Downloaded by guest on August 8, 2021

Intermittent fasting dissociates beneficial effects of
dietary restriction on glucose metabolism and
neuronal resistance to injury from calorie intake

R. Michael Anson**, Zhihong Guo*, Rafael de Cabo, Titilola lyun, Michelle Rios, Adrienne Hagepanos, Donald K. Ingram,

Mark A. Lane*, and Mark P. Mattson$

Laboratory of Neurosciences, Gerontology Research Center, National Institute on Aging, 5600 Nathan Shock Drive, Baltimore, MD 21224

Edited by Anthony Cerami, The Kenneth S. Warren Institute, Kitchawan, NY, and approved March 25, 2003 (received for review October 18, 2002)

Dietary restriction has been shown to have several health benefits
including increased insulin sensitivity, stress resistance, reduced
morbidity, and increased life span. The mechanism remains un-
known, but the need for a long-term reduction in caloric intake to
achieve these benefits has been assumed. We report that when
C57BL/6 mice are maintained on an intermittent fasting (alternate-
day fasting) dietary-restriction regimen their overall food intake is
not decreased and their body weight is maintained. Nevertheless,
intermittent fasting resulted in beneficial effects that met or
exceeded those of caloric restriction including reduced serum
glucose and insulin levels and increased resistance of neurons in
the brain to excitotoxic stress. Intermittent fasting therefore has
beneficial effects on glucose regulation and neuronal resistance to
injury in these mice that are independent of caloric intake.

caloric restriction | hippocampus | insulin | g-hydroxybutyrate |
ketosis

ging refers to the biological changes that occur during a

lifetime that result in reduced resistance to stress, increased
vulnerability to disease, and an increased probability of death.
The rate at which aging occurs is species-specific, suggesting a
strong genetic influence. The only environmental variable that
has been shown to markedly affect the rate of aging in a wide
range of species is caloric intake: Restricting food intake to a
level below that which would be consumed voluntarily results in
a decrease in the rate of aging and an increase in average and
maximum life span (1, 2). Dietary restriction (DR) reduces
cancer formation (3, 4) and kidney disease (5) and increases the
resistance of neurons to dysfunction and degeneration in exper-
imental models of Alzheimer’s and Parkinson’s diseases as well
as stroke (6-9). Two different DR paradigms have proven
effective in increasing life span and disease resistance in rats and
mice. In one paradigm animals are provided a daily food
allotment that is typically 30-40% less than the ad libitum (AL)
consumption of a control population; this limited daily feeding
(LDF) paradigm involves a controlled caloric restriction and a
corresponding reduction in body weight. In the second paradigm
animals are subjected to intermittent (alternate-day) fasting
(IF), which in rats results in reduced food intake over time and
decreased body weight (10).

Restricting caloric intake causes the restricted population to
weigh proportionally less than the AL-fed group. Indeed, weight
reduction typically slightly exceeds the degree of food restriction,
so that food intake per gram of body weight is reported
consistently to be slightly higher in LDF animals than in their
AlL-fed counterparts (11). Rats and mice usually lose weight
when maintained on an IF regimen, although some strains such
as C57BL/6 mice may lose little or no weight (12). Both the IF
and LDF paradigms are reported to result in dramatic increases
in life span in comparison to AL-fed animals (13), but little else
is known concerning the similarities and differences in their
effects.
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It seems reasonable to assume that both LDF and IF para-
digms of DR extend life span through a common mechanism. To
gain insight into the nature of the underlying mechanism, we
compared the effects of LDF and IF diets on several parameters
that have been postulated to play a role in the protective effects
of DR including body weight, food intake, and fasting levels of
serum insulin, glucose, and insulin-like growth factor 1 (IGF-1).
In addition, recent studies have shown that rats and mice
maintained on an IF regimen exhibit increased resistance of
neurons in their brains to insults relevant to the pathogenesis of
several different human neurological disorders including epilep-
tic seizures and stroke (6, 8, 14). We therefore performed an
experiment to determine whether LDF and IF diets exert similar
beneficial effects on neurons in the brain.

Materials and Methods

Animals and Measurements of Body Weight and Food Intake. Six-
week-old C57BL/6 mice were obtained from Charles River
Breeding Laboratories, housed in the National Institute on
Aging Gerontology Research Center animal colony, and fed a
standard NIH-07 diet (Harlan-Teklad, Indianapolis). Food was
provided AL until 9 weeks of age. At that time, mice were
assigned to one of three groups: AL, fed ad libitum; IF, provided
access to food every other day; and LDF, provided with a limited
daily food allotment of 60% of that eaten by the AL-fed animals.
To control for caloric intake versus periodic food deprivation, a
fourth group was added: These pair-fed (PF) mice were provided
daily with a food allotment equal to the average daily intake of
mice in the IF group. Water was available AL for all groups. The
animals were kept in a 12-h light/12-h dark cycle (lights on at
6 a.m. and off at 6 p.m.); food was provided or removed at 10 a.m.
Body weight was determined each week on the same day and
time. Food intake was measured daily. To keep track of spillage,
white bedding was used to allow easy separation of unconsumed
food and powder from waste and bedding; spilled food was
allowed to dry fully to avoid measurement of wet weight added
by urine. Statistical comparisons were made by using ANOVA.
All procedures were approved by the National Institute on Aging
Gerontology Research Center Animal Care and Use Committee.

Blood Collection and Analyses. At 29 weeks of age, all mice were
fasted for 14 h before blood withdrawal. Blood was removed via
intraorbital bleed under isoflurane anesthesia, and serum was
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isolated. In preliminary studies we found that the glucose
concentrations in blood samples from fasted mice collected
immediately after the mice succumb to the isoflurane inhalation
anesthesia (within 1 min of exposure to the anesthetic) are
essentially identical to the glucose concentrations in blood
samples from fasted mice killed by decapitation within 10
seconds of removal from their cage. The concentrations of
glucose and insulin were determined by using the glucose
oxidase method (15) and RIA (16), respectively. IGF-1 concen-
trations were determined by using an enzyme immunosorbent
assay kit (Diagnostic Systems Laboratories, Webster, TX), and
B-hydroxybutyrate concentrations were determined by using an
assay that measures the oxidation of B-hydroxybutyrate to
acetoacetate by using a kit purchased from Sigma. Statistical
comparisons were made by using single-factor ANOVA; if
significant, pairwise comparisons were made by using a two-
tailed ¢ test assuming unequal variance.

Excitotoxin Administration and Quantification of Neuron Damage.
Mice were treated at 30-38 weeks of age. Kainate was injected
stereotaxically into the dorsal aspect of the right hippocampus by
using the methods described (14). Briefly, mice were anesthe-
tized with Avertin and placed in a stereotaxic head holder, and
the skull was exposed along the midline. A convulsant dose of
kainate (0.2 ug dissolved in 0.5 ul of PBS, pH 7.2) was injected
unilaterally into the dorsal hippocampus (stereotaxic coordi-
nates were 2.0 mm posterior to bregma, 2.4 mm lateral to
bregma, and 1.8 mm below the surface of the skull). The
contralateral hippocampus of each mouse received an injection
of 0.5 ul of PBS. Twenty-four hours after kainate administration,
mice were anesthetized with isoflurane and perfused transcar-
dially with saline followed by cold phosphate-buffered 4%
paraformaldehyde. Coronal brain sections were cut on a freezing
microtome and stained with cresyl violet. Nissl-positive undam-
aged neurons were counted in three X40 fields in regions CA3
and CAl. Counts were made in five coronal brain sections per
mouse (sections were chosen by unbiased sampling), and the
mean number of cells per section was determined such that the
value obtained for each animal represents an average total
number of neurons counted per section (i.e., sum of six x40
fields for each hippocampal region). Comparisons of numbers of
undamaged neurons in hippocampal regions among treatment
groups were made by using ANOVA followed by Scheffé’s post
hoc and Fisher’s tests for pairwise comparisons.

Results and Discussion

By the end of this study, male C57BL/6 mice subjected to IF
were consuming essentially the same amount of food in a 48-h
period as did those fed AL. On the days they had access to food,
the IF mice ate roughly twice as much as did mice fed AL (Fig.
la). Mice on the LDF regimen consumed 40% less food as
provided: this was reflected in their body weights, which were
49% lower than those of the AL-fed group. In contrast, at the
end of the study the body weights of mice maintained on the IF
diet or PF on a daily basis were only slightly below those of the
AL-fed group (Fig. 1b). A prominent physiological change that
occurs in mammals maintained on reduced-calorie diets is
increased insulin sensitivity, which often is reflected in de-
creased fasting plasma levels of glucose and insulin (17). Fasting
serum concentrations of glucose and insulin in mice fed AL in
the current study averaged 150 mg/dl and 3,400 pg/ml, respec-
tively (Fig. 2 a and b). The concentrations of glucose and insulin
were decreased significantly, to similar amounts, in mice main-
tained on either LDF or IF regimens with glucose and insulin
concentrations dropping to 100 mg/dl and 700-1,100 pg/ml,
respectively (Fig. 2). That similar changes are seen in IF and LDF
groups in the current study suggests that despite an overall
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Fig. 1. Male C57BL/6 mice compensate for periods of fasting by increasing
their food intake and gaining weight at rates similar to mice fed AL. Shown are
the average daily food intakes (calculated from 14-day intake) (a) and body
weights (b) in mice maintained on one of four feeding regimens: AL, IF, PF, and
LDF (40% reduction in calories relative to AL-fed). IF body weights are post-
feeding values. Values are the mean of measurements made in eight mice per
diet group. At the end of the study, body weights and food intakes of the LDF
group were significantly lower than the body weights and food intakes of the
AL-fed and IF groups (P < 0.001 in each case). Body weights and food intakes
of the AL-fed and IF groups were not significantly different.

calorie intake similar to mice fed AL, IF has similar effects on
circulating glucose and insulin levels.

Levels of circulating IGF-1 were decreased in mice on the
LDF diet but increased in mice on the IF diet (Fig. 2¢). These
findings are of considerable interest in light of evidence that the
insulin signaling pathway is linked to longevity in a variety of
species (18), and that IGF-1 levels are reduced in rodents on
calorie-restricted diets (19). Because mice on the IF regimen
were not calorie-restricted, the difference in IGF-1 levels be-
tween the IF and LDF groups suggests a difference in the ways
in which IF and caloric restriction influence the growth hormone
(GH)-IGF-1 axis and insulin signaling pathways. Because insulin
levels were decreased in IF mice to levels even lower than in LDF
mice, these two DR regimens reveal a dissociation in the
mechanisms regulating IGF-1 and insulin levels. Transgenic rats
with reduced levels of GH exhibit a transgene dose-dependent
reduction in levels of IGF-1; rats with a moderate reduction in
IGF-1 levels live longer, whereas those with a greater decrease
in IGF-1 levels have a reduced life span (20). The latter results
suggest that there is an optimal level of the GH-IGF-1 axis to
maximize survival in mammals. With regard to the neuropro-
tective effects of IF (see data below and refs. 6-9), studies have
reported that IGF-1 signaling is neuroprotective in experimental
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Fig. 2. Effects of IF and LDF on serum glucose, insulin, IGF-1, and B-hydroxybutyrate levels. Serum concentrations of glucose (a), insulin (b), IGF-1 (c), and
B-hydroxybutyrate (d) were quantified in mice that had been maintained for 20 weeks on the indicated feeding regimens. Values are the mean and SEM of
determinations made in eight mice per group. Statistical comparisons to the AL-fed group are indicated by * and to the PF group by t: * and t, P < 0.05; ** and

tt, P = 0.01; *** and t11, P < 0.001.

models of neurodegenerative disorders (21, 22). It will be of
considerable interest therefore to determine the mechanisms by
which LDF and IF differentially affect IGF-1 levels and insulin
signaling and how these changes influence energy metabolism,
longevity, and disease resistance.

Fasting is known to result in an increased production of ketone
bodies, which can be used as an energy source (23, 24) and are
known to provide some protective effects including neuropro-
tection and resistance to epileptic seizures (25-27). We therefore
measured serum levels of B-hydroxybutyrate after an overnight
fast in mice that had been maintained on AL, LDF, and IF diets.
Mice on the IF diet exhibited a 2-fold increase in the fasting
serum concentration of B-hydroxybutyrate compared with mice
fed AL (Fig. 2d). In contrast, the B-hydroxybutyrate concentra-
tion of mice on the LDF diet were decreased compared with
mice fed AL.

When the excitotoxin kainic acid (KA) is injected into the
dorsal hippocampus of mice it induces seizures and damage to
pyramidal neurons in regions CA3 and CAl (14). KA was
injected into the dorsal hippocampus of mice that had been
maintained for 24 weeks on AL, LDF, and IF diets. All mice
exhibited seizures of similar magnitude and duration (data not
shown). Mice were killed 24 h after KA administration, tissue
sections from their brains were stained with cresyl violet, and the
numbers of neurons in regions CA3 and CA1 of each hippocam-
pus were counted. KA caused a marked loss of CA3 and CAl
neurons in mice fed AL. As expected, many neurons in regions
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CA3 and CA1 of the hippocampus injected with KA degenerated
(Fig. 3). There was a significant increase in the survival of CA3
and CA1 neurons in the IF mice compared with mice fed AL
(Fig. 3). LDF also protected the CA1 neurons, albeit to a lesser
amount than did IF, but did not protect CA3 neurons against
KA-induced damage. Interestingly, the mice PF to the IF group
also exhibited an increased resistance of CA1l neurons to KA-
induced damage relative to either AL-fed or LDF mice. The
major difference between the AL-fed and PF groups is that the
latter were very slightly restricted early in the study (=10%). This
may imply that there is an optimal level of restriction for
neuroprotective effects, a hypothesis that would require further
study to verify. The 10% restriction in food intake of mice on the
IF regimen may account for the differences between AL-fed and
PF mice and also may be a factor in the effects of IF on some
physiological parameters in this study.

A previous study compared the effects of LDF and IF on life
span in male C57BL/6 mice, with the two DR regimens resulting
in similar life-span extension despite a clear difference in body
weight between the two groups (13). However, food intake was
not determined, and it was assumed that the difference in body
weight was due to some factor other than caloric intake. The
present study establishes that it is the ability of this strain of mice
to gorge on days when food is provided that allows them to
maintain nearly AL body weight when fed every other day, and
they thereby avoid a long-term calorie deficit. That IF feeding
was more effective than either LDF or PF in protecting neurons
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from KA-induced damage demonstrates that the IF-feeding
schedule itself is neuroprotective independent of overall caloric
intake. In a study of F344 rats Masoro et al. (28) found that when
calories are explicitly restricted to 60% of the AL intake, altering
meal frequency within a 24-h period neither abrogates nor
enhances the effect of the net caloric restriction on life span.
Although providing evidence that meal frequency does not alter
the ability of caloric restriction to extend life span, that study did
not allow a conclusion as to whether IF can increase life span
independent of overall calorie intake. The present study suggests
that in the absence of explicit restriction, fasting may play a role
in at least some of the effects of DR.

Because we did not determine life span in this study, we cannot
conclude with certainty that the IF regimen used would extend
life span. However, a previous study did establish a life-span-
extending effect of the identical IF regimen in the identical strain
of mice (12). Moreover, a recent study of mice with adipose
tissue-selective disruption of the insulin receptor gene showed
that the life span of mice can be increased without a reduction
in calorie intake (29). Emerging data from this and other
laboratories therefore support future studies to determine
whether a reduction in caloric intake is the only dietary method
to increase longevity or whether IF without caloric restriction
might have beneficial effects as well. Thus, although caloric
restriction is one important mechanism underlying the effects of
different DR regimens on life span and disease susceptibility, at
least some beneficial effects of DR regimens may result from a
mechanism other than an overall reduction in calorie intake.
One such possible mechanism is stimulation of cellular stress-
resistance pathways, which are induced strongly by the IF
regimen used in this study (7, 8, 14).

A consistent hormonal response to a decrease in food intake
in rodents, nonhuman primates, and humans (30, 31) is a
reduction in insulin levels and an increase in insulin sensitivity.
We found that mice subjected to IF exhibited decreases in serum
levels of glucose and insulin to levels at or below those in mice
fed daily but with a 40% reduction in caloric intake. The ability
of IF to alter fasting levels of insulin and glucose was indepen-
dent of overall caloric intake. It has been proposed that some
beneficial effects of DR result from decreased blood glucose
levels (integrated over time) (2). Glucose levels in the blood,
integrated over time, have been postulated to lead to high levels
of nonenzymatic glycation, a form of protein damage. Higher
fuel availability may also lead to an increased frequency of
mitochondrial state-four respiration, with consequent increases
in reactive oxygen species production from the mitochondrial
respiratory chain. DR has been shown to influence oxyradical
production and damage (2) and nonenzymatic glycation (32).
The present findings are consistent with a role for glucose in the
beneficial effects of IF, because the animals spend a large
proportion of their life span in a fasted state. However, it might
be predicted that on feeding days, when IF mice gorge on food,
their levels of oxyradical production and glycation are much
higher than in mice on the LDF regimen. Apparently, confining
bouts of high caloric intake to a limited time window with long

Fig.3. IFissuperior to caloric restriction in protecting hippocampal neurons
against excitotoxic injury. Mice that had been maintained for 20 weeks on the
indicated diets were subjected to an intrahippocampal injection of the exci-
totoxin KA; PBS was injected into the contralateral hippocampus of each
mouse. Mice were killed 24 h later, coronal brain sections were stained with
cresyl violet, and the numbers of undamaged neurons in regions CA3 and CA1
of the hippocampus were quantified. Values are the mean and SD of deter-
minations made in eight mice per group. (a) Representative images showing
cresyl violet-stained neurons in KA- and PBS-injected hippocampi of mice from
each diet group. (b) Quantification of damage in hippocampi injected with
PBS or KA. *, P < 0.01.
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intervening periods of fasting results in adaptive responses that
do not occur when meals are more frequent. Previous studies
have shown that there are large changes in respiratory quotient
as restricted animals move from ingested to stored fuel (33). It
may be that alternating periods of anabolism and catabolism play
a mechanistic role in triggering increases in cellular stress
resistance and the repair of damaged biomolecules or cells.
Recent findings suggest that many of the beneficial effects of IF
may result from a cellular stress response induced by the fasted
state. For example, it was shown that levels of stress protein
chaperones (8, 34) and neurotrophic factors (35) are increased
in rats and mice maintained on an IF-feeding regimen. The
superior neuroprotective efficacy of IF compared with LDF
feeding documented in this study is consistent with enhancement
of cellular stress resistance that results from the stress associated
with fasting rather than an overall reduction in caloric intake.

Interestingly, although IF and LDF DR regimens had similar
effects on insulin and glucose levels, they had different effects on
serum IGF-1 levels (increased with IF but decreased with LDF)
and serum P-hydroxybutyrate levels (increased with IF but
decreased with LDF). Decreased IGF-1 levels have been pro-
posed to contribute to the protective effect of DR against
carcinogenesis (36). However, IF also protects against tumor
growth (37, 38), suggesting that additional mechanisms must be
operative in this beneficial effect of IF. Of particular interest
with regard to the cytoprotective effect of IF was the large
increase in the levels of B-hydroxybutyrate, a fat-derived fuel
used when the carbohydrate supply is limiting. It is well known
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that utilization of these fuels increases in the fasting state in
various tissues including the brain (39). Because mice on the IF
regimen weigh a great deal more than mice on the LDF regimen
they may have larger adipose reserves and a greater ketogenic
response than that of LDF mice. This shift to ketogenesis may
play a direct role in the cytoprotective effects of IF, because it
has been reported that rats fed a ketogenic diet exhibit increased
resistance to seizures (25), and that p-hydroxybutyrate protects
neurons in rodent models of Alzheimer’s and Parkinson’s dis-
eases (27). Ketogenic diets are prescribed for some patients with
epilepsy (26) and are also implemented in several popular
weight-loss programs (40, 41). The findings of this study suggest
that IF can enhance health and cellular resistance to disease even
if the fasting period is followed by a period of overeating such
that overall caloric intake is not decreased.

The ability of both the IF and LDF paradigms to enhance
stress resistance and extend life span provides a useful tool for
discerning the mechanism by which DR exerts its effect. If a
change such as an altered hormone level is proposed to play a
fundamental mechanistic role, it should occur in response to
both feeding regimes. Comparison of the two paradigms thus
provides opportunities for discerning the mechanisms underly-
ing the modulation of aging rate by DR.
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