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Abstract

Humans in modern societies typically consume food at least three times daily, while laboratory 

animals are fed ad libitum. Overconsumption of food with such eating patterns often leads to 

metabolic morbidities (insulin resistance, excessive accumulation of visceral fat, etc.), particularly 

when associated with a sedentary lifestyle. Because animals, including humans, evolved in 

environments where food was relatively scarce, they developed numerous adaptations that enabled 

them to function at a high level, both physically and cognitively, when in a food-deprived/fasted 

state. Intermittent fasting (IF) encompasses eating patterns in which individuals go extended time 

periods (e.g., 16–48h) with little or no energy intake, with intervening periods of normal food 

intake, on a recurring basis. We use the term periodic fasting (PF) to refer to IF with periods of 

fasting or fasting mimicking diets lasting from 2 to as many as 21 or more days. In laboratory rats 

and mice IF and PF have profound beneficial effects on many different indices of health and, 

importantly, can counteract disease processes and improve functional outcome in experimental 

models of a wide range of age-related disorders including diabetes, cardiovascular disease, cancers 

and neurological disorders such as Alzheimer’s disease Parkinson’s disease and stroke. Studies of 

IF (e.g., 60% energy restriction on 2 days per week or every other day), PF (e.g., a 5 day diet 

providing 750–1100 kcal) and time-restricted feeding (TRF; limiting the daily period of food 

intake to 8 h or less) in normal and overweight human subjects have demonstrated efficacy for 

weight loss and improvements in multiple health indicators including insulin resistance and 

reductions in risk factors for cardiovascular disease. The cellular and molecular mechanisms by 

which IF improves health and counteracts disease processes involve activation of adaptive cellular 

stress response signaling pathways that enhance mitochondrial health, DNA repair and autophagy. 

PF also promotes stem cell-based regeneration as well as long-lasting metabolic effects. 

Randomized controlled clinical trials of IF versus PF and isoenergetic continuous energy 

restriction in human subjects will be required to establish the efficacy of IF in improving general 

health, and preventing and managing major diseases of aging.
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1. Introduction

The survival and reproductive success of all organisms depends upon their ability to obtain 

food. Accordingly, animals have evolved behavioral and physiological adaptations that 

enable them to survive periods of food scarcity or absence. When food is not available for 

extended time periods some organisms become dormant; for example, yeast enter a 

stationary phase, nematodes enter the dauer state, and ground squirrels and some bears 

hibernate (Calixto, 2015). Mammals have organs such as the liver and adipose tissue which 

function as energy depots that enable fasting/starvation for varying lengths of time 

depending upon the species. Importantly, metabolic, endocrine and nervous systems evolved 

in ways that enabled high levels of physical and mental performance when in the fasted 

state. In this article we review studies of the effects of regimens of intermittent fasting (IF) 

diets, which include eating patterns in which individuals go extended time periods (e.g., 16–

48h) with little or no energy intake, with intervening periods of normal food intake, on a 

recurring basis. To distinguish studies of short-term frequent fasting periods from studies of 

less frequent but longer fasting periods we use the term periodic fasting (PF) to refer to IF 

with periods of fasting or “fasting mimicking diets” (FMDs) lasting from 2 to as many as 21 

or more days. The term time-restricted feeding (TRF) is used to describe an eating pattern in 

which food intake is restricted to a time window of 8 h or less every day. Studies of 

laboratory animals have elucidated the cellular and molecular mechanisms by which 

individuals respond to fasting in ways that can increase their overall fitness and their 

resistance to injury and a wide array of diseases (Longo and Mattson, 2014). Recent 

randomized controlled trials in human subjects have demonstrated that IF, including diets 

that mimic some aspects of FMDs, are achievable in humans and improve many health 

indicators in healthy individuals and in those with some chronic diseases.

In this article we focus on studies of the effects of IF, including PF and FMD, on animals 

and humans. Examples of specific IF diets include: complete fasting every other day (Bruce-

Keller et al., 1999; Anson et al., 2003); 70% energy restriction every other day (Johnson et 

al., 2007; Varady et al., 2015); consuming only 500–700 cal two consecutive days/week 

(Harvie et al., 2011); and restricting food intake to a 6–8 h time period daily, which has also 

been termed ‘time restricted feeding’ (TRF) (Chaix et al., 2014). Examples of PF include a 

4–5 day FMD (Brandhorst et al., 2015), 2–5 days of water only fasting (Raffaghello et al., 

2008; Safdie et al., 2009), and 7 days of a FMD (Choi et al., 2016). The vast majority of IF 

animal studies have involved either alternate day fasting or TRF, and most randomized 

controlled human trials have involved either 60–75% energy restriction (500–800 kcal) on 

alternate days or 2 consecutive days/week. Rarely has more that one IF regimen been 

compared within the same study, and so it is not yet possible to make any clear conclusions 

as to whether one regimen is superior to another with regards to improving health and 

disease resistance.
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Although results may differ quantitatively depending on the type of IF pattern and the 

species studied, all of the IF regimens described in the preceding paragraph result in several 

fundamental metabolic changes that define a fasting period including: maintenance of blood 

glucose levels in the low normal range, depletion or reduction of glycogen stores, 

mobilization of fatty acids and generation of ketones, a reduction of circulating leptin and 

often elevation of adiponectin levels (Johnson et al., 2007; Wan et al., 2010) (Fig. 1). 

Behavioral changes that occur during the fasting period of IF diets include increased 

alertness/arousal and increased mental acuity (Fond et al., 2013). As we describe in 

subsequent sections of this article, both the metabolic shift to ketone utilization, and adaptive 

responses of the brain and autonomic nervous system to food deprivation, play major roles 

in the fitness-promoting and disease-allaying effects of IF. Because overall calorie intake is 

often reduced during IF (e.g., weekly calorie intake in an individual on the ‘5:2′ diet is 

reduced by 25%; Harvie et al., 2011, 2013a) it is important to know if and to what extent 

physiological responses to IF are mediated by the overall caloric restriction (CR). In some 

studies of animals or human subjects, groups maintained on IF or isocaloric CR diets have 

been compared directly and, in those cases we will describe the similarities and differences. 

Otherwise, we will not review studies of CR which are much more numerous than studies of 

IF, and have been reviewed elsewhere recently (Speakman and Mitchell, 2011; Mercken et 

al., 2012; Longo et al., 2015). It should be noted, however, that the most commonly used 

method for daily CR in rodent laboratory studies (limited daily feeding) is in fact a form of 

IF/TRF. Thus, the animals are housed singly and the average amount of food consumed each 

day when the animals are fed ad libitum is designated the ad libitum food intake. Animals 

are then randomly assigned to ad libitum control and CR groups, with the animals in the CR 

group being fed a designated percentage of their normal ad libitum intake (usually 60–80%; 

i.e., 20–40% CR). Animals on CR are typically provided their daily or, in some cases thrice 

weekly, food in one portion (Pugh et al., 1999). However, under these circumstances, the 

animals on CR often consume their entire allotment within a period of several hours of 

receiving the food and, accordingly, they are fasting intermittently for extended time periods 

of (for example, 16–20h when fed daily, or 36 h or more when fed thrice weekly). The 

relative contributions of IF and CR to the lifespan extension and health-enhancing effects 

reported in studies of standard caloric restriction in these laboratory studies have not been 

investigated, and therefore represents a major knowledge gap in this field of research. Here 

we will focus on IF as the role of PF/FMDs on longevity and diseases in laboratory animals 

and humans. For more comprehensive recent reviews of the physiological and disease-

modifying effects of fasting at the cellular and molecular levels, the reader is referred to 

Longo and Mattson (2014) and Longo and Panda (2016).

2. IF and health indicators in laboratory animals

Studies of IF in animals usually compare a control group fed ad libitum with an IF group; in 

some cases, a daily CR group(s) is also included. Control laboratory rats and mice are also 

typically sedentary which, together with ad libitum feeding and an unstimulating 

environment, renders them rather like the stereotypical human “couch potato” (Martin et al., 

2010). This is important to keep in mind when attempting to extrapolate data from IF studies 

in animals to humans, especially when considering the potential effects of IF amongst 
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normal weight human subjects. The two major IF regimens that have been applied to 

laboratory rodents are alternate day fasting (ADF) and TRF. When maintained on an ADF 

diet, rats and mice exhibit lower body weights than do ad libitum fed controls, with the 

magnitude of the reduction in body weight ranging from 5 to 10% up to 25–30% depending 

upon the strain of animal (Goodrick et al., 1983; Anson et al., 2003; Wan et al., 2003). 

Perhaps the first evidence that IF may confer widespread health benefits came from studies 

in which rats maintained on ADF beginning when they were young lived nearly twice as 

long as rats on an ad libitum diet (Goodrick et al., 1982). When ADF was initiated in middle 

age, the rats lived 30–40% longer than rats fed ad libitum, and this life extension could be 

further increased by regular exercise (Goodrick et al., 1983). ADF also results in 

preservation of cognitive function and sensory - motor function during aging in rodents 

(Singh et al., 2015). An anti-aging effect of IF appears to be evolutionarily conserved 

because IF increases lifespan in lower species such as nematodes (Uno et al., 2013).

Multiple effects of IF on body composition and energy metabolism have been described. A 

reduction in levels of fat, particularly visceral fat, and retention of lean mass occurs in rats or 

mice maintained on ADF (Varady et al., 2007; Gotthardt et al., 2016). The lean mass/fat 

mass ratio is generally greater in animals on an ADF diet compared to those on 30–40% CR 

diets (Gotthardt et al., 2016). In one study, mice on an ADF diet maintained body weights 

similar to those of mice fed ad libitum but, nevertheless, exhibit highly significant 

improvements in glucose metabolism (reduced glucose and insulin levels) and mobilization 

of fatty acids (increased β-hydroxybutyrate levels) that were as great or even greater than 

mice on a 40% CR diet (Anson et al., 2003). Body temperature is significantly lower on 

fasting days compared to feeding days (Wan et al., 2003). In numerous animal and humans 

studies IF increases insulin sensitivity and improves glucose tolerance (Gotthardt et al., 

2016). In mice hyperphagic and obese as a consequence of brain-derived neurotrophic factor 

(BDNF) hap-loinsufficiency, ADF reverses insulin resistance, and reduces levels of 

circulating levels of insulin and leptin (Duan et al., 2003a). IF also improves glucose 

regulation/insulin sensitivity in long-lived Ames Dwarf mice and growth hormone receptor 

mutant mice, demonstrating beneficial effects of IF in animals that maintain a low body 

weight during aging (Arum et al., 2014). Interestingly, and in contrast to CR, SIRT1 may not 

play major roles in physiological adaptations to ADF (Boutant et al., 2016). However, while 

the vast majority of studies of IF in rodents have demonstrated numerous improvements in 

health indicators and protection against various diseases (see below), there have been reports 

of adverse effects of IF in some rodent models. For example, one study found that rats 

maintained on an ADF diet for one month had improved glucose tolerance, whereas rats 

maintained on ADF for 8 months had impaired glucose tolerance (Cerqueira et al., 2011). 

The rats on IF in the latter study maintained a lower body weight than rats fed ad libitum, 

and the mechanism responsible for the apparent glucose intolerance despite a reduction body 

weight was not established. It was also reported that IF has adverse effects on glucose 

metabolism in hypercholesterolemic (low density lipoprotein receptor-deficient) mice 

(Dorighello et al., 2014), in contrast to the clear beneficial effects of ADF on lipid and 

glucose metabolism in wild type rodents and human subjects (Varady et al., 2009a, 2009b).

Several changes in circulating hormones have been documented in animal studies of IF. 

Levels of circulating leptin and insulin are reduced, and levels of adiponectin are increased 
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in animals on an ADF diet (Duan et al., 2003a; Varady et al., 2010; Wan et al., 2010). Levels 

of corticosterone are significantly elevated in rats in response to ADF (Wan et al., 2003) but, 

in contrast to chronic uncontrollable stress (e.g., psychosocial stress), corticosterone does 

not adversely affect neurons in the brains of animals on ADF. It has been shown that chronic 

uncontrollable stress reduces expression of the mineralocorticoid receptor (MR), while 

glucocorticoid receptor (GR) levels are sustained, in hippocampal neurons which increases 

the vulnerability of the neurons to excitotoxic and metabolic stress (McEwen, 2007). On the 

other hand, IF reduces the expression of GR while sustaining MR, which would be expected 

to promote synaptic plasticity and neuronal stress resistance (Lee et al., 2000; Stranahan et 

al., 2010). ADF has been reported to affect levels of sex hormones and gonadal function in 

rats, with testosterone levels increasing in males but not in females, and marked changes in 

gene expression in the gonads of males compared to females (Martin et al., 2009).

The cardiovascular system of rats and mice responds to IF in a manner very similar to its 

responses to aerobic exercise training (Scheuer and Tipton, 1977). Within 1 week of 

initiation of ADF in rats, resting heart rate and blood pressure are significantly reduced, 

continue to decrease through 2 weeks, and remain reduced on both fasting and feeding days 

(Wan et al., 2003). However, within 1–2 weeks following return to an ad libitum diet, the 

heart rate of rats previously on an ADF diet returns towards pre-ADF diet levels indicating 

that the benefit for cardiovascular health is not sustained much beyond the IF period (Mager 

et al., 2006). The reduction of heart rate in response to IF is mediated by increased 

parasympathetic tone, namely, enhanced activity of brainstem car-diovagal cholinergic 

neurons (Mager et al., 2006; Wan et al., 2014). These effects of IF on heart rate are not 

simply the result of caloric restriction, because rats maintained on ADF are only moderately 

calorie-restricted (10–20%) and yet exhibit greater reductions in resting heart rate than do 

mice on 40% daily caloric restriction (Mager et al., 2006). Increased BDNF signaling is 

known to occur in response to both exercise and IF, and BDNF can reduce heart rate by 

increasing activity of brainstem cardiovagal neurons (Wan et al., 2014). The available data 

therefore suggest a scenario in which IF and exercise stimulate BDNF signaling which, in 

turn, results in the enhancement of activity in brainstem cholinergic neurons and a 

consequent reduction in resting heart rate and blood pressure, and increased heart rate 

variability. IF has also been shown to enhance cardiovascular stress adaptation in rat models 

of uncontrollable stress (Wan et al., 2003). The remarkably similar effects of exercise and IF 

on heart rate and blood pressure suggest that both types of intermittent bioenergetic 

challenge can promote optimal cardiovascular health and fitness.

IF has effects on animal behavior and circadian rhythms that may have an impact on overall 

health and longevity. Energy metabolism is regulated in a circadian manner as indicated by 

circadian oscillations in all of the major energy-regulating hormones including insulin, 

leptin, corticosterone and adiponectin (Ramsey and Bass, 2011). Meal timing can have a 

major influence on circadian rhythms and IF can shift circadian aspects of behavior (e.g., 

activity levels). For example, when food is provided for only a few hours at a designated 

time each day, animals exhibit increased activity during a 1–2h time period preceding the 

time they are fed (Stephan, 2002). Effects of IF on circadian regulation of energy 

metabolism and behavior may occur as a result of changes in the core cell ‘clock’ molecular 

apparatus in peripheral tissues and/or central (hypothalamic suprachiasmatic nucleus) 
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circadian control centers (Froy and Miskin, 2010). With regards to ADF, Froy and Miskin 

(2010) proposed that when food is provided or withdrawn during the daytime, the 

suprachiasmatic nucleus controls metabolic and behavioral rhythms, whereas when food is 

applied or withdrawn during the nighttime, the peripheral clock is in command. In addition 

to effects on the hypothalamus and periphery, there is emerging evidence that exercise and 

IF can affect mitochondrial physiology in neurons in the hippocampus and other brain 

regions by mechanisms involving increased mitochondrial biogenesis and mitochondrial 

stress resistance mediated by BDNF, PGC-1α (a master regulator of genes involved in 

mitochondrial biogenesis) and sirtuin 3 (SIRT3; a mitochondrial protein deacetylase that 

suppresses oxidative stress and apoptosis) (Cheng et al., 2012, 2016). The latter metabolic 

adaptations of neurons may contribute to the improvement in cognitive function of rodents 

maintained on ADF compared to those fed ad libitum (Li et al., 2013).

A general conclusion that can be drawn from the available data from animal studies is that 

involuntary IF has been a fundamental challenge during the evolution of animals, and the 

brain and other organ systems therefore respond adaptively to IF in ways that improve the 

abilities of the individual to optimize their performance and resistance to injury and disease.

2.1. IF and age-related diseases in animal models

2.1.1. Diabetes—Put simply, IF can prevent and cure the disease in rodent models of type 

2 diabetes. When sand rats are fed a high fat diet they develop insulin resistance and 

diabetes, which can be ameliorated by maintaining them on an 8h/day TRF diet (i.e., 16 h of 

fasting every day) (Belkacemi et al., 2010). Similarly, when C57BL/6 mice are maintained 

on a high fat diet fed ad libitum they develop hyperinsulinemia, obesity and systemic 

inflammation, all of which are prevented by restricting food availability to 8 h/day (Hatori et 

al., 2012). The latter anti-diabetic effect of TRF is not due to caloric restriction because mice 

provided food for only 8 h/day consume the same amount of food as control mice fed ad 

libitum. Similar to leptin-deficient mice and leptin receptor mutant mice, mice with reduced 

BDNF levels are hyperphagic and develop insulin resistance and diabetes (Kernie et al., 

2000). Daily intraperitoneal administration of BDNF to leptin receptor mutant mice, 

reversed obesity and diabetes (Nakagawa et al., 2003). When diabetic BDNF+/− mice are 

maintained on an ADF diet, their circulating levels of glucose, insulin and leptin are 

reduced, and glucose tolerance is normalized (Duan et al., 2003a). Interestingly, IF can 

ameliorate the insulin deficit and glucose intolerance in a rat model of type I diabetes by a 

mechanism involving preservation of pancreatic β-cells (Belkacemi et al., 2012). Although 

not yet established, it is likely that enhancement of cellular stress resistance by IF protects β-

cells, as has been reported in studies of the effects of IF on other cell types (e.g., myocardial 

cells and neurons) (Mattson and Wan, 2005; Mattson, 2015).

The cellular and molecular mechanism by which IF prevents and reverses diabetes involves 

increased sensitivity of insulin receptor signaling such that insulin more readily stimulates 

glucose uptake by muscle and liver cells, and likely other cell types including neurons 

(Sequea et al., 2012). Changes in other signaling pathways affected by IF in one or many 

cell types may include: reductions of mTOR signaling; improved mitochondrial function; 

stimulation of mitochondrial biogenesis; and up-regulation of CREB, BDNF and autophagy 
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pathways (Descamps et al., 2005; Cheng et al., 2012, 2016; Hatori et al., 2012; Longo and 

Mattson, 2014; Yuen and Sander, 2014). Inflammation of multiple organ systems occurs in 

diabetes (Guo, 2014), and IF can suppress inflammation (Arumugam et al., 2010) which 

may contribute to the anti-diabetic effects of IF.

2.1.2. Cardiovascular disease—Profound cardioprotective effects of IF have been 

documented in studies of rats and mice. In a model of myocardial infarction (MI; coronary 

artery ligation), rats that had been maintained on ADF for 3 months prior to MI, exhibited a 

reduced myocardial infarct size and the number of apoptotic cells in the area at risk 

(penumbra) was reduced by approximately 75% compared to the ad libitum control rats 

(Ahmet et al., 2005). Post-MI longitudinal echocardiographic analyses showed that left 

ventricular remodeling and infarct expansion occurred in rats on the ad libitum diet, but not 

in those on the ADF diet. Similar to rats, ADF protected the mouse heart against Mi-induced 

damage (Godar et al., 2015). In contrast to wild type mice, ADF did not protect the hearts of 

mice with impaired autophagy (Lamp2 heterozygous mutant mice). Instead, ADF worsened 

myocardial damage in Lamp2-deficient mice, indicating that stimulation of autophagy 

mediates the cardioprotective actions of ADF (Godar et al., 2015). IF was also reported to 

greatly improve survival and recovery of heart function in rats when initiated beginning 2 

weeks after MI induced by occlusion of the left coronary artery (Katare et al., 2009). 

Whereas more than 75% of the rats on the ADF diet survived during an 8-week post MI 

period, less than 25% of the rats on the normal ad libitum diet survived. Data regarding the 

mechanism of action of IF in the latter study is consistent with the involvement of hormesis/

adaptive cellular stress responses in that levels of HIF-1α, BDNF and VEGF were 

significantly elevated in myocardial tissue of rats on IF compared to those on the control 

diet.

When initiated in 2 month-old rats, ADF protected the heart against age-related increases in 

inflammation, oxidative stress and fibrosis (Castello et al., 2010). Age-related increases in 

myocardial cell ERK1/2 and PBK7 kinases, and altered STAT3 transcription factor activity, 

were prevented by ADF (Castello et al., 2011). Benefits of IF on cardiac function during 

aging appear to be highly conserved as it was reported that TRF can attenuate decline of 

cardiac function during aging in fruit flies (Gill et al., 2015). On the other hand, it was 

reported that when maintained on ADF for 6 months, rats exhibit a reduction of left 

ventricular diastolic compliance and evidence of diminished cardiac reserve (Ahmet et al., 

2010). However, the interpretation of the latter findings is unclear because the rats on ADF 

weighed much less than did the rats fed ad libitum and may therefore require less cardiac 

output to support their requirements when living a sedentary life in laboratory cages.

In humans, hypertension, low heart rate variability, insulin resistance and hyperlipidemia are 

associated with increased risk for cardiovascular disease and stroke (DeFronzo and 

AbdulGhani, 2011). IF reduces blood pressure (Wan et al., 2003), increases heart rate 

variability (Mager et al., 2006) and reduces insulin resistance (Wan et al., 2003; Belkacemi 

et al., 2010) in laboratory rodents. The reduction in blood pressure may result, in part, from 

enhanced vascular endothelial cell-dependent vasodilation (Razzak et al., 2011). The 

increased heart rate variability in rats maintained on ADF may result from enhanced activity 

of brainstem cholinergic cardiovagal neurons (Mager et al., 2006; Wan et al., 2014). Levels 
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of circulating cholesterol and triglycerides are reduced in animals on ADF and TRF diets 

(Varady et al., 2007; Belkacemi et al., 2012; Chaix et al., 2014). TRF protects mice against 

obesity and metabolic syndrome caused by consumption of atherogenic diets including a 

high fat + glucose diet and a high fructose diet (Chaix et al., 2014). The latter effects of TRF 

are associated with reductions in hepatic triglyceride content, circulating leptin and 

triglyceride levels, and reduced levels of proinflammatory cytokines in adipose tissue. 

Moreover, the physical performance of TRF mice on a rotarod test and treadmill endurance 

test are superior to mice fed ad libitum (Chaix et al., 2014), suggesting that IF can enhance 

physical fitness. The latter tests were performed during the feeding phase of the compressed 

(9 h) daily feeding period suggesting that the improved motor and endurance performance 

was not due to the feeding state of the mice.

2.1.3. Neurological disorders—Advancing age is the major risk factor for Alzheimer’s 

disease (AD), Parkinson’s disease (PD) and stroke (Yankner et al., 2008). The degeneration 

and death of neurons that occurs in each of these disorders is believed to involve impaired 

mitochondrial function, oxidative damage, impaired lysosome function and dys-regulation of 

cellular calcium homeostasis. Experimental evidence further suggests that hyperexcitability 

of neurons contributes to their demise in a process called excitotoxicity (Mattson, 2003). 

Prior to the current era of transgenic animals, experimental models of neurodegenerative 

disorders were based on the administration of neurotoxins that cause relatively selective 

degeneration of one or more populations of neurons that degenerate in the human disease. 

PD models include administration of the toxins MPTP, 6-hydroxydopamine and rotenone 

which inhibit mitochondrial complex I and cause degeneration of dopaminergic neurons. 

Models relevant to AD include hippocampal lesions induced by the excitotoxins (glutamate 

receptor agonists) kainic acid and domoic acid. The toxins 3-nitropropionic acid (3NPA) and 

malonate are inhibitors of succinate dehydrogenase (Complex II in the mitochondrial 

electron transport chain) that selectively kill striatal medium spiny neurons, the neurons 

most affected in Hunting-ton’s disease (HD). In the 1990s, studies were initiated to test the 

general hypothesis that, because aging is the major risk factor for neurodegenerative 

disorders, and because IF can counteract aging processes, IF may protect neurons in animal 

models of the disorders (see Mattson, 2012 for review).

When rats are maintained on ADF for several months prior to administration of kainic acid, 

their hippocampal neurons are more resistant to degeneration and learning and memory 

deficits were ameliorated (Bruce-Keller et al., 1999). Rats on ADF are also more resistant to 

3NPA and malonate, exhibit less motor dysfunction and less degeneration of striatal 

neurons, suggesting a potential therapeutic application to patients with HD (Bruce-Keller et 

al., 1999). Mice maintained on ADF for several months are more resistant to MPTP as 

indicated by reduced loss of dopaminergic neurons and improved functional outcome in a 

PD model (Duan and Mattson, 1999). Moreover, rhesus monkeys maintained on CR for 6 

months suffered less motor impairment and less striatal dopamine depletion (Maswood et 

al., 2004). In the latter study, levels of two neurotrophic factors known to protect 

dopaminergic neurons against MPTP (BDNF and glial cell line-derived neurotrophic factor) 

were elevated in the lesioned striatum of CR monkeys compared to those on the control diet.
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Several transgenic mouse models of AD have been generated that exhibit age-related 

accumulation of Aβ without or with Tau pathology, and associated learning and memory 

deficits. Such ‘AD mice’ express familial AD mutations in the β-amyloid precursor protein 

(APP) alone or in combination with a familial AD presenilin 1 mutation. Aβ is generated 

from APP by sequential enzymatic cleavages by β- and 7-secretases, and presenilin 1 is the 

enzymatic subunit of the 7-secretase enzyme complex (Mattson, 1997). When 3xTgAD mice 

(which express APP, presenilin 1 and Tau mutations) were maintained for 1 year on either 

40% CR or ADF diets beginning when they were 5 months old, they did not develop the 

cognitive impairment exhibited by 3xTgAD mice fed ad libitum (Halagappa et al., 2007). 

Interestingly, whereas levels of Aβ and Tau accumulation were reduced in the brains of 

3xTgAD mice on the CR diet, they were not reduced in 3xTgAD mice on the ADF diet, 

suggesting that IF can protect neurons against dysfunction even in the presence of Aβ and 

Tau pathologies. Other studies have also shown that CR can attenuate Aβ pathology in the 

brains of APP mutant mice (Patel et al., 2005; Wang et al., 2005). The mechanism(s) by 

which IF protects against synaptic dysfunction and cognitive deficits in mouse models of 

AD is unknown, but may include reductions in oxidative stress, preservation of 

mitochondrial function and increased neurotrophic factor signaling and autophagy because: 

IF induces the expression of antioxidant enzymes and neurotrophic factors including BDNF 

and FGF2 (Arumugam et al., 2010); BDNF stimulates mitochondrial biogenesis (Cheng et 

al., 2012); IF up-regulates autophagy (Godar et al., 2015); neurotrophic factors and 

interventions that bolster mitochondrial bioenergetics (Mark et al., 1997; Caccamo et al., 

2010; Liu et al., 2013) and autophagy (Majumder et al., 2011; Lin et al., 2013) can protect 

neurons in experimental models of AD.

Mutations in α-synuclein cause some cases of familial PD. Several lines of transgenic mice 

that overexpress wild type or mutant human α-synuclein exhibit progressive accumulation 

of α-synuclein in neurons, motor dysfunction and death (Crabtree and Zhang, 2012). Mice 

expressing mutant (A53T) α-synuclein exhibit impaired autonomic regulation of heart rate 

characterized by elevated resting heart rate associated with accumulation of α-synuclein 

aggregates in the brainstem and reduced parasympa-thetic (cardiovagal) tone (Griffioen et 

al., 2013). Maintenance of the α-synuclein mutant mice on ADF reversed the autonomic 

deficit, whereas a high fat diet exacerbated the autonomic deficit (Griffioen et al., 2013). 

Consistent with the latter findings, a high fat diet hastened the onset of motor dysfunction 

and brainstem pathology in another line of α-synuclein mutant mice, which was associated 

with reduced activity of kinases known to be involved in neurotrophic factor signaling 

(Rotermund et al., 2014). In addition to enhancement of neurotrophic factor/BDNF 

signaling, IF may counteract PD-related pathogenic processes by stimulating autophagy. 

Indeed, inhibition of mTOR with rapamycin, which stimulates autophagy, reduced oxidative 

stress and synaptic damage, and improved motor function in a α-synuclein accumulation-

based mouse model of PD (Bai et al., 2015).

Huntingtin mutant mice exhibit progressive degeneration of striatal and cortical neurons, and 

also have reduced expression of BDNF in these brain regions and peripheral insulin 

resistance. When initiated prior to the onset of motor dysfunction in huntingtin mutant mice, 

ADF increases brain BDNF levels, normalizes glucose metabolism and significantly delays 

the onset of neurode-generation and motor dysfunction (Duan et al., 2003b). While ADF is 
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beneficial in animal models of AD, PD and HD, it has been reported not to be beneficial 

and, instead exacerbates motor dysfunction in a transgenic mouse model of amyotrophic 

lateral sclerosis (ALS) in which the mice overexpress a mutant form of Cu/Zn superoxide 

dismutase that causes familial ALS in humans (Pedersen and Mattson, 1999). One potential 

reason for the lack of benefit in the ALS model is that the neurons affected in ALS (lower 

and upper motor neurons) are unable to respond adaptively to the bioenergetics challenge of 

fasting.

Numerous studies have shown that, when initiated prior to the ischemic insult, ADF can 

reduce brain damage and improve functional outcome in animal models of stroke (Yu and 

Mattson, 1999; Arumugam et al., 2010). The cellular and molecular mechanisms by which 

IF protects brain cells against a stroke have not been fully established but involve up-

regulation of expression of neurotrophic factors (BDNF and FGF2), antioxidant enzymes 

(heme oxygenase 1) and protein chaperones (HSP70 and GRP78) (Arumugam et al., 2010). 

Reduced inflammation may also mediate the beneficial effects of IF in stroke models as 

indicated by reduced levels of proinflammatory cytokines (TNFα, IL1-β and IL6) and 

suppression of the ‘inflammasome’ (Arumugam et al., 2010; Fann et al., 2014). Indeed, IF 

can attenuate cerebral oxidative stress and cognitive impairment induced by 

lipopolysaccharide in an animal model of systemic inflammation (Vasconcelos et al., 2014, 

2015). Reductions in levels of leptin and increased levels of ketones may also contribute to 

neuroprotection by IF in stroke models (Manzanero et al., 2014). It remains to be determined 

whether post-stroke IF will modify functional outcome/recovery in animal models, which 

will be critical to know when considering whether or not IF is likely to benefit human stroke 

patients.

IF has been reported to improve outcome in animal models of traumatic injury to the 

nervous system, as well as in models of peripheral neuropathy. In rat models of incomplete 

cervical spinal cord injury and thoracic contusion injury, ADF initiated prior to the injury 

and continued thereafter significantly improved functional outcome and reduced spinal cord 

lesion size (Plunet et al., 2010; Jeong et al., 2011). ADF was also beneficial when initiated 

after thoracic contusion spinal cord injury (Jeong et al., 2011). However, in a mouse model 

of spinal cord injury ADF initiated after the injury did not significantly affect functional 

outcome or spinal cord lesion size (Streijger et al., 2011). The reason why ADF was 

effective in the rat models, but not in the mouse model, is unclear and merits further 

investigation. As with spinal cord injuries, traumatic brain injury is a major cause of 

disability and death, particularly in young active individuals. While IF (per se) has not been 

evaluated in animals models of traumatic brain injury, it was reported that CR (limited daily 

feeding with a 30% reduction in calorie intake) initiated 4 months prior to the injury, 

reduced the extent of brain damage, ameliorated cognitive deficits, and elevated BDNF 

levels in the affected cerebral cortex and hippocampus (Rich et al., 2010). Finally, recent 

studies have elucidated the potential impact of IF on peripheral nerve health and disease 

resistance. In a mouse model of the peripheral demyelinating neuropathic disease Charcot-

Marie-tooth type 1A (Trembler mice), 5 months of ADF resulted in improved motor 

performance, increased myeli-nation and decreased accumulation of PMP22 protein 

aggregates (Madorsky et al., 2009). Additional findings suggest that the beneficial effects of 
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IF on peripheral nerve health and disease resistance are mediated, in part, by up-regulation 

of autophagy and related protein quality control mechanisms (Lee and Notterpek, 2013).

2.1.4. Cancer—Recently a series of studies in animal models have shown that periodic 

fasting (PF) lasting 2 or more days can be as effective as chemotherapy in delaying the 

progression of a wide range of cancers but, more importantly, can protect normal cells from 

the toxic effects of chemotherapy drugs while sensitizing cancer cells to the treatment 

(Raffaghello et al., 2008; Lee et al., 2012; Safdie et al., 2009; Dorff et al., 2016; Lee and 

Longo, 2011). A severely restricted diet that mimics PF started at middle age was effective 

in causing a major reduction in tumor incidence, in addition to delaying tumor onset and 

reducing the number of sites with tumor-like lesions, suggesting a reduction in metastatic 

cancers (Brandhorst et al., 2015). The role of PF and FMDs in cancer prevention and 

treatment has been discussed in more detail elsewhere (Longo and Mattson, 2014; Longo 

and Panda, 2016). Here we will focus on IF and cancer.

IF has been studied in murine cancer models, although mostly in cancer prevention. Siegel et 

al. studied the effects of ADF on the survival of 3–4 month-old tumor-free and tumor-

bearing Fisher rats. 50% of the ADF rats survived to day 10 compared to 12.5% survival in 

the control diet group (Siegel et al., 1988). In addition, this study included both a tumor 

prevention and a tumor treatment component since the ADF was initiated one week before 

rats were inoculated intraperitoneally with ascites tumor cells, making it difficult to 

understand the mechanisms responsible for its effects.

In another study, p53+/− mice with an accelerated cancer death phenotype, undergoing one 

day per week fasting survived significantly, albeit modestly, longer than mice on an ad 

libitum diet (Berrigan et al., 2002). The one day per week IF diet resulted in only an 8% 

reduction in IGF-1 levels, which may explain in part its limited efficacy.

Considering the recent development of relatively high calorie FMDs tested in both mice and 

humans (Brandhorst et al., 2015), and the ability of the combination of PF or FMDs with 

chemotherapy to have very strong effects including cancer-free survival in multiple murine 

cancer models, it will be important to directly compare PF or FMDs, with IF diets with 

shorter periods of fasting such as ADF, the 5:2 diet and TRF. Future studies on IF and cancer 

treatment should consider the potential toxicity of its combination with chemotherapy, 

particularly during the feeding days, which may cause an increase in the proliferation of 

various cell types and promote the generation of secondary tumors. In addition, it will be 

important to determine whether IF diets affect the metabolism of chemotherapeutic agents, 

as this could influence the impact of the drug treatment on the cancer cells.

3. IF in humans

3.1. Weight loss and maintenance amongst overweight and obese subjects

The majority of studies of IF in humans have considered whether IF can be a potential 

strategy to reduce weight and correct adverse metabolic parameters amongst obese and 

overweight subjects (Fig. 3). This is important since the problems of long term adherence to 

continuous energy restriction (CER) for weight management are well known (Anastasiou et 
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al., 2015). Johnson et al. undertook the first trial of IF for weight loss amongst 10 obese 

subjects with asthma which tested alternate days of an 85% energy restricted low 

carbohydrate diet regimen. This study reported beneficial reductions in serum cholesterol 

and triglycerides, markers of oxidative stress (8-isoprostane, nitrotyrosine, protein carbonyls, 

and 4-hydroxynonenal adducts) and inflammation (serum tumor necrosis factor-α) (Johnson 

et al., 2007). Circulating ketone levels were also elevated on the fasting days (Johnson et al., 

2007) (Fig. 1). This study was the first to show the feasibility of IF amongst obese subjects, 

however, the lack of a CER comparison group means that we cannot distinguish if the 

benefits were as a result of the overall energy restriction and weight loss or a specific effect 

of the IF regimen. The most studied IF regimen has been alternate days of 70% CR, a 

modified form of ADF. Most studies of ADF summarized in recent reviews show benefits in 

terms of reductions in weight (−3 to −7%), body fat (3 −5.5 kg), total serum cholesterol(−10 

to −21%) and triglycerides (−14 to −42) (Tinsley and La Bounty, 2015), as well as 

improvements in glucose homeostasis (Seimon et al., 2015). However the lack of a CER 

comparator in most of these studies means again, we cannot determine if these effects are a 

function of the overall energy restriction/weight loss or a specific effect of the IF regimen.

To date only a few published randomized controlled trials (RCTs) have assessed whether IF 

may be equivalent or superior to an isocaloric CER for managing weight and metabolic risk 

amongst overweight or obese subjects. These trials have tested various IF regimens; 2 

consecutive days of a 55–70% CR every week (Harvie et al., 2011, 2013a; Fig. 2), 4 days of 

50% CR each week (Ash et al., 2003), an alternating pattern of 3–7 days of 70%, 60%, 45% 

and 10% calorie restriction per week (Hill et al., 1989a), and alternating days of a 70% CR 

and ad libitum eating (Varady et al., 2011). These studies have been relatively small and all 

reported equivalent weight loss between IF and CER. The only study to show a difference 

was by Harvie et al. (2013a,b). In this study there was no significant difference in weight 

loss between the groups, but there was a greater loss of body fat with two different low 

carbohydrate IF regimens compared with CER over 4 months (Harvie et al., 2013a). The two 

IF regimens allowed two consecutive days/week of either a low carbohydrate, low energy IF 

diet (70% CR, 600 kcal, 40 g carbohydrate/d) or a less restrictive low carbohydrate IF which 

allowed ad libitum protein and monounsaturated fatty acids (55% CR, 1000 kcal, 40 g 

carbohydrate/d), both with 5 days of a healthy Mediterranean type diet (45% energy from 

low glycemic load carbohydrates 30% fat; 15% monounstaturated fatty acids, 8% 

polyunsaturated fatty acids and 7% saturate fatty acids). They were compared to an 

isocaloric 25% CER Mediterranean type diet. The differences in overall carbohydrate intake 

between the diet groups were modest (41% and 37% of energy for the two IF diets compared 

to 47% of energy for CER, which is unlikely to account for any differences in adherence and 

reductions in adiposity between the diets (Sacks et al., 2009).

Drop out from the selected studies was between 0 and 40%, and similar between the IF and 

CER groups. Studies which reported adherence to the IF days show a good level of 

compliance, with 65–75% of potential IF days achieved during the trial period. (Harvie et 

al., 2011,2013a). Importantly, IF does not appear to lead to compensatory over-consumption 

on the non-dieting days in any of the trials. The two Manchester trials reported a ‘carry over 

effect’ of reduced energy intake by 23–32% on non-restricted days. Thus on these days the 

energy restriction was similar to the planned 25% restriction in women taking CER (Harvie 
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et al., 2011, 2013a). The greater loss of fat with the two-day low carbohydrate IF diet 

compared to CER in our 2013 study appears to be linked to good adherence to the restricted 

days and the spontaneous restriction of energy intake on non-restricted days.

Weight loss diets aim to maximize loss of body fat and minimize loss of fat-free mass (FFM) 

to maintain physical function and attenuate declines in resting energy expenditure and to 

help prevent weight gain. Proponents of IF diets claim they may preserve FFM, and allowed 

our Palaeolithic hunter gatherer ancestors to survive spells of food shortage. There are, 

however, few data to support this assertion as the modest sized IF trials which have been 

undertaken are unlikely to be powered sufficiently to demonstrate changes in FFM 

(Heymsfield et al., 2014). Weight loss trials amongst overweight and obese subjects suggest 

losses of FFM with IF and CER are equivalent and are dependent on the overall protein 

content of the IF and CER diet, rather than the pattern of energy restriction, which is well 

established for CER diets (Soenen et al., 2013). Our first IF trial reported an equivalent loss 

of weight as FFM with IF and CER (both 20%) when both diets provided 0.9 g protein/kg 

body weight (Harvie et al., 2011). Our 2013 trial reported equal losses of FFM (both 30% of 

weight lost) with a standard protein (1.0 g protein/kg body weight) IF compared to a 

standard protein CER (1.0 g protein/kg body weight), but a greater preservation of FFM 

(20% of weight loss) with a higher protein IF (1.2 g protein/kg weight) (p<0.05) (Harvie et 

al., 2013b). Studies of ADF have reported the proportion of weight lost as FFM to be as low 

as 10% in obese women (Varady et al., 2009a, 2009b) and as high as 30% amongst non-

obese subjects (Varady et al., 2013) (Heilbronn et al., 2005b). Subsequent studies have 

shown that exercise helps to retain FFM amongst subjects undergoing IF (Hill et al., 1989b; 

Bhutani et al., 2013) which is well documented with CER (Weinheimer et al., 2010). Indeed, 

a study of young adult men who performed resistance training demonstrated that eight 

weeks of TRF (8h feeding period every day) resulted in loss of fat mass, with retention of 

lean mass and improved muscle endurance (Moro et al., 2016; Tinsley et al., 2016). The 

latter findings are consistent with results of TRF in mice (Chaix et al., 2014) and show that 

at least some IF diets do not adversely affect, and can even enhance, physical performance.

While the equivalent or sometimes superior effects of IF versus CER in the aforementioned 

studies is of interest, these studies have been short term (≤6 months). The true test of a 

successful weight loss diet is its ability to maintain weight loss long term. Estimates of 

successful weight loss maintenance with CER (defined as >10% weight loss maintained at 

≥12 months), vary between 20% and 50% (Anastasiou et al., 2015; Wing and Phelan, 2005), 

which depends on the level of ongoing support. In a recent study, obese subjects were 

randomized to either zero calorie ADF or daily CER (400 cal/day below baseline intake) for 

2 months, followed by 6 months of unsupervised follow-up (Catenacci et al., 2016). During 

the 2-month diet intervention period, both groups exhibited weight and fat mass loss; 

however, at the 6 month post-diet follow-up, changes from baseline in lean mass and fat 

mass were more favorable in the subjects in the ADF group. However, the latter study is the 

only published data on weight loss maintenance with IF which is a major gap in the evidence 

base. There are no data on the potential for IF regimes to prevent weight gain amongst 

normal weight subjects. Strategies to prevent weight gain in normal weight subjects are 

important for public health, since adult weight gain is a major public health problem linked 

to risk of many non-communicable diseases including cancer, diabetes, CVD and dementia 
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(Sun et al., 2009). Reports of sustained hunger with IF (Heilbronn et al., 2005b; Wegman et 

al., 2014), and difficulties maintaining daily living activities during restricted days of IF 

(Wegman et al., 2014) in non-obese subjects suggests a more limited compliance and 

potential efficacy with these specific regimens in the non-obese. However, other patterns of 

IF, e.g. 1 day/week of CR, may be better tolerated and need to be studied in non-obese 

subjects.

Finally, in addition to controlled studies of IF in human subjects, there have been several 

studies of health indicators in subjects who fast from dawn until dusk during the month of 

Ramadan (Mazidi et al., 2015). Overall, it appears that many subjects lose weight during 

Ramadan and exhibit improvements in some health indicators. However, such studies are 

generally not well controlled because the time period during which the individuals fast each 

day varies considerably (9–20 h) depending upon the day length in the region of the world 

where the subjects reside.

3.2. IF and age-related diseases in humans

3.2.1. Type 2 diabetes—There are minimal data on the effects of IF versus CER on 

glucose homeostasis amongst overweight/obese individuals with type 2 diabetes. Ash et al. 

(2003) reported that a four day IF led to comparable reductions in percentage body fat and 

reductions in HbA1c to an isocaloric CER. Mean (SD) reduction for the overall group was 

1.0 (8.4)%, although this small study may have been underpowered to show significant 

differences (Ash et al., 2003). Williams et al. (1998) assessed the effect of enhancing a 

standard 25% CER diet with periods of IF, (75% ER either 5 days/week every 5 weeks or 1 

day/week for 15 weeks). Predictably, additional periods of ER increased weight loss. The 5 

days/week every 5 weeks intervention resulted in the greatest normalization of HbA1c, 

independent of weight loss suggesting a potential specific insulin-sensitizing effect of this 

pattern of IF added to CER (Williams et al., 1998).

The two studies of a 2 days/week IF mentioned previously have reported greater reductions 

in insulin resistance versus CER amongst overweight and obese non-diabetic subjects 

(Harvie et al., 2011, 2013a). In the first study the subjects on the IF diet exhibited a 25% 

greater reduction in insulin resistance compared to the CER group when measured on the 

morning after five normal feeding days, with a further 25% reduction in insulin resistance 

compared with CER on the morning after the two energy restricted days. These differences 

in insulin sensitivity occurred despite comparable reductions in body fat between the groups 

(Harvie et al., 2011, 2013a). Our follow up study reported greater reductions of insulin 

resistance with the 2 days/week low carbohydrate IF compared to CER, which this time was 

associated with a greater loss of fat with the IF regimen (Harvie et al., 2011, 2013a).

Three studies have assessed the effects of 2–3 weeks of IF with alternating 20–24 h periods 

of a total fast interspersed with 24–28 h periods of hyperphagia (175–200% of normal 

intake) and were designed to ensure there was no overall energy deficit or weight loss. 

Results have been variable between the studies. Halberg et al. reported improvements in 

insulin-mediated whole body glucose uptake and insulin-induced inhibition of adipose tissue 

lipolysis when measured after two normal feeding days, (Halberg et al., 2005), whereas 

Soeters et al. failed to replicate these findings (Soeters et al., 2009). Heilbronn assessed 3 
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weeks of ADF (24 h total fast and 24 h ad lib feeding) amongst 16 normal and overweight 

men and women (Heilbronn et al., 2005a). Glucose uptake during a test meal (peripheral 

insulin sensitivity) was assessed on the morning after a fasting day, i.e. after a 36 h fast; 

interestingly, insulin sensitivity was increased in men but decreased in women. The latter 

observation may be a benign observation linked to greater fluxes of free fatty acids amongst 

fasting women (Hedrington and Davis, 2015), and likely to be a normal physiological 

adaptation to fasting rather than a cause for concern (Gormsen et al., 2008). Thus, IF has 

been reported to have variable effects on peripheral and hepatic insulin sensitivity which 

may be different in obese and normal weight subjects and may be gender-specific. Further 

studies are required using more robust measures of insulin sensitivity e.g. insulin clamp or 

other techniques.

3.2.2. Cardiovascular disease—Varady et al. performed several different studies to 

evaluate the effects of modified ADF on cardiovascular risk factors in overweight and obese 

subjects. In one study, ADF for 2 months resulted in decreases in resting heart rate, and 

circulating levels of glucose, insulin and homocysteine, all of which are favorable with 

regards to the risk of cardiovascular disease (Klempel et al., 2012). In another study, 2 

months of ADF reduced fat mass, total cholesterol, LDL cholesterol and triglyceride 

concentrations (Varady et al., 2015). However, there have been few studies that have 

evaluated the relative effects of IF and CER on cardiovascular risk markers. The randomized 

comparisons of IF and CER have reported equivalent reductions in blood pressure (Hill et 

al., 1989a; Harvie et al., 2011, 2013a) and triglycerides (Hill et al., 1989a), (Ash et al., 

2003). (Harvie et al., 2011, 2013a), and increased LDL particle size (Varady et al., 2011). 

Whilst Hill et al. reported a greater reduction in serum cholesterol with IF (14%) versus 

CER (6%) (Hill et al., 1989a).

3.2.3. IF and cancer—There are no data on the effects of IF on cancer rates in humans. 

Weight control is likely to reduce the incident risk of thirteen cancers which have been 

linked to obesity (Renehan et al., 2008), although the role of weight management after 

diagnosis on the outcome of obesity related cancers is not known (WCRF, 2014; Goodwin et 

al., 2015). Surrogate evidence that IF may reduce cancer risk can be derived from its effects 

on a number of cancer risk biomarkers such as insulin, cytokines, and the inflammation-

related molecules leptin and adiponectin, which are thought to mediate the effects of 

adiposity and excessive energy intake on the development and growth of cancers in humans 

(Hursting et al., 2012; Wei et al., 2016).

The effect of IF on total and bioavailable insulin-like growth factor 1 (IGF-1) in human 

studies has been variable. This reflects the fact that, in contradistinction to animal studies, 

circulating levels of total IGF-1 and bioactive IGF-1 (determined by measuring IGF-binding 

proteins 1,2 and 3) are poor markers of the effects of energy restriction and weight loss in 

humans (Byers and Sedjo, 2011), and do not relate well to IGF-1 bioactivity at the tissue 

level (Ramadhin et al., 2014). We reported no change in total circulating IGF-1 alongside 

weight loss with IF or CER in either of our studies (Harvie et al., 2011, 2013a). IF and CER 

both increased IGF binding protein 1 (26% and 28%) and IGFBP-2 (22% and 36%), but did 

not change serum bioavailable IGF-1 (ultrafiltered) when measured after feeding days. 
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There is a further acute 17% increase in IGF binding protein 2 on the morning after the two 

restricted days of a 70% ER, but no measurable change in total or serum bioavailable IGF-1 

(ultrafiltered) (Harvie et al., 2011). Reductions in IGF-1 (−15%) have been reported in 

normal and overweight subjects who had followed an IF diet which involved 5 days per 

month of a low protein, low energy diet (~0.25g protein/kg weight, 34–54% of normal 

energy intake) interspersed with normal intake for the remaining 25 days of the month. 

These reductions were observed after 5 days of normal eating after three months alongside 

modest reductions in body weight (−2%) (Brandhorst et al., 2015). The aforementioned 

effects of IF in relation to insulin resistance and diabetes risk (see references in the section 

on diabetes above) may therefore have an important role in protecting against obesity-related 

cancers (Goodwin et al., 2015).

Adipose tissue exhibits increased leptin and decreased adiponectin production with 

increasing adiposity, which is thought to have a role in cancer development and progression 

via effects on insulin sensitivity, inflammation, and direct effects on cell proliferation and 

apoptosis (Hursting et al., 2012). Adiponectin levels only increase in overweight humans 

following CER when there are large reductions in body and visceral fat (>10%) (Klempel 

and Varady, 2011). Some studies of IF have reported increases in adiponectin with more 

modest weight loss. i.e. a 30% increase in plasma adiponectin on both restricted and feeding 

days, alongside modest reductions in weight (−4%) and body fat (−11%) (Bhutani et al., 

2010). We reported a tendency for a greater increase in adiponectin with IF than CER 

despite a comparable reductions in weight and adiposity (p = 0.08) (Harvie et al., 2011). 

These observations are interesting; however our follow up IF study reported no change in 

adiponectin levels with either IF or CER. (Harvie et al., 2013a). IF brings about large and 

comparable reductions in leptin as CER (both 40%) and the leptin: adiponectin ratio (Harvie 

et al., 2011, 2013a). Weight loss with CER reduces circulating levels of C reactive protein 

(CRP) by 2–3% for every 1% weight loss, whereas TNF-α and IL-6 are reduced by around 

1–2% per 1% weight loss (Byers and Sedjo, 2011). Reductions of inflammatory markers 

with IF are comparable to CER for a given weight loss (Harvie et al., 2011). Thus, although 

limited, the available biomarker data suggest that IF leads to comparable changes in most 

cancer risk biomarkers to CER, with the possible exceptions of insulin resistance and 

adiponectin which require further study using robust methodologies.

4. Conclusions and future directions

Numerous physiological indicators of health are improved in laboratory rats and mice 

maintained on IF diets including alternate day fasting and time-restricted feeding. Among 

such responses to IF are: reduced levels of insulin and leptin which parallel increases in 

insulin and leptin sensitivity; reduced body fat; elevated ketone levels; reduced resting heart 

rate and blood pressure, and increased heart rate variability (resulting from increased 

parasympathetic tone); reduced inflammation; increased resistance of the brain and heart to 

stress (e.g., reduced tissue damage and improved functional outcome in models of stroke and 

myocardial infarction); and resistance to diabetes. IF can delay onset and slow the 

progression of neuronal dysfunction and degeneration in animal models of Alzheimer’s, 

Parkinson’s and Huntington’s diseases. Emerging findings are revealing cellular and 

molecular mechanisms by which IF increases the resistance of cells, tissues and organs to 
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stress and common diseases associated with aging and sedentary, overindulgent lifestyles. 

The results of human studies in which various health indicators are measured at baseline and 

after periods of IF of 2–6 months or more, suggest that IF can protect against the metabolic 

syndrome and associated disorders including diabetes and cardiovascular disease. Recent 

small trials of IF in patients with cancer (Safdie et al., 2009) or multiple sclerosis (Choi et 

al., 2016) have generated promising results that provide a strong rationale for moving 

forward with larger clinical trials in patients with a range of chronic age- and obesity-related 

disorders.
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Abbreviations

AD Alzheimer’s disease

ADF alternate day fasting

ALS amyotrophic lateral sclerosis

APP β-amyloid precursor protein

BDNF brain-derived neurotrophic factor

CER continuous energy restriction

CR caloric restriction

CREB cyclic AMP response element-binding protein

CVD cardiovasculardisease

ERK extracellular signal regulated kinase

FFM fat-free mass

FGF2 fibroblast growth factor 2

FMD fasting mimicking diet

GR glucocorticoid receptor

GRP-78 glucose regulated protein 78

HD Huntington’s disease

HSP-70 heat-shock protein 70

IF intermittent fasting

IGF-1 insulin-like growth factor 1

IL-6 interleukin 6
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MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

MI myocardial infarction

MR mineralocorticoid receptor

mTOR mammalian target of rapamycin

PGC-1α peroxisome proliferator-activator receptor 7 coactivator 1α

PD Parkinson’s disease

PF periodic fasting

PMP22 peripheral myelin protein 22

SIRT1 sirtuin 1

SIRT3 sirtuin 3

TNF-α tumor necrosis factor α

TRF time-restricted feeding
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Fig. 1. 
Examples of the influence of eating patterns on levels of glucose at ketones in the blood. The 

red arrows indicate the time of food consumption/meals during a 2 day period of time. A. 

This is an example of the typical eating pattern in most industrialized countries. Every day 

the person eats breakfast, lunch and dinner and a late evening snack. With each meal, 

glucose levels are elevated and then return towards baseline over a period of several hours. 

Ketone levels remain low, because liver glycogen stores are never depleted. B. This is an 

example of fasting one day, followed by a three-meal feeding day. During the fasting day, 

glucose levels remain in the low normal range, and ketone levels (β-hydroxybutyrate and 

acetoacetate) rise progressively, and then fall when the first meal is consumed on the 2nd 

day. C. This is an example of an eating pattern in which all food is consumed within a 6h 

time window each day. Glucose levels are elevated during and for several hours after the 6h 

period of food consumption and then remain low for the subsequent 16 h until food is 

consumed the next day. Ketones are elevated during the last 6–8 h of the 18 h fasting period.
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Fig. 2. 
Patterns of energy intake in subject on either the ‘5:2′ intermittent energy restriction (IER) 

diet or continuous (daily) energy restriction (CER). Based on Harvie et al., 2011.
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Fig. 3. 
Examples of effects of intermittent fasting on different organ systems.

Abbreviations;: 30HB, 3-hydroxybutyrate; CRP, C-reactive protein; IGF-1, insulin-like 

growth factor 1; IL-6, interleukin 6; TNFα, tumor necrosis factor α
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