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■ Abstract The size and frequency of meals are fundamental aspects of nutrition
that can have profound effects on the health and longevity of laboratory animals. In hu-
mans, excessive energy intake is associated with increased incidence of cardiovascular
disease, diabetes, and certain cancers and is a major cause of disability and death in
industrialized countries. On the other hand, the influence of meal frequency on human
health and longevity is unclear. Both caloric (energy) restriction (CR) and reduced meal
frequency/intermittent fasting can suppress the development of various diseases and
can increase life span in rodents by mechanisms involving reduced oxidative damage
and increased stress resistance. Many of the beneficial effects of CR and fasting appear
to be mediated by the nervous system. For example, intermittent fasting results in in-
creased production of brain-derived neurotrophic factor (BDNF), which increases the
resistance of neurons in the brain to dysfunction and degeneration in animal models of
neurodegenerative disorders; BDNF signaling may also mediate beneficial effects of
intermittent fasting on glucose regulation and cardiovascular function. A better under-
standing of the neurobiological mechanisms by which meal size and frequency affect
human health may lead to novel approaches for disease prevention and treatment.
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FOOD INTAKE AND LIFE SPAN

More than 70 years ago, it was discovered that reducing energy intake during
adult life can increase the life span of laboratory rodents (87). The ability of
caloric restriction (CR) during adult life to lengthen life span has been observed
consistently in many different species of mammals (134). In all such energy-
restriction studies described in this chapter the control group was fed ad libitum
and the CR diet group received amounts of micronutrients equivalent to those
consumed by the control group. It should therefore be kept in mind that, with
regard to food intake, ad libitum feeding in the laboratory is not the norm for
rodents in the wild. Instead, the control animals are overfed and overweight. Both
the amount of the energy restriction and the duration of restriction period influence
the extent to which life span is increased (134). Reductions in energy intake of
30%–40% below the ad libitum level increase both the average and maximum life
span of mice and rats by 30%–40%. Maximum extension of life span is achieved
when CR is initiated in young adult animals, with diminishing extension as the
time of onset of energy restriction is delayed. The amount by which CR extends life
span in rodents also depends upon the baseline energy intake of the control group
and the magnitude of CR; life span is progressively increased with progressive
reductions in energy intake from the ad libitum amount up to approximately 50%
reduction, beyond which further CR results in increased mortality. A study of the
effects of CR (30% reduction in calories) on the life span of rhesus monkeys was
initiated in 1987. The data obtained to date suggest that the health of the monkeys
on CR is improved and their life span is increased compared with the monkeys on
the control diet (82). In humans, overeating promotes diseases in multiple organ
systems that usually shorten life. In the United States, overeating is now considered
a leading cause of morbidity and mortality (13, 16). Particularly disturbing is the
rapid increase in overweight children with insulin resistance who are at very high
risk for diabetes and vascular diseases that shorten life (94).

By comparison with the intense interest in the quantity (and quality) of food
intake on health and longevity, the influence of meal frequency has been under-
studied. Intermittent fasting regimens, such as every-other-day fasting (EODF, the
most commonly employed protocol in animal studies), can increase the life span
of rats and mice (19, 45, 47). Both mean and maximum life spans are increased by
EODF in different species and in most (but not all) strains of rodents (134). The
relationship of the age of initiation of intermittent fasting and life span was studied
in Wistar rats. Increases in life span were obtained by EODF during all or part of
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the life span, but there was not a strong correlation between the effects of EODF
on growth and body composition and its effect on life span (10). Life span exten-
sion by EODF is associated with improved glucose metabolism and cardiovascular
function, and increased function and resilience of the brain (4, 84, 130).

In contrast to animal studies, the results of human studies that have attempted
to determine the effects of CR and meal frequency on health have been difficult
to interpret because of their design. The studies of starvation by Ancel Keys were
perhaps the first to suggest that severe long-term CR may actually have health
benefits in humans (67). More recently, participants in the Biosphere study who
were forced to eat a low-calorie diet over a period of approximately two years
exhibited highly significant decreases in blood pressure and insulin and cholesterol
levels (129). Health benefits of smaller, more frequent meals are suggested from
survey-based evaluations of the association between meal frequency and obesity,
hypercholesterolemia, and glucose intolerance (35), and from the assessment of the
effects of short-term (days to weeks) high and low meal-frequency diets on glucose
regulation (65, 66). It has been suggested that skipping breakfast is unhealthy
(66), but other findings indicate that skipping breakfast can decrease risk factors
for cardiovascular disease and diabetes (80). Data from an epidemiological study
of 6928 adults revealed no association between breakfast skipping and mortality
(138). Studies of different populations of humans that periodically fast as part
of their religion suggest health benefits of such reduced meal-frequency diets
(2). Unfortunately, most of the studies on meal frequency and human health that
have been performed were conducted over short time periods (days to weeks)
with low numbers of subjects and did not control for calorie intake, exercise, and
other important variables. However, in a recent study of nonobese human subjects
maintained for 22 days on an EODF regimen, it was shown that this intermittent-
fasting diet results in a highly significant decrease in insulin levels (57).

In principle, there should be a window of energy intake that promotes optimum
health, and this should also be true for meal frequency (Figure 1). However, the
actual values for optimum calorie intake and meal frequency may vary considerably
among individuals because of factors such as their activity level, age, and sex. For
example, a physician or dietician can be confident in recommending that a 30-year-
old overweight sedentary female who consumes 3000 calories per day reduce her
intake to 2000 calories per day. However, it is unclear to what extent (if any) a
30-year-old normal-weight active, but hypercholesterolemic, male who consumes
2300 calories per day would benefit from reducing his intake to 2000 calories per
day. In regard to meal frequency, there are insufficient data from human studies to
justify any recommendations.

GROWTH AND REPRODUCTION

As might be expected, CR and intermittent fasting can reduce body weight in
adults, an effect that is often desirable. CR reduces body weight and retards body
weight gain in adults of all species of organisms (134). The growth-retarding effect
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Figure 1 Influence of different levels of energy intake and meal frequency on health.
Excessive energy intake results in obesity and a strong likelihood of morbidity and pre-
mature death. High levels of energy intake and meal frequency may increase the risk of
diabetes, cardiovascular diseases, cancer, and neurodegenerative disorders. Moderate
reductions in energy intake and meal frequency promote optimum health, whereas ex-
cessive dietary restriction, as in anorexia nervosa, can result in morbidity and mortality.

of CR was partially prevented by leptin administration in mice; this was associated
with reduced insulin-like growth factor (IGF)-1 levels but increased levels of IGF-1
receptor (41). These findings suggest important roles for leptin and IGF-1 signaling
mechanisms in the effects of CR on growth. Studies performed approximately
40 years ago demonstrated that intermittent fasting periods of days to weeks could
be effective in the correction and control of obesity in humans (34, 121). In rodents,
the effects of EODF on body weight differ among species and strains. For example,
Wistar and Sprague-Dawley rats exhibit 20%–30% reductions in body weight (46,
130), whereas C57BL/6 and A/J mice show little reduction in body weight during
periods of many months on EODF (4, 47). Interestingly, while the growth of young
adult rats is retarded by EODF, regular exercise (treadmill running) enhanced the
growth of the EODF rats (115). In a study of the eating patterns of children in the
Bogalusa Heart Study, there was a marked increase in the percentage of children
who skipped breakfast (from 8% to 30%) from 1973 to 1978, but there was no
association between this change in meal pattern and overweight status (102).

The development of embryos, infants, and juveniles is very sensitive to energy
intake. Accordingly, and in contrast to adults, it is critical that developing hu-
mans receive sufficient energy to permit normal growth and physical and cognitive
development. Physiological adaptations can occur that modify the effects of CR
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on body weight and development. When pregnant Sprague-Dawley rats are main-
tained on CR (15%, 30%, or 50% restriction) during gestation, they continue to
gain weight, in contrast to nonpregnant rats, which lose weight on the 30% and
50% CR diets (109). Moreover, the growth of the developing embryos was not re-
duced in the rats on the CR diets. These findings suggest that pregnant rats are able
to modify their metabolism during pregnancy in ways that allow normal growth
of their embryos. However, people who are undernourished during fetal and early
postnatal development are at increased risk for developing type 2 diabetes as adults
(51). An association between low birth weight and the risk of type 2 diabetes in
adult life has been established in several different human studies. Maternal CR
and maternal diabetes may alter the development of the endocrine pancreas in
the developing fetus in ways that predispose the offspring to insulin resistance
later in life (108). Male rats growth-retarded during fetal life and cross-fostered
shortly after birth to normal lactating dams reach a normal weight by weaning
but have a reduced longevity. Thus, energy restriction during embryonic and early
postnatal life can promote disease in adult life and may reduce longevity. CR can
have adverse effects on reproduction in women. For example, in one study of 47
women who were underweight because they practiced CR, 29 had unexplained
infertility and 18 had menstrual dysfunction (8). When 36 of these women sub-
sequently followed a dietary regimen to increase their weight, 19 of 26 infertile
women conceived spontaneously, and 9 of 10 women with secondary amenorrhea
resumed menstruation. Thus, the practice of CR in young women may be a cause
of unexplained infertility and menstrual disorders. Studies of women with anorexia
nervosa with or without amenorrhea, and similar in body mass index, showed that
the eumenorrheic women had higher levels of body fat, leptin, and IGF-1 compared
with the amenorrheic women (95). The latter findings suggest that interindivid-
ual differences in neuroendocrine responses to severe CR may determine whether
women suffer reproductive abnormalities.

Animal studies have documented effects of CR on specific aspects of repro-
ductive physiology in females and males. Rat pups whose mothers had been fed
either ad libitum or 50% CR were maintained on ad libitum or CR diets. CR during
embryonic development and during postnatal development significantly impaired
reproduction and decreased milk yield (90). When young adult Kunmin mice were
maintained on a 35% CR diet for three months, their maturation of reproductive
function was delayed and their fertility was decreased (140). Sperm motility was
reduced and numbers of abnormal sperm increased in mice on the CR diet. When
young adult male Wistar rats were maintained on CR, there was a significant de-
crease in the size of their testis and epididymis, levels of circulating testosterone
were reduced, and their copulatory efficiency was reduced (116). Although se-
vere CR has adverse effects on fertility and reproduction, more moderate levels
of CR can prolong the reproductive period in rodents (91). In a National Institute
on Aging study of monkeys maintained on 30% CR for more than 15 years, the
reproductive system of females did not appear to be adversely affected (82, 113).
Collectively, the available data suggest that moderate levels of CR may not ad-
versely affect growth and reproduction, whereas more severe energy restriction is
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detrimental. The effects of intermittent fasting on reproductive systems remain to
be determined.

HEALTH INDICATORS

A large amount of information on the physiological effects of energy restriction
and, to a lesser extent, reduced-meal-frequency diets has been collected from stud-
ies of rodents, monkeys, and humans (56, 82, 134). Examples of several repro-
ducible changes documented in rodents and primates are presented in Table 1.

TABLE 1 Physiological changes associated with energy restriction and
intermittent fasting in mammals

Variable Energy restriction Intermittent fasting

Blood (56∗, 82∗, 134∗)r,m,h (1, 3, 32, 37, 57, 83∗)r,h

Glucose Decrease Decrease

Insulin Decrease Decrease

IGF-1 Decrease No change or increase

Triglycerides Decrease na

LDL cholesterol Decrease or no change Decrease or no change

HDL cholesterol Increase Increase or no change

Ketones No change Increase

Cardiovascular (39, 56∗, 82∗, 134∗, 142)r,m,h (112, 130)r,h

Blood pressure Decrease Decrease

Heart rate Decrease Decrease

Atherosclerosis Decrease na

Muscle (56∗, 133, 134∗)r,h (37)r

Insulin sensitivity Increase Increase

Lipid accumulation Decrease Decrease

Brain (15, 27, 62, 81, 92)r,m (71, 72, 75, 83∗)r

Cognition Enhanced memory Enhanced memory

Motor function Improved Improved

Neurogenesis No change Increase

Pain threshold Increased na

BDNF, GDNF No change or increase Increase

FOOTNOTES: r, rodents; m, monkeys; h, humans.

ABBREVIATIONS: BDNF, brain-derived neurotrophic factor; GDNF, glial cell line–derived neurotrophic factor;
HDL, high-density lipoprotein; IGF, insulin-like growth factor; LDL, low-density lipoprotein; na, not assessed.
∗References 56, 82, 83, and 134 are review articles that include references to the relevant primary studies.

A
nn

u.
 R

ev
. N

ut
r.

 2
00

5.
25

:2
37

-2
60

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
Pe

nn
sy

lv
an

ia
 o

n 
07

/1
3/

13
. F

or
 p

er
so

na
l u

se
 o

nl
y.



6 Jun 2005 10:10 AR AR249-NU25-12.tex XMLPublishSM(2004/02/24) P1: KUV

FOOD INTAKE, THE BRAIN, AND HEALTH 243

A sustained reduction in body temperature occurs in mammals on CR diets,
whereas in animals on EODF, body temperature is decreased during the fasting
period and increases in the fed state (130). Rats and mice maintained on 40% CR
or EODF exhibit reductions in circulating levels of insulin and glucose (4). An-
other highly reproducible effect of both CR and EODF is to decrease resting heart
rate and blood pressure and to improve cardiovascular stress adaptation (39, 130,
142). Insulin resistance and hypertension are major risk factors for coronary and
cerebrovascular artery disease, consistent with vasculoprotective effects of CR and
intermittent fasting. Changes in blood lipids that occur in rodents, monkeys, and
humans on CR [decreased low-density lipoprotein (LDL) cholesterol and triglyc-
erides and increased levels of high-density lipoprotein (HDL) cholesterol] would
also be expected to suppress atherosclerosis (39, 82). Consistent with a cardiopro-
tective effect of regular fasting in humans, Moslems who fast during the month
of Ramadan have reduced levels of LDL cholesterol and increased levels of HDL
cholesterol (112).

CR and intermittent fasting have beneficial effects on immune function in adults.
Data suggest that both reduced-energy and reduced-meal-frequency diets can re-
duce inflammatory responses, as indicated by reduced production of tumor necro-
sis factor by macrophages (127). T lymphocyte responses to concanavalin A and
responses of B lymphocytes to pokeweed mitogen were reduced in obese sub-
jects compared with normal weight controls, and these impairments in immune
responsiveness were reversed by CR (123). On the other hand, the production of
inflammatory cytokines and other mediators of inflammation are decreased in ro-
dents on CR. In addition, allergic reactions to commonly encountered allergens,
such as dust mite antigen, are decreased in rodents on CR (29). Overall, the effects
of CR on the immune system appear to be beneficial, promoting the eradication
of infectious agents while limiting tissue damage caused by inflammation. How-
ever, cell-mediated immune function is impaired in anorexia nervosa (79), which
suggests that extreme CR has detrimental effects on the immune system. The ef-
fectiveness of the immune system in battling infection is also affected by meal
frequency. When weanling mice were subjected to EODF, the responses of their
leukocytes to immune challenge were reduced during the first month on the diet and
recovered to normal levels by six months (78). In contrast, the immune responses
of 17-month-old mice were improved by EODF. Collectively, the available data
suggest that CR and intermittent fasting enhance immune function in adults but
may compromise certain immune responses in infants and juveniles.

CR and intermittent fasting can influence indicators of health of the nervous
system. CR (40%) in female mice during their adult life prevented age-related
declines in learning and motor coordination (62). Analysis of the structure of den-
drites in layer V pyramidal neurons in the parietal cortex of rats that had been
maintained on either EODF or ad libitum diets revealed that EODF suppresses
age-related loss of dendritic spines, a structural indicator of synapses (97). Such
effects on the structure of neurons may underlie the beneficial effects of dietary
restriction in preserving learning and memory and motor function in rodents.
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Age-related alterations in neurotransmitter-synthesizing enzymes and neurotrans-
mitter receptors in the brain were suppressed in rats that had been maintained on
an EODF diet during their adult life compared with rats fed ad libitum (75). EODF
was particularly effective in increasing cholinergic markers (choline acetyltrans-
ferase and muscarinic receptors). Another reported physiological effect of EODF
on the nervous system is increased pain thresholds in mice (27); however, its im-
plications for health are not clear. The influence of overeating on the health of the
central and peripheral nervous systems are poorly understood, but it does appear
to have numerous adverse effects that can lead to morbidity and mortality (84).

Energy restriction and reduced meal frequency can increase the resistance of
organisms to various types of stress. For example, intermittent fasting increased
the resistance of rats to cold stress and resulted in changes in collagen and bone
consistent with an antiaging effect (60). Thermoregulation is compromised during
aging in mice, resulting in reduced cold tolerance, and EODF ameliorates this
age-related alteration (122). Mice subjected to 14 cycles of one day of fasting
followed by two days of ad libitum feeding exhibited reduced energy expendi-
ture in brown adipose tissue, an adaptation that may play a role in the conser-
vation of energy during intermittent bouts of food deprivation (28). Adult male
rats were maintained on an alternating schedule of three days fasting and three
days refeeding for ten weeks, and several physiological responses to exercise
were measured (37). In response to two hours of swimming, rats on the control
diet exhibited hypoglycemia, whereas rats on the EODF diet were able to main-
tain blood glucose levels even though they had lower levels of liver glycogen and
plasma free fatty acids. Thus, CR and intermittent fasting can enhance homeostatic
mechanisms that counteract the potentially damaging effects of environmental
stressors.

DISEASE

Overeating increases the risk of numerous diseases and shortens life span (13,
16). Accordingly, CR reduces disease risk in overweight individuals and may
also have health benefits in those of normal weight (56). The influence of meal
frequency on health and disease processes is not well known. However, studies of
the physiological effects of long-term energy restriction and intermittent fasting
in animals and humans are revealing possible mechanisms responsible for effects
of meal size and frequency on health and disease processes.

Cancer

Studies of rodents have consistently shown that both CR and intermittent fasting
can reduce the incidence of spontaneous tumors and can suppress the development
and growth of induced cancers. When adult tumor-prone mice were maintained
on either 40% energy restriction or a one-day-per-week fasting regimen, the onset
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of spontaneous tumors was significantly delayed (12). A “weight-cycling” reg-
imen in which mice were fed a repeating cycle of three weeks at 50% of ad
libitum intake followed by three weeks ad libitum during their adult life reduced
both the incidence and latency of mammary tumors (20). When one-month-old
Wistar rats were maintained on a schedule of 48 h of fasting per week for 48
weeks, they were more resistant to hepatocarcinogenesis induced by diethylni-
trosamine compared with rats fed ad libitum (111). In another study, 40% en-
ergy restriction protected against carcinogen-induced tumor formation in mice,
but an energy cycling diet (alternating two-day periods of 40% energy restriction
and ad libitum feeding) was ineffective (55). CR also appears to decrease can-
cer incidence in monkeys (82). The mechanism by which energy restriction sup-
presses cancer formation may involve enhancement of apoptosis and inhibition of
angiogenesis (98).

Type 2 Diabetes

The risk for type 2 diabetes is greatly increased by excessive weight gain at-
tributable to long-term diets with energy intakes in excess of requirement (23),
and CR is effective in improving glucose regulation in individuals with diabetes
(135). Animal studies strongly support antidiabetic effects of CR and intermit-
tent fasting diets. Both CR and EODF reduce blood glucose and insulin con-
centrations and improve glucose tolerance in rodents (4, 133, 136). The issue of
whether it is healthier to eat small frequent meals or less-frequent larger meals is
currently the subject of considerable debate (85). Although it has been reported
that patients with diabetes are better able to “control” their blood glucose con-
centrations when they eat regular small meals, an intermittent very-low-calorie
diet improved weight loss and glycemic control more effectively than did mod-
erate CR in subjects with type 2 diabetes (135). Moreover, two different fasting
regimens (EODF and fasting two days per week) reduced diabetes incidence in
Brattleboro rats (106). Increased insulin sensitivity appears to be the major mech-
anism responsible for the antidiabetic effects of energy restriction and intermittent
fasting (4, 48).

Cardiovascular Disease

Data from epidemiological studies have shown that low-energy diets reduce the
risk of cardiovascular disease and stroke in humans (3). A recent study in humans
provided strong evidence that long-term CR can reduce the risk of atherosclerosis
(39). In addition to suppressing the process of atherosclerosis, energy restriction
and regular fasting may more directly protect heart and brain cells against ischemic
damage. Indeed, CR protected the heart against myocardial infarction in rats (24).
When rats were maintained for three months on EODF, the extent of brain damage
following a stroke was decreased and functional outcome improved (144). Thus,
CR and intermittent fasting can counteract the processes that, over long periods,
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result in occlusion of blood vessels, and may also improve outcome in those who
suffer a myocardial infarction or stroke.

Neurodegenerative and Psychiatric Disorders

By comparison with the large amount of data suggesting that reduced energy in-
take and meal frequency can protect against diabetes, cardiovascular disease, and
cancers, relatively little is known of the influence of meal size and frequency on
neurological disorders. Age-related deficits in motor function and cognition can
be prevented or delayed in mice and rats maintained on 30%–40% CR or EODF
(62, 92). Diabetic and prediabetic women have impaired cognitive performance
and greater risk of developing cognitive impairment (141). When mice were main-
tained on EODF, the dopaminergic neurons in their brains were protected against
dysfunction and degeneration induced by the toxin MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine), a model of Parkinson’s disease (30). In a nonhuman
primate model of Parkinson’s disease, 30% CR was effective in reducing the
severity of symptoms (81). EODF and CR can protect hippocampal neurons and
basal forebrain cholinergic neurons against death induced by excitotoxins (18,
22). EODF in rats protected hippocampal neurons against degeneration induced
by the amnestic excitotoxin kainic acid; memory impairment was preserved in the
intermittent-fasted rats compared to the control rats fed ad libitum (18). EODF was
also beneficial in a mouse model of Huntington’s disease, delaying the neurode-
generative process and motor dysfunction and increasing survival (31). In contrast
to the neuroprotective effects of EODF in the just-mentioned brain disorder mod-
els, EODF was not beneficial in a mouse model of amyotrophic lateral sclerosis,
a motor neuron disorder (107). Thus, the influence of meal size and frequency
on the development and progression of neurodegenerative disorders may depend
upon the specific disorder.

Accumulating data suggest that meal size and frequency can affect mental
health. There is an increased prevalence of insulin resistance in patients with
schizophrenia and chronic depression compared with the general population (124).
Overweight and insulin resistance have also been associated with bipolar disorder
(88). The explanation(s) for these relationships might simply be that subjects with
psychiatric disorders eat more and exercise less. However, it is also possible that
overeating is a contributing factor to the development of psychiatric disorders. The
latter possibility is supported by studies showing that CR improves mood in obese
subjects (137). The mechanisms by which CR and intermittent fasting might affect
the risk of psychiatric disorders are unknown but might involve changes in neuro-
transmitters and neurotrophic factors (see “Cellular and Molecular Mechanisms”
and “The Brain Mediates Health Effects of Dietary Excesses and Frugality” sec-
tions below). Anorexia nervosa and binge eating are psychiatric conditions that fall
within a broader spectrum of obsessive-compulsive disorders (54). These disorders
are associated with considerable morbidity and mortality, and provide examples
of the existence of a lower limit of energy intake and upper limits of meal size that,
if exceeded, lead to disease (36).
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Other Diseases

Meal size and frequency affect tissues throughout the body, and it is therefore not
surprising that CR and fasting have been shown to influence disease processes
in many different organ systems. Examples include the following. When mice
and rats were maintained on CR during their adult life, the incidence of sponta-
neous cataracts was decreased (139). EODF improved renal function and reduced
age-related glomerular lesions in rats (42). CR enhanced the regeneration of hep-
atocytes and prevented mortality in a rat model of liver injury (5). Patients with
arthritis exhibited improved disease activity when they were maintained on CR
(64). Considerable further work will be required to establish the full spectrum of
diseases that may be subject to modification by energy intake and meal frequency.

CELLULAR AND MOLECULAR MECHANISMS

Studies of tissues from animals on CR and fasting diets have provided evidence for
two major mechanisms by which meal size and frequency affect health and disease
susceptibility. One mechanism involves the production and removal of free radi-
cals, and the second involves stress resistance (84, 93, 134). Overeating increases
oxidative stress in cells throughout the body as indicated by lipid peroxidation
and the accumulation of oxidatively damaged proteins and DNA. Conversely, the
amount of oxidative damage to cellular proteins, lipids, and nucleic acids is de-
creased in various tissues of rodents on CR (87). The vulnerability of cells to
being damaged and killed by oxidative insults (radiation, mitochondrial toxins,
ischemia, iron, etc.) is decreased in animals maintained on CR or EODF diets (18,
30, 40, 68). CR and EODF may suppress oxidative stress by reducing the amount
of superoxide anion radical produced in the mitochondria and by stimulating the
expression of genes that encode antioxidant enzymes and protein chaperones (49,
120).

When meal size and frequency are decreased in rats and mice, they become
more resistant to being killed by severe stresses including exposure to toxins and
high temperatures (5, 53, 119). Mice that had been maintained on EODF for one to
six weeks exhibited increased resistance to death induced by gamma irradiation;
the protective effect became maximal after two to three weeks of EODF (69). The
stress resistance is manifest at the cellular level. For example, neurons in the brains
of animals on CR and EODF diets exhibit increased resistance to being killed by
neurotoxins (18, 22, 30), and heart and brain cells are more resistant to ischemic
injury (1, 144).

Analyses of gene expression (and levels of the encoded proteins) reveal that CR
and EODF increase the production of multiple cell survival–promoting proteins
in tissues ranging from liver to brain. The stress proteins induced include protein
chaperones such as heat-shock protein 70 and glucose-regulated protein 78 (30,
58, 144) and growth factors such as brain-derived neurotrophic factor (BDNF) and
glial cell line–derived neurotrophic factor (GDNF) (31, 72, 81). The ability of cells
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Figure 2 Mechanisms by which reduced energy intake and meal frequency may
protect against disease. Dietary restriction results in the activation of signaling path-
ways that stimulate the expression of genes that encode proteins that help cells cope
with stress and resist disease. BDNF, brain-derived neurotrophic factor; ETC, electron
transport chain; GDNF, glial cell line–derived neurotrophic factor; GRP-78, glucose-
regulated protein 78; GSH, glutathione; HSP-70, heat-shock protein 70; IGFs, insulin-
like growth factors; SOD, superoxide dismutase.

to activate a stress response is enhanced in animals that have been maintained on CR
(26, 58). Such enhanced stress resistance has been proposed as a major mechanism
whereby energy restriction and intermittent fasting increase life span (Figure 2).
On the other hand, overeating may foster disease by reducing the ability of cells
to activate stress-resistance pathways. Recent studies of organisms from yeast to
mammals have identified proteins called sirtuins (a type of histone deacetylase)
that can increase cellular stress resistance and may be key mediators of the life
span–extending effects of CR. For example, in rats, the sirtuin SIRT1 is induced
by CR, and it increases the resistance of cells to stress-induced death (21).
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THE BRAIN MEDIATES HEALTH EFFECTS
OF DIETARY FRUGALITY AND EXCESSES

The brain evolved as the major regulator of food acquisition and energy metabolism
(83). By direct innervation, and indirectly through the regulation of neuroendocrine
systems, the brain controls the function and homeostasis of tissues and organs
throughout the body. The brain is responsible for the behaviors involved in the
identification and ingestion of food, and it regulates energy allocation and usage
in various organs. The importance of the brain in energy regulation is underscored
by its ability to perceive signals regarding energy intake and availability from pe-
ripheral organs and to modify behavior and cellular metabolism in adaptive ways.
Nuclear magnetic resonance spectroscopy was used to measure adnosine triphos-
phate and phospocreatine levels in brain and liver of rats in the fasting and fed
states and during intermittent feeding (14). The brain itself, in contrast to the liver,
is able to maintain energy metabolism regardless of whether energy is supplied
intermittently or continuously. The preservation of brain energy metabolism, at
the expense of some peripheral tissues, is critical for the organism’s ability to find
food and replenish energy reserves.

The brain is also the master regulator of stress responses, which involve sen-
sory inputs, and activation of neuroendocrine pathways involving the hypothala-
mus, which produces corticotrophin-releasing hormone, and the pituitary gland,
which produces adrenocorticotrophin. Adrenocorticotrophin, in turn, stimulates
production of glucocorticoids (cortisol in primates and corticosterone in rodents)
in adrenocortical cells. Interestingly, basal levels of glucocorticoids are increased
by CR and EODF, consistent with a mild stress response stimulated by such re-
stricted diets (105, 130). It appears that the brain’s perception of CR and inter-
mittent fasting as stressors is central to activation of stress-resistance mechanisms
that may protect against disease (11).

Lat & Holeckova (71) provided evidence that intermittent fasting results in
increased excitability of the CNS. CR may reduce, and overeating increases, ac-
tivity of the sympathetic nervous system, which likely contributes the opposite
effects of CR and overeating on blood pressure (143). Levels of beta-adrenergic
receptors increase in the liver during aging in rats fed ad libitum, but not in rats
on EODF (25). The increased activity in nerve cell circuits in animals on energy
restriction or intermittent fasting likely contributes to several beneficial effects
of the reduced meal size and frequency within the brain. For example, CR and
EODF enhance learning and memory ability in rodents (62). The production of
new nerve cells in the brain is also influenced by meal size and frequency. The
adult mammalian brain contains populations of self-renewing stem cells that are
capable of forming new neurons and glial cells. EODF increases the survival of
newly generated neurons in the dentate gyrus of the hippocampus in adult mice
(72). On the other hand, CR did not increase hippocampal neurogenesis, but did
enhance glial cell genesis by increasing the survival of newly generated glial
cells (15).
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BRAIN-DERIVED NEUROTROPHIC FACTOR

CR and intermittent fasting may affect health by activating signal transduction
pathways in the brain that exert effects not only in the brain itself, but also in
the periphery. Recent studies have shown that EODF can stimulate the produc-
tion of BDNF in neurons in many different brain regions (31, 72). Other studies
have shown that BDNF is a very important neurotrophic factor that plays roles in
feeding, learning and memory, locomotion, stress responses, and affective behav-
iors (108). BDNF promotes neuronal differentiation and survival, synaptogenesis,
and synaptic plasticity (43, 73, 114). BDNF may serve in adaptive responses
of mammals to a variety of environmental stimuli because BDNF expression in
the hippocampus increases in response to cognitive stimulation and EODF, but
decreases under conditions of chronic uncontrollable stress (86, 89). Decreased
BDNF levels occur in several neurodegenerative disorders including Alzheimer’s,
Parkinson’s, and Huntington’s diseases (38, 59, 61). BDNF suppresses feeding
and improves glucose metabolism, as demonstrated in studies of BDNF+/− mice
(32, 76). When BDNF+/− mice are maintained on an EODF diet, levels of
BDNF increase in their brains and blood glucose levels and body weights are
normalized (32).

The increased level of BDNF in the brain with regular exercise and intermittent
fasting may be important in the improved glucose regulation because intracere-
broventricular infusion of BDNF can increase peripheral insulin sensitivity in nor-
mal rodents (100) and ameliorates diabetes in mice (101). Moreover, mice in which
BDNF was eliminated from the brain after birth were hypersensitive to stress, had
elevated plasma glucose and insulin levels, and were obese (110). Thus, EODF
and exercise enhance BDNF signaling, which, in turn, may stimulate signaling
pathways that improve glucose metabolism and increase cellular stress resistance,
thereby protecting against several different diseases.

Serotonin

Serotonin (5-hydroxytryptamine) is an evolutionarily conserved neurotransmitter
that regulates the development and function of the mammalian brain and serves
important roles in the regulation of energy metabolism in diverse organisms (7,
125). Serotonergic neurons in the raphe nucleus of the brain stem possess axons
that form synapses in many different brain regions. Serotonin activates receptors
coupled to GTP-binding proteins, most notably those that activate adenylate cy-
clase resulting in cyclic AMP production. Studies in which serotonin signaling was
manipulated using pharmacological agents have provided evidence for important
roles for this neurotransmitter in learning and memory, appetite regulation, neuro-
genesis, and affective behaviors (17). Reductions in serotonin signaling occur in
several prominent psychiatric disorders, including depression and anxiety disor-
ders (126), and in neurodegenerative disorders such as Alzheimer’s disease (96).
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Interestingly, serotonin may improve mood and protect neurons against degenera-
tion by activating receptors coupled to cyclic AMP production and stimulation of
BDNF production (114). BDNF, in turn, can enhance the survival and growth of
serotonergic neurons (77).

Serotonin signaling can modify the risk of several major age-related disor-
ders in both rodents and humans. Antidepressants that appear to act by increasing
synaptic serotonin levels can improve risk factors for diabetes and cardiovascular
disease. Patients with clinical depression have reduced insulin sensitivity com-
pared with control subjects without depression, and the insulin sensitivity in the
patients increases during treatment with serotonin-selective reuptake inhibitors
(SSRIs) (103). Treatment with the SSRI paroxetine increased insulin sensitivity
in depressed diabetic women (104), and when men with abdominal obesity were
treated for six months with the SSRI citalopram, they showed improved glucose tol-
erance and their cardiovascular responses to stress were attenuated (74). Moreover,
the disease process in the brain is suppressed and hyperglycemia is ameliorated
by SSRI treatment in a murine model of Huntington’s disease (33). The metabolic
syndrome has been reported to be associated with suppressed neuroendocrine re-
sponses to serotonin (99), which suggests that a defect in serotonergic control of
hypothalamic function may underlie the impaired ability of patients with insulin
resistance to engage adaptive responses to stress.

Roles for serotonin in health effects of energy intake and meal frequency re-
main to be established. However, data are accumulating that suggest associations
between food intake patterns, serotonin signaling, and disease risk. For example,
using in vivo microdialysis methods, Gur et al. (50) provided evidence that sero-
tonergic signaling is increased in the hypothalamus of female rats that had been
maintained for four weeks on a food-restriction regimen. Serotonin turnover in
the brain is affected by semi-starvation in rats, consistent with a role for this neu-
rotransmitter in mediating responses to changes in meal frequency (118). Levels
of serotonin are decreased in the brains of rats during aging, and treatment of the
aged rats with the antioxidant alpha-lipoic acid increased serotonin levels, which
suggests that serotonin depletion during aging may result, at least in part, from
oxidative stress (6). These findings suggest that serotonin signaling in the brain
can suppress a process, i.e., oxidative stress, which may be fundamental to the
aging process. During normal aging in humans, levels of serotonin are relatively
stable and levels of several serotonin receptors decrease; in contrast, patients with
Alzheimer’s disease exhibit degeneration of serotonergic neurons that, in com-
bination with serotonin receptor loss, results in a severe functional serotonergic
deficit (96). Positron emission tomography imaging of glucose metabolism in the
brains of young and old control subjects and subjects treated with the SSRI citalo-
pram suggests that age-related loss of serotonin innervation of the cerebral cortex
can be compensated for in some brain regions (44). These kinds of data suggest a
role for serotonin in aging and provide a rationale for direct tests of the effects of
manipulations of serotonergic signaling on life span in rodents.
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IMPLICATIONS FOR IMPROVING HEALTH

What are the implications of the findings described in this article for improving
health? The data from the animal studies reviewed above suggest that reducing en-
ergy intake and intermittent fasting can have numerous health benefits, effectively
reducing morbidity and mortality. Most adults and many children in industrialized
countries could clearly benefit from reducing energy intake by decreasing meal
size. The problem is how to accomplish this in an environment of an overabundance
of continuously accessible high-energy foods and beverages and in the face of un-
avoidable advertisements from the food industry. To date, the majority of people
who overeat have been unable to voluntarily limit their food intake, despite their
knowledge of the health hazards of overeating. Primary care physicians are not
trained in diet management and are not prepared to prescribe specific eating regi-
mens on a case-by-case basis. This is unfortunate, as overeating is a major health
problem and should be treated as such. Beyond simply reducing the amount of
food consumed, CR can be accomplished by substituting foods with a low energy
density (vegetables and fruits) for those with a high energy density (fried foods,
fatty meats, etc.). The latter approach has the added benefit of including foods that
contain higher amounts of vitamins and various other beneficial phytochemicals.

What strategies and interventions might be implemented to take advantage of
the health benefits of CR and intermittent fasting? Physicians are trained to deal
with extreme overeating and anorexia, disorders that can be considered psychiatric
disorders that result from abnormalities in brain neurochemistry and can be treated
with behavioral therapy and medications (128, 132). In contrast, most practicing
physicians are not trained to make recommendations regarding the health bene-
fits of dietary restriction in individuals who are not obese. Medical students and
residents should be trained in the physiology of dietary restriction and its value
in disease prevention for most individuals. Controlled human studies should be
performed in order to establish the parameters of meal frequency and energy intake
that are optimal for reducing the risk of major diseases. Patients would then be
prescribed a dietary regimen that would be expected to result in health benefits.
Because of the strong links between insulin sensitivity and blood pressure to dia-
betes and cardiovascular disease, these variables could be monitored in individual
patients as surrogate measures of disease risk. The limited data available from
human studies of meal frequency suggest that if the subjects can adhere to an in-
termittent fasting regimen for at least 10–14 days, it thereafter becomes relatively
easy to continue on the diet (57; M.P. Mattson, unpublished data).

For those who are unable or unwilling to reduce their food intake to improve
their health, emerging evidence suggests that it may be possible to develop dietary
supplements and drugs that induce energy restriction by influencing hunger and
appetite (9) or by mimicking the effects of CR (63). For example, drugs that increase
serotonin and BDNF levels should be effective, in principle, in suppressing food
intake. However, the use of serotonin reuptake inhibitors in obese patients has had
mixed results. Drugs that target hypothalamic neuropeptide signaling pathways
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that control appetite hold considerable promise for the treatment of overeating as
well as for anorexia, and the development of such drugs is under way (52).

Finally, it may be possible to activate the same cellular and molecular path-
ways that occur in various tissues in response to CR and intermittent fasting. For
example, some of these pathways, which result in increased cellular stress resis-
tance, can be activated by physical exercise and cognitive stimulation (84). Animal
studies suggest that CR and intermittent-fasting pathways might also be activated
with dietary supplements and drugs. For example, dietary supplementation with
2-deoxy-D-glucose has been shown to induce beneficial physiological effects sim-
ilar to CR and intermittent fasting (63, 131). Another approach is to activate sir-
tuins. Recent studies have shown that resveratrol stimulates sirtuins and can exert
antiaging effects at the cellular level; interestingly, resveratrol is thought to be a
chemical responsible for the health benefits of consumption of red wine (70, 117).
However, the long-term safety of such pharmacological approaches remains to be
established. Nevertheless, future advances in understanding the mechanisms by
which energy intake and meal frequency affect health and disease processes will
lead to novel approaches for increasing both the quality and quantity of our lives.

The Annual Review of Nutrition is online at http://nutr.annualreviews.org
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