice, and inducing extreme underfeeding
insubordinate mice). At that time, single housing was standard in DR
studies®. However, excluding early deaths in this study had little effect
onthelifespanshorteningacross strains®. Further, among eight strains
that were single housed, the majority still exhibited lifespan shortening
from CR.Moreover, prior work by the same group showed that housing
mice singly oringroups of four had no effect on median lifespan under
adlibitum or 40% CR”. Asecond study using only female ILSXISS mice
againreported that CR failed to extend lifespanin many strains and also
shortened itinothers®. Surprisingly, strain-specific responses diverged
substantially between the two studies (Supplementary Table1). Com-
parative analysisreveals no correlation between strain responses across
the two studies, complicating interpretion®’. These discrepancies
probably reflect insufficient sample sizes and suggest a need for a dif-
ferentstatistical approach®. Recently, areplication study with greater
statistical power on both sexes of four strains originally reported by
Liao et al. to exhibit lifespan-shortening effects under CR observed
lifespan-shortening effects in only male mice from one strain; while
in four of the eight groups, CR increased lifespan’*. Additionally, one
of the strains was tested on multiple levels of CR (10%, 20% and 40%),
finding that, infemale mice, lifespanincreased with greater restriction.
By contrast, in male mice the mean and median lifespan did not change.

These studies, along with findings from wild-caught mice (Box 2),
suggest that certain genetic backgrounds may not benefit from DR.
However, caution is warranted. For example, 20% and 40% CR and
IF (1 and 2 days fasting per week) were shown to extend lifespan in
proportion to the degree of restriction in genetically diverse outbred
female mice®. Crucially, among mice surviving past 6 months, genetic
background explained 23.6% of lifespan variation, compared with 7.4%
explained by diet, indicating that genetics is a stronger determinant
of lifespan than dietary intervention. Interestingly, a recent human
population study estimates the heritability of intrinsic lifespan at
about 50% after accounting for confounders®. Because diverse out-
bred mice mimic the genetic heterogeneity of natural populations,
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mitochondrial dysfunction®”, cellular senescence®”, stem cell exhaustion®*,
altered intercellular communication®*®, chronic inflammation®*”” and
dysbiosis®*®. For a larger and more detailed review covering multiple species
(including humans), see de Franca et al.>®’.

these findings may be more generalizable to humans than results from
inbred strains, highlighting individual genetic context as akey factor
for clinical translation.

Invertebrates

DR also extends lifespan in invertebrate models, including yeast,
nematodes and flies”. Although these organisms are not the focus of
this Review, one study that published conflicting data warrants dis-
cussion. Specifically, in medflies, increasing caloric density extended
lifespan up to a plateau, while reducing intake eventually shortened
lifespan®®. There are three explanations for this phenomenon: (1) a criti-
calnutrientis beingrestricted; (2) FooD dilution may blunt the effects
of hunger or fasting; or (3) a different dietary strategy may be needed.
Intermittently switching the medflies’ diet between a sugar-only diet
and afull diet (yeast and sugar) was later shown to increase lifespan®,
suggesting the effects from DR are highly affected by the nature of the
protocol*°. Atechnical analysis of nutritional geometry performedin
aclosely related fly species also reconciled the discrepancy between
these two studies*.

Rhesus monkey (Macaca mulatta)

Early evidence from asmall cohort of rhesus monkeys ona DR protocol
for over 9 years, in which the restricted animals ate 40% less without
affecting calories per kilogram of body weight (Table 1), reported a
reduced risk of death in the DR group*>**. However, the small sample

size, lateintroduction of the DR monkeys at varying ages, diet compo-
sition, absence of detailed data on body weight and a nonconcurrent
control group limited the conclusions**.

Separately, an early National Institute on Aging (NIA) report on
the effects of 30% CR in both the rhesus and the squirrel monkeys*
(Table 1) indicated a reduced rectal temperature in the CR group*®
and earlier mortality of control monkeys (23% of the control monkeys
had died versus 13% in the CR group®”). Later, the NIA study observed
improvements primarily in healthspan, with no significantincreasein
survival*®, A separate study at the University of Wisconsin (UW), how-
ever, reported benefits from CR on both healthspan and lifespan®. The
two studies differed in design and in the effects of DR on body weight,
with a greater reduction in body weight observed in the UW study, in
whichlifespan was extended. Indeed, the UW monkeys received asingle
meal per day and a small snack after food was removed. Furthermore,
accesstofood for allUW monkeys was limited to adaily window of 8 h.
AtNIA, animals were fed twice daily, and food was not removed at the
end of the day. At UW, the diet was semi-purified to ensure consist-
ency throughout the study, while the NIA diet was naturally sourced
and, therefore, subject to seasonal variation, lower in fat and higher
in protein and fiber compared to the UW diet. Finally, the degree of
restriction at UW was determined by each animal’s baseline intake,
whereas NIA determined restriction by size estimates. In 2017, both
groups discussed these differences and concluded that the studies
“support the concept that lower food intake in adult or advanced age
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BOX2
Wild-caught mice and CR

In the early 2000s, Steven Austad captured wild mice at the
University of Idaho and gave their grandchildren a 40% CR diet.
While the mice experienced increases in the stress hormone
corticosterone, decreases of testosterone and a lower burden of
tumors, the CR group had a nonsignificant lower mean lifespan,
even though the maximum lifespan was increased®". This finding
posed the question of whether CR is simply fixing a ‘problem’, such
as their susceptibility to cancer, in laboratory mice. However, there
are other possible explanations:

(1) The animals were not raised in a specific pathogen-free SPF
barrier colony, opening the doors for infectious diseases.
Although the autopsy found that only one animal per group
died of infection, the finding does not consider the problem of
chronic infections, which may not acutely kill the animal but
rather decrease its lifespan potential.

(2) Another consideration is food intake. Perhaps laboratory mice
are more gluttonous than wild mice. However, Austad also
found that wild mice eat more in nature than in the laboratory,
possibly due to different energy requirements. In laboratory
conditions, wild and laboratory mice ate similar amounts.
However, wild-derived mice (no more than four generations
in the laboratory) do eat less than laboratory mice®®. This
suggests, and the authors hypothesize, that a 40% DR may,
therefore, be too severe in this genetic background.

(3) Inbred depression in laboratory mice could have created bio-
logical dysfunction that is solved by the mechanisms induced
by DR. However, as discussed previously, DR might be more
powerful in outbred mice'.

The consistent observation that genetics has a dominant
role and that individual responses to CR are highly variable
suggests that to understand aging and DR requires moving
beyond a one-size-fits-all approach. The conflicting results are a
reminder of the need for rigorous, well-powered studies across
diverse genetic backgrounds. The evidence supporting lifespan
extension by DR across the tree of life is so extensive that it is
unlikely to be a coincidence.

is associated withimproved survival innonhuman primates™°. A sub-
sequent mouse study directly compared the UW and NIA monkey diets
and found that diet composition did not affect the health or lifespan
of ad libitum mice, nor did it alter the benefits of DR*. Today the UW
cohorthasno surviving animals, and the maximum observed age was
38.5 years in a restricted female*°. On the other hand, one survivor
remains at the NIA cohort: acontrol-fed female primate currently aged
40years. Themaximumobserved agesofaris44.2yearsinarestricted
male rhesus, which, to the best of our knowledge, is the longest-lived
rhesus monkey ever reported*”.

Squirrel monkeys (Saimiri sciureus and Saimiri boliviensis)

TheNIAalso explored 30% CRin the squirrelmonkey (Table 1). However,
allbut one of the monkeys were wild caught, and although the vendor
provided age estimates, reassessment based on multiple morphologi-
cal analyses after the intervention had begun led to readjustment of
thegroups, causing group imbalances in body mass®*>. While only mar-
ginal effects of CRwere observed in the adult cohort after 5years®, the
actual reductioninfood intake achieved was 20-25%’°. Inaddition, an
endemic microfilaria infection further affected the study. Currently,

no lifespandata have been published for this cohort. However,in2002,
itwas reported that 54% of the controls and 33% of the CR animals had
died*. Thelongest-lived and final survivor of the study died in 2011—a
control monkey with an estimated age of 30 years.

Gray mouse lemur (Microcebus murinus)

Gray mouse lemurs are small primates with along lifespan relative
to their size®*. The RESTRIKAL program performed a DR study in this
species (Table 1). An early analysis reported that about 36% of the
CR animals had reached 13 years of age while all control animals had
died; this surpassed the previously recorded maximum lifespan for
the colony®. The final survival data showed a 50% increase in median
lifespan®. Interestingly, although the CR animals exhibited accelerated
loss of gray matter in the brain, noimpairmentin cognitive performance
was detected™.

Humans

Translating findings from rodents or even nonhuman primates to
humans is complex. Carlson and Hoelzel recognized in 1946 that one
day of fasting in humans is not equivalent to one day in rats*. Small
animals have a higher surface area-to-volume ratio, leading to faster
heat loss and greater energy expenditure to maintain body tempera-
ture. Amouse can lose about 20% of their body weight in a 2-day fast,
while humans lose <2% after 4 days™. In addition, interpreting human
datais complicated by the impracticalities of implementing chronic
CRinhumans.

In 2002, the NIA began recruitment for a human trial studying
the long-term effects of CR: the Comprehensive Assessment of the
Long-term Effects of Reducing Intake of Energy (CALERIE). In phase
1, three pilot studies were performed at different centers to address
methodological challenges including implementation, adherence, tol-
erability and safety. After screening, 99 participants were randomized
to CR or control, with an average annual dropout rate of 9.2% across
centers®. The pilots (discussed elsewhere**®°) tested 20%, 25% and 30%
CRmostly inadults with overweight for 6 or 12 months.

Based onthe pilot findings, phase 2 involving amulticenter, 2-year
trialbegan screeningin 2007 and randomized 220 adults with normal
weight or slight overweight®’. Of these, 143 initiated a 25% CR and 75
were assigned as controls. In the first 12 months, the CR group lost
on average 8.3 + 0.3 kg (11.5% + 0.4%) and subsequently stabilized®*.
After 2 years on CR, 78% of total tissue-volume loss was attributable
to adipose tissue and only 17.2% to reductions in skeletal muscle lean
mass®’; liver volume decreased, whereas brain, kidney and spleen vol-
umes did notsignificantly differ. Significant reductions were observed
in cardiometabolic risk factors, including triglycerides, low-density
lipoprotein cholesterol, systolic and diastolic blood pressure, insulin
sensitivity and C-reactive protein®,

Most recently, effects on multiple methylation clocks have sug-
gested that, while mortality risk did not change (GrimAge), partici-
pants’ pace of aging was reduced (DunedinPACE)®. Unfortunately, the
25% CR target was not achieved: the CR group averaged arestriction of
19.5% + 0.8% in the first 6 months, and only 9.1% + 0.7% for the remain-
ing 18 months®’; indeed, the lack of reduction in body temperature
may suggest that the restriction was too mild. Overall, these studies
highlight the challenges of translating the DR severity applied to
rodents (30-80% CR) to humans. Finally, as noted elsewhere, the
benefits may reflect the effect from weight loss rather than from
long-term CR®°,

Optimal restriction

Early studies attributed the benefits of DRinadulthood to the avoidance
of obesity, distinct from the drasticincreases inlifespan observed when
DR wasimplemented in development, attributed to delayed growth®®,
Thistheory was later abandoned as optimized adult DR protocols pro-
duced striking lifespan extension'”.
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Table 1| A summary of the nonhuman primate studies on DR and survival

Study (by species) DR Animals Age at DR C?(n) DR (n)
Macaca mulatta
Rhesus monkey
University of Maryland study*® Maintaining the weight of the animals at a 8 males 12-19 years 109 8
normal lean adult body weight of 10-11kg
NIA study®*® 30% CR 1987
12 juvenile males <2 years 6 6
12 adult males 3-5 years 6 6
6 old males >20 years 3 3
Added in 1988
8 juvenile males 1-4 years
8 adult males 5-9 years 4 4
14 old males >20 years 7 7
Added in 1992
20 juvenile females 1-4 years 10 10
20 adult females 6-14 years 10 10
20 old females >16 years 10 10
UW study®* 30% CR 1989
30 adult males 8-14 years 15 15
Added in 1994
30 adult females 8-14 years 15 15
16 adult males 8-14 years 8 8
Saimiri sciureus
Saimiri boliviensis
Squirrel monkey
NIA study®*® 20-25% CR* 1987
12 juvenile males 1-4 years 7 5
13 adult males 5-10 years
4 old males >10 years 4 0
Added in 1988
4 old males >10 years 4 0
Microcebus murinus
Gray mouse lemur
RESTRIKAL study”*® 24% CR* 2006-2009
34 adult males ~3 years 15 19

*The control (C) group consisted of nonconcurrent male (88) and female (21) monkeys that were fed ad libitum.

Age and timing of onset

Traditionally, most DR studies began after weaning, althoughinconsist-
enteffects were observed. For example, when maternal milk access was
limited from week one, no lifespan gain was observed®. By contrast,
reducing milk access by increasing litter size resulted in significant
median (18%) and maximum lifespan extension®®. However, the age
atwhich DR ceases to be effective atincreasing lifespan probably var-
ies not only between species, but also between strains. For example,
19-month-old male B6C3F1 mice gradually transitioned to a40% CR
regimen exhibited a significant approximately 15% and approximately
16% increase in mean and maximum lifespan, respectively®’, whereas
male C57BL/6, DBA/2 and B6D2F1lifespans did notincrease (and some-
times decreased) when 40% CR was implemented abruptly at 17 and
24 months ofage’®. In Wistar rats, ADF from 18 months of age potently
increased maximum lifespan?, yet gradual implementation of 33% CR
from 18 months of age did not extend the lifespan of male Long Evans
rats”". Later, the same team reported that although a gradual 32% CR
imposed on 18-month-old or 26-month-old male F344 hybrids led to
areduction inbody weight, it had no effect on lifespan’.

Unfortunately, assessing age-specific mortality requires large
cohorts. Inastudy of 800 mice, switching from 40% CR to ad libitum
feeding at 24 months sharply increased mortality, while a gradual shift
to 40% CR modestly reduced it. Late-life CR failed to trigger major
transcriptomic or lipidomic changes in adipose tissue, suggesting a
‘nutritional memory’ that limits both survival benefits and metabolic
remodeling”. Alternatively, when cohorts are smaller, model life-table
methods still provide informative age-specific mortality patterns for
dietary effects™.

Level of restriction

The optimal degree of energy restriction remains debated, as severe CR
may produce diminishing returns or even harm; thus, the optimum may
be strain and sex dependent (Box 3). For example, in female C57BL/6)
mice,20% CRincreased maximum lifespan by about 40% compared with
only about 13% extension under 40% CR”. In male F344 rats however,
10% CR can extend mean lifespan as much as 40% CR, although 40%
CR still provided greater maximum lifespan’®. On the other hand, in
male Wistar rats, approximately 33% CR (50 kcal per day) produced
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BOX3
Sex differences

Harrison et al.”° showed that genetically obese ob/ob female mice
under CR outlived ad libitum wild-type controls, despite having
more than twice the body fat percentage. This finding was later
extended by Harrison and Archer’, where they demonstrated similar
lifespan extension in male ob/ob mice, as well as in male BECBAF1
hybrid mice’. However, in the same study, they reported that DR
reduced the mean and median lifespan of male C57BL/6J mice. At
first glance, this might suggest that certain genotypes or sexes are
nonresponders to CR. Yet, as discussed earlier, a more nuanced
interpretation is that responses to DR are not binary but rather vary
depending on genotype and sex, requiring tailored DR protocols.
Supporting this view, Weindruch and Walford' showed that male
C57BL/6J mice exhibit increased longevity under CR, indicating
that the strain and sex are not inherently unresponsive'. In 2016,
Mitchell et al.”® showed that, while C57BL/6J female mice exhibited
anincrease in lifespan under a 20% CR, they did not under 40%.

By contrast, males had an increase in lifespan under both 20% and
40% CR. In the same study however, both male and female DBA/2)J
mice responded well to 20% and 40% CR with regards to lifespan,
highlighting not only the differences between strains, but also that
these differences can be sex dependent. Furthermore, Green et al.*”
showed that mice under protein restriction exhibit significant
differences in health outcomes, gene expression, metabolites and
lipidic profile depending on the sex and strain.

thelargestlifespan extension, while approximately 66% CR (25 kcal per
day) was less effective, and approximately 83% CR (12.5 kcal per day)
shortened lifespan compared to ad libitum (75 kcal per day)””. Extreme
levels of restriction, however, have resulted in extreme cases of longev-
ity in mice and rats. Ross® reported a dramatic lifespan extension in
Sprague-Dawley rats under approximately 80% CR (16 versus 83 kcal
per day), with one rat living 1,638 days® (Fig. 1b). In mice, Weindruch
etal.®showedaprogressive lifespan increase with 25%, 55% and 65% CR
(about12,about 7and about 6 kcal per day, respectively). Remarkably,
the 10% longest-lived animals in the 65% CR group averaged around
1,611 days of age, with one mouse living 1,660 days® (Fig. 1c).

Weight and fatloss

Since the1980s, it has been debated whether the benefits of DR reflect
reduced adiposity and whether ad libitum laboratory feeding is effec-
tively overfeeding, making CR a return to ‘normal”®%°, However, Wein-
druch et al.® showed that 65% CR still produced a striking extension of
maximum lifespan when compared to controls on 25% CR. Furthermore,
Weindruchand Walford argued that because about 50% of wild mice die
within 6 months, severe CR-induced delayed maturation and reduced
fertility would probably reduce fitness in the wild, making it unlikely to
reflect a natural physiological state®"*?. Austad later found that while
laboratory mice may eat more than their wild counterparts, they are
not ‘grossly overfed®*. Furthermore, wild mice in nature were found
to often consume as much (or even more) energy than ad libitum-fed
laboratory mice®.

Evidence against the fatloss hypothesis, however, hasbeen largely
overlooked®. Recent articles still argue for CR and other longevity
interventions as obesity treatments despite accumulating evidence®®.
Inrats, lifespan extension by 40% CR does not appear to be influenced
by body fat levels. In fact, the longest-lived rats in the CR group are
those with the highest fat mass and maximum body fat percentage®.
Mice with the longest survival under CR retain the greatest fat mass

between their firstand second years”. Similarly, diverse outbred mice
maintaining the most weight and fat live longest, while weight loss at
any age correlates with shorter lifespan®. Finally, nutritional geom-
etry has shown that diets associated with the greatest longevity are
also associated with higher adiposity (and reduced lean mass)®. One
might argue that leaner animals were harmed by DR; however, more
severe restriction (with greater weight loss) actually produces even
greater lifespan extension without increased early deaths (Fig. 1b).
Furthermore, in genetically obese (leptin-deficient; ob/ob) mice, DR
extends lifespan beyond that of wild-type mice®’, even when having
more than double the body fat™.

Giventhe considerable evidence against the fat loss hypothesis, a
more plausible hypothesis may involve changesin adipose tissue func-
tion. Beyond storing energy, adipose tissue functions asanendocrine
organ that releases factors mediating cross-talk between metabolic
regulation and inflammation”2

Metabolic rate and body temperature

In1908, Max Rubner observed that short-lived animals tend to have
higher metabolic rates, while long-lived animals have slower ones®.
Years later, the rate-of-living theory was formalized: live fast, die
young”. These conceptsled to suggestions that CR decreases the rate
of aging by decreasing metabolic rate®. However, to comply with the
laws of thermodynamics, an animal under CR must ultimately expend
fewer calories®, which can be achieved not only by reducing metabolic
activity butalso by reducing body size. Indeed, although CRrats initially
consume fewer calories per gram of body weight, over their lifespan
they actually consume more than ad libitum-fed rats when adjusted to
body weight®. Curiously, as early as1943, McCay had also observed that
restricted rats had the same or even higher “heat production per unit
of weight than normal rats””. Further studies showed that although
CRinitially reduces metabolic rate, this effect is transient’*'°°, For
most of their lives, CR rats exhibited metabolic rates comparable to or
higher thanad libitum animals. Interestingly, McCarter et al."” showed
that animals under 40% CR were voluntarily running more than ad
libitum animals.

By the end of the 20th century, consensus was forming that at
least in mammals, the increases in lifespan observed with CR might
notbedirectly related to slowed growth or reduced metabolism?%'°>1%,
although conflicting evidence existed'**. Instead, it was beginning to
be appreciated that normalization to body size is confounded by the
heterogeneous nature of organsize changes. While some organs scale
down proportionally with body weight, others (most notably the brain)
are relatively unaffected, an important observation as mass-specific
metabolic rates differ across organs'®. In an extensive analysis of dif-
ferentseverities of CRin C57BL/6 mice, the overall basal metabolicrate
was shown to fallunder CR, but when organ size is taken into account,
these differences disappear'®. These investigators concluded that the
apparent metabolic suppressionunder CRis simply an artifact of insuf-
ficient modeling, not a reflection of actual tissue-level hypometabo-
lism. Accounting for these confounders has recently been reviewed'"”.

Body temperature (7,) and lifespan have been robustly linked'*%'%°,
In 1965, Liu and Walford"*™ reported that reduced temperature
extended lifespan in fish. This finding has since been extended to
invertebrates, such as worms and flies">". These animals, however,
are poikilotherms: their core T fluctuates with the environment. Mean-
while, mammals arehomeotherms, meaning they must thermoregulate
their T, to a constant baseline despite changes in the environment
(about 37 °C in humans). Walford’s initial interest in CR arose while
trying toreduce T, in homeotherms™*. In1978, Walford’s group showed
that CR lowers T, in mammals: mice on 40% CR showed an approxi-
mately 2.5-°C reduction in T, relative to ad libitum controls®’. This
observation was further corroborated in male rats, where restricted
animals had lower T, at 19 months of age, even when 40% CR was initi-
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BOX4

Thermotolerance

Data on how DR affects tolerance to extreme temperatures is
limited. However, rare facility incidents provide some insights.

In one case, a power failure raised ambient temperatures above
33°C, affecting over 100 rats (22-month-old) on ad libitum or 40%
CR diets. Twenty-four hours later, only 16% of the ad libitum group
survived, compared to 75% of the CR group®®. In another study,
aged rats (>20-month-old) exposed to 41°C showed 50% mortality
in the ad libitum group, while all rats under 33% CR survived®".

By contrast, when ambient temperature falls, CR may increase
vulnerability. In 1939, McCay observed that restricted rats were less
able than ad libitum-fed rats to withstand cold temperature during
a heating-system failure®®. This may be a reflection of reduced
adipose insulation and the absence of huddling behavior in singly
housed animals. Rats under DR exposed to cold stress exhibit a
more rapid decline in T, and a longer recovery time, irrespective of
whether DR lasted 5 days or 16 months®®. Such findings highlight
an important disadvantage of DR in natural environments. However,
ADF appears to increase cold resistance in old mice®”. Beyond
differences in species and cold severity, a plausible explanation is
that the rat study produced greater weight loss, reducing insulation

and energy reserves that normally buffer heat loss®".

In mice, 40% CR lowers subcutaneous T, in a strain-dependent
manner, withreductions ranging from1.5 °Cto0 5.0 °C relative to base-
line®. In male C57BL/6 mice, T, declines linearly with CR severity:
-0.5°C (10% CR), -0.7°C (20% CR), -1.6 °C (30% CR) and -3.3 °C (40%
CR) relative to ad libitum controls (36.5 °C), measured 11 weeks after
CRinitiation using intraperitoneal telemetry™’. The kinetics scale
similarly: the time to T, nadir increased from about 19 days at 10% CR
to about 35 days at 40% CR'”. Some studies have not detected differ-
ences in T,; however, this could reflect the methodologies used to
measure temperature*®.

Inrhesus monkeys, the gradualimplementation of CRis accompa-
nied by afallinsubcutaneous T,, reachingsignificance atapproximately
30% CR. Under anesthesia, monkeys on 30% CR show an approximately
0.5-°Clower rectal temperature than controls; this difference emerged
by year 2 of CR and persisted even 6 years after initiation of CR*. In
humans, however, the CALERIE trial did not detect a significant T, dif-
ference between CR and ad libitum groups®. By contrast, long-term
practitioners in the Calorie Restriction Society (about 6 years on CR)
showed asmall but significant lower T, (about 0.2 °Clower) compared
with both sedentary and exercise-trained individuals consuming a
Western diet"®,

Unfortunately, T, and metabolic rate are closely coupled, mak-
ing distinguishing their roles complex. However, forced convection
hasbeen used for this purpose and showed that increasing T, reduces
lifespan, even when metabolic rate is reduced"’. Additionally, trans-
genic mice overexpressing the uncoupling protein 2 (UCP2) inneurons
located inthe hypothalamus (effectively tricking the mouse thermostat
intorespondingasifbody temperature was increased) exhibit chronic
lowering of the T, and a significant increase in lifespan'?’.

Itistempting to conclude that CR may increase lifespan primarily
by lowering Ty, but, as Walford and Spindler highlighted'”, DR is also
robust in animals that do not actively regulate T, such as fish. They
hypothesized that temperature responses to food scarcity would be
mechanistically different from temperature changes driven by ambient
temperature (Box 4) such as hypothermia''. Determining whether, and
towhat extent, reductionsin 7, causally contribute to the effects of CR
on lifespan remains an open question.

Hunger and fasting

A major barrier to translating DR to humans is the sensation of hun-
ger. Although humans often report that hunger subsides over time
when starting a diet, mice under 20% CR exhibit persistent hunger
even after 100 days (equivalent to 11 human years)'??, suggesting
that dieting humans may remain suboptimally restricted. Sev-
eral neuropeptides involved in the hunger signaling pathway are
triggered by CR. For example, CR reduces the levels of precursor
polypeptide pro-opiomelanocortin (POMC) and the cocaine- and
amphetamine-regulated transcript (CART), whileincreasing the levels
of agouti-related peptide (AgRP) and neuropeptide Y (NPY)'?. Sup-
porting a role for hunger in the downstream effects of DR, damaging
theregionthat producesthese neuropeptides, the arcuate nucleus of
the hypothalamus (ARC), or knocking out NPY reduces CR-induced
protection against tumorigenesis'*. Furthermore, the lifespan exten-
sion seen with 30% CR is abolished in NPY-null mice'”.

Restricted animals are so hungry that ratson40% CR can consume
most of their daily food within 3 h'?%, leading to a prolonged fasting
period until the next day’s meal'”’. Yet, early studies showed that spread-
ing 6 meals over a12-h period made no difference to the lifespan exten-
sionseenwith CR'*, afinding later supported using a more restrictive
protocol with2 meals spaced 8 h apart'®.

To eliminate the effects of fasting and hunger, investigators have
used caloric dilution by incorporating indigestible cellulose (nonca-
loric) to lower food energy density****°. Under these conditions, mice
consume more food volume but are unable to fully compensate for the
lower energy density, resulting in an overall approximately 30% reduc-
tion in caloric intake. Surprisingly, however, caloric dilution reduces
lifespan, despite animals consuming substantially fewer calories and
experiencing weight loss™°. This raises questions about the poten-
tial toxicity of the dilutant, the requirement of fasting for lifespan
extension and the physiological relevance of the total food volume.
By contrast, it was later demonstrated that 40% CR extends lifespan
even when meals are distributed evenly over 24 h'*'. Adding a daily
12-hfasting window further increased lifespan, but extending the fast
to 22 hdid not grant additional survival benefits. These observations
possibly explain why earlier studies saw no effect from reducing fast-
ing windows, as these still involved at least 12 h of fasting. Ultimately,
caloricdilution and CR seem to produce distinct physiological effects
andare thus notinterchangeable strategies™”. Hunger pathways may be
responsible for the benefits observed when calories are not reduced by
DR. Forexample, some metabolicand neuroprotective effects of IF can
be dissociated from overall energy intake’, and IF extended lifespan
withlittle to no reductionin net caloricintake®. Further, time-restricted
feeding (TRF) protects mice against diet-induced obesity even without
areduction in calorie intake®™*.

A working model has proposed that imposing cycles of a meta-
bolic challenge and recovery (eating, resting, sleeping) may bolster
healthbeyond what canbe achieved by continuous low-level CR". The
underlying cellular molecular mechanisms are being elucidated". For
example, the ketone 3-hydroxybutyrate acts asahormone and signal-
ingmolecule that mediates at least some important geroprotective and
disease-modifying effects of IF***%, During fasting, stress response
signaling and resource conservation pathways are activated while cell
growth and plasticity pathways are suppressed. During and for many
hours after the feeding period, cell growth and plasticity pathways
areactivated™.

Circadianregulation

Early work reported that meal timing (whether during light or dark
periods) had no effect on DR-induced lifespan extension'?%'*°, sug-
gesting the effect of DR on the circadian rhythm may be independent
from its effects on longevity'*'. However, recent work has revealed a
more complexrelationship between circadian regulationand DR. Feed-
ing a40% CR diet at night, aligned with the rodents’ natural activity,
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increased lifespan extension™'. Curiously, other DR protocols, suchas

the ketogenic diet, have been shown to influence circadian rhythms of
the liver and intestine'*?. This area requires further investigation and
may offer insights into the mechanisms of longevity and DR, espe-
cially considering the relationships between autophagy, metabolism

and circadian rhythms™*,

Protein and amino acid restriction
Early DRresearch began toinvestigate whether specific nutrients drove
DR benefits®>. More recently, alarge-scale study involving over 20 dif-
ferent diets and 858 mice showed that the most important factor for
lifespan extension was the ratio of protein to carbohydrates®. However,
the caloric content of these diets was modified through dilution, and as
aresult CRdid notincrease lifespan. Data suggest that CRwith or with-
out proteinrestrictionresultsinidentical lifespan extension, yet protein
restriction may have benefits that are different and less pronounced
than those from CR*. For example, protein restriction does not lower
T, in the same manner as CR under equivalent levels of restriction'”.
Individual amino acids may contribute more particularly to the
effects of DR. Indeed, tryptophan restriction alone extends lifespan
inrats', and methionine restriction also extends lifespanin F344 rats
and outbred mice'****’. However, the reported lack of differences in
lifespan between F344 rats under 40% CR with or without protein or
methionine restriction'*® has been used to support claims that caloric
intake rather than specific nutrient restrictionis responsible for lifes-
pan extension on CR; hence, the widespread adoption of the term
‘calorie restriction’, as opposed to ‘food restriction” or DR'®. The lack
ofadditive lifespan extensions from protein or methionine restriction
inanimals already under CR suggests ashared pathway through which
both energy and amino acid restriction act. More recently, restricting
branched-chain amino acids has shown benefits for metabolic health
and lifespan in mice'* ™', Interestingly, supplementation (instead of
restriction) of the amino acid glycine extends lifespan’. Tailoring
essential amino acid intake timing and dose to match the organism’s
needs may enhance metabolic efficiency and reduce the negative
effects of high protein load”'%,

Potential DR mimetics
Introducedin1998, the concept of CR mimetics proposed more poten-
tially translatableinterventions that could replicate CR benefits without

reducing food intake™*.

Glycolytic inhibitors

The first candidate DR mimetic was 2-deoxy-D-glucose (2-DG).
Lane et al."”* proposed that 2-DG would trigger signaling pathways
regulating DR by inhibiting the glycolytic pathway®*. Results from a
short-term study replicated some physiological effects of CR in rats,
including reduced T, and fasting insulin™*>¢, While 2-DG’s narrow
therapeutic window has limited its practical use, mannoheptulose,
arare seven-carbon sugar that inhibits hexokinase at the first step of
glycolysis, has also been shown to lower glucose and insulin levels
without affecting food intake in rodents™”"*,

Rapamycin

The nutrient-sensing kinase mTOR regulates growth through two
related but functionally distinct complexes™’. In 2008, CR was
reported to suppress mTOR signaling across multiple mouse strains
and tissues™°. Although later studies have shown mixed results and
suggest a more complex relationship' ', evidence from inverte-
bratesand mTOR’s role in nutrient sensing supportitsinvolvementin
DR-mediated lifespan extension and point to rapamycin as a potential
DR mimetic'**%®, This led the NIA Intervention Testing Program (ITP)
to test rapamycin in outbred mice, revealing a striking extension of
lifespan when administered late in life'*>'*°. However, some observa-
tions suggest that DR and rapamycin may work in distinct ways: (1) 40%

CRsignificantly reduced the levels of insulin-like growth factor 1and
leptin, while rapamycin did not'’; (2) fasting glucose is increased by
rapamycin, while CRreducesit; and (3) CR decreased FGF21in male and
female mice, but rapamycin increased it in male mice only. This latter
finding stands in contrast to fasting and protein restriction, which
elevate FGF21 in both mice and humans'®*"°, Furthermore, CR can
ameliorateanmTORCI-driven sarcopenic phenotype withoutinhibiting
mTOR, and that combining CR with rapamycin results in additive and
distinct effects in aging muscle'®>. Notably, rapamycin enhances sur-
vival duringacute infections, whereas DR seems to impair it"”". Finally,
arecent meta-analysis suggests that rapamycin may confer similar

lifespan extension to DR in a range of vertebrates"?.

Spermidine

Spermidineis anaturally occurring polyamine that promotes longevity
in mice'>. Levels have been shown to increase in response to various
forms of DRacross different species, and it has been suggested as essen-
tial for the induction of autophagy during fasting'”. In C57BL/6 mice,
spermidine supplementation was found to increase median lifespan
by approximately 10% and to delay cardiac aging, whether lifelong
administration or administered from 18 months of age'”. Although
the fullmechanisms remain unclear, inhibition of the acetyltransferase
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EP300 may be a key contributor'®.

Sirtuin activators

The roles of sirtuins and their activators in aging biology remain con-
troversial, including in rodent lifespan. Early work reported that in
C57BL/6 mice fed a high-calorie diet with or without the purported
sirtuin activator, resveratrol, starting at one year of age, by 114 weeks,
58% of control mice had died, compared to 42% of resveratrol-treated
mice'”. The full survival datalater showed that resveratrol restored the
shortened lifespan of high-calorie-fed mice to that of mice on astandard
diet. However, no survival benefit was seen when resveratrol was given
to mice onastandard diet”®. Similarly, when resveratrol treatment was
initiated at one year of age in genetically heterogeneous mice, the ITP
found no lifespan extension'. Based on the hypothesis that, like DR,
the effects of resveratrol might be stronger if initiated earlier, the ITP
conducted afollow-up study beginning treatment at 4 months of age,
but again, observed no effect on survival”’. However, other studies
in male C57BL/6 mice using alternative SIRT1 activators on standard
diets have reported modest improvements in survival. For example,
SRT2104 increased mean lifespan by 9.7% and maximum lifespan by
4.9%"°. Similarly, SRT1720 extended mean lifespan in C57BL/6 mice by
8.8% but had no significant effect on median or maximum lifespan’®’.
Disentangling the role of SIRT1in DR-induced lifespan extension is
difficult. Homozygous SIRT1 knockout mice are short-lived and do not
benefit from 40% CR'*>'*3, meanwhile heterozygous SIRT1 knockout
mice on40% CR show the same increase in median lifespanas wild-type
animals'*, A possible interpretation is that total SIRT1loss may shorten
lifespan via a distinct pathway that CR cannot rescue, and as a result,
CR’seffects onsurvival are masked through early death, whereas partial
SIRT1 loss sufficiently preserves lifespan to allow survival benefits of
CRtoberealized.

NAD' precursors

Nicotinamide adenine dinucleotide (NAD™) is an essential metabolite
forlife that hasbeen observed to decline with age and is linked to multi-
ple hallmarks of aging'®. Interest inits therapeutic potential increased
after studies showed improved healthspan and lifespan in models of
premature aging, with several clinical trialsnow completed or ongoing
(reviewed elsewhere'®*'®"), Unfortunately, these effects appear less
pronounced in wild-type animals. In old C57BL/6 mice (22-24 months
old), the NAD" precursor nicotinamide riboside increased mean lifespan
by about 5% upon 6 weeks of treatment (400 mg per kg body weight)'%,
By contrast, the ITP found no effect on lifespan in UM-HET3 mice on
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nicotinamide riboside (1,000 mg per kg body weight) continuously
from 8 months of age'®. In other studies, the NAD* precursors nicotina-
mide mononucleotide (100 or 300 mg per kg body weight; 5-17 months
ofage) and nicotinamide (500 or 1,000 mg per kg body weight; from1
year of age) improved the health but not survival of C57BL/6 mice'**'",

Acarbose, metformin and lithocholic acid

Three other drugsinvestigated for their potential to counteract aging
are the diabetes medications acarbose and metformin, and the bile
acid lithocholic acid. Acarbose is an a-glucosidase inhibitor that
has been shown by the ITP to increase both median and maximum
lifespan'*'”3, Metformin is an AMPK activator, but ITP studies have
failed to show effects on lifespan when administered alone'*. Litho-
cholicacidincreased lifespanin nematodes and flies (but notin mice)

in an AMPK-dependent manner',

GLP-1R agonists

Long-acting glucagon-like peptide-1receptor (GLP-1R) agonists such
assemaglutide have transformed the treatment landscape for diabetes
and obesity. This class of drugs promotes weight loss and reduces cardi-
ovascular mortality even in nondiabetic patients'>"””. GLP-1R agonists
wereinitially recognized for their ability to enhance glucose-stimulated
insulinsecretion and thereby facilitate glycemic control®®. Their met-
abolic benefits also involve suppression of glucagon secretion and
delayed gastric emptying"®. Beyond glycemia, the effects of GLP-1R
agonists on appetite and body weight are predominantly mediated
by GLP-1R-expressing neuronsin the hypothalamus and brainstem'*’.
Within the hypothalamus, these agents directly activate POMC neu-
rons”* while indirectly suppressing AgRP neuron activity?”'.

Consequently, GLP-1R agonist-induced weight loss differs funda-
mentally from thatinduced by CR, which engages orexigenic circuits,
including AgRP neurons, to promote hunger and reduce satiety. By
contrast, GLP-1R agonists robustly suppress appetite and prolong
satiety’®. CR also elicits a characteristic ‘metabolic adaptation’, a
disproportionate decline in energy expenditure that contributes to
weight regain. Interestingly, when CR is followed by GLP-1R agonist
treatment, thisadaptive responseis counteracted, that is, semaglutide
restores the CR-induced decrease in energy expenditure’®, Whether
this effect translates to humans remains uncertain®**, Although GLP-1R
agonists can be categorized as DR inducers rather than DR mimetics,
their ability to bypass the nutrient-sensing and hunger-promoting
responses typically associated with CR raises new questions, such as
whether GLP-1R agonists can extend lifespan to a similar extent as CR
onmatched caloricintake. These agents may elucidate theimportance
of hunger in the extension of lifespan on DR. Finally, the emergence of
potent, clinically validated oral GLP-1R agonists®® may enable testing
whether sustained GLP-1R activation can extend maximal lifespan in
laboratoryrodents, including in paradigms compatible with long-term
drug administration. A practical limitation, however, is that current
small-molecule GLP-1R agonists show weak activity at therodent recep-
tor. Instead, humanized GLP-1IR models are required to help to clarify
the effects on health and longevity**°.

Thefield of obesity pharmacotherapy is advancing at remarkable
speed, with next-generation, multi-agonist drugs now targeting recep-
torsbeyond GLP-1R, including the glucose-dependent insulinotropic
polypeptide receptor (GIPR), the glucagon receptor (GCGR) and the
amylin receptor'. As our understanding of the molecular pathways
that govern healthspan deepens, future work in drug development
should aim to bridge insights from weight loss trials with discoveries
inaging biology.

Negative effects from DR

Recentworkindiverse outbred mice highlights thatimproving physical
fitness and extending lifespan are not necessarily synonymous: despite
having the largest lifespan-extending effect, 40% CRled to loss of lean

mass and immune changes that may increase susceptibility to infec-
tions®. While potential side effects of DR including effects on bone
health, brain atrophy and reproductive function have been reviewed
elsewhere?”, here we examine the effects of DR on immune function
and tissue regeneration.

Immunity and infections

Immune function declines during aging, rendering older individu-
als vulnerable to morbidity and mortality upon infection®**°°, Early
observations showed that CR had a profound effect on the immune
system, leading to the hypothesis that CR might slow the develop-
ment of the immune system”°, While numerous immune-related
benefits have been documented, several concerns remain®”?"%2, For
example, nonhuman primates under 30% CR elicit a lower antibody
response to the influenza vaccine?”. In diverse outbred mice, 40% CR
induces changes to the immune cell repertoire, including reductions
in circulating B cells, mature natural killer cells and eosinophils®.
However, the clinical relevance of these immune alterations remains
unclear withoutin vivoinfections. Ameta-analysis of infection experi-
ments tentatively concluded that CR makes mice less likely to survive
infections'’, but this analysis was limited by the small number of studies
and large heterogeneity.

Sepsis

In C57BL/6 mice, exposure to a40% CR diet from 6 weeks of age resulted
insignificantly shorter survival compared to mice fed ad libitum upon
polymicrobial sepsisinduction at 6 months by cecal ligation and punc-
ture?™. Similarly, uponadrastic reduction of food for 7 days (146 g per
kg versusonly 35.5 g per kg of body weight), restricted mice exhibited
adramaticreductionin survival>. By contrast, another study induced
polymicrobial sepsis by injecting 12-month-old C57BL/6 mice intraperi-
toneally with cecal contents. Remarkably, mice on 40% CR initiated
just 3 weeks before infection showed improved survival relative to
ad libitum controls™®. Furthermore, ADF initiated 8 days before cecal
ligation and puncture improved survival in male C57BL/6 mice®”.

Bacterial infection

Infemale A/) mice on various levels of protein restriction, with or with-
out 50% CRfor 3 weeks, before Salmonellainfection, mild but not severe
CR appeared to be protective, and survival worsened with increas-
ing severity of proteinrestriction®®, By contrast, in 6-month-old male
Balb/c mice (40% CR from 2 months of age) infected with Salmonella,
no significant difference in survival compared to ad libitum controls
was observed?”.

Parasitic infection

Inthe1960s-1970s, some reports suggested malnourished children had
fewer malaria symptoms, with refeeding sometimes linked to symp-
tom resurgence?. In Plasmodium berghei-infected mice, exposure
to different forms of DR reduced mortality (10-53%) compared to ad
libitum animals®*. Similarly, in young female C57BL/6 mice (8-10 weeks
old) on graded CR (10-50%, 7 days before infection), most ad libitum
mice died within12 days, but none of the 40% CR mice died or showed
symptoms®*. Notably, initiating CR on the day of infection—unlike 2
days after infection—still conferred protection.

Viral infection

Aged C57BL/6 mice (>23 months old) on40% CR from 3 months of age
experienced further weightloss uponinfluenzainfection, and showed
significantly shorter survival compared to ad libitum animals*?. These
findings were replicated in 6-month-old mice, and further, ad libitum
refeeding for 14 days before infection dramatically improved survival
inthe CR group?**%, Similarly, 40% CR reduced survival after West Nile
virus infection in both young (4-month-old) and old (>18-month-old)
mice of the same strain®*°.
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The relationship between DR and immunity is complex and
dependent on context and environmental conditions but also on the
specific metrics used to assessimmune function. Cautionis warranted
asour understandingis clouded by the reliance of most modern studies
onspecific pathogen-free conditions, which may not accurately reflect
theimmunological challenges encountered in natural environments®”.
Given that CR produced similar outcomes across two different viral
infections, these findings strongly suggest that long-term CR may
increase vulnerability to viral pathogens. While Walford hypothesized
that CR delays immune system development®®, this would not fully
explainthe weakened immune response, as short periods of refeeding
seemtoreverse the effect, and older animals remain affected. Interest-
ingly, CR may offer some protection against parasitic infections or
sepsis, but mechanistic understanding is missing.

Tissue repair and regeneration

Anintuitively expected downside of reduced energy intake is impaired
tissue repair.In mammals, this can manifest as slowed hair growth and
delayed wound healing.

Wound healing

In male C57BL/6) mice and in B6CBAF1 mice, tail wounds heal more
slowly under approximately 33% CR than with ad libitum feeding’. There
is conflicting evidence linking CR to collagen synthesis upon wound-
inginrats:in F344 rats, acute (7-14 days) and chronic (4 months) 40%
CRreduced collagen crosslinking, and chronic CR decreased collagen
accumulation®®, yet no changes in collagen or protein synthesis under
acute CRinfemale Sprague-Dawley rats were reported®”. Finally, only
complete absence of protein (100% protein restriction) significantly
impaired wound contraction and re-epithelialization in a study using
graded protein restriction*°.

Conversely, other datasuggest no delay in wound healinginaged
CRmice (30-33 months) versus ad libitum controls and even reported
restoration of age-related decline in healing upon refeeding before
injury, suggesting that CR could preserve regenerative capacity but
requires adequate nutrition to be realized®. The absence of differ-
ences betweenad libitum and CR mice may reflect ageneral declinein
regenerative capacity inboth groups; however, other work in a differ-
ent strainreported differences between CR and ad libitum mice at 22
months’.In7-month-old F344 rats, the slower healing observed under
40% CRwasrescued by refeeding 4 weeks before a skin biopsy punch,
However, contrasting observations were made in male Wistar ratson
40% CR (from 3 months of age) and in rhesus monkeys (ages 9-13 and
22-32) under30% CR?**: while amarked decline inwound closure speed
was observed with agingin both species, no statistical differences were
found between ad libitum and CR groups.

Hair growth

In male C57BL/6) mice, approximately 33% CR has been shown to slow
hair regrowth’. However, this appears to be a strain-dependent effect;
inB6CBAF1mice, CRactually accelerated regrowth compared to ad libi-
tum controls (69% versus 53%), atrend that persisted in older age (67%
versus 36%)’. Similarly, Swiss mice on a40% CR dietinitiated at 8 weeks
of age exhibited faster hair regrowth?*. In these mice, the regrown coat
appeared thicker and longer, suggesting athermoprotective adaptation
to cold stress often associated with CR. By contrast, various forms of TRF
(including 21/3,19/5 and 16/8) as well as ADF, significantly impaired hair
regrowthin C57BL/6 mice. Interestingly, when the fasting window was
further reduced to12/12 TRF, hair growth rates were nearly identical to
those of ad libitum-fed animals, despite all groups consuming equiva-
lent daily caloric intake. In parallel, the authors conducted a human
trial and found that both CR (1,200-1,500 kcal per day) and TRF (18/6)
slowed hair growth compared to control participants™. Further studies
assessing different degrees of restriction at various ages, both withand
without refeeding, should help to clarify the role of DR in hair growth.

Diseases and injury

Thereis considerable interest in determining whether DR interventions
canbe usedto prevent and treat diseases. Animal studies support the
potential of DR for cancer, neurodegeneration and cardiovascular dis-
ease, and recent clinical trials suggest that some forms of DR translate
well to human conditions**>**, We urge caution when interpreting
human studies, asit remains unclear to what extent the observed ben-
efitsreflect the treatment of overweight/obesity rather than the mecha-
nisms elicited by the severe restrictions used in laboratory animals.

Cancer

Cancer is the major cause of deathin rodents such as C57BL6 mice?”’,
and it was observed in very early work that tumors did not grow as
quickly in underfed mice?*°. This was later supported by evidence
that underfeeding delays and reduces the occurrence of induced
and spontaneous tumors in mice’***2, Further, compared to those
fed ad libitum, female rats maintained on lifelong IF developed fewer
mammary tumors®, later replicated and extended to other types of
cancer"®, Curiously, others have attributed DR effects on lifespan to
cancer delay. In an analysis of 200 phenotypes in old male C57BL/6)
mice on ADF, limited effects on readouts of aging were observed®*,
leading the authors to argue that the increase in longevity may be
attributable to delaying the onset of neoplasia. This interpretation
is less straightforward when extended to species where DR extends
lifespan and in which cancer does not dominate mortality, and a criti-
cal point for translation to humans where demographic analysis indi-
cates that eliminating cancer specifically would increase overall life
expectancy by only about 3 years, suggesting that aging reflects a
broader systemic decline that cannot be resolved by targeting any
single pathology alone******, Nonetheless, cancer suppression is a
conserved feature of DR: the NIA and UW showed that CR also delays
the development of spontaneous tumors in rhesus monkeys***°. More
recentwork has reported that DR cansuppress the growth of arange
of cancers (breast, pancreatic, hepatic, melanoma) in mouse models
in which the cancer cells were implanted subcutaneously or where
cancers were induced by exposure to a carcinogenic chemical?*¢>°,
One study in which Balb/c mice exposed to a range of dietary regi-
mens were implanted with a highly metastatic breast cancer reported
that diet cycling (4 days of alow-calorie diet, followed by 10 days ad
libitum) slowed primary tumor growth, regardless of diet composi-
tion”'. However, daily 20% CR slowed tumor growth more, and unlike
diet cycling, significantly reduced lung metastases. CR also showed a
dose-dependent effect (10-40%), with greater restriction producing
larger reductionsin tumor mass and growth rate. Recent exploration
of the anticancer effects of DR highlights two main mechanisms:
metabolic compromise of cancer cells and stimulation of immune
surveillance** >, Hursting et al.> found that 40% CR suppresses
tumor developmentin cancer-prone p53-deficient mice, suggesting
an antitumor mechanism upstream of p53. Finally, clinical trials in
patients with cancer suggest that DR can complement chemotherapy
and radiation®®,

Cognition and neurological disorders

Early evidence showed that approximately 40% CR from youth pre-
served learning, memory and motor function in female mice at 31-35
months, indicating that DR could mitigate age-related cognitive
decline’”.Inarandomized 8-week trial, either ahealthy diet or the same
diet combined with IF (5:2) improved cognition and lowered BrainAGE
in adults >55 years with insulin resistance®®. Further, in arandomized
controlled trial of obese postmenopausal women in which participants
followed an 8-week very-low-calorie diet (about 800 kcal per day) fol-
lowed by a phase of weight maintenance, increases in regional gray
matter density and cognitive measures were observed. However, the
increase in gray matter density waned after the maintenance phase,
and specific cognitive aspects such as improvements in recognition
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Fig. 3 | Physiological and cellular effects of DR and DR mimetics.
Theillustration summarizes some of the effects that DR and DR mimetics seem
to have on the organism. The effects may vary or overlap between different DRs:
for example, under CR, FGF21is decreased'’; meanwhile, fasting and protein

restriction elevate FGF21in both mice and humans'**™"°, These differences
highlight the need for comprehensive disentanglement of diet-specific effects to
further understand overlap and mechanistic differences. In addition, the role of
some of these changes in promoting survival remains unclear. FFA, free fatty acid.

memory disappeared®’. Ina CALERIE pilot, 6 months of CR in partici-
pants with overweight had no measurable effect in cognitive perfor-
mance (for example, memory and attention)*®°. The generalizability
of these studiesinvolving participants with overweight or obesity may
belimited, however.

Suggesting therapeutic relevance for Alzheimer’s disease, sev-
eral studies across species and strains have reported effects of DR on
amyloid-f (AP) load. Using a transgenic Alzheimer’s disease mouse
model (Tg2576),30% CRinitiated at 3 months was shown to lower Af,_,,
and AB,_,, levels versus controls in both hippocampus and neocortex®'.
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Similarly,40% CRinitiated at 14-15 weeks (for 6 weeks) in the J20 mouse
and initiated at 9 weeks (for 14 weeks) in the PS/APP mouse reduced
the development of AP plaque by 40-55% in the cortex, and only for
J20 in the hippocampus®®. CR of 40% was shown to ameliorate Ap
volume in the APPSwe/PSEN1dE9 mouse even when initiated at 13-14
months of age”®. However, one study in the APPswe/PSEN1dE9 (line
85) mouse reports that ADF started at 5 months of age (for 5 months)
reduced AB,_,, plaquesin the cerebral cortex***. In the 3xTg mouse, the
Mattsongroup showed that both ADF and 40% CR started at 5 months
protected the mice from cognitive deficitsinlearningand memory*®.
However, while 40% CR reduced the development of AB,_,o, AB,_s, and
phospho-tau, ADF had no effect on these measures. Both 30% CR and
30% caloric dilution started at 6 months of age (for 9 months) signifi-
cantly reduced A plaque density, but only CR reduced phospho-tau®®®.
Meanwhile, a study in the 5XFAD (B6SJL) mouse reported that ADF
started at2 months of age (for 4 months) did not affect AB levelsin the
cortexor hippocampus and led toincreasedinflammationinthe cortex,
reduction in synaptic plasticity and neuronal injury*”. By contrast, in
the same model, ADF started at 3 months of age (for 5.5-6 months)
reduced ABinboth cortexand hippocampus and attenuated glial over-
activation and cognitive decline*®, Finally, squirrel monkeys under 30%
CRexhibit reduced levels of AB,_,,and AB,_,, in the temporal cortex®.

Beyond Alzheimer’s disease, DR has shown potential benefit in
models of neurological conditions including frontotemporal dementia,
multiple sclerosis and traumatic brain injury”°*>, For example, DR
was shown toreduce the vulnerability of the brainto acute insults and
age-related neurodegenerative disorders. In the first three studies,
rats or mice were maintained for several months on either ADF (eating
about30-40%less) or ad libitum feeding, and subjected to acute brain
insultsin models of relevance to epilepsy (exposure to the excitotoxin
kainicacid), Huntington’s disease (exposure to the mitochondrial toxin
3-nitropropionicacid), Parkinson’s disease (exposure to the dopamin-
ergicneurotoxin MPTP) or stroke (middle cerebral artery occlusion and
reperfusion). All the animals in the ADF group exhibited less damage
to neurons and improved functional outcomes associated with the
particular neurons affected by the insults”* . Reports of clinical trials
of DR in patients with neurological disorders are sparse. DR has been
reported to have beneficial effects on well-being and disease biomark-
ersin patients with multiple sclerosis”’”?%, There are numerous clinical
trials of DR, particularly IF, in patients with arange of neurological dis-
orders currentlyin progress, including trials for patients with epilepsy,
early Alzheimer’s disease, Parkinson’s disease and stroke.

Cardiovascular disease

During World War I, food restrictionsin Oslo, Norway reduced average
daily caloricintake by about 18%: from 3,470 kcal (1936-37) t0 2,850 kcal
(1942-45). Alongside weight loss, deaths from circulatory diseases fell
by about 21%in1943-1945 compared with 1938-1940, then rose again
after the war”’. Today it is well established that DR can reduce risk fac-
tors of cardiovascular disease, including hypercholesterolemia, abdom-
inal obesity and insulin resistance. Adults (35-82 years old) following
a CR diet for 3-15 years show favorable atherosclerosis risk profiles:
levels of low-density lipoprotein and total cholesterol in the lowest 10%
for their age group, triglycerides in the lowest 5% among 20 year olds
andsystolic/diastolic blood pressure similar to that of 10 year olds**’.In
normotensive men with overweight, CR also reduces blood pressure®.
Inpeople with obesity, 20 days of a very-low-calorie dietimproved left
ventricular function and reduced systolic blood pressure®®”. However,
rats fed ADF (eating about 30% less) exhibit a decrease in resting heart
rate and blood pressure, which return to baseline within 2 weeks of
resuming ad libitum feeding®®. Furthermore, reduced heartrate vari-
ability is a sign of heart failure in humans, yet both 40% CR and ADF
have been shown toincrease itinrats®®*. Inratischemic injury, 55% CR
improved cardiacrecovery after global ischemia-reperfusion, whereas
exercise alone did not?®. Rats maintained on ADF for 3 months before

coronary artery ligation experienced less cardiomyocyte apoptosis and
improved survival®. A later study showed that ADF even ifinitiated 2
weeks after ligation was successful atimproving cardiac function and
survival®®’. Very recently, a clinical trial in people after a heart attack
showed that TRF (16/8) improved heart function and reduced diastolic
blood pressure®®®, Further clinical trials of DR in patients who suffer
from other chronic or acute cardiological conditions are warranted.

Concluding comments and future perspectives

To date, to our knowledge, no published survival curve has shown
alaboratory mouse that has outlived the longest-lived male mouse
(1,742 days) from Harrison and Archer on approximately 30% CR’, or
the longest-lived female mouse from Weindruch et al. (1,660 days), in
which 65% CR increased maximum lifespan by 51%° (Fig. 1b). Notably,
this extreme CR regimen also followed an ADF schedule, with food
provided on Monday and Wednesday and a double portion on Friday.
Likewise, noindividual rat has exceeded the lifespan of the longest-lived
rat (1,638 days) reported by Ross®, where 80% CR extended maximum
lifespan by about 83%° (Fig. 1c). Furthermore, a male rhesus monkey
from the NIA cohort fed a CR diet that lived for 44.2 years represents
the longest lifespan ever recorded for this species®. Thus, despite the
expanding universe of longevity interventions, DR remains the force
defining the ceiling of maximum lifespan.

Amajor complexity of DRresearchisthatitis notasingleinterven-
tion or mechanismbut a family of related regimens and processes that
are often conflated by experimental design. Studies that disentangle
the physiological effects from each specific scenario, for example,
energy restriction versus periods of complete food absence, thus hold
particular value. Similarly, studies should isolate the effects on health
attributable to (1) obesity, (2) the dynamic state of active weight loss,
(3) amaintenance state at a healthy body weight and (4) chronic main-
tenance atan unusually low body weight. Clarifying these components
will not only define the nature of DR, but also potentially shed light on
the mechanisms of aging.

The challenge is further complicated by the fact that most of our
geneticunderstanding comes frominvertebrate models, where differ-
ent protocols produce different outcomes®. Furthermore, differences
instrain, severity of restriction and distinct regimens may operate via
distinct combinations of pathways, perhaps sharing some but not all
mechanistic features that are causal to lifespan extension. Neverthe-
less, we compiled amolecular model that shares features from multiple
forms of DR and that may be applicable to mammals (Fig. 3). Some
hints suggest the involvement of cellular pathways related tomTORC1,
autophagy, FOXOs, NAD" and sirtuins.

There is an urgent need to systematically catalog and interro-
gate these shared and distinct molecular signatures of different DRs,
including whether they exert causal effects on healthspan and lifespan.
Currently, itis stillunclear what type and level of restriction would be
optimal for human translation. Approaches like the geometric frame-
work may further elucidate dietary responses in animals and help to
disentangle the varied number of interventions under the umbrella of
DR, Moreover, given the complex role of hunger, simply inhibiting
the pathway that drives calorie intake may not be sufficient, or even
appropriate. Finally, whether early-life diets will have effects in later
life”? and the real-world implications of DR remain matters of investiga-
tion. Given the global ‘silver tsunami’ and the accompanying healthcare
pressures, and growing publicengagement in health, feasible strategies
to implement CR in humans (while preserving its benefits) and clini-
cally validated DR mimetics are urgent priorities with major potential
health and socioeconomic impact*°2%,
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