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Abstract

The current societal environment is marked by overabundant accessibility of food coupled with a strong trend of
reduced physical activity, both leading to the development of a constellation of disorders, including central obesity,
insulin resistance, dyslipidemia, and hypertension (metabolic syndrome). Prolonged calorie restriction (CR) has
been shown to extend both the median and maximal lifespan in a variety of lower species such as yeast, worms,
fish, rats, and mice. Mechanisms of this CR-mediated lifespan extension are not fully elucidated, but possibly
involve significant alterations in energy metabolism, oxidative damage, insulin sensitivity, inflammation, and
functional changes in both the neuroendocrine and sympathetic nervous systems. Here we review some of the
major physiological, psychological, and behavioral changes after 6 months of CR in overweight otherwise healthy
volunteers. Special emphasis is given to the first completed clinical studies that have investigated the effects of
controlled, high-quality energy-restricted diets on both biomarkers of longevity and on the development of chronic
diseases related to age in humans. With the incremental expansion of research endeavors in the area of energy or
caloric restriction, data on the effects of CR in animal models and human subjects are becoming more accessible.
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Introduction

ANTIAGING RESEARCH BY MODERN SCIENTISTS continues to
echo the quest of the Spanish explorer Ponce de Leon,
who searched for the “Fountain of Youth” on the shores of
Florida in the early 1500s. Humans are no longer satisfied
with simply living longer; they want increased quality of life
(QOL) and prolonged health during their senior years. Basic
and clinical research is therefore conducted to understand the
physiological and molecular mechanisms of aging with the
intent to postpone and possibly alleviate many of the illnesses
associated with the aging process.

Ironically, as researchers aim to unravel the mysteries of
delaying the biological aging process, the current societal
environment is marked by overabundant accessibility of food
coupled with a strong trend of reduced physical activity. As
obesity rates have risen to over 30% among Americans (21), so
has the prevalence of obesity-related chronic diseases such as
diabetes mellitus, heart disease, and stroke. This alarming
increase in obesity is further coupled with a lower age of onset
for the emergence of obesity-related comorbidities. It is now
understood that obesity may cause up to 300,000 deaths per
year in the United States (1). Alarmingly, it now seems that
babies born at the beginning of the 21st century will have
shorter life expectancies than their parents (59).

Before the development of frank obesity, cardiovascular
disease (CVD), and diabetes, individuals developed a con-
stellation of disorders, including central obesity, insulin re-
sistance, dyslipidemia, and hypertension, often termed the
metabolic syndrome. Individuals with three or more of these
key disorders have 2-3 times greater risk of dying or being
struck by a heart attack or stroke and 3-5 times greater risk of
developing diabetes mellitus (30, 46). It is estimated that
worldwide one in three or four adults has the metabolic
syndrome (57). The first line of treatment is to adopt a healthy
lifestyle (46). However, the large individual variability in re-
sponse to diet and exercise represents a huge challenge in
clinical practice. Also, living in an obesogenic environment
makes it often difficult for overweight or obese individuals to
adhere to strict lifestyle modifications. A better understanding
of the genetic and environmental influences in the physiopa-
thology of the metabolic syndrome could ultimately deliver a
customized treatment to those individuals who do not re-
spond to intensive lifestyle changes and some medications.

Etiology of Obesity

Weight gain results from a sustained imbalance between
energy intake and energy expenditure favoring positive en-
ergy balance. However, this simple statement belies the
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complex, multifactorial nature of obesity and the numerous
biological and behavioral factors that can affect both sides of
the energy balance equation.

Longitudinal studies in the same individuals over time
have indicated that relative to body size, several factors can
predict weight gain over time, including low metabolic rate,
high respiratory quotient (impaired fat oxidation), insulin
sensitivity, low sympathetic nervous system activity, and low
plasma leptin concentrations (67). When an individual gains
weight, the original abnormal metabolic state becomes nor-
malized. This metabolic normalization with weight gain ex-
plains why cross-sectional studies are unable to identify
metabolic risk factors for obesity. Weight gain thus causes an
increase in metabolic rate, a decrease in respiratory quotient
(better fat oxidation), a decrease in insulin sensitivity, an in-
crease in sympathetic nervous activity, and an increase in
plasma leptin concentrations, all of which serve to counteract
further weight gain.

Aging and Obesity

Aging is associated with an increased risk for metabolic
disorders, including overweight, obesity, insulin resistance,
type 2 diabetes, atherosclerosis, and cancer. Cross-sectional
and longitudinal studies suggest that overconsumption of
energy-dense foods (20) and lack of physical activity (33) are
the leading causes of weight gain, obesity, and their related
health issues (10). Recently, researchers have learned that
while increased adipose tissue per se is a health concern, the
storage and distribution of fat within the body also has im-
portant implications for health. In particular, adipose tissues
stored centrally in the visceral compartment of the abdomen
and in nonadipose tissues, such as liver, heart, pancreas, and
skeletal muscle, are considered to be metabolic abnormalities
that precede the development of insulin resistance, impaired
glucose tolerance, and hyperlipidemia. As individuals age,
body weight, even if maintained, is composed of increased fat
mass, decreased fat-free mass (109), and increased ectopic fat
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stores in the abdominal visceral compartment (83), the liver,
and the skeletal muscle (15). These body composition changes
are associated with increased incidence and prevalence of
glucose intolerance and diabetes in older persons (23, 69). It
therefore seems that the link between aging and chronic dis-
ease may be inevitable in our current obesogenic environ-
ment. Interventions that can attenuate the age-associated
changes in body composition, therefore, could delay (even
prevent) the onset of metabolic disturbances of aging and
result in extended lifespan with better QOL.

Caloric Restriction

Calorie restriction (CR), a dietary intervention that is low in
calories but maintains proper nutrition, is the only intervention
known to date that consistently decreases the biological rate
of aging and increases both average and maximal lifespan.
Since the first report of prolonged lifespan in rodents more
than 70 years ago (53), CR is gaining momentum as a non-
pharmacological intervention with the potential to ward off
age-associated diseases and delay death (Fig. 1). While the first
observations were reported in rodents, similar observations
have been reported across a wide range of species (Fig. 2), in-
cluding yeast, worms, spiders, flies, fish, mice, and rats (32).
While the effects of CR in longer-lived species remain unknown,
results reported thus far from three nonhuman primate colonies
suggest that CR might have a similar effect in longer-lived
species. While lifespan data remain inconclusive (35), CR
monkeys display a substantially reduced age-related morbidity
(8,41). In humans, data from controlled trials are lacking and of
course no long-term prospective trials of CR have been con-
ducted with survival being the primary end-point (31). There is,
however, a lot that can be learned from a handful of epidemi-
ological and cross-sectional observations in longer-lived hu-
mans, centenarians, and individuals who self-impose CR.

Strong evidence shows that long-term energy restriction in
lean and obese subjects improves insulin sensitivity, a mech-
anism by which CR may act to extend lifespan (97, 98).
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FIG. 2. The effect of caloric restriction on lifespan. Pro-
longed lifespan in animals was first reported in rodents more
than 70 years ago and since then similar observations are
noted across a wide range of species, including yeast, worms,
spiders, flies, fish, and dogs. Results reported thus far from
three nonhuman primate colonies suggest that CR might
have a similar effect in longer-lived species. Whether the
benefits of CR extend to humans is not known. CR, calorie
restriction.

Additionally, prolonged CR reduces fasting glucose and in-
sulin concentration, two factors believed to contribute to the
aging process due to protein glycation (73) and mitogenic
action (84), respectively. This compelling evidence suggests
that weight loss due to CR may be the most effective means of
improving insulin sensitivity, thereby decreasing the risk for
the development of diabetes mellitus.

Caloric Restriction:
Effects on Lifespan and Healthspan

Caloric restriction (CR) has been shown since the 1930s by
McCay et al. to retard the aging process (53), extending the
median and maximal lifespan in various models and species
(96). While the exact mechanisms through which CR is able to
extend the lifespan have yet to be fully elucidated, CR reduces
metabolic rate and oxidative damage, improves markers of
age-related diseases such as insulin resistance for diabetes,
and has been shown to alter neuroendocrine activities in an-
imals (31). Results from studies in rhesus monkeys suggest
that prolonged CR can also oppose many age-associated
pathophysiological changes, including learning and behavior
changes, plasma insulin concentrations, and resting energy
expenditure (7, 8, 77). Since many changes associated with
prolonged CR are important to the health and survival of
humans, and excessive caloric intake is associated with mor-
bidity and development of chronic diseases, it has become an
important research objective to assess the feasibility, the
safety, and the effects of prolonged CR in well-controlled
human trials.
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Centenarians from Okinawa

Probably the most intriguing epidemiological evidence
supporting the role of CR in lifespan extension in humans
comes from the Okinawans (37). Compared to most indus-
trialized countries, Okinawa, Japan, has 4-5 times the average
number of centenarians with an estimated 50 in every 100,000
people (36). Reports from the Japanese Ministry of Health,
Labor, and Welfare show that both the average (50th per-
centile) and maximum (99th percentile) lifespan are increased
in Okinawans (Fig. 3). From age 65, the expected lifespan in
Okinawa is 24.1 years for women and 18.5 years for men
compared to 19.3 years for women and 16.2 years for men in
the United States (104). What is interesting about this popu-
lation is that a low caloric intake was reported in school
children on the island more than 40 years ago and later studies
confirmed a 20% CR in adults residing on Okinawa compared
to mainland Japan (87). A recent estimate of the energy bal-
ance of a cohort of Okinawa septuagenarians during youth to
middle age suggested a 10%-15% energy deficit (102). This
energy deficit can be attributed to laborious occupations and
daily activities as farmers and a diet that was rich in nutrients
yet low in energy density (102).

The Vallejo study

To our knowledge, there is only one study that was de-
signed to test the effects of CR without malnutrition in non-
obese humans (91). This was a study of alternate day feeding
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FIG. 3. Life expectancy at birth in Okinawa, Japan. Oki-
nawa is an isolated island off mainland Japan that has the
lowest risk for age-related diseases and the longest life ex-
pectancy. The figure shows the average life expectancy at
birth in Okinawa, Japan, United States, and France for men
(top panel) and women (bottom panel) (103).
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in 120 men whereby the 60 participants in the CR group re-
ceived an average of 1500 kcal per day for 3 years, whereas the
60 others were ad libitum. This amounted to approximately
35% CR compared to the control group. While the initial re-
port was brief, post hoc analyses conducted several years later
(85) indicated that death rate tended to be lowered in the CR
group and hospital admissions were reduced in these indi-
viduals by approximately 50% (123 days for CR vs. 219 days
for Control).

Unexpected CR in biosphere 2

The unexpected low availability of food during the 2-year
Biosphere 2 experiment provided a unique opportunity to
observe the effects of CR in a group of nonobese humans (Fig.
4). Biosphere 2 was an enclosed 3.15-acre ecological labora-
tory that housed seven ecosystems or biomes resembling the
earth: rainforest, savannah, ocean, marsh, desert, and agri-
culture and human/animal habitats (95). For 2 years, eight
individuals, including Dr. Roy Walford, were completely
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isolated within this mini-world, where 100% of the air and
water was recycled and all the food grown inside. Due to
unforeseen problems with agriculture early on, food supply
became quickly insufficient. Food intake for the eight indi-
viduals was projected at ~2500kcal/day and estimates from
food records maintained by one of the biospherians suggested
that diets were restricted by ~750kcal/day in each person
during the first 6 months. The resulting ~15% weight loss in
the Biospherians was associated with many physiologi-
cal, hematological, biochemical, and metabolic alterations (98,
101), consistent with caloric-restricted rodents and primate,
including reductions in insulin, core temperature, and meta-
bolic rate (41).

Randomized controlled trials of caloric restriction
in nonobese humans

As for randomized controlled trials, results from a 2-year
study of CR in humans are only a few years away. The Na-
tional Institute on Aging is sponsoring a trial, comprehensive
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FIG. 4. Caloric restriction in Biosphere 2. Biosphere 2 (A), a 3.15-acre ecological enclosure, provided an unexpectedly low
availability of food for eight individuals who were housed inside for 2 years in the early 1990s. This study of nature of caloric
restriction resulted in ~15% weight loss (B), in changes in energy expenditure and physical activity (C), and many hema-
tological, biochemical, and metabolic alterations (D) consistent with caloric-restricted rodents and primate, including re-
ductions in insulin, core temperature, and metabolic rate (98, 101).
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assessment of the long-term effect of reducing intake of en-
ergy (CALERIE), which is for the first time, scientifically
testing the effects of 25% CR in ~ 150 nonobese healthy men
and women aged 2545 years (Fig. 5). Three clinical sites are
involved in the trial: Washington University in St. Louis, MO;
Tufts University in Boston, MA; and the Pennington Biome-
dical Research Center in Baton Rouge, LA. The protocol and
endpoints for this multicenter trial were developed from ex-
perience acquired in three independent phase 1 trials con-
ducted at each clinical site (17, 31, 66).

The remainder of this review will concentrate on the results
from the phase 1 study conducted at the Pennington Center.
For 6 months, 48 men and women were randomized to one of
four treatment groups (4, 12, 43, 48, 50, 51, 71, 108). For the CR
group, individuals were restricted to 75% (a 25% CR) of their
weight maintenance energy requirements. The other groups
were (a) CR plus exercise group for which the calorie deficit
was also 25% from weight maintenance but half (12.5%) was
achieved by CR and half (12.5%) by increasing energy expen-
diture with structured aerobic exercise, (b) a low calorie diet
group in which participants consumed 890 kcal/day to achieve
a 15% weight loss and thereafter followed a weight mainte-
nance diet, and (c) a healthy diet control group, which followed
a weight maintaining diet based on the American Heart As-
sociation Step 1 diet. The effects of the CR interventions were
determined from changes in various physiological and psy-
chological endpoints after 3 and 6 months.

Results from the CALERIE Study:
Physiological Effects of Caloric Restriction

Aging is considered to be either primary, that is, the inev-
itable deterioration of cell and tissue structure and function
that occurs independent of disease, lifestyle, and environ-
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FIG. 5. The CALERIE Study. The first randomized trial of
caloric restriction in humans is sponsored by the National
Institute on Aging. In response to a request for applications
(RFA), three clinical sites, Washington University, Tufts
University, and Pennington Biomedical Research Center,
were awarded funding. In the first phase of CALERIE, three
independent studies were conducted and 61 individuals par-
ticipated in a trial of 20%-30% caloric restriction for 6 or 12
months. In the second phase of CALERIE, 250 volunteers
aged 21-45 years, with a body mass index between 23 and
27.9, were randomized 2/1 to a 2-year 25% caloric restriction
or an ad libitum diet. CALERIE, comprehensive assessment of
the long-term effect of reducing intake of energy.
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mental causes, or secondary, where the decline in tissue
structure and function occurs as a result of external influences,
including diseases (34). Attenuation of primary aging there-
fore results in an increase in maximal lifespan, whereas delays
in the progression of age-related disease or secondary aging
increases mostly average lifespan. CR is the only known in-
tervention that can slow primary aging and protect against
secondary aging. Six months of CR produced favorable al-
terations in physiological and behavioral outcomes. Results
from the first randomized study of caloric restriction (CAL-
ERIE) at the Pennington Center are discussed below:

Body composition

Throughout the 6-month intervention there was a pro-
gressive decline in body weight (Fig. 6) that reached ~10% for
the CR group at the completion of the study (71). Body
composition analysis by dual X-ray absorptiometry (Fig. 6)
and multislice computed tomography showed that the loss of
tissue mass was attributable to significant reductions in both
fat mass (CR: —24% 4 3%) and fat-free mass (CR: —4% + 1%),
and a 27% decrease in both visceral and subcutaneous fat
depots. Abdominal adiposity, particularly abdominal visceral
adiposity, is associated with increased risk for age-related
diseases. It was interesting to note that the fat distribution
within the abdomen was not altered by CR (71). The inability
of caloric restriction to alter the distribution of fat suggests
that individuals are genetically or epigenetically programmed
for fat storage in a particular pattern and that this program-
ming cannot be easily overcome by weight loss. In support of
this contention, twin studies have shown that fat mass and
regional fat distribution are largely determined by genetic fac-
tors and that genetic heritage can explain changes in body
composition and fat distribution during negative energy bal-
ance (9, 47). We also observed a reduction in subcutaneous ab-
dominal mean fat cell size by ~20%, a lowering of hepatic lipid
by ~37% but no change in skeletal muscle lipid content (43).

Biomarkers of longevity

A “biomarker of aging or longevity” is considered to be any
parameter that reflects physiological or functional age; it must
undergo significant age-related changes, be slowed or reversed
by treatments that increase longevity (e.g., caloric restriction),
and must be reliably measured (Fig. 7). Biomarkers of aging are
also presumed to be indicative of life expectancy. Numerous
biomarkers have been identified in rodents and primates,
including body temperature and hormones such as dehy-
droepiandrosterone-sulfate (DHEA-S) and insulin (75). In the
CALERIE study, two out of the three biomarkers of longevity
(75) were improved with 6 months of 25% CR (31). Significant
reductions were observed in both fasting insulin concentra-
tions (—29% +6%) and core body temperature (—0.20°C
0.05°C), whereas DHEA-S was unchanged by the intervention.
These findings of course echo results previously reported in
nonhuman primates and rodents on CR and long-lived men in
The Baltimore Longitudinal Study of Aging (75).

Cardiovascular and diabetes risk factors

With heart disease and stroke ranked numbers one and
three in the causes of death in the United States (74), delaying
the progression of atherosclerotic CVD may be one potential
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FIG. 6. CALERIE: Effect of 25% CR on body weight and body composition. Our 6-month study of 25% caloric restriction
resulted in a progressive decline in body weight (A) that reached ~10% the completion of the study (71). Body composition
analysis by dual X-ray absorptiometry (B) showed that the loss of tissue mass was attributable to significant reductions in
both fat mass (CR: —24% + 3%) and fat-free mass (CR: —4% %+ 1%).

mechanism by which CR promotes longevity. Several risk
factors for CVD, including blood lipids, blood pressure, he-
mostatic factors, inflammatory markers, and endothelial
function, are worsened with age (11, 54). At least a portion of
these age-related changes appear to be secondary to increases
in adiposity and/or reductions in physical activity (19, 56)
and, therefore, may be amenable to improvements through
prolonged caloric restriction. Six months” CR significantly
reduced triacylglycerol and factor VIlc by 18% and 11%,
respectively (44). High-density lipoprotein cholesterol was in-
creased, and fibrinogen, homocysteine, and endothelial func-
tion were not changed. According to total and high-density
lipoprotein cholesterol (expressed as their ratio), systolic blood
pressure, age, and gender, estimated 10-year CVD risk was
28% lower after only 6 months of CR.

Insulin resistance is an early metabolic abnormality that
precedes the development of hyperglycemia, hyperlipidemia,
and overt type 2 diabetes. Both insulin resistance and f-cell
dysfunction are associated with obesity (27, 52, 89). Caloric
restriction reduces fat mass and delays the development of
age-associated diseases such as type 2 diabetes. While it is
well established in obese humans that caloric restriction and
weight loss improve insulin sensitivity (18, 58), the effects of
caloric restriction on insulin sensitivity and therefore diabetes
risk are not well understood in overweight and lean indi-
viduals. In our study of 6 months CR, we observed a 40%
improvement in insulin sensitivity in the CR group, although
this did not reach significance (p = 0.08) (43). The acute insulin
response to glucose, however, was significantly decreased
from baseline (CR: 29% +7%, p <0.01), indicating an im-
provement in f-cell responsiveness to glucose.

Metabolic adaptation and oxidative stress

One of the most popular proposed theories by which CR
promotes lifespan extension is the “rate of living theory” (78).
Itis hypothesized that a lowering of the metabolic rate (rate of
living) reduces the flux of energy with a consequential low-

ering of reactive oxygen species and rate of oxidative damage
to vital tissues (82). Indeed, CR is associated with a robust
decrease in energy metabolism, including a lowering of rest-
ing metabolic rate (RMR or sleeping metabolic rate), lowering
of the thermic effect of meals, and a decrease in the energy cost
of physical activity. However, as mentioned earlier, whether
total energy expenditure is reduced beyond the expected level
(i.e., metabolic adaptation) for the reduction in the metabo-
lizing mass (fat-free and fat mass) following CR is debated.
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FIG.7. Can caloric restriction improve biological age and
extend chronological age? This figure summarizes some of
the potential biomarkers of aging. It is hypothesized that
caloric restriction will change the biological trajectory of
these biomarkers and therefore improve biological age and
extend chronological age. For example, the left panel shows
an individual aged 75 years. With prolonged caloric restric-
tion, it is hypothesized that fasting insulin and oxidative
damage will be reduced in this individual. Therefore, an
individual although 75 will have a biological age 14 years
younger. Similarly, the individual on the right at 90 years
with prolonged caloric restriction will be biologically similar
to an individual aged 66 years. DHEA-S, dehydroepian-
drosterone-sulfate; GH, growth hormone; IGF-1, insulin-like
growth factor-1.
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As expected, absolute 24-h energy expenditure and sleep-
ing metabolic rate (both measured in a respiratory chamber)
were significantly reduced from baseline with CR (p < 0.001).
Importantly, however, both 24-h sedentary and sleeping en-
ergy expenditures were reduced ~ 6% beyond what was ex-
pected for the loss of metabolic mass (i.e., fat-free and fat
mass) (31). This metabolic adaptation was also observed for
RMR measured by a ventilated hood indirect calorimeter (51).
These physiological responses were associated with a reduced
amount of oxidative stress as measured by DNA damage.
DNA damage was reduced from baseline after 6 months in
CR (p=0.0005), but not in controls (31). In addition 8-0x07,8-
dihidro-2’deoxyguanosine was also significantly reduced
from baseline in CR (p <0.0001). These data confirm find-
ings in animals that CR reduces energy metabolism and oxi-
dative stress to DNA, both potentially attenuating the aging
process.

Endocrine Adaptations
Thyroid function

Thyroid hormone is an important determinant of energy
expenditure and basal metabolic rate (16). Short-term studies
of CR in humans have reported alterations in thyroid func-
tion. Four weeks of complete fasting resulted in a decrease in
triiodothyronie (T3) and an increase in reverse T3, which was
associated with a reduction in metabolic rate (90). The CRO-
NIES (a self-selected group engaging on long-term CR) have
significantly lower T3 but not thyroxine (T4) or thyroid-
stimulating hormone (TSH) concentrations compared with
age-, sex-, and weight-matched controls (24). In the CALERIE
study, plasma T3 concentrations were reduced from baseline
in the CR group after 3 (p < 0.01) and 6 months (p < 0.02) of
intervention (31). Similar results were found for the change in
plasma T4 in response to the treatment. When the data of the
subjects in the three CR groups were combined into one in-
tervention sample, we observed significant linear relation-
ships between the change in plasma thyroid hormones and
the degree of metabolic adaptation in 24-h sedentary energy
expenditure after 3 months of intervention (T3; r=0.40,
p=0.006 and T4; r=0.29, p=0.05) (31).

The somatotropic axis

Aging is marked by a reduction in both growth hormone
(GH) and insulin-like growth factor-1 (IGF-1) concentrations
in healthy adults resulting from a reduced amount of GH
secreted at each burst without alterations of burst frequency
or GH half life (92). Unlike rodents, weight loss via energy
restriction in humans increases GH (81). After 6 months of CR,
11-h mean GH concentrations were not changed with CR,
nor was the secretory dynamics in terms of the number of
secretion events, secretion amplitude, and secretion mass
(unpublished data). The fasting plasma concentration of
ghrelin, a GH secretagogue, was significantly increased from
baseline, but IGF-1 was unaffected. Despite a significant re-
duction in weight and visceral fat and an improvement in
insulin sensitivity, mean GH concentrations were not altered
by the 6-month intervention. In agreement with this obser-
vation was the finding that both GH and IGF-1 were not af-
fected by the chronic food shortage experienced by the
individuals in Biosphere 2 (98).
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Dehydroepiandrosterone-sulfate

Given evidence from cross-sectional (60) and longitudinal
studies (61) that DHEA-S declines with age, DHEA-S is con-
sidered to be a reliable endocrine marker of human aging and
longevity (75). It was hypothesized that CR will delay or at-
tenuate the age-associated decline in DHEA-S. In our 6-month
study in young individuals (37 +2 years), we observed no
alteration in DHEA-S (31). Similarly, DHEA-S was not chan-
ged with 2 years of energy restriction in the individuals within
Biosphere 2 (98). To our knowledge, there has been no report
of DHEA-S levels in those individuals from the Calorie Re-
striction Society (CRONIES) who are self-imposing CR. The
lack of agreement between the human and nonhuman pri-
mate data is believed to be due to, first, the chronological age
of the subjects at the onset of CR and, second, the duration of
CR. Young adult monkeys undergoing CR for 3—6 years had
an age-related decline in DHEA-S of 3% compared to 30% in
monkeys fed ad libitum (42). In contrast, CR initiated in older
animals (~22 years) did not attenuate the age-associated
decline in DHEA-S (88). These explanations remain to be
tested in longer-term studies of CR in humans.

Physical activity

Daily energy expenditure has three major components:
RMR, the thermic effect of food, and the energy cost of
physical activity. Investigation of changes in physical activity
are important in studies of CR not only because the contri-
bution of physical activity to daily energy expenditure is
variable, but also because it is not known if individuals voli-
tionally or nonvolitionally decrease their level of physical
activity in an attempt to conserve energy (40). In our study, we
observed no change in spontaneous physical activity in a re-
spiratory chamber (51), consistent with earlier reports of no
alterations in spontaneous physical activity (68) or posture
allocation in obese individuals after weight loss (45). If the
hypothesis that spontaneous physical activity is inherited is
true (45, 110), it is not surprising that we do not observe a
change in spontaneous physical activity with CR.

However, with a measure of energy metabolism in free-
living conditions (total daily energy expenditure by doubly
labeled water; Fig. 8), we found that a metabolic adaptation
exists after 3 months (—386+ 69kcal/day) but not after 6
months of CR (72). This adaptation was evident even after
total daily energy expenditure (TDEE) was adjusted for sed-
entary energy metabolism (24-h or sleeping energy expendi-
ture), indicating that changes in other components of daily
energy expenditure such as physical activity and diet-induced
thermogenesis are also involved. In support of this, physical
activity level calculated by either the ratios of TDEE to RMR or
sleeping metabolic rate (51), or TDEE adjusted for sleeping
metabolic rate, was significantly reduced at month 3 by 12%
and returned toward baseline values after 6 months of inter-
vention. Interestingly, despite lower physical activity levels,
participants reported an improvement in physical functioning,
a primary component of QOL. All the effects of caloric re-
striction on physiological outcomes are summarized in Table 1.

Psychological and Behavioral Effects
of Caloric Restriction

Caloric restriction in humans might prove to have positive
effects on physical health and longevity, resulting in the
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FIG. 8. CALERIE: Effect of 25% CR on daily energy ex-
penditure. The effect of caloric restriction on all components
of daily energy expenditure (fop panel). The changes in total
daily energy expenditure after 3 and 6 months of CR (bottom
panel) are shown and those representing a metabolic adap-
tation (larger than due to weight loss) are highlighted in gray
(72). Combining two state-of-the-art methods (indirect calo-
rimetry and doubly labeled water) for quantifying precisely
the complete energy expenditure response to CR in nonobese
individuals, we identified a reduction in sedentary energy
expenditure that was 6% larger than what could be ac-
counted for by the loss in metabolic size, that is, a metabolic
adaptation (31) and a metabolic adaptation in the free-living
situation as well. This adaptation comprised not only a re-
duction in cellular respiration (energy cost of maintaining
cells, organs, and tissue alive) but also a decrease in free-
living activity thermogenesis (behavioral adaptation). TDEE,
total daily energy expenditure.

practice of CR or the identification of CR mimetics. If people
attempt to follow CR for health promotion, important ques-
tions must be answered about possible negative effects of CR
on psychological well-being, cognitive functioning, mood,
and subjective feelings of appetite. Determining the effect of
CR on these parameters is critical to learn if adhering to a
CR regimen is feasible and if CR has unintended negative
consequences that would offset the potential of its health
benefits. Phase I of CALERIE provided a unique opportunity
to examine the effect of 6 months of CR on psychological and
behavioral endpoints. We here summarize the effects of CR on
the development of eating disorder symptoms, QOL, mood
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TABLE 1. SUMMARY OF THE PSYCHOLOGICAL
AND BEHAVIORAL RESPONSES TO 6 MONTHS
oF CALORIC REsTRICTION IN HUMANS

Psychological /behavioral responses

Development of eating disorder symptoms
| Disinhibition
| Binge eating
| Concern about body size and shape
«— Fear of fatness
«— Purgative behavior
Depressed mood
| Multifactorial assessment of eating disorder symptoms
depression scale
— Beck depression inventory II
Subjective feelings of hunger
| Eating inventory, perceived hunger scale
— Subjective ratings of hunger, fullness, desire to eat
Quality of life
1 Physical functioning
— Vitality
Cognitive performance
— Verbal memory
> Short-term memory and retention
— Visual perception and memory
— Attention/concentration

(symptoms of depression), subjective ratings of appetite, and
cognitive function (Table 1).

Development of eating disorder symptoms

One of the most pressing concerns about CR is the potential
development of symptoms of eating disorders. This concern is
based in part on the Keys (40) study, which found that 50% CR
for 6 months among healthy men was associated with the
development of eating disorder symptoms, for example,
binge eating (28). Additionally, CR or the intent to restrict
intake has been associated with the onset of eating disorders,
including anorexia (105) and bulimia nervosa (65), and binge
eating disorder (106). Hence, there is a need to examine both
the benefit and potential harm of CR in humans, particularly
for people who are not obese, and to answer important safety
questions before CR is recommended (93, 94).

In our study, participants completed an assessment battery
that included (a) the multifactorial assessment of eating dis-
order symptoms (MAEDS), which measures six symptom
domains associated with eating disorders (binge eating, pur-
gative behavior, depression, fear of fatness, avoidance of
forbidden foods, and restrictive eating) (2); (b) the Eating In-
ventory, which measures dietary restraint, disinhibition, and
perceived hunger (86); and (c) the body shape questionnaire
(14), which measures concern about body size and shape.

As reported by Williamson et al. (107), the three dieting
groups in CALERIE, including the CR group, reported higher
dietary restraint scores in comparison to the control group at
months 3 and 6, but measures of eating disorder symptoms
did not increase and some decreased. All groups, except the
control group, reported a significant reduction in disinhibi-
tion at month 6 and binge eating, measured by the MAEDS,
decreased for all four groups at months 3 and 6. Concern
about body size/shape decreased at 3 and 6 months among
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the three dieting groups but did not change in the control
group. The Fear of Fatness and Purgative Behavior subscales
of the MAEDS did not change during CR.

Subjective feelings of hunger

The ability of people to follow CR could be limited by feel-
ings of increased hunger. We evaluated change in appetite
ratings during CR using the perceived hunger scale of the
Eating Inventory (86) and the Visual Analogue Scales (3),
which have been found to be reliable and valid measures of
appetite: hunger, fullness, desire to eat, satisfaction, and pro-
spective food consumption (22). With CR, no changes were
reported in with ratings of hunger, fullness, or prospective food
consumption (3). After 6 months, CR participants reported an
increased desire to eat and a decreased satisfaction of appetite.
These appetite ratings measured by Visual Analogue Scales,
however, were not different from those in the control group.

QOL and mood

The Minnesota Semi Starvation study (40) indicated that CR
can negatively affect mood, and therefore the effect of CR on
mood and QOL becomes an important factor when consid-
ering the feasibility of CR in humans. During CALERIE Phase
I, the Medical Outcomes Study Short-Form 36 Health Survey
(99, 100) was used to measure QOL, and the Beck Depression
Inventory II (6) and depression scale of the MAEDS were used
to measure mood. Our results indicate that depressed mood,
measured by the BDI-I, did not change during the trial. Ad-
ditionally, in the CR group, scores on the MAEDS depression
subscale decreased at 3 and 6 months in comparison to base-
line (107). Together, the results indicate that CR had no neg-
ative effect on mood during this trial, and, in fact, symptoms of
depressed mood, measured with the MAEDS, decreased in the
CR group.

The Medical Outcomes Study Short-Form 36 Health Survey
was used to test the effects of CR on two components of
QOL—physical functioning and vitality. All dieting groups,
but not the control group, had improved physical functioning
during the trial. For the CR group, physical functioning was
significantly improved from baseline to month 3 and baseline
to month 6. CR had no significant effect on vitality.

Cognitive function and performance

Self-reported dieting or caloric restriction has been associated
with deficits in cognitive performance (e.g., memory and con-
centration deficits) (29, 39). Nevertheless, cognitive impairment
is frequently mediated by preoccupation with food and body
weight (38), suggesting that obsessive thoughts about food and
weight, rather than CR, negatively affect cognitive perfor-
mance. If CR has negative effects on cognitive performance, the
feasibility of CR in humans would be in doubt.

In our trial, cognitive performance was evaluated empiri-
cally at baseline and months 3 and 6 with a comprehensive
neuropsychological battery (49). Verbal memory was mea-
sured with the Rey Auditory and Verbal Learning Test (79),
short-term memory and retention with the Auditory Consonant
Trigram (63, 64), visual perception and memory with the
Benton Visual Retention Test (80), and attention/concentra-
tion with the Conners’ Continuous Performance Test-II (13).
During CR, no pattern of memory or attention/concentration
deficits emerged and effect sizes were small, indicating that
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no more than 7% of the variance in change in cognitive per-
formance was due to treatment arm. The degree of daily en-
ergy deficit also was not correlated with change in cognitive
performance; hence, these data indicate that CR did not have a
negative effect on cognitive performance (49). All the effects of
caloric restriction on psychological and behavioral outcomes
are summarized in Table 1.

The psychological and behavioral findings from CALERIE
provide important information about the feasibility and safety
of CR in humans. Caloric restriction was not associated with
the development of eating disorder symptoms, decreased
QOL, depressed mood, or cognitive impairment. In fact, many
of these endpoints improved, and changes in subjective ratings
of appetite were similar in the CR group to those of the control
group. These results suggest that CR might be feasible and
have few unintended consequences, at least among overweight
individuals. Additional research is needed to determine the
feasibility and safety of CR in other samples.

Could CR Increase Longevity in Humans?

The wealth of CR literature in rodents, however, allows us
to address some important questions relating to the practi-
cality and feasibility of CR in humans. Relevant and practical
questions are as follows: (a) How much CR do we need to
improve age-related health and possibly longevity? (b) How
long do we need to sustain CR to obtain these benefits?
Analysis of 24 published studies of CR in mice or rats indi-
cated a strong negative relationship between survival and
energy intake (55), with more CR (up to 55%) associated with
longer maximal lifespan.

The rodent data indicate that CR has greater benefits when
more extreme and sustained over a longer period of time.
Using the prediction equations derived from the rodent data
above (55), we and others estimated that a 5-year life exten-
sion could be induced by 20% CR starting at age 25 and sus-
tained for 52 years, that is, the life expectancy from birth of a
male in the United States. However, if a 30% CR was initiated
at age 55 for the next 22 years, the gain would only be 2
months (Fig. 9).

Certainly, there are individuals who self-impose CR with
the calorie restriction with optimal nutrition diet for health
and longevity. A group of 18 CRONIES (only 3 women) have
recently been studied after 3-15 years of CR (25, 26). Dietary
analysis indicated an energy intake ~50% less than age-
matched controls. In terms of body composition, the mean
body mass index of the males was 19.6 + 1.9 kg/m* with an
extremely low percent body fat of ~7%. Atherosclerosis risk
factors including total cholesterol and low-density lipopro-
tein-c fell within the 10th percentile of values for people in
their age group. This report provides further evidence that
longer-term CR is highly effective in lowering the risk of de-
veloping coronary heart disease and other age-related co-
morbidities. It remains to be seen if the CRONIES live longer
than their age- and sex-matched counterparts.

Concluding Remarks

While the rodent and primate data indicate that lifespan
extension is possible with CR, collective analysis of the rodent
data suggests that intensity and onset of CR required to in-
duce these effects is probably not suitable for many individuals
(70). Epidemiological studies certainly support the notion that
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Albert Einstein on CR
(14 March 1879 — 18 April 1955)

| 20% Cr

+ 4.7 yr
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Five year of Albert Einstein’s
productivity is worth it
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76 y old

30% CR

60 y old

FIG. 9. Caloric restriction and life expectancy in humans.
How can caloric restriction impact life expectancy in hu-
mans? By extrapolating the data from rodents to humans
(55), one can predict the potential effect of caloric restriction
in humans (70). As an example, if Albert Einstein started a
20% CR diet at 25 years of age, he could have increased his
life expectancy by approximately 5 years. On the other hand,
undertaking a 30% CR diet 45 years later (age 60) would
have extended his life by only 2 months. Therefore, CR needs
to be initiated early in adult life to significantly increase life
expectancy.

a reduced energy intake that is nutritionally sound improves
age-associated health. While results of the first randomized
trials of CR, although short in duration, suggest a reduction in
risk of age-related disease and improvements in some bio-
markers of longevity, the ultimate effect of this intervention
on lifespan in humans will probably never been determined in
the scientific setting. In our short-term study, caloric restric-
tion was not associated with the development of eating dis-
order symptoms, decreased QOL, depressed mood, or
cognitive impairment, all probably indicating the feasibility
and safety of CR in humans. However, it is a challenge for
most individuals to practice caloric restriction in an obeso-
genic environment so conducive to overfeeding. Only a very
few will be able to practice a lifestyle of caloric restriction and
probably benefit from it. There is therefore a need for the
search for organic or inorganic compounds that mimic the
biological effects of CR. If such compounds, often called “CR
mimetics” [such as resveratrol (5, 62)], prove viable in hu-
mans, individuals for the most part will opt to enjoy the effects
of antiaging via a pill rather than CR.
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