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Introduction 

Everybody wants to get old and stay healthy but with aging, age associated diseases 

become more frequent. Age associated diseases are a growing problem, due to increased 

food intake and less physical activity. The incidence of obesity and metabolic disorders 

is a worldwide problem, especially in Western society with abundant food availability. It 

was shown by Sturm & Hattori (2013) that the morbid obesity rates continue to rise 

rapidly in the United States, leading to elevated rates of diabetes, hypertension, 

dyslipidemia, and other cardiovascular disease factors. Not only the quality of life is less 

for these individuals, the economic impact is just as relevant (Apovian, 2013).  

Over the past decades, research has given us a better insight in the importance of 

maintaining a healthy and balanced diet. But what exactly does a healthy and balanced 

diet mean, and what are the consequences of deviating to this balanced diet? And what 

are the effects of nutrient intake on aging? As of now, these are questions without a clear 

answer, but are necessary to devise effective public health policy in the battle against 

obesity and other metabolic disorders (Simpson & Reubenheimer, 2012).  
The relationship between food intake and aging is a hot topic. Cells age, ultimately 

leading to aging of tissues and organs, and is detrimental in the end. To see whether 

aging is influenced by nutritional intake; aging research has provided us with better 

understanding of genetic control of aging. This can help to look for possibilities to extend 

health span and lifespan using dietary interventions. Particular nutrient sensing 

pathways are involved in lifespan control and delaying or completely eliminating the 

change of developing age-related diseases is heavily investigated (Piper & Bartke, 2008). 

The present thesis aims to investigate whether dietary interventions have beneficial 

effects on extending health span and lifespan, and which molecular mechanisms are 

involved and whether they are applicable for humans. The first chapter discusses three 

important pathways involved in the process of aging; the sirtuin family of NAD+-

dependent enzymes, the insulin/insulin-like growth factor signaling pathway, and the 

mechanistic target of rapamycin. The second chapter will discuss dietary interventions 

and their effects on aging. Dietary interventions that will be discussed are calorie 

restriction, low-protein high-carbohydrate diets, amino acid restriction with extra 

attention for methionine restriction, and time-restricted feeding. The third chapter 

points out whether medicines can be used to mimic the results of dietary interventions, 

without having to comply with the diet itself. The drugs described in this thesis are 

Metformin, Rapamycin and Resveratrol. The fourth and last chapter elucidates the role 

of the intestinal microbiome in relation to both the process of aging as well as dietary 

interventions.  
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Pathways involved in aging 

Sirtuins  

Silent information regulators (sirtuins) are a family of NAD+-dependent enzymes and 

are involved in nutrient sensing. (Hall et al, 2013). Sirtuins act as metabolic sensors by 

detecting fluctuations in the NAD+/NADH ratio. They are activated when nutrients such 

as glucose decrease, while NAD+ accumulates. In mammals, 7 different sirtuins are 

known (Frye, 2000). The evolutionarily conserved sirtuins show many similarities, but 

also significant differences. Differences are found in the distinct expression patterns, 

catalytic activities and biological functions, as well as in the localization in the cell 

(Houtkoper et al, 2012). Among the mammalian sirtuins, the most is known about SIRT1 

in regard to aging. Only SIRT1 will therefore be discussed. 

Increased expression of SIRT1 is known to be able to extend lifespan, delay aging and 

prevent aging-associated diseases. The main function is catalyzing the deacetylation of 

histones and some non-histone proteins (Ramis et al, 2015). The enzyme is involved in 

many processes. In vitro experiments have shown that up regulation of SIRT1 attenuates 

insulin-like growth factor-1 (IGF-1)-induced primary fibroblasts senescence via p53 

acetylation (Tran et al, 2014). Senescence is one of the hallmarks of aging. In vivo 

experiments in mice have shown that SIRT1 activators such as SRT1720 can augment 

activity, leading to attenuation of stress-induced premature cellular senescence (Yao et 

al, 2012). Over expression of SIRT1 in the liver increases expression of PPARα and 

activates PGC-1α, resulting in improvements in oxidative metabolism and regulations of 

lipid metabolism in response to nutrients (Purushotham et al, 2009). Enhancement of 

SIRT1 expression was shown to be beneficial against onset of Alzheimer’s disease as 

well in mice (Sweeney & Song, 2016). 

With aging, levels of SIRT1 in the body decline, due to impairment at both 

transcriptional as well as translational level. This is seen in the brain, liver, skeletal 

muscle and white adipose tissue. The reduced endogenous level of SIRT1 upon aging is 

probably related to the development of age-related diseases; since whole body over 

expression of SIRT1 improves several metabolic parameters and delays the onset of 

metabolic diseases. Repressed expression of SIRT1 in the brain is linked to a causative 

role in cognitive decline and neurodegeneration in aging mice (Cho et al, 2015) 

A role for improving life span and aging-related diseases through SIRT1 can be found in 

increased mitochondrial biogenesis mediated by SIRT1. This is important because 

mitochondrial dysfunction increases upon aging. Both PGC-1α-dependent and PGC-1α 

independent pathways seem to play prominent roles. I will discuss the PGC-1α-

dependent pathway shortly, shown in figure 1. Mitochondrial biogenesis is promoted by 

SIRT1 via PGC-1α and occurs through the induction of mitochondrial genes (both 

nuclear and mitochondrial encoded). SIRT1 is able to activate PGC-1α by deacetylation, 
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and PGC-1α in turn induces nuclear encoded mitochondrial genes. Deacetylated PGC-1α 

can also interact and collaborate with TFAM which is an important regulator of 

mitochondrial gene expression of mitochondrially encoded genes and of mitochondrial 

DNA replication. Consequently, SIRT1 mediated deacetylation of PGC-1α transcription 

and replication of mtDNA, which ultimately increases mitochondrial biogenesis 

(Aquilano et al, 2013). 

 

 

 

 

 

 

 

 

 

 

In figure 1, more pathways are shown. SIRT1 is able to modulate the nutrient sensor 

kinase AMPK as well. Reduced AMPK activity is involved in several aging-associated 

processes, such as insulin resistance, obesity, and deterioration of mitochondrial 

biogenesis (Okazaki et al, 2015) LKB1, an AMPK-activating protein kinase, is activated 

by SIRT1, and promotes phosphorylation and activation of the catalytic α-subunit of 

AMPK.  

Another essential role in the SIRT1-PCG-1α pathway during the regulation of 

mitochondrial biogenesis is fulfilled by FOXO3, as seen in figure 1. During accelerated 

aging in cardiac microbascular endothelial cells and in the hearth of ischemic 

reperfusion rats, which have elevated ROS production and disorder of mitochondrial 

homeostasis, down regulation of the expression of SIRT1 and FOXO3 is observed (Lin et 

al, 2014). SIRT1 is able to deacetylate and activate FOXO3, which in turn is found to 

Figure 1. Control of 

mitochondrial 

biogenesis by PGC-

1α (Yuan et al, 

2016). 
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induce transcription of PGC-1α which thereby further contributes to the activation of 

mitochondrial genes, and the enzyme Nampt. Enhancement of NAD+/NADH ratio 

mediated by Nampt, is required for SIRT1 dependent deacetylation and causes an 

activation of SIRT1 inside the cell. There is positive feedback SIRT1-FoxO3-Nampt-

SIRT1 activity. 

 

Insulin/insulin-like growth factor signaling pathway 

The insulin/insulin-like growth factor signaling pathway is another essential nutrient 

sensing pathway, which is activated by insulin and other growth factors. Many 

similarities are seen between invertebrates and mammals in this pathway; however one 

insulin-IGF-1 receptor is present in invertebrates, where mammals have 3.  Mammals 

also have 3 different insulin/IGF tyrosine kinase receptors. After the ligand binds to the 

receptor, the activated receptor phosphorylates several intracellular substrates, such as 

IR substrates and Shc. These phosphorylated substrates have specific docking sites for 

intracellular effectors, leading to the activation of the two signaling pathways; the PI3K-

PKB/ATK pathway and the Ras-MAPK pathway, as seen in figure 2. The main difference 

is that the PI3K-PKB/AKT pathway regulates most of the metabolic effects of 

insulin/IGF-1 signaling, whereas the Ras-MAPK pathway regulates most of the mitogenic 

effects of insulin/IGF-1 signaling (Taniguchi et al, 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2. Simplified description of the insulin/IGF-1 signal transduction 

(IIS) pathway in invertebrates and mammals (van Heemst, 2010). 
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FoxO transcription factors are important downstream mediators of this pathway. AKT 

phosphorylates FoxO proteins and thereby keeps them inactive in the cytoplasm. When 

the pathway is inactive (low carbohydrates/ low insulin) the phosphorylation of FoxO is 

reduced. Unphosphorylated FoxO can move to the nucleus and transactivate target 

genes (metabolic and stress response genes). Of FoxO, four different members have been 

identified, and six distinct IRS proteins (Cai et al,2003; Horst van der & Burgering, 

2007). Now that it is known that different forms and isoforms exist, it has increased the 

possibilities for tissue specificity and fine-tuning of IIS transduction under various 

physiological conditions. 

With aging, insulin sensitivity declines. It has been shown in worms, flies, and mice, that 

there are associations between reduced insulin/IGF-1 signaling and longevity. 

Speculations are that this applies for humans as well. However many studies show 

conflicting and controversial results. So is shown by Taniguchi (2006) that defects in 

insulin signaling have been associated with insulin resistance and diabetes. Defects in 

GH/IGF-1 signaling have been associated with defects in growth and an increased risk of 

cardiovascular diseases (Besson et al, 2003). However, Italian centenarian were shown 

to have lower IGF-1 plasma levels, because of a genotype recombination at IGF-IR and 

PI3KCB genes (Bonafé et al, 2003). Variants in FOXO3A showed longevity in different 

populations, including an ethnic Japanese population in Hawaii (Willcox et al, 2008; 

Anselmi et al, 2009; Flaschbart et al, 2009). It seems that variation in the latter 

mentioned FOXO3A is most consistently associated with human longevity. The role of 

IGF-1 signaling in human aging is not clarified; maybe a reduced IGF-1 signaling at a 

younger age helps to prevent the occurrence of age associated diseases later in life.  

 

Mechanistic target of rapamycin 

The mechanistic target of rapamycin (mTOR) is a serine/threonine protein kinase, 

activated by nutrients (particularly amino acids). mTOR is inhibited by rapamycin, 

which is a compound produced by bacteria, that inhibits proliferation of eukaryotic cells 

(Vézina et al, 1975) mTOR is found in two distinct complexes, each complex contains 

distinct protein components and phosphorylates different substrates. Most is known 

about the mTORC1 complex, which is acutely inhibited by rapamycin. Both complexes 

regulate processes required for cell growth and metabolism. mTORC1 controls 

ribosomal biogenesis, protein translation, and autophagy while the mTORC1 complex 

has been primarily characterized as a downstream effector of the insulin/IGF-signaling 

pathway (Kennedy & Lamming, 2016). 

mTORC1 activity is linked to the IIS pathway through multiple connections, seen in 

figure 3. mTORC1 is activated by IIS through AKT, and can negatively affect IIS through 

S6Kinase in a feedback mechanism, which inhibits insulin receptor substrate 1 (IRS-1). 

This feedback mechanism is believed to contribute to insulin resistance upon hyper 
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activation of mTORC1 (Takano et al, 2001). Interaction via the two pathways also 

happens via mTORC2, which activates AKT to repress FOXO1 and FOXO3 in mammalian 

cells (Guertin et al, 2006). Experiments have shown that mTORC1 modulates aging by 

mechanisms that overlap but are distinct from IIS. mTORC1 seems to mainly act 

downstream in the IIS pathway (Hansen et al, 2007; Pan et al, 2007). 

  

 

 

 

 

 

 

Another important molecule in mTOR signaling is AMPK, a conserved sensor of energy 

status that is activated in response to low ATP levels, resulting in negative regulation of 

mTORC1 (figure 3.). In both C. elegans and short-lived, cancer-prone strains of mice, 

over expression of AMPK can extend lifespan (Apfeld et al, 2004; Onken & Driscoll, 

2010; Anisimov et al, 2010). AMPK inhibits mTORC1 through at least two distinct 

mechanisms; AMPK phosphorylates TSC2 on conserved serine sites, resulting in 

activation of TSC2 and down regulation of mTORC1 activity, and AMPK directly 

phosphorylates The mTORC1 subunit raptor to impair mTORC1 signaling (Inoki et al, 

2003; Gwinn et al, 2008). The actual situation however is more complex because both 

AMPK and mTOR interact with multiple additional factors (Mair et al, 2011).  

The relationship between mTOR signaling and aging was first demonstrated in worms 

and flies, where genetic inhibition of mTOR signaling could extend lifespan (Kapahi et al, 

2004; Vellai et al, 2003) Rapamycin treatment extends lifespan in yeast, worms, flies and 

even in mice (Bjedov et al, 2010; Harrison et al, 2009; Robida-Stubbs et al, 2012). Mouse 

models with decreased mTOR signaling, which has deletion of S6K1, expressing a 

hypomorphic allele of MTOR, or mice heterozygous for both mTOR and mLST8, 

possessed extended longevity (Lamming et al, 2012; Selman et al, 2009) Conversely, 

signaling of mTORC1 is increased in many age-related diseases and pathologies, 

including cancer (Bar-Peled et al, 2013; Grabiner et al, 2014). 

Figure 3. Interactions 

between mTOR and other 

longevity pathways 

(Johnson et al, 2013). 
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Whether mTORC1 signaling increases during healthy aging is debatable. Some studies 

suggest that mTORC1 substrate phosphorylation increases with age in individual rodent 

tissues (Chen et al, 2009; Sengupta et al, 2010). Other studies show that with aging 

mTORC1 signaling decreases or increases depending on the tissue (Baar et al, 2016). It 

should be noted that although there is an increase in some tissues during aging, it never 

becomes hyperactive. The effect of rapamycin on lifespan suggests that even normal 

levels of mTORC1 signaling may be inappropriately high for the maintenance of health in 

aging cells and tissues (Blagosklonny, 2009). Not only does rapamycin extend lifespan, it 

also prevents or delays the onset of aging-related diseases such as cancer and 

Alzheimer’s disease, rejuvenates the aging mouse heart, and ameliorates age-related 

cognitive decline (Dai et al, 2014; Spilman et al, 2010; Wilkinson et al, 2012). Besides the 

promising positive effects of rapamycin, negative effects such as immunesuppression, 

and metabolic effects including hyperlipidemia and decreased insulin sensitivity in 

humans are seen (Lamming et al, 2013; Arriola Apelo et al, 2016). 

 

Dietary interventions 

Calorie restriction 

Calorie restriction is the reduction of energy intake without malnutrition, and is to date 

the most successful intervention in the aging process. McCay showed in 1935 that 

calorie restriction retards aging and extends median and maximal lifespan. Similar 

findings have been shown in a variety of species including yeast, worms, flies, fish, mice 

and rats (López-Lluch & Navas, 2016). I will discuss the most important mechanisms 

involved in this dietary intervention. 

Calorie restriction is basically a decrease in energy intake without malnutrition, 

producing an imbalance in the metabolic system. Several regulatory pathways interact 

to make sure that a new stable equilibrium is formed. This new equilibrium responds to 

the relationship between growth-associated pathways, such as the insulin-insulin/IGF-1 

receptor system, sirtuins and AMPK, which can be seen in figure 4. From evolutionarily 

view, the mechanisms and their connections are heavily conserved between many 

species. When calories in the diet decrease, it activates systems involved in a more 

efficient metabolism, a higher protection against cellular damage and the activation of 

remodeling mechanisms, whereas less efficient metabolism and synthetic pathways are 

blocked (Testa et al, 2014; Michan, 2014). 

Plasma levels of IGF-1, insulin and glucose are reduced with calorie restriction in both 

rodents and humans (Argentino et al, 2005; Weiss et al, 2006). CR inhibits IGF1 signaling 

and mTORC1 signaling and thereby inhibits protein synthesis and other anabolic 

pathways. FoxO proteins get activated upon reduced IGF1 signaling in response to CR. 

Activation of FoxO proteins is important in the effect of CR on lifespan since the 
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inhibition of the FoxO orthologue daf-16 in C. elegans, by IGF-1-dependent signaling 

abrogates the increase of lifespan in response to CR (Kenyon, 2010). 

 

 

 

 

 

 

 

 

 

 

TOR is inhibited by calorie restriction as it was demonstrated in invertebrates such as C. 

elegans and D. melanogaster. Down-regulation of TOR resulted in an increased lifespan 

in these organisms (Sharp, 2011). Studies in mice showed similar effects (Harrison et al, 

2009) S6K is a protein kinase involved in protein synthesis and is activated by TOR in a 

wide variety of model organisms. When S6K is decreased, it extends lifespan and delays 

the progression of age-related diseases (Selman et al, 2009).  

AMP-dependent protein kinase (AMPK) is a sensitive energy sensor in cells and is an 

inhibitor of TOR. When the AMP/ATP ratio increases, AMPK is activated. This event can 

occur when cells are deprived of glucose (Hardie, 2011). It has been demonstrated that 

an increase in AMPK activity is associated with a longer lifespan while inhibition 

shortens it (Apfeld et al, 2004; Harkness et al, 2004; Tohyama & Yamaguchi, 2010). 

However in response to CR, some studies showed that in mammals this kinase is not 

affected or reduced (Gonzalez et al, 2004; To et al, 2007). Other studies actually did 

describe increased AMPK activity in heart and skeletal muscle (Jager et al, 2007; Miller 

et al, 2012). 

Figure 4. Complex 

interaction of proliferative 

and protective mechanisms 

in the CR prolongevity 

effect in organisms (López-

Lluch & Navas, 2016). 
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Sirtuins are one of the best known effectors of calorie restriction. Calorie restriction 

induces the expression and activity of sirtuins in many organs and their activity is 

associated with metabolic effects found in these organisms after the intervention (Imai 

& Guarente, 2010) Sirtuins play a central role in response to calorie restriction, they act 

as nutrient and metabolic sensors by detecting fluctuations in the NAD+/NADH ratio.  

Sirtuins are activated when nutrients such as glucose decrease, while NAD+ accumulates. 

The complexity of sirtuins in mammals, promote the idea that they can have both pro- 

and anti-aging capacities, depending on the cell type or conditions (Kaeberlein, 2008; Li 

et al, 2008). 

 

Low-protein – high-carbohydrate diet 

The previous chapter described calorie restriction; it remains debatable whether the 

benefits are due to the reduction of total calorie intake itself or because of a reduction in 

one of the macronutrients (Simpson et al, 2015; Minor et al, 2010). To better understand 

and resolve these issues, on dietary intervention is to reduce the amounts of each 

macronutrient. The biggest problem often seen with these kinds of interventions is 

compensatory feeding. Protein seems to have the strongest impact on food intake, such 

that low-protein diets will lead to an increase in food intake and vice versa, also known 

as protein leverages. Therefore mice that get a low protein diet will eat more food per 

day (Simpson & Raubenheimer, 2005). 

A widely used method to try to disentangle the effects of calories and macronutrients on 

health and aging is the Geometric Framework (Le Couteur et al, 2016). Animals are ad-

libitum fed on one of many diets, varying in macronutrients and total energy content. 

There is no caloric restriction and animals can do compensatory feeding via increasing 

or decreasing intake of that particular diet. The Geometric Framework can now be used 

to give insight in outcomes such as lifespan across a dietary landscape or different 

macronutrient concentrations, macronutrient ratios and calorie content. Figure 5 clearly 

shows that ad-libitum-fed diets lower in protein and higher in carbohydrate are 

associated with longer lifespan. Interestingly, diets with higher protein and lower 

carbohydrate are associated with improved reproductive outcomes (Holliday, 2006). 

Little is known about the mechanisms linking LPHC diets and its role in aging. It was 

seen in mice on low-protein high-carbohydrate diets that they showed a small reduction 

in phosphorylation of hepatic mTOR which was correlated with lower circulating 

branched chain amino acids and higher glucose levels ( Solon-Biet et al, 2014). Mice on 

this dietary intervention also had the lowest insulin levels in the blood stream in spite of 

the higher carbohydrate intake. Effects of low-protein high-carbohydrate diets on AMPK 

and/or sirtuins have not yet been reported. Another mechanism, involving the hormone 

FGF21 might be involved in the beneficial effects of the low-protein high-carbohydrate 

diets. FGF21 has been found to be influenced by dietary protein and has many 
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downstream effects on metabolism and mitochondrial function that would be expected 

to influence aging (Solon-Biet et al, 2015). 

 

 

 

 

  

Different studies have compared the calorie restriction diet to the low-protein high-

carbohydrate diet, to see if there are similar metabolic outcomes. In an eight week study 

on mice, LPHC fed mice had similar metabolic improvements as seen under CR, without 

development of increased body adiposity, which is often observed in chronic long term 

LPHC feeding (figure 6). Manipulating P:C ratios under CR conditions did not create any 

additional benefits, nor were there detrimental effects to the mice (Solon-Biet et al, 

2015). LPHC mice did show increased energy expenditure, consistent with increased 

diet-induced thermogenesis serving to dissipate excess ingested energy and slow 

development of adiposity (Huang et al, 2013; Stock, 1999). When subjects are exposed 

to LPHC for a longer time, there is an 

association with increased body weight, 

adiposity and fatty liver, indicating that 

mechanisms become less effective over 

time (Huang et al 2013; Solon-Biet et al, 

2014; Sorensen et al, 2008). 

 

 

 

 

 

Figure 5. Response surfaces for lifespan versus dietary macronutrients. The x axis 

represents a measure of protein and the y axis represents a measure of carbohydrates. The 

red line represents the nutritional rail or PC ratio associated with the longest lifespan while 

the blue line represents that with the shortest lifespan.  

 

Figure 6. Comparison 

between two dietary 

interventions; caloric 

restriction vs. ad libitum 

low-protein high-

carbohydrate (Solon-Biet 

et al, 2015). 

 



 12 

Amino acid restriction 

Amino acids are the building blocks for protein synthesis, but play roles in other 

essential metabolic processes as well. To give some examples; methionine is required 

for one-carbon transfer reactions, tryptophan is a precursor for NAD and serotonin 

biosynthesis, glutamate acts as a neurotransmitter, and other amino acids can serve as 

intermediate metabolites in a variety of processes ranging from gluconeogenesis to 

anaplerosis in the citric acid cycle. Mammals are unable to synthesize all amino acids 

themselves, so that they must acquire the essential amino acids through dietary means. 

Amino acid restriction is a dietary intervention, which seems to be able to extend 

longevity (Gallinetti et al, 2013). 

Two general amino acid control pathways are known, shown in figure 7. They activate 

GCN2 kinase and the target of rapamycin (TOR) kinase pathway. GCN2 is activated in 

response to amino acid deprivation, upon binding of uncharged tRNAs. GCN2 

phosphorylates the eukaryotic initiation factor 2a (eIF2α) and thereby inhibits general 

protein biosynthesis. The TOR pathway senses the presence of particular amino acids, 

which activates a Rag heterodimer at the lysosomal surface, which in turn recruits and 

activates mTORC1. Thus amino acid deprivation inhibits mTORC1 through Rag 

inhibition. Inhibition of mTORC1 happens through GCN2 activation as well. Inactivation 

of mTORC1 results in dephosphorylation of the ribosomal protein S6 kinase (S6K) and 

the eukaryotic translation initiation factor 4-(eIF4)-binding protein (4EBP). 

Consequently, both the GCN2- and TOR-dependent pathways lead to reduction of global 

protein synthesis (Gallinetti et al, 2013). 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Integration of amino acid sensing with translational control 

(Gallinetti et al, 2013). 

 



 13 

 

Model organisms have shown that deficiency of downstream targets of TOR, such as S6K 

or translation factors/regulators extend lifespan (Kaeberlein & Kennedy, 2007). Under 

conditions of impaired TOR, there is improved activation of autophagy, a catabolic 

process that enhances degradation and recycling of damaged cellular components 

during aging, contributing to longevity. Regulation of autophagy in response to nutrient 

starvation, involves not only TOR but GCN2 signaling as well (Tallóczy et al, 2002). 

Based on these findings, amino acid restriction can extend lifespan. 

So far, we’ve only discussed the effects of total amino acid reduction, but it is also 

possible to look at reduction of certain amino acids. Dissecting the roles of dietary amino 

acids could possibly show which ones are the most important in extending lifespan. So 

far, the most successful intervention has been methionine restriction. Positive effects 

have been seen in different model organisms, such as fruit flies, mice, and rats, but its 

beneficial effect in humans is not known. Research on mice with low methionine 

consumption led to extended lifespan compared to those with increased dietary intake 

(Orentreich et al, 1993). Another study showed that when 12 month old mice were put 

on a low methionine diet, they showed both maximum and median lifespan extension 

(Sun et al, 2009). Besides lifespan extension, other benefits were seen. Obese mice on a 

low methionine diet were rescued from severe steatosis and significantly reduced 

triglyceride, serum alanine aminotransferase and aspartate aminotransferase, and 

plasma insulin levels (Malloy et al, 2013). In Wistar rats, ROS levels decreased in 

multiple tissues and organs when on a methionine restricted diet (Sanchez-Roman et al, 

2011; Sanz et al, 2006; Caro et al, 2008; Caro et al, 2009). It is commonly accepted that 

low ROS levels contribute to maintaining a healthy lifespan. Drosophila did not show any 

benefits with methionine restriction (Troen et al, 2007; Lee et al, 2014). 

 

Circadian rhythms and time-restricted feeding 

An important aspect of not only the body, but also individual cells, is the circadian clock. 

The clock is roughly 24 hours, and is regulated by the suprachiasmatic nucleus in the 

hypothalamus, which is composed of a network of neurons which intricate intercellular 

communication to produce outputs through both neural and humeral cues (Welsh et al, 

2010; LeSauter & Silver, 1998). Not only does the SCN receive internal information, 

external factors such as light can help the organism to coordinate with their 

environment; a day-night rhythm. Interesting for this thesis, is that nutrients and the 

circadian clock are in a close relationship.  

Insulin and glucagon are regulated by the internal clock. Insulin is produced by β-islets 

in the pancreas. Production of insulin is normally at its lowest around 17.00h and peaks 

around 04.00h in humans (Goel et al, 2009). Both feeding-fasting patterns and circadian 

rhythms control hormonal release of insulin. Nutrient levels in the blood are greatly 
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influenced by eating patterns and can therefore act as an acute overriding signal. Insulin 

and glucagon are modulated by the circadian rhythm, controlling production and 

secretion at the cellular level (Kalsbeek et al, 2008; Sadacca et al, 2011). Sadecca (2011) 

showed in vitro, that β-islet cells exhibit robust rhythms of both Bmal1 and Per1. Bma1 

knockout in the pancreases resulted in disrupted glucose homeostasis and insulin 

release despite displaying normal activity and feeding-fasting rhythms. This illustrates 

the significance of the molecular clock at cellular and tissue level on physiology.  

Cortisol is a steroid hormone in the glucocorticoid family that is involved in metabolism 

and stress response. The hormone is produced and secreted rhythmically and regulated 

by the hypothalamus pituitary axis and the autonomic nervous system. Not only are 

glucocorticoids release every 24h with the circadian rhythm, they have 1-2h ultradian 

rhythms as well. Peak levels synchronize with the beginning of the active phase to aid in 

arousal; at early morning in diurnal animals and at early night in nocturnal animals. 

Glucocorticoids influence circadian rhythms by feeding back on the clock; they bind to 

glucocorticoid response elements (GRE) in the Per1/2 and Rev-Erbα/β promoter, to 

activate and suppress transcription respectively (So et al, 2009; Torra et al, 2000; 

Yamamoto et al, 2005). 

Circadian rhythms dampen with age. One of the most obvious consequences of 

disruption in humans can be observed in activity-rest cycles (Dijk et al, 2001).Circadian 

disruption does further increase the risk of developing cancer, cardiovascular diseases, 

obesity, immune disorders, infertility, and affective disorders (Hastings et al, 2003). 

Mice deficient in BMAL1 (the core component of the circadian clock), demonstrated 

early onset of aging, including a decrease in muscle and subcutaneous fat, cataracts, and 

organ shrinkage. (Kondratov et al, 2006). Shift workers show similar abnormalities, 

their circadian disruption is associated with cardiovascular disease, metabolic disorders, 

and cancer (Kamdar et al, 2013; Proper et al, 2016; Vyas et al, 2012). 

It is known that daily eating patterns can affect the amplitude and phase of circadian 

rhythms (Asher & Sassone-Corsi, 2015). So far, this thesis only discussed dietary 

interventions based on reductions. Time restricted feeding is another dietary 

intervention that does not require reduction of calories or any nutrient. TRF is based on 

circadian biology to allow the body a daily fasting period, in which only water is allowed. 

TRF in combination with high-fat diet has been powerful in elucidating the effect of 

eating pattern on the prevention and treatment of metabolic disease. It is possible to 

induce obesity in model organisms on a high-fat diet. These so called diet induced 

obesity (DIO) animals are a simple model of obesity without genetic disruption. The diet 

changes eating pattern in mice, so that they continuously snack on the high-fat diet 

throughout day and night.  Consequence of random eating patterns is disruption of the 

circadian oscillator in metabolic organs including the liver, resulting in disease. When 

mice on high-fat diet are granted access to food for 8, 9, 12, or 15 hours during the 

nighttime, they consume the same amount of total daily calories as the ad libitum fed 

counterparts. The difference is that these TRF mice are largely protected from metabolic 
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diseases. Even mice with pre-existing obesity due to being ad libitum fed on a high-fat 

diet, benefit from the therapeutically effect of TRF (Chaix et al, 2014; Chaix & Zarrinpar, 

2015; Sherman et al, 2012). 

Positive effects of TRF have been shown in more studies. Elevated levels of the 

transcription factor PPARγ, which are known to promote fatty acid synthesis, 

elongation, and desaturation are observed in DIO livers. TRF reduces PPARγ expression, 

paralleling a reduction in long chain fatty acid and unsaturated fatty acid. The actions of 

increased fatty acid oxidation and reduced fatty acid synthesis cause a >50% reduction 

in liver fatty acids and nearly complete absence of fat droplets in hepatocytes. This 

explains the reduction in fatty liver disease and fibroses in TRF mice. The mice show 

mildly elevated levels of ketone bodies as well, which is linked to several benefits in 

metabolism and central nervous system function (Akram, 2013; D’Agostino et al, 2013). 

Another beneficial effect of TRF is alteration of white adiposity tissue function and 

inflammation. The size of adipocytes, macrophage infiltration of white adiposity tissue, 

and inflammatory cytokine production are reduced and mitochondria content is 

increased in these tissues (Hatori et al, 2012). Benefits are not only seen in high fat diets 

but also on high fructose and standard diets (Chaix et al, 2014). Probably the most 

interesting finding was the effect of TRF timing in relation to day or night and its effect 

on metabolism. Although TRF mice are always leaner than their ad-libitum fed DIO 

counterparts, mice with daytime access to high fat diet are worse than the night TRF. 

The underlying mechanisms remain unknown, and it should be highlighted that no 

significant differences were observed when TRF was compared to a standard diet 

(Manoogian & Panda, 2016). 

 

Dietary restriction mimetics 

So far, this thesis has addressed the beneficial effects of caloric restriction and other 

dietary interventions on lifespan and health. The main problem is, to implement such 

restriction in our lifestyle, especially in first world countries where food is abundant. 

Gerontologists and biologists attempt to develop drugs to mimic the beneficial effects of 

dietary restriction, without the need for limitations on the diet itself. Dietary restriction 

mimetics are one of the possibilities. Resveratrol, rapamycin and metformin are under 

investigation to be used as mimetics (Lee & Min, 2013). 

Resveratrol is the most studied dietary restriction mimetic and is a polyphenol 

compound isolated from the skin of red grapes. The compound was identified and found 

through screening of small molecular libraries for compounds that activate sirtuin and 

extend lifespan in a yeast model (Howitz et al, 2004). It was demonstrated that 

resveratrol can mimic the benefits of calorie restriction, as seen in figure 8. Interestingly 

did calorie restriction not further extend lifespan of yeast grown in resveratrol 

supplemented medium. Resveratrol was shown to extend longevity in worms, flies, fish 
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and obese mice (Wood et al, 2004; Baur et al, 2006). Another study showed that 

resveratrol had no effect on longevity of mice fed on a normal diet, but did delay age-

related deterioration (Pearson et al, 2008). It is commonly accepted that resveratrol can 

improve health and prevent age-related diseases but further clarifications are required 

to verify whether it is a true calorie restriction mimetic.  

Rapamycin is another mimetic, able to inhibit the mTORC1 pathway (figure 8). 

Rapamycin is an antibiotic, immune-suppressing drug, shown to have a longevity benefit 

(Powers et al, 2006). Rapamycin treatment extends both the median and maximum 

lifespan, accompanied with a decrease in TORC1 activity, as it was shown in 20-month-

old mice (Harrison et al, 2009). More studies have been conducted to confirm the 

function of rapamycin as a calorie restriction mimetic, but it should also be mentioned 

that there is evidence showing adverse side-effects of rapamycin, including an increase 

in the incidence of insulin resistance, cataracts and testicular degeneration (Blattler et 

al, 2012). 

Metformin is a biguanide used as a drug for type-2 diabetes treatment that increases 

insulin sensitivity and activates AMPK (figure 8). Metformin was identified in a 

screening assay of drugs showing similar transcriptional profiles to that of caloric 

restriction in mice (Dhabi et al, 2005). In C. elegans, metformin had caloric restriction-

related longevity benefits mediated by the activation of AMPK (Onken & Driscoll, 2010). 

Beneficial effects were also seen on 

other aspect of the aging process, 

especially a decrease in age-related 

disease incidence. In a non-disease 

mouse model, metformin improved 

health span and lifespan (Martin-

Montalvo et al, 2013). However as 

it was seen in Resveratrol and 

Rapamycin also, not every study 

showed beneficial effects. The 

longevity benefit of metformin was 

not observed in Drosophila (Slack 

et al, 2012). 

 

Figure 8. Potential 

molecular effectors of 

resveratrol, metformin and 

rapamycin for life span 

regulation (Mouchiroud et 

al, 2010). 
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Modulation of the microbiome 

The microbiome has an important role in aging. The crucial role of the microbial 

community inhabiting the gastrointestinal tract is regulating health status and lifespan 

(Biagi et al, 2016). Health status rely heavily on the microbiome, which play a role in 

protection against pathogens as well as nutritional status and energy expenditure on the 

composition of intestinal microbial community (Lakshminarayanan  et al, 2014). Several 

important physiological and metabolic functions of the host organism are influenced by 

the microbiota, such as driving the maturation of the immune response during early 

development, and thereby contributing to life-long homeostasis. Control of metabolism, 

resistance to infection and inflammation, preventing against autoimmunity and cancer, 

and regulating the brain-gut axis are under control of the gut microbiome (Konturek et 

al, 2015). The gutmicrobiota is able to influence the risk of many gastrointestinal 

pathologies, including colorectal cancer, inflammatory bowel disease and irritable bowel 

syndrome, and some extra-intestinal disorders, including those affecting the liver and 

respiratory tract (Tojo et al, 2014; Iqbal & Quigley, 2016; Honda & Littman, 2016). 

Alterations in numbers in microbiota composition seem to play a crucial role in the 

onset of diseases in the intestinal tract. Changes of composition are affected by both 

aging and dieting. 

Composition of the intestinal microbiota changes substantially with aging, leading to 

age-related diseases (Lakshminarayanan et al, 2014). These aging-associated alterations 

in gut physiology have strong effects on the diversity, composition and functional 

features of the microbiome (Konturek et al, 2015). Age-related changes in gut 

microbiota composition include a decline in diversity, a decrease in saccharolytic 

bacteria, an increase in proteolytic bacteria, decreased abundance of core (dominant) 

species, an increase of subdominant species, an increase of certain Proteobacteria, a 

reduction of bifidobacterial counts, and a decrease of the ratio Firmicutes to Bacteroides 

(Bischoff, 2016; Biagi et al, 2016; Pérez Martinez et al, 2014; Rondanelli et al, 2015). To 

give an example, in vaginally delivered breast-fed infants, the percentage of 

bifidobacteria numbers of the total colon microbiota decreases throughout life from 

90% to less than 5% in adults, and even lower numbers in elderly persons (Riviere et al, 

2016). The microbiota of centenarians is less diverse than in adult persons, with 

decreased levels of Bifidobacterium, Bacteroides and Enterobacteriaceae. The age-

related changes in the gut microbiome is an important determinant of age-associated 

pathological states, such as chronic inflammation, neurodegeneration, cognitive decline, 

frailty, type 1 and 2 diabetes, non alcoholic fatty liver disease and cardiovascular disease 

(Rehman, 2012; Friedland, 2015; Magnusson et al, 2015; Meehan et al, 2015; Paun & 

Danska, 2016; Sanduzzi Zamparelli et al, 2016). Figure 9 displays age-associated 

changes in human intestinal microbiota composition. 
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An interesting find in microbial ecology is the difference between lean and obese 

subjects. Microbiota of obese individuals is characterized by a decrease in Bacteroides 

and an increase in Firmicutes, and it is more efficient in harvesting energy from food, 

than those of normal-weight and lean subjects. Gut microbiota can therefore be a 

criterion for metabolic health (Graham et al, 2015; Saad et al, 2016; Janssen & Kersten, 

2015). 

Different studies found an association between the intestinal microbiota composition 

and weight loss caused by CR. The Firmicutes to Bacteroides ratio was found to be 

increased in obesity and reduced with weight-loss producing CR-based interventions 

(Mathur & Barlow, 2015). Research demonstrated that the Firmicutes to Bacteroides 

ratio decreased significantly in obese individuals receiving a weight-loss dietary 

intervention (Remely et al, 2015). The weight gain causing bacteria can induce the 

expression of genes linked to carbohydrate and lipid metabolism, thereby influencing 

dietary energy harvesting (John & Mullin, 2016). CR-induced life extension in animal 

models was accompanied by structural modulation of gut microbiota. A life-long low-fat 

diet significantly altered the overall structure of intestinal microbiota in mice, and CR 

reduced phylotypes negatively associated with lifespan (Zhang et al, 2013). It is 

assumed that certain anti-aging interventions may cause specific variations of gut 

microbial communities causing chronic CR conditions, thus promoting health span and 

life span (Jonkers, 2016) 

Figure 8. Age-

associated 

changes in 

human 

intestinal 

microbiota 

composition 

(Vaiserman et 

al, 2017). 
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Conclusion and future perspectives 

The present thesis aims to investigate whether dietary interventions have beneficial 

effects on extending health span and lifespan, and which molecular mechanisms are 

involved and whether they are applicable for humans. The first indications positively 

confirmed this question. Calorie restriction, low-protein high-carbohydrate diets, amino 

acid restriction, methionine restriction, and time-restricted feeding were all shown to 

have beneficial effects in regard to lifespan and health span. Most important are 

improved health span and extended lifespan, with lower onset of aging-related diseases. 

Some disadvantages were also observed, such as the induction of increased body weight, 

and adiposity on the low-protein high-carbohydrate diet for a longer period of time. 

Other studies did not show any effects of the dietary interventions at all. It should be 

noted that most data came from studies performed on model organisms such as yeast, 

fruit flies, mice and rats. It is of relevance that pathways and mechanisms can differ 

greatly between species. The insulin/IGF-1 signal transduction pathway (IIS) is in 

invertebrates basically one pathway, while the human pathway is more complex and 

consists of two routes. Moreover is often seen in humans and other mammals, that most 

of the critical components of the pathway have different forms encoded by different 

genes and different isoforms encoded by a single gene. The next step is to better 

understand the precise mechanisms.  

Another problem with performing longevity studies on humans is that they take way too 

long. A lifetime can easily be over a century long, while model organisms have life spans 

ranging from a few hours to a few months. That is not the only problem to overcome, 

since it is almost completely impossible for a human to maintain a strict diet throughout 

their lifetime. It is in humans’ nature to eat for pleasure instead of eating for the sole 

purpose of functionality. The only way to solve this problem is by forcing people, but 

this is ethically impropriate. I think that computer simulations can be used in the future, 

to get better insight in the effects of dietary interventions on humans in the long run.  

To overcome to problem of sticking to a strict dietary intervention, while still enjoying 

the benefits, medicines in the form of dietary restriction mimetics look promising for the 

future. Resveratrol, Rapamycin and Metformin all seem to have positive effects on both 

longevity and health span. Further studies should investigate the nutrient sensing 

pathways better, to develop more specific drugs with less negative side effects. Dietary 

restriction mimetics could be the Holy Grail in battling aging and aging-related diseases. 
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