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Abstract

Calorie restriction (CR) is a potent modulator of longevity in multiple species. A growing 

body of evidence shows that sustained periods of CR without malnutrition improves risk 

factors involved in the pathophysiology of type 2 diabetes, cardiovascular diseases, cancer, and 

neurological disorders in humans. Innovative dietary strategies such as intermittent fasting and 

protein restriction have recently emerged as alternative approaches that improve markers of aging. 

Some of these newer strategies might provide benefits for healthy aging with little to no CR and 

therefore, compared to traditional CR, may be easier to follow. Further to providing an update of 

CR studies in humans, the present narrative review appraises the influence of these contemporary 

dietary strategies on mechanisms posited to drive CR-induced longevity in humans, including 

those involving energy metabolism, oxidative damage, inflammation, glucose homeostasis, and 

functional changes in the neuroendocrine systems. The review also discusses the utilization of 

these diets for populations in the current obesogenic environment, and comments on whether 

current research can inform an optimal diet that attenuates aging, can be easily followed, and 

promises to improve longevity in humans.
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1. Introduction

Calorie restriction (CR) without malnutrition is the most effective non-pharmacological 

intervention that enhances longevity and healthspan in numerous nonhuman species 

(Weindruch, 1996). Evidence showing the positive benefits of CR in humans has been 

accumulating, with many clinical trials showing weight loss and an improvement in 

physiological markers after short and prolonged bouts of CR (Most et al., 2017; Redman 

and Ravussin, 2011). However, continuous daily CR or traditional CR has a poor long-

term success rate due to compromised adherence (Barte et al., 2010; Scheen, 2008), and 

ample availability of energy-dense foods and beverages within modern societies thwart an 

individual’s ability to sustain traditional CR (Swinburn and Egger, 2002). Accordingly, 
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with the current rapidity of population aging, innovative methods are required to optimize 

healthspan (Dzau et al., 2019).

Novel dietary strategies have acquired prominence in recent times as viable alternatives 

to traditional CR (Fig. 1). Intriguingly, these approaches may stimulate positive adaptive 

processes without energy restriction and weight loss, challenging the dogmatic viewpoint 

that CR is a prerequisite of longevity-promoting diets. In view of encouraging results from 

animal studies, testing the efficacy of these newer dietary strategies in humans has become a 

contemporary research area for scientists in the aging field (Anton et al., 2018; Fontana 

and Partridge, 2015). To date, the most acclaimed of these approaches is intermittent 

fasting (IF), a dietary regimen that adjusts nutrient timings or the frequency of eating to 

enforce periodic bouts of fasting or extreme energy restriction, generally for 12 h or longer 

(Anton et al., 2018; Patterson and Sears, 2017). Approaches under this umbrella term have 

been theorized to increase physiological function and slow disease processes through its 

prolonged periods of daily energy restriction (Anton et al., 2018). Other emerging strategies 

manipulate macronutrient intake to stimulate improvements in health. Of these, protein 

restriction has received the most attention, with some arguing that a decrease in protein 

consumption is key to the CR-induced slowing of mammalian aging (Fontana and Partridge, 

2015).

Research into the potential of CR-stimulated longevity has been spearheaded by Mark 

Mattson (Mattson, 2005; Mattson and Wan, 2005). Work expertly led by Professor Mattson 

has been ever-evolving and produced pioneering insights into the impact of novel dietary 

strategies on longevity and healthspan in animal models and humans (Anton et al., 2018; 

Harvie et al., 2013, 2011; Mattson et al., 2017). In this Special Issue of Ageing Research 

Reviews dedicated to Mark Mattson, we appraise evidence that has examined the influence 

of these novel dietary regimens on age-related processes in humans. Following an overview 

of the CR literature in humans, we will evaluate human studies that have tested the influence 

of IF or protein restriction on markers linked to aging and disease processes. We will also 

discuss issues of adherence concerning these dietary approaches, offer important directions 

for future research, and look to ascertain if the current evidence base pertaining to these 

regimens indicate novel strategies offer any superiority relative to traditional CR in humans.

2. Calorie restriction in humans

The benefits yielded by CR in humans are well established. Populations who voluntarily or 

involuntarily adopt CR exhibit widespread improvements in physiological functioning. This 

includes a population residing on a Japanese Island called Okinawa (Suzuki et al., 2001; 

Willcox et al., 2007; Willcox and Willcox, 2014), researchers enclosed within Biosphere 2 

(Walford, 1999; Walford et al., 2002, 1992), and members of the Calorie Restriction Society 

International who self-impose CR, believing this will enhance their lifespan (Fontana et 

al., 2004; Holloszy and Fontana, 2007; Meyer et al., 2006). In a clinical context, CR 

interventions in humans for short periods of ≤ 10 weeks decrease resting metabolic rate 

(Velthuis-te Wierik et al., 1995), blood pressure (Velthuis-te Wierik et al., 1994) and 

glucose concentrations (Loft et al., 1995). These findings were bolstered in 2006 and 

2007 when three studies were published reporting primary results from the pilot trials 
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of the Comprehensive Assessment of Long-term Effects of Reducing Energy (CALERIE) 

consortium (Das et al., 2007; Heilbronn et al., 2006; Racette et al., 2006). These were 

the first controlled clinical trials that aimed to assess the efficacy, safety and feasibility 

of 6–12 month of CR without malnutrition in healthy humans without obesity. Overall, 

the CALERIE phase 1 trials demonstrated that modest CR of 12%–18% is feasible and 

does not compromise quality of life (Redman and Ravussin, 2011). Moreover, CR induced 

age-associated benefits, including metabolic adaptation, a reduction in markers of energy 

metabolism, and improvements in many risk factors for cardiometabolic disease (Das et al., 

2007; Heilbronn et al., 2006; Racette et al., 2006).

The findings from CALERIE phase 1 provided promising preliminary data and informed 

the safety monitoring for a longer, properly powered multi-site trial. In this regard, the 

CALERIE phase 2 trial aimed to simulate animal studies, where CR is sustained for longer 

durations relative to an organisms lifespan, and establish whether CR-induced alterations 

become stable beyond the initial period of weight loss (Rochon et al., 2011). Briefly, 220 

healthy participants who were aged 21–50 and did not have obesity were studied for two 

years while either consuming a 25% CR diet (CR Group, n = 145) or their usual diet ad 

libitum (Control Group, n = 75). Two participants in CR group dropped before the study’s 

initiation; therefore, 143 and 75 participants in the CR and ad libitum groups, respectively, 

started the study. An intensive dietary and behavioral regimen was administered to the CR 

group, with the aim to induce an immediate 25% CR that was maintained for the duration 

of the two year trial (Rochon et al., 2011; Stewart et al., 2013). The ad libitum group, on 

the other hand, were instructed to maintain their usual diet, eating as much or as little as 

they wished. Impressively, adherence to the intervention throughout the trial was determined 

mainly via two objective methods: the energy intake-balance method, which calculates CR 

via total energy expenditure and changes in body composition (Racette et al., 2012; Wong et 

al., 2014), and estimated weight loss trajectories derived from weight loss algorithms (Pieper 

et al., 2011). Calculations from the intake-balance method indicated that the CR group, over 

two years, averaged 11.7% CR, approximately 50% of the targeted 25% CR. There was no 

evidence of CR in the control group (Ravussin et al., 2015).

Remarkable resources were used in CALERIE phase 2 and the outcome measures were 

exhaustive (Rochon et al., 2011). Chiefly, CALERIE phase 2 showed that CR produced 

reductions in mass-specific resting metabolic rate and total energy expenditure, along with 

an accompanying decrease in triiodothyronine, leptin and oxidative stress markers (Il’yasova 

et al., 2018; Meydani et al., 2016; Ravussin et al., 2015; Redman et al., 2018). In tandem, 

these results suggest that CR in humans could improve longevity and decelerate primary 

aging through the rate of living and free radical theories of aging (Redman et al., 2018). 

That is, CR lowers energy expenditure and, in turn, decreases the production of reactive 

oxygen species and damage to DNA, lipids and proteins essential for normal cellular 

function (Redman et al., 2018). The CR group also had an attenuation of biological aging 

when assessed in the context of two biomarker algorithms, and this notably was observed 

independent of weight loss (Belsky et al., 2018). Additionally as a result of the 2-years 

of CR, the young and healthy participants experienced significant improvements in body 

composition (Das et al., 2017; Most et al., 2018), cardiometabolic risk markers (Kraus et 

ah, 2019), markers of inflammation (Meydani et al., 2016) and aerobic fitness (Racette 
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et al., 2017). Collectively, these measures imply that CR improves numerous markers of 

disease risk and thus supports the notion that CR slows secondary aging. Importantly, CR 

also did not induce any negative impact on psychological and behavioral factors, such as 

quality of life (Martin et al., 2016), eating behaviors and appetite (Dorling et al., 2019), and 

memory (Leclerc et al., 2019), suggesting the CALERIE intervention was tolerable, safe 

and did not compromise cognition (Romashkan et al., 2016). There were, nevertheless, no 

CR-engendered changes in insulin-like growth factor (IGF)-l (Fontana et al., 2016b), and the 

CR group displayed a loss of bone mass, which could represent a drawback of prolonged CR 

for healthspan-enhancing purposes (Villareal et al., 2016).

On balance, CALERIE phase 2 displayed that sustained modest CR in young healthy 

individuals without obesity is feasible, can improve mechanistic markers linked to primary 

and secondary aging, and does not compromise general well-being. Such conclusions 

are boosted because of the control group, the increased duration of the intervention, the 

extensive collection of endpoints, and the greater objectivity of adherence measures relative 

to other human aging studies. These strengths qualify the CALERIE phase 2 trial as the 

current benchmark nutritional intervention to which other human studies assessing dietary 

strategies and age-related processes can be evaluated. With this in mind, we will hereafter 

appraise human studies that have investigated the effect of novel dietary strategies on 

age-related outcomes, providing implications and avenues for further scientific inquiry 

throughout.

3. Intermittent fasting

A dietary strategy that has been used as an alternative to traditional CR is IF. Various forms 

of IF have been proposed, but generally they involve the severe or complete restriction of 

energy intake for periods of 12 h or more (Anton et al., 2018; Longo and Panda, 2016). 

These prolonged periods of energy restriction are posited to elevate the metabolism of 

endogenous substrates, such as ketones, non-esterified fatty acids, and glycerol, and in turn 

stimulate adaptive processes that improve body composition and physiological function 

(Anton et al., 2018). At a cellular level, the improvements in physiological functioning seem 

to be mediated through a series of integrated signalling pathways that lower inflammation 

and oxidative stress and ultimately improve health and disease resistance. More specifically, 

fasting initiates a rise in the AMP:ATP ratio and AMP kinase activation, which leads 

to an inhibition of mammalian target of rapamycin (mTOR) and an upregulation of cell 

autophagy (Anton et al., 2018; de Cabo and Mattson, 2019). There is also an engagement 

of transcription factors such as forkhead box Os (FOXOs) and peroxisome proliferator-

activated receptor γ coactivator 1α (PGC-1α), triggering the expression of genes that are 

implicated in stress resistance, improved blood glucose regulation, mitochondrial biogenesis 

and cell survival (Anton et al., 2018; de Cabo and Mattson, 2019).

As a result of these positive molecular adaptations to fasting, IF has recently acquired 

significant attention, with many scientists, dietitians and media sources endorsing it as a 

method to enhance healthspan and longevity, particularly for those who struggle to adhere 

to the rigours of traditional CR. A host of IF-related strategies have been conceived, but 
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broadly speaking, these can be categorized into four approaches: alternate-day fasting 

(ADF), alternate-day modified fasting (ADMF), 5:2 IF and time-restricted feeding (TRF).

3.1. Alternate-day fasting

A selection of IF-focussed studies have enforced ADF, an eating pattern which alternates 

days of ad libitum eating with days that virtually prohibit the consumption of calories. 

Halberg et al. (2005) and Soeters et al. (2009) prescribed a two-week ADF intervention to 

healthy males without obesity that consisted of a 20 -h fast, except for water, from 22.00 

to 18.00 on alternate days. Of note, both studies were able to maintain body weight and fat 

mass via refeeding days, with the former instructing participants to “eat sufficient quantities 

of food” (Halberg et al., 2005) and the latter prescribing food intake based on energy 

requirements (Soeters et al., 2009). Despite finding no alterations in adiponectin, tumor 

necrosis factor-α and interleukin 6, Halberg and colleagues (2005) reported an increase 

in insulin sensitivity and adipose tissue lipolysis after ADF. Soeters and colleagues did 

not replicate these variations in insulin sensitivity, and also reported that adiponectin and 

thyroid hormone concentrations before and after the intervention were alike (Soeters et al., 

2009). However, they did show that resting energy expenditure was decreased after ADF, 

implying a degree of metabolic adaption occurred, given their participants body weight 

and composition were similar after ADF (Soeters et al., 2009). Thus, despite differences in 

cardiometabolic outcomes, which may owe to disparities in the scientific rigour of refeeding 

periods, the work of Halberg et al. (2005) and Soeters et al. (2009) tentatively demonstrate 

that ADF could improve metabolic health and biomarkers of primary aging.

Heilbronn et al. (2005a, 2005b) applied another variation of ADF in 16 participants (8 

males and 8 females) without obesity for three weeks. In this study, energy intake was 

restricted from midnight to the subsequent midnight on alternating days, and participants 

were instructed to double their food intake on ‘feast days’ to sustain energy balance. In 

contrast to the work of Halberg et al (2005) and Soeters et al. (2009), participants in this 

3-week study lost weight, namely a mean 0.6 kg and 0.8 kg decrease in fat-free mass and 

fat mass, respectively (Heilbronn et al., 2005b). This implies that participants were unable 

to fully compensate for the fasting days on ‘feast days’, although this cannot be determined 

as energy intake on ‘feast days’ was not monitored. Regardless, negligible changes in 

resting metabolic rate, core temperature, blood pressure, blood lipids, and metabolic 

gene expression were seen (Heilbronn et al., 2005b, 2005a). Additionally, in anecdotal 

observations, Heilbronn and colleagues indicated that participants reported irritability on 

fasting days, questioning the sustainability of ADF, yet reported hunger was unaffected and 

reported fullness increased (Heilbronn et al., 2005b, 2005a). These divergent observations 

between indices of adherence illustrate the necessity for attrition and compliance measures 

in longer human ADF studies.

The effects of more sustained ADF were recently investigated by one study which 

prospectively compared a cohort of 60 controls who consumed a conventional western 

diet with a group of 30 individuals who reported completing six months or more of ADF 

(Stekovic et al., 2019; Tripolt et al., 2018). Analysis of food-frequency questionnaire data 

suggested that energy intake was ~29% lower in the group who practiced ADF (Stekovic 
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et al., 2019), again indicating that people do not fully compensate for a day of complete 

energy restriction. Notwithstanding the apparently lower energy intake, analysis of body 

composition and blood biomarkers suggested ADF is a safe and feasible dietary regimen that 

can be adopted and followed by healthy participants (Stekovic et al., 2019). With regards 

to physiological endpoints, Stekovic et al. (2019) examined the proteome and metabolome 

of individuals categorized as long-term adopters of ADF. This analysis showed a significant 

rise in circulating lipids and a decrease in amino acids such as methionine on fasting days. 

These data may provide insights into the mechanisms underlying the beneficial impact of 

ADF in humans, since systemically low levels of methionine and other amino acids can 

extend lifespan in model organisms through the reduced activity of the mTOR pathway 

and an upregulation in cell autophagy (de Cabo and Mattson, 2019; Orentreich et al., 

1993; Richie et al., 1994). Stekovic et al. (2019) also reported that the long-term ADF 

group displayed lower intracellular adhesion molecule-1, an improved blood lipid profile, 

and suppressed triiodothyronine versus the control group, despite similar age, weight and 

physical activity levels between groups. These results were partially corroborated by a 

four-week intervention where the 60 participants in the control group were randomized in 

a 1:1 ratio to either a control or ADF group. Here, a reduction in triiodothyronine and 

blood pressure were observed, but inflammatory markers were unaltered, and similar to 

Heilbronn and colleagues (Heilbronn et al., 2005b), ADF had no influence on resting energy 

expenditure and blood lipids (Stekovic et al., 2019). Furthermore, despite being reported 

in their methodology manuscript (Tripolt et al., 2018), data from an oral glucose tolerance 

test, which would have provided measures in insulin sensitivity between groups, were not 

delineated.

Though these studies highlight the promise of ADF, they cannot discern the influence of 

this strategy relative to traditional methods without an additional arm adopting traditional 

CR studied in parallel. Catenacci et al. (2016) were the first to test ADF relative to a CR 

group within the same study, to our understanding. In this study, 26 participants with obesity 

were randomized to either 8 weeks of CR or complete ADF. The CR group were provided 

foods that aimed to yield a 400 kcal/day energy deficit (~14% CR), while the ADF paradigm 

enforced alternate days of complete fasting and refeeding. In spite of similar responses in 

study attrition, leptin, fasting insulin and blood lipids, the results of Catenacci et al. (2016) 

revealed how humans may respond differently to CR and ADF. Only the CR group showed a 

decrease in mass-adjusted resting metabolic rate, whereas only ADF provoked reductions in 

fasting glucose concentrations, and there was a tendency for greater weight loss during ADF 

relative to CR (Catenacci et al., 2016). The ADF group did nonetheless show lower fat mass, 

resting metabolic rate and fasting insulin at baseline, which could confound between-group 

comparisons (Catenacci et al., 2016). In addition, although the macronutrient composition 

of diets was similar, the mean energy deficit was 376 kcals/day lower in the ADF group 

than the CR group. It is therefore plausible that the observed between-group differences 

are explained in whole or part by the differences in energy restriction, making it extremely 

difficult to pinpoint the influence of ADF independent of energy restriction.

One recent study attempted to establish the effects of ADF compared to CR in women 

with obesity over 8 weeks (Hutchison et al., 2019a). In this study, 88 participants were 

randomized in a 1:2:2:2 ratio to a control group, a traditional CR group that aimed to 
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consume 70% of energy needs, or an ADF group at either 70% or 100% of energy 

requirements. In the ADF arms, on alternate days, participants consumed only a 20 kcal 

broth for lunch and dinner during a 24 h period that occurred after 08.00. Unsurprisingly, 

self-reported hunger scores were higher in the ADF groups on fasting days at six weeks 

of the trial, but no differences between groups were observed on feeding days, indicating 

that the increased energy intake on fed days could offset hunger on energy restriction days 

and assist compliance (Hutchison et al., 2019a). With regards to other study outcomes, 8 

weeks of ADF at 100% of energy requirements reduced weight compared to the control 

condition, but no changes were observed with cardiometabolic endpoints. By contrast, ADF 

at 70% of energy needs resulted in greater improvements in weight, fasting glucose, insulin 

resistance, total cholesterol, low-density lipoprotein cholesterol and triglycerides compared 

to CR at 70% of energy needs (Hutchison et al., 2019a). However, the assessment of food 

records indicated that ADF elicited greater energy deficits than were prescribed (~9% during 

ADF at 70% energy needs and ~2% during ADF at 100% energy needs), mainly because of 

substandard energy consumption on feeding days (Hutchison et al., 2019a). As such, akin to 

the conclusions inferred from Catenacci et al. (2016), it is difficult to suggest that variations 

between ADF and CR occurred solely because of differences in fasting periods, as calorie 

intake was also affected by ADF paradigms.

3.2. Alternate-day modified fasting

Given the possible difficulties with compliance and recruitment during ADF studies, some 

have examined IF strategies that permit the consumption of some calories during fasting 

periods. Broadly, this is defined as alternate-day modified fasting (ADMF). Here, on 

alternating days, eating is severely restricted on one day, typically to ≤ 25% of habitual 

energy needs, and then a day of ad libitum eating is permitted. One of the first studies 

that examined ADMF on aging markers in humans instructed participants with asthma to 

consume 320–380 kcals/day on alternate days for 8 weeks, with ad libitum eating allowed 

in between (Johnson et al., 2007). Although this study only examined ten participants, 

nine of which adhered to the protocol, ADMF led to an 8% reduction in weight along 

with significant improvements in leptin, tumor necrosis factor-α and markers of oxidative 

stress; that is, 8-isoprostane, nitrotyrosine, protein carbonyls, and 4-hydroxynonenal adducts 

(Johnson et al., 2007). Johnson and colleagues also found no change in hunger on the ad 

libitum days, in spite of a decrease in ratings during days of low caloric intake.

Additional work has subsequently shown that ADMF is tolerable and can decrease plasma 

insulin of individuals who are healthy and lean (Wegman et al., 2015). Likewise, work from 

Varady and colleagues has assessed the effects of ADMF in humans with obesity who were 

otherwise healthy. Their studies have shown that 2–3 months of ADMF can lower adiposity 

and improve traditional cardiovascular disease markers (Bhutani et al., 2013; Varady et al., 

2013, 2009), irrespective of macronutrient composition (Klempel et al., 2013) and meal 

timings (Hoddy et al., 2014) on energy restriction days. They also observed reductions 

in resting metabolic rate (Hoddy et al., 2014), leptin (Bhutani et al., 2013; Varady et al., 

2013) and inflammatory markers (Bhutani et al., 2013; Varady et al., 2013). Furthermore, 

their work suggests participants swiftly adopt the energy intake requirements of ADMF and 
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overall display no changes in appetite (Klempel et al., 2010), appetite-related hormones 

(Hoddy et al., 2016), and disordered eating behaviors (Hoddy et al., 2015).

A drawback of the present ADMF studies is that they are relatively short in comparison 

to traditional CR studies, in particular the two-year CALERIE phase 2 trial. Hence, the 

Varady lab compared the effects of ADMF, traditional CR and ad libitum eating over 12 

months in 100 participants with obesity (Gabel et al., 2019; Trepanowski et al., 2018, 

2017). During the first six months, a 25% energy deficit was targeted in the ADMF and 

CR groups, with both groups consuming equal proportions of macronutrients. The ADMF 

group were instructed to consume 25% of their energy requirements on “fast days” between 

12.00–14.00 hours and 125% of energy on alternating “feast days”, whereas the CR group 

were instructed to consume 75% of their energy needs over three meals every day. Crucially, 

Trepanoswski and colleagues ensured that the ADMF (21%) and CR (24%) groups achieved 

similar energy deficits, although food records suggested participants in the ADMF group 

ate more on “fast days” and less on “feast days” than was prescribed (Trepanowski et 

al., 2018, 2017). Furthermore, at odds with CALERIE phase 2, which had an attrition 

rate of 9% at month 12 (Ravussin et al., 2015), attrition was relatively high (38%) in the 

ADMF group, with “difficulties adhering to diet” cited as the predominant reason for the 

high drop-out. There were largely no between-group differences in inflammatory markers, 

adipokines and blood pressure after six months (Trepanowski et al., 2018, 2017), yet in an 

analysis comprising the participants in the ADMF or CR groups who completed the first 

six months of the trial, insulin resistance decreased to a greater extent in the ADMF group 

relative to the CR group (Trepanowski et al., 2018). Similarly, another secondary analysis 

from this study showed that ADMF was superior to CR in decreasing insulin resistance 

in a subgroup of participants with homeostatic model assessment of insulin resistance 

values greater than 2.73 (Gabel et al., 2019). No differences between intervention groups 

were observed, however, in the intention-to-treat analysis of glucose and insulin resistance 

(Trepanowski et al., 2017). Further ambiguity surrounding these findings arises as outcome 

measures after baseline in the ADMF group were taken in the morning following a “feast 

day”, meaning it is plausible that energy intake was greater in the ADMF group compared 

to the CR group in hours preceding these measurements. Thus, further work is needed 

to establish the chronic effect of ADMF on insulin resistance relative to CR. Following 

the second six months of the study, where participants were instructed to maintain their 

dietary patterns but meet their energy needs in lieu of creating an energy deficit, similar 

between-group responses were seen with outcome measures (Trepanowski et al., 2017).

Although these results demonstrate that ADMF offers little or no benefit to markers of aging 

compared to traditional CR, a high degree of inter-individual variability existed within the 

ADMF group, with weight change ranging from 3.7% to −17.5% (Kroeger et al., 2018). To 

illuminate the potential mechanisms of this variability, Kroeger et al. (2018) investigated the 

changes in eating behaviors and dietary patterns during the study. This secondary analysis 

showed that those in the ADMF group who lost more than 5% body weight displayed no 

differences in dietary restraint or self-efficacy compared to those who lost less than 5% body 

weight (Kroeger et al., 2018). There were also no differences in appetite ratings after 12 

months between those who lost more or less than 5% of their body weight. Nevertheless, 

individuals who lost more weight simply maintained superior adherence to the prescribed 
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energy intake on the “fast days” than those who lost less weight (Kroeger et al., 2018), 

suggesting that, like traditional CR interventions, increased compliance leads to improved 

weight outcomes. Although the study did not report whether physiological aging markers 

were different between those who lost more or less than 5% body weight, it is tempting to 

speculate that greater adherence to the ADMF regimen would have led to improvements in 

markers of aging.

3.3. 5:2 intermittent fasting

Of the novel dietary approaches receiving most attention, many can be broadly categorized 

as 5:2 IF, which permits ad libitum eating 5 days per week and severe energy restriction 

or a complete fast on the other 2 days per week (Anton et al., 2018). Fasting days can 

be performed on either consecutive or non-consecutive days; thus, 5:2 IF enables dieters 

to adopt more flexible bouts of fasting, making it attractive for many individuals with 

inconsistent work and social commitments. Given its prominence in western dieting culture, 

the 5:2 IF strategy has been the subject of several studies. In one of the first, Harvie et 

al. (2011) randomized 107 premenopausal women with overweight or obesity to either six 

months of traditional CR or 5:2 IF. Both strategies aimed to restrict energy intake by 25% 

from baseline energy requirements, with participants in the latter group instructed to do so 

via two consecutive days of 75% CR followed by five days where energy intake met energy 

requirements. The diet strategies did not differ in terms of attrition, adherence, energy 

expenditure, markers of energy metabolism, inflammatory markers, and quality of life, but 

5:2 IF yielded greater improvements in fasting insulin and insulin resistance compared to 

CR (Harvie et al., 2011). More recently, the same group reported supportive results in 

pre- and post-menopausal women during 5:2 IF with varying macronutrient compositions 

(Harvie et al., 2013). Post-trial assessments of food records did nonetheless suggest that 

participants in 5:2 IF groups lowered their total energy intake more compared to participants 

randomized to traditional CR (Harvie et al., 2013, 2011). Similarly to ADF and ADMF, 

5:2 IF may be beneficial in provoking an energy deficit relative to traditional CR, though 

ostensible differences in energy intake make it challenging to elucidate the effect of fasting 

per se on endpoints.

Assessing the independent importance of the fasting period is appropriate when alterations 

in energy balance are equal between comparative groups. Antoni et al. (2018) attempted 

to control for changes in energy restriction and body weight by comparing individuals in 

either a CR or 5:2 IF group following equivalent weight loss. They specifically enrolled 

27 individuals with overweight or obesity to either a CR group or a 5:2 IF group 

and assessed study endpoints at baseline and after 5% weight loss. In the 5:2 IF arm, 

Antoni and colleagues administered food packs that comprised 25% of energy needs and 

instructed participants to consume these for two consecutive days, with habitual energy 

intake consumed on the remaining five days. The CR group were, by contrast, informed to 

decrease their daily energy intake by 600 kcal. In accord with Harvie et al. (2011), there was 

a larger decrease in energy intake in the 5:2 IF group than the CR group, yet the time frame 

needed to reach 5% weight loss was similar between conditions (Antoni et al., 2018). Also 

in agreement with cited work (Harvie et al., 2011), 5:2 IF improved some cardiometabolic 

markers relative to CR, with larger reductions observed for postprandial triglycerides and 
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C-reactive protein (Antoni et al., 2018). There was additionally a tendency for a reduction in 

resting energy expenditure normalized for fat-free mass in the 5:2 IF group compared to the 

CR group (−7.3 kJ/kg) (Antoni et al., 2018).

These promising findings notwithstanding, others have found little or no added benefit of 5:2 

IF compared to daily CR. One study enrolled 112 participants with obesity to either one year 

of traditional CR or 5:2 IF, with the latter enforcing a 400/600 kcal (female/male) decrease 

in energy intake on two non-consecutive days and food intake “as usual” for the remainder 

of the week (Sundfør et al., 2018). In spite of higher perceptions of hunger during 5:2 IF, 

dietary records illustrated that both groups attained a 26–28% decrement in energy intake, 

had no drop-outs, and showed similar improvements in anthropometric and cardiometabolic 

measures at month 6 and month 12 (Sundfør et al., 2018). Analogous findings have been 

found in other studies that have assessed 5:2 IF in relation to traditional CR (Carter et al., 

2016; Conley et al., 2018; Headland et al., 2018), with no between-group changes in quality 

of life (Carter et al., 2016) and attrition (Headland et al., 2018). Collectively, these studies 

instructed or provided participants with the option to conduct energy restriction days non-

consecutively, contrasting previously cited work where fasting days were consecutive and 

positive changes were observed (Antoni et al., 2018; Harvie et al., 2011). These results may 

suggest that energy restriction periods beyond a day may be pivotal in the success of 5:2 

IF relative to traditional CR. Speculatively, extension of the fasting period could elevate the 

reliance on free fatty acids and increase ketone bodies, ultimately upregulating transcription 

factors like peroxisome proliferator-activated receptor α and improving metabolic health 

(Anton et al., 2018). However, variations of 5:2 IF with energy restriction for either two 

(Pinto et al., 2019) or four (Ash et al., 2003) consecutive days has induced largely similar 

anthropometric and physiological changes versus traditional CR in other studies. As a result, 

the current body of literature questions the superiority of 5:2 IF compared to traditional CR 

in improving markers of aging, underscoring the need for further studies.

3.4. Time-restricted feeding

Another approach that has received recent notoriety is time-restricted feeding (TRF). This 

eating strategy restricts food intake to a feeding window that typically lasts less than 12 

h per day during the waking phase (Anton et al., 2018). Work involving Mark Mattson 

was among the first to test the effect of TRF in humans (Carlson et al., 2007; Stote et al., 

2007). They recruited 15 healthy participants who were neither overweight nor obese and 

administered two eight-week dietary regimens separated by 11 weeks in a cross-over design. 

One regimen necessitated that participants consumed daily energy in one meal from 17.00 

to 21.00, whereas participants consumed daily energy over three meals spread throughout 

the day in the other. Food provision was administered to participants and was equal between 

treatments, and complete compliance to the protocol was gauged via random fasting glucose 

and triglyceride examinations. Body weight and fat mass were decreased by 2.1% and 

13.0%, respectively, after TRF, yet no differences between groups were observed in body 

temperature, leptin or inflammatory markers (Stote et al., 2007). In fact, total cholesterol, 

blood pressure, liver transaminases and glucose were elevated in response to TRF (Carlson 

et al., 2007; Stote et al., 2007). Additionally, there was an increase in subjective appetite 

Dorling et al. Page 10

Ageing Res Rev. Author manuscript; available in PMC 2022 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



when the TRF intervention was compared to the regimen where intake was spread over three 

meals (Stote et al., 2007).

Other studies have implemented TRF during resistance training programmes in males over 

eight weeks (Moro et al., 2016; Tinsley et al., 2017). Both studies incorporated a control 

group who were instructed to consume a conventional eating pattern. However, Moro 

et al. (2016) allowed daily energy consumption over a seven-hour window from 13.00 

to 20.00 in their TRF intervention, whilst the TRF intervention of Tinsley et al. (2017) 

required daily energy intake to be consumed during a four-hour period from 16.00 to 24.00. 

The latter study found TRF did not influence weight or fat mass change (Tinsley et al., 

2017), but Moro et al. (2016) reported a larger decrease in these outcomes with their TRF 

intervention versus the control condition. While they found no changes in resting energy 

expenditure, Moro et al. (2016) also reported that TRF increased adiponectin and decreased 

triiodothyronine, leptin, IGF-1 and triglycerides compared to control.

Variations in protocols and study samples are clearly implicated in the mixed findings 

from the TRF studies reported thus far, and the implementation of TRF during resistance 

training may limit generalizability of some findings. However, the trial by Sutton et al. 

(2018) hypothesized that TRF during earlier periods of the waking phase may provoke 

discernible benefits via circadian rhythms. Specifically, they posited that the greater insulin 

sensitivity and thermic effect of food during the morning periods may provide a more 

suitable metabolic state for food consumption, enhancing metabolic endpoints (Sutton et al., 

2018). They consequently tested this hypothesis in males with pre-diabetes who completed 

two, five-week eating periods in a crossover design separated by a seven-week washout. 

In the TRF arm, all calories were consumed between breakfast and lunch over a six-hour 

period, whereas in the control arm, calories were consumed over a 12 -h period. Compared 

to eating over 12 h, TRF for 6 h in the morning led to a 19% decrease in mean and peak 

insulin after an oral glucose tolerance test. Nonetheless, these results may be confounded by 

differences in the post-intervention measurement periods, given the extended fasting period 

preceding the oral glucose tolerance test in the TRF arm. With respect to secondary outcome 

measures, TRF improved oxidative stress and blood pressure relative to the control period, 

though negative changes were discovered in total cholesterol and triglycerides (Sutton et al., 

2018).

The same group measured a further battery of outcome measures before and after a similar 

TRF eating strategy performed in healthy adults (Jamshed et al., 2019; Ravussin et al., 

2019). This work enrolled 11 participants and enacted TRF for four days, preventing any 

long term inferences. Nevertheless, despite finding no TRF-induced changes in energy 

expenditure, relative to conventional eating patterns, TRF provoked a suppression of 24 

-h glucose concentrations (Jamshed et al., 2019). There was also a 10% increase in 

expression of the gene encoding sirtuin 1, an epigenetic modifier that deacetylates FOXO 

and PGC-1αx, and in turn, elevates expression of genes involved in stress resistance and 

autophagy (de Cabo and Mattson, 2019; Rahman and Islam, 2011). Likewise, Jamshed et 

al. (2019) observed a 22% rise in expression of the LC3A gene, which encodes a structural 

aspect of autophagosomal membranes that may be linked to carcinogenesis (Bai et al., 2012; 

Jamshed et al., 2019). In addition, after TRF, there was a reduction in subjective appetite, 
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which could be explained by a decrease in concentrations of the hunger hormone acylated 

ghrelin (Ravussin et al., 2019).

Taken together, the work led by the Peterson group indicates that early TRF may enhance 

many indices of cardiometabolic health, yet it is still unclear whether the time of the 

feeding period influences metabolic improvements as suggested by Sutton et al. (2018). 

One study in men with obesity recently set out to ascertain if changes in cardiometabolic 

markers, appetite and appetite-related hormones differed on the basis of TRF early in the 

day (08.00–17.00) or later in the day (12.00–21.00) (Hutchison et al., 2019b). Both early 

and late TRF decreased mean 24 -h glucose concentrations, and neither TRF strategy 

affected other outcomes, with changes in insulin, blood lipids, appetite and appetite-related 

hormone concentrations alike after seven days of each regimen (Hutchison et al., 2019b). 

These results imply that TRF can improve metabolic health irrespective of when the 

eating window occurs, disputing the postulations that early TRF may enhance outcomes 

by utilizing circadian variations in metabolism. However, evidently, longer-term studies in 

varying populations, including healthy individuals who are not overweight or obese, are 

needed to verify these findings.

4. Protein restriction

An expanding body of evidence now postulates that the restriction of protein and, in 

particular, essential amino acids may be the predominant dietary mediators for augmenting 

lifespan rather than CR (Fontana and Partridge, 2015; Grandison et al., 2009; Mirzaei et 

al., 2014; Pamplona and Barja, 2006). Self-reported 24 h dietary recall data from the US 

National Health and Nutrition Examination Survey suggests that there is a 75% elevated 

risk in overall mortality in individuals who consume greater than 20% of their energy from 

protein versus those who consume less than 10%, yet this relationship only holds when 

protein is derived from animal sources (Levine et al., 2014). Although causality cannot be 

established, this work suggests that protein, in particular from animal sources, accelerates 

aging in humans.

The precise mechanisms underlying improvements in healthspan during protein restriction 

in mammals have yet to be determined, but studies from non-human models implicate the 

growth hormone (GH)-IGF-1-axis in slowing age-related processes during protein restriction 

(Fontana et al., 2010, 2008). More specifically, protein restriction is hypothesized to inhibit 

the GH-IGF-1-axis, increase the activation of FOXO and downregulate mTOR activity, 

leading to an increase in autophagy and an inhibition of protein synthesis (de Cabo and 

Mattson, 2019; Fontana et al., 2010; Wang et al., 2014). In their cross-sectional analysis, 

Fontana et al. (2008) compared measures related to the GH-IGF-1 axis in three distinct 

groups of 28 individuals: a CR group who had been practicing traditional CR for at least 

six years, a protein restriction group that engaged in a plant-based, low protein diet for 

at least 2 years, and a control group who consumed a typical Western diet. Seven-day 

food record data indicated that the control group exhibited higher energy intake than both 

other diets, but there were little differences between the CR and protein restriction groups. 

The protein restricted group reported an average protein intake of 0.76 g/kg/day, which 

equated to 9.6% of total energy intake and was lower than the protein consumed by the 
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CR and control cohorts (Fontana et al., 2008). Interestingly, despite no differences in 

insulin and C-reactive protein concentrations between protein restriction and CR cohorts, 

lower IGF-1 concentrations were evident in the protein restriction group versus the CR 

and control groups. To obtain causal inferences, Fontana et al. (2008) also reduced protein 

intake from 1.67 g/kg/day to 0.95 g/kg/day for three weeks in six individuals from the CR 

group and reported a 22% decrease in IGF-1 following this short intervention. As a whole, 

these findings led the authors to deduce that low protein intake, as opposed to low energy 

consumption, is the main driver in suppressing IGF-1 concentrations in humans (Fontana 

et al., 2008). This notion was recently corroborated in a meta-analysis that included dietary 

regimens that exclusively implemented CR or protein restriction (Kazemi et al., 2019).

Notwithstanding the findings of Fontana et al. (2008), evidence from larger randomized 

controlled trials are needed to determine the relative longevity-related benefits of protein 

restriction. A randomized controlled trial enrolled 38 males with overweight or obesity who 

were suffering from prostate cancer to either a control group who were told to maintain 

their usual diet, or a protein restriction group who consumed a 7%–9% protein diet that 

met energy needs (Eitan et al., 2017; Fontana et al., 2016a; Treviño-Villarreal et al., 2018). 

For an average of 43 days, the protein restriction group had their diet prepared by a 

metabolic kitchen, though duration of the dietary regimen was not standardized, with an 

average of 11 days variation between participants. Nevertheless, pre- and post-intervention 

assessments showed that the protein restriction group exhibited a decrease in weight, fat 

mass, fasting glucose, cholesterol and LDL compared to the control group (Fontana et al., 

2016a; Treviño-Villarreal et al., 2018). Furthermore, though plasma leptin was unaffected, 

the protein restriction group displayed a rise in leptin receptor levels on extracellular vesicles 

compared to the control group, which may be representative of improved leptin signalling 

and a decrease in leptin resistance (Eitan et al., 2017). There was also an increase in the 

insulin sensitizing hormone fibroblast growth factor 21 (FGF21) in the protein restriction 

group versus the control group. Although its role is multifaceted, FGF21 appears to be 

central in coordinating homeostatic responses to protein restriction in mice (Hill et al., 

2019, 2017), and its administration can improve insulin resistance, hyperlipidemia and body 

weight (Coskun et al., 2008; Kharitonenkov et al., 2005). Therefore, despite the need for 

further human-based studies, FGF21 could play a significant part in the improved metabolic 

and aging responses to protein restriction in humans.

The findings of these studies endorse the anti-aging influence of protein restriction, but 

additional work has sought to establish the importance of restricting specific amino acids 

rather than overall grams of protein. Kahleova et al. (2018) randomized 75 participants 

with overweight or obesity to 16 weeks of either a low protein vegan diet or control. 

The low protein vegan group were asked to completely restrict their intake of animal 

proteins concentrated with branch-chain amino acids and consume a diet rich in vegetables, 

grains, legumes and fruits. On the contrary, the control group were instructed to sustain 

their habitual dietary patterns. Compliance was established via a 3-day food record and 

illustrated that the low protein group decreased total protein, albeit plant- and animal-

derived protein increased and decreased, respectively, compared to control (Kahleova et 

al., 2018). Following the intervention, which 72 participants completed, metabolic indices 

were unchanged in the control diet, yet the low protein vegan group had improvements 
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in body weight (−6.5 kg), fat mass (−4.3 kg) and visceral adipose volume (−224 cm3), 

along with a decrease in insulin resistance. Moreover, correlational analyses indicated that 

a greater reduction in the consumption of animal protein and leucine, in particular, was 

linked to greater fat loss, whilst a decrease in histidine consumption was associated with 

improvements in insulin resistance after controlling for energy intake (Kahleova et al., 

2018). These findings suggest that a decrease in animal protein and amino acids found 

highly in animal protein may be pivotal in improving metabolic health and aging, supporting 

observational studies associating animal-based protein and not protein derived from plants to 

cardiovascular disease (Bernstein et al., 2010), cancer (Alexander et al., 2011) and mortality 

(Levine et al., 2014). However, food record data also documented a 17.9% decrease in 

fat intake in the low protein group versus the control group. This is logical as many 

animal-based proteins are commensurate with saturated fat (Larsson and Orsini, 2014). It 

is plausible, therefore, that reductions in fat intake could explain, in part, the metabolic 

improvements seen in the low protein group, especially since fat intake has been linked to 

insulin resistance (Lovejoy, 2002) and was not accounted for by the authors.

Despite the elevated interest in protein restriction as a mode of attenuating the aging process, 

there remains no evidence on measures pertaining to primary aging. Furthermore, the studies 

described unfortunately did not examine changes in appetite perceptions and quality of 

life. These are notable missing variables, particularly since protein is the most satiating 

macronutrient and is often advocated during weight loss regimens as a strategy to mitigate 

compensatory elevations in appetite and energy intake (Batterham et al., 2006; Drummen 

et al., 2018). Maintaining or increasing protein consumption during energy deficits can 

additionally be important in attenuating reductions in fat-free mass (Drummen et al., 2018). 

Consequently, with the scientific interest in muscle-wasting diseases, and the link between 

sarcopenia and mortality (Brown et al., 2016), long-term protein restriction studies with 

measurements of fat-free mass, appetite and adherence are needed.

5. Areas of further study

There has been an increase in the number of studies examining novel dietary strategies, 

and new insights have been yielded (Table 1). However, put simply, this research is still in 

its infancy and equivocal findings mean a host of important aspects need to be considered 

before evidence-based dietary recommendations can be made. Overall, studies are needed to 

test the influence of these dietary strategies on human markers linked to primary aging and 

understand the molecular changes underlying variations in these biomarkers. This includes 

mass-specific energy expenditure and oxidative stress, along with markers linked to the 

pillars of aging such as macromolecular damage, regeneration, proteostasis and epigenetics 

(Kennedy et al., 2014). Most studies cited in this review have solely measured factors 

indicative of secondary aging, namely anthropometric and/or cardiometabolic outcomes, 

and very few have assessed resting energy expenditure, which is central to the rate of 

living theory of aging and is improved by traditional CR (Redman et al., 2018). Akin to 

CALERIE phase 2, studies should ideally utilize sophisticated measures, including 24 h 

energy expenditure during sleep and at rest, since CR-induced differences in metabolic 

adaptation can vary during distinct periods of the day and throughout prolonged CR bouts 

(Ravussin et al., 2015; Redman et al., 2018). Equally, given the posited importance of 

Dorling et al. Page 14

Ageing Res Rev. Author manuscript; available in PMC 2022 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the free radical theory of aging (Harman, 1956; Redman et al., 2018), new studies should 

incorporate wide-ranging and stable examinations of oxidative stress, such as markers of 

DNA damage and reactive oxygen species (Heilbronn et al., 2006; Il’yasova et al., 2018). 

Studies should also be employed for substantially longer periods of time to truly gauge 

feasibility in community-dwelling individuals. Further, studies should ideally incorporate a 

broad spectrum of measures linked to biological (Belsky et al., 2018) and epigenetic (Levine 

et al., 2018; Lu et al., 2019) age.

More comparative paradigms that directly contrast novel dietary strategies and traditional 

CR are also needed. Critically, studies should seek to standardize any perturbations in energy 

balance to ascertain if these novel regimens foster benefits beyond traditional CR methods. 

Some studies within this review reported greater energy restriction in IF groups than CR 

controls (Catenacci et al., 2016; Harvie et al., 2013, 2011; Hutchison et al., 2019a), and 

while this may demonstrate the effectiveness of IF in provoking larger energy deficits, the 

variations in energy deficit make it challenging to determine if any differences in outcomes 

are the result of IF per se. Thus, if the goal is to determine any independent benefit of 

fasting periods, future studies should make exceptional efforts to negate any differences in 

the degree of energy restriction between groups. In line with this point, forthcoming studies 

testing the effect of macro- and micronutrient manipulations should carefully consider 

the design of their study to pinpoint any causal inferences, since manipulation of one 

nutrient will alter another when energy consumption is controlled. Researchers also need 

to ponder the acute effects of the observed dietary approaches on outcome measurements 

and differentiate the chronic impact of the strategies on metabolic markers. Indeed, in IF 

studies, results can be highly divergent depending on the degree of energy restriction in 

the hours immediately prior to measurements. For instance, prolonged fasting or energy 

restriction decreases fasting glucose and insulin, and decreases carbohydrate uptake and 

oxidation as a greater dependency is placed on endogenous fat as an energy source (Antoni 

et al., 2016; Clayton et al., 2018). Likewise, acute alterations in macronutrient intake causes 

divergent changes in glucose uptake (Lundsgaard et al., 2017). Such transient alterations in 

metabolism likely confound the results of postrandomization assessments, making it difficult 

to elucidate the chronic effects of novel eating patterns. Therefore, subsequent investigations 

should seek to standardize follow-up metabolic measurements to elucidate the chronic 

aging-related changes engendered by these novel diets. Creation of such “best practices” 

would serve the nutritional gerontology research community.

To facilitate the measurement of energy restriction periods, studies should seek to 

utilize advanced measures of energy intake where possible. Almost all studies reviewed 

documented compliance of their cohort using self-reported measures to determine food 

intake and meal timings. These tools adjust dietary behaviors through demand characteristics 

and provide poor validity, underestimating energy intake by as much as 800 kcal/day 

(Dhurandhar et al., 2015; Heitmann and Lissner, 1995). Objective assessments of dietary 

intake and hence adherence can be obtained with more sophisticated or costly measures such 

as doubly labelled water, which is considered the gold standard (Livingstone and Black, 

2003; Racette et al., 2012), and weight loss trajectories (Pieper et al., 2011; Thomas et al., 

2010). Doubly labelled water, however, cannot establish macronutrient intake or variations 

in meal timing and frequency, plus it does not provide data in near real time, so self-reported 
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measures are also inadvertently required in nutrition studies. Accordingly, researchers in 

this field should contemplate novel and valid measurements to precisely determine the food 

intake habits integral to newer dietary strategies (Herrera and Chan, 2018). Alternatively, 

despite the demand for sufficient resources, and fastidious preparation required, studies may 

consider supplying food to participants in a controlled setting to establish more robust proof-

of-principle data for dietary approaches before extending to large, long-term randomized 

controlled trials.

Forthcoming studies should explicitly report adherence and attrition outcomes. It is 

frequently assumed that, compared to traditional CR, many of the newer strategies are 

easier to follow (Varady et al., 2009), yet there is limited supporting data. Likewise, although 

some have evaluated the influence of dietary regimens over one year (Gabel et al., 2019; 

Sundfør et al., 2018; Trepanowski et al., 2018, 2017), the majority of studies reviewed have 

been short (≤ 6 months) and, to our knowledge, no studies have investigated the impact of 

novel dietary strategies for over 12 months. The continual adoption of a diet regimen beyond 

12 months and into a weight maintenance phase is essential to gauge success, especially 

since weight loss maintenance is achieved by only 20%–50% of individuals in response 

to lifestyle interventions (Anastasiou et al., 2015; Wing and Phelan, 2005). Similar to 

CALERIE phase 2, which stands as a comparative trial in this field, efforts should be made 

to examine changes in aging and health biomarkers for time periods beyond 12 months. 

Further, given that attrition of newer strategies after 12 months has been both excellent 

(Sundfør et al., 2018) and substandard (Trepanowski et al., 2017), attrition and adherence 

needs to be elucidated if these novel regimens are to be universally advocated for individuals 

in western settings.

There is also work needed to identify factors modulating intra-individual responses in 

endpoints. Despite the widespread promotion of CR, some show its beneficial effects vary 

substantially (de Cabo and Mattson, 2019; Mattison et al., 2017). Heritable factors are 

likely to modulate responses to CR, since equivalent CR regimens can enhance and shorten 

lifespan in murine models (Liao et al., 2010; Mitchell et al., 2016). Interestingly, changes in 

body fat during CR could be implicated in this variation, with some showing that mice with 

the poorest CR-induced changes in lifespan exhibit greater reductions in adiposity (Liao et 

al., 2011; Mitchell et al., 2016). These results are seemingly at odds with the viewpoint 

that reductions in adiposity drive CR-induced benefits, although some existing evidence 

shows that overweight is linked to lower all-cause mortality (Flegal et al., 2013), suggesting 

that adipose tissue is vital in metabolic regulation during CR (de Cabo and Mattson, 2019; 

Mitchell et al., 2016). Work incorporating large sample sizes is needed to assess if aging-

related alterations during CR and other dietary strategies are modified by intra-individual 

changes in adiposity. Furthermore, Moffitt and colleagues argued that aging-related studies 

are needed in younger individuals free from chronic disease, given pathogenic signals of 

diseases can assemble in the first half of the life course and confounding factors exist when 

studying individuals with metabolic conditions (Moffitt et al., 2017). At the other end of the 

spectrum, it is important to examine the impact of dietary interventions initiated in older 

adults. Pilot work has been done in this regard (Anton et al., 2019), but longer studies in 

larger samples are now needed. Last, as the efficacy of novel dietary strategies is proven, 

studies will need to test inventive diets that amalgamate features of the strategies covered. 
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Such diets, which are already being studied (Brandhorst et al., 2015; Wei et al., 2017), may 

offer practical, more flexible plans that individuals are more likely to follow.

6. Conclusions

Though traditional CR robustly improves markers of aging in humans, manipulations 

in meal timing, eating frequency and macronutrient intake could engender further 

enhancements in the physiological endpoints involved in primary and secondary aging 

whilst improving adoption rates amongst the general population. Human studies have 

hitherto shown that energy deficits and thus weight loss may be attained with IF, as 

individuals fail to fully compensate for prolonged periods of severe energy restriction. 

Further, independent of energy balance, improvements in aging markers have been displayed 

with IF and protein restriction. However, inconsistency amongst findings is evident, 

potentially because of the diversity in protocols and the metabolic status of studied 

participants. There is also a scarcity of evidence that has compared novel dietary strategies 

with traditional CR for prolonged periods and incorporated comprehensive assessments of 

aging markers. Additionally, the impact of novel dietary strategies on adherence, attrition 

and appetite is equivocal, questioning their long-term success. It is therefore paramount that 

multi-arm studies in young and older individuals free from chronic disease are conducted 

for over 12 months before any strategy can claim superiority in retarding aging in humans 

situated in obesogenic settings.
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Fig. 1. 
Dietary strategies that have been shown to improve markers of aging in humans. Traditional 

calorie restriction exerts positive aging-linked benefits largely through weight loss, but the 

role of weight loss on aging markers during novel dietary regimens remains equivocal. 

In traditional calorie restriction and intermittent fasting depictions, solid lines present 

typical eating patterns entailed by dietary strategy, while dashed lines represent conventional 

westernized eating patterns.
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