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Caloric restriction is the most reliable intervention to prevent 
age-related disorders and extend lifespan. The reduction of 
calories by 10-30% compared to an ad libitum diet is known to 
extend the longevity of various species from yeast to rodents. 
The underlying mechanisms by which the benefits of caloric 
restriction occur have not yet been clearly defined. However, 
many studies are being conducted in an attempt to elucidate 
these mechanisms, and there are indications that the benefits of 
caloric restriction are related to alteration of the metabolic rate 
and the accumulation of reactive oxygen species. During 
molecular signaling, insulin/insulin-like growth factor signaling, 
target of rapamycin pathway, adenosine monophosphate 
activated protein kinase signaling, and Sirtuin are focused as 
underlying pathways that mediate the benefits of caloric 
restriction. Here, we will review the current status of caloric 
restriction. [BMB Reports 2013; 46(4): 181-187]

INTRODUCTION

Everyone desires a long and healthy life, and many researchers 
have investigated methods to overcome and to retard the aging 
process. The most well defined intervention of retarding aging 
is caloric restriction. Caloric restriction, also known as dietary 
restriction, is the reduction of food intake without malnut-
rition. Experimentally, caloric restriction means a reduction in 
calorie intake by 10-30% when compared to an ad libitum di-
et (1). Lifespan extension in response to caloric restriction is 
thought to be caused by a decreased rate of increase in 
age-specific mortality (2). It is widely believed that caloric re-
striction delays the onset of age-related decline in many spe-
cies (1), as well as the incidence of age-related diseases such 
as cancer, diabetes, atherosclerosis, cardiovascular disease, 
and neurodegenerative diseases. Caloric restriction affects the 
behavior, animal physiology, and metabolic activities such as 
modulation of hyperglycemia and hyperinsulinemia, as well as 

increases insulin sensitivity (3).
　Reductions of protein source in the diet without any 
changes in calorie level have been shown to have similar ef-
fects as caloric restriction (4). Furthermore, restriction of in-
dividual amino acids has been shown to induce lifespan ex-
tension in some species, especially methionine restriction (5). 
Moreover, the restriction of tryptophan is believed to have a 
positive effect on longevity (6). Thus, several researchers have 
stated that this phenomenon occurs as a result of dietary re-
striction, not caloric restriction. However, other studies have 
indicated that protein and/or methionine restriction is not in-
volved in the caloric restriction-induced lifespan extension (2).

HISTORY OF CALORIC RESTRICTION STUDIES

The first experimental evidence of the effects of food re-
striction on lifespan was provided by Osborne et al. (7). In the 
early 1900s, they reported that the restriction of food intake of 
rats retarded their growth, but prolonged their lifespan. 
However, their study did not get much attention since Robert-
son and Ray reported the results to show the correlation of lon-
gevity to growth rate of mice after three years (8). The most 
noted study of the effects of caloric restriction was conducted 
by 1935 by McCay et al. (9), who showed that restriction of 
food intake by 40% from the age of weaning extended lifespan 
of rat by up to two times. Their findings were confirmed by a 
series of experiments conducted by Walford and Weindruch 
using mice in 1986 (10). Weindruch reported that mice 
brought up under caloric restriction lived longer than a control 
group fed ad libitum, and that they also showed improved ex-
ternal appearance and physical conditions, as well as re-
tardation of the onset of age-related diseases (10). To date, the 
effects of caloric restriction on lifespan and health had been 
demonstrated in many model animals from yeast to mammals.

MODEL ANIMALS FOR CALORIC RESTRICTION: FROM 
YEAST TO PRIMATES

The effects of caloric restriction on longevity and health have 
been reproducibly investigated in a wide range of laboratory 
animals, yeast, worms, fruit flies, and rodents, as well as some 
wild animals including cows and dogs (1). In addition, inves-
tigations of caloric restriction on non-human primates has 
been conducted in the last few decades, as have studies of 
caloric restriction on humans based on epidemiological data 
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and volunteer studies.

Yeast 
Saccaromyces cerevisiae, a single-celled budding yeast, is an 
excellent experimental model for the discovery of fundamental 
mechanisms associated with aging and genetic screening for 
mechanisms of longevity effects of caloric restriction (11). 
Caloric restriction of S. cerevisiae is performed via the reduc-
tion of glucose in growth medium. The limitation of glucose 
availability via growth in low-dose glucose medium (0.5% glu-
cose) has been shown to extend the replicative lifespan of 
yeast (12). In addition, yeast with a mutation of the Hxtp gene, 
which is a sensor for glucose, lived longer than controls, fur-
ther indicating that glucose limitation extends yeast lifespan 
(12). However, despite its usefulness, the yeast model system 
has a great weakness in that it is a unicellular organism that is 
very dissimilar to humans.

Nematodes 
Nematodes (Caenorhabditis elegans) are the simplest ex-
perimental model animal among multicellular organisms, al-
lowing investigations of intercellular and tissue changes in re-
sponse to caloric restriction. Studies have shown that the re-
duction of their food source (E. coli) can extend the lifespan of 
nematodes (13). Dissimilar to the mammalian model system, 
the effects of caloric restriction on the lifespan of worms in-
creases as the restriction increases to starvation. In the absence 
of bacteria, the lifespan of worms was reproducibly increased 
by up to 150% (14). The medium utilized for the C. elegans 
model system is well defined, allowing investigation of the 
roles of individual nutrients on caloric restriction benefits. In 
addition, the C. elegans model system is useful for identi-
fication of mechanisms of caloric restriction since it has a rela-
tively shorter lifespan than other multicellular model systems 
as well as a great deal of known mutants related to lifespan.

Fruit flies 
One of the most fascinating model systems for investigation of 
gerontology is the fruit fly, Drosophila melanogaster, which 
has a high similarity to human disease-related genes, as well as 
a relatively short lifespan (approximately 60-80 days). The rela-
tionship of the response to the dose of caloric restriction has 
been well established in D. melanogaster. In studies of D. mel-
anogaster, the restriction of food is generally performed via the 
dilution of nutrients (especially yeast as a protein source). It 
seems that diet quality, not calorie per se, is important regu-
lator of lifespan after caloric restriction at least in Drosophila 
since yeast restriction and carbohydrate restriction had differ-
ing effect on lifespan (15). Recent studies have shown that the 
balance of protein to non-protein energy ingested is the key 
determinant of lifespan in Drosophila (16).

Rodents 
The rodent model system was the first system investigated for 

benefits of caloric restriction on lifespan (17). Rodent models 
including rats and mice have a high similarity to human dis-
eases and metabolism, making them the most practical. 
Caloric restriction interventions of rodents were first performed 
via the reduction of food supplemented daily, but the alter-
native protocol of alternate-day fasting or intermittent fasting 
was later developed (18). The alternate-day fasting intervention 
was confirmed to have beneficial effects such reduced insulin 
sensitivity, diabetes, and body weight, as well as extended life-
span (19).

Non-human primates 
The beneficial effects of caloric restriction on non-human pri-
mates, especially rhesus monkeys (Macaca Mulatta), have 
been investigated by three independent groups, the National 
Institute of Aging (NIA), the Wisconsin National Primate 
Research Center (WNPRC), and the University of Maryland. At 
the University of Maryland, Hansen focused on obesity and 
diabetes in rhesus monkeys using short-term caloric restriction. 
She found that caloric restriction had a beneficial effect on 
body weight, insulin sensitivity, and diabetes (20, 21). The ef-
fects of caloric restriction on non-human primates longevity 
was investigated in two independent 20-year longitudinal 
adult-onset studies in rhesus monkeys (22, 23). In 2009, 
WNPRC reported their long-term study begun in 1989, which 
showed that caloric restriction extended the median lifespan of 
rhesus monkeys and reduced the onset of age-related diseases 
(22). Although their study was not completely finished, this re-
port suggested that the benefits of caloric restriction on lon-
gevity are evolutionally conserved and controlled by con-
served mechanisms. However, in 2012, NIA published anoth-
er study about the effects of caloric restriction on rhesus mon-
key lifespan (23). Their study, which began in 1987, showed 
results that were somewhat different from those reported by 
the WNPRC. Although it was also ongoing study that showed 
beneficial effects of caloric restriction on age-related diseases, 
the young onset caloric restriction monkeys did not show ad-
vantages associated with age-related mortalities when com-
pared to ad libitum monkeys. These opposing results seem to 
be caused by differences in the method of diet supplementa-
tion, the amount of calories provided to control animals, 
and/or the genetic background of the experimental animals. 
Nevertheless, the positive results from studies of non-human 
primates suggest that restriction of food intake can help hu-
mans have longer and healthier lives.

Humans
Owing to ethical and experimental limitations, investigations 
of human caloric restriction have not been actively conducted. 
As a result, studies of the benefits of caloric restriction on hu-
mans have primarily been restricted to epidemiological 
studies. However, many people follow food restrictions for re-
ligious or regional reasons. Studies of the effects of observance 
of Ramadan, during which time Muslims do not intake any 
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food or water between sunrise and sunset, showed conflicting 
results (24, 25). Another representative experimental study of 
human caloric restriction is the CALERIE (Comprehensive 
Assessment of Long Term Effects of Reducing Caloric Intake) 
program, in which healthy volunteers underwent the caloric 
restriction interventions for 2 years (26). The CALERIE groups 
have published several reports showing the benefits of caloric 
restriction on anti-aging, including increased insulin sensi-
tivity, improvement of plasma lipid composition, and attenu-
ation of oxidative stress (27, 28). However, caloric restriction 
does not seem to have a beneficial effect on age-related bone 
and muscle deterioration in humans (29, 30). 

MECHANISMS OF CALORIC RESTRICTION

Hypotheses of anti-aging effect by caloric restriction
The underlying mechanisms of the effects of caloric restriction 
on longevity have not yet been definitely demonstrated. 
Indeed, there are hundreds of hypotheses that still must be test-
ed before the mechanism responsible for extended lifespan in 
response to reduced food intake is fully understood. In early 
caloric restriction studies, there were some hypotheses; McCay 
et al., proposed developmental delay hypothesis, the re-
tardation of growth by caloric restriction increases lifespan (17). 
Pearl proposed the reduced metabolic rate hypothesis suggest-
ing that caloric restriction reduces metabolic rates, followed by 
lifespan extension (31).  In addition, the laboratory gluttons hy-
pothesis tested whether ordinary overeating of laboratory ani-
mals compared to their wild compartment negatively affected 
their heath, while the caloric restriction effects of laboratory an-
imals were merely the rescue effect of excessive eating (32). 
However, these early hypotheses were almost all discarded ow-
ing to the conflicting results of various investigations.
　The most reliable hypothesis of the anti-aging effect of calo-
ric restriction is associated with the reduction of oxidative 
stress. Oxygen that enters the body is changed into reactive 
oxygen species (ROS) through cellular respiration, which sub-
sequently attacks the macromolecules in the cells, resulting in 
the onset of age-associated changes. Caloric restriction is 
thought to reduce ROS production, which delays the aging 
processes (33). Numerous studies have supported this 
hypothesis. However, there is also considerable controversy 
associated with hypothesis. For example, the null mice of the 
antioxidant superoxide dismutase did not show accelerated ag-
ing, despite the presence of increased oxidative damage (34). 
In addition, the reduction of ROS production did not extend 
the lifespan of Drosophila (35). Thus, more information regard-
ing the relationship between ROS, lifespan, and caloric re-
striction is needed.
　Caloric restriction also reduces body temperature, and this 
decreased body temperature has been shown to be one of the 
mechanisms contributing to lifespan extension by caloric 
restriction. Specifically, the effects of caloric restriction were 
lost when animals fed a restricted diet were kept at higher tem-

perature (36). Overall, the data generated to date indicate that 
a complex combination of a variety of mechanisms may be in-
volved in the beneficial effects of caloric restriction.

Molecular signals associated with caloric restriction
Although the mechanisms of caloric restriction have not been 
clearly defined, most gerontologists believe that the effects of 
caloric restriction on longevity is associated with nu-
trient-triggered signaling cascades, such as insulin/insulin-like 
growth factor-1 (IGF) signaling, and the target of rapamycin 
(TOR) pathway. Lifespan extension and retardation of aging 
processes are observed when the activity of these nu-
trient-triggered signaling pathways is reduced by mutations or 
chemical inhibitors.

Insulin/IGF signaling
Over intake of glucose, a major energy source in a variety of 
model animals, induces age-related diseases such as diabetes 
and cardiovascular disease. Increased glucose levels in serum 
followed by food intake promote the secretion of insulin hor-
mone, which in turn activates insulin/IGF signaling. After bind-
ing with insulin, insulin receptor activates downstream factors 
such as PI3K/Akt/Ras and/or represses forkhead box O (FOXO) 
transcription factor, which is well-known to regulate stress re-
sponse genes (37). Modulation of organismal longevity by in-
sulin/IGF signaling has been well defined in various animals 
from yeast to mammals (38). Under caloric restriction con-
ditions, systemic levels of insulin/IGF signaling are definitely 
decreased in many species. Thus, insulin/IGF signaling has 
been proposed as a mediator of longevity benefit by caloric 
restriction. However, it is still not clear whether the longevity 
extension effect of caloric restriction is dependent on the in-
sulin/IGF signaling pathway. Flies containing the FOXO muta-
tion still responded to caloric restriction (39), and the lifespan 
of long lived-Ames dwarf mice generated by mutation of 
growth hormone was also extended by caloric restriction (40).

TOR pathway
The other nutrient sensor signaling pathway known to regu-
late longevity is the TOR pathway, which is a well-known 
amino acid sensor that is evolutionally conserved from yeast 
to mammals. Activation of TOR by amino acids promotes pro-
tein synthesis via the activation of S6K and/or the inhibition of 
4EBP, and the inactivation of TOR promotes degradation of 
damaged proteins and intracellular organelles via autophagy. 
Thus, decreased expression or activity of the TOR signaling 
pathway is known to extend lifespan in nematodes, flies, and 
rodents (41, 42). Since it plays a role as an amino acid sensor, 
the TOR pathway has been proposed as a mediator of caloric 
restriction. However, there are conflicting reports of the ef-
fects of caloric restriction on TOR expression in rodents (43, 
44). Thus, further intensive investigations are required to en-
able a precise understanding of the mediators of caloric 
restriction.
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Adenosine Monophosphate -activated Protein Kinase (AMPK) 
signaling 
AMPK is emerging as a key nutrient-triggered signaling path-
way underlying the lifespan extension effect of caloric 
restriction. Under energy deprivation conditions, LKB phos-
phorylates and activates AMPK, which in turn stimulates the 
processes to generate ATP. The nematode model system has 
generated evidence in support of the function of AMPK on life-
span extension by caloric restriction. Worms overexpressing 
AMPK (aak-2) lived longer than controls, and glucose re-
striction increased aak-2 activity (45). Furthermore, it was re-
ported that the lifespan extension effect by caloric restriction 
was dependent on aak-2 in a C. elegans model (46). In the 
Drosophila model system, activation of AMPK activity via the 
overexpression of LKB1 extended the lifespan (47). In addition, 
a recent study showed that the tissue specific overexpression 
of AMPK in muscle and abdominal fat body extended the fly 
lifespan, and that supplementation of adenosine could modu-
late the beneficial effects of caloric restriction, which are asso-
ciated with the activation of AMPK (48). However, it is still not 
clear whether AMPK is a mediator of the effects of caloric re-
striction on longevity in mammalian systems (49).

Sirtuin  
At the beginning of the 21st century, a new factor, Sirtuin, 
gained a great deal of attention as a mediator of caloric 
restriction. Sirtuins are evolutionally conserved nicotine amide 
(NAD)-dependent histone deacetylases. In calorie restricted 
environments, the expression and activity of Sirtuin is in-
creased in many tissues, including adipose and brain tissue 
(50). The overexpression of Sirtuin in worms and flies in-
creased lifespan (51, 52), and mutants of Sirtuin do not show 
lifespan extension by caloric restriction (12). The roles of 
Sirtuin as a mediator of caloric restriction have also been 
shown in the mammalian model animal. Transgenic mice ex-
pressing SIRT1, which is the most thoroughly investigated 
mammalian Sirtuin, showed similar phenotypes to that of food 
restricted mice (53). In addition, the extension of longevity in 
response to caloric restriction was not observed in mice from 
which SIRT1 had been deleted (54). However, there is conflict-
ing evidence regarding the role of Sirtuin as a caloric re-
striction mediator. Indeed, some studies showed that various 
caloric restriction conditions did not activate Sirtuins, and the 
phenotype of Sirtuin overexpression did not exactly coincide 
with that of caloric restriction (55).
　Caloric restriction results in systemic and global changes in 
the body, and the above signaling pathways are tightly cross- 
linked. Therefore, it is not likely that the global changes 
caused by caloric restriction are the result of a single genetic 
factor. Accordingly, more comprehensive and macroscopic 
analyses will be required to interpret and comprehend the 
mechanism of caloric restriction.

CALORIC RESTRICTION MIMETICS

Although the beneficial effects of caloric restriction on lifespan 
and health have been clearly demonstrated, it is difficult to im-
plement such restrictions in our lives. To overcome these diffi-
culties, gerontologists and biologists are attempting to develop 
drugs to mimic the beneficial effects of caloric restriction with-
out the need for diet limitations. Such medicines are known as 
caloric restriction mimetics (CRM). 

Resveratrol
Resveratrol is a polyphenol compound isolated from the skins 
of red grapes. Resveratrol is currently the most thoroughly 
studied CRM. As a CRM, resveratrol was first identified by 
Sinclair through screening of small molecular libraries for com-
pounds that activate Sirtuin and extend lifespan in a yeast 
model (56). In that study, they demonstrated that resveratrol 
can mimic the benefits associated with caloric restriction, and 
that caloric restriction did not further extend the lifespan of 
yeast grown in resveratrol supplemented medium. Resveratrol 
was subsequently shown to extend longevity in worms, flies, 
fish, and obese mice (57, 58). However, a recent study 
showed that resveratrol had no effect on the longevity of mice 
fed a normal diet (59). Although the longevity extension effect 
of resveratrol is not yet certain, it is accepted that resveratrol 
can improve health and prevent age-related diseases. Further 
investigations and clarifications are required to verify whether 
resveratrol is a true CRM.

Rapamycin
Rapamycin, an antibiotic, immune-suppressor drug, is another 
proposed CRM that has shown a longevity benefit. After stud-
ies showing the extension of replicative lifespan of yeast via in-
hibition of the TOR signaling in response to rapamycin treat-
ment (60), it was reported that rapamycin extends the median 
and maximum lifespan of 20-month-old mice accompanied 
with a decrease in TOR activity (61). Since then, many studies 
have been conducted to ascertain the function of rapamycin as 
a CRM. However, it is important to note that there is evidence 
showing adverse side-effects of rapamycin such as an increase 
in the incidence of diabetes (62).

Metformine
Metformin is another CRM of interest to gerontologists. Metfor-
min is a biguanide used as a drug for treatment of type-2 dia-
betes that increases insulin sensitivity and activates AMPK. 
Metformin received a great deal of attention after it was identi-
fied in a screening assay of drugs showing similar transcrip-
tional profiles to that of caloric restriction in mice (63). 
Moreover, metformin was shown to have a caloric re-
striction-related longevity benefit mediated by the activation of 
AMPK in C. elegans (64). Metformin also has a beneficial ef-
fect on other aspects of the aging process such as a decrease in 
age-related disease incidence. However, the longevity benefit 
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of metformin was not observed in a Drosophila model in a re-
cent study (65), or in the non-disease rodent model (66). The 
appearance of evidence showing that metformin is ineffective 
on longevity in some species has led to uncertainty as to 
whether metformin is a true CRM.

CONCLUSIONS

As the number of elderly people who cannot undergo physical 
activities has increased, anti-aging has become one of the ulti-
mate goals of gerontologists. Although it has been 75 years 
since the beneficial effects of caloric restriction on animal 
health were first reported, the underlying mechanism of lon-
gevity extension in response to food restriction has still not 
been identified. Further organized and global investigations 
encompassing various research fields using well-developed ge-
netic model animals and well-controlled practical human stud-
ies will enable the aging process to be controlled, thus allow-
ing humans to live healthier and happier lives in the near 
future.

Acknowledgements
This work was supported by Inha University and Basic Science 
Research Program through the National Research Foundation 
of Korea (NRF) funded by the Ministry of Education, Science 
and Technology (No. 2012R1A1A2041099).

REFERENCES

1. Fontana, L., Partridge, L. and Longo, V. D. (2010) 
Extending healthy life span--from yeast to humans. 
Science 328, 321-326.

2. Masoro, E. J. (2005) Overview of caloric restriction and 
ageing. Mech. Ageing Dev. 126, 913-922.

3. Speakman, J. R. and Mitchell, S. E. (2011) Caloric 
restriction. Mol. Aspects Med. 32, 159-221.

4. Fontana, L., Weiss, E. P., Villareal, D. T., Klein, S. and 
Holloszy, J. O. (2008) Long-term effects of calorie or pro-
tein restriction on serum IGF-1 and IGFBP-3 concentration 
in humans. Aging Cell 7, 681-687.

5. Orentreich, N., Matias, J. R., DeFelice, A. and 
Zimmerman, J. A. (1993) Low methionine ingestion by 
rats extends life span. J. Nutr. 123, 269-274.

6. Ooka, H., Segall, P. E. and Timiras, P. S. (1988) Histology 
and survival in age-delayed low-tryptophan-fed rats. 
Mech. Ageing Dev. 43, 79-98.

7. Osborne, T. B., Mendel, L. B. and Ferry, E. L. (1917) The 
effect of retardation of growth upon the breeding period 
and duration of life of rats. Science 45, 294-295.

8. Robertson, T. B. and Ray, L. A. (1920) Experimental stud-
ies on growth: XV. On the growth of relatively long lived 
compared with that of relatively short lived animals. J. 
Biol. Chem. 42, 71-107.

9. McCay, C. M., Crowell, M. F. and Maynard, L. A. (1989) 
The effect of retarded growth upon the length of life span 
and upon the ultimate body size. 1935. Nutrition 5, 
155-171.

10. Weindruch, R., Walford, R. L., Fligiel, S. and Guthrie, D. 
(1986) The retardation of aging in mice by dietary re-
striction: longevity, cancer, immunity and lifetime energy 
intake. J. Nutr. 116, 641-654.

11. Fabrizio, P. and Longo, V. D. (2003) The chronological life 
span of Saccharomyces cerevisiae. Aging Cell 2, 73-81.

12. Lin, S. J., Defossez, P. A. and Guarente, L. (2000) 
Requirement of NAD and SIR2 for life-span extension by 
calorie restriction in Saccharomyces cerevisiae. Science 
289, 2126-2128.

13. Wei, M., Fabrizio, P., Hu, J., Ge, H., Cheng, C., Li, L. and 
Longo, V. D. (2008) Life span extension by calorie re-
striction depends on Rim15 and transcription factors 
downstream of Ras/PKA, Tor, and Sch9. PLoS Genet. 4, 
e13.

14. Houthoofd, K., Braeckman, B. P., Lenaerts, I., Brys, K., De 
Vreese, A., Van Eygen, S. and Vanfleteren, J. R. (2002) 
Axenic growth up-regulates mass-specific metabolic rate, 
stress resistance, and extends life span in Caenorhabditis 
elegans. Exp. Gerontol. 37, 1371-1378.

15. Mair, W., Piper, M. D. and Partridge, L. (2005) Calories 
do not explain extension of life span by dietary restriction 
in Drosophila. PLoS Biol. 3, e223.

16. Simpson, S. J. and Raubenheimer, D. (2009) Macronutrient 
balance and lifespan. Aging (Albany NY) 1, 875-880.

17. McCay, C. M., Crowell, M. F. and Maynard, L. A. (1935) 
The effect of retarded growth upon the length of life span 
and upon the ultimate body size. J. Nutr. 10, 63-79.

18. Varady, K. A. and Hellerstein, M. K. (2007) Alternate-day 
fasting and chronic disease prevention: a review of human 
and animal trials. Am. J. Clin. Nutr. 86, 7-13.

19. Singh, R., Lakhanpal, D., Kumar, S., Sharma, S., Kataria, 
H., Kaur, M. and Kaur, G. (2012) Late-onset intermittent 
fasting dietary restriction as a potential intervention to re-
tard age-associated brain function impairments in male 
rats. Age (Dordr) 34, 917-933.

20. Bodkin, N. L., Alexander, T. M., Ortmeyer, H. K., 
Johnson, E. and Hansen, B. C. (2003) Mortality and mor-
bidity in laboratory-maintained Rhesus monkeys and ef-
fects of long-term dietary restriction. J. Gerontol. A. Biol. 
Sci. Med. Sci. 58, 212-219.

21. Bodkin, N. L., Ortmeyer, H. K. and Hansen, B. C. (1995) 
Long-term dietary restriction in older-aged rhesus mon-
keys: effects on insulin resistance. J. Gerontol. A. Biol. Sci. 
Med. Sci. 50, B142-147.

22. Colman, R. J., Anderson, R. M., Johnson, S. C., Kastman, 
E. K., Kosmatka, K. J., Beasley, T. M., Allison, D. B., 
Cruzen, C., Simmons, H. A., Kemnitz, J. W. and 
Weindruch, R. (2009) Caloric restriction delays disease 
onset and mortality in rhesus monkeys. Science 325, 
201-204.

23. Mattison, J. A., Roth, G. S., Beasley, T. M., Tilmont, E. M., 
Handy, A. M., Herbert, R. L., Longo, D. L., Allison, D. B., 
Young, J. E., Bryant, M., Barnard, D., Ward, W. F., Qi, 
W., Ingram, D. K. and de Cabo, R. (2012) Impact of calo-
ric restriction on health and survival in rhesus monkeys 
from the NIA study. Nature 489, 318-321.

24. Hallak, M. H. and Nomani, M. Z. (1988) Body weight loss 
and changes in blood lipid levels in normal men on hypo-
caloric diets during Ramadan fasting. Am. J. Clin. Nutr. 



Caloric restriction and its mimetics
Shin-Hae Lee and Kyung-Jin Min

186 BMB Reports http://bmbreports.org

48, 1197-1210.
25. Maislos, M., Khamaysi, N., Assali, A., Abou-Rabiah, Y., 

Zvili, I. and Shany, S. (1993) Marked increase in plasma 
high-density-lipoprotein cholesterol after prolonged fast-
ing during Ramadan. Am. J. Clin. Nutr. 57, 640-642.

26. Rickman, A. D., Williamson, D. A., Martin, C. K., 
Gilhooly, C. H., Stein, R. I., Bales, C. W., Roberts, S. and 
Das, S. K. (2011) The CALERIE Study: design and methods 
of an innovative 25% caloric restriction intervention. 
Contemp. Clin. Trials. 32, 874-881.

27. Meydani, M., Das, S., Band, M., Epstein, S. and Roberts, 
S. (2011) The effect of caloric restriction and glycemic 
load on measures of oxidative stress and antioxidants in 
humans: results from the CALERIE Trial of Human Caloric 
Restriction. J. Nutr. Health. Aging 15, 456-460.

28. Martin, C. K., Das, S. K., Lindblad, L., Racette, S. B., 
McCrory, M. A., Weiss, E. P., Delany, J. P. and Kraus, W. 
E. (2011) Effect of calorie restriction on the free-living 
physical activity levels of nonobese humans: results of 
three randomized trials. J. Appl. Physiol. 110, 956-963.

29. Villareal, D. T., Fontana, L., Weiss, E. P., Racette, S. B., 
Steger-May, K., Schechtman, K. B., Klein, S. and Holloszy, 
J. O. (2006) Bone mineral density response to caloric re-
striction-induced weight loss or exercise-induced weight 
loss: a randomized controlled trial. Arch. Intern. Med. 
166, 2502-2510.

30. Weiss, E. P., Racette, S. B., Villareal, D. T., Fontana, L., 
Steger-May, K., Schechtman, K. B., Klein, S., Ehsani, A. A. 
and Holloszy, J. O. (2007) Lower extremity muscle size 
and strength and aerobic capacity decrease with caloric 
restriction but not with exercise-induced weight loss. J. 
Appl. Physiol. 102, 634-640.

31. Pearl, R., Winsor, A. A. and Miner, J. R. (1928) The 
growth of seedlings of the canteloup, cucumis melo, in 
the absence of exogenous food and light. Proc. Natl. 
Acad. Sci. U.S.A. 14, 1-4.

32. Hayflick, L. (2004) The not-so-close relationship between 
biological aging and age-associated pathologies in 
humans. J. Gerontol. A. Biol. Sci. Med. Sci. 59, B547-550.

33. Merry, B. J. (2002) Molecular mechanisms linking calorie 
restriction and longevity. Int. J. Biochem. Cell Biol. 34, 
1340-1354.

34. Van Remmen, H., Ikeno, Y., Hamilton, M., Pahlavani, M., 
Wolf, N., Thorpe, S. R., Alderson, N. L., Baynes, J. W., 
Epstein, C. J., Huang, T. T., Nelson, J., Strong, R. and 
Richardson, A. (2003) Life-long reduction in MnSOD ac-
tivity results in increased DNA damage and higher in-
cidence of cancer but does not accelerate aging. Physiol. 
Genomics 16, 29-37.

35. Miwa, S., Riyahi, K., Partridge, L. and Brand, M. D. (2004) 
Lack of correlation between mitochondrial reactive oxy-
gen species production and life span in Drosophila. Ann. 
N. Y. Acad. Sci. 1019, 388-391.

36. Tabarean, I., Morrison, B., Marcondes, M. C., Bartfai, T. and 
Conti, B. (2010) Hypothalamic and dietary control of tem-
perature-mediated longevity. Ageing Res. Rev. 9, 41-50.

37. Salih, D. A. and Brunet, A. (2008) FoxO transcription fac-
tors in the maintenance of cellular homeostasis during 
aging. Curr. Opin. Cell Biol. 20, 126-136.

38. Kenyon, C., Chang, J., Gensch, E., Rudner, A. and Tabtiang, 

R. (1993) A C. elegans mutant that lives twice as long as 
wild type. Nature 366, 461-464.

39. Min, K. J., Yamamoto, R., Buch, S., Pankratz, M. and 
Tatar, M. (2008) Drosophila lifespan control by dietary re-
striction independent of insulin-like signaling. Aging Cell 
7, 199-206.

40. McKee Alderman, J., DePetrillo, M. A., Gluesenkamp, A. 
M., Hartley, A. C., Verhoff, S. V., Zavodni, K. L. and 
Combs, T. P. (2010) Calorie restriction and dwarf mice in 
gerontological research. Gerontology 56, 404-409.

41. Jia, K., Chen, D. and Riddle, D. L. (2004) The TOR path-
way interacts with the insulin signaling pathway to regu-
late C. elegans larval development, metabolism and life 
span. Development 131, 3897-3906.

42. Kapahi, P., Zid, B. M., Harper, T., Koslover, D., Sapin, V. 
and Benzer, S. (2004) Regulation of lifespan in Drosophila 
by modulation of genes in the TOR signaling pathway. 
Curr. Biol. 14, 885-890.

43. Dogan, S., Johannsen, A. C., Grande, J. P. and Cleary, M. 
P. (2011) Effects of intermittent and chronic calorie re-
striction on mammalian target of rapamycin (mTOR) and 
IGF-I signaling pathways in mammary fat pad tissues and 
mammary tumors. Nutr. Cancer 63, 389-401.

44. Sharma, N., Castorena, C. M. and Cartee, G. D. (2012) 
Tissue-specific responses of IGF-1/insulin and mTOR sig-
naling in calorie restricted rats. PLoS One 7, e38835.

45. Schulz, T. J., Zarse, K., Voigt, A., Urban, N., Birringer, M. 
and Ristow, M. (2007) Glucose restriction extends 
Caenorhabditis elegans life span by inducing mitochon-
drial respiration and increasing oxidative stress. Cell 
Metab. 6, 280-293.

46. Greer, E. L., Dowlatshahi, D., Banko, M. R., Villen, J., 
Hoang, K., Blanchard, D., Gygi, S. P. and Brunet, A. 
(2007) An AMPK-FOXO pathway mediates longevity in-
duced by a novel method of dietary restriction in C. 
elegans. Curr. Biol. 17, 1646-1656.

47. Funakoshi, M., Tsuda, M., Muramatsu, K., Hatsuda, H., 
Morishita, S. and Aigaki, T. (2011) A gain-of-function 
screen identifies wdb and lkb1 as lifespan-extending 
genes in Drosophila. Biochem. Biophys. Res. Commun. 
405, 667-672.

48. Stenesen, D., Suh, J. M., Seo, J., Yu, K., Lee, K. S., Kim, J. 
S., Min, K. J. and Graff, J. M. (2013) Adenosine nucleotide 
biosynthesis and AMPK regulate adult life span and medi-
ate the longevity benefit of caloric restriction in flies. Cell 
Metab. 17, 101-112.

49. Canto, C. and Auwerx, J. (2011) Calorie restriction: is 
AMPK a key sensor and effector? Physiology (Bethesda) 
26, 214-224.

50. Nisoli, E., Tonello, C., Cardile, A., Cozzi, V., Bracale, R., 
Tedesco, L., Falcone, S., Valerio, A., Cantoni, O., 
Clementi, E., Moncada, S. and Carruba, M. O. (2005) 
Calorie restriction promotes mitochondrial biogenesis by 
inducing the expression of eNOS. Science 310, 314-317.

51. Rogina, B. and Helfand, S. L. (2004) Sir2 mediates longevity 
in the fly through a pathway related to calorie restriction. 
Proc. Natl. Acad. Sci. U.S.A. 101, 15998-16003.

52. Tissenbaum, H. A. and Guarente, L. (2001) Increased dos-
age of a sir-2 gene extends lifespan in Caenorhabditis 
elegans. Nature 410, 227-230.



 Caloric restriction and its mimetics
Shin-Hae Lee and Kyung-Jin Min

187http://bmbreports.org BMB Reports

53. Bordone, L., Cohen, D., Robinson, A., Motta, M. C., van 
Veen, E., Czopik, A., Steele, A. D., Crowe, H., Marmor, 
S., Luo, J., Gu, W. and Guarente, L. (2007) SIRT1 trans-
genic mice show phenotypes resembling calorie 
restriction. Aging Cell 6, 759-767.

54. Boily, G., Seifert, E. L., Bevilacqua, L., He, X. H., 
Sabourin, G., Estey, C., Moffat, C., Crawford, S., Saliba, 
S., Jardine, K., Xuan, J., Evans, M., Harper, M. E. and 
McBurney, M. W. (2008) SirT1 regulates energy metabo-
lism and response to caloric restriction in mice. PLoS One 
3, e1759.

55. Kaeberlein, M., Powers, R. W. 3rd, Steffen, K. K., 
Westman, E. A., Hu, D., Dang, N., Kerr, E. O., Kirkland, 
K. T., Fields, S. and Kennedy, B. K. (2005) Regulation of 
yeast replicative life span by TOR and Sch9 in response to 
nutrients. Science 310, 1193-1196.

56. Howitz, K. T., Bitterman, K. J., Cohen, H. Y., Lamming, D. 
W., Lavu, S., Wood, J. G., Zipkin, R. E., Chung, P., 
Kisielewski, A., Zhang, L. L., Scherer, B. and Sinclair, D. 
A. (2003) Small molecule activators of sirtuins extend 
Saccharomyces cerevisiae lifespan. Nature 425, 191-196.

57. Wood, J. G., Rogina, B., Lavu, S., Howitz, K., Helfand, S. 
L., Tatar, M. and Sinclair, D. (2004) Sirtuin activators 
mimic caloric restriction and delay ageing in metazoans. 
Nature 430, 686-689.

58. Baur, J. A., Pearson, K. J., Price, N. L., Jamieson, H. A., 
Lerin, C., Kalra, A., Prabhu, V. V., Allard, J. S., 
Lopez-Lluch, G., Lewis, K., Pistell, P. J., Poosala, S., 
Becker, K. G., Boss, O., Gwinn, D., Wang, M., 
Ramaswamy, S., Fishbein, K. W., Spencer, R. G., Lakatta, 
E. G., Le Couteur, D., Shaw, R. J., Navas, P., Puigserver, 
P., Ingram, D. K., de Cabo, R. and Sinclair, D. A. (2006) 
Resveratrol improves health and survival of mice on a 
high-calorie diet. Nature 444, 337-342.

59. Pearson, K. J., Baur, J. A., Lewis, K. N., Peshkin, L., Price, 
N. L., Labinskyy, N., Swindell, W. R., Kamara, D., Minor, 
R. K., Perez, E., Jamieson, H. A., Zhang, Y., Dunn, S. R., 
Sharma, K., Pleshko, N., Woollett, L. A., Csiszar, A., 

Ikeno, Y., Le Couteur, D., Elliott, P. J., Becker, K. G., 
Navas, P., Ingram, D. K., Wolf, N. S., Ungvari, Z., 
Sinclair, D. A. and de Cabo, R. (2008) Resveratrol delays 
age-related deterioration and mimics transcriptional as-
pects of dietary restriction without extending life span. 
Cell Metab. 8, 157-168.

60. Powers, R. W. 3rd, Kaeberlein, M., Caldwell, S. D., 
Kennedy, B. K. and Fields, S. (2006) Extension of chrono-
logical life span in yeast by decreased TOR pathway 
signaling. Genes Dev. 20, 174-184.

61. Harrison, D. E., Strong, R., Sharp, Z. D., Nelson, J. F., 
Astle, C. M., Flurkey, K., Nadon, N. L., Wilkinson, J. E., 
Frenkel, K., Carter, C. S., Pahor, M., Javors, M. A., 
Fernandez, E. and Miller, R. A. (2009) Rapamycin fed late 
in life extends lifespan in genetically heterogeneous mice. 
Nature 460, 392-395.

62. Blattler, S. M., Cunningham, J. T., Verdeguer, F., Chim, 
H., Haas, W., Liu, H., Romanino, K., Ruegg, M. A., Gygi, 
S. P., Shi, Y. and Puigserver, P. (2012) Yin Yang 1 defi-
ciency in skeletal muscle protects against rapamycin-in-
duced diabetic-like symptoms through activation of in-
sulin/IGF signaling. Cell Metab. 15, 505-517.

63. Dhahbi, J. M., Mote, P. L., Fahy, G. M. and Spindler, S. R. 
(2005) Identification of potential caloric restriction mim-
etics by microarray profiling. Physiol. Genomics. 23, 
343-350.

64. Onken, B. and Driscoll, M. (2010) Metformin induces a 
dietary restriction-like state and the oxidative stress re-
sponse to extend C. elegans Healthspan via AMPK, LKB1, 
and SKN-1. PLoS One 5, e8758.

65. Slack, C., Foley, A. and Partridge, L. (2012) Activation of 
AMPK by the putative dietary restriction mimetic metfor-
min is insufficient to extend lifespan in Drosophila. PLoS 
One 7, e47699.

66. Smith, D. L. Jr., Nagy, T. R. and Allison, D. B. (2010) 
Calorie restriction: what recent results suggest for the fu-
ture of ageing research. Eur. J. Clin. Invest. 40, 440-450.


