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Abstract: Genetic and pharmacological interventions have successfully extended healthspan and 

lifespan in animals, but their genetic interventions are not appropriate options for human 

applications and pharmacological intervention needs more solid clinical evidence. Consequently, 

dietary manipulations are the only practical and probable strategies to promote health and longevity 

in humans. Caloric restriction (CR), reduction of calorie intake to a level that does not compromise 

overall health, has been considered as being one of the most promising dietary interventions to 

extend lifespan in humans. Although it is straightforward, continuous reduction of calorie or food 

intake is not easy to practice in real lives of humans. Recently, fasting-related interventions such as 

intermittent fasting (IF) and time-restricted feeding (TRF) have emerged as alternatives of CR. Here, 

we review the history of CR and fasting-related strategies in animal models, discuss the molecular 

mechanisms underlying these interventions, and propose future directions that can fill the missing 

gaps in the current understanding of these dietary interventions. CR and fasting appear to extend 

lifespan by both partially overlapping common mechanisms such as the target of rapamycin (TOR) 

pathway and circadian clock, and distinct independent mechanisms that remain to be discovered. 

We propose that a systems approach combining global transcriptomic, metabolomic, and proteomic 

analyses followed by genetic perturbation studies targeting multiple candidate pathways will allow 

us to better understand how CR and fasting interact with each other to promote longevity. 

Keywords: aging; lifespan; longevity; calorie restriction; fasting 

 

1. Introduction 

1.1. Opening Sentences 

Almost all organisms, except for a few species including perennial plants, lobsters, quahog, 

rockfish, and Testudinidae, undergo a series of biological processes referred to as “aging” and 

“senescence.” [1]. Biological aging is generally defined as “a series phenomenon of functional, 

structural, and biochemical changes that occur throughout cells and organs, disrupting homeostasis 

in the body and ultimately leading to death” [2]. Prior to the early twentieth century, studies on 

human aging were not considered important because humans lived for a relatively short period of 

about 35 to 45 years. Since that time, technology and human medicine have greatly advanced, the 

human lifespan has increased, and research into human longevity and healthy living has increased. 

One of the breakthroughs of the research is that the aging process can be retarded by dietary 

manipulations. 
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1.2. History of Dietary Manipulations for Health and Longevity 

In the early 1900s, there was some evidence that dietary manipulations affect health and 

longevity of organisms. Reduction of food intake decreased the occurrence of cancers in rodents [3], 

and increased the lifespan in aged female rats [4] and fruit flies [5]. The basic concept of caloric 

restriction (CR) was founded in the late 1930s. Ingle et al. reported that the reduction of food intake 

increased the lifespan of planktonic cladoceran, Daphnia longispina [6], and McCay et al. showed that 

restricted diet extended the lifespan of rats two fold compared to rats on a normal diet [7]. Since the 

late 1930s, the term CR has become more widely used, and, in the 1940s, many researchers reported 

that CR retarded or prevented the onset of age-related diseases such as kidney disease, tumors, and 

leukemia [8–12]. From the 1950s to the 1980s, the longevity effect of CR was also reported in other 

species. CR decreased the mortality rate in Tokophrya infusionum (Protozoan) [13], Philodina acuticornis 

(rotifera) [14], Lebistes reticulates (fish) [15], Caenorhabditis elegans (nematode) [16], Rattus norvegicus 

(rat) [17,18], and Mus musculus (mouse) [19,20]. In addition to limiting the feeding amount, 

controlling the feeding period (e.g., intermittent feeding) was also researched during these decades 

[18,20–23]. In the 1980s, several sources of evidence started to indicate that the dietary composition 

was the controlling determinant for the longevity effect of CR, and the term dietary restriction (DR) 

began to be widely used. Several studies have shown that reduced calorie intake by alteration of 

nutrient content, such as fat, carbohydrates, or amino acids, can have different effects on longevity in 

model animals [24–26]. In the 1990s, results of studies into the effects of CR in rhesus monkey (Macaca 

mulatta), non-human primates (NHP) were published by three groups—the National Institute on 

Aging (NIA) [27], the Wisconsin National Primate Research Center (WNPRC) [28], and the University 

of Maryland [29].  

In the 2000s, the term intermittent feeding underwent a slight change and became intermittent 

fasting (IF). IF is a dietary manipulation that cycles between periods of ad libitum feeding and periods 

of fasting, including alternate-day fasting (ADF) and periodic fasting (PF) [30]. Although the effects 

of IF on health and longevity have not been elucidated as clearly as those of CR, there is evidence 

indicating a positive effect of IF on aging [31,32]. Recently, the concept of IF merged with that of the 

circadian rhythm and a new diet regimen, time restricted feeding (TRF), has emerged. TRF is a slight 

variation of IF interventions in which food intake is limited to 12 h each day without a change in the 

total calorie intake of the normal diet [31–35]. TRF has been reported to reduce the incidence of aging-

related diseases and delay aging without an actual reduction in food intake.  

1.3. Key Determinant of Lifespan Regulation through Diet Manipulation 

CR regards the daily caloric intake per se as a key determinant in lifespan regulation. For 

example, a reduction of calorie intake without a reduction of protein intake increased the lifespan of 

rats [25], and lifespan was not altered in rats fed isocaloric diets in which either fat or mineral 

components had been reduced [26,36]. These studies indicated that the total calories are a key 

determinant in regulating the lifespan of rats. However, recent evidence had indicated that the 

amount of calorie intake might not be a key determinant of lifespan regulation by CR. The lifespans 

of rats and fruit flies have been increased by nutritional changes or protein reduction while providing 

the same calorie intake [37–41]. Moreover, the results of several studies have suggested that amino 

acids are key modulators of lifespan in organisms [42,43]. Furthermore, reducing only one type of 

amino acid, methionine, is sufficient enough to increase the lifespan of yeast, nematodes, fruit flies, 

and rodents [44–47]. Beneficial effects of TRF on health and longevity indicated that there might be a 

third determinant in lifespan extension, other than total calories or nutrient composition, since TRF 

exerts its effect without exhibiting notable changes in total calories or nutrient composition [31]. A 

more thorough investigation into the key determinant(s) of nutrient restriction effect is necessary.  
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2. Animal Models and Protocols of Dietary Manipulation 

2.1. Yeast (Saccharomyces Cerevisiae) 

Yeast aging is classified into two different types as replicative and chronological aging [48]. 

Replicative aging is defined by the number of daughter cells produced by a mother cell, while 

chronological aging is defined by the time in which a nondividing cell can maintain viability. 

Although two yeast aging paradigms have been used in aging studies, replicative aging is more 

widely used in CR-related aging studies. Generally, CR in yeast is performed by reducing the glucose 

level in growth medium, which commonly contains 2% peptone, 1% yeast extract and 2% glucose. 

The concentrations of glucose are reduced to ~ 0.5–0.005% for CR [49]. In these settings, replicative 

lifespan of budding yeast was extended by about 10 times in the low-dose glucose medium compared 

to the lifespan of control [50–53]. Yeast is also cultured in water in order to undergo fasting [54].  

2.2. Nematode (Caenorhabditis Elegans)  

C. elegans has several advantages in aging studies—a relatively short lifespan/reproductive cycle, 

a translucent body, it is easy to culture, has a small genome, and there are many available mutants 

[55]. DR is mainly performed in nematodes by controlling the concentration of the bacteria such as 

Escherichia coli in the media that they feed [54,56]. In the worms, genetic perturbations that mimic DR 

were also introduced by inhibiting specific nutrient transporters [57] and reducing pharyngeal 

pumping [58]. For IF, worms are placed every other day in medium with and without bacteria [59,60]. 

This IF regimen (alternate 2 days eating/ 2 days fasting) successfully extended lifespan in the worms 

[59,60]. Furthermore, chronic fasting also increased the lifespan of worms compared to normal diet-

fed worms [61,62].  

2.3. Fruit Fly (Drosophila Melanogaster) 

The fruit fly, D. melanogaster, is another invertebrate model organism widely used for aging and 

dietary intervention studies [63]. Similar to C. elegans, the fruit fly also has many advantages such as 

a relatively short lifespan and high productivity. However, compared to C. elegans, the fruit fly has 

more complicated and diverse tissues such as the heart and kidney that are functionally homologous 

to mammals [63]. Gene manipulation and editing tools are also readily available to study the genes 

of interest in a time- and tissue-controlled manner [63]. Furthermore, their simple food composition 

allows for easy manipulation of the food component in experiments. Although the composition of 

the food medium is diverse among laboratories, the most general method for DR supplementation in 

the fruit fly is dilution of the food ingredients including yeast as a protein source, sugar, or fat from 

an ad libitum medium. Food reduction or diluted food has also been consistently shown to extend 

the lifespan in fruit flies [40,64,65]. Furthermore, limiting amino acids such as methionine or limiting 

protein sources were sufficient to increase the lifespan of fruit flies [40,41,46,66]. A relatively diverse 

fasting study design can be carried out in fruit flies. In the case of ADF, food is provided every two 

days and fasting is performed for 24 h. Recent studies have found that a 2-day fed:5-day fasted IF 

regime [67] and a TRF regime with daily access to food during the day and water access during the 

night [68] can be implemented in fruit flies. In the IF regime’s case, flies were treated for IF for the 

first 30 days of adulthood and then switched to an ad libitum diet due to high mortality by fasting in 

older flies [67]. In this regimen, IF increased the lifespan of fruit flies [67]. However, a 3 h or 6 h 

starvation during the day was not enough to extend the lifespan [65]. Additionally, TRF did not 

increase the median lifespan of fruit flies, although TRF improved the muscle performance and 

attenuated age-related cardiac dysfunction [31,68].  

2.4. Rodents 

Although research results showing longevity manipulation by dietary modulation in nematodes 

and fruit flies are thought-provoking and motivating, the complexities of human physiology block 

the direct application of such results in humans. In this regard, rodents can fill some of the gaps 
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between them and humans because, compared to fruit flies, nematodes, and yeast, rodents have a 

closer phylogenic relationship to humans and greater similarities in their physiological features and 

process. Many studies have shown beneficial effects of CR/DR on aging in rodents. For example, 

CR/DR reduced the incidence of age-related diseases such as cancer, neurodegenerative diseases, and 

cardiovascular diseases and prolonged lifespan by 30% in rats and 15% in mice [24,69–71]. Rodents, 

including mice and rats, were the first experimental model systems used to investigate the effect of 

CR on lifespan [7]. Generally, to conduct CR in rodents, the total consumed volume of food is 

thoroughly controlled so that 20–50% of calories are reduced compared to ad libitum food 

administration. [72,73]. In addition to this traditional CR administration, trials modulating 

macromolecule composition such as proteins or carbohydrates were also attempted. Similarly, 

reducing the concentration of specific amino acids such as methionine or tryptophan is another form 

of dietary modulation and was shown to extend lifespan [42,47,71,74–78]. To assess the effects of 

fasting regimen in rodents, IF can be conducted so that rodents are provided with only water or 

minimal nutrients for less than 24 h followed by a normal diet period of 48 h, whereas PF can be 

conducted so that rodents are fasted for approximately 48 h, returned to normal feeding and then 

fasted again at least one week later [79]. To conduct TRF, food access can be regulated by transferring 

mice daily between cages with ad libitum food and cages with water only [80,81]. In rodent models, 

the effects of IF on lifespan are not yet conclusive. IF with every other day fasting or fasting for one 

day every three to four days extended the lifespan of rodents [82–85]. However, a study showed that 

IF introduced at 10 months of age had no effect on mean lifespan in C57BL/6J mice or decreased the 

lifespan in A/J mice [83]. Unlike IF, multiple studies showed that TRF inhibits several chronic diseases 

and tumor progression and increases lifespan in rodents [86–88].  

2.5. Non-Human Primates  

The use of NHP in dietary studies provides unique evidence that cannot be obtained by studying 

a lower-order model animal. Although the results of NHP studies have high reliability in human 

applications, NHP studies can encounter several technical, financial and ethical difficulties. Three 

independent groups, the NIA, the WNPRC, and the University of Maryland have investigated, or are 

currently investigating, the beneficial effects of CR on NHP by using the rhesus monkey model. A 

research group at the University of Maryland have focused on the effects of short-term CR on obesity 

and diabetes [89,90], while the NIA and WNPRC have been investigating the effects of CR in rhesus 

monkeys throughout their entire lifetime. Although the rhesus monkeys in the CR groups were 

provided with about 70% food compared to ad libitum groups in both the NIA and WNPRC studies, 

there is a key difference between them in terms of dietary composition [91–93]. The NIA provided 

unpurified natural ingredient-based food, while the WNPRC provided a purified diet to monkeys 

[91–93]. Although the exact information of food ingredients is not available in natural ingredient-

based food, it provides phytochemicals and minerals which might have beneficial effects on health 

and lifespan. On the other hand, a purified diet has an advantage in that nutrient composition of the 

diet is more defined, allowing the manipulation of specific components of the diet. In addition, the 

NIA provided approximate ad libitum intake considering their age and bodyweight for the maturing 

control monkeys without overfeeding, but the WNPRC established the ad libitum reference for each 

individual and implemented CR based on individual standards [91–93]. Lifelong CR in rhesus 

monkeys led to lifespan extension at the WNPRC [91], but there was no lifespan extension effect by 

CR at NIA [92]. The NIA used the food that was lower in calories and fat, and higher in protein and 

fiber compared to food used by the WNPRC. These dietary manipulations conducted at the NIA led 

to a longer lifespan of the control old-onset groups from the median lifespan of rhesus monkey. The 

median lifespan of rhesus monkey was similar to what was previously reported as the 90th percentile 

of this species (~ 35 years old). In addition, juvenile/adult males without CR in the NIA showed 

similar median lifespans compared to the lifespan of monkey with CR in the WNPRC. Thus, it 

suggests that the difference in diet between the control and the CR group was insufficient to change 

lifespan. However, since the NIA uses rhesus macaques of various ages, sex, and different genetic 

backgrounds (Indian and Chinese), it showed results that can compare the effect of CR according to 
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the differences in age/sex/genetic background. Although the results of the effect of CR on the lifespan 

of rhesus monkey were different, both groups present health benefits of CR such as loss of weight 

and fat, and reduced risk of cancer and cardiovascular disorder. Thus, if all variables were controlled, 

it was suggested that CR can robustly increase lifespan in monkeys and also suggest applications in 

humans [93]. 

3. Dietary Manipulations for Human Application 

Many studies have shown that dietary manipulation can retard the aging process through some 

well conserved mechanisms in diverse organisms from yeast to NHP. The determination of 

conserved mechanisms that produce beneficial effects of dietary manipulation in humans would 

require additional investigation, due to the limited number of studies examining the effects of CR/IF 

in humans. However, several epidemiological and cross-sectional studies using centenarians and 

individuals who volunteered CR practice indicate the beneficial effect of CR in humans. 

Epidemiological data can be gathered from people who follow food restrictions due to religious 

guidelines. For example, Muslims ingest no food or water for approximately 15 h between sunrise 

and sunset for a month during Ramadan every year. Thus, this long-term food restriction during 

Ramadan could be considered a human IF model.  

Some studies have shown that Ramadan fasting has the effect of promoting human health [94]. 

A Comprehensive Assessment of the Long-term Effects of Reducing Intake of Energy (CALERIE) 

research program was designed to systematically investigate sustained CR effects in healthy 

volunteer humans over a two-year period [95]. The CALERIE program produced several results that 

demonstrate the beneficial effect of CR on aging and health in humans, including observation of an 

increase in metabolism and a decrease in oxidative stress [96,97]; however, the study did not indicate 

the presence of beneficial effects of CR on age-related bone and muscle impairment [98,99]. 

Additionally, some studies have shown that IF can improve metabolic health and physiological 

function in humans. IF reduced fat mass, lean mass, and body weight in healthy humans and obese 

patients [33,100–104]. Similarly, IF improved lipid and glucose metabolism, reduced inflammatory 

response, lowered blood pressure, and improved cardiovascular health [102,105–109]. Several studies 

have shown that IF is an effective intervention, especially for people who are overweight or diabetic. 

IF reduced overall fat mass and decreased insulin resistance [103,110–113]. Some researchers also 

conducted the studies to evaluate the effects of TRF on human health, and demonstrated that TRF 

improved insulin sensitivity, blood pressure, oxidative stress, and quality of life in overweight or 

diabetic adults [35,114,115]. Results of the studies also showed that TRF improved cardiovascular 

function and other indicators of healthspan (e.g., walking distance and heart rate) in healthy middle-

aged and older adults [116] although weight loss observed with other IF methods were not 

accompanied by TRF. These results suggest that IF including TRF may be a promising manipulation 

to extend the healthspan of humans.  

4. Molecular Mechanisms of CR and IF 

The ultimate goal for animal studies on CR/IF is to identify the conserved molecular mechanisms 

that can extend the healthspan of humans. Healthspan, the period of life that is free from disease, is 

measured by examining declines of functional health parameters and disease states. Because 

healthspan is a multifactorial complex phenotype that is significantly affected by genotypes (G) and 

environmental factors (E) as well as complicated interactions between them (G × E), measuring 

healthspan often gets complicated [117]. Furthermore, delayed functional aging in one parameter is 

not always necessarily linked to the extension of healthspan in different health parameters [117]. In 

fact, by depending on the types of health parameters and experimental approaches, different 

healthspan results were observed from the studies that used the same long-lived mutant animals 

[117]. Unlike healthspan, lifespan is unequivocally recorded by simply following the mortality of 

individual organisms. Lifespan extension in animal models is strongly correlated with a decrease in 

morbidity and an increase in health. Therefore, although we believe that results of health-related 
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parameters from animal CR/IF studies are likely to be translatable to human healthspan, we will focus 

on the mechanisms of lifespan extension in animal models in this manuscript. 

Although not complete, studies for the last two decades on CR have provided a great amount of 

details about the mechanisms of CR. Recent advances in OMICs and bioinformatic techniques 

followed by organism level genetic perturbation analyses significantly extended our knowledge on 

the molecular mechanisms that mediate lifespan extension by CR. A current understanding is that 

CR works through the key nutrient and stress-responsive metabolic signaling pathways including 

IIS/FOXO, TOR, AMPK, Sirtuins, NRF2, and autophagy. While these pathways regulate CR 

independently, cross-talks among these pathways as well as upstream master networks such as 

circadian clock were also suggested to regulate lifespan extension by CR. Although the number of 

reports on IF is less than CR, recent studies clearly demonstrated that IF also extends lifespan in both 

vertebrate and invertebrate model organisms [60,67,79,83,118,119]. Notably, increased survival by 

nutrient deprivation was also observed in prokaryotic E.coli cells, emphasizing that fasting-related 

lifespan extension is evolutionarily conserved [79]. However, there is still a lack of comprehensive 

understanding for the mechanisms responsible for lifespan extension by IF. As nutrient-dependent 

interventions, CR and IF were suggested to share a common strategy: the reduction of caloric intake 

and nutrients that limit longevity. In fact, CR and IF also result in common metabolic and 

physiological changes in multiple tissues and organs (Figure 1) [32]. For example, ketone bodies, 

insulin sensitivity, and adiponectin are increased while insulin, IGF-1, and leptin are decreased. 

Overall inflammatory response and oxidative stress are reduced by both regimens [32]. They also 

cause similar behavioral changes such as increased hunger response and cognitive response [32]. 

Accordingly, it is widely accepted that common molecular mechanisms may mediate the lifespan 

extension by CR and IF. A proposed model for the mechanisms underlying the lifespan extension by 

CR and IF relatively follow the notion that both CR and IF alter the activity of common key metabolic 

pathways, namely, TOR, IIS, and sirtuin pathways (Figure 1) [120]. However, there must be 

independent mechanisms as well due to one major difference between CR and IF in that IF aims to 

extend lifespan without an overall reduction in caloric intake by taking advantage of the molecular 

pathways that respond to fasting [30,32,121].  

 

Figure 1. Possible anti-aging mechanisms of caloric restriction (CR) and intermittent fasting (IF). 

Different dietary interventions by CR and IF result in similar molecular and physiological changes 

that promote longevity in model organisms. Patterns of individual dietary, metabolic, molecular, and 

physiological parameters can be different depending on the types of CR and IF as well as the animal 

models. See the main text for details. 
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Chronic CR that results in the extension of healthspan and lifespan usually involves a body 

weight loss in animal models [119]. Body weight loss is also often observed in animals under IF [119]. 

This is an important issue in both practical and mechanistic perspectives. Although a modest body 

weight loss may be beneficial for overall health, a severe loss of body weight may counteract 

beneficial effects on other health parameters. Mechanistically, it is possible that CR and IF result in 

extension of healthspan and lifespan at the cost of body weight reduction. In this sense, it is 

interesting to note that a loss of body weight can be decoupled from other beneficial effects by IF 

[30,114]. This raises an important question of whether fasting by itself may induce some, if not all, 

extension of healthspan and lifespan at least by IF. Although a weight loss was observed in the 

participants of the CALERIE trial (also seen in section 3), the weight loss was mild and within the 

normal range of health while improving other health parameters [95–97]. Therefore, although further 

investigations are required for the reciprocal relationship between body weight and the efficacy of 

CR/IF, we favor the idea that that body weight reduction by CR and IF are side effects that are not 

the mechanistic determinant for the benefits of CR and IF. 

CR and IF significantly reorganize genomic, metabolomic, and proteomic landscapes in local 

tissues as well as in the global organism level in an age, sex, and strain-dependent manner. However, 

these molecular changes in gene expression, metabolites, and proteomes do not necessarily represent 

whether those changes are causal factors for CR- and IF-mediated lifespan extension. Genetic 

perturbation studies in animal models must be followed in order to link them to lifespan regulation 

by CR and IF. Therefore, in this review, we will primarily focus on the molecular pathways that were 

genetically tested for CR and IF effects on lifespan, leaving out much of correlative studies describing 

the physiological and metabolic traits affected by CR and IF. Because genetic perturbation studies 

and OMICs data for IF are significantly less than those of CR, we will first discuss molecular 

mechanisms of CR followed by whether those mechanisms overlap with IF. 

4.1. AMPK-TOR Signaling 

In eukaryotes, the target of the Rapamycin (TOR) pathway plays a central role in nutrient and 

energy sensing to control cellular and organismal growth [122–124]. The TOR pathway regulates 

growth and metabolism by promoting protein synthesis in response to nutritional availability 

including dietary amino acids [124]. A number of genetic studies showed that suppression or 

downregulation of the TOR pathway extend lifespan in multiple model organisms including the 

yeast S. cerevisiae [54,125–129], the worm C. elegans [60,130–142], the fly D. melanogaster [143,144], and 

the mouse M. musculus [145–148]. As CR downregulates the TOR signaling cascade, it has long been 

suggested that CR may extend lifespan by at least partially suppressing the TOR pathway at the cost 

of reduced growth. In fact, mutant animals for the components of the TOR pathway were often shown 

to fail or decrease in lifespan extension by CR [54,125–129,136,141,143,144], indicating that the TOR 

pathway antagonizes the full benefit of CR-mediated lifespan extension. As a key amino acid sensing 

pathway, this may explain that restriction of protein alone, specifically by single amino acids 

methionine and tryptophan in the diet, were sufficient to extend lifespan. 

In addition to amino acids, the TOR pathway is also regulated by cell energy status through 

AMP-dependent protein kinase (AMPK), a conserved energy sensor in eukaryotes [149,150]. 

Increased AMP:ATP ratio by energy depletion such as CR activates AMPK, which in turn inhibits the 

TOR pathway [149]. Thus, CR activates AMPK while suppressing the TOR cascade subsequently. 

Unlike the TOR pathway where it extends lifespan when suppressed, AMPK extends lifespan in 

model organisms when activated [136,151–153]. Importantly, similar to the TOR pathway, genetic 

perturbation studies also showed that AMPK mediates lifespan extension by CR. For example, 

lifespan extension by CR in worms was suppressed in the mutant worms for aak-2, one of the catalytic 

subunits of AMPK [136]. However, it is interesting to note that another type of CR in worms (i.e., 

feeding diluted bacteria in liquid culture) did not require AMPK signaling to extend lifespan [154]. 

Although this discrepancy needs further investigation particularly into their methods including the 

nutritional value in each type of the CR protocols, it is possible that non-overlapping mechanisms 

between CR and IF may be responsible. In other words, fasting-related mechanism independent of 
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CR may contribute to this difference. In this sense, it is interesting to note that mild nutritional stress 

through feeding 2-deoxy-D-glucose (2-DG) or food deprivation, which mimic fasting, extended 

lifespan in worms through AMPK signaling [155,156]. An indication for this explanation can be 

drawn from mammalian studies. While acute starvation readily activates AMPK, activation of AMPK 

depends on the duration and type of CR [157]. In some cases, extended CR failed to activate AMPK 

[157]. Thus, it is possible that the AMPK-TOR dependent lifespan extension could partially be due to 

the mechanisms induced by fasting, parts of which may be independent of CR. Supporting this 

hypothesis, it is noteworthy that Honjoh et al. showed that lifespan extension by IF (by every-other-

day feeding) was dependent on RHEB, a small GTPase protein that activates the TOR pathway by 

directing binding to the TOR Kinase [158], at least in worms [60]. As they also showed that RHEB-

dependent IF-mediated lifespan extension was partially due to IIS/FOXO signaling, their results 

support the idea that tightly regulated networks between IIS/FOXO and TOR signaling cascade may 

mediate both DR and IF-dependent lifespan extension. 

4.2. IIS-FOXO Signaling 

In mammals, growth hormone (GH) secreted from the pituitary gland promotes somatic growth 

by activating a cascade of downstream hormonal signaling such as Insulin/Insulin-like growth factor-

1 signaling (IIS) [120,159]. Activated IIS signaling cascade by GH mediates the translocation of its 

main downstream targets, forkhead box protein O (FOXO) transcription factors, to the cytoplasm 

from the nucleus [160]. In the absence or reduction of GH/IIS signals, the FOXO transcription factors 

translocate into the nucleus and promote the expression of their target genes involved in cell death, 

cell cycle arrest, DNA repair, stress resistance, and detoxification [160], all of which are attributed to 

promote longevity by switching organismal metabolic status from somatic growth to maintenance 

[161]. Although there is no system equivalent to GH in lower organisms such as yeast, worms, and 

flies [120], a number of observations reported for the last two decades strongly support the idea that 

downregulation of IIS and activation of FOXO transcription factors extend lifespan in these animal 

models (reviewed in [120,159,162,163]). In fact, of the > 40 genetic mutations that have been reported 

to extend lifespan in the mouse and the rat models, approximately one third of them are involved in 

GH and IIS [164]. Because CR reduces GH and IIS [164], it is generally accepted that CR extends 

lifespan by limiting GH/IIS signaling and subsequently expressing pro-longevity genes by activating 

FOXO transcription factors [165]. To date, there are mixed results reported for the question of 

whether the IIS-FOXO signaling cascade is responsible for CR-mediated lifespan extension. For 

example, Bonkowski et al. reported that dwarf mice with targeted disruption of the GH receptor 

failed to extend overall, median, or average lifespan by CR (food reduction by 30% compared to ad 

libitum) [69], suggesting that CR extends lifespan by downregulation of IIS. Alternatively, in another 

study, CR (30% CR) further extended the lifespan of the long-lived dwarf mice with GH production 

that was selectively suppressed in the pituitary gland, spleen, and thymus [166], suggesting that 

lifespan extension by GH suppression may occur through an independent mechanism of CR. 

Alternatively, these results also imply that GH signaling in other tissues such as the liver and testis 

should be also suppressed for a full benefit of lifespan extension by CR [166], raising an important 

question regarding the tissues critical for CR-mediated lifespan extension. Interestingly, these data 

show a clear dissociation of lifespan extension by GH suppression from its dwarfism (small body size 

caused by GH suppression), opening an important possibility that CR may extend lifespan without 

the cost of growth reduction. Similar to the dwarf mice mutant for the GH receptor [69], CR failed to 

extend lifespan of both heterozygous and homozygous mutant mice for FOXO3 [167], showing that 

IIS-FOXO signaling is indeed required for the full benefit of CR-mediated lifespan extension. More 

complicated observations were reported in lower organisms. In flies, multiple studies suggest that 

although IIS-FOXO signaling modulates longevity response to CR, it appears not to be the main 

player of CR [168–170]. In worms, it is still inconclusive whether IIS-FOXO is required for CR-

mediated lifespan extension because mutant worms for DAF-16, the sole ortholog of FOXO 

transcription factors, showed a different longevity response depending on the types of CR [154]. 

While a relatively considerable amount of research has been done on the relationship between IIS-
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FOXO and CR-dependent lifespan extension, no direct genetic studies testing whether IIS-FOXO 

mediates IF-dependent lifespan have been reported. However, functional studies characterizing the 

reciprocal effect between IF and IIS-FOXO signaling suggests that IIS-FOXO may be at least partially 

responsible for IF-dependent lifespan extension. For example, in mammals, key metabolic and 

physiological changes attributed to lifespan extension by CR include increased insulin sensitivity, 

stress resistance, and immune function with reduced inflammation. Recent studies demonstrated that 

IF also shows these beneficial changes, displaying a promising prospect that IF may also increase 

lifespan through IIS-FOXO signaling. 

4.3. Sirtuins 

Sirtuins, silent information regulator 2 (sir2) proteins, are protein deacetylases that require NAD+ 

as a cofactor for the deacetylation reaction [171]. Because NAD+ and its reduced form NADH are 

involved in many important cellular metabolic pathways, sirtuins function as metabolic sensors that 

represent the metabolic state of the cell. As NAD+ accumulates under nutritional stress and activates 

sirtuins [172], it was suggested that activation of sirtuins may extend lifespan, possibly through the 

mechanisms that extend lifespan by CR and/or IF. In fact, it was shown that genetic overexpression 

of sirtuins extended lifespan in multiple model organisms including yeast [173], worms [50,174–182], 

flies [178,183–185], and mice [186,187]. Similarly, pharmacological activation of sirtuins by feeding 

resveratrol extended lifespan in some of these animals [178,188]. Furthermore, it was also shown that 

the sirtuin family genes were required for the lifespan extension by CR in these animal models 

[50,178,183–185]. For example, when SIR2 was deleted, CR by glucose dilution failed to extend 

lifespan in yeast [50]. However, it is interesting to note that, while a milder CR (0.5% glucose) in yeast 

required SIR2 for lifespan extension [50], a severe form (0.05% glucose) of CR extended lifespan 

independent of SIR2 [189]. It would be important to test whether this severe form of CR extend 

lifespan by the mechanisms related to fasting. In this case, it would also be critical to identify the 

threshold concentration of glucose that differentiates fasting from CR. Characterizing global changes 

in transcriptome and metabolome between these sir2-dependent mild CR and sir2-independent 

severe CR (aka fasting) would be also critical to better understand the relationship between CR and 

fasting. In flies, increased lifespan by sir2 overexpression was not further extended by CR [183]. On 

the other hand, CR failed to extend the lifespan of null mutant flies for sir2 [183]. It was also shown 

that genetic knockdown of sir2 in fat body suppressed the lifespan extension by CR [185]. These 

reports support the idea that sir2 plays a critical role in CR-dependent lifespan extension. In worms, 

whether sir-2.1 (the ortholog of sir2 in yeast and flies) is necessary for CR-mediated lifespan extension 

or not was dependent on the type of CR-treatment [154]. It would be interesting to test whether the 

type of CR that does not require sir-2.1 extends lifespan by activating the pathway that extends 

lifespan by fasting. Despite all of these observations that support the idea that sirtuins are important 

mediators of CR, there are conflicting claims about the role of sirtuins in pro-longevity and CR-

mediated lifespan extension in lower eukaryotic organisms [189–191]. This discrepancy may be due 

to differences in dosage of sirtuins, tissue septicity, and CR administration protocols [189–192]. For 

example, lifespan extension by overexpression of sirtuins depends on the levels of sirtuins 

[184,185,192,193]. When sir2 was expressed over 45 fold, it resulted in a shortened lifespan while a 

modest overexpression up to 11 fold increased lifespan [193]. Therefore, the impact of sirtuins on 

aging, CR-mediated, and possibly IF-mediated lifespan extension needs to be thoroughly studied 

[189–192]. In mice, knockout mutants for SIRT1, one of the seven mammalian sirtuins homologous to 

invertebrate sirtuins [194], failed to extend lifespan under CR [195,196], confirming that sirtuins’ role 

in CR-mediated lifespan extension is conserved across species. In addition, similar to the lower 

organisms, multiple studies demonstrated that activation of sirtuins extended lifespan in mice 

[186,187]. Overall, if some degree of variability in published data is tolerated [189–191], it can be 

concluded that the sirtuin pathway is key for CR-mediated lifespan extension in both invertebrate 

and vertebrate model organisms. However, despite the observations that NAD+ levels are increased 

by fasting and that sirtuins are involved in the benefits of fasting in physiological and pathological 

level [32,197], whether SIRT1 or the other mammalian sirtuins (SIRT1-6) play a role in IF-mediated 
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lifespan extension is poorly understood. There is no lifespan data yet shown in animal models that 

specifically tested for the involvement of sirtuins in IF-mediated lifespan extension. It was recently 

revealed that fasting induced dSirt4 (a Drosophila sirtuin family member localized to mitochondria) 

and over-expression of dSirt4 extended lifespan [198]. It would be of great interest to test whether 

dSirt4 mediates the CR- and IF-dependent lifespan extensions. Furthermore, considering the fact that 

the levels of sirtuins can result in opposite results in lifespan [193], it would also be important to 

profile the expression levels of sirtuins by different types of CR and IF. 

4.4. Circadian Clock 

Circadian (~24 h) clocks control a wide range of rhythmic metabolic, physiological, and 

behavioral parameters by communicating timing information via rhythmic transcription of output 

genes [199]. The misalignment of these internal clocks with 24 h environmental cycles are known to 

adversely impact metabolism, aging, and age-related disease [200,201]. Because the circadian clock 

orchestrates daily metabolism in response to cellular needs and nutritional availability, it was 

proposed to mediate the beneficial effect of CR [191,202]. A series of recent observations suggested 

that the circadian clock may play a master role in CR-dependent lifespan extension [203,204]. For 

example, it was shown that CR for two months in early life was sufficient enough to increase the 

amplitude of core clocks in the mouse liver [204,205]. As loss of rhythmic expression of clock-

controlled genes (CCGs) is implicated as a cause of aging, these results suggest that CR may promote 

longevity by strengthening the rhythmic regulation of metabolism and physiology. In this regard, it 

is remarkable that CR failed to extend lifespan of knockout mice for Bmal1, one of the core circadian 

clock transcription factors [206], indicating that a functional circadian clock system is indeed 

necessary for CR-dependent lifespan extension in mice. Similar to mice, in flies, Katewa et al. reported 

that CR also increased the amplitude of core clock genes [203]. They also showed that genetic 

perturbation that increases clock function also resulted in lifespan extension in a diet-dependent 

manner [203]. Furthermore, they showed that homozygous mutants for timeless, a core clock gene in 

flies, failed to extend lifespan under CR to the level of wild type [203], indicating that circadian clock 

is also determinant of CR-dependent lifespan extension in flies. However, whether circadian clock is 

required for CR-mediated lifespan in flies needs cautious analysis as inconsistent results were 

reported, possibly due to uncontrolled environmental factors such as intestinal microbiome among 

the fly population [203,207,208]. With these observations in mice and flies, one important question is 

how exactly the circadian clock mediates the beneficial effect of CR. It is noticeable that 

transcriptional and post-transcriptional regulation of most known CR effectors such as GH/IGF-1, 

FOXO, TOR, AMPK, sirtuins, and NRF2 are directly or indirectly under the control of the circadian 

clock [32,202]. This raises the possibility for the circadian clock to play a master role in CR-mediated 

lifespan extension by simultaneously controlling these CR pathways. For example, in mice, cellular 

production of NAD+, a key co-factor of sirtuins that promotes CR-dependent lifespan extension, is 

under the circadian clock. During fasting at night, the NAD+ level is increased, which, in turn, 

activates sirtuins [32]. Similarly, nutritional input from feeding during the day increases ATP:AMP 

ratio and amino acid availability, thereby increasing the IIS and TOR pathways while suppressing 

the AMPK cascade. This process facilitates anabolic reactions and may promote aging. On the other 

hand, metabolism is switched to catabolic reactions by decreased ATP:AMP ratio and amino acid 

availability during fasting at night. Consequently, fasting at night suppresses the IIS and TOR 

pathways while activating the AMPK cascade and FOXO transcription factors, which subsequently 

give rise to anti-aging effects. Therefore, the circadian clock system may promote longevity by 

relaying the anti-aging signals induced by CR and IF. 

One outstanding question is whether it is the total caloric/diet intake, rhythmic oscillation 

between feeding and fasting, or fasting itself (time and duration of fasting) that determines the 

beneficial effect of CR and IF. At least in mice, recent studies provided evidence that supports fasting 

as the key factor for CR- and IF-mediated lifespan extension. A systemic monitoring of food 

consumption behavior revealed that mice given the CR diet tended to limit their feeding time to a 

narrow temporal window, self-imposing and mimicking TRF [209]. Thus, mice under CR experienced 
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a longer fasting time than when under AL diet [209], suggesting the possibility that it was not the 

calorie but the timing of food consumption or duration of fasting that confers longer lifespan in CR. 

Another study unequivocally demonstrated that mice under TRF extended lifespan even when they 

were under AL diet [88]. This study proved that controlling time-of-feeding can override the anti-

longevity effect of caloric intake and is sufficient for lifespan extension [88]. This may explain why 

lifespan was not extended in mice when they were allowed to eat a hypo-caloric diet all day, although 

their overall caloric intake was comparable to that of CR [42]. Because these studies show that eating 

pattern (i.e., circadian fasting time and duration) rather than nutritional value (i.e., calorie and 

composition) determines lifespan, lifespan extension by CR and IF could occur at least partially 

through non-overlapping independent molecular mechanisms. Therefore, these observations 

strongly argue that molecular mechanisms responsible for lifespan extension by CR utilize some of 

the metabolic changes that occur during fasting. In this sense, lifespan extension by restricting specific 

nutrients such as methionine may also be due to changes in eating patterns that mimic TRF and IF as 

in Mitchell et al. [88]. With the evidence that restriction of caloric intake as well as specific nutrients 

such as methionine are sufficient to extend lifespan, these studies also indicate that there are both 

common and independent mechanisms underlying CR- and IF- mediated lifespan extension. Unlike 

CR studies in mice, where they have to fast once they consumed all the food that is given to them, 

CR in invertebrate models such as flies and worms allows them to have constant access to food. In 

fact, although there are daily rhythms in feeding behavior, flies do feed continuously over 24 h 

[210,211], removing the possibility that CR-mediated lifespan extension in flies is through the 

mechanisms by which IF extends lifespan. Furthermore, a genome-wide expression analysis revealed 

that global expression changes by CR and TRF differ from each other [212]. Importantly, this study 

also showed that the gene expression signature of TRF is also different from an extended starvation, 

raising the possibility that the molecular changes responsible for IF-mediated lifespan extension are 

different from that of CR, but also may not be from extremely severe fasting conditions. Gill et al. 

also reported that TRF ameliorates age-dependent heart failure by a mechanism independent of 

starvation and CR [212]. They showed that global transcriptional response to TRF is very different 

from that of starvation and CR [212]. Instead, they discovered that the circadian clock and clock-

controlled TCP-1 ring complex chaperonin mediate the TRF effect. It will be of great interest to test 

whether TRF promotes longevity in flies, in which case these pathways might also mediate lifespan 

extension by TRF. Discovering the contribution of circadian clock to the benefits of TRF in Gill et al.’s 

study is not unexpected, considering the role of the circadian clock system to regulate daily 

metabolism and physiology in response to rhythmic environmental signals including the light:dark 

cycle and food consumption. Despite all of this compelling evidence, contribution of circadian clock 

to CR in worms and yeast is less understood due to their lack of a homologous system of a circadian 

clock pathway. However, they contain oscillatory metabolic fluctuations and behavior which need to 

undergo further studies for whether their CR response can be also modified by a circadian oscillatory 

mechanism [213–215]. 

5. Conclusions and Future Directions 

5.1. Coordinated Regulation between IIS, TOR, AMPK, Sirtuins, and Circadian Clock 

The ultimate goal of animal studies for CR and IF is to uncover evolutionarily conserved 

molecular mechanisms for the beneficial effect of CR and IF, and to eventually apply them to humans. 

Despite recent progress in our understanding of CR and IF, there are multiple challenges to overcome 

in order to achieve this goal. One such challenge is that there still lacks a comprehensive 

understanding of coordinated regulation among the key molecular pathways known and suggested 

to mediate CR and IF, namely, IIS, FOXO, TOR, AMPK, sirtuins, and the circadian clock. Molecular 

characterization of these pathways showed that they are tightly linked to and intertwined with each 

other in response to cellular nutritional state. However, the majority of animal studies performed so 

far on these pathways for the impact of CR and IF have been limited to testing and identifying single 

genes and pathways. Considering the impact of these pathways on systemic metabolism and 
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physiology in many different tissues and organs, it is unlikely that a single gene or pathway is solely 

responsible for the lifespan extension by CR and IF. One way to solve this issue is to target multiple 

genes and pathways simultaneously [154,216]. For example, Hou et al. postulated that perturbation 

of multiple pathways would result in an additive or synergic effect in lifespan extension compared 

to the lifespan extensions by any single gene perturbation [217]. Using C. elegans as a model organism, 

they took advantage of the temporally resolved global transcriptome analysis followed by a systems 

biology approach. From this approach, they discovered that a combination of downregulation of IIS, 

downregulation of TOR, and upregulation of AMPK strongly resembled the transcriptomic change 

induced by CR [217]. Further genetic testing confirmed that lifespan was maximized when all of these 

perturbations were combined. More importantly, they also discovered that CR failed to further 

extend lifespan in these animals [42], showing that a simultaneous targeting of multiple candidate 

pathways may increase the power to detect hidden mechanisms for CR and IF. 

5.2. Limits of Animal Studies for CR and IF 

The amount of food that animals consume (meal size) and the time/duration of food 

consumption (meal timing) that animals take are key factors to interpret CR and IF results in animal 

models. Unlike rodent models where food is readily provided and removed from experimental 

animals, these parameters (i.e., meal size and meal timing/duration) are hardly controlled in the 

lower organisms widely used for CR and IF studies such as yeast, worms, and flies. Regardless of the 

method of choice for CR and IF, these animals basically feed ad libitum when they are provided food. 

A bigger challenge is that it is not practically easy to measure the amount of food they consumed, 

which is an important confounding factor to interpreting CR and IF data. An unignorable number of 

different, often contradictory, results from different strains and/or laboratory on CR and IF may be 

at least partially due to these factors. Importantly, these limits also put roadblocks on the translation 

of animal studies for CR and IF into human applications. In addition to these practical limits, the 

interspecies differences in physiology, metabolism, reproduction, and behavior between model 

organisms and humans serve as additional confounding factors for human translatability. For 

example, rodents have much higher metabolic rates than humans [218], yet similar fasting and 

feeding protocols are often used for IF. In addition to these intrinsic differences between model 

organisms and humans, intraspecies variations (differences in the population of the same species; 

also seen section 5.3) often add to the complexity of human translation of animal studies. In flies, 

although some beneficial effects were observed by TRF (12 h of fasting during the dark phase of the 

day) on cardiac function and other metabolic and behavioral parameters such as body weight and 

sleep [212], an increased mortality was observed by 12 h of fasting in some young (<2 weeks) wild 

types flies (D.S. Hwangbo, unpublished data). On the other hand, some other wild type flies were 

strongly resistant to an extended period of fasting (up to 5 days), at least when they were young, 

during the IF regime of 2 day feeding:5 day fasting [67]. We speculate that, due to the confounding 

factors arising from the interspecies and intraspecies differences, the degree of beneficial effect of CR 

and IF on healthspan and lifespan in humans might not be equivalent to that of animal models [219] 

[4]. Therefore, for the best working CR and IF protocols for human translations, we propose that 

multifactorial models should be developed to accommodate these confounding factors that interfere 

with the interpretation of animal results to human applications. 

5.3. Individual Variations 

From a practical perspective, IF is often thought of as a milder form of CR and generally 

considered to be easier for human implication. Beyond the evolutionary difference in metabolism 

and physiology between animals and human, potential interactions between genetic variations 

among human populations and the candidate mechanisms for CR and IF should not be overlooked. 

Human lifespan is affected by multiple genetic and non-genetic factors including population origin 

and interactions between the nuclear/mitochondrial genome and microbiomes [220]. It was suggested 

that only about 10–25% of human lifespan variation is explained by genetic factors [159], emphasizing 

the importance of the interactions between genetic background and environmental factors [221]. In 
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animal models, some physiological and metabolic traits, especially lifespan, are strongly affected by 

genetic backgrounds and variations as well as non-genetic factors such as symbiotic microbiome and 

water balance [222]. When a collection of recombinant inbred mouse strains were tested for lifespan 

under ad libitum diet and CR (40% reduction compared to ad libitum diet) diet, a wide range of 

lifespan responses were observed in both ad libitum and CR diets [223,224]. For example, the mean 

lifespan of female mice on ad libitum diet varied from 407 to 1208 days. Strikingly, their lifespans on 

CR diet varied to a greater degree from 113 to 1225 days. Importantly, not only did CR fail in lifespan 

extension in some lines, but it even shortened lifespan in some lines too [223]. Similarly, a strong 

variation in lifespan response to diets was observed when a collection of nearly 200 genetically 

distinct lines of Drosophila (DGRP: Drosophila Genetic Reference Panel) tested for lifespan in ad 

libitum (5% Yeast) and CR (0.5% Yeast) [225]. In both cases, lifespan response also significantly varied 

between males and females [223,225], generating a further layer of complication in understanding 

the mechanisms of CR. A simple interpretation of these animal studies would suggest that a certain 

type of CR and IF may not be beneficial, but they can be even deleterious depending on genetic 

variations and sex [32]. Therefore, for human applications of CR and IF, we suggest that 

individualized genomics and medicine should be established first to take full advantage of CR and 

IF. 

Author Contributions: D.S.H., H.Y.L., L.S.A. and K.J.M. wrote the manuscript. All authors have read and agreed 

to the published version of the manuscript. 

Funding: This work was supported by an Inha University Research Grant. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Jones, O.R.; Vaupel, J.W. Senescence is not inevitable. Biogerontology 2017, 18, 965–971, doi:10.1007/s10522-

017-9727-3. 

2. McDonald, R.B. Biology of Aging; Garland Science: New York, NY, USA, 2013. 

3. Rous, P. The Influence of Diet on Transplanted and Spontaneous Mouse Tumors. J. Exp. Med. 1914, 20, 433–

451, doi:10.1084/jem.20.5.433. 

4. Osborne, T.B.; Mendel, L.B.; Ferry, E.L. The Effect of Retardation of Growth Upon the Breeding Period and 

Duration of Life of Rats. Science 1917, 45, 294–295, doi:10.1126/science.45.1160.294. 

5. Loeb, J.; Northrop, J.H. What Determines the Duration of Life in Metazoa? Proc. Natl. Acad. Sci. USA 1917, 

3, 382–386, doi:10.1073/pnas.3.5.382. 

6. Ingle, L.; Wood, T.R.; Banta, A.M. A study of longevity, growth, reproduction and heart rate in Daphnia 

longispina by limitations in quantity of food. J. Exp. Zool. 1937, 76, 325–352, doi:10.1002/jez.1400760206. 

7. McCay, C.M.; Crowell, M.F.; Maynard, L.A. The effect of retarded growth upon the length of life span and 

upon the ultimate body size. J. Nutr. 1935, 10, 63–79, doi:10.1093/jn/10.1.63. 

8. Tannenbaum, A. The Initiation and Growth of Tumors: Introduction. I. Effects of Underfeeding. Cancer Res. 

1940, 38, 335–350, doi:10.1158/ajc.1940.335. 

9. Saxton, J.A., Jr.; Kimball, G.C. Relation of nephrosis and other diseases of albino rats to age and to 

modifications of diet. Arch. Pathol. 1941, 32, 951–965. 

10. McCay, C.M.; Sperling, G.; Barnes, L.L. Growth, ageing, chronic diseases, and life span in rats. Arch. Biochem. 

1943, 2, 469–479. 

11. Saxton, J.A.; Boon, M.C.; Furth, J. Observations on the inhibition of development of spontaneous leukemia 

in mice by underfeeding. Cancer Res. 1944, 4, 401–409. 

12. White, F.R.; White, J.; Mider, G.B.; Kelly, M.G.; Heston, W.E.; David, P.W. Effect of caloricrestriction on 

mammary tumor formation in strain C3H mice and on the response to painting with methylcholanthrene. 

J. Natl. Cancer Inst. 1944, 5, 43–48, doi:10.1093/jnci/5.1.43. 

13. Rudzinska, M.A. The influence of amount of food on the reproduction rate and longevity of a suctorian 

(Tokophrya infusionum). Science (Washington) 1951, 113, 10–11. 

14. Fanestil, D.D.; Barrows, C.H. Aging in the rotifer. J. Gerontol. 1965, 20, 462–469. 

15. Comfort, A. Effect of Delayed and Resumed Growth on the Longevity of a Fish (Lebistes reticulatus, Peters) 

in Captivity. Gerontologia 1963, 8, 150–155, doi:10.1159/000211216. 



Nutrients 2020, 12, 1194 14 of 24 

16. Klass, M.R. Aging in the nematode Caenorhabditis elegans: Major biological and environmental factors 

influencing life span. Mech. Ageing Dev. 1977, 6, 413–429, doi:10.1016/0047-6374(77)90043-4. 

17. Ross, M.H. Length of Life and Nutrition in the Rat. J. Nutr. 1961, 75, 197–210, doi:10.1093/jn/75.2.197. 

18. Beauchene, R.E.; Bales, C.W.; Smith, C.A.; Tucker, S.M.; Mason, R.L. The effect of feed restriction on body 

composition and longevity of rats. Physiologist 1979, 22, 8. 

19. Weindruch, R.; Walford, R. Dietary restriction in mice beginning at 1 year of age: Effect on life-span and 

spontaneous cancer incidence. Science 1982, 215, 1415–1418, doi:10.1126/science.7063854. 

20. Cheney, K.E.; Liu, R.K.; Smith, G.S.; Leung, R.E.; Mickey, M.R.; Walford, R.L. Survival and disease patterns 

in C57BL/6J mice subjected to undernutrition. Exp. Gerontol 1980, 15, 237–258, doi:10.1016/0531-

5565(80)90029-7. 

21. Leveille, G.A. The long-term effects of meal-eating on lipogenesis, enzyme activity, and longevity in the 

rat. J. Nutr. 1972, 102, 549–556, doi:10.1093/jn/102.4.549. 

22. Gerbase-DeLima, M.; Liu, R.K.; Cheney, K.E.; Mickey, R.; Walford, R.L. Immune function and survival in 

a long-lived mouse strain subjected to undernutrition. Gerontologia 1975, 21, 184–202, doi:10.1159/000212044. 

23. Goodrick, C.L.; Ingram, D.K.; Reynolds, M.A.; Freeman, J.R.; Cider, N.L. Effects of intermittent feeding 

upon growth and life span in rats. Gerontology 1982, 28, 233–241, doi:10.1159/000212538. 

24. Davis, T.A.; Bales, C.W.; Beauchene, R.E. Differential effects of dietary caloric and protein restriction in the 

aging rat. Exp. Gerontol. 1983, 18, 427–435, doi:10.1016/0531-5565(83)90021-9. 

25. Masoro, E.J.; Iwasaki, K.; Gleiser, C.A.; McMahan, C.A.; Seo, E.J.; Yu, B.P. Dietary modulation of the 

progression of nephropathy in aging rats: An evaluation of the importance of protein. Am. J. Clin. Nutr. 

1989, 49, 1217–1227, doi:10.1093/ajcn/49.6.1217. 

26. Iwasaki, K.; Gleiser, C.A.; Masoro, E.J.; McMahan, C.A.; Seo, E.J.; Yu, B.P. Influence of the restriction of 

individual dietary components on longevity and age-related disease of Fischer rats: The fat component and 

the mineral component. J. Gerontol. 1988, 43, B13–B21, doi:10.1093/geronj/43.1.b13. 

27. Ingram, D.K.; Cutler, R.G.; Weindruch, R.; Renquist, D.M.; Knapka, J.J.; April, M.; Belcher, C.T.; Clark, M.A.; 

Hatcherson, C.D.; Marriott, B.M.; et al. Dietary restriction and aging: The initiation of a primate study. J. 

Gerontol. 1990, 45, B148–B163, doi:10.1093/geronj/45.5.b148. 

28. Kemnitz, J.W.; Weindruch, R.; Roecker, E.B.; Crawford, K.; Kaufman, P.L.; Ershler, W.B. Dietary restriction 

of adult male rhesus monkeys: Design, methodology, and preliminary findings from the first year of study. 

J. Gerontol. 1993, 48, B17–B26, doi:10.1093/geronj/48.1.b17. 

29. Hansen, B.C.; Bodkin, N.L. Primary prevention of diabetes mellitus by prevention of obesity in monkeys. 

Diabetes 1993, 42, 1809–1814, doi:10.2337/diab.42.12.1809. 

30. Anson, R.M.; Guo, Z.; de Cabo, R.; Iyun, T.; Rios, M.; Hagepanos, A.; Ingram, D.K.; Lane, M.A.; Mattson, 

M.P. Intermittent fasting dissociates beneficial effects of dietary restriction on glucose metabolism and 

neuronal resistance to injury from calorie intake. Proc. Natl. Acad. Sci. USA 2003, 100, 6216–6220, 

doi:10.1073/pnas.1035720100. 

31. Longo, V.D.; Panda, S. Fasting, Circadian Rhythms, and Time-Restricted Feeding in Healthy Lifespan. Cell 

Metab. 2016, 23, 1048–1059, doi:10.1016/j.cmet.2016.06.001. 

32. Di Francesco, A.; Di Germanio, C.; Bernier, M.; de Cabo, R. A time to fast. Science 2018, 362, 770–775, 

doi:10.1126/science.aau2095. 

33. Carlson, O.; Martin, B.; Stote, K.S.; Golden, E.; Maudsley, S.; Najjar, S.S.; Ferrucci, L.; Ingram, D.K.; Longo, 

D.L.; Rumpler, W.V.; et al. Impact of reduced meal frequency without caloric restriction on glucose 

regulation in healthy, normal-weight middle-aged men and women. Metabolism 2007, 56, 1729–1734, 

doi:10.1016/j.metabol.2007.07.018. 

34. Stote, K.S.; Baer, D.J.; Spears, K.; Paul, D.R.; Harris, G.K.; Rumpler, W.V.; Strycula, P.; Najjar, S.S.; Ferrucci, 

L.; Ingram, D.K.; et al. A controlled trial of reduced meal frequency without caloric restriction in healthy, 

normal-weight, middle-aged adults. Am. J. Clin. Nutr. 2007, 85, 981–988, doi:10.1093/ajcn/85.4.981. 

35. Anton, S.D.; Lee, S.A.; Donahoo, W.T.; McLaren, C.; Manini, T.; Leeuwenburgh, C.; Pahor, M. The Effects 

of Time Restricted Feeding on Overweight, Older Adults: A Pilot Study. Nutrients 2019, 11, 1500, 

doi:10.3390/nu11071500. 

36. Masoro, E.J.; Katz, M.S.; McMahan, C.A. Evidence for the glycation hypothesis of aging from the food-

restricted rodent model. J. Gerontol. 1989, 44, B20–B22, doi:10.1093/geronj/44.1.b20. 

37. Dalderup, L.M.; Visser, W. Influence of extra sucrose in the daily food on the life-span of Wistar albino rats. 

Nature 1969, 222, 1050–1052, doi:10.1038/2221050a0. 



Nutrients 2020, 12, 1194 15 of 24 

38. Iwasaki, K.; Gleiser, C.A.; Masoro, E.J.; McMahan, C.A.; Seo, E.J.; Yu, B.P. The influence of dietary protein 

source on longevity and age-related disease processes of Fischer rats. J. Gerontol. 1988, 43, B5–B12, 

doi:10.1093/geronj/43.1.b5. 

39. Mair, W.; Piper, M.D.W.; Partridge, L. Calories do not explain extension of life span by dietary restriction 

in Drosophila. PLoS Biol. 2005, 3, e223, doi:10.1371/journal.pbio.0030223. 

40. Bruce, K.D.; Hoxha, S.; Carvalho, G.B.; Yamada, R.; Wang, H.D.; Karayan, P.; He, S.; Brummel, T.; Kapahi, 

P.; Ja, W.W. High carbohydrate-low protein consumption maximizes Drosophila lifespan. Exp. Gerontol. 

2013, 48, 1129–1135, doi:10.1016/j.exger.2013.02.003. 

41. Min, K.J.; Tatar, M. Restriction of amino acids extends lifespan in Drosophila melanogaster. Mech. Ageing 

Dev. 2006, 127, 643–646, doi:10.1016/j.mad.2006.02.005. 

42. Solon-Biet, S.M.; McMahon, A.C.; Ballard, J.W.O.; Ruohonen, K.; Wu, L.E.; Cogger, V.C.; Warren, A.; Huang, 

X.; Pichaud, N.; Melvin, R.G.; et al. The Ratio of Macronutrients, Not Caloric Intake, Dictates 

Cardiometabolic Health, Aging, and Longevity in Ad Libitum-Fed Mice. Cell Metab. 2014, 19, 418–430, 

doi:10.1016/j.cmet.2014.02.009. 

43. Grandison, R.C.; Piper, M.D.; Partridge, L. Amino-acid imbalance explains extension of lifespan by dietary 

restriction in Drosophila. Nature 2009, 462, 1061–1064, doi:10.1038/nature08619. 

44. Zimmerman, J.A.; Malloy, V.; Krajcik, R.; Orentreich, N. Nutritional control of aging. Exp. Gerontol. 2003, 

38, 47–52, doi:10.1016/s0531-5565(02)00149-3. 

45. Johnson, J.E.; Johnson, F.B. Methionine restriction activates the retrograde response and confers both stress 

tolerance and lifespan extension to yeast, mouse and human cells. PLoS ONE 2014, 9, e97729, 

doi:10.1371/journal.pone.0097729. 

46. Lee, B.C.; Kaya, A.; Ma, S.; Kim, G.; Gerashchenko, M.V.; Yim, S.H.; Hu, Z.; Harshman, L.G.; Gladyshev, 

V.N. Methionine restriction extends lifespan of Drosophila melanogaster under conditions of low amino-

acid status. Nat. Commun. 2014, 5, 3592, doi:10.1038/ncomms4592. 

47. Perrone, C.E.; Malloy, V.L.; Orentreich, D.S.; Orentreich, N. Metabolic adaptations to methionine restriction 

that benefit health and lifespan in rodents. Exp. Gerontol. 2013, 48, 654–660. 

48. Kaeberlein, M. Longevity and aging in the budding yeast. In Handbook of Models for Human Aging; Conn, 

P.M., Ed.; Boston: Elvesier Press, UK, 2006; pp. 109–120. 

49. Murakami, C.J.; Burtner, C.R.; Kennedy, B.K.; Kaeberlein, M. A method for high-throughput quantitative 

analysis of yeast chronological life span. J. Gerontol. A Biol. Sci. Med. Sci. 2008, 63, 113–121, 

doi:10.1093/gerona/63.2.113. 

50. Lin, S.J.; Defossez, P.A.; Guarente, L. Requirement of NAD and SIR2 for life-span extension by calorie 

restriction in Saccharomyces cerevisiae. Science 2000, 289, 2126–2128, doi:10.1126/science.289.5487.2126. 

51. Lin, S.J.; Kaeberlein, M.; Andalis, A.A.; Sturtz, L.A.; Defossez, P.A.; Culotta, V.C.; Fink, G.R.; Guarente, L. 

Calorie restriction extends Saccharomyces cerevisiae lifespan by increasing respiration. Nature 2002, 418, 

344–348, doi:10.1038/nature00829. 

52. Jiang, J.C.; Jaruga, E.; Repnevskaya, M.V.; Jazwinski, S.M. An intervention resembling caloric restriction 

prolongs life span and retards aging in yeast. FASEB J. 2000, 14, 2135–2137, doi:10.1096/fj.00-0242fje. 

53. Wu, Z.; Liu, S.Q.; Huang, D. Dietary restriction depends on nutrient composition to extend chronological 

lifespan in budding yeast Saccharomyces cerevisiae. PLoS ONE 2013, 8, e64448, 

doi:10.1371/journal.pone.0064448. 

54. Wei, M.; Fabrizio, P.; Hu, J.; Ge, H.; Cheng, C.; Li, L.; Longo, V.D. Life Span Extension by Calorie Restriction 

Depends on Rim15 and Transcription Factors Downstream of Ras/PKA, Tor, and Sch9. PLoS Genet. 2008, 4, 

e13, doi:10.1371/journal.pgen.0040013. 

55. Cassada, R.C.; Russell, R.L. The dauerlarva, a post-embryonic developmental variant of the nematode 

Caenorhabditis elegans. Dev. Biol. 1975, 46, 326–342, doi:10.1016/0012-1606(75)90109-8. 

56. Sutphin, G.L.; Kaeberlein, M. Dietary restriction by bacterial deprivation increases life span in wild-derived 

nematodes. Exp. Gerontol. 2008, 43, 130–135, doi:10.1016/j.exger.2007.10.019. 

57. Houthoofd, K.; Johnson, T.E.; Vanfleteren, J.R. Dietary Restriction in the Nematode Caenorhabditis elegans. 

J. Gerontol. Ser. A 2005, 60, 1125–1131, doi:10.1093/gerona/60.9.1125. 

58. Houthoofd, K.; Gems, D.; Johnson, T.E.; Vanfleteren, J.R. Dietary restriction in the nematode 

Caenorhabditis elegans. Interdiscip. Top. Gerontol. 2007, 35, 98–114, doi:10.1159/000096558. 



Nutrients 2020, 12, 1194 16 of 24 

59. Uno, M.; Honjoh, S.; Matsuda, M.; Hoshikawa, H.; Kishimoto, S.; Yamamoto, T.; Ebisuya, M.; Yamamoto, 

T.; Matsumoto, K.; Nishida, E. A fasting-responsive signaling pathway that extends life span in C. elegans. 

Cell Rep. 2013, 3, 79–91, doi:10.1016/j.celrep.2012.12.018. 

60. Honjoh, S.; Yamamoto, T.; Uno, M.; Nishida, E. Signalling through RHEB-1 mediates intermittent fasting-

induced longevity in C. elegans. Nature 2009, 457, 726–730, doi:10.1038/nature07583. 

61. Kaeberlein, T.L.; Smith, E.D.; Tsuchiya, M.; Welton, K.L.; Thomas, J.H.; Fields, S.; Kennedy, B.K.; Kaeberlein, 

M. Lifespan extension in Caenorhabditis elegans by complete removal of food. Aging Cell 2006, 5, 487–494, 

doi:10.1111/j.1474-9726.2006.00238.x. 

62. Lee, G.D.; Wilson, M.A.; Zhu, M.; Wolkow, C.A.; de Cabo, R.; Ingram, D.K.; Zou, S. Dietary deprivation 

extends lifespan in Caenorhabditis elegans. Aging Cell 2006, 5, 515–524, doi:10.1111/j.1474-

9726.2006.00241.x. 

63. Piper, M.D.W.; Partridge, L. Drosophila as a model for ageing. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 

1864, 2707–2717, doi:10.1016/j.bbadis.2017.09.016. 

64. Piper, M.D.; Partridge, L. Dietary restriction in Drosophila: Delayed aging or experimental artefact? PLoS 

Genet. 2007, 3, e57, doi:10.1371/journal.pgen.0030057. 

65. Grandison, R.C.; Wong, R.; Bass, T.M.; Partridge, L.; Piper, M.D. Effect of a standardised dietary restriction 

protocol on multiple laboratory strains of Drosophila melanogaster. PLoS ONE 2009, 4, e4067, 

doi:10.1371/journal.pone.0004067. 

66. Partridge, L.; Piper, M.D.; Mair, W. Dietary restriction in Drosophila. Mech. Ageing Dev. 2005, 126, 938–950, 

doi:10.1016/j.mad.2005.03.023. 

67. Catterson, J.H.; Khericha, M.; Dyson, M.C.; Vincent, A.J.; Callard, R.; Haveron, S.M.; Rajasingam, A.; 

Ahmad, M.; Partridge, L. Short-Term, Intermittent Fasting Induces Long-Lasting Gut Health and TOR-

Independent Lifespan Extension. Curr. Biol. 2018, 28, 1714–1724.e4, doi:10.1016/j.cub.2018.04.015. 

68. Villanueva, J.E.; Livelo, C.; Trujillo, A.S.; Chandran, S.; Woodworth, B.; Andrade, L.; Le, H.D.; Manor, U.; 

Panda, S.; Melkani, G.C. Time-restricted feeding restores muscle function in Drosophila models of obesity 

and circadian-rhythm disruption. Nat. Commun. 2019, 10, 2700, doi:10.1038/s41467-019-10563-9. 

69. Bonkowski, M.S.; Rocha, J.S.; Masternak, M.M.; Al Regaiey, K.A.; Bartke, A. Targeted disruption of growth 

hormone receptor interferes with the beneficial actions of calorie restriction. Proc. Natl. Acad. Sci. USA 2006, 

103, 7901–7905, doi:10.1073/pnas.0600161103. 

70. Swindell, W.R. Dietary restriction in rats and mice: A meta-analysis and review of the evidence for 

genotype-dependent effects on lifespan. Ageing Res. Rev. 2012, 11, 254–270, doi:10.1016/j.arr.2011.12.006. 

71. Speakman, J.R.; Mitchell, S.E.; Mazidi, M. Calories or protein? The effect of dietary restriction on lifespan 

in rodents is explained by calories alone. Exp. Gerontol. 2016, 86, 28–38, doi:10.1016/j.exger.2016.03.011. 

72. Vaughan, K.L.; Kaiser, T.; Peaden, R.; Anson, R.M.; de Cabo, R.; Mattison, J.A. Caloric Restriction Study 

Design Limitations in Rodent and Nonhuman Primate Studies. J. Gerontol. Ser. A 2018, 73, 48–53, 

doi:10.1093/gerona/glx088. 

73. Fontana, L.; Nehme, J.; Demaria, M. Caloric restriction and cellular senescence. Mech. Ageing Dev. 2018, 176, 

19–23, doi:10.1016/j.mad.2018.10.005. 

74. De Marte, M.L.; Enesco, H.E. Influence of low tryptophan diet on survival and organ growth in mice. Mech. 

Ageing Dev. 1986, 36, 161–171, doi:10.1016/0047-6374(86)90017-5. 

75. Ooka, H.; Segall, P.E.; Timiras, P.S. Histology and survival in age-delayed low-tryptophan-fed rats. Mech. 

Ageing Dev. 1988, 43, 79–98, doi:10.1016/0047-6374(88)90099-1. 

76. Richie, J.P., Jr.; Leutzinger, Y.; Parthasarathy, S.; Malloy, V.; Orentreich, N.; Zimmerman, J.A. Methionine 

restriction increases blood glutathione and longevity in F344 rats. FASEB J. 1994, 8, 1302–1307, 

doi:10.1096/fasebj.8.15.8001743. 

77. Miller, R.A.; Buehner, G.; Chang, Y.; Harper, J.M.; Sigler, R.; Smith-Wheelock, M. Methionine-deficient diet 

extends mouse lifespan, slows immune and lens aging, alters glucose, T4, IGF-I and insulin levels, and 

increases hepatocyte MIF levels and stress resistance. Aging Cell 2005, 4, 119–125, doi:10.1111/j.1474-

9726.2005.00152.x. 

78. Sun, L.; Sadighi Akha, A.A.; Miller, R.A.; Harper, J.M. Life-span extension in mice by preweaning food 

restriction and by methionine restriction in middle age. J. Gerontol. A Biol. Sci. Med. Sci. 2009, 64, 711–722, 

doi:10.1093/gerona/glp051. 

79. Longo, V.D.; Mattson, M.P. Fasting: Molecular Mechanisms and Clinical Applications. Cell Metab. 2014, 19, 

181–192, doi:10.1016/j.cmet.2013.12.008. 



Nutrients 2020, 12, 1194 17 of 24 

80. Hatori, M.; Vollmers, C.; Zarrinpar, A.; DiTacchio, L.; A.Bushong, E.; Gill, S.; Leblanc, M.; Chaix, A.; Joens, 

M.; Fitzpatrick, J.A.J.; et al. Time-restricted feeding without reducing caloric intake prevents metabolic 

diseases in mice fed a high-fat diet. Cell Metab. 2012, 15, 848–860, doi:10.1016/j.cmet.2012.04.019. 

81. Wang, H.-B.; Loh, D.H.; Whittaker, D.S.; Cutler, T.; Howland, D.; Colwell, C.S. Time-restricted feeding 

improves circadian dysfunction as well as motor symptoms in the Q175 mouse model of Huntington’s 

disease. eNeuro 2018, 5, doi:10.1523/ENEURO.0431-17.2017. 

82. Mattson, M.P. Energy intake, meal frequency, and health: A neurobiological perspective. Annu. Rev. Nutr. 

2005, 25, 237–260, doi:10.1146/annurev.nutr.25.050304.092526. 

83. Goodrick, C.L.; Ingram, D.K.; Reynolds, M.A.; Freeman, J.R.; Cider, N. Effects of intermittent feeding upon 

body weight and lifespan in inbred mice: Interaction of genotype and age. Mech. Ageing Dev. 1990, 55, 69–

87, doi:10.1016/0047-6374(90)90107-Q. 

84. Carlson, A.J.; Hoelzel, F. Apparent prolongation of the life span of rats by intermittent fasting. J. Nutr. 1946, 

31, 363–375, doi:10.1093/jn/31.3.363. 

85. Kendrick, D.C. The effects of infantile stimulation and intermittent fasting and feeding on life span in the 

black-hooded rat. Dev. Psychobiol. 1973, 6, 225–234, doi:10.1002/dev.420060307. 

86. Chaix, A.; Zarrinpar, A.; Miu, P.; Panda, S. Time-restricted feeding is a preventative and therapeutic 

intervention against diverse nutritional challenges. Cell Metab. 2014, 20, 991–1005, 

doi:10.1016/j.cmet.2014.11.001. 

87. Wu, M.W.; Li, X.M.; Xian, L.J.; Levi, F. Effects of meal timing on tumor progression in mice. Life Sci. 2004, 

75, 1181–1193, doi:10.1016/j.lfs.2004.02.014. 

88. Mitchell, S.J.; Bernier, M.; Mattison, J.A.; Aon, M.A.; Kaiser, T.A.; Anson, R.M.; Ikeno, Y.; Anderson, R.M.; 

Ingram, D.K.; de Cabo, R. Daily Fasting Improves Health and Survival in Male Mice Independent of Diet 

Composition and Calories. Cell Metab. 2019, 29, 221–228.e3, doi:10.1016/j.cmet.2018.08.011. 

89. Bodkin, N.L.; Alexander, T.M.; Ortmeyer, H.K.; Johnson, E.; Hansen, B.C. Mortality and morbidity in 

laboratory-maintained Rhesus monkeys and effects of long-term dietary restriction. J. Gerontol. A Biol. Sci. 

Med. Sci. 2003, 58, 212–219, doi:10.1093/gerona/58.3.b212. 

90. Bodkin, N.L.; Ortmeyer, H.K.; Hansen, B.C. Long-term dietary restriction in older-aged rhesus monkeys: 

Effects on insulin resistance. J. Gerontol. A Biol. Sci. Med. Sci. 1995, 50, B142–B147, 

doi:10.1093/gerona/50a.3.b142. 

91. 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.; et al. Caloric restriction delays disease onset and mortality in 

rhesus monkeys. Science 2009, 325, 201–204, doi:10.1126/science.1173635. 

92. 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.; et al. Impact of caloric restriction on health and survival in rhesus monkeys 

from the NIA study. Nature 2012, 489, 318–321, doi:10.1038/nature11432. 

93. Mattison, J.A.; Colman, R.J.; Beasley, T.M.; Allison, D.B.; Kemnitz, J.W.; Roth, G.S.; Ingram, D.K.; 

Weindruch, R.; de Cabo, R.; Anderson, R.M. Caloric restriction improves health and survival of rhesus 

monkeys. Nat. Commun. 2017, 8, 14063, doi:10.1038/ncomms14063. 

94. Rouhani, M.; Azadbakht, L. Is Ramadan fasting related to health outcomes? A review on the related 

evidence. J. Res. Med. Sci. 2014, 19, 987–992. 

95. Rickman, A.D.; Williamson, D.A.; Martin, C.K.; Gilhooly, C.H.; Stein, R.I.; Bales, C.W.; Roberts, S.; Das, S.K. 

The CALERIE Study: Design and methods of an innovative 25% caloric restriction intervention. Contemp. 

Clin. Trials 2011, 32, 874–881, doi:10.1016/j.cct.2011.07.002. 

96. Meydani, M.; Das, S.; Band, M.; Epstein, S.; Roberts, S. 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 2011, 15, 456–460, doi:10.1007/s12603-011-0002-z. 

97. Martin, C.K.; Das, S.K.; Lindblad, L.; Racette, S.B.; McCrory, M.A.; Weiss, E.P.; Delany, J.P.; Kraus, W.E.; 

Team, C.S. Effect of calorie restriction on the free-living physical activity levels of nonobese humans: 

Results of three randomized trials. J. Appl. Physiol. (1985) 2011, 110, 956–963, 

doi:10.1152/japplphysiol.00846.2009. 

98. Villareal, D.T.; Fontana, L.; Weiss, E.P.; Racette, S.B.; Steger-May, K.; Schechtman, K.B.; Klein, S.; Holloszy, 

J.O. Bone mineral density response to caloric restriction-induced weight loss or exercise-induced weight 

loss: A randomized controlled trial. Arch. Intern. Med. 2006, 166, 2502–2510, doi:10.1001/archinte.166.22.2502. 



Nutrients 2020, 12, 1194 18 of 24 

99. Weiss, E.P.; Racette, S.B.; Villareal, D.T.; Fontana, L.; Steger-May, K.; Schechtman, K.B.; Klein, S.; Ehsani, 

A.A.; Holloszy, J.O.; Washington University School of Medicine, C.G. Lower extremity muscle size and 

strength and aerobic capacity decrease with caloric restriction but not with exercise-induced weight loss. J. 

Appl. Physiol. (1985) 2007, 102, 634–640, doi:10.1152/japplphysiol.00853.2006. 

100. Heilbronn, L.K.; Smith, S.R.; Martin, C.K.; Anton, S.D.; Ravussin, E. Alternate-day fasting in nonobese 

subjects: Effects on body weight, body composition, and energy metabolism. Am. J. Clin. Nutr. 2005, 81, 69–

73, doi:10.1093/ajcn/81.1.69. 

101. Hutchison, A.T.; Liu, B.; Wood, R.E.; Vincent, A.D.; Thompson, C.H.; O’Callaghan, N.J.; Wittert, G.A.; 

Heilbronn, L.K. Effects of Intermittent Versus Continuous Energy Intakes on Insulin Sensitivity and 

Metabolic Risk in Women with Overweight. Obesity (Silver Spring) 2019, 27, 50–58, doi:10.1002/oby.22345. 

102. Halberg, N.; Henriksen, M.; Soderhamn, N.; Stallknecht, B.; Ploug, T.; Schjerling, P.; Dela, F. Effect of 

intermittent fasting and refeeding on insulin action in healthy men. J. Appl. Physiol. (1985) 2005, 99, 2128–

2136, doi:10.1152/japplphysiol.00683.2005. 

103. Klempel, M.C.; Kroeger, C.M.; Bhutani, S.; Trepanowski, J.F.; Varady, K.A. Intermittent fasting combined 

with calorie restriction is effective for weight loss and cardio-protection in obese women. Nutr. J. 2012, 11, 

98, doi:10.1186/1475-2891-11-98. 

104. Tinsley, G.M.; Forsse, J.S.; Butler, N.K.; Paoli, A.; Bane, A.A.; La Bounty, P.M.; Morgan, G.B.; Grandjean, 

P.W. Time-restricted feeding in young men performing resistance training: A randomized controlled trial. 

Eur. J. Sport Sci. 2017, 17, 200–207, doi:10.1080/17461391.2016.1223173. 

105. Hoddy, K.K.; Kroeger, C.M.; Trepanowski, J.F.; Barnosky, A.; Bhutani, S.; Varady, K.A. Meal timing during 

alternate day fasting: Impact on body weight and cardiovascular disease risk in obese adults. Obesity (Silver 

Spring) 2014, 22, 2524–2531, doi:10.1002/oby.20909. 

106. Harvie, M.N.; Pegington, M.; Mattson, M.P.; Frystyk, J.; Dillon, B.; Evans, G.; Cuzick, J.; Jebb, S.A.; Martin, 

B.; Cutler, R.G.; et al. The effects of intermittent or continuous energy restriction on weight loss and 

metabolic disease risk markers: A randomized trial in young overweight women. Int. J. Obes. (Lond.) 2011, 

35, 714–727, doi:10.1038/ijo.2010.171. 

107. Azevedo, F.R.; Ikeoka, D.; Caramelli, B. Effects of intermittent fasting on metabolism in men. Rev. Assoc. 

Med. Bras. (1992) 2013, 59, 167–173, doi:10.1016/j.ramb.2012.09.003. 

108. Catenacci, V.A.; Pan, Z.; Ostendorf, D.; Brannon, S.; Gozansky, W.S.; Mattson, M.P.; Martin, B.; MacLean, 

P.S.; Melanson, E.L.; Troy Donahoo, W. A randomized pilot study comparing zero-calorie alternate-day 

fasting to daily caloric restriction in adults with obesity. Obesity (Silver Spring) 2016, 24, 1874–1883, 

doi:10.1002/oby.21581. 

109. Stekovic, S.; Hofer, S.J.; Tripolt, N.; Aon, M.A.; Royer, P.; Pein, L.; Stadler, J.T.; Pendl, T.; Prietl, B.; Url, J.; 

et al. Alternate Day Fasting Improves Physiological and Molecular Markers of Aging in Healthy, Non-

obese Humans. Cell Metab. 2019, 30, 462–476.e6, doi:10.1016/j.cmet.2019.07.016. 

110. Varady, K.A.; Bhutani, S.; Church, E.C.; Klempel, M.C. Short-term modified alternate-day fasting: A novel 

dietary strategy for weight loss and cardioprotection in obese adults. Am. J. Clin. Nutr. 2009, 90, 1138–1143, 

doi:10.3945/ajcn.2009.28380. 

111. Johnson, J.B.; Summer, W.; Cutler, R.G.; Martin, B.; Hyun, D.H.; Dixit, V.D.; Pearson, M.; Nassar, M.; 

Telljohann, R.; Maudsley, S.; et al. Alternate day calorie restriction improves clinical findings and reduces 

markers of oxidative stress and inflammation in overweight adults with moderate asthma. Free Radic. Biol. 

Med. 2007, 42, 665–674, doi:10.1016/j.freeradbiomed.2006.12.005. 

112. Varady, K.A.; Bhutani, S.; Klempel, M.C.; Kroeger, C.M.; Trepanowski, J.F.; Haus, J.M.; Hoddy, K.K.; Calvo, 

Y. Alternate day fasting for weight loss in normal weight and overweight subjects: A randomized 

controlled trial. Nutr. J. 2013, 12, 146, doi:10.1186/1475-2891-12-146. 

113. Neeland, I.J.; Turer, A.T.; Ayers, C.R.; Powell-Wiley, T.M.; Vega, G.L.; Farzaneh-Far, R.; Grundy, S.M.; 

Khera, A.; McGuire, D.K.; de Lemos, J.A. Dysfunctional adiposity and the risk of prediabetes and type 2 

diabetes in obese adults. JAMA 2012, 308, 1150–1159, doi:10.1001/2012.jama.11132. 

114. Sutton, E.F.; Beyl, R.; Early, K.S.; Cefalu, W.T.; Ravussin, E.; Peterson, C.M. Early Time-Restricted Feeding 

Improves Insulin Sensitivity, Blood Pressure, and Oxidative Stress Even without Weight Loss in Men with 

Prediabetes. Cell Metab. 2018, 27, 1212–1221.e3, doi:10.1016/j.cmet.2018.04.010. 

115. Ravussin, E.; Beyl, R.A.; Poggiogalle, E.; Hsia, D.S.; Peterson, C.M. Early Time-Restricted Feeding Reduces 

Appetite and Increases Fat Oxidation But Does Not Affect Energy Expenditure in Humans. Obesity 2019, 

27, 1244–1254, doi:10.1002/oby.22518. 



Nutrients 2020, 12, 1194 19 of 24 

116. Martens, C.R.; Rossman, M.J.; Mazzo, M.R.; Jankowski, L.R.; Nagy, E.E.; Denman, B.A.; Richey, J.J.; Johnson, 

S.A.; Ziemba, B.P.; Wang, Y.; et al. Short-term time-restricted feeding is safe and feasible in non-obese 

healthy midlife and older adults. GeroScience 2020, doi:10.1007/s11357-020-00156-6. 

117. Hansen, M.; Kennedy, B.K. Does Longer Lifespan Mean Longer Healthspan? Trends Cell Biol. 2016, 26, 565–

568, doi:10.1016/j.tcb.2016.05.002. 

118. de Cabo, R.; Mattson, M.P. Effects of Intermittent Fasting on Health, Aging, and Disease. N. Engl. J. Med. 

2019, 381, 2541–2551, doi:10.1056/NEJMra1905136. 

119. Fontana, L.; Partridge, L. Promoting health and longevity through diet: From model organisms to humans. 

Cell 2015, 161, 106–118, doi:10.1016/j.cell.2015.02.020. 

120. Pan, H.; Finkel, T. Key proteins and pathways that regulate lifespan. J. Biol. Chem. 2017, 292, 6452–6460, 

doi:10.1074/jbc.R116.771915. 

121. Anson, R.M.; Jones, B.; de Cabod, R. The diet restriction paradigm: A brief review of the effects of every-

other-day feeding. AGE 2005, 27, 17–25, doi:10.1007/s11357-005-3286-2. 

122. Nicklin, P.; Bergman, P.; Zhang, B.; Triantafellow, E.; Wang, H.; Nyfeler, B.; Yang, H.; Hild, M.; Kung, C.; 

Wilson, C.; et al. Bidirectional transport of amino acids regulates mTOR and autophagy. Cell 2009, 136, 521–

534, doi:10.1016/j.cell.2008.11.044. 

123. Beauchamp, E.M.; Platanias, L.C. The evolution of the TOR pathway and its role in cancer. Oncogene 2013, 

32, 3923–3932, doi:10.1038/onc.2012.567. 

124. Kapahi, P.; Chen, D.; Rogers, A.N.; Katewa, S.D.; Li, P.W.; Thomas, E.L.; Kockel, L. With TOR, less is more: 

A key role for the conserved nutrient-sensing TOR pathway in aging. Cell Metab. 2010, 11, 453–465, 

doi:10.1016/j.cmet.2010.05.001. 

125. Kaeberlein, M.; Powers, R.W.; Steffen, K.K.; Westman, E.A.; Hu, D.; Dang, N.; Kerr, E.O.; Kirkland, K.T.; 

Fields, S.; Kennedy, B.K. Regulation of Yeast Replicative Life Span by TOR and Sch9 in Response to 

Nutrients. Science 2005, 310, 1193, doi:10.1126/science.1115535. 

126. Bonawitz, N.D.; Chatenay-Lapointe, M.; Pan, Y.; Shadel, G.S. Reduced TOR Signaling Extends 

Chronological Life Span via Increased Respiration and Upregulation of Mitochondrial Gene Expression. 

Cell Metab. 2007, 5, 265–277, doi:10.1016/j.cmet.2007.02.009. 

127. Medvedik, O.; Lamming, D.W.; Kim, K.D.; Sinclair, D.A. MSN2 and MSN4 Link Calorie Restriction and 

TOR to Sirtuin-Mediated Lifespan Extension in Saccharomyces cerevisiae. PLoS Biol. 2007, 5, e261, 

doi:10.1371/journal.pbio.0050261. 

128. Steffen, K.K.; MacKay, V.L.; Kerr, E.O.; Tsuchiya, M.; Hu, D.; Fox, L.A.; Dang, N.; Johnston, E.D.; Oakes, 

J.A.; Tchao, B.N.; et al. Yeast Life Span Extension by Depletion of 60S Ribosomal Subunits Is Mediated by 

Gcn4. Cell 2008, 133, 292–302, doi:10.1016/j.cell.2008.02.037. 

129. Wei, M.; Fabrizio, P.; Madia, F.; Hu, J.; Ge, H.; Li, L.M.; Longo, V.D. Tor1/Sch9-Regulated Carbon Source 

Substitution Is as Effective as Calorie Restriction in Life Span Extension. PLoS Genet. 2009, 5, e1000467, 

doi:10.1371/journal.pgen.1000467. 

130. Vellai, T.; Takacs-Vellai, K.; Zhang, Y.; Kovacs, A.L.; Orosz, L.; Müller, F. Influence of TOR kinase on 

lifespan in C. elegans. Nature 2003, 426, 620–620, doi:10.1038/426620a. 

131. Jia, K.; Chen, D.; Riddle, D.L. The TOR pathway interacts with the insulin signaling pathway to regulate C. 

elegans larval development, metabolism and life span. Development 2004, 131, 3897–3906, 

doi:10.1242/dev.01255. 

132. Pan, K.Z.; Palter, J.E.; Rogers, A.N.; Olsen, A.; Chen, D.; Lithgow, G.J.; Kapahi, P. Inhibition of mRNA 

translation extends lifespan in Caenorhabditis elegans. Aging Cell 2007, 6, 111–119, doi:10.1111/j.1474-

9726.2006.00266.x. 

133. Hansen, M.; Taubert, S.; Crawford, D.; Libina, N.; Lee, S.-J.; Kenyon, C. Lifespan extension by conditions 

that inhibit translation in Caenorhabditis elegans. Aging Cell 2007, 6, 95–110, doi:10.1111/j.1474-

9726.2006.00267.x. 

134. Syntichaki, P.; Troulinaki, K.; Tavernarakis, N. eIF4E function in somatic cells modulates ageing in 

Caenorhabditis elegans. Nature 2007, 445, 922–926, doi:10.1038/nature05603. 

135. Curran, S.P.; Ruvkun, G. Lifespan Regulation by Evolutionarily Conserved Genes Essential for Viability. 

PLoS Genet. 2007, 3, e56, doi:10.1371/journal.pgen.0030056. 

136. Greer, E.L.; Dowlatshahi, D.; Banko, M.R.; Villen, J.; Hoang, K.; Blanchard, D.; Gygi, S.P.; Brunet, A. An 

AMPK-FOXO Pathway Mediates Longevity Induced by a Novel Method of Dietary Restriction in C. 

elegans. Curr. Biol. 2007, 17, 1646–1656, doi:10.1016/j.cub.2007.08.047. 



Nutrients 2020, 12, 1194 20 of 24 

137. Chen, D.; Pan, K.Z.; Palter, J.E.; Kapahi, P. Longevity determined by developmental arrest genes in 

Caenorhabditis elegans. Aging Cell 2007, 6, 525–533, doi:10.1111/j.1474-9726.2007.00305.x. 

138. Hansen, M.; Chandra, A.; Mitic, L.L.; Onken, B.; Driscoll, M.; Kenyon, C. A Role for Autophagy in the 

Extension of Lifespan by Dietary Restriction in C. elegans. PLoS Genet. 2008, 4, e24, 

doi:10.1371/journal.pgen.0040024. 

139. Sheaffer, K.L.; Updike, D.L.; Mango, S.E. The Target of Rapamycin Pathway Antagonizes pha-4/FoxA to 

Control Development and Aging. Curr. Biol. 2008, 18, 1355–1364, doi:10.1016/j.cub.2008.07.097. 

140. Tóth, M.L.; Sigmond, T.; Borsos, É.; Barna, J.; Erdélyi, P.; Takács-Vellai, K.; Orosz, L.; Kovács, A.L.; Csikós, 

G.; Sass, M.; et al. Longevity pathways converge on autophagy genes to regulate life span in Caenorhabditis 

elegans. Autophagy 2008, 4, 330–338, doi:10.4161/auto.5618. 

141. Chen, D.; Thomas, E.L.; Kapahi, P. HIF-1 Modulates Dietary Restriction-Mediated Lifespan Extension via 

IRE-1 in Caenorhabditis elegans. PLoS Genet. 2009, 5, e1000486, doi:10.1371/journal.pgen.1000486. 

142. Bell, R.; Hubbard, A.; Chettier, R.; Chen, D.; Miller, J.P.; Kapahi, P.; Tarnopolsky, M.; Sahasrabuhde, S.; 

Melov, S.; Hughes, R.E. A Human Protein Interaction Network Shows Conservation of Aging Processes 

between Human and Invertebrate Species. PLoS Genet. 2009, 5, e1000414, doi:10.1371/journal.pgen.1000414. 

143. Kapahi, P.; Zid, B.M.; Harper, T.; Koslover, D.; Sapin, V.; Benzer, S. Regulation of Lifespan in Drosophila 

by Modulation of Genes in the TOR Signaling Pathway. Curr. Biol. 2004, 14, 885–890, 

doi:10.1016/j.cub.2004.03.059. 

144. Zid, B.M.; Rogers, A.N.; Katewa, S.D.; Vargas, M.A.; Kolipinski, M.C.; Lu, T.A.; Benzer, S.; Kapahi, P. 4E-

BP Extends Lifespan upon Dietary Restriction by Enhancing Mitochondrial Activity in Drosophila. Cell 

2009, 139, 149–160, doi:10.1016/j.cell.2009.07.034. 

145. 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.; et al. Rapamycin fed late in life extends lifespan in genetically heterogeneous mice. 

Nature 2009, 460, 392–395, doi:10.1038/nature08221. 

146. Selman, C.; Tullet, J.M.A.; Wieser, D.; Irvine, E.; Lingard, S.J.; Choudhury, A.I.; Claret, M.; Al-Qassab, H.; 

Carmignac, D.; Ramadani, F.; et al. Ribosomal Protein S6 Kinase 1 Signaling Regulates Mammalian Life 

Span. Science 2009, 326, 140–144, doi:10.1126/science.1177221. 

147. Zhang, H.-M.; Diaz, V.; Walsh, M.E.; Zhang, Y. Moderate lifelong overexpression of tuberous sclerosis 

complex 1 (TSC1) improves health and survival in mice. Sci. Rep. 2017, 7, 834, doi:10.1038/s41598-017-00970-

7. 

148. Wu, J.J.; Liu, J.; Chen, E.B.; Wang, J.J.; Cao, L.; Narayan, N.; Fergusson, M.M.; Rovira, I.I.; Allen, M.; Springer, 

D.A.; et al. Increased Mammalian Lifespan and a Segmental and Tissue-Specific Slowing of Aging after 

Genetic Reduction of mTOR Expression. Cell Rep. 2013, 4, 913–920, doi:10.1016/j.celrep.2013.07.030. 

149. Hardie, D.G. AMP-activated/SNF1 protein kinases: Conserved guardians of cellular energy. Nat. Rev. Mol. 

Cell Biol. 2007, 8, 774–785, doi:10.1038/nrm2249. 

150. Hardie, D.G.; Ross, F.A.; Hawley, S.A. AMPK: A nutrient and energy sensor that maintains energy 

homeostasis. Nat. Rev. Mol. Cell Biol. 2012, 13, 251–262, doi:10.1038/nrm3311. 

151. Apfeld, J.; O’Connor, G.; McDonagh, T.; DiStefano, P.S.; Curtis, R. The AMP-activated protein kinase AAK-

2 links energy levels and insulin-like signals to lifespan in C. elegans. Genes Dev. 2004, 18, 3004–3009, 

doi:10.1101/gad.1255404. 

152. Weir, H.J.; Yao, P.; Huynh, F.K.; Escoubas, C.C.; Goncalves, R.L.; Burkewitz, K.; Laboy, R.; Hirschey, M.D.; 

Mair, W.B. Dietary Restriction and AMPK Increase Lifespan via Mitochondrial Network and Peroxisome 

Remodeling. Cell Metab. 2017, 26, 884–896.e5, doi:10.1016/j.cmet.2017.09.024. 

153. Mair, W.; Morantte, I.; Rodrigues, A.P.C.; Manning, G.; Montminy, M.; Shaw, R.J.; Dillin, A. Lifespan 

extension induced by AMPK and calcineurin is mediated by CRTC-1 and CREB. Nature 2011, 470, 404–408, 

doi:10.1038/nature09706. 

154. Greer, E.L.; Brunet, A. Different dietary restriction regimens extend lifespan by both independent and 

overlapping genetic pathways in C. elegans. Aging Cell 2009, 8, 113–127, doi:10.1111/j.1474-

9726.2009.00459.x. 

155. Fukuyama, M.; Sakuma, K.; Park, R.; Kasuga, H.; Nagaya, R.; Atsumi, Y.; Shimomura, Y.; Takahashi, S.; 

Kajiho, H.; Rougvie, A.; et al. C. elegans AMPKs promote survival and arrest germline development during 

nutrient stress. Biol. Open 2012, 1, 929–936, doi:10.1242/bio.2012836. 



Nutrients 2020, 12, 1194 21 of 24 

156. Schulz, T.J.; Zarse, K.; Voigt, A.; Urban, N.; Birringer, M.; Ristow, M. Glucose Restriction Extends 

Caenorhabditis elegans Life Span by Inducing Mitochondrial Respiration and Increasing Oxidative Stress. 

Cell Metab. 2007, 6, 280–293, doi:10.1016/j.cmet.2007.08.011. 

157. Burkewitz, K.; Zhang, Y.; Mair, W.B. AMPK at the Nexus of Energetics and Aging. Cell Metab. 2014, 20, 10–

25, doi:10.1016/j.cmet.2014.03.002. 

158. Avruch, J.; Hara, K.; Lin, Y.; Liu, M.; Long, X.; Ortiz-Vega, S.; Yonezawa, K. Insulin and amino-acid 

regulation of mTOR signaling and kinase activity through the Rheb GTPase. Oncogene 2006, 25, 6361–6372, 

doi:10.1038/sj.onc.1209882. 

159. Singh, P.P.; Demmitt, B.A.; Nath, R.D.; Brunet, A. The Genetics of Aging: A Vertebrate Perspective. Cell 

2019, 177, 200–220, doi:10.1016/j.cell.2019.02.038. 

160. Greer, E.L.; Brunet, A. FOXO transcription factors at the interface between longevity and tumor 

suppression. Oncogene 2005, 24, 7410–7425, doi:10.1038/sj.onc.1209086. 

161. Martins, R.; Lithgow, G.J.; Link, W. Long live FOXO: Unraveling the role of FOXO proteins in aging and 

longevity. Aging Cell 2016, 15, 196–207, doi:10.1111/acel.12427. 

162. Altintas, O.; Park, S.; Lee, S.-J.V. The role of insulin/IGF-1 signaling in the longevity of model invertebrates, 

C. elegans and D. melanogaster. BMB Rep. 2016, 49, 81–92, doi:10.5483/bmbrep.2016.49.2.261. 

163. van Heemst, D. Insulin, IGF-1 and longevity. Aging Dis. 2010, 1, 147–157. 

164. Hoshino, S.; Kobayashi, M.; Higami, Y. Mechanisms of the anti-aging and prolongevity effects of caloric 

restriction: Evidence from studies of genetically modified animals. Aging (Albany Ny) 2018, 10, 2243–2251, 

doi:10.18632/aging.101557. 

165. Jiang, Y.; Yan, F.; Feng, Z.; Lazarovici, P.; Zheng, W. Signaling Network of Forkhead Family of 

Transcription Factors (FOXO) in Dietary Restriction. Cells 2019, 9, 100, doi:10.3390/cells9010100. 

166. Shimokawa, I.; Higami, Y.; Tsuchiya, T.; Otani, H.; Komatsu, T.; Chiba, T.; Yamaza, H. Life span extension 

by reduction of the growth hormone-insulin-like growth factor-1 axis: Relation to caloric restriction. FASEB 

J. 2003, 17, 1108–1109, doi:10.1096/fj.02-0819fje. 

167. Shimokawa, I.; Komatsu, T.; Hayashi, N.; Kim, S.-E.; Kawata, T.; Park, S.; Hayashi, H.; Yamaza, H.; Chiba, 

T.; Mori, R. The life-extending effect of dietary restriction requires Foxo3 in mice. Aging Cell 2015, 14, 707–

709, doi:10.1111/acel.12340. 

168. Clancy, D.J.; Gems, D.; Hafen, E.; Leevers, S.J.; Partridge, L. Dietary Restriction in Long-Lived Dwarf Flies. 

Science 2002, 296, 319, doi:10.1126/science.1069366. 

169. Min, K.-J.; Yamamoto, R.; Buch, S.; Pankratz, M.; Tatar, M. Drosophila lifespan control by dietary restriction 

independent of insulin-like signaling. Aging Cell 2008, 7, 199–206, doi:10.1111/j.1474-9726.2008.00373.x. 

170. Giannakou, M.E.; Goss, M.; Partridge, L. Role of dFOXO in lifespan extension by dietary restriction in 

Drosophila melanogaster: Not required, but its activity modulates the response. Aging Cell 2008, 7, 187–198, 

doi:10.1111/j.1474-9726.2007.00362.x. 

171. North, B.J.; Verdin, E. Sirtuins: Sir2-related NAD-dependent protein deacetylases. Genome Biol. 2004, 5, 224–

224, doi:10.1186/gb-2004-5-5-224. 

172. López-Lluch, G.; Navas, P. Calorie restriction as an intervention in ageing. J. Physiol. 2016, 594, 2043–2060, 

doi:10.1113/JP270543. 

173. Kaeberlein, M.; McVey, M.; Guarente, L. The SIR2/3/4 complex and SIR2 alone promote longevity in 

Saccharomyces cerevisiae by two different mechanisms. Genes Dev. 1999, 13, 2570–2580, 

doi:10.1101/gad.13.19.2570. 

174. Tissenbaum, H.A.; Guarente, L. Increased dosage of a sir-2 gene extends lifespan in Caenorhabditis elegans. 

Nature 2001, 410, 227–230, doi:10.1038/35065638. 

175. Viswanathan, M.; Kim, S.K.; Berdichevsky, A.; Guarente, L. A Role for SIR-2.1 Regulation of ER Stress 

Response Genes in Determining C. elegans Life Span. Dev. Cell 2005, 9, 605–615, 

doi:10.1016/j.devcel.2005.09.017. 

176. Berdichevsky, A.; Viswanathan, M.; Horvitz, H.R.; Guarente, L.C. elegans SIR-2.1 Interacts with 14-3-3 

Proteins to Activate DAF-16 and Extend Life Span. Cell 2006, 125, 1165–1177, doi:10.1016/j.cell.2006.04.036. 

177. Rizki, G.; Iwata, T.N.; Li, J.; Riedel, C.G.; Picard, C.L.; Jan, M.; Murphy, C.T.; Lee, S.S. The evolutionarily 

conserved longevity determinants HCF-1 and SIR-2.1/SIRT1 collaborate to regulate DAF-16/FOXO. PLoS 

Genet. 2011, 7, e1002235, doi:10.1371/journal.pgen.1002235. 

178. Wood, J.G.; Rogina, B.; Lavu, S.; Howitz, K.; Helfand, S.L.; Tatar, M.; Sinclair, D. Sirtuin activators mimic 

caloric restriction and delay ageing in metazoans. Nature 2004, 430, 686–689, doi:10.1038/nature02789. 



Nutrients 2020, 12, 1194 22 of 24 

179. Viswanathan, M.; Guarente, L. Regulation of Caenorhabditis elegans lifespan by sir-2.1 transgenes. Nature 

2011, 477, E1–E2, doi:10.1038/nature10440. 

180. Ludewig, A.H.; Izrayelit, Y.; Park, D.; Malik, R.U.; Zimmermann, A.; Mahanti, P.; Fox, B.W.; Bethke, A.; 

Doering, F.; Riddle, D.L.; et al. Pheromone sensing regulates Caenorhabditis elegans lifespan and stress 

resistance via the deacetylase SIR-2.1. Proc. Natl. Acad. Sci. USA 2013, 110, 5522–5527, 

doi:10.1073/pnas.1214467110. 

181. Mouchiroud, L.; Houtkooper, R.H.; Moullan, N.; Katsyuba, E.; Ryu, D.; Cantó, C.; Mottis, A.; Jo, Y.-S.; 

Viswanathan, M.; Schoonjans, K.; et al. The NAD+/Sirtuin Pathway Modulates Longevity through 

Activation of Mitochondrial UPR and FOXO Signaling. Cell 2013, 154, 430–441, doi:10.1016/j.cell.2013.06.016. 

182. Schmeisser, K.; Mansfeld, J.; Kuhlow, D.; Weimer, S.; Priebe, S.; Heiland, I.; Birringer, M.; Groth, M.; Segref, 

A.; Kanfi, Y.; et al. Role of sirtuins in lifespan regulation is linked to methylation of nicotinamide. Nat. Chem. 

Biol. 2013, 9, 693–700, doi:10.1038/nchembio.1352. 

183. Rogina, B.; Helfand, S.L. Sir2 mediates longevity in the fly through a pathway related to calorie restriction. 

Proc. Natl Acad Sci USA 2004, 101, 15998–16003, doi:10.1073/pnas.0404184101. 

184. Bauer, J.H.; Morris, S.N.S.; Chang, C.; Flatt, T.; Wood, J.G.; Helfand, S.L. dSir2 and Dmp53 interact to 

mediate aspects of CR-dependent lifespan extension in D. melanogaster. Aging 2009, 1, 38–48, 

doi:10.18632/aging.100001. 

185. Banerjee, K.K.; Ayyub, C.; Ali, S.Z.; Mandot, V.; Prasad, N.G.; Kolthur-Seetharam, U. dSir2 in the Adult Fat 

Body, but Not in Muscles, Regulates Life Span in a Diet-Dependent Manner. Cell Rep. 2012, 2, 1485–1491, 

doi:10.1016/j.celrep.2012.11.013. 

186. Kanfi, Y.; Naiman, S.; Amir, G.; Peshti, V.; Zinman, G.; Nahum, L.; Bar-Joseph, Z.; Cohen, H.Y. The sirtuin 

SIRT6 regulates lifespan in male mice. Nature 2012, 483, 218–221, doi:10.1038/nature10815. 

187. Satoh, A.; Brace, C.S.; Rensing, N.; Cliften, P.; Wozniak, D.F.; Herzog, E.D.; Yamada, K.A.; Imai, S.-I. Sirt1 

Extends Life Span and Delays Aging in Mice through the Regulation of Nk2 Homeobox 1 in the DMH and 

LH. Cell Metab. 2013, 18, 416–430, doi:10.1016/j.cmet.2013.07.013. 

188. 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.; et al. Small molecule activators of sirtuins extend Saccharomyces cerevisiae 

lifespan. Nature 2003, 425, 191–196, doi:10.1038/nature01960. 

189. Kaeberlein, M.; Kirkland, K.T.; Fields, S.; Kennedy, B.K. Sir2-Independent Life Span Extension by Calorie 

Restriction in Yeast. PLoS Biol. 2004, 2, e296, doi:10.1371/journal.pbio.0020296. 

190. Burnett, C.; Valentini, S.; Cabreiro, F.; Goss, M.; Somogyvári, M.; Piper, M.D.; Hoddinott, M.; Sutphin, G.L.; 

Leko, V.; McElwee, J.J.; et al. Absence of effects of Sir2 overexpression on lifespan in C. elegans and 

Drosophila. Nature 2011, 477, 482–485, doi:10.1038/nature10296. 

191. Guarente, L. Calorie restriction and sirtuins revisited. Genes Dev. 2013, 27, 2072–2085, 

doi:10.1101/gad.227439.113. 

192. Lee, S.-H.; Lee, J.-H.; Lee, H.-Y.; Min, K.-J. Sirtuin signaling in cellular senescence and aging. BMB Rep. 2019, 

52, 24–34, doi:10.5483/BMBRep.2019.52.1.290. 

193. Whitaker, R.; Faulkner, S.; Miyokawa, R.; Burhenn, L.; Henriksen, M.; Wood, J.G.; Helfand, S.L. Increased 

expression of Drosophila Sir2 extends life span in a dose-dependent manner. Aging (Albany Ny) 2013, 5, 

682–691, doi:10.18632/aging.100599. 

194. Frye, R.A. Phylogenetic Classification of Prokaryotic and Eukaryotic Sir2-like Proteins. Biochem. Biophys. 

Res. Commun. 2000, 273, 793–798, doi:10.1006/bbrc.2000.3000. 

195. Mercken, E.M.; Hu, J.; Krzysik-Walker, S.; Wei, M.; Li, Y.; McBurney, M.W.; de Cabo, R.; Longo, V.D. SIRT1 

but not its increased expression is essential for lifespan extension in caloric-restricted mice. Aging Cell 2014, 

13, 193–196, doi:10.1111/acel.12151. 

196. Boily, G.; Seifert, E.L.; Bevilacqua, L.; He, X.H.; Sabourin, G.; Estey, C.; Moffat, C.; Crawford, S.; Saliba, S.; 

Jardine, K.; et al. SirT1 Regulates Energy Metabolism and Response to Caloric Restriction in Mice. PLoS 

ONE 2008, 3, e1759, doi:10.1371/journal.pone.0001759. 

197. Zhu, Y.; Yan, Y.; Gius, D.R.; Vassilopoulos, A. Metabolic regulation of Sirtuins upon fasting and the 

implication for cancer. Curr. Opin. Oncol. 2013, 25, 630–636, doi:10.1097/01.cco.0000432527.49984.a3. 

198. Wood, J.G.; Schwer, B.; Wickremesinghe, P.C.; Hartnett, D.A.; Burhenn, L.; Garcia, M.; Li, M.; Verdin, E.; 

Helfand, S.L. Sirt4 is a mitochondrial regulator of metabolism and lifespan in Drosophila melanogaster. 

Proc. Natl. Acad. Sci. USA 2018, 115, 1564–1569, doi:10.1073/pnas.1720673115. 



Nutrients 2020, 12, 1194 23 of 24 

199. Andreani, T.S.; Itoh, T.Q.; Yildirim, E.; Hwangbo, D.-S.; Allada, R. Genetics of Circadian Rhythms. Sleep 

Med. Clin. 2015, 10, 413–421, doi:10.1016/j.jsmc.2015.08.007. 

200. Bass, J. Circadian topology of metabolism. Nature 2012, 491, 348–356, doi:10.1038/nature11704. 

201. Manoogian, E.N.C.; Panda, S. Circadian rhythms, time-restricted feeding, and healthy aging. Ageing Res. 

Rev. 2017, 39, 59–67, doi:10.1016/j.arr.2016.12.006. 

202. Chaudhari, A.; Gupta, R.; Makwana, K.; Kondratov, R. Circadian clocks, diets and aging. Nutr. Healthy 

Aging 2017, 4, 101–112, doi:10.3233/NHA-160006. 

203. Katewa, S.D.; Akagi, K.; Bose, N.; Rakshit, K.; Camarella, T.; Zheng, X.; Hall, D.; Davis, S.; Nelson, C.S.; 

Brem, R.B.; et al. Peripheral Circadian Clocks Mediate Dietary Restriction-Dependent Changes in Lifespan 

and Fat Metabolism in Drosophila. Cell Metab. 2016, 23, 143–154, doi:10.1016/j.cmet.2015.10.014. 

204. Patel, S.A.; Velingkaar, N.; Makwana, K.; Chaudhari, A.; Kondratov, R. Calorie restriction regulates 

circadian clock gene expression through BMAL1 dependent and independent mechanisms. Sci. Rep. 2016, 

6, 25970, doi:10.1038/srep25970. 

205. Sato, S.; Solanas, G.; Peixoto, F.O.; Bee, L.; Symeonidi, A.; Schmidt, M.S.; Brenner, C.; Masri, S.; Benitah, 

S.A.; Sassone-Corsi, P. Circadian Reprogramming in the Liver Identifies Metabolic Pathways of Aging. Cell 

2017, 170, 664–677.e11, doi:10.1016/j.cell.2017.07.042. 

206. Patel, S.A.; Chaudhari, A.; Gupta, R.; Velingkaar, N.; Kondratov, R.V. Circadian clocks govern calorie 

restriction-mediated life span extension through BMAL1- and IGF-1-dependent mechanisms. FASEB J. 

2016, 30, 1634–1642, doi:10.1096/fj.15-282475. 

207. Ulgherait, M.; Chen, A.; Oliva, M.K.; Kim, H.X.; Canman, J.C.; Ja, W.W.; Shirasu-Hiza, M. Dietary 

Restriction Extends the Lifespan of Circadian Mutants tim and per. Cell Metab. 2016, 24, 763–764, 

doi:10.1016/j.cmet.2016.11.002. 

208. Solovev, I.; Shegoleva, E.; Fedintsev, A.; Shaposhnikov, M.; Moskalev, A. Circadian clock genes’ 

overexpression in Drosophila alters diet impact on lifespan. Biogerontology 2019, 20, 159–170, 

doi:10.1007/s10522-018-9784-2. 

209. Acosta-Rodriguez, V.A.; de Groot, M.H.M.; Rijo-Ferreira, F.; Green, C.B.; Takahashi, J.S. Mice under Caloric 

Restriction Self-Impose a Temporal Restriction of Food Intake as Revealed by an Automated Feeder System. 

Cell Metab. 2017, 26, 267–277 e262, doi:10.1016/j.cmet.2017.06.007. 

210. Xu, K.; Zheng, X.; Sehgal, A. Regulation of feeding and metabolism by neuronal and peripheral clocks in 

Drosophila. Cell Metab. 2008, 8, 289–300, doi:10.1016/j.cmet.2008.09.006. 

211. Ro, J.; Harvanek, Z.M.; Pletcher, S.D. FLIC: High-Throughput, Continuous Analysis of Feeding Behaviors 

in Drosophila. PLoS ONE 2014, 9, e101107, doi:10.1371/journal.pone.0101107. 

212. Gill, S.; Le, H.D.; Melkani, G.C.; Panda, S. Time-restricted feeding attenuates age-related cardiac decline in 

Drosophila. Science 2015, 347, 1265–1269, doi:10.1126/science.1256682. 

213. Eelderink-Chen, Z.; Mazzotta, G.; Sturre, M.; Bosman, J.; Roenneberg, T.; Merrow, M. A circadian clock in 

Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 2010, 107, 2043–2047, doi:10.1073/pnas.0907902107. 

214. Tu, B.P.; Kudlicki, A.; Rowicka, M.; McKnight, S.L. Logic of the Yeast Metabolic Cycle: Temporal 

Compartmentalization of Cellular Processes. Science 2005, 310, 1152–1158, doi:10.1126/science.1120499. 

215. Goya, M.E.; Romanowski, A.; Caldart, C.S.; Bénard, C.Y.; Golombek, D.A. Circadian rhythms identified in 

Caenorhabditis elegans by in vivo long-term monitoring of a bioluminescent reporter. Proc. Natl. Acad. Sci. 

USA 2016, 113, E7837–E7845, doi:10.1073/pnas.1605769113. 

216. Yeo, R.; Brunet, A. Deconstructing Dietary Restriction: A Case for Systems Approaches in Aging. Cell Metab. 

2016, 23, 395–396, doi:10.1016/j.cmet.2016.02.018. 

217. Hou, L.; Wang, D.; Chen, D.; Liu, Y.; Zhang, Y.; Cheng, H.; Xu, C.; Sun, N.; McDermott, J.; Mair, W.B.; et al. 

A Systems Approach to Reverse Engineer Lifespan Extension by Dietary Restriction. Cell Metab. 2016, 23, 

529–540, doi:10.1016/j.cmet.2016.02.002. 

218. Hulbert, A.J.; Pamplona, R.; Buffenstein, R.; Buttemer, W.A. Life and Death: Metabolic Rate, Membrane 

Composition, and Life Span of Animals. Physiol. Rev. 2007, 87, 1175–1213, doi:10.1152/physrev.00047.2006. 

219. Phelan, J.P.; Rose, M.R. Why dietary restriction substantially increases longevity in animal models but 

won’t in humans. Ageing Res. Rev. 2005, 4, 339–350, doi:10.1016/j.arr.2005.06.001. 

220. Giuliani, C.; Garagnani, P.; Franceschi, C. Genetics of Human Longevity Within an Eco-Evolutionary 

Nature-Nurture Framework. Circ. Res. 2018, 123, 745–772, doi:10.1161/CIRCRESAHA.118.312562. 

221. Passarino, G.; De Rango, F.; Montesanto, A. Human longevity: Genetics or Lifestyle? It takes two to tango. 

Immun. Ageing 2016, 13, 12–12, doi:10.1186/s12979-016-0066-z. 



Nutrients 2020, 12, 1194 24 of 24 

222. Lucanic, M.; Plummer, W.T.; Chen, E.; Harke, J.; Foulger, A.C.; Onken, B.; Coleman-Hulbert, A.L.; Dumas, 

K.J.; Guo, S.; Johnson, E.; et al. Impact of genetic background and experimental reproducibility on 

identifying chemical compounds with robust longevity effects. Nat. Commun. 2017, 8, 14256, 

doi:10.1038/ncomms14256. 

223. Liao, C.-Y.; Rikke, B.A.; Johnson, T.E.; Diaz, V.; Nelson, J.F. Genetic variation in the murine lifespan 

response to dietary restriction: From life extension to life shortening. Aging Cell 2010, 9, 92–95, 

doi:10.1111/j.1474-9726.2009.00533.x. 

224. Liao, C.-Y.; Johnson, T.E.; Nelson, J.F. Genetic variation in responses to dietary restriction--an unbiased tool 

for hypothesis testing. Exp. Gerontol. 2013, 48, 1025–1029, doi:10.1016/j.exger.2013.03.010. 

225. Wilson, K.; Beck, J.; Nelson, C.; Hilsabeck, T.; Promislow, D.; Brem, R.; Kapahi, P. Genome-Wide Analyses 

for Lifespan and Healthspan in D. Melanogaster Reveal Decima as a Regulator of Insulin-Like Peptide 

Production. SSRN Electron. J. 2019, doi:10.2139/ssrn.3420829. 

 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

 


